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Abstract

Neurologic outcome from out-of-hospital pediatric cardiac arrest remains poor. Although therapeutic hypothermia has
been attempted in this patient population, a beneficial effect has yet to be demonstrated, possibly because of the delay in
achieving target temperature. To minimize this delay, we developed a simple technique of transnasal cooling. Air at
ambient temperature is passed through standard nasal cannula with an open mouth to produce evaporative cooling of
the nasal passages. We evaluated efficacy of brain cooling with different airflows in different size piglets. Brain temper-
ature decreased by 3°C within 25 minutes with nasal airflow rates of 16, 32, and 16 L/min in |.8-, 4-, and |5-kg piglets,
respectively, whereas rectal temperature lagged brain temperature. No substantial spatial temperature gradients were
seen along the neuroaxis, suggesting that heat transfer is via blood convection. The evaporative cooling did not reduce
nasal turbinate blood flow or sagittal sinus oxygenation. The rapid and selective brain cooling indicates a high humidifying
capacity of the nasal turbinates is present early in life. Because of its simplicity, portability, and low cost, transnasal
cooling potentially could be deployed in the field for early initiation of brain cooling prior to maintenance with standard
surface cooling after pediatric cardiac arrest.
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Introduction : : :
from Taiwan of in- and out-of-hospital arrest reported

Approximately 16,000 children suffer a cardiac arrest
annually in the US, and many suffer permanent neuro-
logic injuries.! Improvements in emergency medical
team (EMT) response times, access to automatic exter-
nal defibrillators, and public education programs have
led to some increases in resuscitation rates and survival
to hospital discharge; however, good neurological out-
come occurs in only a small fraction of out-of-hospital
arrest victims.>* Return of spontaneous circulation
(ROSC), hospital discharge rate, and neurologic recov-
ery remain poor, particularly for out-of-hospital pedi-
atric cardiac arrests. For out-of-hospital adult cardiac
arrest victims™® and newborns with evidence of
hypoxic-ischemic (HI) encephalopathy (HIE),” ® thera-
peutic hypothermia (HT) has been found to improve
neurologic outcome and is currently the only therapy.
For pediatric cardiac arrest, a small retrospective study

a significant improvement in mortality with induction
of HT.'” The Therapeutic Hypothermia After Pediatric
Cardiac Arrest randomized controlled trial was pow-
ered to detect a 20% effect size, and the observed 9%
effect on improved 1-year survival and 8% effect on
improved behavior outcome was not significant.''
However, HT was started at a median of 5.9h

'Department of Anesthesiology and Critical Care Medicine, Johns
Hopkins University School of Medicine, Baltimore, USA
2Department of Medicine, Division of Cardiology, Johns Hopkins
University School of Medicine, Baltimore, USA

Corresponding author:

Raymond C Koehler, Department of Anesthesiology and Critical Care
Medicine, Johns Hopkins Hospital, Blalock 1404, 600 N. Wolfe St.,
Baltimore, MD 21287, USA.

Email: rkoehler@jhmi.edu


https://orcid.org/0000-0002-5890-9992
mailto:rkoehler@jhmi.edu
http://uk.sagepub.com/en-gb/journals-permissions
http://dx.doi.org/10.1177/0271678X231189463
journals.sagepub.com/home/jcbfm

Koehler et al.

1843

(5.2-6.7 IQR) after ROSC and an additional 4h was
needed to achieve a target temperature of 33°C. Even
in the positive neonatal and adult HT trials, about
half of the survivors had unfavorable neurologic
outcome.'*"?

Persistent neurologic deficits are due, in part, to the
severity and duration of the insult and the delay in
initiating HT. The latter is a major and addressable
factor influencing outcome. The delay in achieving
the target temperature is due to the time for transport
to the hospital with or without active cooling, the delay
in initiating in-hospital cooling, and the long time-
constants for cooling the entire body mass. In HIE
newborns, those treated with hypothermia starting
within 3 hours of birth had better motor outcome
than those in which treatment started between 3-6
hours,'* and delaying HT beyond 6 hours no longer
provided a definitive improvement in outcome.'> The
concept that “time is brain” with regard to HT is also
supported by studies in animals that demonstrate greatly
diminished neuroprotection when HT is delayed by
3-6h.'1® Thus, a critical need exists to find a safe
and simple means to induce hypothermia rapidly in
the field and emergency room for children who experi-
ence cardiac arrest.

A variety of alternative cooling methods, such as
those utilizing catheters perfused with cold fluids and
intranasal high flow with perfluorocarbon spray, have
been investigated in adults.'”** Chava et al.?! has
devised a new technology for rapid and preferential
brain cooling after cardiopulmonary resuscitation
(CPR) that is simple to implement in the field by
EMTs and paramedics and in the emergency room in
adult cardiac arrest victims. The new technique of
transnasal cooling involves blowing dry air at ambient
temperature through the nostrils with standard nasal
cannula and letting the air escape passively through
the mouth. This technique can induce selective brain
cooling in rats®* and adult pigs**®*; in human adults,
it can decrease esophageal temperature’ and treat
fever in patients with neurologic injury.’® Work on
30-40-kg pigs shows that evaporative cooling of the
nasal epithelia cools the brain faster than the rest of
the body and faster than standard whole-body surface
cooling.?'?* Accelerating the rate of selective brain
cooling, together with rapid initiation in the field,
should enhance the efficacy of therapeutic HT, which
then can be sustained at later times with standard cool-
ing blankets.

The nasal turbinates possess a high capacity for
humidifying air by evaporation, which cools the nasal
mucosa and its venous blood drainage.>”*® The admixture
of this venous blood with other cephalic venous drain-
age will result in a lower cephalic venous temperature
than incoming arterial blood, setting up a standing

temperature gradient for heat exchange from cephalic
arteries to cephalic veins, especially at high nasal air-
flow.?! If this convective heat loss mechanism plays a
role in brain cooling, then we would predict uniform
cooling among brain regions. On the other hand, if
brain cooling is via heat loss conduction through
bone and tissue, brain cooling would be non-uniform.

For application in pediatrics, one needs to consider
several developmental factors affecting heat exchange.
As the nose enlarges during development, nasal turbi-
nate surface area increases and nasal airway resistance
decreases® to match the age-dependent increase in basal
minute ventilation and the dynamic range required for
high levels of exercise as children gain increased mobil-
ity. However, neonates and infants do not require such a
large dynamic range of humidification capacity. Thus,
neonates might have less capacity to humidify as airflow
increases. Other developmental factors that could affect
the rate of brain cooling are the size of the brain, cere-
bral blood flow, and cerebral metabolic heat production
resulting from developmental changes in energy produc-
tion.*® Before application to pediatric CPR, it is impor-
tant to determine efficacy of transnasal cooling of brain
in different age groups in an animal model of compara-
ble mass to neonates, infants and young children who
are most vulnerable to cardiac arrest among the pediat-
ric population.? We chose piglets as a pediatric animal
model because their body mass, brain mass, and cerebral
blood flow scales more closely to these parameters in
humans during development than rodent models.

The objective of this study was to determine efficacy
of selective brain cooling over a range of transnasal
airflow with developmental increases in body mass,
brain mass, and nasal turbinate surface area. The spe-
cific hypotheses tested were: 1) high nasal flow of dry
ambient-temperature air through standard nasal can-
nula in piglets produces sufficient evaporative cooling
to cool the brain in an airflow-dose-dependent fashion
in each age group, 2) the brain is cooled faster than the
body, and 3) the brain is cooled uniformly with no
major regional differences in temperature. We also
evaluated whether the rate of cooling increases with
developmental increases in the nasal turbinate surface
area available for humidification and thus evaporative
cooling of the nasal blood. Because cooling typically
reduces blood flow in many organs, we determined
whether nasal cooling decreases blood flow to the tur-
binates, which could limit the efficacy of the transnasal
cooling procedure.

Methods

All procedures received prior approval by the Johns
Hopkins University Animal Care and Use Committee
and followed the NIH guidelines for animal
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experimentation. Experiments were performed in com-
pliance with the ARRIVE guidelines. Male and female
piglets were studied at ages of approximately 3days
(~1.8kg body weight; ~38¢g brain weight), 2 weeks
(~4 kg body weight; ~41 g brain weight), and 6 weeks
(~15kg body weight; ~54g brain weight; adult
pig brain ~110g). Anesthesia was induced with 5%
isoflurane in a 70%/30% nitrous oxide/oxygen mixture
delivered via face mask. For the 15-kg piglets, a pre-
anesthetic dose of 2 mg/kg ketamine was injected intra-
muscularly to provide sedation before administering
gas anesthesia. Piglets were orally intubated and the
lungs were mechanically ventilated with 1.5-2% iso-
flurane in a 70%/30% nitrous oxide/oxygen mixture.
Pulse oximetry and end-tidal CO, monitoring were
used to assure normoxia and normocarbia. A temper-
ature probe was inserted into the rectum and the piglets
were placed on a warming blanket to maintain rectal
temperature at 38.5°C (normal for swine) during sur-
gery. A catheter was inserted through a femoral artery
into the abdominal aorta for monitoring arterial pres-
sure and blood gases. A catheter was inserted through a
femoral vein into the inferior vena cava for infusion of
a solution of 5% dextrose and 0.45% saline at a rate of
4mL/kg/h. Fentanyl was infused intravenously with a
loading dose of 20 pg/kg and a maintenance dose of
20 pg/kg/h to suppress shivering during induced hypo-
thermia. Blood pH, PCO,, PO,, hemoglobin concen-
tration, and O, saturation were measured with a blood
gas analyzer (Radiometer ABL Flex 800, Brea,
California) with values corrected for body temperature.

Effect of nasal airflow on regional brain temperature

To measure regional brain temperature, thermistor
probes were placed in five separate regions of the
brain through 1-mm drill holes in the skull. The fine-
wire probes were inserted with stereotaxic guidance
into olfactory bulb, parasagittal parietal cortex, puta-
men, thalamus, and cerebellum based on the swine
brain atlas.>’*? The scalp incisions were closed to
restore its thermal insulative properties.

A standard nasal cannula was inserted bilaterally
into each nostril of the pig. Tape was wrapped
around the cannula to ensure a snug fit in the nostril.
The cannula was connected to a pressurized source of
air with a flowmeter in the circuit. Baseline measure-
ments were made of rectal temperature, regional brain
temperatures, and mean arterial blood pressure
(MABP). An arterial blood sample was obtained for
measurement of temperature-corrected pH and blood
gases. Airflow through the nasal cannula then com-
menced at a preset rate. The mouth was kept open to
provide an exit for airflow. Temperature and MABP
measurements were recorded at 15-min interval for the

first 2 hours of cooling and then at 30-min intervals for
the next 2 hours of cooling. Arterial blood gases were
measured hourly. As brain temperature approached
34°C (a drop of approximately 4.5°C), the airflow
rate was reduced to maintain a steady state tempera-
ture of approximately 33-34°C. At the end of the cool-
ing period, the piglets were euthanized and the
positions of the thermistors in the brain were verified.

Piglets in each age cohort were randomized to one of
three airflow rates. In the 1.8-kg piglets, airflow rates of
4L/min (n=06), 8 L/min (n=06), and 16 L/min (n=06)
were tested. In the 4-kg piglets, airflow rates of 16 L/
min (n=26), 32 L/min (n=2_8), and 48 L/min (n = 6) were
tested. In the 15-kg piglets, airflow rates of 16 L/min
(n=7), 32L/min (n=7), and 48L/min (n=7) were
tested. Animals with instrumentation technical failures
were excluded; all animals that completed the protocol
were included.

Effect of high nasal airflow on nasal turbinate
blood flow

Nasal turbinate blood flow was measured with the
microsphere technique®® in which 154 2pum diameter
spheres labeled with four different lanthanide elements
were injected into the left atrium at four different time
points. To implant a left atrial catheter, mechanical
ventilation was employed with Scm water positive
end-expiratory pressure, and a left thoracotomy was
performed at the third interspace. The ribs were
retracted, an incision was made in the pericardium,
and the appendage of the left atrium was temporarily
cross-clamped and incised. A catheter was inserted into
the left atrium and the incision was closed with a purse
string stitch. The ribs were apposed and closed with
suture. A few sigh breaths were administered to
assure re-inflation of the lungs, and the muscle and
skin were sutured closed in layers. Next, the sagittal
sinus was catheterized for obtaining cerebral venous
blood samples to measure cerebral O, extraction.
A midline incision was made in the scalp and a drill
hole was made in the skull between bregma and lamba
landmarks to expose the dura mater above the sagittal
sinus. A catheter was inserted caudally into the sagittal
sinus to obtain cerebral venous blood samples for mea-
suring O, content.

For each blood flow measurement, a dose of
approximately 1x 10° spheres in 4-kg piglets and
3x 10° spheres in 15-kg piglets were injected over
approximately 10s into the left atrium to obtain good
mixing within the left ventricle before ejection of well-
mixed blood into the aorta. During the microsphere
injection and for 1-min after flushing the injection cath-
eter with saline, arterial blood was withdrawn at a con-
stant rate into a glass syringe with a pump to obtain the
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arterial input function of the microsphere concentra-
tion for calibrating tissue blood flow. The blood with-
drawal rate was 5.1 ml/min, and the withdrawn volume
was replaced with saline. This procedure was per-
formed at baseline and at approximately 15, 30, and
60min of 32L/min nasal airflow with microspheres
composed of a polystyrene matrix cross-linked with
either lanthanum, lutetium, samarium, ytterbium, or
gold. Before each sphere injection, blood samples were
drawn from the femoral artery and sagittal sinus to mea-
sure the arteriovenous O, content difference for calcu-
lating the cerebral metabolic rate of O, (CMRO,). After
the last injection, the pig was euthanized and tissue was
harvested, weighed, dried. Samples included the full
length of the nasal turbinates, samples from brain (fron-
tal, parietal, temporal and occipital cortex, olfactory
bulb, caudate-putamen, thalamus, cerebellum, and
brainstem) and left cardiac ventricular muscle. The
dried samples were shipped to BioPhysics Assay
Laboratory, Inc. (Worcester MA) for neutron activa-
tion of the metals to generate stable radioactive
isotopes that were then assayed by spectrographic scin-
tillation counting. The ratio of the disintegrations per
minute in the tissue sample to the disintegrations per
minute in the arterial blood withdrawal sample was
calculated and multiplied by the 5.1 ml/min withdrawal
rate to obtain tissue blood flow. The blood flow was
normalized by the tissue wet weight.

Nasal turbinate surface area and air space volume

At autopsy, the nose of the pig was cut serially in cross-
section at 1cm intervals. The anterior and posterior
views of each section was photographed. Using Image
J software, the internal perimeter of the nasal turbinate
was traced on the anterior and posterior view of each
section and averaged. To obtain the nasal turbinate
surface area, the average perimeter for each section
was multiplied by the section thickness and summed
across all sections. To obtain the air space volume,
the area within the traced perimeter of the nasal turbi-
nate was measured and averaged from the anterior and
posterior views. The average area for each section was
multiplied by the section thickness and the air spaced
volume was summed across all sections.

Statistical analysis

Analysis of variance (ANOVA) was used on data
that passed the Shapiro-Wilk test for normality.
To compare temperature among brain regions for a
specific nasal airflow in each age group, a 2-way repeat-
ed measures ANOVA was performed where brain
region and time were within-subject factors. If there
was a significant effect of temperature site or

a significant interaction of temperature site and time,
then post hoc comparisons were made among the 5
brain regions brain at each time point with the Holm-
Sidak procedure for multiple comparisons.

To compare the time course of brain temperature with
rectal temperature, the temperature readings from the five
brain regions were averaged, and a 2-way repeated meas-
ures ANOVA was performed where brain/rectal temper-
ature was one within-subject factor and time was a
second within-subject factor. If there was a significant
effect of temperature site or a significant interaction of
temperature site and time, then post hoc comparisons
were made among the regional average brain temperature
and rectal temperature at each time point with the Holm-
Sidak procedure for multiple comparisons.

To compare the average of the regional brain temper-
atures among the same age groups with different nasal
airflow rates, a 2-way ANOVA was performed where
airflow rate was a between-subject factor and time was
a within-subject factor. If there was a significant effect of
airflow rate or a significant interaction of airflow rate
and time, then post hoc comparisons were made
between airflow rate groups at each time point with
the Holm-Sidak procedure for multiple comparisons.

Within each age group, the time at which tempera-
ture decreased 3°C from baseline was compared among
groups with different nasal airflow rate by the Kruskal-
Wallis analysis of ranks and the Dunn’s test for multi-
ple comparisons.

For the microsphere-determined blood flow and
blood gas measurements, a one-way repeated measures
ANOVA was performed. If a significant effect was
found, measurements during transnasal airflow were
compared to baseline with the two-tail Dunnett’s test.

Results

Nasal turbinate development

The structure of nasal turbinate increased in complex-
ity during porcine development, as evident by the
increase in the extent of spiral turns in the cross-
section view (Figure 1(a)). The length of the air-
turbinate interface and the cross-sectional area of the
air space were traced on each 1cm-thick cross-section
and summed for all cross-sections to calculate the sur-
face area of the air-turbinate interface and the volume
of the air space, respectively. As shown in Figure 1(b),
both the surface area and air volume increased progres-
sively with body weight.

Regional brain temperature during transnasal airflow

Brain temperature was recorded in parietal cerebral
cortex, putamen, thalamus, cerebellum, and olfactory
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Figure 1.

Nasal turbinates increase in complexity with age, resulting in increased surface area and air volume for humidification.

(a) Examples of turbinate cross-sections along the nasal axis of a 1.8, 4, and 15-kg piglet and (b, c) Turbinate surface area and air space
volume derived from tracing the perimeter of the turbinate and the area within the perimeter summed across consecutive |-cm cross

sections. Values are means &+ SD; n=>5 per group.

bulb to determine whether a temperature gradient devel-
oped during high transnasal airflow. Temperature rap-
idly decreased in all five well-separated brain regions in
all age groups (Figure 2). Furthermore, for each airflow
setting the temporal trajectory essentially overlapped
among the five regions. The only exception was in the
case of 32L/min in the 4-kg group, where two-way
ANOVA revealed significant interactions between
brain region and duration of nasal airflow and the
Holm-Sidak procedure indicated a lower temperature
in the olfactory bulb during the first hour of airflow
(Figure 2(e)).

Effect of nasal airflow rate on brain cooling

Because no substantial regional differences in brain
temperature were evident, the temperatures of the five
regions were averaged for further analysis of effects of
airflow rate. In the 1.8-kg piglets, airflow rates of 4, §,
and 16 L/min all produced reductions in the average
brain temperature (Figure 3(a)). An airflow rate of
8 L/min produced lower brain temperature than a
rate of 4L/min, with significant differences attained
by 45 minutes of nasal airflow. Increasing the airflow
rate to 16 L/min further enhanced the early drop in
brain temperature; significant differences from the
4 L/min group were attained by 15 minutes and signif-
icant differences from the 8 L/min group were attained
by 45 minutes of nasal airflow.

In the 4-kg piglets, nasal airflow rates of 16, 32,
and 48 L/min were tested (Figure 3(b)). With a rate
of 32L/min, average brain temperature fell more
quickly than with a rate of 16 L/min, and significant
differences were attained by 30 minutes of nasal

airflow. However, increasing the rate to 48 L/min did
not further accelerate the rate of brain cooling.

In the 15-kg piglets, increasing the nasal airflow rate
from 16 to 32 L/min tended to accelerate brain cooling,
but the differences in brain temperature did not attain
statistical significance at any time point. Moreover, fur-
ther increasing airflow rate to 48 L/min did not provide
any additional enhancement of brain cooling.

Comparison of brain and rectal temperatures

Figure 4 compares the time course of brain and rectal
temperatures at each of the nasal airflow rates in each
size group. In the 1.8-kg piglets, 2-way repeated meas-
ures ANOVA indicated that brain temperature was sig-
nificantly lower than rectal temperature throughout the
course of nasal airflow at a rate of 16 L/min. In 4-kg
piglets, brain temperature was significantly lower
than rectal temperature with airflow rates of 32 and
48 L/min. In 15-kg piglets, brain temperature was sig-
nificantly lower than rectal temperature with airflow
rates of 16, 32, and 48 L/min. Thus, the airflow rates
that produced the most rapid rates of brain cooling in
each age group were the rates that produced significant
differences between brain and rectal temperatures
during the cooling process.

To better quantitate the rate of cooling, we mea-
sured the time required to decrease the average regional
brain temperature and rectal temperature by 3°C from
the basecline value for each piglet. Individual data
together with medians and quartiles are shown for
each group in Figure 5. In the 1.8 kg piglets, the time
to reduce brain and rectal temperature by 3°C was sig-
nificantly less at an airflow of 16 L/min than the respec-
tive times at 4 L/min. In the 4-kg piglets, the time to
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Figure 2. At a given airflow, temperature fell at similar rates among 5 brain regions in each age group, indicating no spatial gradient.
Temperature was measured in parietal cortex, putamen, thalamus, cerebellum, and olfactory bulb during high nasal airflow of 4 L/min
(a, n=26), 8L/min (b, n=26), and 16 L/min (c, n=26) in |.8-kg piglets, of 16 L/min (d, n=#6), 32 L/min (e, n=8), and 48 L/min (f, n=6)
L/min in 4-kg piglets, and 16 L/min (g, n=7), 32 L/min (h, n=7), 48 L/min (i, n=7) in 15-kg piglets. Values are means & SD; *P < 0.05
between olfactory bulb and other 4 regions, 1P < 0.05 between olfactory bulb and cerebellum by repeated measures ANOVA and the
Holm-Sidak procedure for multiple comparisons at each time point.

cool the brain by 3°C was significantly quicker at 32 L/
min than at 16 L/min, and the time at 48 L/min did not
differ from that at 32L/min. The median time to
decrease rectal temperature by 3°C was numerically
less with 32 and 48 L/min than with 16 L/min, although
the differences were not statistically different. In the
15-kg piglets, no significant differences were seen in
the brain cooling time with different airflow rates,
and the times were similar to the optimal cooling
times obtained in the 1.8-kg and 4-kg groups. The
rectal temperature cooling times also did not differ
with different airflow rates in the 15-kg piglets,
although the cooling times were more than doubled
the time to cool the brain by 3°C. This body size-
dependent difference between brain and rectal temper-
ature cooling rates was not unexpected because body
mass increases disproportionately faster than brain
mass at this stage of development (58-g brain in 15-kg
piglets vs. 41-g brain in 4-kg-piglets).

Arterial pH and PCO, remained in the physiologic
range during high nasal airflow (Supplemental Table 1).
Arterial PO, remained above 100 mmHg with the use of

approximately 30% inspired O, (balance N,O). In most
groups, mean arterial blood pressure did not significant-
ly change from baseline during the 4-hour period of
cooling (Figure 6). The exception was in the 4-kg
piglet group where blood pressure significantly increased
after 60 minutes of cooling. We do not have an expla-
nation for the approximately 20 mmHg increase in this
group. Several groups had persistent decreases in heart
rate after 45-75 minutes of cooling, namely the 1.8-kg
piglets with 16 L/min airflow and the 4-kg piglets with
32 and 48 L/min airflow. In 15-kg piglets, significant
decreases in heart rate occurred only at 150-180 minutes
of cooling with 48 L/min. It is noteworthy that these
4 groups had the most consistent rapid rate of cooling
of rectal temperature (Figure 5), suggesting that cardiac
deceleration was related to the decrease in core and
myocardial temperature.

Blood flow

Regional blood flow was measured with left atrial
injection of microspheres at baseline and at 15, 30,
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Figure 3. Dependence of rate of brain cooling on nasal airflow rate. (a) In 1.8-kg piglets, brain temperature (averaged across 5
regions) fell more rapidly by increasing the airflow rate from 4 L/min (n=6) to 8 L/min (n=6) and from 8 L/min to 16 L/min (n = 6);
*P < 0.05 from 8 L/min, 1P < 0.05 from 16 L/min. (b) In 4-kg piglets, brain temperature fell more rapidly with airflow rates of 32 L/min
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differential effect between 16, 32 and 48 L/min (n=7 per group). Values are means =+ SD; data analyzed with two-way ANOVA and
Holm-Sidak post hoc comparisons.
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Figure 4. Comparison of brain and rectal temperature. Brain temperature (averaged across 5 regions) fell faster than rectal tem-
perature in |1.8-kg piglets with 16 L/min nasal airflow (c. n=6), in 4-kg piglets with 32 L/min (e. n=28) and 48 L/min (f. n=6) nasal
airflow, and in |5-kg piglets with 16 L/min (g. n=7), 32 L/min (h. n=7), and 48 L/min (i. n = 7) nasal airflow. Differences between brain
and rectal temperature were not significant in 1.8-kg piglets with 4 L/min (a. n = 6) or 8 L/min (b. n = 6) nasal airflow or in 4-kg piglets
with 16 L/min (D. n= 6) nasal airflow. *P < 0.05 from rectal temperature at each time point by paired analysis with two-way repeated

measures ANOVA and Holm-Sidak post hoc comparisons; Values are means £ SD.
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Figure 6. Mean arterial pressure (Left) and heart rate (Right) in 1.8-kg piglets (a, b), 4-kg-piglets (c, d), and |5-kg piglets (e, f) during
the 4-hour cooling period. Brackets show range of times when values differed significantly from baseline by one-way repeated
measures ANOVA and the Dunnett’s test for multiple comparison to baseline. Values are means =+ SD.

and 60 minutes of induction of nasal airflow at a rate of
32 L/min in 4-kg and 15-kg piglets. These piglets, which
had earlier undergone a thoracotomy to implant a left
atrial catheter and then had their chest wall closed,
were well oxygenated during the blood flow measure-
ments. Arterial PCO, was unchanged during the high
nasal airflow and was accompanied by a small degree
of acidosis (Supplemental Table 2). Similar to the pre-
vious cohorts, these piglets exhibited rapid drops in
brain temperature and slower decreases in rectal tem-
perature during high nasal flow (Figure 7(a) and (b)).
Heart rate and mean arterial blood pressure remained
unchanged over the 60-minute period of nasal airflow

(Figure 7(c) to (f)). Baseline blood flow to the nasal
turbinates averaged 124 7ml/min/100g of tissue in
the 4-kg piglets (n=35) and 8§+ 5ml/min/100g in the
15-kg piglets (n=15). During high nasal flow, turbinate
blood flow did not significantly change in the 4-kg
piglets but transiently tripled in the 15-kg (Figure 7
(g) and (h)). In neither group did turbinate blood
flow decrease below baseline at any time point during
transnasal cooling.

Left ventricular myocardial blood flow decreased at
60 minutes of high nasal airflow in the 4-kg piglets but
was not significantly altered in the 15-kg group
(Figure 7(i) and (j)). Interestingly, cerebral blood flow
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Figure 7. Turbinate blood flow measured with microspheres did not decrease during evaporative cooling with nasal airflow of

32 L/min. Physiological parameters displayed for 4-kg piglets (Left) and |5-kg piglets (Right) (means &= SD; n=15) include brain and
rectal temperature (a, b), heart rate (c, d), mean arterial pressure (MAP; e, f), turbinate blood flow (g, h), blood flow to the cerebral
hemispheres and left cardiac ventricle (i, j), sagittal sinus O, saturation and PO, (k, l), cerebral oxygen extraction fraction (m, n), and
CMRO; (o, p). ¥P < 0.05, ¥P < 0.01, **P < 0.00] from baseline by one-way repeated measures ANOVA and the Dunnett’s test for
multiple comparison to baseline.



1852

Journal of Cerebral Blood Flow & Metabolism 43(11)

(CBF) was not significantly changed in either age
group despite brain cooling. Blood hemoglobin con-
centration did not change and arterial PO, remained
>100mmHg (Supplemental Table 2), but cerebral
venous O, saturation, measured in sagittal sinus
blood samples, increased during cooling in both
groups (Figure 7(k) and (1)). However, the increase in
venous O, saturation was not associated with a signif-
icant increase in venous PO, (Figure 7(k) and (1)), pre-
sumably because the decrease in temperature increased
the affinity of O, with hemoglobin (leftward shift of the
oxyhemoglobin dissociation curve). As a result of the
increase in venous O, saturation, the arterial-venous
O, content difference across the brain significantly
decreased (Supplemental Table 2) as did the O, extrac-
tion fraction (Figure 7(m) and (n)). In the case of the
4-kg piglets, the calculated CMRO, significantly
decreased during brain cooling, whereas the decrease
in the 15-kg piglets did not attain statistical significance
(Figure 7(o) and (p)).

Discussion

Previous work in adult animals and humans demon-
strated the capability of implementing high nasal air-
flow to rapidly induce brain cooling.?"****> However,
the feasibility of applying this technique in pediatrics
has not been explored. Here, we used three different
size piglets that scale from human newborns to tod-
dlers. The major findings are 1) high nasal airflow is
capable of rapidly decreasing brain temperature by 3°C
within 30 minutes at rates of 16 L/min in 1.8-kg piglets,
32-48 L/min in 4-kg piglets, and 16-32 L/min in 15-kg
piglets, 2) the rate of brain cooling exceeded the rate of
body cooling at nasal airflow rates of 16, 32, and
16 L/min in the 1.8-, 4-, and 15-kg piglets, respectively,
3) significant temperature gradients were not evident
along the rostral-caudal axis of the brain, and 4) high
nasal airflow did not reduce blood flow to the nasal
turbinates, thereby sustaining the return of cooled
nasal venous blood.

The lack of substantial temperature gradients
between cerebral cortex and subcortical structures
and between olfactory bulb and cerebellum is consis-
tent with heat loss mediated by convection through
blood flow rather than by conduction across the base
of the skull. With head cooling caps that are sometimes
used for neonatal HIE,® in contrast, cooling of subcor-
tical structures lags behind cooling of cerebral cortex.**
The mechanism of transnasal cooling is based on
humidification of inflowing air that produces evapora-
tive cooling of the nasal mucosa and nasal mucosa
venous blood. Nasal airflow-dependent decreases in
jugular venous blood and carotid arterial blood can
be detected in 30-kg pigs,>' supporting the concept

that the drainage of cooled nasal mucosa blood into
the jugular vein cools the surrounding tissue and the
nearby carotid artery that then cools the brain faster
than non-cephalic regions.

The rate of cooling of nasal turbinate venous blood
will depend on the air flow rate, the nasal mucosa sur-
face area, and the blood flow through the nasal
mucosa. Physiologically, the capacity to humidify the
air extends beyond basal levels of ventilation to main-
tain humidification during exercise.?’*> In the case of
swine development, piglets are fairly sedentary during
the first few weeks of nursing after birth and then
become more physically active during the period of
weaning (approximately 4 weeks of age; 6kg in
Yorkshire piglets). Hence, an increase in humidifica-
tion capacity is anticipated to match the increased ven-
tilatory drive during exercise. In agreement with this
concept, the observed age-dependent increase in nasal
turbinate surface area allows for a greater humidifica-
tion capacity. Moreover, the age-dependent increase
in airspace volume and associated Iumen cross-
sectional area lowers airway resistance, accommodat-
ing increased airflow rates. Thus, we expected brain
cooling to increase over a wide range of airflow well
above basal ventilatory airflow rates. This expectation
held in the 1.8-kg piglets where increasing airflow from
4 to 8 to 16 L/min produced progressive increases in the
rate of brain cooling. In 4-kg piglets, the optimal air-
flow rate was 32 L/min, with 48 L/min producing no
further benefit. The rate of cooling at 32 L/min in the
4-kg piglets was similar to that with 16 L/min in the
1.8 kg piglets (Figure 5). The 70% greater turbinate
surface are in 4-kg piglets compared to 1.8-kg piglets
roughly matches the doubling of the most effective air-
flow rate. However, the lack of difference in the rate of
brain cooling with airflow rates ranging from 16 to 48 L/
min in the 15-kg piglets was unexpected because previ-
ous work found that increasing nasal airflow from 20 to
40 to 80 L/min produced stepwise increases in the rate of
brain cooling in 30-kg pigs.?' Other developmental fac-
tors affecting heat transfer from the brain may come
into play, such as heat exchange through a countercur-
rent exchange mechanism between cephalic arteries and
veins, the pathway of venous drainage from the turbi-
nates, and the ratio of cerebral blood flow to cerebral
heat production. In humans, postnatal increases
in cerebral blood flow are matched with postnatal
increases in energy metabolism and presumably heat
production, and this principle holds in other species
during development.*® Perhaps factors such as the dis-
tance between cephalic arteries and veins and their
blood flow may become rate-limiting for heat transfer
in the 15-kg piglets.

In 1.8-kg piglets, brain cooling was maximal at
16 L/min. We did not test whether higher airflow
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rates would produce faster brain cooling. In clinical
practice, nasal airflow with supplemental oxygen
rarely exceeds 4 L/min in neonates because very high
flow rates might increase pharyngeal airway pressure
and distend the stomach. With high nasal airflow, it is
important to keep the mouth open and to not let the
tongue obstruct the exit of airflow. It is noteworthy
that increased pressure in the nasal airways has not
been found to reduce humidification,*® thereby permit-
ting transnasal cooling to operate at the higher intra-
nasal pressure induced by the high flow. Other
potential adverse effects, such as rhinorrhea or hemor-
rhage were not observed.

Another factor that could limit heat transfer is
blood flow through the nasal turbinates. In many tis-
sues, decreases in temperature will reduce blood flow.
Moreover, high airflow rates will increase nasal airway
pressure and could compress nasal mucosal veins.
However, the microsphere-based measurements of
nasal turbinate blood flow did not show a reduction
in blood flow. Indeed, the 15-kg piglets displayed an
early increase in blood flow to the nasal turbinates,
which may have contributed to the rapid decrease in
brain temperature. In interpreting the lack of signifi-
cant changes in blood flow in the 1.8-kg piglets, one
needs to consider possible sources of error. The number
of spheres summed over the entire nasal turbinate
structure and in the reference blood sample was in
the order of 10*, which would contribute only ~2%
error based on the coefficient of variation for a
Poisson distribution.’” The blood withdrawal rate of
5.1 ml/min should be adequate to overcome any effect
of microsphere axial streaming at the catheter tip with-
drawal site.*® Microsphere streaming within the turbi-
nate microcirculation should not be a major factor
since the entire turbinate structure was counted.
Thus, much of the variability in the measurement is
likely the result of biologic variability. The turbinates
are highly vascularized with venous sinusoids whose
drainage is controlled by downstream smooth
muscle.*® One factor contributing to biologic variabil-
ity is the physiological status of arterio-venous shunts
feeding into the venous sinusoids.®>> The fraction of
15 pum spheres passing through these shunts leads to
an underestimation of the true blood flow. How this
shunt fraction would change in the current protocol
with high nasal airflow and cooling is unknown.
Another factor is that the turbinate resistance and
capacitance vessels are regulated by adrenergic, cholin-
ergic, and peptidergic receptors, but how these systems
are affected by high airflow and temperature is not
well-defined.?” With regard transnasal cooling imple-
mentation after resuscitation, the a-adrenergic agonists
typically used during resuscitation could constrict nasal
arterioles and thus could limit the efficacy of brain

cooling by high nasal airflow. However, catechol-
amines are rapidly metabolized and nasal blood flow
would likely be restored as long as exogenous catechol-
amine administration is avoided after return of spon-
taneous circulation.

Left ventricular myocardial blood flow was found to
decrease by 60 minutes of high nasal airflow in the 4-kg
piglets, at which time rectal temperature had decreased
by approximately 2.5°C. The decrease in blood flow
may have been coupled to a decrease myocardial O,
consumption associated with mild hypothermia. If
there was a decrease in myocardial O, consumption,
it was not due to bradycardia or arterial hypotension,
as heart rate and mean arterial pressure were
unchanged over the 60-minute measurement period in
this set of piglets. In the case of the 15-kg piglets, how-
ever, we do not have an explanation of why a similar
drop in core temperature did not produce a decrease in
left ventricular blood flow. Nevertheless, decreases in
heart rate were observed in cohorts with a 4-hour mea-
surement period as rectal temperature continued to fall,
and a decrease in myocardial blood flow would be
anticipated beyond 60 minutes.

Hypothermia decreases CMRO,,* and the associat-
ed decrease in mitochondrial electron transport rate is
considered one of the factors involved in hypothermic
neuroprotection.*’ Here, we found a 39% decrease in
CMRO; by 60 minutes of nasal airflow in the 4-kg
piglets, at which time brain temperature had decreased
by 4°C. A similarly large decrement of 40-50% in
CMRO; has been reported with 4°C cooling in new-
born piglets.** In the 15-kg piglet cohort, we did not
obtain a statistically significant reduction in CMRO,,
but the decrease in the arterial-venous O, content dif-
ference without a significant change in cerebral blood
flow suggests that a true decrease in CMRO, would
have been detectable with a larger sample size in this
age group.

The decrease in CMRO, was not coupled with a
decrease in CBF. Instead, brain cooling increased the
sagittal sinus O, saturation without increasing the sag-
ittal sinus PO,. The lack of a concurrent increase in
PO, could be attributed to the leftward shift of the
O,-dissociation curve and decrease in the Psq (the
PO, at 50% oxyhemoglobin saturation) that occurs
with decreasing temperature. Previous work has
shown that the cerebral O, extraction fraction, which
is equivalent to the ratio of CMRO,/(CaO, X CBF),
varies directly with the P5o.4** Under normothermic
conditions, a decrease in Psq will increase CBF and
result in a decrease in the O, extraction fraction with-
out a change in CMRO,. The increase in CBF serves to
mitigate the decrease in capillary PO, that would nor-
mally occur with increased O, affinity of hemoglobin
(decreased Psg). However, under hypothermic
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conditions, the decrease in CMRO, drives the decrease
in O, extraction fraction such that an increase in CBF
is not required to prevent a decrease in capillary PO,. It
should also be noted that deeper levels of hypothermia
with greater reductions in CMRO, are likely to result
in reductions in CBF. Moreover, piglets are born with
low levels of hemoglobin, which gradually increase during
development, as evident by the higher levels in the 15-kg
piglets than in the 4-kg piglets. The level of hemoglobin
and other developmental factors may influence the regu-
lation of CBF during mild hypothermia.

One potential limitation of using swine for studying
cephalic heat exchange is the presence of a rete mirabile
in this species. In pigs, blood flows from the common
carotid artery into the ascending pharyngeal artery,
which divides into a network of small arterioles sur-
rounded by cavernous sinus venous blood, before ree-
merging into a short internal carotid artery that feeds
the Circle of Willis.*>*® This contact of venous blood
with the arterial vessel network allows for heat exchange
that could be important for brain temperature regula-
tion. Thus, it is possible that the rete mirabile augments
brain cooling induced by high nasal airflow. However,
selective brain cooling has been observed in rats, which
do not have a rete mirabile.”> As the internal maxillary
vein communicates with the cavernous sinus venous
plexus, nasal venous drainage into the internal maxillary
vein could cool the internal carotid artery passing
through the cavernous sinus in humans and enhance
selective brain cooling in humans in addition to arterial-
venous heat exchange in the neck.

High nasal flow with humidified oxygen-enriched
gas is commonly used in critically ill neonates and chil-
dren in the intensive care unit to avoid chronic tracheal
intubation. The differences in the brain cooling tech-
nique used here are the use of normal humidity gas and
a higher range of flow rates. Indeed, the effect of high
nasal flow on brain cooling is lost with highly humid-
ified air.”! Here we show that transnasal airflow with
ambient air can effectively rapidly cool the brain to
temperatures typically targeted in therapeutic hypo-
thermia within 30 minutes, whereas the rate of cooling
of the body becomes progressively delayed as body size
increases. Transnasal cooling could be a simple and
effective technique to deploy in the field by emergency
medical personnel to optimize the benefit of early brain
cooling in pediatric patients.
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