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Health and Labour Sciences Research Grant (Translational Research)

Investigation of Clinical Utility of
Pharyngeal Cooling During Resuscitation

Multicenter Clinical Study <i-Cool)

. .
What is Pharyngeal Cooling?
Brain hypothermia has been reported as an effective therapy for post-
resuscitative disturbance of consciousness. However, because current
3 brain hypothermia involves systemic cooling, time is required to lower
brain temperature. Brain temperature could conceivably be lowered
: more rapidly by cooling only the head. The common carotid artery runs
lateral to the pharynx, about 1 cm away. When the pharynx is cooled,
the common carotid artery is cooled and brain temperature is reduced
hematogenously. The present study verifies the brain hypothermia
effect of pharyngeal cooling performed during resuscitation after cardiac

RN —3
BHAE@EN arrest, and investigates whether this approach improves neurological
prognosis and life prognosis.

Pharyngeal Cooling _ Cooling for 2 h
\ &) with 5 degrees
1 ,‘:/“(" Celsius water
| /,'
‘ e
Vil

J
y
of 7

y
o,

l\
J
f
'/

After securing the airway by tracheal intubation, a pharyngeal cooling
cuff is inserted. The pharyngeal cooling cuff is constructed to fit the
shape of the pharynx. Physiological saline (5 degrees Celsius) is
perfused into the cuff at 500 mL/min.

Copyright (c) Yoshimasa Takeda(Contents), Takeharu Kobayashi
(Design). All rights reserved.
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.
| Pharyngeal Cooling Cuff
daat i The cuff is made of vinyl chloride and has passed biological safety tests.
The cuff was developed based on 3D-CT models of the pharynx, and can
i be easily inserted into the pharynx using the same technique used with
an esophageal obturator airway. As the carotid artery runs
: posterolateral to the pharynx, adhesion to the posterolateral mucosa is
increased. The inside of the cuff (balloon, pressure limit: 200 cmH20) is
\ perfused with physiological saline at a rate of 500 mL/min and a
pressure of 50 cm H20.

BE@EN—Y

I Development of Pharyngeal Cooling Cuff

\{
i-Cool

Cuff was developed based on CAD
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Organization

, " The circulator has the capability to rapidly cool physiological saline and
“Mtsphawngeal Codmg. perfuse it into the pharyngeal cooling cuff at a rate of 500 mL/min.

) Sensors built into the pharyngeal cooling cuff collect internal pressure

Pharyngeal COOIng Cuf and temperature data every 4 ms, controlling these variables in real

3 time.
Circulator
Protocol

5
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| Tympanic thermomeler

Tympanic thermometer
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Suppression of peri-infarct depolarizations (PIDs) is one of the major mechanisms of hypothermic pro-
tection against transient focal cerebral ischemia. Previous studies have shown the lack of hypothermic
protection against permanent focal ischemia. We hypothesized the lack of hypothermic protection was
due to the poor efficacy in suppression of PIDs. To examine the hypothesis, we elucidated the effects of
hypothermia on the manner of propagation of PIDs with temporal and spatial resolutions using NADH

g”(:‘;‘:;‘x‘!fbral — (reduced nicotinamide adenine dinucleotide) fluorescence images by illuminating the parietal-temporal
Hypothermia : cortex with ultraviolet light. Spontaneously hypertensive rats (n= 14) were subjected to permanent focal
Peri-infarct depolarization ischemia by occlusion of the middle cerebral and left common carotid arteries. 2-h hypothermia (30-C)
DC potential was initiated before ischemia. Although hypothermia delayed the appearance of PIDs, it did not suppress
NADH their appearance. Furthermore, 54% of the PIDs enlarged the high-intensity area of NADH fluorescence in

NADH fluorescence the hypothermia group, similar to the normothermia group (53%). The high-intensity area of NADH fluo-
rescence widened by each PID was larger in the hypothermia group thanin the normothermiagroup. These

findings suggest that PIDs even in hypothermia are one of the major factors causing growth of infarction,

emphasizing the importance of therapy that targets suppression of PIDs even during hypothermia.

© 2008 Elsevier Ireland Ltd. All rights reserved.

Peri-infarct depolarizations (PIDs) are thought to contribute to
infarct expansion because of a positive relationship between infarct
volume and number of PIDs [9,12,13]. A previous study using a tran-
sient focal cerebral ischemia model showed by using focal detection
of PIDs (i.e., glass microelectrodes) that hypothermia decreased
the frequency of PIDs [4]. This finding suggested that the protec-
tive effect of hypothermia in transient focal ischemia is mediated
through suppression of PIDs. On the other hand, other studies have
shown that hypothermia has no protective effect in permanent
focal ischemia[14,15]. However, little is known about the reason for
thelack of hypothermic protection in permanent focal ischemia. We
hypothesized that the lack of hypothermic protection against per-
manent focal ischemia was due to the poor effect of hypothermia
on suppression of PIDs.

We have reported an NADH fluorescence imaging method for
detection of PIDs that allows a more global measurement of PIDs
[8].Inthe present study, we used this method to examine the above-
stated hypothesis and elucidated the effects of hypothermia on the

* Corresponding author. Tel: +81 86 235 7327; fax: +81 86 235 7329.
E-mail address: tooshy@md.okayama-u.ac.jp (T. Sasaki).

0304-3940/$ - see front matter © 2008 Elsevier Ireland Ltd. All rights reserved.
doi:10.1016/j.neulet.2008.10.054
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manner of propagation of PIDs in rats with permanent focal cerebral
ischemia.

This study was approved by the Animal Research Control Com-
mittee of Okayama University Medical School. Male spontancously
hypertensive rats (SHRs) (Charles River Japan, Yokohama, Japan),
weighing 320+40g, were anesthetized with 5% halothane in
oxygen after an overnight fast. After endotracheal intubation, anes-
thesia was maintained by artificial ventilation with 1% halothane
mixed with 70% nitrous oxide in 30% oxygen. The right femoral
artery was cannulated for blood pressure monitoring and blood
sampling. Arterial blood gases were measured before and during
ischemia and maintained within the normal range. The mean arte-
rial pressure was above 60 mmHg throughout the experiment. After
placement in a stereotaxic apparatus (Narishige, Tokyo, Japan), a
large cranial window (9 mm x 11 mm) was prepared on the left
parictal-temporal bone for the measurement of images of NADH
fluorescence. The dura was kept intact. To analyze the correlation
between changes in NADH fluorescence, direct current (DC) deflec-
tion and cerebral blood flow (CBF), two DC electrodes (tip diameter
<5 wm) were placed in the anterior and posterior cortexes (depth
of 750 um, 0-2 mm anterior and 2-3 mm lateral to the bregma,
2-4mm posterior and 2-4 mm lateral to the bregma, respectively)
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and a laser-Doppler flow probe (ALF2100, Advance, Tokyo) was the cortical surface and cauterizing it. Brint et al. [3] reported that

placed adjacent to one of the two DC electrodes. the infarct volume is highly reproducible in SHR compared with
The animals were randomly assigned to two groups: a nor- Wistar and Fisher rats.

mothermia group (n=7) and a hypothermia group (n=7). In the The technique used for cortical NADH fluorescence imaging was

normothermia group, rectal temperature was maintained through- described in detail previously [7,8]. In brief, the cortical surface was

out the experiment at 37.0+0.5°C using a heated water blanket. illuminated with UV light (366-nm). Images of NADH fluorescence
In the hypothermia group, rectal temperature was maintained were obtained by using a CCD camera (ST-6UV; SBIG, Santa Bar-
before ischemia at 30.0+ 0.5 °C using a water blanket and ice packs. bara, CA) with a 460-nm bandpass filter. Images (170 x 170 pixels,
Brain surface temperature was controlled with a gentle flow of  width x height) were taken every 15s. Data for each pixel in each
warm saline (37 C in the normothermia group and 30<C in the image of NADH fluorescence were divided by those of the control
hypothermia group) perfused over the skull surface, because brain image obtained before the initiation of focal ischemia, and the per-
temperature was 1.0+0.5°C below the drip temperature, as deter- cent change in NADH fluorescence was expressed in each pixel with
mined in a pilot study. 256 gray scales. Two hours after the onset of ischemia, imaging was

NADH fluorescence imaging was started and permanent focal stopped and the hypothermic animals were rewarmed to 36.5°C
cerebral ischemia was initiated by ligating the left common carotid over a period of 60 min. The wounds were closed and the rats were
artery and by lifting the middle cerebral artery (MCA) 1 mm above extubated and returned to their cages with free access to food and

Sagittal suture
bregma ./ First  Last

(A) Sagitial suture (B)

Normothermia

Hypothermia

mm
)
20%
S 1 ( 100%
NN
’f 80%

Smm

Middle cerebral
artery occlusion

Fig. 1. (A and B) Sequences of NADH fluorescence images. (C) A schematic drawing of the cranial window. The dashed lines in (A) and (B) represent the cranial window.
For visualization of changes in NADH fluorescence, data for each pixel in each image of NADH fluorescence were divided by those of the control image obtained before the
initiation of focal ischemia, and the percent change in NADH fluorescence was expressed in each pixel with 256 gray scales. A wave front (red), detected by subtracting
the neigl ing image, is superi d on each image. (A1 and B1) Formation of high-intensity area of NADH fluorescence following the initiation of ischemia under

'mia (A) and hypothermia (B). The first image was taken before ischemia. Images were taken every 30s. The high-intensity area of NADH fluorescence spread from
the area of middle cerebral artery occlusion and formed rapidly after the initiation of ischemia. (A2 and B2) Sequence images; the first and last images are arranged at the
top. The high-intensity area shows more than 120% NADH fluorescence (green} in the first images and is superimposed on each image. Images were taken every 15s. (A2) The
first image was taken 32 min after the onset of ischemia. A high-intensity wave of fluorescence, originating from the posterior region, propagated along the high-il ity
area of NADH fluorescence in an anterior direction. (B2) The first image was taken 42 min after the onset of ischemia. A high-intensity wave of fluorescence, originating from
the parietal cortex, propagated aleng the ischemic core in anterior and posterior directions. As shown in the last image, the area showing more than 1202 NADH fluorescence
(blue) remained in the region surrounding the high-intensity area of NADH fluorescence after the passage of the high intensity wave of fluorescence.
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water. Four rats underwent asham operation in which the hook was
placed in contact with a portion of the MCA and removed without
lifting the artery.

Twenty-four hours after the onset of ischemia, all animals were
anesthetized with 3% halothane. After inserting a cannula into the
ascending aorta, each animal was perfused with heparinized physi-
ologic saline (20 units/mL) and 6% paraformaldehyde in 0.1 mol/mL
phosphate buffer (pH 7.4). To identify the area of the cranial win-
dow, the margin of the area was marked by using a 27-gauge needle
with blue ink before enucleating the brain. After brain removal and
paraffin-embedding, brain sections (5-pum thick) were prepared at
250-pm intervals, stained with hematoxylin and eosin, examined
and photographed. The images were analyzed for the infarct areas
by a researcher blinded to the test procedure. Right hemispheric
and infarct volumes were calculated by multiplying infarct areas
by slice thickness and integration over all slices. Infarct volumes
are expressed as percentage of right hemispheric volume.

Linear regression models were used to evaluate the correlation
between percent changes in NADH fluorescence and magnitude
of negative DC deflection. Values are expressed as means+S.D.
Parameters obtained by analysis of NADH fluorescence images and
infarct volumes were compared between the normothermia and
hypothermia groups using Student’s t-test. A p-value <0.05 was
considered significant in all statistical tests.

Fig. 1 shows serial changes in NADH fluorescence under
ischemia with hypothermia or normothermia. The initiation of
ischemia was immediately followed by 5% increase in intensity
of NADH fluorescence in the vicinity of the proximal region of
the MCA due to a rapid decrease in CBF. A high-intensity area of
NADH fluorescence formed from the proximal to distal region of
the MCA in 185+ 25 and 354+ 105s in the normothermia group
and hypothermia group, respectively (A1 and B1). Several minutes
after the formation of the high-intensity area, high-intensity waves
of fluorescence were observed at the edge of the high-intensity
area, which propagated around the area to a width of 1.5-3mm.
Because the high-intensity area of fluorescence formed nearer to
the proximal region of the MCA in the hypothermia group, the high-
intensity waves of fluorescence propagated nearer to the proximal
region of the MCA in the hypothermia group (A2 and B2). Sev-
enteen waves and 13 waves were observed in the normothermia
group and hypothermia group, respectively during the observation
period. Nine of the 17 waves in the normothermia group and 7 of
the 13 waves in the hypothermia group did not disappear and even-
tually enlarged the high-intensity area of NADH fluorescence, while
the others disappeared without leaving any traces.

The DC potential was successfully measured at 12 sites in the
normothermia group and at 12 sites in the hypothermia group. Ten
of the 30 high-intensity waves of fluorescence moved over the DC
recording sites. As shown in Fig. 2, the DC recording was divided
into four types. Table 1 summarizes the number of DC deflection
types at each recording site. Because the waveform of fluorescence

Table 1
Number of DC deflection types in each recording site.
Type 1 Type2 Type 3 Type 4
Anterior region
Normothermia (n=6) (1] 4 1 1
Hypothermia (n=5) 2 3 0 0
Posterior region
Normothermia (n=6) 1 0 (1] 5
Hypothermia (n=7) 4 2 0 1
Total
Normothermia (n=12) 1 4 1 6
Hypothermia (n= 12) [ 5 0 1

TYPE 1
CBF (%)

100
o] ==

150
Fluarescence (%) b ]

DC potential (mV) 2‘;]
TYPE 2
CBF (%)
150
Fluorescence (%) o] 'W’A‘Mw_
DC potential (mV) ;] v V/
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CBF (%) "Jgj g P

150
Fluorescence (%) o] f‘V v
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DC potential ( Vo - e————————
poten (Mvzo]
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TYPE 4
100
CBF (%) L

150
FlUGRESe61e8 06) o] KMMM“
DC potential (mV) °] -
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T
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QOnset of ischemia

Fig 2. Directcurrent (DC)recordings were classified into four types: type 1,inwhich
no DC defection was observed; type 2, in which DC potential showed recurrent
depolarization; type 3, in which DC potential showed recurrent depolarization and
eventually persistent depolarization; and type 4, in which persistent depolarization
was observed. The waveform of NADH fluorescence was analogous to that of the DC
potential. Cerebral blood flow was stable and not affected by depolarizations.

was analogous to that of the DC potential, the high-intensity waves
of fluorescence were defined as PIDs in this study, as described
previously [8,16,17]. CBF was almost stable for 2 h after the onset
of ischemia and was not generally affected by the propagation of
waves. In sham-operated SHR, no changes in DC potential or fluo-
rescence were observed for 2 h after the onset of ischemia. The peak
value of fluorescence (percent change from the control) of waves
was closely related to the magnitude of negative DC deflection
(r=0.623, p=0.01 in the normothermia group; r=0.663, p=0.02 in
the hypothermia group). Due to the similarities in the linear regres-
sion relationships between the normothermia and hypothermia
groups and the fact that 20mV magnitude of negative DC deflec-
tion corresponded to 120% of the control level of NADH fluorescence
(Fig. 3), we measured the area persistently showing more than 120%
NADH fluorescence in this study.

As shown in Fig. 4, the area with persistently high fluorescence
(>120% NADH) increased gradually, reached a peak level and then
plateaued. Although the area was larger in the normothermia group
relative to that in the normothermia group during the observation
period, the difference between the areas in the two groups became
smaller with time. PIDs were observed from 5 to 47 min after the
onset of ischemia in the normothermia group and from 15 to 76 min
after the onset of ischemia in the hypothermia group. No more PIDs
were observed in either group thereafter during the observation
period.

Table 2 summarizes the characteristics of PIDs. The frequen-
cies of PIDs per rat were not significantly different between the
two temperature groups (p=0.2). The appearance of the first and
second PIDs was delayed in the hypothermia group compared
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Fig. 4. Change in the high-intensity area of fluorescence and frequency distribu-
tion of peri-infarct depolarizations (PIDs). The line graph shows the high-intensity
area corresponding to the number of pixels showing more than 120% NADH fluo-
rescence. Black line: normothermia group, gray line: hypothermia group. The bar
graph shows the frequency distribution of PIDs in the normothermia group (black)
and hypothermia group (gray). Data were pooled in 5-min intervals.

with the normothermia group (p <0.001 and p=0.01, respectively).
The rate of propagation of PIDs was significantly slower in the
hypothermia group than in the normothermia group (p<0.001).
The high-intensity area enlarged by each PID was significantly
larger in the hypothermia group than in the normothermia group
(p=0.009). The location of the margin of the enlarged area was
identified on the stained brain sections by measuring the distance
from the edge of the cranial window. The enlarged area was located
within infarct area.

Table 2
Characteristics of peri-infarct depolarizations (PIDs).
Normothermia Hypothermia
(n=7) (n=7)
Frequency of PIDs (times/rat) 24105 19+ I‘l_
Propagation rate (mm/min} 28+05 17 £ 02 s
Area enlarged by each PID (pixels) 470 + 210 980 + 449
Time of the first PID appearance (min) 81418 199 & 4.|'_
Time of the second PID appearance (min)  21.0 + 12.8 408 £ 54

Data are mean +S.D.
* p<0.01, compared with the normothermia group (by Student’s t-test).
" p<005.
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The percent infarct volume 24 h after the onset of ischemia in
the hypothermia group (24.3 + 3.9%) was significantly smaller than
that in the normothermia group (32.9 + 4.5%, p=0.003).

The signal intensity of NADH fluorescence in vivo can be affected
by numerous factors other than changes in NADH content (e.g.,
changes in hemoglobin concentration, scattering of light, ratio of
oxyhemoglobin to deoxyhemoglobin, and ratio of protein-binding
NADH to free NADH). Although we expected that changes in CBF
would greatly alter the signal intensity of NADH fluorescence, there
was only 5% change in NADH fluorescence in the vicinity of the MCA
caused by a rapid decrease in CBF immediately after the onset of
ischemia and CBF was almost stable thereafter. Previous studies
showed that PIDs are not accompanied by significant increases in
CBF as in normal spreading depressions [1,9,11] because the capac-
ity of collateral perfusion is reduced in such regions showing severe
CBF reduction [5] and that NADH content increased to up to 230%
of the control level during passage of depolarization [7]. There-
fore, the increase in NADH fluorescence during passage of PIDs
and the increase in the high-intensity area of NADH fluorescence
by PIDs are due to changes in NADH content rather than changes
in CBF.

In the present study, we found PID generation even in hypother-
mic rats and no significant difference between the frequency
of PIDs per rat in the normothermia group and that in the
hypothermia group. This result is inconsistent with the results
of a previous study reported by Chen et al. [4], who showed
lack of PID generation in hypothermic rats. Possible reasons
for this inconsistency include differences in the focal ischemia
model used in the two studies. Chen et al. [4] used Wistar rats
and focal ischemia was induced by the intraluminal filament
method. On the other hand, we used SHR and focal ischemia was
induced by occluding the left middle cerebral and left common
carotid arteries. In this regard, a previous study [15] showed that
hypothermia induced by the same method was more protective
in Wistar rats than in SHR. While CBF is gradually decreased by
the intraluminal filament method [6], CBF is steeply reduced by
our method. These systematic differences among rat strains and
methodological variations of vascular occlusion may contribute to
the inconsistency. Another possible reason for the inconsistency
is the difference in the methods used for measurement of PIDs.
While Chen et al. [4] measured PIDs at two specific points by
using DC electrodes, we used the two-dimensional technique of
NADH fluorescence imaging that allows observation of almost the
entire left hemisphere. The NADH fluorescence images highlighted
the presence of differences in areas of propagation of PIDs under
normothermia and hypothermia. The area of propagation of PIDs
in hypothermic animals shifted to the proximal region of the MCA.
Since the minimum width of PIDs was 1.5mm in hypothermic
animals, propagation of PIDs in the hypothermic rats could be
missed if the frequency of PIDs is measured by DC electrodes.

Although we did not find a reduction of PID frequency during
hypothermia, the 2-h hypothermia (30 °C) induced before perma-
nent occlusion of the MCA was protective. As shown in Fig. 4,
reduction of the high-intensity area of fluorescence soon after the
onset of ischemia in the hypothermic rats was sustained for 2h
after the onset of ischemia, although the difference between the
areas in two groups became smaller with elapse of time. Therefore,
we speculate that reduction of the high-intensity area contributed
to the decrease in infarct volume. The high-intensity area rapidly
widened in the first 15 min after the onset of ischemia in the nor-
mothermic rats. This result suggests that hypothermia should be
initiated within 15 min after the onset of ischemia. Consistent with
this suggestion, a previous study reported that 2-h hypothermia
(30°C) induced 15min after ischemia was not protective in the
same model of focal ischemia [15].



