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Oximetry-Guided Reoxygenation Improves Neurological
Outcome After Experimental Cardiac Arrest

Irina S. Balan, PhD; Gary Fiskum, PhD; Julie Hazelton, MS;
Cynthia Cotto-Cumba, MD; Robert E. Rosenthal, MD

Background and Purpose—Current guidelines suggest that cardiac arrest (CA) survivors should be ventilated with 100%
O, after resuscitation. Breathing 100% O, may worsen neurological outcome after experimental CA. This study tested
the hypothesis that graded reoxygenation, with oximetry guidance, can safely reduce FiO, after resuscitation, avoiding

hypoxia while promoting neurological recovery.

Methods—Mature dogs underwent 10 minutes of CA and restoration of spontaneous circulation with100% O, Animals
were randomized to 1-hour additional ventilation on 100% FiO, or to rapid lowering of arterial O, saturation to <96%
but >94% with pulse oximeter guidance. Animals were awakened at hour 23, and the neurological deficit score
(0=normal; 100=brain-dead) was measured. Reanesthetized animals were perfusion-fixed and the brains removed for

histopathology.

Results—The neurological deficit score was significantly better in oximetry (O) dogs. O dogs appeared aware of their
surroundings, whereas most hyperoxic (H) animals were stuporous (neurological deficit score=43.0£5.9 [O] versus
61.0=4.2 [H]; n=8, P<<0.05). Stereological analysis revealed fewer injured CA1 neurons in O animals (cresyl violet:
35.5%4.3% [O] versus 60.5%3.3% [H]; P<0.05). There were also fewer fluoro—Jade B—stained degenerating CAl
neurons in O animals (3320267 [O] versus 6633+356 [H] per 0.1 mm®; P<<0.001).

Conclusions—A clinically applicable protocol designed to reduce postresuscitative hyperoxia after CA results in
significant neuroprotection. Clinical trials of controlled normoxia after CA/restoration of spontaneous circulation should

strongly be considered. (Stroke. 2006;37:3008-3013.)
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O xidative stress plays a critical role in ischemia/reperfusion
injury to the brain after cardiac arrest/restoration of spon-
taneous circulation (CA/ROSC). Evidence that oxidative stress
is a primary determinant of outcome after cerebral ischemia
comes from correlations of markers of oxidative stress with the
extent of neuronal death and neuroprotection by antioxidants.!-
These findings are supported by genetic animal models demon-
strating neuroprotection by knocking out those enzymes that
promote oxidative stress or by overexpressing antioxidant en-
zymes that protect against oxidative injury.? Virtually every
cellular and extracellular molecular component is potentially
sensitive to damage caused by oxidative stress. Oxidative mod-
ification to DNA, RNA, proteins, lipids, and small metabolites
occurs during ischemia/reperfusion.*

There currently exists no evidence-based guideline for pos-
tresuscitative O, therapy after CA. Despite the knowledge
that oxidative stress can increase neurological injury after
resuscitation, clinicians treating CA survivors rarely consider
lowering the FiO,. In fact, current advanced cardiac life support
guidelines mandate “To improve oxygenation, healthcare pro-

viders should give 100% inspired oxygen during basic life
support and advanced cardiovascular life support as soon as it
becomes available.”> Mounting experimental evidence suggests,
however, that routine administration of high concentrations of
O, may contribute to significant neurological injury after
CA/ROSC.

Supranormal tissue O, levels during reoxygenation after
exposure of rat cortical brain slices to severe hypoxia are
correlated with the severity of neuronal damage.® Gerbils
treated with 100% O, after 15 minutes of bilateral carotid
occlusion sustained increased white matter damage compared
with those exposed to room air.” On a neurochemical level,
hyperoxic reperfusion worsens the postischemic oxidized
shift in tissue redox state® and exacerbates brain lipid as well
as protein oxidation.®!? One key protein that is preferentially
inactivated during hyperoxic resuscitation is pyruvate dehy-
drogenase, resulting in increased tissue lactic acidosis after
resuscitation with 100% O, compared with normoxic resus-
citation.®1° Finally, animals ventilated with 100% O, for as
little as 1 hour after 9 to 10 minutes of CA demonstrate
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significantly worse clinical'®!'" and histopathological® out-
comes when compared with animals similarly resuscitated
with room air.

Although we and others have found that animals are ade-
quately oxygenated with FiO,s in the range of 21% to 30%
after CA, use of such low ventilatory O, is impractical and
dangerous for humans undergoing initial resuscitation. Many
of these patients require high FiO, for adequate oxygenation
because of existing pulmonary or cardiac dysfunction. Some
evidence also suggests that pulmonary compliance is reduced
during CA, thus limiting oxygenation during resuscitation
even at high FiO,.!> Moreover, preclinical studies do not
support a neuroprotective effect of hypoxic resuscitation.'?'4

Preclinical evidence suggests that to limit oxidative brain
injury, postresuscitative ventilation should be tailored to
minimize hyperoxia while simultaneously avoiding hypox-
emia. Widespread use of pulse oximetry allows the clinician
continuous access to information regarding patient oxygena-
tion. This study was designed to test the hypothesis that
postresuscitative pulse oximetry—guided O, delivery would
minimize neurological injury after experimental CA.

Materials and Methods

Surgical Preparation

All animal experiments were approved by the University of Mary-
land institutional animal care and use committee. Single-source adult
female beagles (N=17) were studied with our laboratory’s well-
established model of CA/ROSC.!0:15.16 A peripheral intravenous line
was established, and anesthesia was induced with pentobarbital (12.5
mg/kg) and maintained with a-chloralose (75 mg/kg) during surgery
and preparation. Animals were intubated and mechanically venti-
lated with room air. Core body temperature was continuously
monitored and maintained at physiological levels (rectal temperature
>37°C and <38.5°C). Left femoral arterial and venous cutdowns
were placed for drug delivery, central venous pressure and blood
pressure monitoring, and arterial blood gas (ABG) sampling. A left
lateral thoracotomy was performed on all animals.

Cardiac Arrest/Return of Spontaneous Circulation
Ventricular fibrillation CA was initiated with a 250-Hz, square-wave
DC pulse to the right ventricle and allowed to persist untreated for 10
minutes. At the end of this period, epinephrine (0.02 mg/kg) and
sodium bicarbonate (1 mEq/kg) were administered intravenously,
simultaneously with the resumption of ventilation with 100% O, and
the performance of open-chest cardiopulmonary resuscitation (CPR)
for 3 minutes, followed by internal defibrillation at 5 J.

Experimental Groups

Animals were then randomized to receive either hyperoxic (H)
resuscitation (100% O, for 1 hour after resuscitation) followed by
ABG-guided adjustments to physiological O, levels or pulse oxim-
etry—guided, normoxic ventilation (O). O dogs were similarly
resuscitated with 100% O, during CPR in an attempt to reproduce
current clinical resuscitation protocols. However, hemoglobin O,
saturation was continuously monitored in these dogs via pulse
oximetry measured on the underside of the tongue. Pulse oximetry
measurements were always found to be 99% to 100% immediately
after ROSC; inspired O, in this group was then decreased to 50%.
Further reductions of 5% of inspired O, were performed every 2
minutes until O, desaturation (96%) was noted. This particular value
was chosen because clinical studies in humans have demonstrated
that pulse oximetry readings of 96% will ensure that the ABG-
measured O, saturation is >90%, thus avoiding both hypoxia and
hyperoxia.!” At this point, ABG was measured, and pulse oximetry
was no longer used to guide respiratory parameters. With this
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protocol, inspired O, was reduced in the O dogs safely to 21% to
30% within 12 minutes of ROSC.

Postresuscitative Care

All animals received intensive care for 24 hours after ROSC according
to a standardized protocol. A morphine drip (0.1 mg-kg™'-h™!, with
additional boluses as needed) provided analgesia during intensive
care. Pancuronium (0.1 mg/kg) was used intermittently, only as
needed, to facilitate ventilation and only after verification that the
animal was adequately sedated. Ventilation was adjusted to maintain
a Paco, of 30 to 35 and a Pao, of 80 to 100 torr. At hour 20 analgesia
was lightened, and animals were weaned from controlled ventilation.
At hour 23 morphine was reversed with naloxone (0.4 mg/kg), and
the neurological deficit score (NDS) was measured by 2 examiners
blinded to treatment protocol. The NDS used has been validated in
other laboratories'® as well as ours!®!> and is a multisystem test of 18
parameters in 5 categories (level of consciousness, respiration,
cranial nerve, motor, sensory, behavior), yielding a score between 0
(normal) and 100 (brain death). Animals were reanesthetized with
pentobarbital and «-chloralose, intubated, and mechanically
ventilated.

Tissue Preparation

At hour 24, dogs were transcardially perfused with cold 1% para-
formaldehyde in phosphate buffer for 1 minute followed by cold 4%
paraformaldehyde for 10 minutes. After the brain was removed from
the skull, it was postfixed for 7 days in 4% paraformaldehyde.
Coronal blocks, cut so that they contained the entire hippocampus,
were postfixed in 2.5% acrolein (EM grade, Polysciences) solution in
4% paraformaldehyde, pH 6.8, for 2 hours. After 24 hours postfix-
ation in the 4% paraformaldehyde, pH 6.8, the blocks were trans-
ferred into 30% sucrose. Once the blocks sunk to the bottom of the
containers, they were cut on a sliding microtome while frozen on
crushed dry ice. The coronal sections were cut 40 wm thick, and 24
series per animal were produced. These sections were kept in
cryoprotectant at —20C° until further processing was initiated.'®

Histology

Cresyl Violet Stain

The sections were placed in 50%, 75%, and 95% ethanol for 5
minutes each and in 100% ethanol for 6 hours. The sections were
then rehydrated in 95%, 75%, and 50% ethanol and water for 5
minutes each and treated with cresyl violet solution (FD NeuroTech-
nologies) for 2 minutes. Subsequently, the sections were placed in
0.1% acetic acid in 75% ethanol for 2 minutes, rinsed in water,
dehydrated, and mounted in DPX.

Fluoro-Jade B Stain

The sections were immersed in 100% ethanol for 3 minutes,
followed by 1 minute in 70% ethanol and a 1-minute rinse in water.
Slides were then transferred to 0.06% potassium permanganate for
15 minutes. After 2 more rinses, sections were placed in 0.001%
fluoro—Jade B (Chemicon International) in 0.1% acetic acid for 30
minutes at room temperature in the dark. After being stained, the
sections were rinsed 3 times with distilled water. The slides were
dried, immersed in xylene, and mounted with DPX. Sections were
examined under a fluorescence microscope with fluorescein isothio-
cyanate filter sets.

Stereology

Materials included in the quantitative analyses were taken from the
dorsal hippocampus. One hemisphere per animal and 1 coronal block
containing the entire hippocampus were selected for quantitative
analyses. From a random starting point, a 1-in-24 series of 40-um-
thick sections was stained with cresyl violet or fluoro—Jade B. Cresyl
violet—stained sections were used for estimating total neuronal
numbers of normal and dying (apoptotic or necrotic) neurons in the
dorsal part of hippocampal CA1 regions. Quantitative analyses were
performed by a blinded investigator (I.B.) with a computer-assisted
image analysis system consisting of a Nikon Eclipse E800 micro-
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scope equipped with a MicroBrightField 3-axis, computer-controlled
motorized stage; an Optronics 1-CCD digital video camera; a PC
workstation; and Stereolnvestigator program (MicroBrightField), a
custom-designed morphology and stereology software package.
Tracings were made from the rostral through the caudal extent of the
dorsal hippocampus. A total of 6 tracings were made per hippocam-
pus, per hemisphere, for each animal. After outlining the boundaries
of the CAl fields at low magnification (X4) on the computer
graphics display in each section separately, the software placed
within each subfield boundary a set of optical counting frames
(55X55 wm) in a systematic-random fashion. Cresyl violet—stained
normal and dying neurons (ie, necrotic and apoptotic cells) were then
counted in optical dissectors 7 um in depth, according to stereologi-
cal principles.2%2! All analyses were performed with a Nikon Plan
Apo X100/1.40 oil objective. Cresyl violet—stained normal neurons
were defined as large cells with identifiable nuclei and discrete
nucleoli. Neurons showing a clear accumulation of dense, globular
material in the cytoplasm with evidence of nuclear fragmentation
were considered apoptotic, whereas necrotic neurons were defined as
cells showing shrunken perikarya and darkly stained nuclei of
reduced size. In each region, at least 500 neurons were sampled to
ensure robustness of the data.?> Fluoro—Jade B—stained sections were
used for estimating the total number of dying neurons in a 0.1-mm’
volume of the dorsal CA1 region with the Stereolnvestigator program.

Statistical Analysis

All data are expressed as mean=SE. Physiological parameters were
compared with the 2-sample ¢ test. NDS scores were compared with
a 2-tailed Mann-Whitney U test. Differences in quantitative histo-
pathology were analyzed with the Mann-Whitney rank-sum test. In
all cases, P<<0.05 was considered significant.

Results

All animals were successfully resuscitated from CA with a
single shock. However, 1 animal was excluded before ran-
domization because of profound postresuscitative hypoten-
sion. Careful physiological monitoring was performed for the
entire postresuscitative period; comparative analysis focused
on the period before and shortly after CA. Detailed results are
provided in the Table. There were no baseline differences in
any hemodynamic or respiratory parameters between groups
before CA. Hemodynamic parameters were also compared at
30 and 60 minutes after ROSC. Although no differences were
noted between groups at 60 minutes, mean arterial pressure
was significantly higher in the O group at 30 minutes. At 60
minutes (end of hyperoxia), Po, was markedly increased in
the H group, as expected, whereas O-group dogs demon-
strated Po, values comfortably within designated physiolog-
ical parameters. Po, remained mildly elevated at 120 minutes
in H dogs despite the ABG-guided lowering of inspired O..

Animals were weaned from controlled ventilation begin-
ning at hour 20 after ROSC. A standardized NDS was then
measured by 2 blinded investigators. Graphical representation
of individual NDS values is provided in Figure 1. Animals
resuscitated with the O protocol demonstrated significantly
better neurological outcome than those resuscitated with
100% O, (43=£6 [O group] versus 614 [H group]; P<0.02).
Six of 8 dogs in group O demonstrated better neurological
outcome than any group H animal. In clinical terms, several
animals in the O group attempted to stand and drink. In
contrast, none of the animals in the H group attempted to right
themselves. Several demonstrated purposeless repetitive run-
ning motions or opisthotonos.

Physiological Data for H and 0-Guided Normoxic Animals
Before and After CA

Time Relative Significance
to CA, min 0/Normoxia Hyperoxia (P Value)

Temperature -10 37.7+0.2 38+0.1 0.27
MAP =10 111+5 108=7 0.75

30 88+4 75+3 0.027
60 93+5 87+3 0.30
CVP =10 1=1 —1=x1 0.65
30 2+1 3+1 0.34
60 0+1 11 0.73
pH -10 7.36:0.02  7.38x0.02 0.56
60 7.35+0.04  7.32+0.01 0.35
Pco, =10 362 34=+2 0.53
60 34+2 35+2 0.58
Po, -10 102+5 106+3 0.58
15 94+4 564 +36 0.00
60 82+2 48861 0.00

120 83+4 148+18 0.004
180 101+9 94=+3 0.47

MAP indicates mean arterial pressure; CVP, central venous pressure.

We used unbiased stereological methods to estimate the
difference in neuronal damage between treatment groups.
Twenty-four hours after CA/ROSC, we assessed neuronal
damage in the dorsal hippocampal CAl region. At high
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Figure 1. Individual variation of NDSs 24 hours after CA/ROSC
in animals ventilated with H or O protocols.
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resolution, dying neurons appear shrunken, with condensed
nuclei lacking a nucleolus (Figure 2). Cresyl violet—stained
neurons in representative nonischemic control animals ap-
peared normal, as expected. Stereolnvestigator analysis of the
cresyl violet-stained sections revealed 63.7%=*3.1 dying
neurons in the dorsal CAl region after H resuscitation
(Figure 3). Although there were abnormal neurons
(37.8%*3.7) in the dorsal CA1 region after O-based resus-
citation, the fraction of cells exhibiting abnormal morphology
was much smaller in the O group (P<<0.001). Fluoro-Jade B
staining confirmed these results (Figure 2). The number of
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Figure 3. Individual variation of neuronal injury in the dorsal CA1
region of the cresyl violet-stained hippocampus 24 hours after
CA/ROSC.
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Figure 2. Cresyl violet (upper panel; white
arrows denote necrotic neurons) or fluoro—
Jade B (lower panel) staining demon-
strates dying or degenerating neurons in
the CA1 region of the dorsal hippocampus
of sham (C, F), H (A, D), and O (B, E) ven-
tilated dogs 24 hours after reperfusion.

fluoro—Jade B—positive (dying) neurons in a 0.1-mm® volume
of the dorsal CAl region of the H dogs was significantly
higher than for similar O-reoxygenated animals (6633*+356
versus 3320%267; P=0.001; Figure 4).

Discussion
The results of this study validate and expand the results
previously reported in our clinically relevant model of CA/
ROSC. We have demonstrated significant clinical'© as well as
histological® neuroprotection afforded to animals resuscitated
with room air after 10 minutes of CA compared with similar
animals resuscitated with 100% O, for as little as 1 hour. In
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addition, normoxic animals showed significantly less protein
oxidation in the selectively vulnerable hippocampal CAl
region. In particular, animals resuscitated with room air
showed significantly greater enzyme activity and immunore-
activity for pyruvate dehydrogenase,”?* a key enzyme of
metabolism that may contribute to cerebral metabolic de-
rangements for 24 hours or longer after CA/ROSC.?42>

The goal of any preclinical translational trial, however,
must be to provide the background information necessary to
develop safe, human clinical trials with a reasonable expec-
tation of positive outcomes. Although our earlier studies have
been extremely promising and although our large-animal
model closely mimics the clinical scenario of human CA/
ROSC, the protocol used in those studies would not easily
translate to human trials. The animals used were healthy at
baseline; as such, we were able to successfully resuscitate all
animals without supplemental O, and then provide minimal
O, support in the postresuscitative phase. In contrast, most
humans undergoing CA have underlying cardiopulmonary
disease, which would make initial resuscitation difficult, if
not impossible, in the absence of supplemental O,.

We thus attempted to design a clinical paradigm whereby
supplemental O, would be provided to all CA victims during
CPR in an attempt to maximize initial resuscitation, followed
by rapid pulse oximetry—guided lowering of inspired O, to
physiological levels, thus simultaneously avoiding the poten-
tially damaging extremes of both hyperoxia and hypoxia.
Although this protocol has proven experimentally feasible,
we were concerned at the outset that even a short exposure
to supplemental O, would worsen neurological outcomes
because of the well-described respiratory burst of O, free
radicals that occurs almost immediately on reperfusion after
complete global ischemia.?®

We chose to use pulse oximetry to guide O, titration rather
than ABGs because of its ease of use as well widespread
availability in both prehospital and hospital settings. With
pulse oximetry guidance, we were able to safely and rapidly
lower inspired O, after resuscitation, reaching physiological
levels of arterial O, within 12 minutes. Animals receiving O,
titration in this manner demonstrated improved clinical as
well as histological outcomes. The utility of pulse oximetry in
the critical patient is sometimes questioned, with early studies
showing a disparity between pulse oximeter-measured O,
saturations and blood gas values.?’-28 New pulse oximeter
technology,?® however, as well as alternative probe sampling
sites,> have been shown to greatly increase the utility of
pulse oximetry in the critically ill patient, making translation
of these study results to human trials clinically feasible.

Several limitations of this study should be noted. We used
only healthy adult female animals to study CA, a condition
that occurs in humans of both sexes with advanced cardiopul-
monary disease. The implications of studying cerebral is-
chemia in female animals only must be considered, especially
in light of mounting evidence for the role of sex-defining
steroids in the modulation of cerebral ischemic injury.3!
Although a similar model of CA/ROSC found no sex-related
differences in clinical neurological outcome at 24 hours,??
trials are planned to extend these experiments to male dogs in
an attempt to demonstrate neuroprotection independent of

sex. We also examined neurological deficit and histological
damage at only 1 time point, 24 hours. Although significant
neuroprotection was demonstrated at 24 hours, the question
must be raised whether oximetry-guided normoxia provides
permanent neuroprotection or whether this treatment protocol
merely delays the onset of further neurological injury. In an
attempt to answer this question, studies are ongoing in our
laboratory in an established rat model of complete global
ischemia to examine the long-term implications of normoxic
versus hyperoxic resuscitation.

Conclusions

Pulse oximetry—guided O, administration after CA/ROSC
safely and rapidly lowers arterial O, concentration to physi-
ological levels, providing significant short-term neurological
protection. Clinical trials of pulse oximetry—guided reoxy-
genation after CA are indicated.
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