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A. SIGNIFICANCE

Out-of-hospital cardiac arrest (OHCA) is common, lethal, and neurologically devastating for many
survivors, but tremendous potential exists to improve outcomes with post-resuscitation interventions.

A.1. Scope of the problem
OHCA is common and lethal. Approximately 295,000

Table 1: Annual U.S. deaths from out-of-hospital cardiac
arrest (OHCA) compared to other emergency conditions.

Americans are treated by Emergency Medical Services for
OHCA annually’, with an overall survival to hospital discharge of

<10%, making OHCA a leading cause of death in the U.S.?

Victims of OHCA are relatively young (median age 67 years),

and women are affected as often as men. Often, OHCA is the
first manifestation of cardiovascular disease, with two-thirds of

arrests occurring without prior recognition of an underlying

condition.® Relative to other common emergency conditions, the
number of deaths from OHCA is extremely high (Table 1).24°

Even if initial resuscitation from OHCA is successful, the rate of
subsequent death and disability is staggering, primarily due to
anoxic brain injury. Although cardiopulmonary resuscitation (CPR)
and defibrillation may be successful in achieving return of
spontaneous circulation (ROSC), the subsequent
ischemia/reperfusion insult may have crippling neurological effects.
Anoxic brain injury is the most common (~70%) cause of death
among patients resuscitated from OHCA.® In a large (n=8736) U.S.
multi-center cohort study of patients who survived to intensive care
unit (ICU) admission following successful resuscitation from cardiac
arrest, our research team found that 50% of patients did not survive
to hospital discharge.” Of those who did survive, the majority of
patients were functionally dependent, and more than half of these
patients were discharged to a long-term care facility (Figure 1).

Disease Mortality (est.)
OHCA 265,000
Severe sepsis 215,000
Acut'e mchardial 141,000
infarction
Stroke 137,000
Trauma 124.000

Figure 1: Outcomes for 8736 patients admitted to an
intensive care unit after successful resuscitation from
cardiac arrest (Trzeciak et al Crit Care Med 2009).
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Furthermore, survivors discharged with functional independence are considered to have “good outcomes”;
however, substantial cognitive and psychomotor deficits are common among these survivors. Recently, our
research team published the results of an NIH-funded study of neuropsychological deficits among OHCA
survivors (see Preliminary Studies in section C.3.7).% Among patients who recovered alertness but remained
confused at 7 days, we performed neuropsychological testing at 90 days post-arrest. We found that while two-
thirds of patients manifested mild deficits in memory and psychomotor function with other cognitive domains
preserved, one-third of patients manifested severe memory and psychomotor deficits and impairment in all
cognitive domains. Overall, only ~25% of these patients were able to return to work. In summary, patients
resuscitated from OHCA commonly suffer severe neurological injury leading to death or long-term
disability. Research on new methods to improve outcomes from this devastating condition is a crucial
and urgent priority. Given the magnitude of death and disability that OHCA imparts upon Americans,
even modest improvements would provide a major public health benefit.

A.2. Importance of post-resuscitation interventions.

Until recently, neurological injury after resuscitation from cardiac arrest was largely thought to be untreatable.
Now it is recognized that the trajectory of this disease can in fact be modulated.® Although the initial ischemic
insult has already occurred, therapeutic interventions applied after ROSC may mitigate the severity of
reperfusion injury. Neuronal death after reperfusion is a dynamic process that does not occur immediately
after ROSC. Laboratory investigations demonstrate that histopathological changes in the brain commonly take
several hours or days after ROSC to manifest.® These data indicate that a window of opportunity exists after
ROSC in which brain injury may be attenuated. Target temperature management (TTM), a strategy to control
body temperature for 12-24 hours after ROSC, is the first proven therapy to reduce brain injury after
resuscitation from cardiac arrest. Two landmark clinical trials found significantly improved neurological
outcomes for patients treated with TTM after OHCA due to ventricular fibrillation (VF)."®"" These pivotal
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findings were the first evidence that brain injury after ROSC is in fact treatable. The American Heart
Association (AHA) now recommends TTM for adults with OHCA due to VF who remain comatose after ROSC
(Class | recommendation).' Although TTM represents a truly groundbreaking discovery, the mortality and
disability among OHCA victims treated with TTM remain unacceptably high.° Finding additional post-
ROSC interventions to further attenuate reperfusion injury and improve outcomes is a crucial research priority
for resuscitation science with potential impact for thousands of Americans annually.™

A.3. Significance of the proposed research

Another potentially modifiable factor in post-resuscitation care is the amount of oxygen delivered to the brain
after reperfusion. Current resuscitation guidelines recommend a fraction of inspired oxygen (FiOz) of 100%
during CPR, as this may help achieve ROSC; however, clinicians frequently maintain high FiO- for prolonged
and highly variable periods of time after circulation is restored to ensure adequate oxygenation.® This strategy
may not be innocuous, as there appears to be a paradox regarding oxygen delivery to the injured brain.
Insufficient cerebral oxygen delivery can exacerbate cerebral anoxia, but hyperoxia (i.e. excessively high
arterial oxygen partial pressure [PaO;] and saturation [SaO] due to an excessively high FiO,) potentially
accelerates reperfusion injury. Preclinical studies have found that hyperoxia after ROSC worsens brain
damage, evidenced on functional neurological testing''® and histopathology,'”'® and worsens survival.’® The
postulated mechanism is that hyperoxia drives an increase in formation of reactive oxygen species. This
increase may cause oxidative impairment of mitochondrial respiration and cerebral energy metabolism
(Figure 2). Oxidative modification to mitochondrial proteins may exacerbate the reperfusion-dependent
inactivation of brain pyruvate dehydrogenase complex (PDHC), the only bridge between anaerobic and aerobic
metabolism.?° Increased reactive oxygen species may also activate the mitochondrial permeability transition
pore (PTP) to release NAD(H) into the cytosol, depleting a vital metabolic cofactor. These changes may impair
oxidative phosphorylation and cerebral adenosine triphosphate (ATP) generation.?’ Metabolic failure may
ensue, resulting in Figure 2: Mitochondrial effects of hyperoxia after ROSC. Hyperoxia increases reactive oxygen species,
decreased cerebral which may inhibit pyruvate dehydrogenase complex (PDHC), and open mitochondrial membrane
consumption of glucose permeability transition pore (PTP), depleting NAD(H). These effects inhibit adenosine triphosphate (ATP)

. generation, leading to metabolic failure. Increased reactive oxygen species may also, via Bcl-2-associated
and oxygen, increased proteins (Bax/Bak), induce mitochondrial release of cytochrome C, triggering caspase-dependent apoptosis.
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ion homeostasis, resulting in an influx of intracellular calcium. Increased reactive oxygen spemes may also
cause oxidation of brain lipids (i.e. lipid peroxidation), which may have physiologic effects (e.g. alteration of
blood flow, neutrophil chemoattraction) as well as cellular toxic effects (e.g. excitotoxicity,
neurodegeneration).”'® Increased reactive oxygen species may also promote cellular inflammatory reactions,
specifically the activation of microglia and astrocytes in the neuronal microenvironment leading to increased
neuronal cell death.' Lastly, hyperoxia may also have a direct vasoconstrictor effect, which may reduce
cerebral blood flow after ROSC, exacerbating ischemic injury.??#




These data from animal models support the hypothesis that hyperoxia after ROSC may worsen outcomes in
post-resuscitation patients. However, clinical data are few. Three preliminary retrospective multi-center
analyses have been published. Two of these were published by our research team.?*?* In a large (n=6326)
cohort of patients admitted to one of 120 U.S. ICUs after cardiac arrest, we found that post-ROSC hyperoxia
was common, an independent predictor of in-hospital death, and associated with lower functional
independence among survivors.* In a secondary analysis using the same ICU database, we found that a
linear, “dose-dependent” relationship exists between supranormal PaO; after ROSC and mortality*®
(see Preliminary Studies in sections C.3.7 and C.3.2). However, a recent study from the Australian and New
Zealand Intensive Care Society (ANZICS) investigators reported somewnhat different results.?® Using a
retrospective methodology that replicated our initial study, they found that among 12,000 patients admitted to
an ICU after cardiac arrest, patients with hyperoxia (defined by our previous methodology as a PaO, >300
mmHg) had significantly higher mortality (59% [95%CI 56-61%]) than patients with normoxia (47% [95% CI 45-
50%]), but not patients with hypoxia (60% [95% CI 59-61%]). In a multivariable model adjusting for iliness
severity, hyperoxia had an odds ratio for mortality of 1.2 (95% CI 1.1-1.6). However, when statistical models
with a number of additional adjustments were applied, the association with increased mortality was lost. They
concluded that hyperoxia has no consistently reproducible independent association with mortality.?® Therefore,
whether hyperoxia is associated with poor outcome in post-resuscitation patients remains unclear.
Given that post-ROSC hyperoxia exposure is extremely common?®, this unanswered question represents a
critical knowledge gap for resuscitation science. Accordingly, this project will generate new, critically
important knowledge about a fundamental element of post-cardiac arrest care.

B. INNOVATION

Supplemental oxygen administration is considered a cornerstone of effective CPR, and the belief that
increased oxygen delivery is beneficial is historically one of the most basic assumptions of resuscitation. In this
application, we challenge the present paradigm regarding the role of supplemental oxygen in the treatment
of cardiac arrest. Supplemental oxygen may be a drug with important toxicity after ROSC. Specifically, we
propose an alternative hypothesis that hyperoxia after ROSC due to excessive supplemental oxygen is
associated with harm. Hypotheses that challenge the prevailing thinking are the hypotheses with the greatest
capacity to produce results that challenge conventional clinical practice. This project is further innovative in that
we aim to identify a new potential therapeutic target in post-resuscitation care. Figure 3 below displays the
classical Chain of Survival paradigm for the treatment of cardiac arrest victims, with a new final link
emphasizing the importance of post-resuscitation care.?” Rather than studying a completely new treatment
strategy (e.g. hypothermia), the proposed study will generate new knowledge about a standard component of
supportive care (i.e. supplemental oxygen

administration) that may be contributing to poor Figure 3: The new Chain of Survival paradigm
outcomes. This project is further innovative in that we including postresuscitation care.

will measure neuropsychological function among
survivors at 180 days. Historically, cardiac arrest
studies have used crude outcome measures.?® For
example, the most often used outcome, Cerebral
Performance Category (CPC), requires no cognitive
testing. The CPC-1 is compatible with cognitive
impairment, so the precise nature of residual deficits is
largely unknown. To date, we are only aware of 5 high
quality prospective studies of neuropsychological
deficits after cardiac arrest published in the literature®?°? (including work from our research team?®), and these
studies only included 245 patients combined. Recently, a consensus conference on outcome measures in
cardiac arrest research (led by the AHA and with participation of the NIH and FDA)* stressed the importance
of cognitive and functional outcomes, thus we are responsive to a recognized need for innovation in the field.
This project is further innovative in that we will use the Emergency Department (ED) as our main clinical
laboratory. In contrast to other clinical research networks in the U.S. that focus on pre-hospital elements of
resuscitation or other neurological emergencies, the Emergency Medicine Shock Research Network
(EMShockNet) (described in section C.2) is focused on the ED phase of therapy and continuum of care to the
ICU. Because reduction of supplemental oxygen in OHCA patients typically begins in the ED and is continued
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in the ICU, our network is an ideal environment to test this hypothesis. We are not aware of any U.S. hospital-
based cardiac arrest clinical research consortium, and thus EMShockNet is a unique resource. Lastly, this
project is innovative in that it uses gas chromatography negative ion chemical ionization mass spectrometry
(GC/NICI/MS) to identify novel biomarkers of post-resuscitation oxidative injury (i.e. plasma/urine
isoprostanes and isofurans). Due to their GC/NICI/MS characteristics, isoprostane and isofuran assays are
innovative methodologies that apply advanced technologies.

C. APPROACH
C.1. The investigators

Table 2: The team of investigators. [ARDS = acute respiratory distress syndrome; EMShockNet = Emergency Medicine Shock Research Network;
CUH = Cooper University Hospital; UMC = University of Mississippi Medical Center; BIDMC = Beth Israel Deaconess Medical Center; MH =
Methodist Hospital, Indianapolis, IN; HUP = Hospital of the University of Pennsylvania; PRES = Penn-Presbyterian Medical Center]

Investigator Qualifications Responsibilities
Stephen Trzeciak, MD, MPH PI Dr. Trzeciak is co-founder of EMShockNet. His research has been funded by NIH, Overall Pl and
Shock Society, Emergency Medicine Foundation, and American Heart Association. study director
He has prior experience as Pl directing a prospective multi-center (EMShockNet) overseeing all
study using high frequency oxygenation measurements and analyses of aspects of the
cumulative oxygenation exposure over time in the resuscitation phase of therapy.34 project.
Alan E. Jones, MD Co-l Dr. Jones is co-founder of EMShockNet. He is Vice Chair for Research, Site PI (UMC)

Department of Emergency Medicine, UMC. He has >60 papers related to the
resuscitation of critically ill patients, and was Pl on a pivotal NIH-funded
(GM076652) EMShockNet trial recently published in JAMAS? (see D.2. below).

Nathan I. Shapiro, MD, MPH | Co-| Dr. Shapiro is co-founder of EMShockNet. He is Vice Chair for Research, Site Pl (BIDMC)

Department of Emergency Medicine, BIDMC. He has extensive experience as Pl

on multi-center observational studies, including work funded by NIH (HL091757),
and has >80 papers related to the resuscitation of critically ill patients.

Jeffrey A. Kline, MD Co-l | Dr. Kline is Vice Chair of Emergency Medicine at MH. He is a renowned leader in Site PI (MH)
Emergency Medicine research. He was awarded the 2009 Excellence in Research
Award from the Society for Academic Emergency Medicine. He has a long track
record of NIH funding and over 150 papers related to critically ill patients.

Benjamin S. Abella, MD, MPhil | Co-I | Dr. Abella is Director of Clinical Research, Center for Resuscitation Science, HUP. Site PI
He has >60 papers in the field of cardiac arrest including work funded by NIH (HUP and PRES)
(HLO83082). He was a co-author on the 2010 CPR guidelines. He established and

directs a highly successful training course for post-cardiac arrest care.

J. Hope Kilgannon, MD Co-l Dr. Kilgannon has extensive and unique experience related to the proposed Site Pl (CUH)
research. She was first author (with Dr. Trzeciak as senior author) on both of our
recent papers on hyperoxia after cardiac arrest24 25 (see Preliminary Studies).

Ramona Hopkins, PhD Co-l Dr. Hopkins is a Professor of Psychology and Neuroscience, Brigham Young Oversee all
University. She has conducted extensive prior research assessing long-term aspects of
cognitive, psychiatric, physical, and quality of life outcomes in survivors of critical neuropsychological
illness and anoxia/hypoxia, including NIH/NHLBI ARDS Network-2 studies. testing.

The Principal Investigator, Stephen Trzeciak, MD, MPH, has extensive experience related to the proposed
topic, established long-standing collaborative relationships with the research team proposed here, and is highly
committed and uniquely suited to lead the proposed multi-center study. Our investigators have proven track
records of NIH funding and successful publication in the domain of cardiac arrest and resuscitation. The
proposed investigators have collaborated on and coauthored (i.e. two or more authors from our research team)
30 peer-reviewed original science papers published in the biomedical literature in the 36 months preceding this
application.



C.2. Our research network

The Emergency Medicine Shock Research Network was founded in 2007. Its mission is to conduct
innovative clinical investigation for the advancement of generalizeable knowledge about circulatory shock
states in humans. Although the first EMShockNet studies were focused on septic shock, we have expanded
our research portfolio to focus on the most severe manifestation of circulatory shock, namely cardiac arrest.
Our network has already demonstrated the ability to successfully complete multicenter studies of the
size and complexity proposed in this application. To date we have enrolled more than 800 patients in
prospective research protocols in the Emergency Department (ED) including real-time data collection in the ED
and through the ICU course. We performed the largest randomized trial published to date comparing different
goal-directed resuscitation strategies in ED patients with septic shock (JAMA 2010; 303(8):739-46). Therefore
we are experienced at enrolling patients in ED-based time-sensitive research protocols in the
resuscitation phase of patient care. In addition to the original EMShockNet sites (CUH, BIDMC, CMC), four
additional centers will participate in the proposed study. The University of Mississippi became an EMShockNet
site in 2010 when Dr. Jones was recruited to UMC from CMC. MH became an EMShockNet site at the onset of
REOX |. Both HUP (which has previously enrolled patients in EMShockNet research®) and Penn-Presbyterian
will participate, with Dr. Abella as Pl for both sites. Dr. Abella’s team has been enrolling OHCA patients in
prospective research protocols at both sites since 2004.

Our sites also have extensive experience implementing aggressive clinical treatment protocols for
critically ill patients in the ED setting, and analyzing the effects using a before-and-after study design.
Specifically, we have effectively implemented protocols for post-cardiac arrest care and hemodynamic
optimization for sepsis.***? Importantly, we also have experience continuing these aggressive treatment
protocols into the ICU. Compared to our previous treatment protocols, which required the introduction of
invasive hemodynamic monitoring or other complex procedures in the ED setting, our protocol for rapid FiO>
optimization after resuscitation from cardiac arrest is relatively straight-forward and quite feasible. Our sites
clinical rationale for implementing the protocol in this application is that rapid FiO. optimization is now
recommended in the American Heart Association (AHA) Guidelines for Cardiopulmonary Resuscitation and
Emergency Cardiovascular Care*® (and is now included in Advanced Cardiac Life Support [ACLS]) and a
consensus statement on post-resuscitation care from the International Liaison Committee on Resuscitation
(ILCOR).® Therefore, the implementation of a rapid FiO, optimization protocol after resuscitation from cardiac
arrest will be consistent with current consensus treatment guidelines, but at the same time will generate the
most valuable clinical data to date regarding this fundamental element of post-cardiac arrest care.

C.3. Preliminary studies from the research team proposed in this application
C.3.1. Arterial hyperoxia after resuscitation from cardiac arrest is associated with poor outcome.
Kilgannon JH, Jones AE, Shapiro NI, Angelos MG, Milcarek B, Hunter K, Parrillo JE, Trzeciak S.
Association between arterial hyperoxia following resuscitation from cardiac arrest and in-hospital mortality.
JAMA 2010; 303(21):2165-71.

Using Project IMPACT, a database of ICU admissions from 120 U.S. Figure 4: In-hospital death between
hospitals, we tested the hypothesis that exposure to hyperoxia (defined as hyperoxia and normoxia groups.
a PaO; >300 mmHg on the first arterial blood gas recorded in the ICU) was 107
associated with increased in-hospital death among 6326 patients admitted
to an ICU after cardiac arrest. We found that the patients with hyperoxia
had significantly higher in-hospital mortality (63% [95% CIl 60%-66%])
compared to patients with normoxia (45% [95% CIl 43%-48%]; proportion
difference 18% [95% CI 14%-22%]), and also compared to patients with
hypoxia (57% [95% CI 56%-59%]; proportion difference, 6% [95% ClI, 3%- 021
9%]). Survival over time appears in Figure 4. In a model controlling for
potential confounders (e.g., age, preadmission functional status, comorbid
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Among survivors, hyperoxia was associated with a lower proportion of functional independence at discharge
compared to patients with normoxia (29% vs. 38%, respectively; proportion difference, 9% [95% CI, 3%-15%)].
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C.3.2. Dose-dependent relationship between supranormal PaO: and risk of death after cardiac arrest.
Kilgannon JH, Jones AE, Parrillo JE, Dellinger RP, Milcarek B, Hunter K, Shapiro NI, Trzeciak S.
Relationship between supranormal oxygen tension and outcome after resuscitation from cardiac arrest.
Circulation 2011; 123(23):2717-22.

Using the same ICU database, we tested the hypothesis that a linear, dose-dependent relationship exists
between post-resuscitation supranormal oxygen tension (highest PaO. over the first 24 hours in the ICU) and
in-hospital mortality. Among 4459 patients, the median PaO2 was 231 (IQR 149-349) mmHg. Over ascending
ranges of oxygen tension, we found significant linear trends of increasing in-hospital mortality and decreasing
survival as functionally independent, p<0.0001 (Figure 5). On multivariable analysis, a 100 mmHg increase in
PaO; was associated with a 24% increase in mortality risk (odds ratio 1.24 [95% CI 1.18-1.31] (Figure 6).

Figure 5 (left): Proportions of 100 1 1.35 -
in-hospital mortality and S in-hospital mortality 130 ]
independent fUnCtional status 80 4 [ discharged with independent functional status -

among survivors over
increasing oxygen tensions.
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independence with increasing

oxygen tension, p<0.0001. H H 110 1

Odds Ratio
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Figure 6 (right): Odds ratios 1.05
(solid line) and 95% confidence
intervals (dotted lines) for in-
hospital death with increasing

increments of oxygen tension.
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Number at risk 271 1511 1152 764 761

C.3.3. Development of a clinical protocol for rapid FiO. optimization.

The method of rapid FiO. optimization in REOX Il must be comprised of a detailed protocol (see Methods
section below) rather than a simple directive to titrate FiO. to keep SaO; or PaO;in a predetermined range,
because rigorous uniformity is needed in the approach across all study sites, including uniformity in the
increments and frequency of FiO; reductions. The therapeutic goal of our protocol is a PaO» of 60-99 mmHq,
because this is the PaO, range that was associated with the lowest risk of poor outcome in our previously
published work.?® We also use PaO, (measured by arterial blood gas [ABG] analysis) as the ultimate goal
rather than SaO, measured by pulse oximetry because an SaO; value <100% on pulse oximetry monitoring
does not always exclude supranormal PaO,. The protocol in this application begins with very rapid reduction of
FiO2 as much as possible according to SaO. values, and when FiO is maximally reduced by SaO. an ABG is
measured, followed by finer adjustment of FiO. to achieve a PaO, 60-99 mmHg. The protocol must not only
prescribe each downward titration of FiO, but it must also include detailed limbs for upward titration of FiO- to
account for potential “overshoot” in FiO reduction. We acknowledge that the flowchart for FiO titration in the
Methods section (Figure 9) may appear complex, but our experience is that this level of detail is needed in
order to ensure that FiO optimization will not only be rapid and effective, but also safe. We believe using this
protocol will allow for rapid achievement of the target PaO- after ROSC and no significant hypoxic events
related to overshoot.




C.3.4. Optimal assessment of oxidative stress in vivo.
Roberts LJ, and colleagues. Biomarkers of Oxidative Stress Study II: Are oxidation products of lipids, proteins,
and DNA markers of CCL4 poisoning? Free Radic Biol Med 2005,;38(6):698-710.

Oxidative stress refers to the overproduction of oxygen free radicals and/or an insufficiency of
antioxidant/radical-detoxifying systems resulting in deleterious modification of proteins, nucleic acids, and lipids
(i.e. lipid peroxidation). The proposed study will assess the degree of oxidative stress in post-resuscitation
patients, and therefore will require the most sensitive and specific biomarkers of oxidant injury in vivo. The
optimal biomarkers to measure remained unclear until the Biomarkers of Oxidative Stress Study (BOSS) that
was recently conducted by the National Institute of Environmental Health Sciences (NIEHS). Dr. Jack Roberts
(Vanderbilt University), who is among the Key Personnel on this application, was one of the NIEHS-BOSS
Principal Investigators. It was a comprehensive, multi-laboratory validation study directly comparing multiple
different methods of assessing oxidative stress using identical samples from a rat model of massive oxidative
injury (acute carbon tetrachloride poisoning). The purpose of the study was to identify the most reliable,
sensitive and specific noninvasive biomarkers of oxidative damage. The study compared isoprostanes
(prostaglandin F2-like compounds that are formed nonenzymatically by free radical-induced peroxidation of
arachidonic acid), lipid hydroperoxides, thiobarbituric acid-reactive substances (TBARS), malondialdehyde
(MDA), protein carbonyls, methionine sulfoxidation, tyrosine products, 8-hydroxy-2V-deoxyguanosine,
leukocyte DNA-MDA adducts, and DNA-strand breaks. Isoprostanes (IsoPs) measured in plasma or urine
by gas chromatography negative ion chemical ionization mass spectrometry (GC/NICI/MS) were found
to be the most reproducible, sensitive, and specific biomarkers of in vivo oxidative stress. None of the
other biomarkers tested were found to be sufficiently reliable for oxidative stress assessment in vivo. Dr.
Roberts and his laboratory have two decades of experience with these techniques for measuring IsoPs.

C.3.5. Assessment of oxidative stress with exposure to hyperoxia. Figure 7: Differential effects on isofuran and
Roberts LJ, et al. Discovery of lipid peroxidation products formed in vivo isoprostane formation by ambient oxygen.
with a substituted tetrahydrofuran ring (isofurans) that are favored by Excessive ambient oxygen favors isofurans.
increased oxygen tension. Proc Natl Acad Sci 2002;99(26):16713-18. ‘f§: o

Dr. Roberts and his laboratory were the investigators who discovered A
isofurans (IsoFs), which are isomeric products of lipid peroxidation . i N
characterized by a substituted tetrahydrofuran ring. Isofuran assays are N S MNP
essential for the proposed study. Under conditions of increasing ambient 5 PPN KILZ

oxygen concentrations (e.g. high FiO2 producing supranormal PaO;) an l l
oxygen molecule is added to the carbon-centered radical to yield a

peroxyl radical, and this favors the production of IsoFs instead of IsoPs
(Figure 7). These reactions are competing, mutually exclusive, and
differentially requlated by the ambient oxygen concentration. Although IsoPs are an excellent assessment
of oxidative stress in general, under hyperoxic conditions measurement of IsoPs alone would underestimate
the extent of lipid peroxidation. A complete picture across all FiO» concentrations is only possible with
measurement of both IsoPs and IsoFs. Given that IsoFs are a remarkably sensitive indicator of hyperoxia-
induced oxidative injury, and the proposed study is focused on hyperoxia exposure, measuring IsoFs in
addition to IsoPs in this study is vital. Importantly, and pertinent to the feasibility of the proposed study, IsoF
and IsoP assays are remarkably stable and therefore are applicable to stored specimens. In addition, IsoFs
and IsoPs are quantified in the same GC/NICI/MS assay using a single purification protocol, allowing for
maximum analytical simplicity. We will measure plasma IsoPs and IsoFs in this study.

Isofurans Isoprostanes

C.3.6. Association between isofuran levels after resuscitation and clinical outcome.
Roberts LJ, et al. Preterm resuscitation with low oxygen causes less oxidative stress, inflammation, and
chronic lung disease. Pediatrics 2009;124(3):e439-49.

In this clinical trial comparing resuscitation with 90% FiO- versus 30% FiO; at the time of delivery among
extremely low gestational age neonates, Dr. Roberts and colleagues assessed in vivo oxidative stress by
measuring urine isofurans by GC/NICI/MS. They found that neonates resuscitated with 30% FiO- had
significantly lower isofuran levels over the first day after resuscitation compared to those resuscitated with 90%
FiO,, and with this reduction in isofurans, neonates in the 30% FiO. arm also had improved clinical outcomes
(reduction in acute lung injury and bronchopulmonary dysplasia).
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C.3.7. Neuropsychological deficits among survivors of out-of-hospital cardiac arrest.
Alexander MP, Lafleche G, Schnyer D, Lim C, Verfaellie M. Cognitive and functional outcome after out of
hospital cardiac arrest. J Int Neuropsychol Soc 2011; 17(2):364-8.

This NIH-funded (RO1HD046442)

prospective study determined the nature Figure 8: Composite z-scores — mean and standard deviation — for neuropsychological

and Severity of residual Cognitive deficits function in five cognitive domains among cardiac controls (CC), all out-of-hospital cardiac

. . arrests (OHCA), and mild and severely impaired OHCA patients separately. Deficits after
for .SUFVIVOFS of OHCA. Thlrty OHCA . OHCA were most common and most severe in memory and psychomotor domains.
patients who recovered alertness within

1-3 days of ROSC but remained — s
confused at one week, and 30 non-
OHCA coronary care admissions
(matched controls) were administered
neuropsychological testing at 90 days in
five cognitive domains: memory,
executive function, lexical-semantic,
visuoperceptual, and psychomotor
(Figure 8). Subjects fell into two deficit
profiles. Two-thirds had only mild & CC (n=30)
memory deficits and borderline BOHCA(n=30) SR A it
psychomotor deficits compared to i

controls; 40% in this mild group had e —— iR GOt
returned to work. The other one-third of —_— PSS
patients had severe impairments in all : '
domains. In the severe group, only as
impairment in memory or psychomotor
domains increased did impairments in other domains appear. Follow-up evaluation at one year revealed
discouraging little further cognitive improvement over the levels reached at 90 days. Only one additional
subject returned to work. In addition, we assessed health-related quality of life (QOL) at one year using the
Sickness Impact Profile-68 (SIP-68)*, a measure of health-related functional status in rehabilitation medicine,
and found that the OHCA patients reported more adverse effects on health than the cardiac control patients
due to poorer psychological health and social participation, not due to effects on physical health.

The proposed study will use a similar methodology for neuropsychological testing and functional
assessment at 180 days after resuscitation among survivors.

Memory

Executive

Semantic

Perceptual

-3.5 -2.5 -1.5 -0.5 0.5
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D.1. RESEARCH DESIGN AND METHODS
D.1.1 Specific Aims

We will test if a protocol for rapid FiO. optimization following ROSC from cardiac arrest is associated with:
e Reduced in vivo oxidative stress during the post-resuscitation phase of therapy (Aim 1)

e Reduced neurological disability at hospital discharge (Aim 2)
e Reduced neuropsychological and functional deficits among survivors at 180 days (Aim 3)

D.1.2. Overview

Design: Prospective protocol implementation study with an observational comparison group [REOX I
(intervention component) versus REOX | (observational component)]

Participants: Adult patients resuscitated from cardiac arrest

Enrollment location: Emergency Departments of 6 urban academic medical centers

Intervention: Implementation of a clinical protocol for rapid FiO, optimization after ROSC from cardiac arrest.
Primary outcome: Good neurological outcome (defined as Modified Rankin Scale <3)* at hospital discharge.
Secondary outcomes: Neuropsychological tests and ability to return to work among survivors at 180 days.
Mechanistic outcomes: Oxidative stress markers (IsoPs/IsoFs) in plasma 0-6 hours after ROSC.

Estimated sample size and study duration: 280 patients (205 from REOX | and 75 from REOX II).

D.2. REOX Il Study Protocol
Study setting and population: This study is the second phase in a two-phase study. The initial phase, REOX
[, was an observational-only study. As in REOX |, REOX Il will identify subjects with return of spontaneous
circulation (ROSC) after cardiac arrest in 6 hospitals (Cooper University Hospital, Camden, NJ; Hospital of the
University of Pennsylvania and Penn-Presbyterian Medical Center, both in Philadelphia, PA; University of
Mississippi Medical Center, Jackson, MS; Methodist Hospital, Indianapolis, IN; and Beth Israel Deaconess
Medical Center, Boston, MA). The inclusion criteria are: age > 17 years; cardiac arrest; ROSC achieved;
comatose (Glasgow Coma Scale motor score <6) after ROSC; and clinician intent to treat with target
temperature management. The exclusion criteria are: presumed

etiology of arrest is trauma, hemorrhage or sepsis; resident of a Figure 9 Flow diagram for enroliment
nursing home or other long-term care facility; known or clinically
apparent pregnancy; known lack of commitment to aggressive
support by next of kin; and any other condition, that, in the opinion
of the investigator, would preclude the subject from being a
suitable candidate (e.g. end stage chronic illness with no
reasonable expectation of survival to hospital discharge).

Screen patient

A

Patient meets all
inclusion and no
exclusion criteria

Patient identification and recruitment: Each of the participating
centers currently has a mechanism in place for real-time
notification of study personnel when an OHCA subject arrives in l
the emergency department (ED) or when a cardiac arrest occurs

in-hospital. Each center has previously validated its notification
mechanism to ensure that subjects will not be missed and the
population of potentially eligible subjects will be consecutive
cardiac arrest subjects. Study personnel will assess patient
eligibility and will immediately enroll subjects meeting all inclusion
and no exclusion criteria.

Consent can be
obtained within 4 hours
of ROSC

Yes Enroll in REOX Il
(interventional)

Informed consent: In line with REOX | (observational-only
component), in REOX Il we will begin initial collection of cardiac
arrest and post-resuscitation data immediately after ROSC. As per
the inclusion criteria all subjects will be comatose during the initial l
No

Consent can be
obtained after 4 hours
of ROSC

Yes Enroll in REOX |
(observational)

post-ROSC period and therefore will not be able to consent
themselves for the study intervention (i.e. protocol for rapid FiO»

optimization after cardiac arrest). Once a subject is identified to Patient excluded
. . . . . . or Inabllr (o]
have all inclusion and no exclusion criteria, we will approach obtaim conwent

surrogates (i.e. next of kin or legally authorized representative)
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within the first four hours after ROSC for written informed consent and
HIPAA authorization prior to implementation of the study intervention. If
communication with a surrogate within the first four hours after ROSC is
not achieved the subject will not be eligible for the study intervention.
However, for subjects who are excluded from the study intervention due
to lack of informed consent within the first four hours after ROSC, we will
approach subjects or surrogates at a later time for written informed
consent and HIPAA authorization for participation in the observational
only (REOX 1) component of the study including (a) use of plasma
samples for research purposes (both stored samples obtained at the time
of initial resuscitation and new samples); (b) determination of Modified
Rankin Scale at hospital discharge; and (c) follow-up visits for
neuropsychological testing at 180 days (Figure 9).

Therapeutic interventions: Table 3 displays the standard elements of
post-resuscitation care across all centers. All sites are experienced in
target temperature management after ROSC and target 32-36°C for 24
hours using external cooling devices (Arctic Sun, Medivance, USA, or
Gaymar lll, Gaymar Industries, USA). Using a standardized order set for
target temperature management induction, we demonstrated successful
achievement of target temperature in 96% of patients and a median time
from ROSC to target temperature of four hours (i.e. faster than the

Table 3: Standard elements of post-cardiac
arrest care across all centers. (TH =
therapeutic hypothermia; GCS = Glasgow
Coma Scale; ROSC = return of spontaneous
circulation)

Standard care elements

24/7 capability for interventional cardiac
catheterization (if needed)

Standardized patient selection for TH
(i.e. GCS motor <6 after ROSC)

Target temperature goal for TH of 32-36°C

Maintain TH target temperature 24 hours

Controlled rewarming to avoid
hyperpyrexia after TH completion

24/7 capability for goal-directed
hemodynamic support interventions

24/7 capability for continuous
electroencephalographic monitoring

Evidence-based approach to neurological

prognostication (e.g. wait >72 hours after

ROSC before support limitations for poor
neurological prognosis)

landmark randomized trial) in our routine clinical care.*’ All standard elements in Table 3 reflect current AHA
recommendations.'? All subjects in this study will receive standard post-resuscitation care. Since none of the
sites previously had a protocol in place for FiO titration after ROSC and our standardized order sets for post-
resuscitation care do not have orders for FiO- titration, subjects in REOX | (observational only component) had

clinician-directed FiO; titration after ROSC.

For the interventional component of this study we
will implement the protocol for rapid FiO-
optimization after cardiac arrest (Figure 10) at all
sites. Once a subject is identified and written
informed consent is obtained from a surrogate,
the study intervention (i.e. rapid FiO, optimization
protocol) will be activated by the investigator who
receives notification in real-time. (see “Patient
identification and recruitment” above). The on
call investigator will communicate directly with
the clinical care team at the bedside and will
ensure activation and adherence to the clinical
protocol. Subjects enrolled in the study
intervention will receive standard post-
resuscitation care in Table 3 plus rapid FiO-
optimization according to Figure 10. Our sites
have an outstanding track record of sustained
clinical adherence to new resuscitation protocols
for multi-year time periods.***? Subjects who are
excluded from the study intervention due to lack
of informed consent within the first four hours
after ROSC, will still be eligible for the
observational only aspect of this study (REOX I).
These subjects will receive standard post-
resuscitation care outlined in Table 3, but will not
have activation of the rapid FiO, optimization.

Eligibility Criteria:

Cardiac arrest with return of spontaneous circulation (ROSC)?
Comatose after ROSC?

Mechanically ventilated?

Intent to initiate target temperature management protocol?

@ NO Cancel Protocol
YES
intain FiO, 1.0

NO

Cancel Protocol

Not eligible for further YES

FiO, de-escalation.

Eligible for further
FiO, de-escalation.

o ‘ ves

(1) Decrease FiO, by 0.1
(do not titrate FiO, <0.21)
(2) Monitor SaO, for 2 minutes

(1) Increase FiO, by 0.1
(2) Monitor SaO, for 2 minutes

| Recheck Pa0, in 15

minutes minutes

»f Check PaO, N
| |
| | 2 |

Recheck Pa0, in 15

Increase FiO, by 0.1

%

NO Pao, S No
< 60mmHg §0-69mmHg > 99mmHg

YES

GOALS ACHIEVED
Use FiO2 titration increments of 0.1 (as above) to maintain Sa0, 93-96%
Check Pa0, as clinically indicated

11
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Instead these patients will have clinician-directed FiO- titration after ROSC. Data will be prospectively collected
on these patients (see “Data Collection” below) and we will approach subjects or surrogates at a later time for
written informed consent and HIPAA authorization for participation in the observational component of the
study.

Data collection: We will collect baseline data (e.g. demographics, comorbidities, etc.) and intra-arrest data
(e.g. location, initial rhythm, length of downtime, etc.) using the Utstein template for cardiac arrest research®
including the recommended variables for post-resuscitation research.*” We will capture multiple indicators of
post-resuscitation care quality in accordance with the 2010 AHA guidelines.’® As mandated by the protocol
(Figure 10) above, our standardized order set for post-resuscitation care will include multiple arterial blood gas
(ABG) analyses for partial pressure of arterial oxygen (PaO2) measurement after ROSC. As part of standard
care each institution already obtains ABG analyses at 0- and 6-hours after ROSC. Any additional ABG
analyses required to achieve the PaO, goal described in Figure 10 will be considered for research purposes
and will be funded by the study. We will record all ABG results over the initial 36 hours after ROSC. We will
capture SaO, continuously for the initial 36 hours after ROSC. We will also capture every adjustment in FiO»
from respiratory therapy records and the precise time of the adjustment. We will obtain plasma samples after
ROSC at 0- and 6-hours after ROSC and ship the samples to the

Table 4: Modified Rankin Scale

laboratory of our collaborator Jack Roberts (Vanderbilt) for measurement

of isoprostanes (IsoPs) and isofurans (IsoFs) by gas chromatography
negative ion chemical ionization mass spectrometry (GC/NICI/MS). IsoP 0 No symptoms.

and IsoF assays are remarkably stable and therefore are applicable to

stored specimens. We can measure IsoPs and IsoFs on clinical plasma ! Nzasr'f’”gfta;f S;Suaa?‘gz-i \flt?e'z to
samples obtained immediately after ROSC because (after informed dezpite some symptoms.

consent is secured) we can use samples left over in the clinical laboratory

. : 2 iaht disabil
that are routinely discarded. Slight disabilty. Able to look

after own affairs unassisted, but

. . . . - unable to carry out all previous
Outcome measures: The primary outcome will be neurological disability activities.

at hospital discharge assessed with the Modified Rankin Scale (MRS),*#4° ; — -

a well-validated and widely used outcome measures in stroke clinical '\g‘c’)‘fera;;g'saﬁ'“;gi eRtiqungﬁ(S
trials. The scale runs from 0-6, from perfect health without symptoms to unassisted.

death (Table 4). All raters will be trained and certified in mRS

. . . . . . 4 Moderately severe disability.
50 y y
assessment™ and will use a structured questionnaire and |n.te.:rvge1:\é\£, which Unable to walk and attend fo
have been shown to produce very good interobserver reliability.”">* We own bodily needs unassisted.
will measure the Full Outline of UnResponsiveness (FOUR) Score®*** at s Severa disabity. Floqures
72 hours post-ROSC (Table 5). The FOUR Score consists of four constant nursin{;' care and

components with a maximum score of four for
each component and allows for assessing
intubated patients and brainstem reflexes. We

. attention, bedridden,
Table 5: Full Outlinelof UnResponsivepg Score

Component Scoring

. . . Eye Response 4 = eyelids open or opned, tracking, or blinio command
will also perform neur.ops.ychologlcal testing at 3 = eyelids open but not tracking
180 days after resuscitation for all patients who 2 = eyelids closed but open to loud voice
survived to hospital discharge. We will use an 1= eyelids closed but open to pain

. 0 = eyelids remain closed with pain
NHLBI-sponsored methodology for performing Viotor 4= thumbs-up, fist, or peace sign
centralized, telephone-based cognitive testing, Response 3 = localizing to pain
which has been previously validated for use in 2 = flexion response to pain
multi-center clinical studies.®>%° 1= extension response to pain
. . . . 0 = no response to pain or generalized myoclonus status

NeuropSyChOIOglcal .teStmg WI” use Va“.dated Brainstem 4 = pupil and corneal reflexes present
instruments across five cognitive domains: (1) Reflexes 3 = one pupil wide and fixed
attention, Wechsler Adult Intelligence Scale-IV- 2 = pupil or comeal fef'ixes absent

. . . 1 = pupil and corneal reflexes absent
dlglt ‘Span’ (2) reasomn.g’lwle?hSIer AdUIt i 0 = absent pupil, corneal, and cough reflex
Intelligence Scale-IV-similarities; (3) immediate Respiration 4 = not intubated, regular breathing pattern
and delayed memory, Wechsler Memory Scale- 3 = not intubated, Cheyne-Stokes breathing pattern
lll-logical memory | and II; (4) verbal fluency, 2= not intubated, irregular breathing

Il d O W d A iati Test: d 5 1 = breathes above ventilator rate

Controlle ra or ssoclation lest; an ( ) 0 = breathes at ventilator rate or apnea

executive functioning, Hayling Sentence
Completion Test. We will also assess
12



orientation and judgment using the COGNISTAT- Neurobehavioral Cognitive Status Exam (NCSE). Functional
outcome assessment will use validated measures of ability to return to work. The telephone-based cognitive
battery allows for uniformity in cognitive assessment for patients enrolled across all study sites. Subjects who
complete the telephone-based cognitive battery will be compensated $100 for their time. Other measures:
Post-ROSC hyperoxia may also have extracerebral effects. We will calculate the extracerebral Sequential
Organ Failure Assessment (SOFA) score,®! which quantifies respiratory, cardiovascular, renal, hepatic, and
coagulation system failure for 0-6 hours and 6-36 hours. We have experience using SOFA as an outcome
measure to quantify organ failure.’®* These data will permit secondary analyses of the association between
hyperoxia exposure and non-neurologic organ failure (i.e. total SOFA minus the neurological component®').

Analysis

We will begin the analysis with descriptive statistics for the entire cohort. We will report categorical data as
proportions with 95% confidence intervals and continuous data as means with standard deviations or medians
with interquartile ranges as appropriate. Using the data collected for PaO, and SaO- over time as described
above, we will compute the time-weighted average (TWA) PaO. and SaO: over the first 24 hours after ROSC.
Computing TWA is a common method for quantifying exposures over time in epidemiological research,®>¢’
including studies of exposures and subsequent cognitive function.®® The equations are:

TWA-PaO; = [(PaO2a * Time a) + (PaO2b * Time b) + ... (PaO2z * Time 2)] / (Time a + Time b + ... Time 2)
TWA-Sa0; = [(Sa02a * Time a) + (Sa0zb * Time b) + ... (Sa02z * Time z)] / (Time a + Time b + ... Time 2)

We will build a multivariable regression model to test the association between TWA-PaO. and mRS at hospital
discharge, adjusting for covariates previously demonstrated to be associated with poor neurological outcome
after cardiac arrest. Covariates to be considered include: (1) pre-arrest comorbidities (Charlson index®®), (2)
prolonged downtime (downtime > 20 minutes) (yes/no), (3) initial arrest rhythm (pulseless electrical
activity/asystole vs. ventricular tachycardia/ventricular fibrillation), and (4) arrest location (in-hospital vs. out-of-
hospital).”%® In addition, in order to account for patients with lung injury (i.e. inability to maintain adequate
oxygenation) we will add PaO,/FiO, < 100mmHg (yes/no) to the regression model. We will build separate
models to test the association between TWA-PaO, (adjusting for the five covariates above) and each of the
five cognitive domains in our neuropsychological testing. We will then repeat these analyses using TWA-Sa0O
as the exposure variable of interest. This approach will not only allow us to test for an independent association
between the exposure and neurological disability and neuropsychological deficits, but will also allow us to
pinpoint one or more types of cognitive deficit (e.g. attention, executive function) most closely associated with
the exposure. Given outcome measures that are quantitative (i.e. z-score for each cognitive domain) or semi-
quantitative (i.e. mRS at hospital discharge), we will treat these outcomes as continuous dependent variables
for modeling. Using continuous measures of the exposure and outcomes (rather than collapsing the data into
categorical variables) will permit detection of subtle effects that could be missed if only categorical analyses
were employed.

Secondary analyses: We will compare proportions of good neurological outcome [defined as a mRS < 3 (based
on the preliminary data of our collaborator, Dr. Clifton Callaway, University of Pittsburgh)],*® between subjects
who receive the study intervention (i.e. rapid FiO, optimization) vs. those who do not receive the study
intervention, using binomial test. Among survivors, we will compare the 180-day neuropsychological measures
(composite z-scores for each cognitive domain) between the same two groups using t-test or Mann-Whitney U
as appropriate with corrections for multiple comparisons. We will compare the proportions of patients able to
return to work between the two groups using binomial test. We will compare plasma IsoPs/IsoFs at each time
point between the two groups using t-test or Mann-Whitney U as appropriate with corrections for multiple
comparisons.

Sample Size: The sample size calculation in the initial study proposal was based on the primary outcome,
MRS at hospital discharge, and we planned to enroll a total of 266 subjects. To ensure adequate power to test
the relationships between the above independent variables and cognitive domains, we assumed a medium
relationship strength between the six independent variables and each of the five cognitive domains (R? = 0.15).
In order to achieve 80% power and an a = 0.05 we would require a minimal of 85 subjects to undergo
neuropsychological testing at 180 days. This sample size will be among the largest prospective studies of
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neuropsychological outcomes that we are aware of in the literature.®?**2 Assuming a 15% drop out rate for lost
to follow up for neuropsychological testing at 180 days we would require 98 subjects to be discharged with a
mRS < 4. Based on preliminary data from REOX | we expect 35% of patients will be discharged with a mRS <
4 and undergo cognitive testing at 180 days. We would therefore require a minimal total sample size of 280
subjects between REOX | and Il combined for the multivariable testing. We have enrolled 200 subjects in
REOX | to date. We anticipate additional subjects to be enrolled in REOX | and therefore plan for 75 subjects
to be enrolled in REOX Il to ensure a total sample size of at least 280 subjects.

Overview of the safety monitoring plan and serious adverse event tracking: In order to help ensure
adequate protection of human subjects enrolled in this clinical study, we established an independent three-
member Data Safety Monitoring Board (DSMB) (see DSMB Charter). The Chair of the DSMB will be Dr.
Christopher W. Jones. Dr. Jones is an established investigator and is currently the Director of Clinical
Research, Department of Emergency Medicine, Cooper University Hospital, Camden, NJ. The DSMB will be
charged with reviewing all serious adverse event reports and will also perform interim analysis of the data after
one-third (n=25) and two-thirds (n=50) of the patients have been enrolled in REOX Il. Given neither REOX |
nor REOX Il are blinded, all data reviewed by the DSMB will be unmasked. At both interim analyses the
committee will be asked to render a decision as to whether the trial should be continued, modified, or stopped
based on the safety profile of the interim data. We have defined the following a priori as a reportable serious
adverse event (SAE): (1) any events resulting in death or repeat cardiac arrest; (2) sustained hypoxia (defined
as Sa0:2 < 88% for more than three consecutive minutes); (3) heart rate < 50 for greater than one minute; (4)
documented cyanosis at any time; or (5) withdrawal of a subject from the trial for any reason. We will define
excessive rates of any single SAE a priori as a >15% difference in the prevalence (% of total number in each
group) between the two groups [i.e. subjects who receive the study intervention (i.e. rapid FiO2 optimization)
vs. those who do not receive the study intervention] at either interim analysis. A clinician can withdraw a
subject from the study for worsening clinical status including worsening respiratory status (based on clinical
judgment, arterial blood gas analysis, or increasing FiO» requirement). The site Pls at each collaborating
institution will be responsible for reporting all predefined SAEs, as well as any other adverse events felt to be
related to the study protocol, to the coordinating site, Cooper University Hospital. In addition to reporting all
adverse events to the DSMB, all adverse events will be submitted to each institution’s IRB for review.

Registration: This study will be registered on clinicaltrials.gov
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