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Abstract

Background: The purpose of this study was to compare weight-based dose of epinephrine in Sternal Intraosseous (SIO)
(0.05 mg/kg), SIO Img, and Intravenous (IV) 1 mg Groups in a hypovolemic, cardiac arrest model. Concentration maximum
(Cmax), time to maximum concentration (Tmax), Mean Concentration over time (MC), Area Under the Curve (AUC), and
frequency of Return of Spontaneous Circulation (ROSC) were compared.

Methods: 32 adult male castrated swine, sus scrofa (65-75kg), were placed into 4 groups: SIO 0.05 mg/kg, IV 1 mg, SIO
1 mg, Cardiopulmonary Resuscitation + Defibrillation (CPR+Defib), and CPR Only. The pigs were anesthetized, placed
in cardiac arrest for 2 minutes, and CPR was then started and continued for 2 minutes. Epinephrine was then administered,
and samples were collected over 5 minutes. The CPR+Defib Group had just defibrillation and the CPR-Only Group did not
receive epinephrine nor defibrillation. Both served as control groups.

Results: The Cmax was significantly higher in the SIO 0.05mg/kg Group compared to the SIO 1 mg and the IV Groups (p
=0.001). There were no significant differences in Tmax in any of the groups (p > 0.05). The AUC was significantly higher
in the SIO 0.05 mg/kg than in the SIO 1 mg and the IV Groups (p = 0.001). The MC of the SIO 0.05 mg/kg was higher than
the SIO 1 mg and IV Groups at each time interval. The frequency of ROSC rate was 7 out of 8 in the SIO 0.05 mg Group,
3 out of 8 in both the IV and SIO 1 mg Groups, 2 out of 8 in the CPR+Defib Group, and 0 out of 8 in the CPR-Only Group.

Conclusion: The SIO 0.05 mg/kg Group should be used for adult patients in hypovolemic shock who have cardiac arrests.

Introduction

Bleeding is the number one cause of death on and off the battlefield. Hemorrhage was the leading cause of death in the
Vietnam War, Operation Desert Storm, Operation Iraqi Freedom, and Operation Enduring Freedom [1-4]. More recently,
hemorrhage caused the death of over one million people in the wars in Iraq, Afghanistan, Pakistan, and Syria. [5] Currently,
the horrific events in Israel and Palestine have led to thousands of deaths, many of whom died from bleeding. Deaths from
hemorrhage per year represent more than 60,000 deaths in the United States and 1.9 million deaths worldwide. Blood loss
causes hypovolemic shock, ultimately leading to cardiac arrest. The military health care prioritize providing care to the US
Army, Air Force, Marines, Navy personnel, and their dependents. However, the military also have a rich history of providing
care for civilians as well who are victims of trauma and subsequent cardiac arrests from disasters such as hurricanes,
earthquakes, and tornadoes. The worldwide mortality rate has been 76,416 deaths per year from natural disasters, most
from hemorrhage [6].

Vascular access is essential for successful resuscitation: The chance for survival decreases by 9 % with each minute that
passes without resuscitation. [7,8-13]. However, in a cardiac arrest situation, the person’s veins collapse, making Intravenous
(IV) access extremely difficult, time-consuming, or impossible, particularly for patients in hypovolemic shock. For adults
in cardiac arrest, the American Heart Association (AHA) and the European Committee for Resuscitation (ECR) state that
regardless of weight, epinephrine should be administered by the IV route (1 mg) or Intraosseous (IO) routes (1 mg) and
repeated every 3-5 minutes until Return of Spontaneous Circulation (ROSC) [14-18]. For pediatric patients in arrest, the
AHA recommends 0.01 mg/kg of epinephrine administration repeated every 3-5 minutes. These recommendations are
based primarily on expert opinion, not on research. In a previous study, we investigated the Concentration Maximum
(Cmax) and Time to Maximum Concentration (Tmax) in an adult cardiac arrest model with epinephrine administration
and found that Cmax and Tmax for the Sternal IO (SIO) route for epinephrine administration were similar to the IV route;
however, we did not evaluate ROSC [19]. In a later adult cardiac arrest study we used the reccommended dose of 1 mg for the
IV and SIO groups which equates to approximates to 0.01 mg/kg as recommended in the pediatric dose. We found that a SIO
Group in both a hypovolemic and normovolemic models achieved ROSC 3 out of 7 subjects compared to 4 out of 7 in an IV
Group. [20] In a pediatric cardiac arrest study, we used the AHA recommended weight dose of 0.01 mg/kg and found that 8
out of 8 achieved ROSC. [21] We speculated that the reason for differences in efficacy between the pediatric and adult models
was the use of a weight-based dose of epinephrine. No studies have examined the weight-dose requirements for the SIO
route of administration in an adult cardiac arrest model. The aim of this study was to compare weight-dose SIO (0.05 mg/kg)
compared to the standard dose of 1 mgin a cardiac arrest hypovolemic model. As the pediatric AHA guidelines are 0.01mg/
kg for IV and IO administration, and up to 0.1mg/kg for endotracheal administration, we decided to start at the midpoint
for this adult study. Specifically, the comparison included Cmax, Tmax, Mean Concentration over time (MC), Area Under
the Curve (AUC), and ROSC. The following research questions guided the study:
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a.  Are there significant differences in SIO weight-dependent dose and
standard dosing relative to Cmax, Tmax, AUC, and MC over time when
epinephrine is administered?

b.  Are there significant differences in the occurrence of frequency and odds
of ROSC relative to SIO weight-dependent dose and standard dosing?

Methods
Study design and selection of subjects

This was a prospective, (within and between) subjects, design approved by the
Institutional Animal Care and Use Committee supporting the Naval Medical Research
Unit-San Antonio. Thirty-two adult male castrated swine, sus scrofa (65-75kg), were
placed into 4 groups: SIO 0.05 mg/kg, IV 1 mg, SIO 1 mg, CPR + Defibrillation
(CPR+Defib), and CPR Only. The sequence of using each animal was determined by
assignment using a random number generator (https://www.random.org). Castrated
male subjects were used to avoid potential hormonal effects. To maintain consistency
and health, we used subjects procured from Oak Hill Genetics, Ewing, IL, a supplier of
purpose-bred swine to research facilities. The rationale for using the weight range was
this represents the average weight of the male US soldier [22].

Procedures

Swine were observed for 3 days to make sure they were healthy. The day before
the experiment, the subjects were NPO after midnight for food but allowed water ad-
lib. Animals were sedated with 4-8 mg/kg of Telazol (Tiletamine/Zolazepam; Zoetis,
NJ) intramuscularly, and Buprenorphine HCI (Par Sterile Products, LLC, MI) 0.01-
0.1 mg/kg was administered subcutaneously 30 minutes before instrumentation.
Induction was by face- mask delivery of inhaled isoflurane (1-5%) delivered in 100%
oxygen. After placement of an endotracheal tube, the isoflurane concentrations were
reduced to a maintenance dose (e.g. 1-3%) with an FiO, between 0.21-0.24 using
a Drager Apollo anesthesia machine (Driger AG & Co., Liibeck, Germany). The
animals were maintained on mechanical ventilation and physiological parameters
were monitored continuously. Heart Rate (HR), Electrocardiography (ECG), Systolic
Blood Pressure (SBP), Diastolic Blood Pressure (DBP), Mean Arterial Pressure (MAP),
Oxygen Saturation (SpO,), end Tidal Capnography (ETCO,) and body temperature
(°C) were monitored using an Infinity Delta XL monitoring system (Draeger Medical
Systems Inc., Telford, PA, USA). Body temperature was maintained at 236°C by placing
the animal on a HotDog® veterinary warming system (Augustin Surgical Inc. Eden
Prairie, MN).

For each animal, bilateral 18-gauge, 1.25-inch peripheral catheters (Terumo
Medical Products, Somerset, NJ, USA) were placed percutaneously in an auricular
vein of each swine. Patency was maintained with a Lactated Ringer’s Solution at a rate
of 5-10 mL per hour. The left femoral and carotid arteries were cannulated with 7 Fr
x 60 cm silicon catheters (Norfolk Access Technologies, IL) using an open surgical
approach, and secured in place. The left carotid arterial line was used for continuous
hemodynamic pressure monitoring. The left femoral arterial line was used for
hemorrhage, bio-sampling, and continuous Cardiac Output (CO) and Stroke Volume
(SV) monitoring using a Vigileo™ hemodynamic monitor (Edwards Lifesciences,
Irvine, CA, USA). A 15-gauge, 25 mm Arrow EZ-IO device (Teleflex Medical, Wayne,
PA, USA) was surgically placed per manufacturer’s directions in each subject’s non-
segmented region of the sternum for the SIO groups.

After a 15-minute stabilization period, an American College of Surgeons Class
IIT hemorrhage was achieved by exsanguinating 31% of each swine’s blood volume
using gravity drainage and controlled suction of the femoral artery catheter. The
blood volume was calculated using a factor of 70 mL/kg of body weight. For example,
a 70 kg swine has 4900 mL of blood. Thirty-one percent of 4900 mL is 1519 mL.
The TIF electronic scale (Thermal Industries of Florida, Owatonna, MN, USA) was
used to accurately and precisely measure the hemorrhaged blood volume. The scale
was zeroed with a collection blood bags in place to control for weight variation.
Suction was applied to exsanguinate approximately 100 mL of blood per minute.
After exsanguination, the swine were placed into Cardiac Arrest (CA) by passing an
electrical current through the heart as developed by the investigators [23]. Isoflurane
anesthesia was discontinued, and midazolam 6 mg IV and buprenorphine 0.6 mg IV
were administered. After 2 minutes in CA without intervention, mechanical chest
compressions were administered using a Mechanical Compression Device, Model
1008 (Michigan Instruments, Grand Rapids, MI, USA) at 100 compressions per
minute. Manual ventilations were delivered at a rate of 6 to 10 per minute. Quality

of chest compressions was confirmed by observing the arterial line and capnographic
waveforms. After 4 minutes of CA, epinephrine (SIO 0.05 mg/kg, IV 1 mg, SIO 1 mg) was
administered to IV and SIO groups followed by a 20 mL NS flush. The CPR+Defib and
CPR-Only Groups served as control groups and were not administered epinephrine.
Serial blood specimens (10 mL) were collected at 30, 60, 90, 120, 150, 180, 240, and
300 seconds (s) from the left femoral arterial line after epinephrine injection. Before
each specimen collection, the investigators aspirated and discarded 10 mL of blood
to avoid residual epinephrine. After each specimen was collected, 10 mL of NS was
injected to clear the arterial line. Resuscitation continued until ROSC or 30 minutes
had passed. Those subjects that achieved ROSC were monitored for 30 minutes. ROSC
was operationally defined as a palpable pulse, a perfusing rhythm to maintain adequate
end-organ perfusion as measured by arterial blood pressure (a minimum of 60 mm/
Hg) and cardiac output. Defibrillation was initiated after 2 minutes after CPR was
begun and repeated every 2 minutes until ROSC or 30 minutes had elapsed. For those
subjects in the epinephrine groups, the drug was repeated every 4 minutes until ROSC
or 30 minutes had elapsed. The exsanguinated blood was administered after 15 minutes
of cardiac arrest. The rationale for this time was this represents the period necessary to
cross and match and to acquire the blood. (See Table 1 for a timeline summary)

Table 1: Brief summary of methodology.

Time Start (Min) 0-2 | 2 4 | 49 10

20 50

Hemorrhage

Event
ven Begins

Cardiac Arrest
(clock starts)

CPR starts at
2 min mark, X
continuous

Defibrillation,
every 2 min

Epinephrine
Given, first dose

Sampling Occurs,
8 samples

Epinephrine
Given, every 4 m
IF No Rosc-
terminate after X

20m

IF Rosc- continue
additional 30m

Statistical Analyses

An a of 0.05 was used for significance for all comparisons. Multivariate Analyses
of Variance (MANOVA) was used to determine if there were any significant differences
in the groups relative to the pretest data, including SBP, DBP, MAP, SpO,, temperature,
amount of hemorrhage, SV, CO, ETCO,, and weight. A MANOVA was also used to
determine if there were significant differences in groups relative to Cmax, Tmax, and
AUC. A Repeated ANOVA was used to compare the groups relative to MC at 30, 60, 90,
120, 150, 180, 240, and 300-s intervals. When significance was found, we used a post-
hoc Least Significant Test (LSD) to determine where the significance was. A Fisher’s
Exact test was used to determine if there were significant differences in the frequency
of ROSC between the groups. The odds ratio was used to compare ROSC between the
groups (MedCal.org.calc/odds_ratio,php).

Sample Size Estimation

The investigators used the means and standard deviations of Cmax, Tmax, and
plasma MC over time from similar pharmacokinetic studies and calculated a medium
effect size of 0.6. [20,24] Using an a of 0.05, an effect size of 0.6, and a power of 0.80,
we determined a sample size of 8 was needed for each group. Power analysis was
performed using G*Power 3.1 for Windows (Heinrich Heine University).
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Results

There were no significant differences in pretest data in the groups, indicating that
the groups were equivalent on these variables (p > 0.05). The means and Standard Error
of the Mean (SEM) for Cmax in ng/mL were calculated and compared. The Cmax was
2091 + 328, 819 + 152, and 572 + 159 for the SIO 0.05 mg/kg, IV, and SIO 1 mg Groups,
respectively. The Cmax was significantly higher in the SIO 0.05mg/kg Group compared
to the IV (p = 0.001) and the SIO 1 mg (p = 0.001) Groups, and no significant difference
in the IV and SIO 1 mg Groups (p = 0.41) (See Figure 1 for a summary).

Figure 1: Cmax by Group- 8 Swine per grp
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Figure 1: Cmax by group- 8 swine per grp.

The means and standard deviations of the Tmax means in s were calculated and
compared by group. The Tmax was 168 + 27 s, 168 + 18 s, and 120 + 28 s for the SIO 0.05
mg/kg, IV, and SIO 1 mg Groups respectively. There were no significant differences in
any of the Groups (p > 0.05) (See Figure 2 for a summary).

Figure 2: Tmax of Epi by Grp- 8 Swine per grp
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Figure 2: Tmax of epi by grp- 8 swine per grp.

The means and SEM for the AUC in ng/mL were calculated and compared by
group. The AUC was 329,544 + 58,113; 106,453 + 23,605; and 81,165 + 5,709 for the SIO
0.05 mg/kg, IV, and SIO 1 mg Groups, respectively. The AUC was significantly higher
in the SIO 0.05 mg/kg than in the IV Group (p = 0.001) and the SIO 1 mg Group (p =
0.001), but there was no difference between the IV and SIO 1 mg Group (0.627) (See
Figure 3 for a summary).
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Figure 3: AUC by Group-8 Swine per grp
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Figure 3: AUC by group-8 swine per grp.

The concentration of means and SEM were calculated and compared by the group
over 300 s. The MC of the SIO 0.05 mg/kg was significantly higher than the IV Group
at the 120 s (p = 0.021), 150 s (p = 0.008), 180 s (p = 0.002), 240 s (p = 0.001), and 300 s
(p = 0.001). The MC of the 0.05 mg/kg SIO was significantly higher than the SIO 1 mg
Group at the 90 s (p = 0.043) 120 s (p = 0.009); 150 s (p = 0.003); 180 s (p = 0.002); 240 s
(p =0.001); and 300 s (p=0.001). There were no significant differences between the IV
and 1 mg SIO at any time (p > 0.05) (See Figure 4 for a summary)

Figure 4: Mean Conc of Epi over Time- 8 Swine per grp
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Figure 4: Mean conc of epi over time- 8 swine per grp.

The SIO 0.05 Group had a significantly higher occurrence of ROSC than SIO 1 mg
(p =0.022) and the IV Group (p = 0.022). The rate of ROSC was 7 out of 8 in the SIO 0.05
mg Group, 3 out of 8 in both the IV and SIO 1 mg Groups, 2 out of 8 in the CPR+Defib
Group, and 0 out of 8 in the CPR-Only Group. The odds of ROSC were 12 times greater
for the SIO 0.05 mg/kg Group compared to the IV and SIO 1 mg Groups. The odds of
ROSC were 21 times greater for the SIO 0.05 mg/kg Group compared to the CPR+Defib
Group and 85 times greater than the CPR-Only Group. (See Figure 5 for a summary)
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Figure 5: ROSC by Group- 8 per grp
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Figure 5: ROSC by group- 8 per grp.
Limitations

The major limitation of this study is the small sample size, although we had
enough power to find statistically significant differences. Another limitation was the
use of single species, male only sample. Generalizations may not translate to humans;
however, cardiovascular, pulmonary, and bone physiology are very similar to humans.
Researchers conclude that the swine model is appropriate for this type of study [25,26].
Another limitation was that the researchers were not blinded to the group assignment
or during rescuscitation; however, the individual analyzing the pharmacokinetics
of the samples was blinded. Although we were not blinded, we had a noninterested
observer making sure that all the guidelines were followed for each subject in each
group. Also, alimitation of note, was there was an absence of any neurological outcome
assessment post-ROSC.

Discussion

The purpose of this study was to compare weight-based dose of epinephrine
sternal intraosseous (SIO) (0.05 mg/kg), SIO 1mg, and Intravenous (IV) 1 mg Groups
in a hypovolemic, cardiac arrest model. Cmax, Tmax, MC, AUC, and frequency of
ROSC were compared. We found that the SIO 0.05 mg/kg Group achieved higher
Cmax, AUC, MC, and frequency of ROSC compared to the SIO 1 mg and IV Groups. It
is essential to gain vascular access to acquire ROSC. Studies show that starting an IV
may take as much as 49 minutes. Leidel et al. found that IV failure rates were from 10
to 40% in patients not in arrest and that the average time for obtaining IV access was
2.5 to 16 minutes and, in extreme cases, as long as 55 minutes in critically ill patients
who were not in arrest. [27-29] Therefore, more time-saving and effective routes must
be investigated. Our experience shows that the that the IO device can be inserted in less
than 5 seconds. The saved time may translate into greater frequency and faster ROSC
return. Furthermore, in trauma particularly in a wartime scenario, extremities may
be injured so neither IV nor IO can be used at these sites. Based on our findings, the
SIO 0.05 mg/kg supports further investigation and potential translational relevance.
These findings are based on an animal hypovolemic arrest model. Our findings are
hypothesis generating. Without further research confirmation, our results although
significant, are not yet practice changing. Although swine are an excellent model for
trauma research, unfortunately findings are often not translational to humans. Moving
forward there is a need for dose finding human trials. Also, importantly, future studies
should investigate using the dose by weight in the IV, tibial and humerus IO sites in
both hypovolemic and normovolemic models of arrest. Evidence of this study indicates
there may be a guideline- evidence mismatch.
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