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INTRODUCTION 

Hemorrhage from trauma is the leading cause of death in 

children.
[1]

 Approximately 6,000 hospitalized and 9,500 

out-of-hospital children receive cardiopulmonary 

resuscitation (CPR) per year just in the United States.
[2,5]

 

The American Heart Association (AHA) recommends 

that epinephrine be administered by the intravenous (IV) 

route. However, if not attainable, the intraosseous (IO) 

route can be used for individuals in cardiac arrest (CA). 

Several sites, including the tibia, humerus, and sternum, 

can be used. The AHA recommendations are based 

primarily on expert opinions and normovolemic models. 

IV access may be difficult for a child, particularly one 

who is in shock. Rapid access to vascular space is 

critical: Every minute without epinephrine increases the 

chance of mortality by 9%.
[6,8]

 Consequently, it is 

paramount to find the most efficacious route of 

epinephrine for resuscitation, such as the SIO route. Our 

experience was that it took only 5 seconds to insert. 

However, Voelckel et al. found that blood flow to the 

bone is diminished to 20 to 30% after a hemorrhage of 

35% and may not be appropriate in administering 

epinephrine in a patient in shock. Blood loss results in 

less circulating volume, and endogenous and exogenous 

catecholamines cause vasoconstriction.
[9]

 The subsequent 

decreased blood flow may slow drug uptake from the 

marrow. Further, hypovolemia may alter resuscitation 

drugs' pharmacokinetics, the distribution volume, and, 
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ABSTRACT 

Introduction: The purposes were to compare return of spontaneous circulation (ROSC), the maximum 

concentration (Cmax), time to maximum concentration (Tmax), mean concentration (MC), and area under the 

curve (AUC) of epinephrine administered by the sternal intraosseous (SIO) route and the intravenous (IV) route. 

Procedures: Yorkshire (Sus scrofa) Swine weighing 20-30 kg representing 9-year-old children were randomly 

assigned to SIO (n = 9); IV (n = 7); CPR + defibrillation (CPR+defib) (n = 7); CPR-Only (n = 5) groups. Thirty-

five percent of their blood volume was exsanguinated. Pigs were then placed in arrest for 2 min; CPR was started 

for 2 min; epinephrine 0.01 mg/kg was then administered to the SIO and IV groups. Blood samples were collected 

over 5 minutes. After sample collection, epinephrine was continued every 4 min, and defibrillation was performed 

every 2 mins. Results: The frequency of ROSC was significantly higher in the SIO (9 out of 9) group than the IV 

(5 out of 7); the CPR+defib (1 out of 7), and CPR-Only groups (0 out of 5) (p < 0.05). No significant difference 

occurred between the time to ROSC between the groups (p = 0.419). SIO had an 8.6 times greater chance of ROSC 

compared to the IV group. Overall, the IV group had higher MC over time, longer Tmax, and higher AUC than the 

SIO group (p < 0.05). Conclusion: The SIO group was highly effective and should be considered as a first-line 

intervention for pediatric hypovolemic patients in cardiac arrest. 
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ultimately, the probability of return of spontaneous 

circulation (ROSC). No studies have examined the 

effects of hypovolemia on SIO administration of 

epinephrine in a hypovolemic pediatric model. The 

sternal IO (SIO) has some advantages. The site is more 

vascular (red marrow) than other sites with more fat 

(yellow marrow). Also, the SIO has a much shorter route 

to the heart. This study addresses an important gap in 

knowledge and was guided by the following objectives 

1. Compare the frequency and odds of ROSC 

occurrence in the SIO, IV, CPR + defibrillation 

(CPR + defib), and CPR-Only groups. 

 

2. Compare the maximum plasma concentration 

(Cmax), time to maximum concentration (Tmax), 

mean concentration (MC) of plasma epinephrine 

over time, and area under the curve (AUC) when 

epinephrine is administered by IV or SIO routes.  

 

3. Compare the time to ROSC between SIO, IV, 

CPR+defib, and CPR-Only groups.  

 

For this study, MC was defined as the average 

concentration at each time a sample was collected (at 0.5, 

1, 1.5, 2, 2.5, 3, 4, and 5 minutes), The Cmax was 

defined as the peak concentration, the Tmax was defined 

as the time it takes to reach Cmax, and AUC was defined 

as the amount of a particular drug over time, specifically 

5 minutes for this study. 

 

MATERIAL AND METHODS 

This was a prospective, randomized, within and between, 

blinded-experimental study using a hypovolemic 

pediatric Yorkshire (Sus scrofa) swine model. The 

within-subjects design compared the MC over time and 

time to ROSC by group. The between-subjects design 

compared the number of ROSC achieved, Cmax, Tmax, 

MC, AUC, and time to ROSC between all the groups. 

The Pigs weighing between 20 and 30 kg represented 

nine-year-old human subjects.
[10,11]

 According to several 

authorities, the pig has the same average blood volume 

and similar cardiovascular, pulmonary, and bone 

physiology to humans.
[10,12,13]

 We selected male pigs to 

control for any potential hormonal effects. Young 

castrated male swine were purchased from a single 

vendor to reduce variability. The local Institutional 

Animal Care and Use Committee (IACUC) required 

restricting the number of animals in the IV and 

CPR+defib to seven and the CPR-Only group to five to 

prevent unnecessary sacrificing of swine.  

 

The IACUC approved the study, and the swine were 

cared for according to the Animal Welfare Act and the 

Guide for the Use of Laboratory Animals.
[14,16]

 The pigs 

were randomized into four groups using a computerized 

random number generator: SIO (N=9), IV (n=7), 

CPR+defib (n=7), and CPR-Only (n=5).  

 

 

 

Animal Preparation 

Animals were premedicated with an intramuscular (IM) 

injection of 0.05 mg/kg atropine and sedated with an IM 

injection of 4.4 mg/kg Telazol (tiletamine/zolazepam, 

Fort Dodge Animal Health, Fort Dodge, IA, USA). 

General anesthesia was induced by nose cone with 2%-

5% inhaled isoflurane before endotracheal intubation. 

Isoflurane was then reduced to a maintenance dose (1% 

and 2%) using a Dräger Apollo anesthesia machine 

(Drägerwerk AG & Co., Lübeck, Germany). Heart rate 

(HR), electrocardiography (ECG), systolic blood 

pressure (SBP), diastolic blood pressure (DBP), mean 

arterial pressure (MAP), oxygen saturation (SpO2), end-

tidal capnography (ETCO2) and body temperature (C) 

were continuously monitored using an Infinity Delta XL 

monitoring system (Draeger Medical Systems Inc., 

Telford, PA, USA). An 18-gauge, 1.25inch IV catheter 

(Terumo Medical Products, Somerset, NJ, USA) was 

placed percutaneously in an auricular vein of each swine, 

and 100mL/hour lactated Ringer's solution was infused 

to maintain patency. The left carotid and left femoral 

arteries were surgically exposed, and 9 French, 60cm 

with 12cm insertable length, silicone arterial catheters 

(SAI-Infusion technologies, Lake Villa, IL, USA) were 

placed in both sites. The left carotid arterial line was 

used for continuous blood pressure monitoring. The 

femoral arterial line was used for blood withdrawal, 

blood sampling, continuous cardiac output (CO), and 

stroke volume (SV) monitoring using a Vigileo 

hemodynamic monitor (Edwards Lifesciences, Irvine, 

CA, USA). Body temperature was maintained at ≥36C 

by placing the animal on a circulating water blanket 

(HotDog, Augustine Biomedical + Design, Eden Prairie, 

MN, USA). A 15-gauge, 25 mm EZ-IO device (Teleflex 

Medical, Research Triangle Park, NC, USA) was 

surgically placed per the manufacturer's directions in 

each subject's non-segmented region of the sternum.  

 

Experimental Procedures 

After a 15-minute stabilization period, a Class III 

hemorrhage was created by withdrawing 35% of each 

swine's estimated blood volume (EBV) using gravity 

drainage and controlled suction of the femoral artery 

catheter. As with previous studies, the EBV was 

calculated at 70 mL/kg of body weight.
[17,27]

 The data 

collection mixer (DCM 3000, GenesisBPS, Ramsey, NJ, 

USA) was used to measure withdrawn blood volume 

accurately and precisely. It was zeroed with a collection 

canister in place to control for canister weight variation. 

Suction was applied to withdraw approximately 100 mL 

of blood per minute. After blood withdrawal, the subjects 

were placed into CA by passing an electrical current 

through the heart as previously described.
[17,27]

 Isoflurane 

anesthesia was discontinued, and midazolam 6 mg IV 

and buprenorphine 0.6 mg IV were administered. 

 

After 2 minutes without intervention, mechanical chest 

compressions were administered using a Pneumatic 

Mechanical Compression Device, Model 1008 

(Michigan Instruments, Grand Rapids, MI, USA) at 100 
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compressions per minute. Manual ventilations were 

delivered at a rate of 6 to 10 per minute. The quality of 

chest compressions was confirmed by observing arterial 

blood pressure and capnography. After 4 minutes of CA, 

0.01 mg/kg of epinephrine was administered to IV and 

IO swine through the assigned device, followed by a 20 

mL NS flush. The CPR+defig and CPR groups were not 

administered epinephrine. After the epinephrine 

injection, serum blood specimens (10 mL) were collected 

at 30, 60, 90, 120, 150, 180, 240, and 300 s from the left 

femoral arterial line. 10 mL of blood was aspirated and 

discarded before blood sample collection to avoid 

residual epinephrine from the previous sample. To 

maintain patency, 10 mL of NS was injected to clear the 

arterial line after collecting each specimen. To maintain 

patency, 10 mL of NS was injected to clear the arterial 

line after collecting each specimen. Defibrillation was 

started at 3 minutes after epinephrine administration and 

continued every 2 minutes until ROSC or 30 minutes had 

elapsed. The CPR Only Group did not receive 

defibrillations. Resuscitation continued until ROSC or 30 

minutes had elapsed. Blood specimens were placed in 

lithium heparin collection tubes and centrifuged 

immediately. Separated plasma was placed into 2 mL 

microcentrifuge vials and frozen to minus 40 ‘C. High-

Performance Liquid Chromatography with Tandem Mass 

Spectrometry was used to quantify plasma epinephrine 

levels. 

 

Power Analysis 

We used means and standard deviations from previous 

studies and calculated a large effect size of .06.
[22,28,30]

 

Using an effect size of 0.6, an alpha of 0.05, and a power 

of .80, we calculated that we needed 7-8 subjects per 

group.  

 

RESULTS 

Baseline and Post-Hemorrhage Data 

A Multivariate Analysis of Variance (MANOVA) 

indicated there were no significant differences in the 

baseline data, including weights, amount of hemorrhage, 

SBP, DBP, MAP, core body temperature, pulse 

oxygenation level, CO, or SV (p > 0.05) indicating the 

groups were equivalent on these variables. There were 

also no significant differences in the groups on these 

variables after hemorrhage (p > 0.05) (See Table 1 for a 

summary baseline and after hemorrhage data). The 

end-tidal CO2 before the arrest was expected for each 

subject in all groups and ranged from 11-15 for all 

subjects immediately after arrest and went down from 5-

9 after 5 minutes of arrest. 

 

Group 
Weight 

in Kg 

Amt of 

Hemorrh

age in mL 

SBP 

mm/Hg 

DBP 

mm/Hg 
HR 

MAP 

mm/Hg 

CO 

L/min 

SV 

ml 

CO2 

mm/Hg 
O2 % 

Temp 

C° 

SIO Baseline 30 760 92 60 76 76 7.9 88 44 98 36.3 

SIO After 

Hemorrhage 
  66 37 94 46 6.0 58 40 98 36.8 

IV Baseline 29 710 93 59 84 65 7.6 82 40 97 36.2 

IV After 

Hemorrhage 
  59 42 96 47 6.9 67 41 98 36.0 

CPR+defib 

Baseline 
30 733 96 64 80 76 6.2 85 42 99 36.9 

CPR+defib 

after 

hemorrhage 

29 710 58 38 92 45 7.7 70 40 99 36.7 

CPR-Only 

Baseline 
31 720 98 61 82 77 7.8 92 45 100 37.8 

CPR-Only 

after 

hemorrhage 

30 733 66 36 95 47 6.0 70 41 99 37.5 

 

Return of Spontaneous Circulation 

One subject in the SIO group had no detectable plasma 

epinephrine levels in the samples collected but did 

achieve ROSC. This subject was included in the analyses 

of ROSC data. The pharmacokinetic calculations did not 

include these data because the pharmacokinetic 

calculations were zero and more than two standard 

deviations from the mean. A Fisher’s Exact Test 

indicated that the SIO group (9 out of 9 subjects) had a 

significantly higher rate of ROSC than the IV group (5 

out of 7) (p = 0.001). Also, the SIO group had a 

significantly higher rate of ROSC compared to the 

CPR+defib group and CPR-Only group (p = 0.001). One 

out of 7 subjects in the CPR+defib group and none in the 

CPR Only group achieved ROSC. The SIO group had an 

8.6 times greater chance of achieving ROSC than the IV 

group, 82 times greater than the CPR+defib group, and 

285 times greater than the CPR Only group. (See Figure 

1 for a summary). 
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Figure 1: Comparison of ROSC by Group. 

 

Time to ROSC was not significantly different between 

the IV and SIO groups (p= 0.419). The means and 

standard deviations (SD) for time to ROSC for the IV, 

SIO, and CPR+defib groups were 493 ± 57 seconds, 548 

± 51 seconds, and 525 seconds, respectively. The number 

of times for defibrillation before ROSC was as follows: 

SIO (3 had 1, 6 had 2); IV (2 had 1, 3 had 2); CPR+defib 

(1 had 2). The remaining subjects did not achieve ROSC 

in each group and had 10 defibrillations. The number of 

doses of epinephrine for each group before ROSC was as 

follows: SIO (3 with 1, 6 with 2) and IV (2 with 1, 3 with 

2 doses, and 2 with 5). The remaining subjects that did 

not achieve ROSC each had 5 doses.  

 

None of the subjects in the SIO or IV groups had blood 

started before achieving ROSC. The range of blood 

administered after ROSC for each group was as follows: 

SIO 150-350 ml; IV 190-379 ml; and CPR+defib 230 

(only one). The range of amount blood for the IV group 

(N=2) that did not achieve ROSC was 300-410, for the 

CPR+def (N=7) was 320-436, and for the CPR-Only 

(N=5) 340-430 group. 

 

Epinephrine Pharmacokinetics 

The MC of plasma epinephrine for the SIO group was 

significantly higher only at the 30-second time point (p = 

0.001). By contrast, the IV group had a significantly 

higher MC of epinephrine at 90 seconds (p = 0.005), 120 

seconds (p = 0.001), 150 seconds (p = 0.004), 180 

seconds (p = 0.008), and 240 seconds (p = 0.023). The 

MC was not significantly different between the SIO and 

IV groups at the 60-second (p = 0.486) and 300-second 

(p = 0.106) (See Figure 2 for a Summary). 

 

 
Figure 2: Comparison of MC over 5 Minutes. 

 

The Cmax of plasma epinephrine was not statistically 

different for the IV group (547 ± 33 ng/ mL) and SIO 

(572 ± 46 ng/mL) groups (p = 0.93) (See Figure 3A for 

a summary). The Tmax, however, was significantly 

longer for the IV Group (103 ± 13 seconds) than for the 

SIO group (53 ± 11 seconds) (p = 0.050) (See Figure 3B 

for a summary). The AUC for the SIO group (42035 ± 

6060 ng/mL) was significantly less than for the IV group 
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(71216 ± 4064 ng/mL) (p = 0.011) (See Figure 3C for a 

summary). 

 

 

 
Figure 3: A Comparison of Cmax by Group Figure 3 B Comparison of Tmax by Group Figure 3 C Comparison 

of AUC by Group. 

 

DISCUSSION 

The objective of this study was to determine the 

effectiveness of the SIO compared to the IV route of 

administration of epinephrine in a pediatric hypovolemic 

cardiac arrest model. Specifically, frequency and time to 

ROSC and pharmacokinetics of epinephrine were 

compared. All subjects (9 out of 9) in the SIO group, 

compared to 5 out of 7 in the IV group, achieved ROSC. 

The MC was higher in the SIO group at 30 seconds and 

was higher in the IV compared to the SIO group at 90, 

120, 50, 180, and 240 seconds. The Cmax and time to 

ROSC were insignificant in the 2 groups; the AUC was 

significantly less for the IV group. This study expands 

the study by Burgert et al., who found that IV 

administration of 1 mg of epinephrine resulted in an IV 

serum concentration 5.87 and 2.86 times greater than for 

the tibial and SIO routes, respectively, in an adult, 

normovolemic model. They did not evaluate ROSC nor 

use a pediatric hypovolemic model.
[17]

 In a systematic 

review, Burgert et al. concluded that there was evidence 

that epinephrine given via the SIO route more closely 

approaches equivalence with IV-administered 

epinephrine compared to the tibial IO route; however, 

this applied only to the adult model.
[31]

 In an adult 

hypovolemic model, researchers found that the 

pharmacokinetics of IV, HIO, and SIO epinephrine were 

comparable; however, in the SIO group, only 3 out of 7 

achieved ROSC.
[23]

 Perhaps the reason for the 

differences in our study was that 1 mg was given 

regardless of weight in the adult, and in the current 

study, 0.01/kg was administered. In an investigation 

using the same model as the current study, Neill et al. 

found that the Cmax was significantly higher, and Tmax 

was shorter in the IV group compared to the HIO group. 

Also, they found that only 1 out of 7 in the humerus 

intraosseous group, compared to 5 of 7 IV groups, 

achieved ROSC.
[32]

 Perhaps this is because the SIO is 

closer to the heart than the humerus. Conversely, Vallier 

et al. found that all in the SIO (7 out of 7) compared (5 

out of 7) in the IV group achieved ROSC; however, this 

was in an adult cardiac arrest model and using 

vasopressin.
[21]

  

 

LIMITATIONS 

The major limitation of this study is the small sample 

size, although we had enough power to find statistically 

significant differences. Another limitation is the use of 

swine. 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. Another potential limitation was we used an 18-

gauge needle for vascular access. In the real-world 

scenario, a large bore needle may not be accessible, 

particularly for a 9-year-old child. This study used an 18 

ga needle for the IV group to administer epinephrine, 

providing easy blood and epinephrine administration.  

 

FUTURE STUDIES 

Future replicated studies should use a larger sample size. 

Studies should also be implemented to determine 

whether fewer doses of epinephrine can be administered 

using the SIO site than other sites. Studies must be 

implemented to determine and compare the long-term 

effects of using the SIO and IV routes. 

 

CONCLUSION 

The results of this study demonstrated that the SIO was 

very effective and should be considered a first-line 

intervention. Our previous and current studies found it 

took less than 5 seconds to insert the IO device compared 

to several minutes for the IV route. Leidel et al. found 

that IV failure rates were from 10 to 40% for adult 

patients not in arrest and that the time for obtaining IV 

access was 2.5 to 16 minutes and as long as 55 minutes in 

critically ill patients who were not in arrest.
[33,34]

 The 

valuable time saved using the SIO route probably 

translates into a greater chance of achieving ROSC.  
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