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Abstract
Background: Chest compressions (CC) are the cornerstone of cardiopulmonary resuscitation (CPR). But CC are also known to cause injuries,

specifically rib fractures. The effects of such fractures have not been examined yet. This study aimed to investigate hemodynamic effects of rib frac-

tures during mechanical CPR in a porcine model of cardiac arrest (CA).

Methods: We conducted a retrospective hemodynamic study in 31 pigs that underwent mechanical CC. Animals were divided into three groups

based on the location of rib fractures: No Broken Ribs group (n = 11), Left Broken Ribs group (n = 13), and Right Broken Ribs group (n = 7). Hemo-

dynamic measurements were taken at 10 seconds before and 10, 30, and 60 seconds after rib fractures.

Results: Baseline hemodynamic parameters did not differ between the three groups. Systolic aortic pressure was overall higher in the Left Broken

Ribs group than in the No Broken Ribs group at 10, 30, and 60 seconds after rib fracture (p = 0.02, 0.01, and 0.006, respectively). The Left Broken

Ribs group had a significantly higher right atrial pressure compared to the No Broken Rib group after rib fracture (p = 0.02, 0.01, and 0.03, respec-

tively). There was no significant difference for any parameter for the Right Broken Ribs group, when compared to the No Broken Ribs group.

Conclusion: An increase in main hemodynamic parameters was observed after left rib fractures while right broken ribs were not associated with

any change in hemodynamic parameters. Reporting fractures and their location seems worthwhile for future experimental studies.
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Introduction

There are approximately 340,000 cardiac arrests (CA) annually in

the United States, with a poor overall survival rate to hospital dis-

charge of around 9%.1 Chest compressions (CC) are essential for

blood flow,2 allowing partial restoration of cerebral and coronary per-

fusion, increasing ROSC rates and survival.3–5

The American Heart Association emphasizes the importance of

high-quality CPR, with their guidelines recommending providing CC

“of adequate rate and depth, avoiding leaning on the chest between

compressions”.2 The recommended compression rate for adults is

between 100 and 120 compressions per minute with a depth of at
least 2 inches.2 Over the years, it has been shown that manual as

well as mechanical compressions are a source of injuries during

CPR, and the foremost cause of rib fractures.6–8

Rib and sternal fractures are the most common complication after

CPR,6–8 with an incidence ranging between 10–96%, irrespective of

whether patients survive.8–11 The risk of rib fractures further

increases with mechanical CPR.9,11–12. Although rib fractures have

not been shown to be fatal, their impact on resuscitation outcomes

is still disputed.13,14 In animal experiments, CC are mainly performed

by a mechanical piston or any mechanical device for the sake of

reproducibility, and broken ribs are common.15–17

To the best of our knowledge, the hemodynamic effects of rib

fractures during CPR have not yet been evaluated. The aim of this
ns.
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study was to investigate the hemodynamic effects of rib fractures

during automated mechanical CPR in a porcine model of cardiac

arrest.

Material and methods

The studies were all approved by the Institutional Animal Care Com-

mittees of the Minneapolis Medical Research Foundation of Hen-

nepin County Medical Center and the University of Minnesota. All

animal care complied with the National Research Council’s 1996

Guidelines for the Care and Use of Laboratory Animals.18

Design and animal selection

Over the span of three years, our group performed a number of por-

cine cardiac arrest studies,19,20 using female farm bred Yorkshire

swine treated with CC. To conduct this retrospective analysis, we

pooled the animal populations of these studies and assessed the

hemodynamic effects of rib fractures occurring during CPR, and

before any administration of pharmacologic agents. According to

the location of the majority of the pigs’ rib fractures, the animals were

classified as either predominantly Left Rib Fracture pigs or predom-

inantly Right Rib Fracture pigs. The animals without any rib fractures

served as the control group. After each study was concluded, an

autopsy was performed to confirm the side with predominant rib frac-

tures and their number. If the animal had bilateral rib fractures, it was

included according to the predominant side of fractures. The anal-

ysed population was derived from two rounds of selection.

Initial selection

During an initial cohort selection, pigs with visual thoracic deforma-

tion were included in the Broken Ribs groups. The time of a rib frac-

ture was determined by a study personnel who was assigned to

watch the chest wall during CPR. During direct observation of

CPR, if the chest wall acutely angulated in any direction without

movement of the animal, and this deviation persisted during subse-

quent compressions, this was marked as the time of rib fracture.

The majority of pigs (n = 25, 81%) were selected this way. Fracture

side was confirmed during autopsy.

Additional selection

It was observed that the initial cohort of animals contained only three

right-sided rib fractures. Thus, an additional selection of animals was

conducted to supplement the predominantly left-sided rib fracture

group. However, these studies did not have a chest wall observer

assigned. Instead, rib fracture timing was determined by an acute

change in the calculated chest wall compliance (calculated as Force

per unit Distance, sampling rate of 250 Hz). As ribs fracture and the

chest wall deforms, it is observed that the force exerted on the CPR

piston acutely drops, despite minimal change in the distance that the

piston compresses. This method of fracture timing was used to

select an additional six pigs (n = 4 Right Rib Fracture pigs and

n = 2 Left Rib Fracture pigs). Fracture side was confirmed during

autopsy.

Preparatory phase

The surgical preparation, anesthesia, data monitoring, and recording

procedures used in the studies performed during the inclusion period

have been previously described.19,20 Under aseptic surgical condi-

tions, we initially sedated the pigs with intramuscular ketamine
(10 mL of 100 mg/mL) followed by inhaled isoflurane (0.8–1.2%).

Pigs were intubated with a size 7.0 endotracheal tube then ventilated

with room air, using a ventilator (Narkomed, Telford, Pennsylvania)

with a tidal volume of 10 ml/kg and a respiratory rate adjusted to con-

tinually maintain a PaCO2 of 40 mmHg and PaO2 around 80 mmHg

(blood oxygen saturation >95%). Central aortic blood pressure was

recorded continuously with a catheter (Mikro-Tip Transducer, Millar

Instruments, Houston, Texas) placed in the descending thoracic

aorta. A second Millar catheter was inserted in the right atrium via

the right internal jugular vein to measure right atrial (RA) pressure.

Animals received up to 1000 ml of normal saline solution after surgi-

cal preparation in order to maintain a mean right atrial pressure

between 3–5 mmHg. Animals received an intravenous heparin bolus

(100 units/kg). Hemodynamic data and telemetry were continuously

monitored and recorded (BIOPAC MP 150, BIOPAC Systems, Inc.,

CA, USA). Coronary perfusion pressure (CPP) was calculated as

the difference between aortic and right atrial diastolic pressures dur-

ing the decompression phase of CPR. End-tidal carbon dioxide, tidal

volume, and blood oxygen saturation were continuously measured

(COSMO Plus, Novametrix Medical Systems, Wallingford, Connecti-

cut). ROSC was defined using the Utstein guidelines for uniform

reporting in animal research as maintenance of systolic pressure of

�60 mm Hg for �10 consecutive minutes.21

Experimental protocol

Following the surgical preparation, ventricular fibrillation (VF) was

induced by delivering a direct intra-cardiac electric current via a tem-

porary pacing wire descending through the jugular vein, into the right

ventricle. Standard-CPR (STD-CPR) or active compression and

decompression-CPR (ACD-CPR) were performed with a pneumati-

cally driven automatic piston device (Pneumatic Compression Con-

troller, Ambu International, Glostrup, Denmark) as previously

described.22,23 During STD-CPR, uninterrupted chest compressions

were performed at a rate of 100 compressions/min, with a 50% duty

cycle and a compression depth of 25% of the anteroposterior chest

diameter. After each compression, the chest wall was allowed to fully

recoil passively. With ACD-CPR, after each compression, the chest

was actively pulled upwards with a suction cup attached to the skin,

supplying a decompression force of �20 lbs.22,24 Simultaneous with

ACD-CPR, an impedance threshold device (ITD, ResQPOD TM,

Advanced Circulatory Systems, Roseville, MN) with a resistance of

16 mm Hg was attached to the endotracheal tube. Asynchronous

positive pressure ventilations were delivered with room air (FiO2 of

0.21) with a manual resuscitator bag. The tidal volume was main-

tained at �10 mL/kg and the respiratory rate was 10 breaths/min.

Statistical analysis

Categorical variables are represented as counts with proportions and

continuous variables are presented as mean ± standard deviations

(SD). Categorical variables were compared with the chi-squared test

and continuous variables were compared with the t-test and analysis

of variance (ANOVA). The distribution of all continuous variables was

checked with histograms before performing analyses. We then

examined the effect of rib fractures (left-sided, right-sided, or no rib

fractures) on CPP, systolic blood pressure (SBP), mean aortic pres-

sure (MAP), RA pressure, and EtCO2. These hemodynamic vari-

ables were compared between the rib fracture groups at four

stages: 10 seconds before (baseline) and 10, 30, and 60 seconds

after rib fractures (or similar mean fracture time in the No Broken

Ribs group). Mixed effects linear regression was used to compare
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the hemodynamic variables at those four stages. In this model, the

hemodynamic variable was the dependent variable. The fixed covari-

ates were rib fracture side, stage of the experiment (10 seconds

before or 10 seconds, 30 seconds, or 60 seconds after the rib frac-

ture), and type of CPR (active compression-decompression CPR

with an impedance-threshold device or standard CPR). Random

intercepts were used for pigs to account for the dependence of

repeated measures. A linear rib fracture group experiment stage

interaction term was used to determine whether the effect of the type

of rib fracture had different responses on the hemodynamics at dif-

ferent stages of the experiment. If the margins plots suggested the

presence of an interaction, the hemodynamic values were reported

by each group at each stage. We reported comparisons of the mean

hemodynamic values for all animals across the experiment stages to

describe changes in the hemodynamic values across stages and,

where the rib fracture group covariate was < 0.05 in the mixed effects

model or if the interaction term was positive, between-group compar-

isons. These differences were also depicted visually in plots. All sta-

tistical tests were two-sided and the level of significance was set at

0.05 for all analyses. All statistical analyses were done in Stata MP

17 (STATA Corp, College Station, TX, U.S.A.).

Results

Thirty-one animals were included between March 2013 and Novem-

ber 2016. Mean weight was 39.7 ± 3.3 kg in the Left Broken Ribs

group, 40.9 ± 2.4 kg in the Right Broken Ribs group, and 38.0 ± 2.

8 kg in the No Broken Ribs group (p = 0.25). Broken ribs were

observed during CPR in 20 pigs at 107 ± 11 sec after the initiation

of CPR (13 with left rib-cage deformation and 7 with right rib-cage

deformation). The mean number of broken ribs on the side with the

majority of fractures was 4 ± 0.7 in the predominantly Left Broken

Ribs group and 4.1 ± 1.1 in the predominantly Right Broken Ribs

group. Hemodynamic parameters were not statically different at

baseline between the three groups (Table 1).

Systolic aortic pressure

The No Broken Ribs group did not exhibit any significant difference in

SBP between the baseline measure and 10 seconds (p = 0.19) but
Table 1 – Baseline characteristics.

Parameter No Broken Ribs

(N = 11)

Weight (kg) 38.0 ± 2.7

CPR Method: Standard 4

CPR Method: ITD-ACD 7

Number of Fractured Ribs (n) 0

Time to fracture (seconds) 0

ROSC 2

Baseline Hemodynamics (Before Ribs Were Fractured)

CPP (mmHg) 10.8 ± 6.1

Systolic Aortic Pressure (mmHg) 43.6 ± 12.8

Mean Aortic Pressure (mmHg) 24.2 ± 6.7

Right Atrial Pressure (mmHg) 21.5 ± 10.0

End Tidal CO2 (mmHg) 31.6 ± 6.8

CPR: cardiopulmonary resuscitation, ACD/ITD: active compression/decompression

Categorical variables were compared by the chi-squared test. Continuous variab
exhibited an increase in mean SBP at 30 seconds and 60 seconds

timepoints (p = 0.01 and <0.0001, respectively). The Left Broken

Ribs group had a significantly higher mean SBP than the No Broken

Ribs group at 10 seconds, 30 seconds, and 60 seconds after the rib

fracture (p = 0.02, 0.01, and 0.006, respectively). The Right Broken

Ribs group did not exhibit any significant difference in mean SBP

compared to No Broken Ribs group at 10 seconds, 30 seconds,

and 60 seconds after the rib fracture (p = 0.74, 0.93, and 0.47,

respectively). (Fig. 1).

Mean aortic pressure

There was a progressive increase in mean MAP after the fracture in

the overall cohort (p for trend <0.0001). The mean MAP increased in

the No Broken Ribs group and the Left Broken Ribs group (p

trend = 0.0007 and <0.0001, respectively) but not in the Right Broken

Ribs group (p = 0.61). There was no difference in the mean MAP

between the No Broken Ribs group and the Left Broken Ribs group

or the Right Broken Ribs group (p = 0.18 and 0.69, respectively;

Fig. 2).

Right atrial pressure

The No Broken Ribs group did not exhibit any significant difference in

mean RAP between the baseline measure and 10 seconds, 30 sec-

onds, and 60 seconds timepoints (p = 0.28, 0.21, and 0.07, respec-

tively). The Left Broken Ribs group had a significantly higher mean

RAP than the No Broken Ribs group at 10 seconds, 30 seconds,

and 60 seconds after the rib fracture (p = 0.02, 0.01, and 0.03,

respectively). The Right Broken Ribs group did not exhibit any signif-

icant difference in mean RAP compared to the No Broken Ribs group

at 10 seconds, 30 seconds, and 60 seconds after the rib fracture

(p = 0.10, 0.35, and 0.26, respectively) (Fig. 3).

Coronary perfusion pressure

There was a progressive increase in mean CPP between the 10 sec-

onds before and 60 seconds after rib fracture timepoints in the over-

all cohort (p for trend = 0.049).

The mean CPP increased in the No Broken Ribs group and the

Left Broken Ribs group (p trend = 0.01 and <0.0001, respectively)

but not the Right Broken Ribs group (p = 0.73). There was no differ-
Left Broken Ribs

(N = 13)

Right Broken Ribs

(N = 7) p value

39.7 ± 3.3 40.9 ± 2.4 0.25

4 1 0.59

9 6

4.0 ± 0.7 4.1 ± 1.1 <0.0001

92.4 ± 47.9 130.3 ± 39.8 <0.0001

13 5 0.10

16.1 ± 8.6 18.4 ± 4.6 0.07

51.6 ± 20.1 46.7 ± 8.0 0.46

31.0 ± 10.2 28.2 ± 4.2 0.14

22.1 ± 5.5 19.5 ± 5.8 0.76

30.4 ± 15.1 26.0 ± 3.3 0.63

and impedance threshold device, CPP: coronary perfusion pressure.

les were compared by the analysis of variance (ANOVA) test.



Fig. 1 – Comparison of systolic aortic pressure (mmHg) in each group at four timepoints.

Fig. 2 – Comparison of mean aortic pressure (mmHg) in each group at four timepoints.

Fig. 3 – Comparison of right atrial mean pressure (mmHg) in each group at four timepoints.
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Fig. 4 – Comparison of coronary perfusion pressure (mmHg) in each group at four timepoints.

R E S U S C I T A T I O N P L U S 1 5 ( 2 0 2 3 ) 1 0 0 4 2 9 5
ence in the mean CPP between No Broken Ribs group and the Left

Broken Ribs group or Right Broken Ribs group (both p = 0.24)

(Fig. 4).

End tidal carbon dioxide (EtCO2)

The No Broken Ribs group did not exhibit any significant difference in

mean EtCO2 between the baseline measure and 10 seconds, 30

seconds, and 60 seconds timepoints (p = 0.39, 0.13, and 0.87,

respectively). The Left Broken Ribs group had a significantly higher

mean EtCO2 than the No Broken Ribs group at 60 seconds after

the rib fracture (p = 0.006), but not at the other stages (p = 0.32 at

10 seconds after rib fracture and p = 0.15 at 30 seconds after rib frac-

ture). The Right Broken Ribs group did not exhibit any significant dif-

ference in mean EtCO2 compared to the No Broken Ribs group at 10

seconds, 30 seconds, and 60 seconds after the rib fracture (p = 0.18,

0.42, and 0.67, respectively) (Fig. 5).

Discussion

In this cohort study of 31 swine, we observed an increase in systolic

blood pressure, right atrial pressure and EtCO2 in the left rib frac-
Fig. 5 – Comparison of end-tidal CO2
tures group compared to the group of swine without rib fractures.

Hemodynamic or ventilatory parameters did not seem to be affected

by right rib fractures in our study.

Most studies reporting injuries during CPR are observational,

comparing injury patterns between mechanical and manual chest

compressions and the potential effects on overall survival. Mechan-

ical chest compression devices have been associated with elevated

injury rates, including rib fractures, but also with improved 30-day

survival for in-hospital cardiac arrest.9,11,25–27 On the other hand,

no study has shown a clear benefit of mechanical CPR for out-of-

hospital cardiac arrest (OHCA).28,29

Comparing mechanical and manual CPR in swine, Liao et al.

reported significantly higher CPP and improved survival in the

mechanical CPR group.30 Although there were more rib fractures

in the manual group, the mechanical group suffered more left-

sided rib fractures, whereas the manual group exhibited fractures

on both sides.30 These left-sided rib fractures might have been the

reason for the elevation in CPP during CPR and thus in survival,

as higher CPP is associated with improved rates of ROSC during

CPR.31,32

Animal studies have shown that by shifting the compression site

to the left, a more direct compression of the left ventricle was
in each group at four timepoints.
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achieved, thus increasing aortic pressure, CPP, EtCO2, and rates of

ROSC in swine.33,34 Also, in a recent porcine CA model, cerebral

blood velocity measurements were significantly greater when the left

ventricle was directly compressed during CPR by checking the left

ventricle’s position by ultrasound rather than compression in the

standard position.33 Therefore, left-sided rib fractures observed in

our experiment may account for a more direct compression of the left

ventricle, and thus elevated perfusion pressures.

Also, by directly compressing the left ventricle, once the ribs are

broken on the left side, the descending aorta, located posterior to the

heart might also be compressed, potentially leading to an aortic

counter pulsation effect. This may, in turn, increase blood flow to

the coronary arteries and the brain during diastole and lowering after-

load in systole, mimicking the effects of a resuscitative endovascular

balloon occlusion of the aorta (REBOA).35–37

Human and swine chests are very different despite having a sim-

ilar vascular anatomy. In pigs, the ventricles are surrounded by lung

tissue and are centrally located in the thoracic cavity and the thorax

is laterally compressed.30,38,39 Chest compressions will mainly lead

to increased intrathoracic pressure, thus favoring blood flow (thoracic

pump theory).40 In contrast, in humans the thorax is dorsoventrally

compressed and flat with the right ventricle just below the sternum.

Chest compressions will cause direct compression of the heart

against the spine, generating blood flow (cardiac pump theory).41–

44 By breaking the ribs on the left side during CPR in swine, the

chest’s anatomy is changed, and CC might compress the heart more

directly. The increase in hemodynamic parameters measured in the

Left Rib Fracture group could reflect an increased cardiac pump

effect. On the other hand, right rib fractures could further crush the

right heart, thus increasing right atrial pressure and prevent venous

return leading to lower cardiac output and CPP.45 Although left rib

fractures occurred significantly earlier than right rib fractures, the dif-

ference is probably not clinically significant (92.4 ± 47.9 vs

130.3 ± 39.8 seconds) given that the baseline hemodynamics were

similar and the same time benchmarks were used to examine hemo-

dynamic parameters.

The number and side of broken ribs are rarely, if ever, reported, in

swine studies exploring hemodynamic effects of different interven-

tions, such as drugs, ventilation devices, and animal position, among

others. However, we have shown that these factors could be associ-

ated with significant changes in hemodynamic parameters. This

could partly explain the lack of successful transition from animal trials

to human trials that has been described.46–50 The number and side

of broken ribs during animal experimentation should be stated in

future publications.

Limitations

This was an observational study, using a convenience sample, with

no sample size calculation, from different experiments over three

years. Due to the nature of the study, it was neither randomized

nor blinded. The number of animals was very limited, and a larger

sample size would be needed to confirm our data. Multiple observers

were assigned to assess fractures during CPR. Also, the selection

methods differed over the three years (visual deformation vs. compli-

ance data) but to the best of our knowledge it should not interfere

with hemodynamic parameters after rib fractures. In addition, pigs

that received ACD-CPR and STD-CPR were both included in the

cohort. The ACD-CPR technique involves changes in CPR depth
compared to STD-CPR that could itself alter hemodynamics. How-

ever, the proportion of ACD-CPR animals was comparable between

the groups with the most significant differences (69% of Left Rib

Fracture pigs; 64% of No Rib Fracture pigs). We also adjusted for

the type of CPR in our statistical analyses to account for this. Finally,

human torsos have a very different shape and broken ribs might not

affect hemodynamic parameters in the same way.

Conclusions

Ribs fractures on the left side of the chest improved systolic aortic

pressure and EtCO2 compared to no broken ribs or right sided bro-

ken ribs. Accounting for rib-fractures and their location is important

in improving the quality of CPR. An argument could be made for

the inclusion of rib fracture data in preclinical studies involving swine

models of CPR, as rib fractures could be a source of significant

hemodynamic variation between study groups.
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2. Panchal AR, Bartos JA, Cabañas JG, et al. Part 3: Adult Basic and

Advanced Life Support: 2020 American Heart Association Guidelines

for Cardiopulmonary Resuscitation and Emergency Cardiovascular

Care. Circulation 2020;142:S366–468. https://doi.org/10.1161/

CIR.0000000000000916.

3. Kilgannon JH, Kirchhoff M, Pierce L, Aunchman N, Trzeciak S,

Roberts BW. Association between chest compression rates and

clinical outcomes following in-hospital cardiac arrest at an academic

tertiary hospital. Resuscitation 2017;110:154–61. https://doi.org/

10.1016/j.resuscitation.2016.09.015.

4. Idris AH, Guffey D, Pepe PE, et al. Chest compression rates and

survival following out-of-hospital cardiac arrest. Crit Care Med

2015;43:840–8. https://doi.org/10.1097/CCM.0000000000000824.

5. Idris AH, Guffey D, Aufderheide TP, et al. Relationship between

chest compression rates and outcomes from cardiac arrest.

Circulation 2012;125:3004–12. https://doi.org/10.1161/

CIRCULATIONAHA.111.059535.

6. Saleem S, Sonkin R, Sagy I, et al. Traumatic Injuries Following

Mechanical versus Manual Chest Compression. Open Access

Emerg Med OAEM 2022;14:557–62. https://doi.org/10.2147/OAEM.

S374785.

7. Olds K, Byard RW, Langlois NEI. Injuries associated with

resuscitation - An overview. J Forensic Leg Med 2015;33:39–43.

https://doi.org/10.1016/j.jflm.2015.04.003.
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