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Chest compressions during cardiopulmonary resuscitation (CPR) generate cardiac output
during cardiac arrest. Their quality performance is key to achieving the return of spontaneous
circulation. Serious thoracic injuries (STls) are common during CPR, and they can change
the shape and mechanics of the thorax. Little is known about their hemodynamic effects,
so areview of this emerging concept is necessary. The Campbell diagram (CD) is a theoretical
framework that integrates the lung and chest wall pressure-volume curves, allowing us to
assess the consequences of STls on respiratory mechanics and hemodynamics. STls
produce a decrease in the compliance of the chest wall and lung. The representation of
STls on the CD shows a decrease in the intrathoracic negative pressure and a functional
residual capacity decrease during the thoracic decompression, leading to a venous return
impairment. The thorax with STls is more vulnerable to the adverse hemodynamic effects
of leaning, hyperventilation, and left ventricular outflow tract obstruction during CPR. A
better understanding of the effects of STls during CPR, and the study of avoidable injuries,
can help to improve the effectiveness of chest compressions and the survival in cardiac arrest.

Keywords: cardiopulmonary resuscitation, adverse effect, thoracic injuries, hemodynamics, Campbell diagram

INTRODUCTION

The survival of patients who suffer cardiac arrest is barely over 10%, and improving this
represents a great challenge (Grisner et al.,, 2016). Thoracic compressions ensure cardiac output
during cardiopulmonary resuscitation (CPR). That is why they are the most important maneuver
performed during CPR and should be performed as early as possible without fear of causing
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harm to the patient. Chest compressions during CPR should
be started by placing the heel of the hand over the lower half
of the sternum. The guidelines recommend compressions at a
depth between 5 and 6 cm for a medium-sized adult, at a
frequency of 100 per min, and ensuring the return of the
sternum to its original position in the decompression phase
(Perkins et al., 2015).

Thoracic injuries secondary to CPR are common (Kralj
et al,, 2015). The depth of chest compressions, advanced
age, female sex, and longer CPR duration are the main
risk factors for a thoracic injury (Ram et al., 2018), and
they have been associated with a low rate of return of
spontaneous circulation (Kashiwagi et al., 2015). The use
of mechanical compressors has become widespread, but this
has not led to improved survival from cardiac arrest (Gates
et al., 2015), and several studies have described an increased
incidence of serious thoracic injuries (STIs) after their use
(Smekal et al., 2014; Koster et al., 2017). Otherwise, CPR
assisted by mechanical compressors allows prolonging the
resuscitation and maintaining its quality. This would allow
the initiation of advanced therapies when indicated—such
as CPR with extracorporeal membrane oxygenation (ECMO)
(Roncon-Albuquerque et al., 2018).

The generation of cardiac output during CPR is mainly
based on two complementary theories: the theory of the thoracic
pump and the theory of the cardiac pump (Chalkias et al,
2019). The sternal recoil during the decompression phase
decreases intrathoracic pressure, and this is crucial to maintaining
venous return and therefore cardiac output. During CPR, a
thoracic molding and a worsening of thoracic biomechanics
secondary to thoracic injuries can be produced (Beesems et al.,
2015; Oh, 2017). However, the adverse hemodynamic effects
of this phenomenon are an emerging concept scarcely studied.
A Campbell diagram (CD) is a theoretical model that integrates
pressures, the chest wall and lung volumes and allows us to
understand the physiology and mechanics of the respiratory
system as a whole and its hemodynamic effects under several
pathophysiological conditions (Vassilakopoulos, 2008). This
state-of-the-art review summarizes the evidence available in
the literature about the effects of STIs on thoracic mechanics
and uses a theoretical CD-based approach to understand the
associated hemodynamic effects.

Thoracic Molding, Injuries, and
Biomechanics During Cardiopulmonary
Resuscitation
Repeated compressions during CPR produce thoracic molding.
These changes in the thoracic cage range from the dislocation
or subluxation of the chondrosternal joints to multiple and
bilateral rib fractures (Kralj et al., 2015). The effects may range
from a decreasing stiffness of the sternal hinge to a significant
reduction in the anteroposterior diameter due to a flattening
or collapse of the thoracic wall (Liao et al., 2010).

Rib fractures related to CPR are commonly located along
the anterior axillary line, and the most affected ribs are the
third to the sixth. Two-thirds of a series of non-survivors of

an attempt at manual CPR presented serious rib cage damage;
among them, 87% presented bilateral rib fractures (Azeli et al,
2019). In a randomized clinical trial designed to assess the
safety of mechanical chest compressions, the incidence of STIs
ranged from 39.8 to 45.6%, with eight being the mean number
of fractured ribs in the mechanical chest compression groups.
In a prospective autopsy cohort, 41.2% of the patients presented
an intrathoracic injury strongly correlated with skeletal chest
fractures, with lung and heart contusions being the most
common (Thnat Rudinska et al., 2016).

The force used during chest compression is transmitted to
the sternal hinge, which helps to create intrathoracic pressure
variations during the compression-decompression phase, causing
an extrathoracic anterograde flow. The sternal hinge is strongly
fixated at its cephalic end by the sternoclavicular joints. In
contrast, the cartilages of the caudal sternocostal joints are
more flexible and assist the sternum’s ventral movement (Pickard
et al, 2006). During thoracic compression, the cartilage-rib
system, on one hand, and the intrathoracic viscera, on the
other, reduce the impact of the force received and help to
restore the sternum back into its original position.

The physical proprieties of the rib cage are elastoplastic
and can be depicted in a force vs. displacement curve that
has two parts (Schafman et al., 2016). The first part of this
curve represents its elastic component and is linear until
the elastic limit is reached. This part allows to calculate
chest stiffness as the ratio between force and displacement.
When the applied force exceeds the elastic limit, the plastic
component of the curve starts. From this point, the material
will not recover its original shape and size and it is susceptible
to breakage.

In a series of 91 out-of-hospital cardiac arrest patients,
Tomlinson et al. demonstrated that the chest stiffness, measured
as the average force needed to reach 25 mm of sternal compression
depth, decreased with the number of compressions (Tomlinson
et al,, 2007). These authors suggested that this decreased stiffness
could be due to the loss of the integrity of the elastic properties
of the chest secondary to fractures of the ribcage. An example
of this is the sharp drop of the chest compression release
velocity measured by an accelerometer in a large series of
out-of-hospital-cardiac arrest within the first 2 min of CPR
(Beger et al., 2019) which corresponds to a first peak in the
incidence of thoracic injuries (Baubin et al., 1999).

Therefore, changes due to injuries in the biomechanical
characteristics of the thorax as CPR maneuvers progress could
affect the elastic properties of the thorax. These changes have
been associated as well with the loss of damping forces,
decreasing the efficacy of CPR (Jalali et al., 2017).

Effects of Serious Thoracic Injuries on
Compliance of the Chest Wall and the
Lung During Cardiopulmonary
Resuscitation

In a cadaveric human-based model using Thiel-embalmed
cadavers, the respiratory system compliance was obtained
during CPR and compared with data from out-of-hospital
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cardiac arrest patients under mechanical ventilation (Charbonney
et al,, 2018). In this model, the average compliance of the
respiratory system was 42 + 12 ml/cmH,O and the average
compliance of chest wall was 110 + 45 ml/cmH,O, which
was comparable with measures taken from out-of-hospital
cardiac arrest patients.

Unilateral rib fractures, even if not associated with
parenchymal injuries, have been associated with a significant
decrease in respiratory system compliance in critically ill
patients receiving mechanical ventilation (Cinnella et al.,
2001). On the other hand, the static compliance of the
respiratory system decreases after the establishment of
cardiorespiratory arrest and is accentuated with the duration
of CPR maneuvers. This seems to be associated with the
presence of alveolar collapse and atelectasis, which reduce
lung volume (Davis et al., 1995).

A CD is a theoretical framework that aids in understanding
the relationships between pressure, volume, and compliance of
the most important elements of the respiratory system (Figure 1A).

Due to the difficulty of measuring pleural pressure and
volumes of the chest wall and the lungs separately, in clinical
practice, the pressure-volume curve of the respiratory system,
which includes the lungs and chest wall, is used to estimate
compliance (Figure 1B). The airway pressure (represented
by the x-axis) has a good correlation with pleural pressure
and right atrial pressure during CPR when airflow is zero
(Kwon et al., 2015).

When representing the fall in compliance in both pressure-
volume curves of the CD, a new balance point is established
with a new, lower functional residual capacity (FRC) and a
higher pleural pressure (Figure 2A). This new volume and
pressure operation point of the CD corresponds to the thorax
in the decompression phase when there is no ventilation during
CPR. The reduction in the FRC was described previously in
a thorax with multiple fractures (Lewis et al., 1975).

In the pressure-volume curve of the respiratory system, a
shift to the right can be observed as a result of the reduced
compliance due to thoracic injuries (Figure 2B).

Hemodynamic Effects of a Decrease in
Chest Wall and Lung Compliance

The effectiveness of chest compressions is determined by the
restoration of the venous return gradient. This flow depends
on the gradient between the mean systemic filling pressure of
the venous system and the right atrial pressure (Chalkias et al.,
2019). The “suction” effect that favors venous return is generated
by the negative pressure created when the chest wall recovers
its position during decompression; this is one of the main
elements of the “thoracic pump” theory. This phenomenon is
affected by the loss of respiratory system compliance and the
decrease in FRC, as shown in the CD.

In an animal model, the group with fewer rib fractures
had better thoracic recoil, and on average a 5 mm greater
anteroposterior diameter based on measure before and after
compressions and significantly better coronary perfusion (Liao
et al., 2010). In another study, chest molding and increased
static chest deformity were associated with inadequate thoracic
recoil and worse hemodynamic outcomes (Dean et al., 1990).
Moreover, incomplete thoracic re-expansion occurred frequently
(12-44% of the time) when the rescuer leaned over the thorax
during thoracic decompression. This is associated with a
significant increase in intrathoracic pressure accompanied by
a significant decrease in cerebral perfusion and coronary
pressures (Niles et al., 2011). Rib fractures, especially if they
are bilateral (as in many cases of STIs), decrease thoracic
elasticity (Liao et al, 2010), which could worsen the effect
of leaning during CPR.

Finally, a reduced lung compliance due to STIs increases
the transpulmonary pressure, which is needed during each
external ventilation in CPR, and therefore has a hemodynamic
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FIGURE 1 | (A) The Campbell diagram is obtained sequentially measuring pressure-volume points without airflow. The curves that are obtained in a Cartesian
coordinate axis are the lung pressure-volume curve [P(L)] and chest wall pressure-volume curve [P(cw)]. The x-axis represents the pleural pressure. When this is
equal to zero, it is the same as the atmospheric pressure. The y-axis represents volume (V) expressed in % of vital capacity (VC). The point where the curves cross
corresponds to the functional residual capacity (FRC); at this point, where the chest wall tends to turn outward, while the lungs tend to turn inward, is the end of
expiration. (B) The pressure-volume curve of the respiratory system (RS) is obtained measuring several measures of the plateau pressures with different volumes
inflated, which are increased in 250-ml increments up to 2000 ml, obtaining static compliance as previously described (Davis et al., 1995).
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FIGURE 2 | (A) Representation of pressure-volume curves of the lung and chest wall in the thorax with serious thoracic injuries. Compliance decrease of the chest
wall and lung implies a new slope of both pressure-volume curves, which leads to a fall in functional residual capacity and a decrease in negative pleural pressure in
the thoracic decompression CPR phase. (B) Representation of pressure-volume curves of the respiratory system with and without serious thoracic injuries. The
average compliance depicted in the thorax without serious injuries is 51 ml/cmH,O and with serious injuries 24 ml/cmH,O. Based on data from Davis et al., 1995

10 20 30 40

Airway pressure (cm H,0)

impact on the right ventricular afterload. Moreover, this adverse
effect on the right ventricular afterload could be worsened in
the presence of the hyperventilation commonly observed during
CPR. The increase in ventilation frequency from 12 to 30 pm
in an animal model of cardiac arrest multiplied the mean
intrathoracic pressure by 2.7 and decreased coronary perfusion
pressure by 33% (Aufderheide and Lurie, 2004).

Effects of Serious Thoracic Injuries on the
Cardiac Pump

The theory of the cardiac pump is based on the direct effect
of compression of the sternum over the left ventricle. When
the ventricle deforms appropriately between the sternum and
the anterior faces of the vertebral bodies, this effect produces
an anterograde flow able to generate and sustain cardiac output
during CPR (Georgiou et al., 2014).

It has been found that the anteroposterior distance covered
by the sternum after 5 min of CPR with an active compression
and decompression device increases significantly (Segal et al.,
2017). This finding has been associated with a decrease in
thoracic stiffness produced by rib fractures (Oh, 2017). The
increase in the displacement involves an increase in the
intrathoracic pressure during compressions. Intrathoracic pressure
correlates with airway pressure measured in intubated patients.
In a series of patients in cardiac arrest, values of mean airway
pressure of 42.5 cmH,0O have been associated with the return
of spontaneous circulation (Chalkias et al., 2017), but pressures
over 70 mbar can diminish cardiac output due to the mechanical
limitation of the flow (Koeken et al., 2011).

Cardiac outflow decreases dramatically when the area of
maximum compression under the sternum approaches the aortic
valve, as the thoracic compressions over this area can produce
an obstruction of the left ventricular outflow tract (LVOT) (Hwang
et al, 2009). A study based on consecutive CT scans of 677
patients described that the LVOT was under the lower part of
the sternum in 36.64% of the cases (Papadimitriou et al., 2013).

In a recent series of patients included in an extracorporeal CPR
protocol, more than 50% had a closed LVOT during chest
compression, and this was associated with poor clinical outcomes
(Catena et al., 2019). The sternum can produce protruding edges,
and multiple rib fractures can flatten the anterior thoracic wall,
leading to such intrathoracic injuries as cardiac contusions (Ihnat
Rudinska et al., 2016). These may also produce an increase in
the LVOT obstruction underneath the sternum.

Avoidable Injuries and Personalized
Cardiopulmonary Resuscitation

Serious rib cage damage have been defined as a sternal fracture
and/or > six unilateral rib fractures and/or > four rib fractures
if one of them is bilateral (Koster et al., 2017). The definition
of thoracic injuries with hemodynamic adverse effects and their
prevalence are still an unresolved issue.

Studies of avoidable CPR-associated thoracic injuries have
been scarce in the literature, and this could be a promising
new field of investigation. It has been stated that up to 20%
of thoracic fractures could be avoided. Cranial displacement
of the hands on the thorax can produce upper rib fractures
(Krischer et al., 1987), and these could be avoided with the
use of a patch to facilitate the location of the compression
point. The caudal sliding of the mechanical compressor LUCAS
during patient transport was associated with an increase in
visceral lesions (Englund and Kongstad, 2006); therefore, a
cervical strap was designed to prevent it.

In the last decade, resuscitation guidelines have attempted
to establish the best balance between the benefit of increased
depth of chest compressions and the risk of harm to the
patient (Moller Nielsen and Rasmussen, 2013). The compression
depth of 50-60 mm, recommended in the latest guidelines,
has been associated with an increase in injuries (Young et al,,
2011). On the other hand, the maximum survival is associated
with compressions between 40.3 and 55.3 mm deep (Stiell
et al, 2014). The greater vulnerability of women to STIs
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brings the upper limit of the most appropriate depth into
question, especially in older women who have a higher
prevalence of degenerative bone diseases (Champigneulle et al.,
2018). A faster chest compression release has been associated
with improved outcomes (Kovacs et al., 2015). There is a
significant decrease in the chest compression release velocity
among the older population and women during the first
10 min of CPR (Beger et al, 2019). It must be borne in
mind that the anteroposterior diameter of the chest is
significantly lower in women, so there is less benefit of deeper
CCs (Beesems et al., 2015).

The risk of fractures depends not only on the properties
of the biological materials but also on the geometry of the
rib cage (Wang et al,, 2005). With increasing age or obesity
(Shi et al., 2014), a horizontalization of the ribs is produced,
increasing the vulnerability to sustaining injuries. A tendency
for patients with a thoracic perimeter greater than 101 cm to
have a higher incidence of STIs has recently been described
in a series of non-survivors following CPR (Azeli et al., 2019).

Performing CPR on obese patients is a real challenge for
resuscitation teams. In obese patients, the heart is displaced
horizontally due to the abdominal obesity (Alpert et al., 2000),
so the optimal compression point could be displaced to the
left. The first favorable results have already been published on
the effectiveness (Anderson et al., 2016) and safety (Azeli et al.,
2017) of a compression point displaced to the left and caudally,
opening a promising field of investigation.

Studies that include the assessment of CPR injuries, the
hemodynamic monitoring variables, and the chest mechanics
during CPR, such as intrathoracic pressure or respiratory system
compliance, might be helpful in the better understanding of

REFERENCES

Alpert, M. A., Terry, B. E, Cohen, M. V, Fan, T. M., Painter, J. A, and
Massey, C. V. (2000). The electrocardiogram in morbid obesity. Am. J.
Cardiol. 85, 908-910. doi: 10.1016/S0002-9149(99)00894-2

Anderson, K. L., Castaneda, M. G., Boudreau, S. M., Sharon, D. J., and
Bebarta, V. S. (2016). Left ventricular compressions improve haemodynamics
in a swine model of out-of-hospital cardiac arrest. Prehosp. Emerg. Care
21, 1-9. doi: 10.1080/10903127.2016.1241328

Aufderheide, T. P, and Lurie, K. G. (2004). Death by hyperventilation: a common
and life-threatening problem during cardiopulmonary resuscitation. Crit.
Care Med. 32(Suppl. 9), $345-S351. doi: 10.1097/01.CCM.0000134335.46859.09

Azeli, Y., Barberia, E., Jiménez-Herrera, M., Ameijide, A., Axelsson, C., and
Bardaji, A. (2019). Serious injuries secondary to cardiopulmonary resuscitation:
incidence and associated factors. Emergencias 31, 327-334.

Azeli, Y., Suazo, M., Puigjaner, D., Amejide, A., Herrero, J., and Fortuny, G.
(2017). Assessing the safety of a displaced chest compression to the left
and caudally. First results using a detailed thoracic finite element model.
Resuscitation 118S, e5-e42. doi: 10.1016/j.resuscitation.2017.08.036

Baubin, M., Rabl, W, Pfeiffer, K. P, Benzer, A., and Gilly, H. (1999). Chest injuries
after active compression-decompression cardiopulmonary resuscitation (ACD-
CPR) in cadavers. Resuscitation 43, 9-15. doi: 10.1016/S0300-9572(99)00110-0

Beesems, S. G., Hardig, B. M., Nilsson, A., and Koster, R. W. (2015). Force
and depth of mechanical chest compressions and their relation to chest
height and gender in an out-of-hospital setting. Resuscitation 91, 67-72.
doi: 10.1016/j.resuscitation.2015.03.020

Beger, S., Sutter, J., Vadeboncoeur, T., Silver, A., Hu, C., Spaite, D. W, et al.
(2019). Chest compression release velocity factors during out-of-hospital cardiac
resuscitation. Resuscitation 145, 37-42. doi: 10.1016/j.resuscitation.2019.09.024

the hemodynamic effects of injuries during CPR and moving
toward personalized CPR.

CONCLUSION

STIs secondary to thoracic compressions produce a decrease
in the compliance of the chest wall and the lung. Representation
of these effects in the Campbell diagram shows a decrease in
FRC and a decrease of the negative pleural pressure in the
decompression phase. The adverse hemodynamic effects of STIs
affect both the thoracic pump and the cardiac pump theories.
A better knowledge of the risk factors contributing to thoracic
injuries due to CPR is needed, especially for those injuries
that can be avoided.

AUTHOR CONTRIBUTIONS

YA planned the review, wrote the first draft, and was responsible
for the revisions. YA and JL performed the review. YA, JL,
MM, and AB discussed and commented on the draft versions,
read and commented on the final version of the manuscript,
agreed to its submission for publication, and agreed to
be accountable for all aspects of the work.

ACKNOWLEDGMENTS

The authors thank Sonia Hernando for her work in the
development of the figures.

Catena, E., Ottolina, D., Fossali, T., Rech, R., Borghi, B., Perotti, A., et al.
(2019). Association between left ventricular outflow tract opening and
successful resuscitation after cardiac arrest. Resuscitation 138, 8-14. doi:
10.1016/j.resuscitation.2019.02.027

Chalkias, A., Arnaoutoglou, E., and Xanthos, T. (2019). Personalised physiology-
guided resuscitation in highly monitored patients with cardiac arrest—the
PERSEUS resuscitation protocol. Heart Fail. Rev. 24, 473-480. doi: 10.1007/
s10741-019-09772-7

Chalkias, A., Pavlopoulos, F, Koutsovasilis, A., d’Aloja, E., and Xanthos, T.
(2017). Airway pressure and outcome of out-of-hospital cardiac arrest: a
prospective observational study. Resuscitation 110, 101-106. doi: 10.1016/j.
resuscitation.2016.10.023

Champigneulle, B., Haruel, P. A,, Pirracchio, R., Dumas, E, Geri, G., Arnaout, M.,
et al. (2018). Major traumatic complications after out-of-hospital cardiac
arrest: insights from the Parisian registry. Resuscitation 128, 70-75. doi:
10.1016/j.resuscitation.2018.04.022

Charbonney, E., Delisle, S., Savary, D., Bronchti, G., Rigollot, M., Drouet, A.,
et al. (2018). A new physiological model for studying the effect of chest
compression and ventilation during cardiopulmonary resuscitation: the Thiel
cadaver. Resuscitation 125, 135-142. doi: 10.1016/j.resuscitation.2018.01.012

Cinnella, G., Dambrosio, M., Brienza, N., Giuliani, R, Bruno, E, Fiore, T,
etal. (2001). Independent lung ventilation in patients with unilateral pulmonary
contusion. Monitoring with compliance and EtCO2. Intensive Care Med.
27, 1860-1867. doi: 10.1007/s00134-001-1149-6

Davis, K. Jr, Johannigman, J. A,, Johnson, R. C. Jr, and Branson, R. D.
(1995). Lung compliance following cardiac arrest. Acad. Emerg. Med. 2,
874-878. doi: 10.1111/j.1553-2712.1995.tb03100.x

Dean, J. M., Koehler, R. C., Schleien, C. L., Berkowitz, 1., Michael, J. R.,
Atchison, D., et al. (1990). Age-related effects of compression rate and

Frontiers in Physiology | www.frontiersin.org

December 2019 | Volume 10 | Article 1475


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/S0002-9149(99)00894-2
https://doi.org/10.1080/10903127.2016.1241328
https://doi.org/10.1097/01.CCM.0000134335.46859.09
https://doi.org/10.1016/j.resuscitation.2017.08.036
https://doi.org/10.1016/S0300-9572(99)00110-0
https://doi.org/10.1016/j.resuscitation.2015.03.020
https://doi.org/10.1016/j.resuscitation.2019.09.024
https://doi.org/10.1016/j.resuscitation.2019.02.027
https://doi.org/10.1007/s10741-019-09772-7
https://doi.org/10.1007/s10741-019-09772-7
https://doi.org/10.1016/j.resuscitation.2016.10.023
https://doi.org/10.1016/j.resuscitation.2016.10.023
https://doi.org/10.1016/j.resuscitation.2018.04.022
https://doi.org/10.1016/j.resuscitation.2018.01.012
https://doi.org/10.1007/s00134-001-1149-6
https://doi.org/10.1111/j.1553-2712.1995.tb03100.x

Azeli et al.

Hemodynamic Effects of CPR Injuries

duration in cardiopulmonary resuscitation. J. Appl. Physiol. 68, 554-560.
doi: 10.1152/jappl.1990.68.2.554

Englund, E., and Kongstad, P. C. (2006). Active compression-decompression
CPR necessitates follow-up post mortem. Resuscitation 68, 161-162. doi:
10.1016/j.resuscitation.2005.05.022

Gates, S., Quinn, T., Deakin, C. D., Blair, L., Couper, K., and Perkins, G. D.
(2015). Mechanical chest compression for out-of-hospital cardiac arrest:
systematic review and meta-analysis. Resuscitation 94, 91-97. doi: 10.1016/j.
resuscitation.2015.07.002

Georgiou, M., Papathanassoglou, E., and Xanthos, T. (2014). Systematic review
of the mechanisms driving effective blood flow during adult CPR. Resuscitation
85, 1586-1593. doi: 10.1016/j.resuscitation.2014.08.032

Grisner, J.-T., Lefering, R., Koster, R. W,, Masterson, S., Bottiger, B. W., Herlitz, J.,
etal. (2016). EuReCa ONE—27 nations, ONE Europe, ONE registry. Resuscitation
105, 188-195. doi: 10.1016/j.resuscitation.2016.06.004

Hwang, S. O., Zhao, P. G., Choi, H. J., Park, K. H., Cha, K. C,, Park, S. M,
et al. (2009). Compression of the left ventricular outflow tract during
cardiopulmonary resuscitation. Acad. Emerg. Med. 16, 928-933. doi: 10.1111/j.
1553-2712.2009.00497.x

Thnat Rudinskd, L., Hejna, P, Thnat, P., Tomaskova, H., Smatanova, M., and
Dvotéacek, I. (2016). Intra-thoracic injuries associated with cardiopulmonary
resuscitation - frequent and serious. Resuscitation 103, 66-70. doi: 10.1016/j.
resuscitation.2016.04.002

Jalali, A., Simpao, A. E, Nadkarni, V. M., Berg, R. A, and Nataraj, C. (2017).
A novel nonlinear mathematical model of thoracic wall mechanics during
cardiopulmonary resuscitation based on a porcine model of cardiac arrest.
J. Med. Syst. 41:20. doi: 10.1007/s10916-016-0676-1

Kashiwagi, Y., Sasakawa, T., Tampo, A., Kawata, D., Nishiura, T., Kokita, N.,
et al. (2015). Computed tomography findings of complications resulting
from cardiopulmonary resuscitation. Resuscitation 88, 86-91. doi: 10.1016/j.
resuscitation.2014.12.022

Koeken, Y., Aelen, P, Noordergraaf, G. J., Paulussen, I, Woerlee, P, and
Noordergraaf, A. (2011). The influence of nonlinear intra-thoracic vascular
behaviour and compression characteristics on cardiac output during CPR.
Resuscitation 82, 538-544. doi: 10.1016/j.resuscitation.2010.12.012

Koster, R. W,, Beenen, L. E, van der Boom, E. B., Spijkerboer, A. M., Tepaske, R.,
van der Wal, A. C, et al. (2017). Safety of mechanical chest compression
devices AutoPulse and LUCAS in cardiac arrest: a randomised clinical trial
for non-inferiority. Eur. Heart J. 38, 3006-3013. doi: 10.1093/eurheartj/ehx318

Kovacs, A., Vadeboncoeur, T. E, Stolz, U., Spaite, D. W,, Irisawa, T., Silver, A.,
et al. (2015). Chest compression release velocity: association with survival
and favorable neurologic outcome after out-of-hospital cardiac arrest.
Resuscitation 92, 107-114. doi: 10.1016/j.resuscitation.2015.04.026

Kralj, E., Podbregar, M., Kejzar, N., and Balazic, J. (2015). Frequency and number
of resuscitation-related rib and sternum fractures are higher than generally
considered. Resuscitation 93, 136-141. doi: 10.1016/j.resuscitation.2015.02.034

Krischer, J. P, Fine, E. G., Davis, J., and Nagel, E. L. (1987). Complications
of cardiac resuscitation. Chest 92, 287-291. doi: 10.1378/chest.92.2.287

Kwon, Y., Debaty, G., Puertas, L., Metzger, A., Rees, J., McKnite, S., et al.
(2015). Effect of regulating airway pressure on intrathoracic pressure and
vital organ perfusion pressure during cardiopulmonary resuscitation: a non-
randomised interventional cross-over study. Scand. J. Trauma Resusc. Emerg.
Med. 23:83. doi: 10.1186/s13049-015-0164-5

Lewis, E, Thomas, A. N., and Schlobohm, R. M. (1975). Control of respiratory
therapy in flail chest. Ann. Thorac. Surg. 20, 170-176. doi: 10.1016/S0003-
4975(10)63872-6

Liao, Q,, Sjoberg, T., Paskevicius, A., Wohlfart, B., and Steen, S. (2010). Manual
versus mechanical cardiopulmonary resuscitation. An experimental study
in pigs. BMC Cardiovasc. Disord. 10:53. doi: 10.1186/1471-2261-10-53

Moller Nielsen, A., and Rasmussen, L. S. (2013). Damage and depth of chest
compressions. Resuscitation 84, 713-714. doi: 10.1016/j.resuscitation.2013.03.017

Niles, D. E., Sutton, R. M., Nadkarni, V. M., Glatz, A., Zuercher, M., Maltese, M.
R., et al. (2011). Prevalence and haemodynamic effects of leaning during
CPR. Resuscitation 82, $23-S26. doi: 10.1016/S0300-9572(11)70147-2

Oh, J. H. (2017). Effects of cardiopulmonary resuscitation time on chest wall
compliance in patients with cardiac arrest. Resuscitation 117:el. doi: 10.1016/j.
resuscitation.2017.05.010

Papadimitriou, P, Chalkias, A., Mastrokostopoulos, A., Kapniari, I., and Xanthos, T.
(2013). Anatomical structures underneath the sternum in healthy adults
and implications for chest compressions. Am. J. Emerg. Med. 31, 549-555.
doi: 10.1016/j.ajem.2012.10.023

Perkins, G. D., Handley, A. ], Koster, R. W, Castrén, M., Smyth, M. A,
Olasveengen, T, et al. (2015). European resuscitation council guidelines for
resuscitation 2015. Resuscitation 95, 81-99. doi: 10.1016/j.resuscitation.
2015.07.015

Pickard, A., Darby, M., and Soar, J. (2006). Radiological assessment of the
adult chest: implications for chest compressions. Resuscitation 71, 387-390.
doi: 10.1016/j.resuscitation.2006.04.012

Ram, P, Menezes, R. G., Sirinvaravong, N., Luis, S. A., Hussain, S. A., Madadin, M.,
et al. (2018). Breaking your heart—a review on CPR-related injuries. Am.
J. Emerg. Med. 36, 838-842. doi: 10.1016/j.ajem.2017.12.063

Roncon-Albuquerque, R., Gaido, S., Figueiredo, P, Principe, N., Basilio, C.,
Mergulhéo, P, et al. (2018). An integrated program of extracorporeal membrane
oxygenation (ECMO) assisted cardiopulmonary resuscitation and uncontrolled
donation after circulatory determination of death in refractory cardiac arrest.
Resuscitation 133, 88-94. doi: 10.1016/j.resuscitation.2018.10.016

Schafman, M. A., Kang, Y.-S., Moorhouse, K., White, S. E., Bolte, J. H., and
Agnew, A. M. (2016). Age and sex alone are insufficient to predict human
rib structural response to dynamic A-P loading. J. Biomech. 49, 3516-3522.
doi: 10.1016/j.jbiomech.2016.09.030

Segal, N., Robinson, A. E., Berger, P. S,, Lick, M. C., Moore, J. C., Salverda, B. J.,
et al. (2017). Chest compliance is altered by static compression and decompression
as revealed by changes in anteroposterior chest height during CPR using the
ResQPUMP in a human cadaver model. Resuscitation 116, 56-59. doi: 10.1016/j.
resuscitation.2017.04.032

Shi, X., Cao, L., Reed, M. P, Rupp, J. D, Hoff, C. N., and Hu, J. (2014). A
statistical human rib cage geometry model accounting for variations by age,
sex, stature and body mass index. J. Biomech. 47, 2277-2285. doi: 10.1016/j.
jbiomech.2014.04.045

Smekal, D., Lindgren, E., Sandler, H., Johansson, J., and Rubertsson, S. (2014).
CPR-related injuries after manual or mechanical chest compressions with the
LUCASTM device: a multicentre study of victims after unsuccessful resuscitation.
Resuscitation 85, 1708-1712. doi: 10.1016/j.resuscitation.2014.09.017

Stiell, I. G., Brown, S. P, Nichol, G., Cheskes, S., Vaillancourt, C., Callaway,
C. W, et al. (2014). What is the optimal chest compression depth during
out-of-hospital cardiac arrest resuscitation of adult patients? Circulation 130,
1962-1970. doi: 10.1161/CIRCULATIONAHA.114.008671

Tomlinson, A. E., Nysaether, J., Kramer-Johansen, J., Steen, P. A., and Dorph, E.
(2007). Compression force-depth relationship during out-of-hospital
cardiopulmonary resuscitation. Resuscitation 72, 364-370. doi: 10.1016/j.
resuscitation.2006.07.017

Vassilakopoulos, T. (2008). Understanding wasted/ineffective efforts in mechanically
ventilated COPD patients using the Campbell diagram. Intensive Care Med.
34, 1336-1339. doi: 10.1007/s00134-008-1095-7

Wang, S., Poster, C. S., Lange, A. W,, Brede, C., and Lange, D. (2005).
Structural and material changes in the ageing thorax and their role in
crash protection for older occupants. Stapp Car Crash J. 49, 231-249. doi:
10.4271/2005-22-0011

Young, N., Cook, B., and Gillies, M. (2011). New resuscitation guidelines may
result in an increased incidence of severe chest wall injury, and lead to
prolonged length of stay in the intensive care unit. Resuscitation 82:1355.
doi: 10.1016/j.resuscitation.2011.06.011

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Azeli, Lorente Olazabal, Monge Garcia and Bardaji. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Physiology | www.frontiersin.org

December 2019 | Volume 10 | Article 1475


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1152/jappl.1990.68.2.554
https://doi.org/10.1016/j.resuscitation.2005.05.022
https://doi.org/10.1016/j.resuscitation.2015.07.002
https://doi.org/10.1016/j.resuscitation.2015.07.002
https://doi.org/10.1016/j.resuscitation.2014.08.032
https://doi.org/10.1016/j.resuscitation.2016.06.004
https://doi.org/10.1111/j.1553-2712.2009.00497.x
https://doi.org/10.1111/j.1553-2712.2009.00497.x
https://doi.org/10.1016/j.resuscitation.2016.04.002
https://doi.org/10.1016/j.resuscitation.2016.04.002
https://doi.org/10.1007/s10916-016-0676-1
https://doi.org/10.1016/j.resuscitation.2014.12.022
https://doi.org/10.1016/j.resuscitation.2014.12.022
https://doi.org/10.1016/j.resuscitation.2010.12.012
https://doi.org/10.1093/eurheartj/ehx318
https://doi.org/10.1016/j.resuscitation.2015.04.026
https://doi.org/10.1016/j.resuscitation.2015.02.034
https://doi.org/10.1378/chest.92.2.287
https://doi.org/10.1186/s13049-015-0164-5
https://doi.org/10.1016/S0003-4975(10)63872-6
https://doi.org/10.1016/S0003-4975(10)63872-6
https://doi.org/10.1186/1471-2261-10-53
https://doi.org/10.1016/j.resuscitation.2013.03.017
https://doi.org/10.1016/S0300-9572(11)70147-2
https://doi.org/10.1016/j.resuscitation.2017.05.010
https://doi.org/10.1016/j.resuscitation.2017.05.010
https://doi.org/10.1016/j.ajem.2012.10.023
https://doi.org/10.1016/j.resuscitation.2015.07.015
https://doi.org/10.1016/j.resuscitation.2015.07.015
https://doi.org/10.1016/j.resuscitation.2006.04.012
https://doi.org/10.1016/j.ajem.2017.12.063
https://doi.org/10.1016/j.resuscitation.2018.10.016
https://doi.org/10.1016/j.jbiomech.2016.09.030
https://doi.org/10.1016/j.resuscitation.2017.04.032
https://doi.org/10.1016/j.resuscitation.2017.04.032
https://doi.org/10.1016/j.jbiomech.2014.04.045
https://doi.org/10.1016/j.jbiomech.2014.04.045
https://doi.org/10.1016/j.resuscitation.2014.09.017
https://doi.org/10.1161/CIRCULATIONAHA.114.008671
https://doi.org/10.1016/j.resuscitation.2006.07.017
https://doi.org/10.1016/j.resuscitation.2006.07.017
https://doi.org/10.1007/s00134-008-1095-7
https://doi.org/10.4271/2005-22-0011
https://doi.org/10.1016/j.resuscitation.2011.06.011
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Understanding the Adverse Hemodynamic Effects of Serious Thoracic Injuries During Cardiopulmonary Resuscitation: 
A Review and Approach Based 
on the Campbell Diagram
	Introduction
	Thoracic Molding, Injuries, and Biomechanics During Cardiopulmonary Resuscitation
	Effects of Serious Thoracic Injuries on Compliance of the Chest Wall and the Lung During Cardiopulmonary Resuscitation
	Hemodynamic Effects of a Decrease in Chest Wall and Lung Compliance
	Effects of Serious Thoracic Injuries on the Cardiac Pump
	Avoidable Injuries and Personalized Cardiopulmonary Resuscitation

	Conclusion
	Author Contributions

	References

