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Aim: To compare the variety and incidence of internal injuries after manual and mechanical chest com-
pressions during CPR.
Methods: In a prospective pilot study conducted in two Swedish cities, 85 patients underwent autopsy
after unsuccessful resuscitation attempts with manual or mechanical chest compressions, the latter with
the LUCASTM device. Autopsy was performed and the results were evaluated according to a specified
protocol.
Results: No injuries were found in 26/47 patients in the manual group and in 16/38 patients in the LUCAS
group (p = 0.28). Sternal fracture was present in 10/47 in the manual group and 11/38 in the LUCAS group
(p = 0.46), and there were multiple rib fractures (≥3 fractures) in 13/47 in the manual group and in 17/38 in
ardiopulmonary resuscitation (CPR)
UCAS
utopsy

the LUCAS group (p = 0.12). Bleeding in the ventral mediastinum was noted in 2/47 and 3/38 in the manual
and LUCAS groups respectively (p = 0.65), retrosternal bleeding in 1/47 and 3/38 (p = 0.32), epicardial
bleeding in 1/47 and 4/38 (p = 0.17), and haemopericardium in 4/47 and 3/38 (p = 1.0) respectively. One
patient in the LUCAS group had a small rift in the liver and one patient in the manual group had a rift in
the spleen. These injuries were not considered to have contributed to the patient’s death.

hest c
ce of
Conclusion: Mechanical c
same variety and inciden

. Introduction

In 2005, the European Resuscitation Council (ERC) and the
merican Heart Association revised the guidelines for resus-
itation, which resulted in increased focus on the importance
f chest compressions.1 A new algorithm was constructed to
educe the hands-off interval and possibly improve the quality of
ardiopulmonary resuscitation (CPR). During resuscitation, chest
ompressions are only performed for about 50% of the time and
he majority of the compressions are too shallow.2 In addition, at
est manual chest compressions only achieve a cardiac output of
pproximately 20–30% of the normal,3–5 and owing to fatigue the

uality of the compressions decreases after a few minutes.6 Also,

t is difficult to perform high quality CPR during transport.7 This
upports the need for a mechanical device that will improve the
elivery of chest compressions. In 1908, a mechanical device was

� A Spanish translated version of the abstract of this article appears as Appendix
n the final online version at doi:10.1016/j.resuscitation.2009.06.010.
∗ Corresponding author. Tel.: +46 18 6110000; fax: +46 18 559357.

E-mail address: david.smekal@akademiska.se (D. Smekal).

300-9572/$ – see front matter © 2009 Elsevier Ireland Ltd. All rights reserved.
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ompressions with the LUCASTM device appear to be associated with the
injuries as manual chest compressions.

© 2009 Elsevier Ireland Ltd. All rights reserved.

developed to deliver external chest compressions,8 and up until
the 1990s several different devices were produced, but with poor
results.9,10 In 2002, a new device called LUCASTM was marketed,
and this appears to have improved vital organ blood flow in exper-
imental studies.11,12

Internal injuries after manual and mechanical chest compres-
sions are common and the most frequently reported complications
of CPR are skeletal injuries, especially to ribs and the sternum.13 Fur-
thermore, complications from the upper airway, lungs, heart, and
great vessels, and injuries to the gastrointestinal system, including
laceration of the liver or spleen and retroperitoneal haemorrhage,
have been reported to occur with varying frequencies.13–28 Recently
there have been discussions regarding a postulated increase in the
frequency and severity of internal injuries after mechanical chest
compressions during CPR. However, these discussions have often
been based upon case reports or undersized studies.30 Only a few
studies highlight the adverse effects of both manual and mechanical

CPR.22,31,32

The aim of this study was to compare the variety and incidence of
internal injuries, as assessed by autopsy, after manual and mechani-
cal chest compressions during CPR. It was hypothesised that there is
no difference in the incidence of injuries after manual chest com-

http://www.sciencedirect.com/science/journal/03009572
http://www.elsevier.com/locate/resuscitation
http://dx.doi.org/10.1016/j.resuscitation.2009.06.010
mailto:david.smekal@akademiska.se
dx.doi.org/10.1016/j.resuscitation.2009.06.010


itation 80 (2009) 1104–1107 1105

p
c

2

2

c
f
f
c
p
t
a
w

g
L
i
e
w
a
e
l
o
(
a
s
o
a
L
w
o
t
s
c
k
d
d
t
t

p
w
s
a
f
w
c
t
c

a
i
t
t
t
m
i
p

2

m

Table 1
Demographic data of patients included.

LUCAS (38) Manual (47) p value

Age (years) 72 ± 12 66 ± 17 0.38
D. Smekal et al. / Resusc

ressions during CPR compared with that after mechanical chest
ompressions with the LUCASTM device.

. Materials and methods

.1. Study population and design

The study was reviewed and approved by the human ethics
ommittee in Uppsala, Sweden. This committee waived the need
or informed consent. In this prospective pilot study, conducted
rom February 1st 2005 to April 1st 2007, patients not surviving
ardiac arrest at Uppsala University Hospital and Gävle County Hos-
ital, Sweden, underwent autopsy based upon a decision taken by
he admitting physician. Swedish law regulates the possibility of
utopsy, and briefly, the relatives’ view determines whether there
ill be an autopsy unless a forensic autopsy is required.

The patients had been treated with either manual (manual
roup) or mechanical chest compressions, the latter with the
UCASTM device (LUCAS group), according to ERC guidelines regard-
ng advanced cardiac life support.33 During the study period, an
fficacy study was being carried out to compare the LUCASTM device
ith manual chest compressions in out-of-hospital cardiac arrest,

nd 84% of the present study population was also included in the
fficacy study. The LUCASTM device had not been used in the ambu-
ance services in the cities of Uppsala and Gävle prior to the start
f the present study. Therefore, all Emergency Medical Service
EMS) personnel received one day of manikin hands-on training
nd theoretical education during the end of 2004. Just before the
tudy begun, they received a new training session with repetition
f the practical and theoretical items. During the study there was
n ongoing process of repetition and evaluation of the use of the
UCASTM device. The emergency system in the two cities included
ere first-tier systems with ambulance crews consisting of at least

ne registered nurse. All first-tier ambulances were equipped with
he LUCASTM device. In both cities, one central dispatching centre
imultaneously alerted two emergency ambulances. The inclusion
riterion was sudden cardiac arrest, and the exclusion criteria were
nown pregnancy, age under 18 and trauma. Closed letter ran-
omisation was performed by one of the EMS personnel after the
etection of the cardiac arrest. If randomised to the LUCAS group,
he patients were treated with manual chest compressions while
he LUCASTM device was being unpacked and applied.

The remaining 16% of the patients included were in-hospital
atients who had undergone unsuccessful resuscitation attempts
ith manual chest compressions (n = 11) or mechanical compres-

ions with the LUCASTM device (n = 3) by intensive care doctors on
rrival of the latter at the scene. During the study period, only a
raction of the intensive care doctors had received proper training

ith the LUCASTM device and thus it was not possible to randomise
ardiac arrest victims in hospital. Owing to lack of data, informa-
ion on CPR times was not available for the patients with in-hospital
ardiac arrest.

Pathologists in each of the two centres recorded data from the
utopsy through a standardised study protocol for external and
nternal injuries. It was not possible to blind the pathologists to the
reatment given because of patient charts and due to marks from
he suction cup on patient’s chest. This protocol, which was similar
o that used by Englund and Kongstad,30 included recording of skin

arks, sternal fractures, rib fractures, bleeding in the mediastinum,
njuries to the heart, injuries to the thoracic aorta, haemothorax,
neumothorax and injuries to the liver and/or spleen.
.2. The properties of LUCASTM

The LUCASTM device is gas-driven, and provides automatic
echanical compression and active decompression back to the neu-
Sex (male) 27 31 0.65
CPR time (min) 42 ± 19 36 ± 13 0.11

Mean ± S.D. or numbers of patients.

tral position of the chest. It consists of a silicon rubber suction cup
similar to that used in the CardioPump®, and a pneumatic cylinder
mounted on two legs and connected to a stiff back plate. At the time
of the study, the system was powered by air from a cylinder, the gas
system in ambulances, or the gas outlets in hospitals. The maximum
compression force is 550 N and the maximum compression depth is
4–5 cm. The default setting is fixed for compression/decompression
at a frequency of 100 per minute. The height of the suction cup can
be adjusted to fit patients with an anteroposterior thorax diameter
in the range of 175–265 mm. In May 2006, the LUCASTM device was
modified with a stabilisation strap to prevent it from sliding in the
caudal direction. LUCASTM is CE marked and is marketed both in
Europe and in the USA.

2.3. Statistical analysis

The statistical analyses were performed by independent statis-
ticians at the Uppsala Clinical Research Centre, Uppsala, Sweden.
Data were analysed with SAS version 9.1 (SAS Institute, Cary,
NC, USA). The groups were tested for the dichotomous variables
with Fisher’s exact test and for continuous variables with the
Mann–Whitney U-test. Values are reported as mean ± standard
deviation. A p value of <0.05 was considered significant.

3. Results

Of the 85 patients included, 47 (55%) received manual CPR and
38 (45%) were treated with the LUCASTM device. There was no dif-
ference in age, sex or duration of CPR by EMS personnel between
the two groups and there was no correlation between these param-
eters and the incidence of rib and sternal fractures. Demographic
data of the patients included are presented in Table 1.

In the LUCAS group, the average duration of initial manual com-
pression was 2.9 ± 2.1 min before the LUCASTM device was started.
Bystander CPR was performed on 13 patients in the LUCAS group
and on 25 patients in the manual group (p = 0.12). Eleven patients
in the manual group and three patients in the LUCAS group were
recruited from patients with in-hospital cardiac arrest.

No injuries were found in 26/47 patients in the manual group
and in 16/38 patients in the LUCAS group (p = 0.28). The frequency
of injuries is summarised in Table 2. Fracture of the sternum was
present in 10/47 in the manual group and 11/38 in the LUCAS group
(p = 0.46), and multiple rib fractures (≥3 fractures) were present in
13/47 in the manual group and 17/38 in the LUCAS group (p = 0.12).
Bleeding in the ventral mediastinum was noted in 2/47 (manual)
and 3/38 (LUCAS, p = 0.65), retrosternal bleeding in 1/47 (manual)
and 3/38 (LUCAS, p = 0.32), epicardial bleeding in 1/47 (manual)
and 4/38 (LUCAS, p = 0.17), and haemopericardium in 4/47 (manual)
and 3/38 (LUCAS, p = 1.0). There was one ruptured abdominal aortic
aneurysm in the LUCAS group and one thoracic aortic dissection in
both groups, all of which were considered by the pathologist to be
the primary cause of cardiac arrest and not injuries from treatment.
One patient in the LUCAS group had a 4 cm rift in the liver and
one patient in the manual group had a rift in the spleen with bleed-
ing. These injuries were not considered to have contributed to the
patient’s death. Pneumothorax was observed in one patient in each
group. One patient in the LUCAS group had bleeding in the lung
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Table 2
Number of injuries detected by autopsy.

Injury LUCAS, n (%) Manual, n (%) p value

38 47
Skin wound 3 (7.9) 0 (0) 0.09
Skin marks 13 (34.2) 0 (0) <0.001
Sternal fracture 11 (29.0 10 (21.3) 0.46
Rib fractures <3 1 (2.6) 2 (4.3) 1.00
Rib fractures ≥3 17 (44.7) 13 (27.7) 0.12
Bleeding in the ventral mediastinum 3 (7.9) 2 (4.3) 0.65
Retrosternal bleeding 3 (7.9) 1 (2.1) 0.32
Epicardial bleeding 4 (10.5) 1 (2.1) 0.17
Pericardial bleeding 3 (7.9) 4 (8.5) 1.00
Ruptured abdominal aortic aneurysm 1 (2.6) 0 (0) 0.45
Thoracic aortic dissection 1 (2.6) 0 (0) 0.45
Rupture of the thoracic aorta 0 (0) 1 (2.1) 1.00
Bleeding from lung parenchyma 1 (2.6) 0 (0) 0.45
Pneumothorax 1 (2.6) 1 (2.1) 1.00
Injury to the liver 1 (2.6) 0 (0) 0.45
I
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njury to the spleen 0 (0) 1 (2.1) 1.00
o injuries 16 (42.1) 26 (55.3) 0.28

, number of patients.

arenchyma, and in this patient difficulties in mounting the device
n account of obesity were reported. There was one patient in the
anual group with a fresh fracture of a thoracic vertebra (Th11),
hich corresponded to the level of manual compressions applied.
one of the latter three injuries was considered to be a contributory
r the main cause of death. No correlation of sex (LUCAS, p = 048;
anual, p = 1.00), age (LUCAS, p = 0.22; manual, p = 0.29), and dura-

ion of CPR by EMS personnel (LUCAS, p = 0.12; manual, p = 1.00)
ith the number of fractures was found in the present study.

. Discussion

In this prospective autopsy study on cardiac arrest victims no dif-
erence was found in the variety and incidence of internal injuries
fter mechanical chest compressions with the LUCASTM device
ompared with those after manual chest compressions. There were
ractures, soft tissue injuries, and injuries to inner organs that were
lassified as consequences of chest compressions. However, none
f these injuries was considered to be a contributory factor in the
atient’s death, according to the evaluation made by the patholo-
ist. Injuries to the aorta and ruptures of the pericardial wall were
n all cases considered by the pathologist to be the primary cause
f death and not due to chest compressions. The injuries seen in
his study were not unusual: internal injuries to most organs in the
horacic cavity, the bowel, and the great vessels in these areas have
een reported14,16–18,25,29,34 ever since chest compressions have
een used.

The reported incidence of rib fractures observed after CPR with
anual chest compressions has varied from 12.9 to 96.6%, and that

f sternal fractures from 1.3 to 43%.13,22,24,35,36 Similarly, the corre-
ponding incidence rates with active compression–decompression
PR (ACD-CPR) have varied from 4 to 86.6% and 0 to 93.3%
espectively.13,22,24,35,36 This great variation in incidence might be
artly attributable to methodological differences in diagnosing

njuries, which would render comparison difficult. In the present
tudy, the incidence of rib fractures (47%) and that of sternal frac-
ures (29%) in patients receiving mechanical chest compression
ere within the midrange of these values. Baubin et al.22 demon-

trated that after ACD-CPR with the Ambu CardioPump®, which in
se results in an active decompression above the neutral position of

he chest, rib fractures were found in 87% of the patients and ster-
al fractures in 93%. These findings resulted in early termination of
heir efficacy study. One explanation for the difference in the inci-
ence of fractures between the present study and that of Baubin
t al.22 might be that the LUCASTM device does not allow active
80 (2009) 1104–1107

decompression above the neutral plane of the chest. In addition,
the CardioPump is a device intended to aid manual chest com-
pressions, in contrast to the mechanically delivered compressions
by the LUCASTM device. Some studies have shown a considerably
lower incidence of injuries after mechanical compression31,32,37 but
those studies have varied regarding the method used to examine the
patients post-CPR. Chest X-ray and external examination are used,
but these methods underestimate skeletal fractures.28 The most
effective means of examining the patients are most likely through
autopsy with particular focus on possible CPR related injuries. CT-
scan is a method that has not been fully evaluated, but there is
growing evidence that it has its flaws and more research on this
matter is required.38

Factors with an impact on the incidence of fractures have been
explored, including sex, age and duration of CPR. Female gender
is postulated to be a risk factor for skeletal injuries,24 an associa-
tion probably linked to osteoporosis and a slightly different shape
of the chest. Higher age, with naturally occurring degenerative
skeletal changes, has also been linked to a higher incidence of
fractures.24,29 Also, CPR time has been shown to influence the inci-
dence of fractures,17,29 although most damage might occur as early
as during the first minute of CPR.21 No correlation of sex, age and
duration of CPR by EMS personnel with the number of fractures
was found in the present study. One fact that could have influenced
our results is that many patients received bystander CPR and that
all patients in the LUCAS group had an average of 3 min of manual
chest compressions by EMS personnel before the LUCASTM device
was mounted. Therefore, injuries detected in the LUCAS group could
have occurred either during bystander CPR, during manual CPR by
ambulance personnel, or as well as during the actual mechanical
compressions. This fact is a limitation to attempts to determine
whether the injuries in the LUCAS group in our study were a direct
effect of the mechanical chest compressions but would have been
both difficult and unethical to avoid, as this would have prolonged
the time without CPR in that group.

There are differences between manual and mechanical compres-
sions that need attention. For example, ACD-CPR with the LUCASTM

device does not include any possible decrease in force or frequency
due to fatigue or due to the rescuer’s attempt to adjust for a cer-
tain compression depth with a changing chest resistance. There is
also a possibility of deviation from the correct position of the com-
pressing hand in manual compression, in contrast to the stability
of the suction cup on the LUCASTM device. Especially after that a
stabilisation strap was introduced (May 2006), in an attempt to
prevent the device from gliding caudally. This modification of the
LUCASTM device was conducted because of initial reports of gliding
of the device, especially during transport of the patient on stairs.
Whether this strap decreases the incidence of internal abdominal
injuries is unknown. We could only note that the patient with liver
injury in this study was treated with the LUCASTM device before
the stabilisation strap was introduced. All these differences might
imply that the patients in the LUCAS group were subjected to a
larger number of chest compressions on a smaller area of the chest
compared with the patients receiving manual chest compressions.
However, one limitation of the present study was the lack of oppor-
tunity to objectify the actual quality of CPR, and hence these are
simply speculations.

There are other limitations in the present study. The pathologist
was not blinded to the type of compressions. Furthermore, we did
not examine the survivors of CPR, but these were relatively few and,
as stated above, for survivors a reliable method for investigating

these injuries is still lacking. In addition, the study population was
a mix of in- and out-of-hospital cardiac arrest patients. However, by
including all patients, we consider that the present study provides
a good estimate of the overall incidence of injuries after mechanical
and manual chest compressions as assessed by autopsy.
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. Conclusion

Mechanical chest compressions with the LUCASTM device result
n the same variety and incidence of injuries as do manual chest
ompressions during CPR. The LUCASTM device does not seem to
arry an added risk for life-threatening injuries and if proven effec-
ive it could be used safely in accordance with ERC guidelines.
o secure validity, the findings need to be challenged in a larger
rospective study.
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