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Abstract

In a prospective study of 38 cadavers of patients older than 18 without previous chest injury or cardiopulmonary resuscitation
(CPR), active compression–decompression (ACD) resuscitation manoeuvres were performed to determine possible factors
influencing sternal and/or rib fractures. ACD was performed for 60 s, with compression and decompression forces being
continuously recorded. A stepwise logistic regression analysis was applied. Factors analyzed were age, gender, use of a
compression cushion beneath the piston of the ACD device (Ambu CardioPump®), and maximal compression and decompression
forces. After ACD, the cadavers were autopsied and thoracic injuries were assessed. There was a significant correlation between
sternal fractures and gender (P=0.008), and between rib fractures and age (P=0.008). Women were found to have a higher risk
for sternal fractures, whereas older patients had a higher risk for rib fractures. Maximal compression force was another factor in
sternal and/or rib fracture (P=0.048). Even though a significantly higher incidence of sternal fractures was observed when the
compression cushion was used (P=0.045), inclusion of this variable in the regression analysis only marginally improved the
prediction for correct classification of sternal fractures. In conclusion, when well controlled ACD-CPR is performed in cadavers,
age is the most important factor determining the incidence of rib fracture. Sternal fractures were more common in female
cadavers. © 1999 Elsevier Science Ireland Ltd. All rights reserved.
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1. Introduction

Active compression–decompression (ACD) car-
diopulmonary resuscitation (CPR) using a
plunger-like suction device has been introduced in
many countries following the anecdotal report
about a lay-man who successfully performed CPR
with a household plunger [1]. The results of many
subsequent out-of-hospital and in-hospital studies
involving more than 3000 patients and using a

specially developed and commercially available
device for ACD-CPR, the Ambu CardioPump®

(Ambu International, Copenhagen, Denmark),
showed improved hemodynamics [2,3] and im-
proved short-term survival [4,5]. One out-of-hospi-
tal study reported a higher hospital discharge rate
with ACD-CPR compared to standard CPR after
primary cardiac arrest [6].

Our own out-of-hospital ACD-CPR study was
halted by the local ethics committee because of an
alarmingly high incidence of sternal and rib frac-
tures and two potentially lethal heart injuries [7,8],
which were detected at autopsy. Recently, another
case with extensive cardiac injuries after 3 min of
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standard CPR followed by 15 min of ACD-CPR
has been reported [9]. Since no quantitative data
are available, it is not surprising that there has
been a call for intensive research on injuries after
new CPR techniques, such as ACD-CPR, before
they are introduced worldwide [10].

To elucidate the factors that contribute to ster-
nal fractures during ACD-CPR we performed an
experimental study in cadavers under well-con-
trolled conditions.

2. Materials and methods

We studied 38 cadavers of patients over 18 years
of age. Those with a history of trauma, CPR,
thoracic surgery or other relevant pathological
alterations to the thorax were excluded. We per-
formed ACD with or without a compression cush-
ion in a randomized order. The compression
cushion (6 mm thick and 7 cm in diameter) had
been sent out by the company as a free-of-charge
upgrade to reduce the risk of skin abrasions and
hematomas to patients’ chests. Age, gender,
weight and post-mortem interval were recorded.

For on-line measurements and recordings of the
compression and decompression forces, a modified
ACD device with built-in force transducers was
placed onto the cadavers’ chests. According to the
manufacturer’s manual and in line with interna-
tional CPR guidelines, the piston was located on
the lower half of the sternum [11–14]. The modifi-
cation of the CardioPump® did not alter its me-
chanical design in any way. This special ACD
device allows on-line recording of the forces ap-
plied and the compression frequency.

ACD was performed for 60 s by the same
professional rescuer in a kneeling position beside
the cadaver and at a frequency of 80–100
compressions/min.

During ACD adherence of the CardioPump® to
the chest was recorded as: adhered perfectly to the
thorax without any displacement during the de-
compression phase, adhered inadequately (with
displacement] three times) or did not adhere at
all.

All autopsies on study subjects were always
performed by the same forensic pathologist ac-
cording to forensic standards (European Council
of Legal Medicine London (1994/1995): Harmo-
nization of the performance of the medico-legal

autopsy. Personal communication from W. Bär,
Zurich) thorax injuries were assessed meticulously.
Fractures of the sternum were categorized accord-
ing to the attachments of ribs, and fractures of the
ribs were categorized as parasternal, medioclavicu-
lar or axillar.

2.1. Statistics and data presentation

A stepwise logistic regression analysis was ap-
plied. Factors analyzed were age, gender, use of
the compression cushion, the highest compression
forces recorded during the whole ACD manoeuvre
and the mean of the maximal compression and
decompression forces. The latter was calculated
from the recorded data by averaging the measured
forces over a 10-s interval at the beginning, in the
middle and at the end of the ACD sequence. The
respective mean values were compared in order to
ascertain whether the compression pattern
changed during ACD. Continuous variables are
reported as mean9standard deviation (SD). For
the logistic regression analysis SPSS for Windows
was used, and for the statistical comparison be-
tween groups (fractured vs. unfractured, sternal vs.
rib fractures, etc.) the Mann–Whitney U-test was
used. P valuesB0.05 were considered significant.

3. Results

Twenty male and 17 female cadavers were in-
cluded in the analysis; one female cadaver had to
be excluded retrospectively because of extreme
osteoporosis. The anthropometric data and the use
of the compression cushion are shown in Table 1.
The incidence of sternal and rib fractures and the
highest forces applied are given in Table 2.

3.1. Compression and decompression forces

The highest compression forces recorded during
the whole ACD manoeuver and the mean of the
maximal compression forces of each ACD cycle
calculated for a 10-s average at the beginning, in
the middle and at the end are compiled in Table 3.

Mean compression forces significantly decreased
from the beginning (367961N) to the middle
(314946N) and the end (309952N). Mean com-
pression forces neither differed between the groups
with or without compression cushion (P\0.5),
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nor between the age groups (B70 years and]70
years), nor did they differ between males and
females (P\0.1). The peak compression forces
applied were significantly higher in those cadavers
without fractures (461985N, n=10) than in
those with sternal and/or rib fractures (428964N,
n=27; P=0.018).

When decompression forces were compared,
one cadaver had to be excluded because the Car-

dioPump® did not adhere at all. Mean decompres-
sion forces were 170947N (n=36). In cadavers
with perfect adhesion (n=26) decompression
forces did not change significantly (beginning:
149939N ; middle: 136945N ; end 133948N).
As expected, decompression forces were lower in
cadavers with inadequate adhesion (n=10) of the
CardioPump®, which were therefore excluded; in
the remaining cadavers, again, no differences were

Table 1
Anthropometric data and the use of the CardioPump® with or without compression cushion

Female (n=17)Male (n=20)Total (n=37)

Compression cushion Compression cushionCompression cushion

With WithoutWithout WithWith Without
(n=9)(n=21) (n=10)(n=11) (n=7)(n=16)

75.0 (50–84)79.8 (50–88)74.8 (42–88) 68.8 (50–90)Age (years) 70.3 (42–85)71.5 (50–90)
63.1 (36–80) 62.5 (50–85) 65.5 (36–80)Weight (kg) 67.7 (50–85) 60.5 (50–75) 55.7 (50–60)

24.2 (5–60)20.8 (4–32) 21.3 (11–32) 24.0 (9–48)24.1 (5–60) 20.4 (4–30)Post-mortem interval (h)

Table 2
Quality of adhesion, incidence of sternal and rib fractures and maximal forces applied in relation to gendera

Total (n=37) Male (n=20) Female (n=17)

26Perfect adhesion 17 10
73Inadequate adhesion 10

1No adhesion 0 1
92Sternal fracture 11

27Rib fracture 14 13
10 6 4No fracture

437971Highest compression force (N) 443982 430957
−168948Highest decompression force (N) −182940 −152953

a Numbers are cases, forces are given in Newton.

Table 3
Compression forces measured on the cadavers’ chest during ACDa

Highest force Mean maximal compression forces

Beginning Middle End

309952314946All (n=37) 367961437971
307948With compression cushion (n=21) 311945437971 362950

311960Without compression cushion (n=16) 317948437973 374973
Female (n=17) 367961 313961 311954430956
Male (n=20) 368962 315946 307953443982

334951326950397972AgeB70 (n=11) 475973
Age]70 (n=26) 354951 309944 298950421965

404985461985 344952Without fracture (n=10) 338956
296947305939354943428964With rib and/or sternal fracture (n=27)

a Forces are given in Newton.
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Fig. 1. Cadavers with sternal fracture (n=11; two male, nine
female; in one female cadaver the sternum fractured twice; 93
rib fractures). Numbers indicate number of cadavers with
fractures location.

Fig. 3. 13 (out of 17) female cadavers with rib and/or sternal
fractures (92 rib fractures).

the medioclavicular line on one side of the chest
and in the axillary line on the other. On average
6.794.3 ribs fractured in 14 out of 20 males and
in 13 out of 17 females. In female cadavers the ribs
fractured more often in the axillary line (Fig. 3),
whereas in the two male cadavers with sternal
fractures the location of rib fractures was more
variable (Fig. 4). In subjectsB70 years ribs frac-
tured in 36%, and in subjects]70 years ribs frac-
tured in 85%.

3.3. Analysis of possible determining factors

3.3.1. Sternal fractures
Out of all co-variables, gender, the use of the

compression cushion and the compression force
had a statistically significant influence on the inci-
dence of sternal fractures (Table 4). In female
cadavers sternal fractures were observed in 9 out
of 17 cadavers, which was significantly more fre-
quently than in male cadavers (two out of 20;
P=0.008). Thus, the main influencing factor in

Fig. 2. Cadavers with rib fractures but without sternal frac-
ture (n=16; 12 male, four female; 116 rib fractures).

determined between beginning (71918N), middle
(66931N) and end (66932N).

3.2. Fracture pattern

3.2.1. Sternal fractures
The sternum fractured in two out of 20 male

cadavers and in 9 out of 17 female cadavers.
Sternal fractures occurred mainly between the at-
tachments of the fourth and fifth ribs (Fig. 1) and
were always accompanied by rib fractures (P=
0.015).

3.2.2. Rib fractures
The distribution of rib fractures with or without

sternal fractures is described in Figs. 1 and 2. Ribs
fractured less often when accompanied by sternal
fracture. When the sternum was fractured, the rib
fractures were located in the axillary line with the
exception of two cases where the ribs fractured in

Fig. 4. 14 (out of 20) male cadavers with rib and/or sternal
fractures (109 rib fractures).
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Table 4
Data of the cadavers with and without sternal fracture

Sternal frac- No sternal fracture
(n=26)ture (n=11)

Age (years) 77.9911.871.5911.8
Gender (male/female) 2/9 18/8
Post-mortem interval 22.597.1 22.2913.6

(n=25a)(h)
Compression cushion 129
Good/inadequate 6/5 20/6

adhesion
Max. compression 450978 405932

force (N)
−177950 −147947Max. decompression

force (N)

a In one cadaver the exact time of death remained un-
known, but the post-mortem interval was definitely shorter
than 48 h.

Only very few reports can be found in the litera-
ture with explicit autopsy results after ACD-CPR
[9]. Fractures of the ribs and especially of the
sternum may remain undetected if X-ray examina-
tion alone is done. In most cases the sternal frac-
ture fragments are projected inwards without
displacement of the fracture ends and are likely to
be overlooked in routine anterior–posterior radio-
graphy. This seems to be a plausible explanation
for the lower fracture rates reported in other stud-
ies. In this context it is not surprising that very
recently there has been a call for intensive research
on the effectiveness of a new CPR method like
ACD-CPR and on its possible side effects, such as
iatrogenic injuries, before it is introduced [10] into
clinical practice.

This study is the first one in which ACD was
performed on uninjured human chests and in
which the exerted forces were continuously
recorded and a subsequent autopsy according to
forensic standards was performed. Therefore our
results provide important and objective informa-
tion both for the performance of real ACD-CPR
and associated iatrogenic chest injuries.

Unfortunately a quantitative comparison of
forces exerted during ACD-CPR and STD-CPR is
not possible, as monitoring of compression forces
during STD-CPR has not yet been established.
Hence, our results can only be applied to ACD-
CPR.

In a previous study conducted in 31 emergency
patients after unsuccessful ACD-CPR we found 17
out of 23 men and seven out of eight women to
have sternal fractures at autopsy [7,8]. The high
incidence in the female group is in excellent agree-
ment with the results of this experimental study in
cadavers. The only apparent difference of our
out-of-hospital study to previous studies was that
we used the CardioPump® with the compression
cushion beneath. The compression cushion short-
ens the distance between the thorax and the cen-
tral piston of the CardioPump®. When investi-
gating the force distribution using a laboratory
set-up, we found that the higher the sternum pro-
trudes from the chest the more force is acting on
the central area of the CardioPump® [17]. Thus,
these lab data clearly show that the compression
cushion influences the force distribution on the
chest wall. Although in the present study, the
influence of the compression cushion on sternal
fracturing was statistically proven (P=0.045),

sternal fracture was gender, while the compression
cushion and the maximal compression force were
two additional factors of marginal significance
(P=0.045 and P=0.048, respectively). The step-
wise regression analysis showed a prediction for
correct classification of sternal fracture in 78%,
using gender as discriminating factor. Combining
gender and the compression cushion, the predic-
tion for correct classification was slightly higher
(81%), however, it did not further improve by
including the maximal compression force.

3.3.2. Rib fractures
With the stepwise regression analysis, the pre-

diction for correct classification of fracturing one
or more ribs was calculated to be 76%, with age
being the determining factor (P=0.008). For rib
fractures neither gender, use of the compression
cushion, maximal compression force nor maximal
decompression force were found to be additional
significant factors.

4. Discussion

The incidence of injuries after real ACD-CPR
has previously been reported to be comparable
with that after STD-CPR [6,16]. However a com-
plete picture of all resuscitation-induced injuries
can be obtained only by meticulous preparation
during an autopsy. Complication rates after ACD-
CPR have been determined mostly on the basis of
chest X-rays or external examinations [4,6,16].
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we hesitate to consider this result to be of real
clinical relevance, as the prediction for correct
classification of sternal fractures improved only
marginally from 78 to 81%.

ACD was performed for 60 s assuming that
fractures would preferably occur within this period
and that determining factors should already be-
come obvious within this time. We were not able
to precisely discriminate the moment when the ribs
and/or the sternum fractured. However, the analy-
sis of the three 10-s intervals (beginning, middle
and end) of the maximal compression forces gives
some support to our assumption that sternum and
rib fractures occur quite early. The mean maximal
compression force was always highest at the begin-
ning. Furthermore, we found that the compression
forces recorded in cadavers with fractures were
smaller than in those without fractures (P=
0.018). There is no reason why the rescuer’s physi-
cal strength should decrease within the first 30 s
due to exhaustion [15]. Therefore the decrease in
force may be due to the rescuer’s attempt to adjust
for a certain compression depth both in a chest
with a constant but also in one with a changing
(reduced) chest resistance due to sternal or rib
fracture.

In 20 out of the 27 cadavers with sternal and/or
rib fractures either the sternum fractured or the
ribs fractured parasternally or medioclavicularily.
Thus, the central region of the chest seems to be
especially prone to fractures during correctly per-
formed ACD-CPR. As we did not find a difference
in the number of fractured ribs between those
cadavers with only rib fractures and those with rib
and sternal fractures, sternal fractures do not seem
to protect against rib fractures and vice versa.

The sternum fragments tilted inwards, thus cre-
ating the danger of organ injuries by the saw-like
fracture line during the next compressions. They
remained movable only inwards in all cases, which
is comparable to the findings in complications
after real ACD-CPR [7]. Therefore the fractures
must be seen in context with the compression and
not with the decompression phase.

It must be borne in mind that the results of a
study in cadavers can only to a certain extent be
applied to the clinical patient. All our cadavers
were in rigor mortis, thus the increased resistance
of the muscle tissue and of lung compliance may
have altered the total resistance of the thorax. The
main aim of our study was to clarify influencing

factors primarily in the sternal fractures during
ACD-CPR. When considering the differences be-
tween emergency or clinical ACD-CPR and our
well-controlled compression–decompression cycles
in cadavers, additional aspects should be ad-
dressed. In real situations, manual chest compres-
sions, a previous chest trauma or surgery may
already have altered the chest resistance before
ACD-CPR is applied, while our cadavers had no
previous injuries or thoracic pathology. These dis-
turbing factors were excluded. Also, unlike in real-
ity, where the CardioPump® frequently slips, the
ACD device was accurately kept in place on the
chest for the whole test period, thus continually
hitting the same compression point on the chest.
In victims, perspiration and the presence of defi-
brillation gel influence the quality of adhesion of
the CardioPump®, resulting in a higher incidence
of inadequate adhesion and a higher risk for organ
injuries caused by malpositioning of chest
compressions.

Since all female victims were older than 50
years, the sternum fractures might be attributed to
osteoporosis. On the other hand, we have ob-
served sternal fractures after real ACD-CPR both
in a 33-year-old and a 40-year-old woman [8].
Therefore, besides osteoporosis another reason
should be considered to account for the higher
fragility of the female’s sternum: the female ster-
num is usually thinner and broader than the male
sternum [18], and thus prone to greater fragility
during chest compression. Hence, the high pre-
dominance of sternal fractures in females could be
explained by the specific anatomy and pathophysi-
ology of the female sternum. Whether it should be
recommended to use less force when performing
CPR in a female than in a male patient remains to
be discussed. One aim of our study was to detect
the impact of the compression cushion: it turned
out not to be highly significant.

Summarizing the results of our study in cadav-
ers, we unexpectedly found that female cadavers
have a higher risk for sternal fractures. In addi-
tion, we could confirm that cadavers of older
patients have a higher risk for rib fractures during
ACD-CPR using the Ambu CardioPump®.
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