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Abstract

Aim: To determine compression force variation (CFV) during mechanical cardiopulmonary resuscitation (CPR) and its relationship with CPR-related
injuries and survival.

Methods: Adult non-traumatic OHCA patients who had been treated with mechanical CPR were evaluated for CPR-related injuries using chest X-
rays, thoracic computed tomography or autopsy. The CFV exerted by the LUCAS 2 device was calculated as the difference between the maximum
and the minimum force values and was categorised into three different groups (high positive CFV > 95 newton (N), high negative CFV < -95 N, and
low variation for intermediate CFV). The CFV was correlated with the CPR injuries findings and survival data.

Results: Fifty-two patients were included. The median (IQR) age was 57 (49-66) years, and 13 (25%) cases survived until hospital admission. High
positive CFV was found in 21 (40.4%) patients, high negative CFV in 9 (17.3%) and a low CFV in 22 (42.3%). The median (IQR) number of rib frac-
tures was higher in the high positive and negative CFV groups compared with the low CFV group [7(1-9) and 9 (4—11) vs 0 (0-6) (p = 0.021)]. More
bilateral fracture cases were found in the high positive and negative CFV groups [16 (76.2%) and 6 (66.7%) vs 6 (27.3%) (p = 0.004)]. In the younger
half of the sample more patients survived until hospital admission in the low CFV group compared with the high CFV groups [5 (41.7%) vs 1 (7.1%)
(p = 0.037)].

Conclusions: High CFV was associated with ribcage injuries. In the younger patients low CFV was associated with survival until hospital admission.
Keywords: Cardiopulmonary resuscitation, Thoracic injuries, Out-of-hospital cardiac arrest, Sudden death

racic pump and the cardiac pump driving flow theories during CPR.®

Introduction The pressure—volume curves of the Campbell diagram show how

CPR-related injuries affect the thoracic pump. A reduction in lung-
High quality chest compressions are the cornerstone of the car-  thorax compliance lead to a reduction in the negative intrathoracic
diopulmonary resuscitation (CPR), but it is a complex task to find a pressure in the decompression phase, which in turn causes an
balance between the benefit of increased compression depth, car- impairment in the venous return. Regarding the cardiac pump theory,
diac output, and the risk of harming the patient.”* Chest injuries sternum and multiple rib fractures could flatten the anterior thoracic

caused by CPR have recently been described as an independent wall, causing dynamic obstruction of the left ventricular outflow tract
factor for 30-day mortality following out-of-hospital cardiac arrest during chest compression which was associated with poor outcomes

(OHCA).® The incidence of serious rib cage injuries in these cases in prolonged CPR.”

ranges between 39.8% and 63.3% and the shape of the thoracic It has been suggested that the decrease in compression force as
. . 4,5

cage and chest mechanics during CPR can be altered. CPR progresses is due to CPR-related injuries.? At the same time in

A review to understand the adverse haemodynamic effect of
CPR-related serious injuries showed that it could affect both the tho-
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other cases, the compression force has been reported to increase
for, as yet, unknown reasons.’

The LUCAS 2 mechanical CPR device (Stryker/Jolife AB, Lund,
Sweden) apply the force that is required to reach the compression
depth recommended by the guidelines at a constant rate making
possible to explore how the compression force varies during a
CPR attempt.'® This study aimed to determine the compression
force variation (CFV) measured by the LUCAS 2 device and its rela-
tionship with chest injuries and patient survival following CPR.

Methods

Study design and setting

The study period was from January 26, 2016 to November 14, 2016.
Data were taken from the ReCaPTa Study, an OHCA prospective
registry initiated in the Tarragona region (Catalonia, Spain) in
2014, which contains multiple sources of information. The ReCaPTa
Study is focused on the study of sudden cardiac death and CPR-
related injuries and the details of the design were published previ-
ously."" The present study was approved by the Ethics Committee
of Institut d’Investigacio Sanitaria Pere Virgili (IISPV), Tarragona
(Ref: 166/2019), which waived the need for informed consent from
participants. Sistema d’Emergéncies Mediques de Catalunya, the
emergency medical service (EMS) in Catalonia, covers the whole
of the study territory. When a cardiac arrest is suspected, an
advanced life support (ALS) team is dispatched. All ALS teams have
been equipped with a LUCAS 2 mechanical CPR device since Jan-
uary 2016. Data on clinical variables and the times of CPR have
been collected and recorded by the ALS team who attended the
patient via an online application. This study was planned in Septem-
ber 2016.

Participants and autopsy data

On arrival at the scene, the ALS team decide whether to start
mechanical compressions based on his clinical decision and current
resuscitation guidelines.'® The LUCAS 2 device is used following the
manufacturer’'s recommendations for correct device placement.
Before starting chest compression, the suction cup is manually
adjusted down to the chest surface on the lower half of the sternum.
The present study includes consecutive adult patients with non-
traumatic OHCA who were treated with mechanical CPR. Survivors
admitted to the hospital underwent chest-X-Ray and/or thoracic CT,
and non-survivors were studied by the Tarragona forensic service of
the Institut de Medicina Legal i Cieéncies Forenses de Catalunya. In
Spain a forensic autopsy is required for all sudden and unexpected
natural death in non-hospitalized persons. All autopsies were per-
formed prospectively according to a specifically designed protocol
for the study of CPR-related injuries.'® Serious damages secondary
to CPR were defined as in previous studies.'*>* Serious ribcage
damage was defined as one with sternal fracture and/or involved
fractures to > 6 ribs if unilateral or > 4 ribs if at least one rib was bilat-
eral. Serious visceral damage was defined as any of the following
injuries: haemopericardium, epicardial contusion, dissection or hae-
matoma of the thoracic aorta, pneumothorax, haemothorax, lung
haematoma, hepatic laceration, hepatic subcapsular haematoma,
spleen injury. The injuries secondary to CPR in survivor were deter-
mined from the radiology and CT scan reports.

Mechanical chest compression device data

Compression depth was measured from the piston start position. The
measured force was that exerted by the device at the point of max-
imum compression depth with a maximum accuracy of +100 new-
tons (N). The device automatically applies the force required to
achieve a compression depth of 53 mm with an accuracy of
+2 mm. A detailed description of the measurements and perfor-
mance of the LUCAS 2 device has been presented previously.'®
The data was downloaded from the LUCAS 2 internal memory card
by a specialist technician using a service software. The treated cases
in the ambulance and defibrillator records were correlated with those
of the ReCaPTa Study by date, time and CPR duration. Two authors
(YA and BMH) reviewed the mechanical device data to identify any
anomalous readings or errors in placement of the suction cup. Com-
pression force data of the first minute of the CPR were excluded from
the analysis. Data on thoracic height, suction cup return distance,
compression depth and force (mean and standard deviation) were
averaged each minute throughout the CPR episode for each case.

Statistical analysis

CFV was measured as the difference between the maximum and the
minimum values of the LUCAS2 device compression force during the
first 30 minutes of CPR. The variation was considered positive when
the maximum force value was observed after the minimum value
along the CPR duration; the variation was considered negative when
the maximum value was observed before the minimum value. Thus,
for each subject one CFV was determined. To obtain the threshold
absolute value for the compression CFV able to predict different inju-
ries with the best trade-off between sensibility and specificity, area
under the curve (AUC) of the receiver operating characteristic curves
were computed. Following these results, the CFV was categorised in
three different groups: high positive CFV for variations with
value > 95 N, high negative CFV for variations < -95 N, and low vari-
ation for the intermediate CFV. A graphical explanation of the CFV
calculation and an analysis of the CFV slope in each case can be
found in Figure S2 and S3 of the electronic supplementary material.
The quantitative variables were described using the median and the
first and third quartiles (IQR), the categorical variables were
described using the number of cases and percentages. Group com-
parisons for quantitative variables were performed using Wilcoxon
and Kruskal-Wallis rank-sum tests, and the chi-squared test was
used for categorical variables. The association between survival
and low CFV was studied both in the total sample and in the younger
half of the sample for the effect of age as a confounder. All tests were
two-tailed and p < 0.05 was considered statistically significant. All the
calculations were made using the R statistical software.

Results

During the study period 210 adult patients with OHCA were treated
by the EMS and 110 (52.3%) received mechanical chest compres-
sion. Fifty-two patients were included in the final analysis, as shown
in the flow chart (Figure S1 of the electronic supplementary material).

The median (IQR) age of the sample was 57 (49-66) years, and
19 (36.5%) patients were women. The initial rhythm was shockable
in 15 (28.8%) patients, 25 (48.1%) patients received bystander
CPR and total CPR duration was 40 (30-52) min. All patients
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received manual CPR prior to the deployment of the LUCAS 2
device. Twenty-two patients (42.3%) presented a sternal fracture
and 33 (63.5%) presented at least one rib fracture secondary to
CPR.

The three types of compression force variation

Detailed examples of the CFV during the mechanical compressions
are depicted in Fig. 1. The results of the diagnostic values of the
absolute value of the CFV to predict different injuries are shown in
Table 1. The optimum threshold of the absolute CFV obtained was
95 N, which predicted sternum fracture, bilateral rib fractures or ster-
num and bilateral rib fractures with an AUC of 0.74, 0.79 and 0.79,
respectively. The three CFV groups are depicted in Fig. 2. Low
CFV was found in 22 (42.3%) patients, followed by high positive
CFV in 21 (40.4%) patients and high negative CFV in 9 (17.3%)
patients. The comparison of the study sample variables according
to the type of CFV is shown in Table 2. The mechanical CPR time
was significantly lower in the low CFV group (16 min) compared with
the high positive CFV group (24 min) and the high negative CFV
group (35 min) (p = 0.02). Regarding injuries, the median (IQR) of
rib fractures was higher in the group with high positive CFV [9 (4—
11)] and with high negative CFV [7 (1-9)] than in the group with
low CFV [0 (0-6)] (p = 0.021). The proportion of patients with ster-
num fractures was higher in the groups with high positive CFV
(57.1%) and high negative CFV (66.7%) than the group with low
CFV (18.2%) (p = 0.009). The proportion of patients with bilateral
fractures was higher in the groups with high positive CFV (76.2%)
and high negative CFV (66.7%) than the group with low CFV
(27.3%) (p = 0.004).

High negative

Low variation

Comparison of groups with and without bilateral rib
fractures
Table 3 shows the comparison between groups with and without
bilateral fractures. Twenty-eight patients (53.8%) had bilateral frac-
tures. The total CPR duration had been longer in subjects with bilat-
eral rib fractures. There were fewer females in the group with
bilateral fractures group [13 (54.2%) vs 6 (21.4%) (p = 0.015)].
Subjects with bilateral rib fractures had a higher heart weight,
interventricular cardiac wall and posterior wall thickness [495.5 gr
vs 343 gr (p = 0.004); 16 mm vs 14 mm (p = 0.04) and 16 mm vs
15 mm (p = 0.046) respectively]. CPR characteristic, CA-location
and other variables are shown in Table S1 of the electronic supple-
mentary material.

Comparison of groups in relation to survival until hospital
admission

Among the 52 patients studied, 13 patients (25%) presented survival
until hospital admission. The variables in the total study population
and the comparison in relation to survival until hospital admission
are shown in Table 4. The mechanical CPR time was shorter in
the group of survivors [13.0 min vs 24.0 min (p = 0.026)]. Injuries
were fewer in the group of survivors until hospital admission.
LUCAS2 data, CA-location and other variables are given in
Table S2 of the electronic supplementary material.

In the total study population 22 (42.3%) patients presented low
CFV and 30 (57.7%) patients high positive or negative CFV. Among
the low CFV group, 8 (36.6%) patients survived until hospital admis-
sion and among the high positive and negative CFV groups together,
5 (16.7%) patients survived until hospital admission (p = 0.105). In
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Fig. 1 - Example cases of chest compression force variation. Case A (9): A 54-year old male received 9 minutes of
manual CPR and 107 minutes of mechanical CPR. BMI: 31.2. The median compression force was 330 N with a high
negative compression force variation (<-95 N). The thoracic height at the beginning of CPR was 257 mm and 240 mm
at the end. He presented 10 bilateral rib fractures and 1 sternal fracture. Case B (8): A 29-year-old woman received 9
minutes of manual CPR and 41 minutes of mechanical CPR. BMI: 49.5. The median compression force was 490 N with
low compression force variation. The thoracic height at the beginning of CPR was 243 mm and 243 mm at the end.
There was no thoracic injury secondary to CPR. Case C (5): A 51-year-old male received 27 minutes of manual CPR
and 13 minutes of mechanical CPR. BMI: 26.2. The median compression force was 510 N with a high positive
compression force variation (>95 N). The thoracic height at the beginning of CPR was 204 mm and 204 mm at the
end. He presented 6 bilateral rib fractures and 1 sternal fracture together with serious visceral injuries.
Abbreviations: CPR = cardiopulmonary resuscitation, BMI = body mass index, N = newtons.
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Table 1 - Shows the area under the receiver-operating characteristic curve and diagnostic values of the absolute
threshold compression force variation predicting different injuries.

Injuries AUC Threshold force Precision Sensitivity Specificity MCC p-value
variation (N)
Any injury 0.79 108 1.00 0.60 1.00 0.37 0.07
Serious visceral damage 0.56 93 0.31 0.80 0.38 0.17 0.60
Sternum fracture 0.74 95 0.68 0.85 0.58 0.45 0.01
Rib fracture 0.75 86 0.89 0.81 0.63 0.39 0.04
Bilateral rib fractures 0.79 95 0.84 0.81 0.69 0.49 <0.001
Sternum and bilateral rib fractures 0.79 95 0.68 0.89 0.60 0.52 <0.001
AUC = area under the curve; N = newton; MCC = Matthews Correlation Coefficient.
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Fig. 2 - Compression force variation overtime distributed in three groups (threshold = 95 N).

the younger half of the sample (n = 26), 12 (46.2%) patients pre-
sented low CFV and 14 patients (53.8%) presented high positive
or negative CFV. In this younger sample, the survival until hospital
admission was higher in the low CFV group compared with the high
positive or negative groups [5 (41.7%) vs 1 (7.1%) p = 0.037].

Discussion

The majority of the included OHCA cases had a high CFV during the
first 30 minutes of mechanical CPR. The groups with high CFV were
associated with a higher incidence of CPR-related injuries. There
was an association between survival outcomes in the younger half
of the study population and low CFV where fewer CPR-related inju-
ries were found. Similar results have been recently reported describ-
ing CPR-related fractures as an independent factor for 30-day
mortality after OHCA.®

Age, gender, duration of CPR and incidence of rib fractures in our
study were similar compared to the ARREST trial, which assessed
the effectiveness of Extracorporeal CPR in OHCA, which also carries
out mechanical compression during transfer to the hospital and can-
nulation of the patient.'® The results of the present study can there-
fore be extrapolated to similar studies that report prolonged CPR.
Tomlinson et al. reported an increase in the compression force and
thus chest stiffness in 18% of patients at a shallower compression
depth and shorter CPR duration than in our sample.® Russell et al.

reported that only 24% of patients receiving prolonged manual
CPR guided by a feedback device presented an increase in chest
stiffness.? In this study, the percentage of patients reaching the rec-
ommended guideline depth of 50 mm and the incidence of complete
sternal return was lower in the stiffer chest quintile, highlighting the
deterioration of the mechanical properties of the chest in this group
of patients. The rescuer can adapt the depth of compression during
manual CPR if the stiffness of the chest increases whereas the
mechanical chest compression devices apply a fixed depth that
can be more forceful in some cases, which might explain our
findings.'®'”

As the chest wall materials fatigue after repeated loading, there is
a loss of structural integrity of the materials, which can lead to frac-
tures. Regarding the elastoplastic behaviour of the ribs, the fractures
result in a loss of the elastic component and a drop in the elastic
secant stiffness leading to a more unpredictable response to loads.'®
The loss of the chest wall elasticity during CPR has been associated
with worse survival outcomes which might explain our association
between low CFV and survival.'® Basically, the main forces involved
in thoracic biomechanics during CPR are the elastic force exerted by
the osseous-cartilaginous system of the rib cage and the damping
force exerted by the intrathoracic viscera.?® In the case of negative
CFV, the elastic force falls as a result of the deterioration in the mate-
rials of the ribcage, but the damping force remains unchanged. How-
ever, in the case of positive CFV, we hypothesise that the elastic
force falls equally, but there is an increase in the damping force that
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Table 2 - Shows the comparison of the sample variables according to the type of the compression force variation

(CFV).

Variables High negative CFV Low CFV High positive CFV p-value
N (%) 9 (17.3) 22 (42.3) 21 (40.4)

LUCAS data

Initial chest height, mm 234 (218-255) 226 (211-238) 227 (204-244) 0.69
Compression depth, mm 51 (50-52) 51 (49-52) 51 (49-52) 0.82
Compression force, Newtons 430 (410-480) 425 (380-497.5) 470 (390-510) 0.66
No of pauses, (%) 10 (9-20) 6 (3-10) 9 (6-12) 0.013
Chest compression fraction, % 77 (74-84) 89 (82-95) 84 (78-89) 0.032
CPR Characteristics

Total CPR duration, min 52 (36-63) 39 (27-50) 40 (35-50) 0.42
Manual CPR time, min 12 (9-19) 18 (9-29) 14 (7-22) 0.38
Mechanical CPR time, min 35 (25-43) 16 (11-22) 24 (13-38) 0.02
Bystander CPR 6 (67) 10 (45.5) 9 (43) 0.46
Ongoing CPR to Hospital 2 (22.2) 1(4.5) 1(4.8) 0.20
ROSC 4 (44.4) 8 (36.4) 5 (23.8) 0.48
ROSC at Hospital 1(11.1) 8 (36.4) 4 (19) 0.24
Discharge alive 1(11.1) 3 (13.6) 2 (9.5) 0.91
CPC 1-2 at hospital discharge 1(11.1) 1(4.5) 1(4.8) 0.49
Cardiac cause of death 9 (100) 11 (50) 12 (57.1) 0.001
Epidemiological data

Age, y 60 (54-66) 56 (46-61) 62 (49-71) 0.30
Female 1(11.1) 9 (40.9) 9 (42.9) 0.22
Damage

Sternum fracture 6 (66.7) 4 (18.2) 12 (57.1) 0.009
Rib fracture 7 (77.8) 10 (45.5) 16 (76.2) 0.069
Number of rib fractures 7 (1-9) 0 (0-6) 9 (4-11) 0.021
Bilateral rib fractures 6 (66.7) 6 (27.3) 16 (76.2) 0.004
Flail chest 2 (22.2) 1 (4.5) 3 (14.3) 0.33
Sternum and bilateral rib fractures 6 (66.7) 3 (13.6) 12 (57.1) 0.003
Serious ribcage damage 6(66.7) 8(36.4) 16(76.2) 0.025
Serious visceral damage 2 (22.2) 3 (13.6) 6 (28.6) 0.49

Data are expressed as median and interquartile range for continuous variables and frequency (N) and percentage for categoric variables. Abbreviations:
LUCAS = Lund University Cardiac Arrest System, CFV = Compression force variation, CPR = cardiopulmonary resuscitation, ROSC: return of spontaneous

circulation, CPC: cerebral performance category.

Table 3 - Shows the comparison of the patients with and without bilateral rib fractures.

Variables No bilateral rib fractures Bilateral rib fracture p-value
N (%) 24 (46.2) 28 (53.8)

Age, y 58 (46-65) 57 (50—-68) 0.35
Female 13 (54.2) 6 (21.4) 0.015
Anthropometric variables and autopsy findings*

BMI, kg/m? 30 (27-35) 30 (27-34) 0.99
Abdominal perimeter, cm 102.5 (97.3-108.5) 105.0 (91.5-112.0) 0.79
Thorax perimeter, cm 99.0 (92.0-110.5) 103.5 (95.3-110.3) 0.55
Heart weight, g 343 (277-447) 495.5 (416.25-569.5) 0.004
Interventricular cardiac wall, mm 14 (12-16) 16 (15-20) 0.04
Posterior cardiac wall, mm 15 (12-15) 16 (15-20) 0.046
Lungs weight, g 1064 (1005-1313) 1422 (1167-1623) 0.15

Data are expressed as median and interquartile range for continuous variables and frequency (N) and percentage for categoric variables. Abbreviations:

BMI = body mass index. *Only autopsy data.

could be the result of two factors. Firstly, the moulding and loss of the
elastic component of the chest secondary to ribcage injuries lead to
the sternum falling down over the anterior face of the heart, thus
gradually increasing the effect of the cardiac damping. Secondly,
the stone heart phenomenon and the increasing thickness of the
heart walls during prolonged CPR may also result in an increase in
the damping force.?’

In the present study, the patients with bilateral fractures had sig-
nificantly larger hearts than those without, which might suggest
higher initial chest stiffness and a lower fracture threshold due to
the increased initial damping force exerted by the intrathoracic vis-
cera and especially by the heart, highlighting its key role in the
CPR chest mechanics. This can be seen in a previously published
4D simulation.??
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Table 4 - Shows the comparison of the study sample variables in relation to survival at hospital admission.

Variables Total Survival at hospital admission No survival p-value
N 52 (100) 13 (25) 39 (75)

Age, y 57 (48-67) 65 (48-73) 56 (49-66) 0.71
Female 19 (36.5) 5 (38.5) 14 (35.9) 0.87
CPR Characteristics

Total CPR duration, min 40 (30-52) 38 (16-42) 44 (35-57) 0.03
Manual CPR time, min 14 (9-26) 11 (8-29) 15 (9-24) 0.97
Mechanical CPR time, min 22 (13-36) 13 (12-21) 24 (16-41) 0.026
Bystander CPR 25 (48.1) 7 (53.8) 18 (46.2) 0.63
Ongoing CPR to Hospital 4 (7.7) 0 (0) 4 (10.3) 0.23
Cardiac cause of death 32 (61.5) 10 (76.9) 22 (56.4) 0.38
Damages

Sternum fracture 22 (42.3) 1(7.7) 21 (53.8) 0.004
Rib fractures 33 (63.5) 2 (15.4) 31 (79.5) <0.001
Number of rib fractures 6 (0-10) 0 (0-0) 7 (1-10) <0.001
Bilateral rib fractures 28 (53.8) 2 (15.4) 26 (66.7) 0.001
Sternum and bilateral rib fractures 21 (40.4) 1(7.7) 20 (51.3) 0.006
Flail chest 6 (11.5) 2 (15.4) 4 (10.3) 0.62
Serious visceral damage 11 (21.2) 1(7.7) 10 (25.6) 0.17

Data are expressed as median and interquartile range for continuous variables and frequency (N) and percentage for categorical variables. Abbreviations:

CPR = cardiopulmonary resuscitation.

Regarding the clinical implications of this study, high positive or
negative CFV can occur gradually or suddenly, as shown in Fig. 1,
and could be caused by rib fractures. The depth of compression
and duration of CPR are responsible for the fatigue of rib cage mate-
rials and are the two main risk factors for CPR injuries.?® Preventing
high positive or negative CFV may help to maintain the elastic prop-
erties of the thorax and improve haemodynamics. Taking into
account that it has been found maximum survival in the depth interval
of 40.3 to 55.3 mm adapting the depth of compression during pro-
longed mechanical CPR might therefore be beneficial in some cases,
although this remains speculative.® In addition, we must keep in
mind that the CPR injuries risk factors not only depend on a deterio-
ration in the biological materials that occurs with ageing but also
might depend on the geometry of the rib cage. Based on that theory,
there might be two phenotypes that are more likely to present inju-
ries, elderly women and men with a large chest, so we could expect
worse survival outcomes in these patients after prolonged CPR.®
That said, the higher risk of CPR injuries in females has not been
seen in this study, which might be due to the relatively young age
of the sample. A successful, prolonged CPR in a young woman with
a low incidence of CPR injuries supports the suggestion of good
chest mechanics performance in these cases.?® Consider the preser-
vation of the chest biomechanical properties among the elements of
the high quality compressions in prolonged CPR may initiate a new
field of research into avoidable CPR-related injuries and person-
alised CPR.

Our study has several limitations. One was the small sample size.
The association found between the low CFV and survival will need to
be studied in a larger population. The use of X-ray as an imaging test
may underestimate the diagnosis of CPR injuries comparing with
autopsies and with thoracic CT.?®*” Part of the patients treated with
mechanical CPR who were declared dead in the field were not autop-
sied. All patients had received manual compression prior to the
mechanical compression and no data on the manual CPR depth of
compression was available so not all the injuries found can defini-
tively be attributed to the mechanical compression alone. Only the

variation in force during the first thirty minutes of mechanical CPR
was studied, therefore several cases were not studied for the total
CPR time. It cannot be ruled out that small variations in compression
force might have occurred due to movement of the mechanical com-
pressor piston on the chest. The CFV not only occurs as a result of
thoracic cage fractures but might also be due to ligament distension
or luxations that frequently occur in the sternal-costal joint, but this
was not evaluated in this study.

Conclusion

In summary, high CFV was presented in most of the cases and was
associated with a high incidence of CPR-related injuries compared
with those with low variation CFV. The high CFV can have a positive
or negative sign depending on whether the compression force
increases or decreases during CPR. Patients younger than 57 years
predominantly had low CFV and this was associated with survival
until hospital admission. The high variation in compression force
could be a marker of loss of chest wall elasticity and warrants further
studies to move towards a more personalised CPR.
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