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Abstract

Aim: To mimic chest compression during cardiopulmonary resuscitation (CPR), this study aimed to produce time-resolved 3D (volumetric) reformats of

thoracic and upper abdominal tissue movement during incremental closed chest compression/decompression from 0 to 8 to 0 cm.

Methods: Sequential angiography enhanced computed tomography (CT) scans were acquired from a recently deceased, consented adult cadaver with

1 cm incremental closed chest compression/decompression. Three compression/decompression sequences from 0 to 3 cm, 0 to 5 cm, and 0 to 8 cm,

respectively, were scanned using a radio-opaque, manually operated, chest compression device. The multiphase volumetric data sets were compiled

into 4D models that allowed for multiplanar reformatted and volume rendered image manipulation.

Results: Time-resolved volumetric (4D) models were produced using freeware to post-process the static CT scans. The 4D models allowed the study of

simulated thoracic and upper abdominal content movement during closed chest compression.

Conclusions: The method described could assist CPR researchers and educators in the development and demonstration of effective CPR protocols.
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Introduction

Closed (external) chest compressions (CCC), as introduced into
modern medical practice by Kouwenhoven et al.1 in 1960, underpin
cardiopulmonary resuscitation (CPR) protocols. Nonetheless, the
evidence supporting current CCC recommendations remains incom-
plete.2,3Outside the echocardiographic study of dynamic human heart
anatomy during CCC4�13 and contrast angiocardiographic spot films

of dogs receiving abdominal counterpulsation CPR,14 the movement
of thoracic and abdominal contents during ongoing adult human CPR
has not been radiologically imaged due to radiation and physical
access restrictions.

To bridge this knowledge gap, Rutty et al.15 in 2017, proposed that
post-mortem computed tomography (PMCT) could be used to study
aspects of CPR. They reported the use of a CT-compatible radio-
opaque manually operated chest compression device, which could be
adjusted to image incremental cardiac compression/decompression
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in precise 1 cm steps. They suggested that such a device could be
used to further study CCC.

In clinical imaging, 4DCT (where a 3DCT volume is imaged over
time to create a dynamic volume dataset), was developed to improve
radiation therapy planning in lung cancer but has a broad range of
applications including the assessment of multiphase scans in the
localisation of parathyroid adenomas.16 Here, building upon
the 2017 work of Rutty et al., we present a procedure to create
time-resolved volumetric (4D) CT models that simulate thoracic and
upper abdominal organ movement resulting from chest compression
during CPR.

Methods

Ethics

The study has full ethical approval from the National Research Ethics
Service (NRES) (04_Q2501_64), and University Hospitals of
Leicester Research and Development Office (UHL09523).

Cadaver

A single cadaver of a 72-year-old adult male who died suddenly and
unexpectedly from metastatic lung carcinoma (PMCT diagnosis) was
consented for the study. The time between death and imaging was
12 h. No CPR had been performed.

Angiography enhanced incremental multiphase PMCT

imaging

Three incremental angiography enhanced PMCT compressions
�decompressions sequences of 0�3 cm, 0�5 cm and 0�8 cm were
undertaken using the radio-opaque, manually operated chest
compression device previously described by Rutty et al.15 Due to
the limitations of the CT bore size, to enable the compression device to
be imaged in situ, the arms of the cadaver were secured above the
level of the head. Prior to imaging the device was centred over the
lower part of the sternum (Fig. 1).

For each sequence, a series of volumetric CT datasets were
obtained during compression�decompression in precise 1 cm
incremental CCC-steps, creating a multiphase CT dataset. Prior to
imaging Foley 12 ch catheters (Coloplast Ltd., United Kingdom) were
inserted into the femoral artery and vein at approximately the midpoint
of the right upper leg. 800 mL 10% Urografin was infused at 3 mL/s into
both catheters before CT. PMCT was obtained using a Toshiba-
Aquilion scanner at 135 kVp, 400 mAs, and a slice thickness of
1.0 mm with 0.8 mm recon interval. The z-axis (length of scan)
extended from the mid neck to below the level of the kidneys. The 3, 5,
and 8 cm volumetric compression datasets consisted of 5383, 6193,
and 9571 reconstructed axial slices, respectively.

Creating a 4D model from static CT scans

Individual DICOM-file formatted volumetric CT-scans were imported
into ‘3D Slicer’17 (http://www.slicer.org; last visited April 2020) and
ordered as sequential ‘movie-frames’, with frame-numbers corre-
sponding to successive CCC-phase CT-scans using the “Sequence”
extension. Dynamic motion in the resulting 4D models was
achieved by replaying the sequences using a suitable frame-rate

(3�8 frames/second), resulting in compression/decompression cycle
times of 2 s. The ‘Volume Rendering’ module was used to create
dynamic 3D visualisations. Publishable 2D- and 3D representations
(videos in the Supplementary material Figs. 1�5) displaying
pre-defined visualisation-settings (Fig. 2) of the 4D model were
produced using the ‘Screen Capture’.

Results

Dynamic volumetric (4D) models were produced for each of the three
incremental compression/decompression sequences. Fig. 2 displays
an annotated static view captured from one of the dynamic 4D model
to example a static output that can be generated from this method.
Video-reconstructions of simulated CCC to depths of 3, 5, and 8 cm
compression, respectively, are provided as a Supplementary online
resource (Supplementary material Figs. 1�3, respectively). Similar to
Fig. 2, these videos comprise axial, coronal, and sagittal plane views,
respectively, as well as a volume rendered representation cropped in
a sagittal-like 3D view. The degree of thoracic and abdominal content
movement illustrated in these videos (and further in Supplementary
material Figs. 4 and 5) differs with the compression depth.

The sternum moves inwards in all three compression depth
models, principally compressing the atria against the thoracic spine. In
some views the upper spine is seen to extend. Both the sternum and
ribs fracture in the 0�8 cm compression depth sequence at
compressions deeper than 5 cm (Table 1). No fractures were
observed in the 0�3 or 0�5 cm depth sequences although the ribs
angulate at the sites where fractures later occurred. The right ventricle
chamber appears to be compressed. The left ventricle however
moves downwards and laterally and the chamber does not appear to

Fig. 1 – 3D volume-rendered computer tomography image
of the chest and upper abdomen displaying the chest
compression device and its position in an uncompressed
state on the cadaver during imaging. Annotation used:
arch of compression device (DA), plunger suction cup of
compression device (S).
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compress (best observed on the colour sagittal reconstructions),
although no quantitative analysis has been undertaken as this was not
the purpose of this paper. Both hemi diaphragms and the abdominal
organs move inferiorly. This is particularly striking with the kidneys.

The oesophagus is compressed against the thoracic spine whereas
the descending thoracic aorta moves to the left relative to the thoracic
spine.

Discussion

Due to concerns over radiation exposure and limitation of access to
the chest inside current clinical CT-systems, CT scanning with active
manual CCC has not been performed. Two papers have been
published with either a Lucas1 or AutoPulse1 device attached to the
patient in cardiac arrest whilst they had undergone CT scanning, but in
both cases the devices were not actively delivering CCC during the
scan.18,19 The limitation of bore size as well as subsequent artefacts
lead Wirth et al.19 to suggest that it was not applicable to use such
devices during CT imaging. Thus, although the 4D models we
example within the supplementary resource originate from incremen-
tal manual, not dynamic chest compressions, we believe they do
provide novel contrast enhanced CT generated, volumetric insight into

Fig. 2 – Annotated representative image serving to illustrate the output of the series of computed tomography used to
create the 4D models (Supplementary material Figs. 1�3) using simulated cadaver closed chest compression, in an
uncompressed state, using a radio opaque compression apparatus devised by Rutty et al.4. (A) The axial plan at the
level of the ventricle, (B) a volume rendered representation cropped in a sagittal plane at the level of the left ventricle
and descending aorta, (C) the coronal plane at the level of the inferior vena cave and, (D) sagittal plane at the level of
the left ventricle, respectively. Annotations used: Aorta (A), Inferior Vena Cava (IVC), Intestine (I), Left Kidney (LK),
Liver (L), Left Ventricle (LV), Right Ventricle (RV), Plunger of compression device (P), Sternum (S), Spleen (Sp),
Stomach (St).

Table 1 – Overview of compression depth and fracture
position of ribs and sternum in the 0�8�0 cm
compression/decompression series. R; right side, L;
left side.

Compression
depth (cm)

Initial observation of fracture
location (SideRib-nr.)

6 R4,5

L5
7 R3

L3,4
8 R2

L2
Sternum
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how the thoracic and abdominal soft tissues, skeleton and organs
probably move during CPR.

We illustrate that a radio-opaque device designed to deliver static
CCC of a cadaver chest in situ during CT can be used by researchers to
demonstrate and evaluate thoracic and abdominal organ movement
during CCC. Videos and physical 3D (printed) models extracted from
such dynamic datasets could also be used as an educational resource
for those teaching CPR to emphasise the importance of compression
depth and correct hand- or plunger placement and why sternal and/or
rib fractures and organ injuries, for example atrial tears, may occur. We
noted that renal movement was particularly pronounced which, through
stretching of the hilar vessels, could explain the presence of renal hilar
haemorrhage observed at autopsy following unsuccessful CPR.20

Finally, the approach may also have a role in future mechanical device
design and evaluation.

As this is a proof of concept paper describing the technique used to
produce the 4D model, to date we have not undertaken any linear or
volumetric measurements such as the actual distance of internal
compression of the sternum, vascular contrast movement or cardiac
chamber volume change. Each of the three 4D models generated
contained time-resolved volumetric data which can be viewed in the
same way as a ‘normal’ volumetric image dataset e.g. a CT-scan, is
manipulated on a DICOM viewer. This includes, but is not restricted to,
adjusting windowing for viewing bone or soft tissues, projections of
minimum, and maximum intensity, multiplanar reformatting and
complete 3D-rotation in volume rendered views.21 Furthermore,
although this is not the purpose of this paper, each 4D model allows for
region-of-interest analysis, and segmentation of all structures of the
heart (or any thoracic or abdominal structure) during each 1 cm
compression/decompression to provide quantitative measurements
of the effect of compression on each of the chambers of the heart
(or organ being considered). Such analysis could, for example,
consider the effect of depth of chest compression against quantitative
left ventricle chamber volume change. Assuming that this equates to
an increase in cardiac output, which could be measured through the
insertion of an ascending aortic pressure wire, then this would provide
human cadaver data to build upon the previous canine generated
research of Babbs et al.22

There are clear limitations of the described method. The device
delivers static incremental, not dynamic compressions, and thus the
subsequent 4D models are merely simulations. The device is also
currently designed for CT, but minor modifications will allow its use for
magnetic resonance imaging which would produce enhanced soft
tissue contrast compared to CT. To overcome these issues, we are
considering how to redesign the device to allow CT or magnetic
resonance imaging of dynamic cadaver chest compressions. If we, or
other, achieve this then contrast can be delivered during dynamic chest
compressions, thus providing a dynamic cadaver model for CPR
research. Due to the bore size of the CT scanner used, the cadaver’s
arms were raised above the head which is not a typical position for CPR.
Having said that, similar general movement was reported by Rutty
et al.15, with the same device, with cadaver arms by the side in their
original 5 cases examined which, despite different cadaver build and
between cadaver plunger positioning suggests simulation reproduc-
ibility. Finally, post-mortem change, for example vascular clots,
vascular collapse and organ rigor could affect the simulation. Although
we sought to minimise these effects by selecting a cadaver as close to
death as our current consenting and imaging protocols allowed, ideally
to remove the potential for post mortem changes, imaging should occur
as close to death as local policies and ethics permit.

Conclusion

It is challenging to perceive and interpret dynamic properties from
stationary visualisations. Incremental closed chest compression
�decompression was performed on an adult cadaver with multiphase
stepwise CT acquisition where each 1 cm scan represented one
phase of a full CCC cycle. The 4D model was compiled in a process
analogous to the cartoon technique of ‘stop motion animation’, where
every individual ‘animation’ has been substituted by one CCC-phase
CT scan. Accepting the limitations of the simulation we suggest that
the approach can inform CPR researchers of potentially important
information with regards to thoracic and abdominal component
movement during external CCC. The ability to present a visualisation
of thoracic and upper abdominal content movement during CCC in 4D
could also assist with the teaching of CPR technique. The novel
method used to generate a 4D model from incremental cadaver CCC
as described in this paper could yield new information and assist with
the testing and development of new resuscitation protocols and
interventions.
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Supplementary material related to this article can be found, in
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