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a b s t r a c t
Objective: The quality of cardiopulmonary resuscitation (CPR), especially adequate compression depth,
is associated with return of spontaneous circulation (ROSC) and is therefore recommended to be measured routinely. In the current study, we investigated the relationship between changes of transthoracic
impedance (TTI) measured through the deﬁbrillation electrodes, chest compression depth and coronary
perfusion pressure (CPP) in a porcine model of cardiac arrest.
Methods: In 14 male pigs weighing between 28 and 34 kg, ventricular ﬁbrillation (VF) was electrically
induced and untreated for 6 min. Animals were randomized to either optimal or suboptimal chest compression group. Optimal depth of manual compression in 7 pigs was deﬁned as a decrease of 25% (50 mm)
in anterior posterior diameter of the chest, while suboptimal compression was deﬁned as 70% of the optimal depth (35 mm). After 2 min of chest compression, deﬁbrillation was attempted with a 120-J rectilinear
biphasic shock.
Results: There were no differences in baseline measurements between groups. All animals had ROSC after
optimal compressions; this contrasted with suboptimal compressions, after which only 2 of the animals
had ROSC (100% vs. 28.57%, p = 0.021). The correlation coefﬁcient was 0.89 between TTI amplitude and
compression depth (p < 0.001), 0.83 between TTI amplitude and CPP (p < 0.001).
Conclusion: Amplitude change of TTI was correlated with compression depth and CPP in this porcine
model of cardiac arrest. The TTI measured from deﬁbrillator electrodes, therefore has the potential to
serve as an indicator to monitor the quality of chest compression and estimate CPP during CPR.
© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Out-of-hospital cardiac arrest (OHCA) is a major public health
problem all over the world. Each year, an estimated 330,000
victims in US, 350,000 in Europe and 544,000 in China experience OHCA.1–3 Although survival rate varies considerably, the
overall functional survival is less than 10% among patients
successfully resuscitated.4,5 Successful cardiopulmonary resuscitation (CPR) from cardiac arrest requires the delivery of high
quality chest compression, including adequate depth, rate and
full chest recoil between compressions.6–9 The 2010 guidelines,
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therefore, emphasized the importance of performing optimal chest
compression.10–12 The role of chest compression is to restore,
although minimally, the ﬂow of oxygenated blood to vital organs,
and thereby minimise ischemic injury, especially in the brain and
heart.
However, the quality of manual chest compression is often not
optimal for both trained emergency medical professionals and lay
rescuers resuscitation attempts.13–15 In a recent multicenter clinical study, the median compression depth performed by emergency
medical services was around 37 mm and nearly half of cases had
a mean value less than 38 mm during OHCA resuscitation.6 Rescuer’s fatigue, which is a main reason for the decreased quality
of CPR, can lead to inadequate compression depth.16 Although rescuers may not be aware, the fatigue is present and the compression
depth decay became evident after only 90 s of chest compression,
even though the compression rate does not change.17,18
The use of mechanical chest compression devices can potentially overcome some of the limitations of manual compression
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and deliver consistent chest compression with adequate depth
and rate. However, there is still no high-quality evidence that
these devices may improve clinical outcome.19 When the use of
a mechanical device is not possible, it might be important to have
a real-time CPR feedback that prompts the rescuer to perform high
quality CPR.20–24 Quality variables such as the rate and depth of
chest compression measured through force transducer and acceleration sensors have been employed to monitor the quality of
chest compression and demonstrated their utility in improving
the effectiveness of CPR.25–27 Yet, these techniques for monitoring the quality of chest compression require additional sensors and
devices. Impedance cardiography, which had been initially developed to monitor stroke volume and cardiac output noninvasively,
has been used to evaluate the performance of chest compression by analyzing the transthoracic impedance (TTI) waveforms
recorded through the two deﬁbrillation electrodes.28–30 With the
increasingly greater availability of automated external deﬁbrillators (AEDs), more comprehensive analysis of the TTI waveforms is
feasible since current generation of deﬁbrillators can record ECG
together with TTI waveform synchronously. However, the relationships between TTI, compression depth and CPP have not been
established yet. This prompted the present effort to monitor the
quality of chest compressions by utilizing TTI signals recorded during CPR. We hypothesized that the amplitude change of TTI was
correlated with compression depth and CPP, and therefore had the
potential to serve as an alternative indicator for the monitoring of
the quality of chest compression and estimate CPP.
2. Materials and methods
2.1. Study design
This prospective, randomized, single center controlled experiment was designed to investigate the relationship between TTI,
compression depth and CPP. Experiments were performed in an
established swine model of electrically induced cardiac arrest.
All animals received humane care and the experiments were
conducted after approval of the Animal Ethics Committee, Sun Yatsen University (Guangzhou, China). The protocol was performed
according to institutional guidelines.
2.2. Animal preparation
Fourteen male domestic pigs weighing between 28 and 34 kg
were fasted overnight except for free access to water. Anesthesia
was initiated by intramuscular injection of ketamine (20 mg/kg),
completed by ear vein injection of sodium pentobarbital with a
dose of 30 mg/kg and maintained by additional doses of 8 mg/kg.
A cuffed endotracheal tube was advanced into the trachea and
animals were mechanically ventilated with a volume-controlled
ventilator (model Avs III, T Bird, CA, USA), with a tidal volume of
15 mL/kg, and fraction of inspired oxygen (FIO2 ) of 0.21.
For the measurement of aortic pressure, a 6F ﬂuid-ﬁlled angiographic catheter (model 070, Cordis Corporation, Miami Lakes,
FL, USA) was advanced from the surgically exposed right femoral
artery into the thoracic aorta. For measurements of right atrial
pressure and pulmonary arterial pressure, a 7-Fr, pentalumen,
thermodilution-tipped catheter (model 131HF7, Swan-Ganz TD,
Edwards Lifesciences, CA, USA) was advanced from the surgically
exposed right femoral vein and ﬂow-directed into the pulmonary
artery. For inducing VF, a 5-Fr pacing catheter (Cordis Corporation, Miami Lakes, FL, USA) was advanced from the right jugular
vein into the right ventricle until an endocardial electrocardiogram conﬁrmed endocardial contact via a multi parameter monitor
(78352C, HP Corporation, Palo Alto, CA, USA). The hard gel type of

adult deﬁbrillation/pacing pads (stat-padz, Zoll Medical Corporation, Chelmsford, MA, USA) were applied with an anterior to lateral
placement. TTI waveform was recorded through a user designed
circuit which was parallelly connected with the deﬁbrillator using
a sinusoid-wave excitation current of 2 mA and 30 kHz across the
deﬁbrillation pads. An accelerometer-based handheld CPR device
(CPR-D-padz, Zoll Medical Corporation, Chelmsford, MA, USA) was
placed on the surface of the animal’s chest just above the heart and
underneath the rescuer’s hands during chest compression. Cardiac
output was measured by the thermo-dilution technique with the
aid of a cardiac output computer (Baxter COM-2TM, Edwards Division, Santa Ana, CA, USA) after a bolus injection into the right atrium
of 5 mL cold saline solution, which had been maintained at a temperature between 0 ◦ C and 2 ◦ C. Aortic blood gases were measured
with the aid of a handheld blood analyzer (model CG4 + Cartridge,
Abbott i-STAT System, Princeton, NJ, USA). Respiratory frequency
was adjusted to maintain Petco2 between 35 mmHg and 40 mmHg
before inducing cardiac arrest and when mechanical ventilation
was resumed after resuscitation.
2.3. Experimental procedures
After collection of baseline data, cardiac arrest was induced with
a 2 mA alternating current delivered to the endocardium of the right
ventricle. After VF had been successfully induced, mechanical ventilation was discontinued and cardiac arrest was untreated for a
total of 6 min.
Animals were then randomized to one of the following two
groups: optimal CPR, where manual chest compression was performed by an emergency medical doctor at a rate of 100 per min
and a depth comparable to 25% of the anterior posterior diameter
of the chest, which represented approximately 50 mm; suboptimal
CPR, where chest compression was operated by another emergency
medical doctor at the same rate but the chest was compressed
to 70% of the depth of optimal group, which was equivalent to
approximately 17% of the anterior posterior diameter of 35 mm.9,16
The suboptimal depth represented a value corresponding to the
average suboptimal depth of compression recorded during outof-hospital CPR.6,9,31 During chest compression, the rescuer was
blinded from the monitored compression depth and TTI values but
with acknowledgment of whether his compressions were below
or above 38 mm. The animal’s chest wall was allowed to completely recoil in both groups. The animals were manually ventilated
with a bag-valve device during CPR. Chest compression was synchronized to provide a compression/ventilation ratio of 30:2 with
equal compression–relaxation intervals. No epinephrine or other
vasopressor agents were administered.
After 2 min of compression in each group, a deﬁbrillation was
attempted with a single 120-J rectilinear biphasic shock (M-Series,
Zoll medical corporation, Chelmsford, MA, USA). Chest compression
was immediately resumed followed by ECG rhythm analysis within
5 s until conﬁrmation of spontaneous circulation. The deﬁbrillation
attempt was regarded as successful when the electrical shock converted VF to an organized rhythm with a mean aortic pressure of
≥60 mmHg for an interval ≥10 s.31 If spontaneous circulation was
not restored, chest compressions were continued for another 2 min,
after which deﬁbrillation was attempted with another single 120 J
shock. This sequence was repeated for a maximum of 5 cycles.
Catheters were removed after 1 h of post resuscitation monitoring, and the animals were euthanized by injection of 150 mg/kg
intravenous pentobarbital.
2.4. Measurements
Baseline measurements were obtained, including ECG, the aortic pressure, right atrial pressure, TTI, cardiac output and blood
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Table 1
Baseline measurements.
Measurements

Optimal compression group (n = 7)

Body weight (kg)
Thoracic anterior posterior diameter (cm)
Thoracic transverse diameters (cm)
Heart rates (beats/min)
Mean aortic pressure (mmHg)
Respiratory rate (respiration/min)
Core temperature ( ◦ C)
Cardiac output (L/min)
PaCo2 (mmHg)
PaO2 (mmHg)
Arterial lactate (mmol/L)

31.71
22.27
17.63
112.00
103.86
14.86
37.91
4.63
36.61
81.29
1.76

±
±
±
±
±
±
±
±
±
±
±

2.25
0.56
0.57
12.70
21.67
2.79
0.41
0.56
1.85
8.54
0.30

gas analysis. The ECG, pressure measurements, acceleration signals and TTI waveform were continuously measured and recorded
through a data acquisition system supported by Windaq hardware/software (Dataq Instruments Inc., Akron, OH, USA) at a sample
rate of 300 Hz. The CPP was digitally computed from the differences in time-coincident diastolic aortic and right atrial pressures.
The compression rate and depth was calculated from the double
integration of acceleration signals recorded from accelerometer by
matlab7.0 (The MathWorks, Inc., Natick, MA, USA). The TTI amplitude change during each compression was deﬁned as the difference
between the wave crest and trough of the impedance waveform measured through the data acquisition system. Compression
depth, amplitude change of TTI and CPP were obtained from
each identiﬁable compression and reported within a 5 s average
window.

2.5. Statistical analyses
Data are presented as mean ± standard deviation (SD). Differences in TTI, compression depth and CPP between the two groups
were analyzed by two-tailed Student’s t-test for independent samples test. A two-tailed Fisher’s exact test was performed for rate
comparison. The relationship between TTI, compression depth and
CPP were tested with Pearson correlation coefﬁcients and analyzed
with linear regression. A p < 0.05 was regarded as statistically signiﬁcant.

Suboptimal compression group (n = 7)
32.00
22.07
17.90
114.29
105.14
15.71
37.96
4.49
36.36
83.00
1.86

±
±
±
±
±
±
±
±
±
±
±

2.29
0.73
0.38
13.94
14.01
2.14
0.50
1.11
1.26
9.49
0.34

p Value
0.82
0.58
0.32
0.75
0.90
0.53
0.86
0.67
0.77
0.73
0.57

3. Results
There were no differences in baseline measurements between
the two groups before inducing cardiac arrest (Table 1). Fig. 1
illustrates the ECG, TTI, acceleration signal and the reconstructed
compression depth signal recorded during the experiment.
No difference in compression rate (97.43 ± 6.41 vs. 93.93 ± 9.77
compressions per minute, p = 0.45) and ventilation rate (5.71 ± 0.45
vs. 5.86 ± 0.35 ventilations per minute, p = 0.55) were obtained
between groups. The measured compression depth was ranged
from 18.6 to 38.5 mm in the suboptimal group and between 35.2
to 57.0 mm in the optimal group. As shown in Fig. 2, the compression depth was signiﬁcantly higher in the optimal group during the
ﬁrst 2 min of chest compression (44.16 ± 4.61 vs. 29.06 ± 4.90 mm,
p < 0.001). As anticipated, CPP was signiﬁcantly higher in the
optimal group compared with suboptimal group (26.53 ± 7.58
vs. 13.09 ± 2.41 mmHg, p < 0.001). Amplitude change of TTI also
demonstrated a great difference between groups (1.45 ± 0.37 vs.
0.47 ± 0.12 ohm, p < 0.001). The Pearson correlation coefﬁcient was
0.89 between TTI amplitude and compression depth (p < 0.001),
0.83 between TTI amplitude and CPP (p < 0.001), 0.73 between compression depth and CPP (p < 0.001). The linear regression results are
shown in Fig. 3.
The deﬁbrillation success rate for the ﬁrst shock was higher in
the optimal group than in the suboptimal group, but a statistical
signiﬁcance was not achieved (85.71% vs. 28.57%, p = 0.103). All of
the 7 animals had ROSC after optimal compressions, while only 2

Fig. 1. ECG (A), transthoracic impedance (TTI) (B), acceleration signal (C) and the reconstructed compression depth signal (D) in the experiment.
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Fig. 3. Linear regression results between transthoracic impedance (TTI) and compression depth (A), TTI and coronary perfusion pressure (CPP) (B), compression
depth with CPP (C).

Fig. 2. Compression depth (A), Coronary perfusion pressure (CPP) (B) and transthoracic impedance (TTI) (C) during ﬁrst 2 min of cardiopulmonary resuscitation (CPR).

of the animals had ROSC with suboptimal compressions (100% vs.
28.57%, p = 0.021). No rib fractures were observed in both groups.
4. Discussion
The present study has demonstrated that change of TTI has the
capability to monitor the quality of chest compression in a porcine

model of cardiac arrest. The main ﬁnding was that TTI measured
from the two deﬁbrillation pads was strongly correlated with the
depth of chest compression (r = 0.89), and with CPP (r = 0.83).
Because more than half of the patients receive less than the
recommended compression depth of at least 50 mm and because
the quality of CPR prior to deﬁbrillation directly affects resuscitation outcome, many efforts have been tried to monitor the
quality of chest compression during CPR.6,11,32 Relevant chest
compression parameters, including compression depth and rate,
could be monitored and recorded in real-time during CPR by
using different transducers and sensors. For example, Baubin25
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measured the compression and decompression forces with two
transducers to determine chest displacement and deriving the
depth of compressions. Aase26 estimated compression depth with
the use of accelerometers. The feedback based audiovisual CPR
techniques have demonstrated their utility in improving the quality
of chest compressions provided by hospital care professionals.22,23
However, the compression force and mechanical displacement
measurement required additional sensors and devices and might
not always correlate with the actual physiological changes produced by CPR.
Another available method, i.e. the TTI measurement can also be
used in the ﬁeld of resuscitation. Earlier investigations based on
TTI have been studied this approach as a non-invasive technique
for estimating stroke volume and cardiac output.28,29 Losert et al.33
reported that TTI changes measured via deﬁbrillation pads correlated with ventilation rate and addressed the potential of using
impedance measurements for quantifying tidal volume. TTI was
also used to distinguish correct tracheal intubation from erroneous
esophageal tube placement.34 In a recent study, Roberts et al.35
demonstrated that changes of TTI obtained via deﬁbrillation pads
can accurately detect and guide ventilations in stable, mechanically
ventilated children, corresponding to rescue ventilations recommended during CPR.
Johnston et al.36 ﬁrst proved that impedance recorded through
two ECG/deﬁbrillation pads placed in an anterior-apical position
was a potential haemodynamic sensor for AEDs. Pellis et al.37
also demonstrated the utility of TTI for the classiﬁcation of respiratory arrest and cardiac arrest by detecting pulse pressure
during cardiorespiratory arrest. Furthermore, useful information
was extracted from TTI signals about the circulatory state of cardiac
arrest patient and could serve as an aid to give circulation-related
feedback to rescuers and thereby improve CPR quality.38 In order
to evaluate the performance of CPR during cardiac arrest, Stecher
et al.30 measured the changes of TTI produced by chest compressions and ventilations in 122 events of OHCA and concluded that
the core CPR values can be measured from TTI signals assessed by a
conventional deﬁbrillator. Aramendi et al.39 demonstrated that the
instantaneous compression rate can be accurately estimated from
TTI and the estimated rate can be used to suppress CPR artefact.
However, these studies only evaluated the quality of chest compression in terms of compression rate and compression fraction.
In this study, we intended to monitor the quality of chest
compression by assessing compression depth and found a strong
correlation between changes of TTI, compression depth and CPP.
Bivariate correlations demonstrated that TTI, compression depth
and CPP were highly correlated with each other, but TTI and compression depth had the highest Pearson correlation coefﬁcient of
0.89. On the other hand, the correlation coefﬁcient between TTI and
CPP (r = 0.83) was greater than the coefﬁcient between compression
depth and CPP (r = 0.73). Linear regression analysis showed that F
statistic was 1257 and 696, R square was 0.798 and 0.686 when
TTI served as dependent variable for the prediction of compression depth and CPP. This compared to an F statistic of 361 and R
square of 0.531 when compression depth was used to predict CPP.
The positive correlation between compression depth and TTI can
be explained by the deformation of the thorax during the external
compressions since TTI is measured through the electrical resistance changes in the thorax. The correlation between TTI and CPP
may be explained by the intra-thoracic pressure changes caused
by the deﬂection of compression and the consequent movement of
blood from the ventricle to the vascular system. The strong correlations between TTI, compression depth and CPP indicate the
TTI measurement not only reﬂect the quality of chest compression, but also associated with physiological changes produced by
chest compressions. Additionally, this method does not require any
additional sensor and equipment, so that it can be readily usable
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in current AEDs and in professional ECG monitoring/deﬁbrillation
devices.
We recognize limitations in the present report. First, the TTI was
measured between the two deﬁlation electrodes, so the effects of
electrode size, location, skin contact, and conduction together with
variable chest conﬁgurations, may produce vectoral changes in the
impedance. Secondly, there were no rib fractures observed in the
current study; so the effect of rib fractures on chest compliance and
TTI measurement was not evaluated. Furthermore, even though
the TTI was promising for the monitoring of the quality of chest
compression in this animal study, whether TTI can provide a selfreferenced measurement of depth that is subject-independent is
still need to be investigated.
5. Conclusion
Amplitude change of TTI was strongly correlated with chest
compression depth and CPP in this porcine model of cardiac arrest.
The TTI measured from the two deﬁbrillator pads, therefore has
the potential to serve as an alternative indicator for monitoring the
quality of chest compression and estimate CPP during CPR.
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