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Background. Cardiopulmonary resuscitation (CPR) feedback devices are being increasingly used. However, current accelerometer-
based devices overestimate chest displacement whenCPR is performed on soft surfaces, whichmay lead to insufficient compression
depth. Aim. To assess the performance of a new algorithm for measuring compression depth and rate based on two accelerometers
in a simulated resuscitation scenario. Materials and Methods. Compressions were provided to a manikin on two mattresses,
foam and sprung, with and without a backboard. One accelerometer was placed on the chest and the second at the manikin’s
back. Chest displacement and mattress displacement were calculated from the spectral analysis of the corresponding acceleration
every 2 seconds and subtracted to compute the actual sternal-spinal displacement. Compression rate was obtained from the chest
acceleration. Results. Median unsigned error in depth was 2.1mm (4.4%). Error was 2.4mm in the foam and 1.7mm in the sprung
mattress (𝑝 < 0.001). Error was 3.1/2.0mm and 1.8/1.6mm with/without backboard for foam and sprung, respectively (𝑝 < 0.001).
Median error in rate was 0.9 cpm (1.0%), with no significant differences between test conditions. Conclusion. The system provided
accurate feedback on chest compression depth and rate on soft surfaces. Our solution compensatedmattress displacement, avoiding
overestimation of compression depth when CPR is performed on soft surfaces.

1. Introduction

Quality of cardiopulmonary resuscitation (CPR) is key to
increase survival from cardiac arrest. Providing chest com-
pressions with adequate rate and depth is difficult even
for well-trained rescuers [1]. When cardiac arrest occurs in
hospital, the patient is usually lying on a bed. Mattresses tend
to deform and move downwards during CPR, thus reducing
the efficiency of chest compressions [2].Thework required to
perform chest compressions increases in proportion with the
distance traveled by the rescuer’s hands, so the compression
of the mattress increases workload and consequently also
rescuer fatigue [3].

Resuscitation guidelines recommend providing CPR on
firm surfaces when possible [4, 5]. Transferring the patient to
the floor would ensure a firm surface, but it cannot always be
done safely and promptly. Another alternative would be the
use of backboards, which can be placed beneath the patient
during CPR to increase the area over which the compression
force is spread and reduce the amount of mattress compres-
sion. However, it is not clear whether the use of backboards
alone improves compression depth [6–9].

The deformation of the mattress during CPR is variable,
dependent on factors such as target depth, patient weight,
type of mattress, and the use of a backboard [3]. This makes
it difficult for rescuers to assess whether they are providing
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chest compressions with an adequate depth. The use of
monitoring and feedback devices during CPR can help
rescuers to improve quality of chest compressions [10, 11].
However, devices that do not take into account the underlying
mattress will overestimate compression depth [12]. Single
accelerometer-based devices measure chest displacement.
When chest compressions are provided on a mattress, they
sense the sum of the chest compression (sternal-spinal dis-
placement) plus the mattress deflection [12, 13]. Assuming
that chest displacement corresponds to chest compression
depth, these devices will incorrectly coach the rescuers,
potentially causing too shallow chest compression. So far,
accelerometer-based CPR feedback devices cannot perform
accurately on soft surfaces.

In this study, we present a solution to provide feedback on
compression depth and rate when compressions are delivered
on soft surfaces.The systemused two accelerometers: onewas
placed on the chest of the patient to measure chest displace-
ment (sternal-spinal displacement plus mattress deflection)
while the other was placed at the back of the patient to
measure mattress deflection. To estimate compression depth
and rate from acceleration, we applied an algorithm based on
the spectral analysis of consecutive 2-second segments of the
involved acceleration signals [14]. The system was evaluated
in a simulated resuscitation scenario with different surfaces,
CPR providers, and CPR conditions.

2. Materials and Methods

2.1. Study Design. The aim of the study was to quantify the
error in the estimation of chest compression depth and rate
during CPR performed on soft surfaces. For this assessment,
we collected recordings using a sensorizedmanikin to provide
the gold standard.Our secondary results were comparisons of
the measured error as a function of several influencing fac-
tors: type of mattress, backboard use, and compression rates.
To study the influence of the mattress, we used two models
with different compositions, foam and sprung. We also
wanted to study the influence of providing compressions
with slower (80 cpm), recommended (100 cpm), and faster
(120 cpm) rates, as this influences depth.

We designed our study as a randomized crossover study.
Before starting the data collection, each participant practiced
continuous chest compressions with the manikin placed on
the mattress and their hands on the chest accelerometer.
Then, we randomly grouped participants in couples and
each couple performed 12 experiments: with each mattress
with and without the backboard and for the three different
compression rates. Each experiment consisted of 3-minute
sessionswith a firstminute of continuous chest compressions,
followed by a rescuer change, and a 2-minute series of 30
compression instances with 5-second pauses in between.
Compressions were provided with the mattress placed on
the floor and with rescuers kneeling beside the manikin.
Target depthwas always 50–60mmand compression rate was
guided using ametronome.The order of the experiments was
randomized for each couple. Between consecutive experi-
ments, rescuers had a 10-minute break.The ethical committee
for research involving human subjects of the University of

the Basque Country (CEISHUPV/EHUBOPV 32, 17-2-2014)
approved the experimental protocol (M10-2015-208-RUIZ-
OJEDA).

We calculated the sample size taking into account the
standard deviation per record of the method reported in a
previous study [15] and fixing a 95% confidence level and a
margin of error lower than 3%.This yielded a sample size of 3
records (couples) per testing condition, but we fixed it to four
for safety.The eight participants were selected randomly from
a main group recruited for different ongoing studies on mea-
suring CPR quality with accelerometers. They had no previ-
ous experience inCPR training. All of themattended a 2-hour
CPR basics course including a period of training with the
manikin placed on the floor.Theywere trained for a compres-
sion depth of 50–60mm and a compression rate of 100 cpm
(metronome guided). All of them signed the informed con-
sent for the different experiments proposed, including this
study on soft surfaces. The written informed consent was the
only inclusion criterion.

2.2. Equipment and Data Collection. Weused a CPRmanikin
torso (Resusci Anne CPR, Laerdal Medical AS, Stavanger,
Norway) and placed a resistive sensor (SP1-4, Celesco Trans-
ducer Products Inc., Chatsworth, CA, USA) inside its chest to
measure the reference chest displacement signal. We placed
distributed weight plates inside the manikin increasing its
weight up to 20 kg to provide a more realistic simulation of
a human torso. For CPR experiments, we used two types of
mattresses: foam (800 × 2000 × 90mm, Pardo, Zaragoza,
Spain) and sprung (900 × 1800 × 100mm, Pardo, Zaragoza,
Spain). Some experiments were conducted with a backboard
(CPR Board, Ferno, Wilmington, OH, USA) placed between
the mattress and the manikin (Figure 2).

We used two triaxial accelerometers (ADXL330, Analog
Devices, Norwood, MA, USA) each one encased in a metal
box. One accelerometer was placed on the center of the
manikin’s chest and the other one beneath its back (Figure 1).
During the experiments, we recorded the chest displacement
and the two acceleration signals using an acquisition card (NI
USB-6211, National Instruments, Austin, TX, USA) con-
nected to a laptop computer, with a sampling rate of 250Hz
and 16-bit resolution.

For this study, we collected a database consisting of forty-
eight 3-minute episodes, twelve per couple according to the
protocol described in Section 2.1.

2.3. Spectral Method for Feedback on Rate and Depth. To
estimate the chest and back displacement from the corre-
sponding recorded acceleration values, we applied an algo-
rithmbased on the spectral analysis of the acceleration during
chest compressions [14]. We designed this algorithm as an
alternative to the classical approach of discrete double inte-
gration to calculate displacement from acceleration, which
presents several drawbacks already discussed in the literature
[15, 16]. The algorithm is based on the quasi-periodicity of
acceleration during short intervals of chest compressions.
Thus, both the acceleration and the displacement can be
represented by the first 𝑁 harmonics of their Fourier series
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Figure 1: Experimental setup (I). The Resusci Anne manikin fitted with a resistive sensor (shown in the bottom circle). The two triaxial
accelerometers encased in a metallic box: one is on the chest (shown in the top circle) and the other is on the floor. The acquisition card and
the laptop computer are on the left.
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Figure 2: Experimental setup (II). The manikin was loaded with
weights (see right side of the figure) and placed on a mattress, with
or without a backboard beneath its back (represented by a dark gray
rectangle). One triaxial accelerometer was placed on the chest of the
manikin and the other beneath its back.

decomposition.With thismathematicalmodel, the algorithm
provides the mean compression depth and rate achieved by
the rescuer every 2 seconds.

Figure 3 shows an example of the method. For each
interval, we applied the spectral method to the chest acceler-
ation to compute chest displacement, 𝑑chest, and to the back
acceleration to obtain mattress displacement, 𝑑mat. Then, the
actual chest compression depth (sternal-spinal displacement)
was calculated as the difference between both values: 𝑑cc =
𝑑chest − 𝑑mat. Chest compression rate 𝑟cc corresponded to the
fundamental frequency of the chest acceleration.

2.4. Data Analysis and Performance Evaluation. Episodes
were divided into 2-second consecutive nonoverlapped anal-
ysis intervals. The spectral method was applied to every
interval to compute one value of depth and rate per interval.
These values were compared to the ones obtained after
processing the reference compression depth signal (𝑑ref and
𝑟ref , resp.). We defined error1acc as the difference between
𝑑chest and 𝑑ref , that is, the error resulting from using a single
chest accelerometer to estimate compression depth. Similarly,
we defined error2acc as the difference between 𝑑cc and 𝑑ref ,
that is, the error resulting from using two accelerometers to
estimate compression depth.

The distributions of the chest and mattress displacement
and of the errors in the measurements with one and two

accelerometers did not follow a normal distribution accord-
ing to the Lilliefors test for normality. Values are described
by the median and interquartile range (IQR). Wilcoxon rank
sum test was used for comparison between two groups, and
Kruskal-Wallis test was used for multigroup comparisons.
Bonferroni correction was applied to account for multiple
comparisons.

3. Results

Baseline characteristics of the eight participants selected
for the study were women 62% and mean (SD) age 22.5
(1.4) years. Table 1 shows the median (IQR) computed chest
and mattress displacement, the reference chest compression
depth, and the unsigned error using one or two accelerom-
eters for the different mattress/backboard combinations.
Mattress compression was significantly higher for the sprung
surface (𝑝 < 0.001), and it significantly reduced with the
backboard for both surfaces: from 10.4mm (9.5, 11.4) to
7.0mm(6.4, 7.4)with𝑝 < 0.001 and from37.2mm(35.0, 40.0)
to 24.0mm (21.6, 27.9) with 𝑝 = 0.002, for foam and sprung
mattress, respectively. Global median mattress compression
was 17mm (8, 32).

When only the chest acceleration was used, the global
median of the error in the estimation of compression depth
(error1acc) was 18.1mm (7.2, 32.8), which corresponded to a
percent error of 41.1% (15.3, 72.9). With two accelerometers,
the error decreased to 2.1mm (0.9, 3.6), which corresponded
to a percent error of 4.4% (2.0, 7.5). For the different surfaces,
median error1acc was 7.2mm (4.4, 9.9) in the foam and
32.8mm (25.2, 37.9) in the sprung mattress (𝑝 < 0.001).
Median error2acc decreased to 2.4mm (1.2, 3.9) in the foam
and to 1.7mm (0.8, 3.2) in the sprung mattress (𝑝 < 0.001).
The use of a backboard significantly affected the results for
both surfaces, 𝑝 < 0.001 (see Table 1), but compression rate
did not have any significant influence. Figure 4 shows the dis-
tribution of error2acc, as a function of the different mattress/
backboard combinations. Results are provided separately for
every target rate and globally.
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Figure 3: Example of the computation of chest compression depth and rate. The spectral analysis of the chest and back acceleration every
2 seconds allows computing chest displacement and mattress displacement. Subtraction of both values gives the actual chest compression
depth, 𝑑cc = 50mm. Estimated average rate 𝑟cc was 99.4 cpm.

Table 1: Computed chest and mattress displacement (𝑑chest and 𝑑mat), reference chest compression depth (𝑑ref ), and unsigned error in
the estimation of the spinal-sternal displacement with one accelerometer (error1acc) and two accelerometers (error2acc), for different
mattress/backboard combinations.

Mattress Parameter (mm)
𝑑chest 𝑑mat 𝑑ref error1acc error2acc

Foam
Backboard 55.6 (51.7, 58.8) 7.0 (6.4, 7.4) 48.5 (45.4, 51.6) 4.5 (2.8, 6.8) 3.1 (1.5, 4.5)
No backboard 56.6 (52.1, 60.2) 10.4 (9.5, 11.4) 46.0 (42.0, 48.9) 9.1 (7.4, 11.2) 2.0 (0.9, 3.1)

Sprung
Backboard 69.9 (62.3, 79.6) 24.0 (21.6, 27.9) 45.8 (40.5, 51.8) 25.2 (22.4, 29.0) 1.9 (0.9, 3.3)
No backboard 83.4 (78.4, 89.1) 37.2 (35.0, 40.0) 46.0 (42.6, 49.7) 37.7 (34.9, 41.4) 1.6 (0.6, 3.1)

Global 61.9 (55.5, 78.7) 17.0 (8.0, 32.5) 46.7 (42.7, 50.4) 18.1 (7.2, 32.8) 2.1 (0.9, 3.6)

Global error in rate estimation was 0.9 cpm (0.4, 1.6),
which corresponded to a percent error of 1.0% (0.4, 1.7). No
statistically significant differenceswere found for the different
test conditions. Figure 5 shows the global distribution of the
error in rate. In the modified Bland-Altman plot, dashed
lines represent the median of the error (0.0 cpm) and the 95
percent limits of agreement (−3.3, 3.4 cpm).

4. Discussion

In this study, we proposed a technical solution to provide
accurate feedback on chest compression depth and rate when
CPR is provided on soft surfaces. The system uses two
accelerometers, one placed on the chest and the other beneath
the back of the patient. Our algorithm accurately estimated
compression depth and rate by spectral analysis of chest and
back acceleration proving that CPR feedback on soft surfaces
could be feasible.

Global median error of the method with two accelerome-
ters was 2.1mm (4.4%) in depth and 0.9 cpm (1%) in rate esti-
mation. This performance is comparable to the one reported
by the same method when CPR was provided on the floor,
with errors below 2mmand 1.5 cpm [14]. Accurate estimation
of compression rate was expected, as it was directly computed

as the fundamental frequency of the chest acceleration. In
contrast, depth estimation is usually very challenging in this
scenario. The accuracy of our method in the different test
conditions, however, proved its stability (median error below
3.2 in all cases).

Our results confirmed the compression depth overes-
timation of single-accelerometer-based CPR devices when
used on soft surfaces. Global median chest displacement, that
is, estimated compression depth with a single accelerometer,
was 62mm, whereas the actual compression depth was
47mm (Table 1). This led to an unacceptable median error
of 41%. Other studies reached similar results: Beesems and
Koster evaluated the performance of a commercial accelero-
meter-based CPR device [17], reporting a measured depth of
54mm (foam) and 56mm (air mattress), compared to the
manikin’s reference of 42mm and 35mm, respectively.

Using one accelerometer, results were different depending
on the type of mattress. Delivering compressions with the
manikin on the sprungmattress wasmuchmore difficult than
on the foam one.The sprungmattress presented less stiffness,
and consequently mattress compression was much higher
than with the foam one. In addition, participants had dif-
ficulties generating the required downward chest displace-
ment (perpendicular to the chest) with the sprung mattress.
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Acceleration was observed in the 𝑥-axis and 𝑦-axis of the
chest sensor not contributing to the vertical movement. This
could explain the very high overestimation of chest com-
pression depth with a single accelerometer (median error1acc
32.8mm), evenwith the backboard.With two accelerometers,
however, mattress displacement was very accurately compen-
sated in both surfaces. Error (error2acc) decreased drastically
to 2.4mm in the foam and 1.7mm in the sprung. Mattress
sinking and lateral movements were very well compensated
between the two sensors and thus accuracy increased.

Aase and Myklebust suggested in 2002 [16] the use of
two accelerometers to estimate chest compression depth in
moving environments. One accelerometer measured chest

acceleration and the other one floor acceleration. In that
study, both recorded acceleration values were subtracted
before applying the algorithm for computing chest compres-
sion depth. Oh et al. [18] applied integration and detrending
to chest and back acceleration for computing chest and mat-
tress displacement waveforms, respectively. In both approa-
ches, the difficulty lies in that when two oscillating signals
(acceleration or displacement) are added or subtracted, an
error in the synchronization of the signals would introduce
a phase error and could significantly modify the waveform of
the resulting signal. Small asynchrony between both signals
would result in unacceptable errors in the estimation of com-
pression depth. For tight synchronization, these approaches
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would require a wired connection between the two accele-
rometers which could complicate the practical implementa-
tion.

In contrast, our algorithm processes independently con-
secutive intervals of each acceleration. Chest and mattress
displacement values are separately computed and then sub-
tracted every 2 seconds. This approach is simpler and elimi-
nates the need for fine synchronization between the two sen-
sors. Even if the analysis time intervals were not perfectly
aligned, the error in the subtraction of both computed
distances would be small. This could allow wireless commu-
nication between both accelerometers.

This study presented some limitations. First, we used a
single resuscitation manikin. Even though we increased its
weight to provide a more realistic simulation of a human
torso, manikin differs in stiffness from a human chest, and
there are also wide variations in the morphology of human
chest. However, our simulated experimental setup provided
a framework to test the method’s accuracy in a wide range
of test conditions. Second, the accuracy of the method could
vary if CPR were provided by experts, especially if they are
familiarized with in-hospital compressions. A well consoli-
dated CPR technique with a more stable acceleration pattern
could increase the algorithm’s accuracy. The clinical appli-
cability of our proposal would therefore require prospective
validation studies with CPR experts, more surfaces, and
different patients.

5. Conclusion

The system described in this study provided accurate feed-
back on chest compression depth and rate during CPR

administered on two types of mattresses, foam and sprung,
using two accelerometers and spectral analysis of the acceler-
ation. Error in the estimation of compression depth was sig-
nificantly reduced with respect to that reported with a single
accelerometer. Our solution compensated mattress displace-
ment, avoiding overestimation of compression depth when
CPR is performed on soft surfaces. Quality of chest com-
pressions in these scenarios could therefore be enhanced to
adhere to resuscitation guidelines recommendation.
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