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Abstract
Feedback indicators can improve chest compression quality during cardiopulmonary resuscitation (CPR). However, the 
application of feedback indicators in the clinic practice is rare. Pulse oximetry has been widely used and reported to cor-
relate spontaneous circulation restoration during CPR. However, it is unclear if pulse oximetry can monitor the quality of 
chest compression. We hypothesized that pulse rate monitored by pulse oximetry can be used as a feedback indicator of the 
chest compression rate during CPR in a porcine model of cardiac arrest. Seven domestic male pigs (30–35 kg) were utilized 
in this study. Eighteen intermittent chest compression periods of 2 min were performed on each animal. Chest compression 
and pulse oximetry plethysmographic waveforms were recorded simultaneously. Chest compression and pulse rates were 
calculated based on both waveforms. Compression interruption and synchronous pulse interruption times were also measured. 
Agreement was analyzed between pulse rates and synchronous chest compression rates, as well as between compression 
interruption times and synchronous pulse interruption times. A total of 126 compression periods of 2 min were performed 
on seven animals. Interclass correlation coefficients and Bland–Altman analysis revealed reliable agreement between pulse 
rates and synchronous chest compression rates. Similarly, compression interruption and synchronous pulse interruption times 
obtained also showed high agreement. Pulse rate can be used as an alternative indicator of chest compression rate during 
CPR in a porcine model of cardiac arrest. Pulse interruption time also can be used to reflect compression interruption time 
precisely in this model.

Keywords Cardiac arrest · Cardiopulmonary resuscitation · Pulse rate · Pulse oximetry plethysmographic waveform · 
Feedback device

1 Introduction

Cardiac arrest is a major public health issue with high inci-
dence and poor survival rate [1–3]. In order to improve 
resuscitation outcome and survival rate in patients with car-
diac arrest, the 2015 American Heart Association (AHA) 
guidelines [4] recommended chains of survival, of which 
cardiopulmonary resuscitation (CPR) was highlighted as the 
critical lifesaving treatment. During CPR, high-quality chest 
compression is a key determinant for successful resuscita-
tion and a critical foundation which impacts overall survival 
[5]. However, maintaining high quality chest compression is 
challenging, especially during prolonged CPR [6].

Without an accurate measure there can be no improve-
ment [7]. Feedback tools for the metrics of chest compres-
sion quality have been developed to improve chest compres-
sion quality. Numerous studies have demonstrated that chest 
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compression parameters provided by rescuers are closer to 
recommendations with feedback devices during resuscita-
tion [8]. Chest compression rate is one key component of 
high quality CPR, and AHA guidelines recommended chest 
compression rates of 100–120 compressions/min for cardiac 
arrest management [9]. However, chest compression rates 
provided by trained rescuers often fail to attain this standard 
range [8]. It remains difficult for rescuers to maintain optimal 
chest compression rate at the scene of cardiac arrest without 
feedback [10]. Furthermore, the compression interruption 
times, which negatively correlate with overall survival [9, 
11, 12], could also be minimized by feedback indicators [13, 
14]. Therefore, feedback indicators can ensure high-quality 
chest compression during CPR and are associated with an 
increase in survival [13, 15, 16].

However, feedback indicators are rarely used in clinic 
practice. It has been reported that the feedback sensor is only 
used in approximately 50% of all cases in a recent study from 
Germany [16]. The main reason is that the feedback sensor 
is not readily available and is inconvenient to carry and use. 
Importantly, implementation of CPR training program is still 
challenging in the developing nations, not to mention CPR 
feedback device [17, 18]. Considering the cost-effectiveness 
ratio, it is unlikely that the feedback device is affordable, 
especially in developing nations. Therefore, it is essential to 
develop a convenient and cost-effective real-time feedback 
indicator for chest compression quality during CPR.

Pulse oximetry has been widely used around the world. 
Pulse oximetry plethysmographic waveform monitoring, is 
not only used for measuring oxygenated hemoglobin, but can 
also potentially measure peripheral tissue perfusions [19]. 
In a previous study, we demonstrated that the analysis of 
pulse oximetry plethysmographic waveform using time and 
frequency domain methods could be considered feasible, 
non-invasive markers for spontaneous circulation restoration 
during CPR [20]. However, it is unknown if pulse oximetry 
can be used to monitor the quality of chest compression. 
Therefore, we hypothesized that pulse rate can be used as a 
feedback indicator of the chest compression rate during CPR 
in a porcine model of cardiac arrest. In the current study, 
we also investigated if pulse interruption time can gauge 
compression interruption time according to real-time pulse 
oximetry plethysmographic waveform using a porcine model 
of cardiac arrest.

2  Materials and methods

All animals received humane care in compliance with the 
“Principles of Laboratory Animal Care” formulated by the 
Ministry of Science and Technology of the People’s Repub-
lic of China. The protocol was approved by the Animal 

Care and Use Committee of Peking Union Medical College 
Hospital.

2.1  Animal preparation

A total of seven domestic pigs, weighting 30–35 kg were 
utilized and fasted overnight, except for access to water. Ani-
mals were anesthetized with an intramuscular injection of 
ketamine (20 mg/kg), then placed in the supine position on 
a U-shaped fixing frame and received a further intravascular 
injection with sodium pentobarbital (30 mg/kg).

A pulse oximeter sensor (Mindray Biological Medical 
Electronic Ltd, Shenzhen, China) was connected to the 
animal’s tails to monitor pulse oximetry plethysmographic 
waveform and oxygen saturation. Each pig was intubated 
with a 6.5 mm endotracheal tube and mechanically venti-
lated with inspired oxygen of 0.21 and a tidal volume of 
10 mL/kg using volume-control mode ventilator (Mindray-
E5, Mindray Biological Medical Electronic Ltd, Shenzhen, 
China). End-Tidal Carbon Dioxide  (ETCO2) was monitored 
using a mainstream  CO2 module (Capnostat, Shenzhen, 
China). Respiratory rates were adjusted to maintain the 
 PetCO2 at 35–40 mmHg.

An electric blanket was used to maintain the animal’s 
temperature between 36.5 and 37.5 °C throughout, which 
was monitored rectally. Force and acceleration sensors were 
fixed on the sternum to collect chest compression wave-
forms. A 6-F catheter was inserted into the thoracic aorta 
through the right femoral artery for central aortic blood pres-
sure (ABP) measurements and arterial waveform record.

A 7.5-F Swan-Ganz catheter (Edwards Life Sciences 
LLC, CA, USA) was advanced from the right femoral vein 
into the right atrium to measure core blood temperature and 
right atrial pressure (RAP). Both catheters were flushed 
intermittently with saline solution containing 5 IU heparin 
per ml. A 5 F pacing catheter (EP Technologies Inc., Moun-
tain View, CA, USA) was placed from the right external 
jugular vein into the right ventricle. An electrocardiogram 
(ECG) was used throughout. A glucose and sodium chloride 
injection at 5 ml/kg/h was infused prior to the induction 
of ventricular fibrillation to maintain RAP between 3 and 
5 mmHg. ECG, RAP, arterial waveform and pulse oxime-
try plethysmographic waveform were continuously moni-
tored and collected using a T8 Mindray monitor (Mindray 
Biological Medical Electronic Ltd, Shenzhen, China). The 
compressor piston was positioned at the midline level of the 
fifth interspace.

2.2  Experimental procedure

Baseline (BL) measurements were obtained 15 min prior 
to inducing ventricular fibrillation (VF). VF was induced 
by 24V/50 Hz AC current with a right ventricular internal 
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pacing electrode and was verified using both ECG waveform 
and rapid decrease to 20 mmHg in arterial blood pressure. 
Mechanical ventilation was discontinued after VF was estab-
lished. The pacing catheter was pulled out before initiating 
resuscitation.

After 3 min of untreated VF, resuscitation was initiated 
using a mechanical CPR device (OA O1S-Z1, Shenzhen 
Light and Precision Automation LTD, Shenzhen, China), 
which was programmed to provide readings for chest com-
pression depths and related rates. Once chest compression 
had been initiated, the ventilator was reconnected to the 
endotracheal tube and parameters (i.e., volume-controlled 
mode with a constant flow of 30 L/min, zero end-expiratory 
pressure,  FiO2 1.0, RR 10/min, tidal volume of 8 mL/kg, 
I:E 1:2, and the upper airway pressure limit was set to 60 
 cmH2O, turning-off the inspiratory triggering sensitivity) 
were set.

Each pig underwent 18 periods of compression under dif-
ferent settings, including  P3–60,  P3–80,  P3–100,  P3–120,  P3–140, 
 P3–160,  P5–60,  P5–80,  P5–100,  P5–120,  P5–140,  P5–160,  P7–60,  P7–80, 
 P7–100,  P7–120,  P7–140 and  P7–160. To clarify,  P3–60 refers to 
a chest compression depth of 3 cm and chest compression 
rate of 60 times per minute while  P5–80 refers to a chest com-
pression depth of 5 cm and chest compression rate repeat-
ing at 80 times per minute. Each compression period lasted 
2 min, before intentional interruptions, where settings were 
adjusted and compression was recommenced.

Compression interruption times between two compres-
sion periods were randomly generated with times ranging 
from 10 to 100 s. The sequence of 18 compression periods 
for each animal was also generated randomly. Necropsy was 
regularly performed to detect any experimental insults. The 
entire experimental procedure has been provided in Fig. 1.

2.3  Measurements

Chest compression waveform, arterial waveform, ECG and 
pulse oximetry plethysmographic waveform during each 
period were recorded simultaneously through a computer 
data acquisition system (Heart Lung Recovery Platform 
3.0, Mindray Biological Medical Electronic Ltd, Shenzhen, 
China). Chest compression and pulse rates per two seconds 
during each chest compression period were calculated using 
this software according to the chest compression waveform 
and pulse oximetry plethysmographic waveform.

Compression interruption time is defined as the initial 
time of chest compression waveform minus the end time of 
the last chest compression waveform. Synchronous pulse 
interruption time is defined as the initial time of pulse 
oximetry plethysmographic waveform minus the end time 
of the last pulse oximetry plethysmographic waveform. 
Then, consistency between pulse rates and the synchro-
nous chest compression rates during chest compression 

were statistically analyzed. Compression interruption 
times and the synchronous pulse interruption times were 
analyzed for agreement.

2.4  Statistical analysis

Statistical analysis was performed with SPSS 19.0 for 
Windows (SPSS, Chicago, IL, USA) and GraphPad Prism 
6 (GraphPad Software, San Diego, CA, USA). Baseline 
measurements were reported as means with corresponding 
standard deviations (SD). Agreement between various meas-
ures was performed using intraclass correlation coefficients 
(ICCs) and Bland–Altman analysis. A value of 2-tailed 
p < 0.05 was considered statistically significant.

3  Results

Baseline characteristics, including body weights, heart rates, 
respiratory rates, mean arterial pressure,  ETCO2 and  SpO2 
measures are provided in Table 1. Ventricular fibrillation 
was induced successfully in seven animals. In total 126 
compression periods of 2 min were performed. Chest com-
pression waveform, arterial waveform and pulse oximetry 
plethysmographic waveform had synchronous frequency 
variations during chest compression, although, this was not 
so when compared to ECG readings. Pulse oximetry ple-
thysmographic waveform, ECG, arterial waveform and chest 
compression waveform during chest compression periods of 
 P3–80,  P5–100,  P5–120 and  P7–160 are provided in Fig. 2.

Using ICC, high levels of agreement were observed 
between chest compression and synchronous pulse rates 
across all periods (ICC = 0.94, p < 0.001). Chest com-
pression depths of 3  cm (ICC = 0.87, p < 0.001), 5  cm 
(ICC = 0.97, p < 0.001) and 7 cm (ICC = 0.98, p < 0.001) 
were also consistent. Similarly, there was high agreement 
between pulse interruption and synchronous compression 
interruption times (ICC = 0.93, p < 0.001).

Using Bland–Altman analysis, low bias and limits of 
agreement were shown when chest compression rates were 
compared with synchronous pulse rates across all peri-
ods (Mean bias 1.46 bpm; 95% confidence interval [CI] 
1.18–1.74 bpm), as well as in chest compression depths of 
3 cm (mean bias 3.35 bpm; 95% CI 2.62 bpm to 4.07 bpm), 
5 cm (mean bias 0.62 bpm; 95% CI 0.26 bpm to 0.98 bpm) 
and 7  cm (mean bias 0.54  bpm; 95% CI 0.26  bpm to 
0.81 bpm). Similarly, when pulse interruption times were 
compared with synchronous compression interruption times, 
the relatively low levels of bias and limited agreement were 
observed (mean bias 4.64 s; 95% CI: 3.64 to 5.64 s). Please 
see Table 2; Fig. 3 for the details.



1162 Journal of Clinical Monitoring and Computing (2021) 35:1159–1167

1 3

4  Discussion

This experiment confirms that there are two determining 
factors (i.e., chest compression rate and compression inter-
ruption time) which affect the quality of CPR. However, 
these can be effectively monitored using pulse oximetry 
plethysmographic waveform technology. Based on our 
analysis of pulse oximetry plethysmographic waveform in 
this porcine cardiac arrest model, pulse rate can accurately 
represent chest compression rate in real-time. Pulse inter-
ruption time can also be used to represent synchronous 
compression interruption time. Therefore, pulse oximetry 
plethysmographic waveform may be used as a real-time 

feedback mechanism which would simplify procedures and 
improve CPR quality and outcomes.

In the present study, high agreement and synchronicity 
between pulse rate and chest compression rate were demon-
strated. According to chest compression data from a previ-
ous study [21], depths were set to 3 cm, 5 and 7 cm, with 
unmatched compression rates set to 60, 80, 100, 120, 140 and 
160 times per minute. High agreement between pulse and 
simultaneous chest compression rates were observed even 
though complete resuscitation times for each pig exceeded 
30 min. Initial time points for most periods were however, 
greater than 10 min after CPR commencement. Chest com-
pression waveform and pulse oximetry plethysmographic 
waveform appeared synchronous once chest compression 

Fig. 1  Experimental procedures. VF ventricular fibrillation, CC chest compression, P period, NO animal number



1163Journal of Clinical Monitoring and Computing (2021) 35:1159–1167 

1 3

commenced and when chest compression stopped. Chest 
compression waveform and pulse oximetry plethysmo-
graphic waveform also disappeared simultaneously at that 

stage. Even though comparing pulse rate and simultane-
ous chest compression rate in chest compression 3 cm, 5 
and 7 cm depths separately, high agreement was also evi-
dent across all three subgroups. High levels of agreement 
and synchronicity indicate that pulse rate could represent 
chest compression rate accurately, providing instantaneous 
feedback.

Some CPR instruments, even mobile device applications 
have emerged and could provide real-time CPR feedback 
parameters [22, 23]. However, these feedback tools are 
limited because they may only represent CPR performance 
metrics while neglecting genuine physiological responses. 
Being different from these feedback tools, pulse oximetry 
plethysmographic waveform could provide more physi-
ological information and is therefore a viable alternative, 
although further research is necessary. The principal of pulse 
oximetry plethysmographic waveform is that pulse oximetry 

Fig. 2  Pulse oximetry plethysmographic waveform, ECG, arterial 
waveform and Chest compression waveform during chest compres-
sion periods of  P3–80,  P5–100,  P5–120 and  P7–160 POPW, pulse oximetry 
plethysmographic waveform; ECG, electrocardiogram; AW, arterial 

waveform; CCW, chest compression waveform;  P3–80, a chest com-
pression depth of 3  cm and chest compression rate of 80 times per 
minute

Table 1  Baseline characteristics

MAP  mean aortic pressure, 
RR respiratory rate, ETCO2 end-
tidal carbon dioxide, SpO2 pulse 
oxygen saturation
Values are presented as 
mean ± SD

Body weight, kg 33.7 ± 0.7
Heart rate, bpm 87.4 ± 1.7
RR, bpm 13.4 ± 1.0
MAP, mmHg 125.1 ± 16.9
ETCO2, mmHg 39.4 ± 1.6
SpO2, % 96.5 ± 1.1
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Fig. 3  Concordance of rates and 
interruption times. PR pulse 
rate, CCR  chest compression 
rate, PIT pulse interruption 
time, CIT compression interrup-
tion time
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may distinguish the pulsatile components of arterial blood 
from non-pulsatile components of other tissues. The added 
advantage, is that this approach is sensitive to capture real-
time changes in peripheral blood flow which is superior to 
non-invasive feedback indicators [24].

Once cardiac arrest occurs, the purpose of chest compres-
sion is to restore blood flow, especially to provide blood to 
circulate the brain and heart. High quality chest compres-
sion can generate essential blood flow to prevent functional 
complications of vital organs. Therefore, chest compression 
guided by monitoring blood perfusion might be the ideal 
choice. A recent review recommended supporting a preci-
sion based CPR strategy using individual patient’s physi-
ology to guide resuscitation, such as coronary perfusion 
pressure, arterial diastolic blood pressure and  ETCO2 [25]. 
However, because of the invasive nature of these interven-
tions, complex operations and time lost due to CPR interrup-
tions, these additional indicators are difficult to implement 
in every scenario. Compared with these alternative indica-
tors, and due to the non-invasive nature, pulse oximetry ple-
thysmographic waveform could be more easily obtainable. 
Every pulse captured by pulse oximetry plethysmographic 
waveform represents a chest compression which generates 
forward blood flow.

This study also demonstrated that pulse interruption times 
correspond precisely with compression interruption times 
in real-time. According to the principles of pulse oximetry 
and pulsatile blood, these could also easily and quickly be 
detected using pulse oximetry plethysmographic waveform. 
Therefore, pulse interruption times based on pulse oxime-
try plethysmographic waveform could be used to reflect the 
onset and end of interruptions, accurately and simultane-
ously. A rapid and accurate reminder of interruptions in 
real-time is of course, crucial for improving CPR quality 
and outcomes.

In this study, high synchronicity between pulse oximetry 
plethysmographic waveform and arterial waveform were 
showed. Besides, our previous study demonstrated that both 
the area under the curve (AUC) and amplitude (Amp) of 
pulse oximetry plethysmographic waveform correlated with 

CPP and  ETCO2 in animal models [26]. These findings com-
bined suggest that pulse oximetry plethysmographic wave-
form has the potential to provide information around the 
quality of chest compression, which considerably simplifies 
procedures.

Furthermore, we observed when comparing to 5 and 
7 cm chest compression depths, the pulse oximetry plethys-
mographic waveform at a depth of 3 cm displayed relative 
flatness. Therefore, the agreement is not equally high com-
pared to 5 and 7 cm compressions, although pulse rate is still 
generated by analyzing pulse oximetry plethysmographic 
waveform using the software at chest compression depths 
of 3 cm. From another perspective, this could be used to 
prompt rescuers, if the pulse oximetry plethysmographic 
waveform appears or becomes platykurtic, this shows blood 
flow to peripheral regions of the body has decreased. One 
of the possible reasons for this is insufficient depth of chest 
compression. These findings combined with our previous 
study [26] reveal that pulse oximetry plethysmographic 
waveform may also represent genuine blood flow produced 
by chest compression; however, further research is required 
to confirm this assertion.

In clinical practice, pulse oximetry plethysmographic 
waveform monitoring is extensively utilized because it is 
non-invasive, easily obtainable, low-cost and a convenient 
approach. Consequently, it is easy to achieve using pulse 
rate as an alternative, real-time feedback indicator of chest 
compression rate and pulse interruption time for remind-
ing compression interruption time based on analysis of 
pulse oximetry plethysmographic waveform. A previous 
study having similar technology showed cerebral oximetry 
allows real-time, non-invasive cerebral oxygenation moni-
toring during CPR [27]. Comparatively, unlike monitoring 
blood oxygenation, detecting peripheral pulsatile blood flow 
caused by chest compression is the physiological monitoring 
principle for real-time feedback in the analysis of pulse oxi-
metry plethysmographic waveforms. Therefore, the prom-
ising value of pulse oximetry plethysmographic waveform 
might not only monitor chest compression quality, but also 
provide guidance for optimization of vital organ perfusion, 

Table 2  Agreement and 
Bland–Altman bias of rates and 
interruption times

ICC intraclass correlation coefficients, CI confidence intervals, bpm beats per minute

Agreement:
ICC (95% CI)

Bland–Altman:
bias (95% CI)

Pulse rates and chest compression rates
 All periods 0.940 (0.936 to 0.943) 1.46 bpm (1.18 bpm to 1.74 bpm)
 3 cm chest compression depth periods 0.874 (0.858 to 0.887) 3.35 bpm (2.62 bpm to 4.07 bpm)
 5 cm chest compression depth periods 0.966 (0.963 to 0.969) 0.62 bpm (0.26 bpm to 0.98 bpm)
 7 cm chest compression depth periods 0.980 (0.978 to 0.981) 0.54 bpm (0.26 bpm to 0.81 bpm)

Pulse interruption times and compression 
interruption times

0.927 (0.693 to 0.971) 4.64 s (3.64 to 5.64 s)
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even have the potential to predict prognosis during CPR. 
Further research is necessary to explore these promising 
values across a human sample in the future.

5  Study limitations

We acknowledge that there were several limitations in this 
study. First, animals were utilized in this study which means 
findings may not translate to a human population or to a 
relatively unhealthy human population. Further research is 
necessary to confirm these findings before generalizing to 
a human population. Secondly, a healthy porcine model of 
cardiac arrest was established by induced fibrillation in this 
study, while many of those whom encounter cardiac arrest 
are either suffering comorbid disorders or with multiple 
morbidities. Therefore, the effectiveness of pulse oxime-
try plethysmographic waveform in cardiac arrest caused by 
other etiologies requires further evaluation. Finally, pulse 
oximetry plethysmographic waveform appears to be affected 
by motion. As a result, selecting an appropriate monitoring 
site to avoid potential signal interference, which requires a 
further research.

6  Conclusions

We conclude that pulse rate can be an alternative indicator of 
chest compression rate and pulse interruption time can also 
be used to indicate compression interruption time precisely 
in this porcine model of cardiac arrest.
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