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Abstract

In this prospective study we investigated whether the pulse oximetry plethysmographic waveform (POP) could be used to
identify return of spontaneous circulation (ROSC) during cardio-pulmonary resuscitation (CPR). Tweleve pigs (28 +2 kg)
were randomly assigned to two groups: Group I (non-arrested with compressions) (n=6); Group II (arrested with CPR and
defibrillation) (n=6). Hemodynamic parameters and POP were collected and analyzed. POP was analyzed using both a
time domain method and a frequency domain method. In Group I, when compressions were carried out on subjects with a
spontaneous circulation, a hybrid fluctuation or “envelope” phenomenon appeared in the time domain method and a “dou-
ble” or “fusion” peak appeared in the frequency domain method. In Group II, after the period of ventricular fibrillation was
induced, the POP waveform disappeared. With compressions, POP showed a regular compression wave. After defibrillation,
ROSC, and continued compressions, a hybrid fluctuation or “envelope” phenomenon appeared in the time domain method
and a “double” or “fusion” peak appeared in the frequency domain method, similar to Group I. Analysis of POP using the
time and frequency domain methods could be used to identify ROSC during CPR.

Keywords Cardiac arrest - Cardiopulmonary resuscitation - Pulse oximetry plethysmographic waveform - Identification -
Return of spontaneous circulation

Abbreviations CA Cardiac arrest

CCs Chest compressions PpCO, Partial pressure of end-tidal carbon dioxide
CPR Cardiopulmonary resuscitation VF Ventricular fibrillation

POP The pulse oximetry plethysmographic waveform  HR Heart rate

ROSC  Return of spontaneous circulation DAP Diastolic arterial pressure

TDM The time domain method
FDM The frequency domain method
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1 Introduction

P4 Jun Xu

xujunfree@126.com High quality chest compressions (CCs) are critical during
cardiopulmonary resuscitation (CPR) [1, 2]. The latest AHA
CPR guidelines emphasize minimizing interruptions in com-
pressions, for example by re-starting CCs immediately after
a defibrillation shock [3, 4]. However, chest compressions
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to halt CCs when they are no longer needed and may be
harmful.

Until now, there have been no validated methods to
guide physicians’ decisions about how long to prolong CPR
efforts. Pulse oximetry, which is noninvasive and conveni-
ent, is widely used in most clinical situations to monitor the
oxygenation saturation of peripheral blood [8]. The operat-
ing principle of pulse oximetry is a light detector and a light
source. The absorbance of the arterial blood varies with each
beat, and this variance is transformed into an electrical sig-
nal which is then transferred from the detector as a waveform
with each beat, i.e. the pulse oximetry plethysmographic
waveform (POP) [9-11]. Since it directly reflects peripheral
blood pulsations, the POP can be used as an early indicator
of changes in circulation [9, 12, 13].

An earlier study showed that POP could reliably reflect
the quality of CPR [14]. In clinical practice, we have noticed
that POP changes when a patient in cardiac arrest achieves
return of spontaneous circulation (ROSC). POP shows dif-
ferent characteristics when cardiac arrest (CA) appears or
ROSC is achieved. In this prospective study we investigated
whether the POP could be used to identify ROSC during
CPR.

2 Methods
2.1 Animal preparation

This experimental protocol was approved by the Animal
Care and Use Committee at Peking Union Medical College
Hospital (2013S-512).

12 healthy 3-month-old male domestic swine [(28 +2)kg]
were fasted overnight, and then anesthetized by 3% sodium
pentobarbital (Merck, 719F034, Germany) 1 ml/kg by intra-
muscular injection followed by inhalational 4% isoflurane
(ABBOTT, H20059911, USA) via a snout mask with 100%
oxygen using an anesthesia apparatus (Veterinary Anesthe-
sia Ventilator, Midmark Corporation, USA). Anesthesia was
maintained with intravenous propofol (2 mg/(kg/h)) (Corden
Pharma S.P.A., H20100645, Italy) after endotracheal intu-
bation and mechanical ventilation initiation. The animals
were anesthetized throughout the duration of the study until
euthanasia. Volume control mode without PEEP was given
(tidal volume =8 ~ 10 ml/kg, Rate = 10/min) by mechanical
ventilator (Esprit Ventilato, V1000, Germany). The tidal vol-
ume was adjusted to maintain a partial pressure of end-tidal
carbon dioxide (Pg;CO,) of 35~45 mmHg.

The pigs were placed in specially-designed adjustable
U-shaped fixation frames in a supine position to avoid tube
dislocation or movement during CCs. A pulse oximetry sen-
sor (T8, Mindray, Shenzhen, China) was fixed around the
tails of the models to obtain the POP. The right femoral
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artery in each swine was cannulated with 4-Fr thermos-dilu-
tion PiCCO catheter (Pulsion Medical Systems AG, Munich,
Germany) and connected to a monitor (T8, Mindray, Shenz-
hen, China) in order to continuously monitor each subject’s
arterial pressure. A central venous catheter was inserted into
the left internal jugular vein in each animal to allow passage
of an endocardial electrode catheter in order to induce ven-
tricular fibrillation (VF) by 24V/50HZ alternating current
lasting 1-s.

2.2 Experimental protocol

Twelve pigs (28 +2 kg) were randomly assigned to two
groups: Group I (non-arrested with compressions) (n=06);
Group II (arrested with CPR and defibrillation) (n=6)
(Fig. 1). VF=ventricular fibrillation; CC =chest compres-
sions in Group I; CC, =chest compressions after VF in
Group II; DF =defibrillation; CC, =chest compressions after
ROSC in Group II; SC=stop compression.

In Group I (n=6), 30-min after animal preparation,
CCs were performed on the animals for a total of five min-
utes. The rate and depth of CCs were controlled by a CPR
machine (WISH-SL-FS-A, Wuhan, China). Hemodynamic
parameters were collected at initiation and at the beginning
of the second and sixth minutes.

In Group II (n=6), VF was induced 30-min after ani-
mal preparation. After 3 min of untreated VF followed by
2 min of CCs with mechanical ventilation, animals were
defibrillated at 100J biphasic. After ROSC was confirmed,
CCs were re-started at the seventh minute and stopped at the
twelfth minute. Hemodynamic parameters were collected
at initiation and at the second, fourth, sixth, ninth and thir-
teenth minutes after VF. The standard of ROSC we used
was: the return of a measurable pulse and blood pressure, an
abrupt sustained increase in PCO, (typically >40 mmHg),
and the appearance of spontaneous arterial pressure waves
on intra-arterial monitoring [15].

In both groups, mechanical ventilation was maintained,
except during periods of untreated VF. All animals were
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Fig. 1 Experimental Protocol. Group I non-arrested with chest com-
pressions, Group Il arrested with CPR and defibrillation, ROSC
return of spontaneous circulation, VF ventricular fibrillation, CC
chest compressions in Group I, CC; chest compressions after VF in
Group II, DF defibrillation, CC, chest compressions after ROSC in
Group II, SC stop compression
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provided with CCs at a target rate of 110 CCs/min. They
were transfused with normal saline at a rate of 10 ml/
(kg/h) during the experimental protocol, and intravenously
received propofol at a speed of 2 mg/(kg/h). 10 min after
data collection, all the animals were euthanized with
potassium chloride.

2.3 Outcome measurements

The following physical parameters were monitored: heart
rate (HR), diastolic arterial pressure (DAP), and PCO,.
Additionally, the POP was collected and analyzed for all
animals.

2.4 POP acquisition and analysis

POP data was acquired by the T8 monitor and stored in
Compact Flash cards. The data was analyzed on Mindray
POP viewer V8.0 (Mindray Research Center for Monitor-
ing and Life Support) using MATLAB software V7.10.0
(MathWorks, Natick, Massachusetts, USA).

POP was analyzed using both the time domain method
(TDM) and the frequency domain method (FDM). TDM
presenting dynamic signals on a time axis has a high cor-
relation with the shape of the spontaneous pulse wave, and
has the advantage of being a clear representation of the
POP. The “envelope” feature reflects mixed signals of dif-
ferent frequency waveform in TDM. When there is motion
interference, however, baseline drift and/or patient cardiac
dysfunction, the waveform in TDM may be disrupted, in
which case recognition based on the “envelope” feature
may be affected (Fig. 2a). The waveform of the manual
compression signal and the spontaneous circulation signal
may have regular “envelope”. Like two waveforms mix-
ing, the peak of amplitude will change when two different
frequency waveforms come across. Namely, the ampli-
tude increases when the peaks appear at the same time
and decreases when the trough comes across the peak.
It could be seen that the mixing waveform shows regular
increase and decrease in amplitude. This envelope charac-
teristic thus can provide an effective feature point for the
ROSC recognition in the CPR process. Applying the FDM
can convert the signals into a figure with a frequency axis.
The signals with different frequencies can be reflected at
different locations on the frequency axis (Fig. 2b). The dif-
ferent frequencies of CCs and ROSC (spontaneous cardiac
pulsations) can therefore be potentially seen by looking at
both TDM and FDM.

The changes in POP were identified as present/absent by
the investigators. There were two investigators analyzing the
POP separately.

2.5 Statistical analysis

Statistical analysis was completed using SPSS (Version
20.0). Normality of the continuous variables was assessed
using the Skewness-Kurtosis test. Normally distributed con-
tinuous variables were described as mean + SD and com-
pared by Student’s T-test or repeated measurement analysis
of variance. A two-tailed (two-sided) probability value of
less than 0.05 was considered to be statistically significant.

3 Results
3.1 Physical parameters

There was no statistically significant difference in baseline
physical parameters between Groups I and II (p > 0.05).

Within Group I, there was no statistical difference in HR
among the different stages (F=0.78, p=0.58) (Fig. 3a).
PpCO, (F=30.48, p<0.01) and DAP (F=9.31, p<0.01)
were statistically different between the different stages
(Fig. 3b, 2c¢), the differences of which came from compar-
ing the baseline and CC stages, and the CC and SC stages.

In Group 11, all physical parameters were descending sta-
tistically to a very low level after VF was induced (p <0.05).
Parameters were ascending to a stable level during CC, stage
(p<0.05). After defibrillation, HR, PgCO, and DAP were
ascending between the CC, and DF stages (p <0.05) (Fig. 3).
During the DF, CC, and SC stages, HR was statistically
different between the different stages (F=7.55, p<0.05),
the difference of which came from the CC, and SC stages
(Fig. 3a). DAP had a trend of ascending during the DF, CC,
and SC stages, though no statistically significant difference
existed (F=4.38, p=0.0498, the difference of which came
from individual data) (Fig. 3b).

3.2 POP analysis

Both of the two investigators drew the same conclusion.

In Group I, at the baseline stage, POP showed a regular
waveform in TDM and a single peak in FDM (Fig. 4a). POP
showed a fluctuation hybrid or “envelope” phenomenon in
TDM and a “double” or “fusion” peak of both pulse and CCs
in FDM during the CC stage (Fig. 4b). POP resumed a regu-
lar waveform in TDM and a single peak waveform in FDM
at the SC stage (Fig. 4c). The double or fusion peaks of pulse
and compressions in FDM showed one of the peaks had a
relatively fixed rate of 110 cc/m, matching the mechanical
CCs, while the other peak matched the “drifting” frequency
of a spontaneous pulse, as shown in Video 1 in Supplemen-
tary material. The waveform at the SC stage was no different
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Fig.2 POP in the time and frequency domain. a The waveform in the time domain and the envelope feature. b The waveform as seen in the fre-

quency domain

than the waveform at the baseline stage morphologically.
These wave transformations appeared in all 6 animals of
Group 1.

In Group II, at the baseline stage in all 6 animals, POP
also showed a regular waveform in TDM and a single peak
of pulse in FDM (Fig. 5a). At the VF stage, the regular
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waveform disappeared in TDM and a mixed and disorderly
waveform appeared in FDM (Fig. 5b), this wave transfor-
mation appeared in all 6 animals. At the CC, stage, POP
showed a regular compression wave in TDM and a single
peak of compression in FDM in all 6 animals (Fig. 5c).
At the DF stage in all 6 animals, POP showed a regular
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Fig.3 Changing parameters in non-arrested animals with chest com-
pressions compared to arrested animals with CPR. a HR changes in
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chest compressions, Group II arrested with CPR and defibrillation,
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coronary perfusion pressure, VF cardiac arrest after ventricular fibril-
lation, CC chest compressions in Group I, CC; chest compressions
after VF in Group II, DF return of spontaneous circulation (ROSC)
after defibrillation, CC, chest compressions after ROSC in Group II,
SC stop compression

compression wave in TDM and single peak of compression
in FDM (Fig. 5d). At the CC, stage, POP showed either the
fluctuation hybrid (appearing in all 6 animals) or “envelope”
phenomenon (appearing in 5/6 animals) in TDM and “dou-
ble” or “fusion” peaks in FDM (appearing in 5/6 animals)
(Fig. 5e). Similarly to Group I, one of the double/fusion
peaks in FDM had a relatively fixed rate of 110 cc/m, while
the frequency of the other peak showed some drift as can
be seen in Video 2 in Supplementary material. At the SC

stage in all 6 animals, POP resumed a regular waveform in
TDM and a single peak waveform in FDM (Fig. 5f). The
waveform at the CC,; (before ROSC) and the SC stages was
no different compared to the waveform at the baseline stage
morphologically. The waveform at the DF stage was similar
to the baseline, CC, and SC stages, except the peak of red
light was higher than the one for infrared light.

4 Discussion

CA is characterized by the absence of pulsatile flow, while
ROSC marks the return of pulsatile flow. Using waveform
analysis, POP can detect the dual-presence of a pulsatile
flow waveform alongside the waveform of chest compres-
sions as seen in the overlapping pulse waves in TDM and
FDM. Additionally, POP can be used to monitor perfusion of
the peripheral circulation during CPR and CA [16]. An ear-
lier pilot study showed that POP has the potential to detect
CA, and also to recognize ROSC during the peri-CPR period
[17]. This current study showed a significant association
between the transformation of POP and pathophysiologic
changes following CA using the time and frequency domain
waveform plotting methods.

The animals’ POP demonstrates a stable peripheral cir-
culatory state under normal physiological conditions. When
the animals suffered CA, the regular POP waveform disap-
peared. In TDM, POP flat-lined, showing no evidence of
pulsatile flow. While FDM showed a disorderly waveform
coming from the external interference of residual pulsatile
flow(s). The POP appeared to regain a regular waveform
when chest compressions were performed.

When the animal subjects achieved ROSC after defibrilla-
tion, the POP returned to a regular waveform similar to their
baseline, while other vital signs increased to a remarkably
higher level (which is commonly seen in human patients
after ROSC). The POP waveform showed a fluctuation
hybrid or “envelope” phenomenon in TDM and “double”
or “fusion” peaks in FDM when chest compressions were
carried out, which also appeared under chest compressions
in the non-arrest Group I. The double or fusion peaks were
formed by the underlying fixed rate of chest compressions
with the added presence of spontaneous pulses. When chest
compressions were subsequently stopped, the POP returned
to a regular (single) waveform. This transformation of POP
could also be detected in the non-arrested animals with CPR
(Group I).

If chest compressions continued after the post-ROSC
period, the POP might show the “envelope” phenomenon in
TDM and a two frequency spectrum separated out in FDM.
The shape of the “envelope” depended on the frequency of
spontaneous pulses and compressions. The greater the fre-
quency deviation was, the narrower the envelope width was,

@ Springer
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and vice versa. The “envelope” phenomenon might therefore
be a characteristic change to detect ROSC during CPR.
When the spontaneous rhythm was different from the
compressing frequency, there would logically be two peaks
at different frequency points. When two identifiable peaks of
different frequencies exist continuously for a period of time,
it suggests that the patient has achieved ROSC during CPR.
Among other predictors of ROSC during resuscita-
tion, PrrCO, has been the most extensively studied to date
since its detection relies on the presence of blood flow in
the pulmonary circulation [18-20]. Studies have shown
that PCO, correlates with cardiac output and CPP in the
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cardiac arrest patient [18, 21]. In this study, PpCO, rose to a
significantly higher level after the animals achieved ROSC in
accordance with the CPR guidelines [22]. The cut-off value
of Pp1CO, recommended to detect ROSC changed from
10 mmHg in 2010 to 20 mmHg in 2013 [23-26].

However, P CO, has some limitations. Pathological dead
spaces reduce P CO, levels in patients with underlying lung
disease [27]. During continuous ventilation, PgCO, levels
are well-correlated with cardiac output during CPR, but tran-
sient changes can be seen when sodium bicarbonate is given
[28]. Similarly, the correlation between P CO, and CPP was
affected by the administration of vasopressin during CPR
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[29, 30]. Therefore, multi-parameter combination monitoring
during CPR, such as using both POP and P CO, together,
may acquire better overall feedback on CPR quality. Finally,
although P;;CO, monitoring is recommended, SpO, monitor-
ing is still more widely used, cheaper and can be used more
widely for other clinical purposes.

4.1 Study limitations

The sample size of our study was small, which may have
influenced the lack of statistical differences between the two
groups. Second, our study was performed on animal models.
The phenomena we observed were an indirect reflection of the
real changes which occur in human beings.

5 Conclusion

Transformation of POP during the peri-CPR period likely
can help detect changes in peripheral circulation. POP has the
advantage of being non-invasive, real-time, widely-used, safe
and economical. Analysis of POP using the time and frequency
domain methods can be used to identify ROSC during CPR.
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