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Abstract
Aim: Current guidelines for cardiopulmonary resuscitation (CPR) recommend a one-size-fits-all approach in relation to the positioning of chest com-

pressions. We recently developed RescueDoppler, a hands-free Doppler ultrasound device for continuous monitoring of carotid blood flow velocity

during CPR. The aim of the present study is to investigate whether RescueDoppler via real-time hemodynamic feedback, could identify both optimal

and suboptimal compression positions.

Methods: In this model of animal cardiac arrest, we induced ventricular fibrillation in five domestic pigs. Manual chest compressions were performed

for ten seconds at three different positions on the sternum in random order and repeated six times. We analysed Time Average Velocity (TAV) with

chest compression position as a fixed effect and animal, position, and sequential time within animals as random effects. Furthermore, we compared

TAV to invasive blood pressure from the contralateral carotid artery.

Results: We were able to detect changes in TAV when altering positions. The positions with the highest (range 19 to 48 cm/s) and lowest (6–25 cm/s)

TAVwere identified in all animals,with correspondingpeakpressure 50–81mmHg, and46–64mmHg, respectively. Blood flow velocitywas, onaverage,

highest at the middle position (TAV 33 cm/s), but with significant variability between animals (SD 2.8) and positions within the same animal (SD 9.3).

Conclusion: RescueDoppler detected TAV changes during CPR with alternating chest compression positions, identifying the position yielding max-

imal TAV. Future clinical studies should investigate if RescueDoppler can be used as a real-time hemodynamical feedback device to guide compres-

sion position.

Keywords: Cardiopulmonary resuscitation (CPR), Manual chest compressions, Doppler ultrasound, Carotid artery, Real-time feedback,

Physiologic monitoring
Introduction

High-quality chest compressions are needed to maintain adequate

blood flow and oxygen delivery to vital organs during cardiopul-

monary resuscitation (CPR).

According to the 2021 European Resuscitation Guidelines (ERC),

chest compressions should be performed with a rate ranging from

100 to 120 compressions per minute and a depth of 5 to 6 cm and

complete chest recoil after each compression.1 Despite adhering to

guidelines, external manual chest compressions are inherently inef-

ficient, delivering only 30% to 40% of normal blood flow to the brain

and less than one-third of normal blood flow to the heart.2
ERC and The International Liaison Committee on Resuscitation

(ILCOR) recommend administering compressions at the lower half

of the sternum.1,3–5 However, research has shown that the optimal

compression position varies among adult patients.6–8 Individual

patient anatomy, including the position of the left ventricle in rela-

tion to the anterior-posterior axis, and the location of the heart

within the thoracic cavity,6,9–11 potentially influences the effective-

ness of chest compressions.8,12–17 Targeted compression of the left

ventricle is suggested to improve hemodynamics,18–20 but the opti-

mal chest compression position is a matter of debate.10,21,22

Suboptimal hand placement during CPR can therefore, significantly

diminish its effectiveness: if compressions are performed over the

left ventricular outflow tract, this can lead to obstruction of left
rg/
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ventricular ejection and causing insufficient blood supply to vital

organs.6,17,23–25

Even chest compressions performed by health professionals may

be of sub-optimal quality, as rescuers often overestimate compres-

sion depth, and underestimate rate.26 Further, chest compression

quality is reduced when the rescuers become exhausted during pro-

longed CPR.26

Automated real-time feedback devices are promising tools for

enhancing the acquisition and retention of CPR skills, thus improv-

ing the overall quality of CPR.26 ILCOR recommends utilizing feed-

back devices during CPR training, which offer specific guidance on

hand placement, compression rate, depth and release (low-

certainty evidence, weak recommendation).4 Real-time processing

of corrective feedback data results in the generation of visual infor-

mation or auditory cues, such as voice messages or tones,

enabling rescuers to quickly adjust their CPR technique to adhere

to CPR guidelines.27 However, these devices only measure the res-

cuer performing CPR.

Available devices include metronomes, audio-visual devices, and

smartphone apps. Currently, there is a lack of real-time non-invasive

hemodynamic measurement methods that can assess the effective-

ness of compressions in the patient.

We recently developed the RescueDoppler, a non-invasive

hands-free Doppler system that continuously detects blood flow in

the carotid artery.28 In a porcine model, RescueDoppler reliably iden-

tifies pulsative blood flow at blood pressures below 60 mmHg.28

The aim of the present study is to investigate whether Res-

cueDoppler, via real-time hemodynamic feedback, can identify vari-

ations in TAV between chest compression positions and identify

optimal as well as suboptimal positions.
Methods

The study was conducted using five male domestic pigs (sus scrofa

domesticus) obtained from a certified pathogen-free farm, using our

previously described animal model.28 The Norwegian Animal

Research Authority approved the study (FOTS-ID 25415). The

experiments were conducted in accordance with the “Regulations

on Animal Experimentation” set forth by the Norwegian Animal Wel-

fare Act29 and the Animal Research: Reporting of In Vivo Experi-

ments (ARRIVE) guidelines.30
Animal preparation

At the farm, animals were sedated with ketamine, atropine, and

midazolam before a short transport to the lab. The animals were

anesthetized using midazolam and morphine injected through an

ear vein. Anaesthesia was maintained using morphine, midazolam,

and thiopental infusions. The animals were ventilated using a GE

Engstøm Carestation Ventilator (GE Healthcare), with volume-

controlled ventilation at an FiO2 (fraction of inspired oxygen) of

0.21, a tidal volume of 10–15 mL/kg, and a respiratory rate of 13–

16 bpm. Continuous 5-lead ECG, continuous invasive, arterial- and

central venous pressures, and end-tidal CO2 (ETCO2) were contin-

uously monitored, and minute ventilation was adjusted to maintain a

pH level of 7.4.28 To ensure optimal positioning and immobilization

during chest compressions, the animals were placed on a vacuum

mattress,31 and kept normothermic (38.5–39.0 �C).
Instrumentation

Ultrasound-guided Seldinger’s technique was used to insert an 8-Fr

Avanti + Sheath introducer (Cordis, Santa Clara, CA) into the left

external jugular vein and a 4-Fr, 8-cm Leadercath arterial catheter

(Vygon Ltd., Swindon, UK) into the left internal carotid artery. Instru-

mentation has been described in detail previously.28 An ICD (St.

Jude Medial Ellipse DR Model CD2377-36C, Merlin Patient Care

System, Abbott, Sylmar, CA, USA) was used to induce ventricular

fibrillation and for subsequent defibrillation.28 The ICD lead was intro-

duced via the external jugular vein into the right ventricle under

echocardiographic supervision (GE Vivid S7 Pro, 3S probe. GE

Vingmed, Horten, Norway).28 The ICD device was implanted subcu-

taneously at the upper right part of the chest. To initiate ventricular

fibrillation, we employed the DC Fibber induction technique using

the ICD and St. Jude Medical’s software as earlier described.28

Defibrillation was done with 30 joule using the ICD. To avoid hypoxia,

inspired oxygen concentration was increased to 100% before and

after each sequence.

Monitoring and data recording

All data were recorded using a Phillips IntelliVue Patient Monitor

MP70 (Philips Medizin Systeme, Boeblingen, Germany) and stored

using proprietary software.

The RescueDoppler probe was positioned over the right carotid

artery and fixed with adhesive tape. We integrated an accelerometer

onto a custom-moulded plate (100 mm diameter, 30 mm height) to

record chest compression depth and rate, and then transmitted these

signals to the RescueDoppler system for post-analysis. Time Aver-

age Velocity (TAV) from the RescueDoppler signal was calculated

using MATLAB software (MathWorks for Apple, R2021a). Data were

exported to Microsoft Excel (Excel for Mac version 16.76, Microsoft

Corp., stat) for further analysis.

RescueDoppler system

The RescueDoppler system, previously described in detail,28 is a

non-image pulsed wave Doppler, consisting of a custom-made caro-

tid ultrasound Doppler probe, a dedicated scanner, and a laptop

equipped with a MATLAB-based user interface that provides real-

time visualization. This system incorporates two transducers housed

within a 3D-printed casing set at a fixed angle of ±30�. Each trans-

ducer has an unfocused aperture measuring 30 � 6 mm and oper-

ates at a central frequency of 4 MHz Utilizing digital signal

processing, this advanced technology employs 32 depth ranges,

equally distributed between 8 and 45 mm. The depth ranges are

visualized as a colour M�mode, with a Doppler spectrogram detail-

ing the chosen range and sample volume. The maximum velocity

curve was automatically traced from the spectrogram. Angle correc-

tion was performed based on the velocity curve from each trans-

ducer. Wall and clutter filters were added in the post-processing to

remove wall motion noise from being registered. All Doppler veloci-

ties below 30 cm/s were interpreted as arising from tissue move-

ments and thus changed to 0 cm/s. Noise-generating velocity

spikes were removed by a digital filter.

Cardiopulmonary resuscitation model

The model was developed based on recommendations for porcine

CPR models31–33 and ERC guidelines.1,32 Three chest compression

positions on the sternum, five cm apart, were marked with a water-

proof marker pen. The “Upper” position was located at the superior



Fig. 1 – Chest compressions sequence illustration. Left: Animal model illustrating hand placement positions during

chest compressions and placement of implantable cardioverter-defibrillator, monitor and RescueDoppler. Hand

position 1: Over the upper sternum. Position 2: Over the lower third of the sternum. Position 3: At the xiphoid

process. The distance between positions was 5 cm. Right: Upper panel (A): Left carotid Doppler spectrogram. Lower

panel (B): Invasive right carotid blood pressure curve. A sequence of chest compressions at three distinct positions

–upper, middle, and lower (animal illustration) are shown. Compressions (100 compressions per minute) lasted 10

seconds at each position. Animal illustration created with Biorender.com.

R E S U S C I T A T I O N P L U S 1 8 ( 2 0 2 4 ) 1 0 0 5 8 3 3
part of the sternum, the “Middle” position at the lower third of the ster-

num, and the “Lower” position at the xiphoid process (Fig. 1). A sin-

gle rescuer conducted manual chest compressions at a rate of 100

compressions per minute, guided by a metronome, for ten seconds

at each position across all animals, while remaining blinded to all

hemodynamic measurements.34 A sequence consisted of chest

compressions that lasted for 10 seconds at each position with a total

duration of 30 seconds. The chest compression positions were

assigned in random order: position 2–1–3, 1–2–3, 3–2–1, 1–3–2,

3–1–2, 2–3–1 (Fig. 1). After each sequence, the ICD delivered an

unsynchronized shock to restore sinus rhythm. Between sequences,

the pigs were given a five-minute recovery time to restore normal

vital parameters.

Statistics

Descriptive statistics include the mean with standard deviation (SD)

or median with range, as appropriate. We entered TAV as the out-

come variable in a linear mixed model, with chest compression posi-

tion on the sternum (upper, middle, lower) as a fixed (categorical)

effect, and animal identity, position and sequential time within ani-

mals as random effects using the method of restricted maximum like-

lihood (REML).

We then investigated whether the individual sequences were

consistent with the overall results in each animal. This was done

by ranking the compression positions according to TAV (best,
intermediate, worst) in all six sequences from each animal, and cross

tabulating them with the average ranking from the same animal.

Descriptive statistical analyses were obtained with IBM SPSS

Statistics for MAC version 27.0.1.0 (Armonk, NY: IBM Corp).

MATLAB, with an in-house software program, was employed to dis-

play and analyse the Doppler spectrograms. Stata version 17 (Stata-

Corp, College Station, Texas, USA) with the mixed command was

employed for the linear mixed model.

Results

Chest compression data

Doppler and blood pressure data from the five male animals and 29

out of 30 CPR sequences were included. One sequence was

excluded due to suboptimal contact between the probe and the skin.

Compression depth data were available for 3 out of 5 animals and 12

out of 29 sequences (Supplementary Table 1). Compression depth

data for animal 1 are presented in Supplementary Fig. 1. The varia-

tion in mean compression depth among positions for animal 1 was

0.2 cm (Upper 4.0 cm, Middle 4.2 cm, Lower 4.0 cm) (Supplementary

Table 1). The mean compression depth for positions across three

animals and 12 sequences was: upper 3.7 cm, middle 3.9 cm,

and lower 4.0 cm. We excluded the first two compressions of

each sequence to reduce artefacts resulting from changing the

http://Biorender.com


Table 1 – Baseline characteristics of animals.

Weight (kg) Thorax diameter (cm) Carotid Diameter (mm) Carotid Depth (mm) MAP (mmHg) TAV (cm/s)

N = 5

Mean 31.2 67.0 4.3 22.2 87.4 22.6

Std. Deviation 0.8 1.3 0.5 27.7 13.9 6.5

Range 30–32 66–69 3.7–5.0 19–25 70–104 17–31

Std. Deviation: Standard deviation, MAP: Mean Arterial Pressure, TAV: Time Averaged Velocity.

Table 2 – Time Average Velocity and Mean Arterial Pressure for chest compression positions.

Animal 1 2 3 4 5 ALL

Position

Upper TAV (cm/s) Mean 6 12 23 27 9 15.3

Std. Deviation 3.2 7.6 18.2 12.8 9.1

Minimum 1 3 2 8 0

Maximum 10 24 45 42 20

Range 9 20 43 34 19

N 6 6 5 6 6

MAP (mmHg) Mean 13 24 26 30 33 25.1

Std. Deviation 1.7 1.9 1.8 5.1 5.2

Minimum 10 21 24 24 25

Maximum 15 26 28 37 38

Range 5 5 5 13 14

N 6 6 5 6 6

Middle TAV (cm/s) Mean 36 48 31 32 19 33.1

Std. Deviation 9.7 17.1 20.0 5.7 4.8

Minimum 20 20 6 24 13

Maximum 46 65 52 38 26

Range 26 45 45 14 13

N 6 6 5 6 6

MAP (mmHg) Mean 21 26 28 33 35 28.8

Std. Deviation 5.7 2.7 0.8 8.1 6.2

Minimum 15 23 27 28 31

Maximum 28 30 29 50 46

Range 13 7 2 21 15

N 6 6 5 6 6

Lower TAV (cm/s) Mean 39 36 21 25 14 27.2

Std. Deviation 8.5 6.0 12.7 3.2 5.3

Minimum 28 28 9 21 9

Maximum 48 43 37 29 24

Range 20 16 28 8 14

N 6 6 5 6 6

MAP (mmHg) Mean 21 23 27 32 32 27.0

Std. Deviation 5.2 1.7 2.0 7.0 3.3

Minimum 15 20 24 25 27

Maximum 28 24 29 43 36

Range 13 4 5 18 9

N 6 6 5 6 6

TAV; Time Average Velocity, MAP; Mean Arterial Pressure and Std. Deviation; Standard Deviation.
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compression position. Baseline hemodynamic for animals (n = 5),

mean systolic blood pressure 111 mmHg (range: 96–129 mmHg)

mean diastolic blood pressure 69 mmHg (range: 57–82 mmHg).

Descriptive statistics for animals are shown in Table 1.

Chest compression position

TAV and mean arterial blood pressure (MAP) corresponding to

each chest compression position for all animals, along with the

individual measurements in each position and sequence are shown

in Table 2.
Fig. 2 presents boxplots of TAV, peak velocity, MAP, and peak

systolic pressure in all 5 animals according to chest compression

position. The position with the highest TAV corresponded to the posi-

tion with the highest MAP in three out of five animals. Furthermore,

the position with the highest TAV corresponded with the position hav-

ing the highest peak velocity in four out of five animals. Additionally,

the position with the highest TAV matched the position with the high-

est peak pressure in four out of five animals. The findings highlight

associations between TAV and MAP, TAV and peak velocity, as well

as TAV and peak pressure in the studied animals.



Fig. 2 – Boxplots of four outcome variables (Time Average Velocity, Peak Velocity, Mean Arterial Pressure and Peak

systolic pressure) in five animals, according to the compression positions Upper (Up), Middle (Mid), and Lower

(Low). Boxes represent the interquartile range (IQR) with the median value as the central mark in each box.

Whiskers extend to the minimum and maximum data values, with any outliers beyond the whiskers indicated as

dots.
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A plot of the observed values along the sequential time is shown

in Supplementary Fig. 2. Preliminary analysis of TAV revealed no

systematic effect of either position order or sequence. The linear

mixed model identified the middle position to have the highest

expected TAV, seen in 4 out of 5 animals (Table 2). However, as

may be observed in Fig. 2. and Table 2, we noted significant variabil-

ity in TAV due to animal identity (SD = 9.7, 95% CI: 3.7 to 25.5), the

slope of TAV along sequences within each animal (SD = 2.8, 95% CI:

1.3 to 6.1), and compression position within animal and sequence

(SD = 8.4, 9 5% CI: 4.7 to 15.3). The latter estimate is of the same

order as animal identity and residual (SD = 9.3, 95% CI: 7.8 to 11.0),

emphasizing that one could not claim any best compression position

overall.

By cross-tabulating the rankings of each single position (best,

intermediate and worst) and the rankings of the overall positions

within sequences, we found that the singly best positions matched

the overall best position in 16 out of 29 sequences (55%). Similarly,

the singly worst position matched the overall worst position in 20 out

of 29 sequences (69%). Total mismatch (singly best = overall worst,

and singly worst = overall best) was observed in 3 out of 29 (10%)

and 1 out of 29 (3%) sequences, respectively (Supplementary

Table 2). The number of sequences that were required to identify

the optimal compression position differed among the animals

(Supplementary Fig. 2).
Discussion

In this animal study of cardiac arrest, we found that RescueDoppler

yielded hands-free, real-time, hemodynamic CPR feedback to iden-

tify optimal as well as suboptimal chest compression positions. Chest

compressions generated forward carotid blood flow with variations in

TAV among different positions within each animal, across all

animals.

Our results demonstrate that the guideline-recommended chest

compression position yields the highest average TAV. However,

even if a one-size-fits-all approach appeared effective for the major-

ity of animals,31 the considerable variability observed suggests that it

may not be uniformly effective across all individuals.

Previous human and animal research has shown the influence of

anatomical variations on the hemodynamic effectiveness of chest

compressions,35,15,17 and has shown that personalized hand place-

ment guided by hemodynamic feedback can enhance outcomes in

cardiac arrest.3,36 Further, research has demonstrated that through

measurements of carotid and femoral Doppler flow, the efficiency

of chest compressions can be enhanced.37–39 Therefore, individual-

ization of CPR techniques should be aligned with the anatomical dif-

ferences of each patient.

By consistently and thoroughly monitoring chest compression

quality through corrective feedback and real-time hemodynamic
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feedback, it might be feasible in the future to pinpoint optimal posi-

tions for compressions that yield the highest efficiency or avoid the

least optimal position.

Identifying the least optimal position may be as important

because it may prevent rescuers from administering compressions

according to guidelines recommendations but compressing the least

optimal position for the individual due to anatomical differ-

ences.1,17,24,25,4,6 In this study, compressions were administered

by a single experienced rescuer, ensuring a uniform technique

throughout the experiment. Despite issues with accelerometer mea-

surements, compression depth data from different positions exhib-

ited minimal variation within each animal. Variability in the results

was thus primarily caused by the compression position rather than

the specific sequence within each animal and indicated that the res-

cuer consistently applied the same force or depth throughout the

experiment.

Our study suggests that the use of RescueDoppler may be of

help in identifying variations in TAV from altering chest compression

positions. Further validation in clinical studies is necessary to prove

the effectiveness of RescueDoppler as a hemodynamic feedback

device to identify both optimal and suboptimal compression

positions.

Limitations

We acknowledge that the current study has several limitations. First,

the study includes a small number size of animals. This may possibly

reduce the generalizability of our findings, and the variance compo-

nent estimates should be interpreted with some caution. Quantile-

quantile plots of residuals and compression position as random

effects did not suggest serious deviations from the assumptions of

normality, however. Domestic pigs are proven models for cardiac

arrest and CPR studies.33 Although pig-human differences don’t

affect the RescueDoppler’s function, human-specific calibration is

necessary. The pig heart appears trapezoidal from the front.40 The

heart shares apex and base regions with the human heart but with

different upper and lower borders.40 The apex of the heart is formed

entirely by the left ventricle.40 Its ventricular mass has a basic conical

shape, with the anterior side against the sternum and the posterior

side near the diaphragm.40 We chose three positions on the sternum

for compressions, but other positions more lateral of the sternum

could have been more efficient. The duration of chest compression

at each position was limited to 10 seconds. However, this short time

frame at each position might be less susceptible to interference from

other factors during CPR. Furthermore, extending the duration of

chest compressions at each position beyond 10 seconds could

potentially yield more accurate estimations. Support for velocity

changes due to position alterations is suggested by the homogeneity

in animal characteristics, consistent application of compressions by

an experienced rescuer, and the minimal impact of compression

sequence on TAV variation, considering incomplete compression

depth data for all animals. Although compression depth is a variable

that could potentially affect the outcomes, compression depth data

and our analysis did not suggest so.

The tissue movements resulting from the compressions intro-

duced noise into the Doppler spectrogram. This noise poses a limi-

tation for precise velocity calculations since the added wall and

clutter filter filtered out low velocities.
Conclusions

The use of RescueDoppler for hemodynamically guided CPR consis-

tently detects alterations in blood flow velocity when changing the

chest compression position in a porcine model. RescueDoppler

has the potential to effectively pinpoint the chest compression posi-

tions associated with the highest and lowest carotid blood flow

velocities.
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comparison of carotid doppler ultrasonography and capnography in

evaluating the efficacy of CPR. Am J Emerg Med 2018;36:1545–9.

40. Crick SJ, Sheppard MN, Ho SY, Gebstein L, Anderson RH. Anatomy

of the pig heart: comparisons with normal human cardiac structure. J

Anat. 1998;193(Pt 1):105–19.

http://refhub.elsevier.com/S2666-5204(24)00034-1/h0185
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0185
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0185
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0190
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0190
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0190
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0195
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0195
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0195
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0195
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0200
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0200
http://refhub.elsevier.com/S2666-5204(24)00034-1/h0200

	Real-time feedback on chest compression efficacy by hands-free carotid Doppler in a porcine model
	Introduction
	Methods
	Animal preparation
	Instrumentation
	Monitoring and data recording
	RescueDoppler system
	Cardiopulmonary resuscitation model
	Statistics

	Results
	Chest compression data
	Chest compression position

	Discussion
	Limitations
	Conclusions
	Funding
	CRediT authorship contribution statement
	Declaration of competing interest
	Appendix A Supplementary material
	References


