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radiation force impulse evokes extrasystolic waves in rabbit heart
under concomitant administration of an ultrasound contrast agent
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Abstract

Purpose Acoustic radiation force impulse (ARFI) is a

modality for elasticity imaging of various organs using

shear waves. In some situations, the heart is a candidate for

elasticity evaluation with ARFI. Additionally, an ultra-

sound contrast agent (UCA) provides information on the

blood flow conditions of the cardiac muscle. This study

aimed to evaluate ARFI’s effect on the heart concomitantly

with UCA administration (i.e., perfluorobutane).

Methods Ultrasound with ARFI was applied to the hearts

of male Japanese white rabbits (n = 3) using a single-

element focused transducer with or without UCA admin-

istration. They were exposed to ultrasound for 0.3 ms with

a mechanical index (MI) of 1.8. UCA was administered in

two ways: a single (bolus) injection or drip infusion.

Electrocardiograms were recorded to identify arrhythmias

during ultrasound exposure.

Results Extrasystolic waves were observed following

ultrasound exposure with drip infusion of UCA. Life-

threatening arrhythmia was not observed. The frequency of

the extra waves ranged from 4.2 to 59.6 %. With bolus

infusion, extra waves were not observed.

Conclusions Arrhythmogenicity was observed during

ultrasound (MI 1.8) with ARFI and concomitant adminis-

tration of UCA in rabbits. Although the bolus administra-

tion of UCA was similar to its clinical use, which may not

cause extra cardiac excitation, cardiac ultrasound exami-

nations with ARFI should be carefully performed, partic-

ularly with concomitant use of UCA.

Keywords Acoustic radiation force � Ultrasound contrast

agent � Heart � Rabbit � Arrhythmia

Introduction

Acoustic radiation force impulse (ARFI) [1–3] is a tech-

nology that uses shear waves to evaluate the elasticity of

various organs, including the heart muscle [4]. When bio-

logical tissues are exposed to the focused ultrasound with

higher intensity, a shear wave is generated at the focal area.

As ARFI continues to progress, the safety of this technique

is under investigation [6, 7]. In addition, even a mechanical

index (MI) of ARFI\1.9 with concomitant administration

of an ultrasound contrast agent (UCA) may reinforce the

intensity of the ultrasound by scattering microbubbles and/

or causing cavitation [5]. We previously reported on the

arrhythmogenetic effect of ultrasound with ARFI and an

MI of 4.0 [6]. Subsequently, we proposed an examination

of more limited situations to identify the effects of ARFI

during ultrasonic elasticity imaging of the heart with
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concomitant administration of UCA to confirm the safety

of this new technology.

Materials and methods

Subjects

Three male Japanese white rabbits were placed in the

supine position under general anesthesia. After shaving the

rabbits’ chests, an axial cardiac image (left ventricle) was

depicted through the intercostal space using an ultrasonic

diagnostic system (UF-400AX; Fukuda Denshi, Tokyo,

Japan) equipped with a 7.5-MHz probe (FVT-LS386-9A).

The ARFI transducer was also placed on the chest wall

using ultrasound gel. The needle electrodes were inserted

subcutaneously on the bilateral upper chest to obtain

electrocardiograms (ECGs), which were recorded using the

PowerLabTM LabChartTM Teaching System (LabChartTM;

AD Instruments Pty, Castle Hill, Australia).

Acoustic radiation force impulse and sonication

system

Ultrasound exposure was derived from a focused transducer

(Japan Probe, Kanagawa, Japan) that was custom made for

this study (Fig. 1) [6, 7]. The focus was 20 mm from the

transducer surface. The signal generated by the function

generator (AFG3021B, Tektronix, Beaverton, OR, USA)was

amplified using an RF Power Amplifier (1040L, Electronics

& Innovation, Rochester, NY,USA) to produce anARFI. The

wave formdatawere collected as previously reported [6]. The

ARFI ultrasound exposure started at 40 ms before the peak of

the T wave on the rabbits’ ECGs. This period contains the

vulnerable interval that easily produces arrhythmia, including

life-threatening ones, by external stimulation [8]. The

ultrasound exposure settings included a pulse duration of

0.3 ms and an MI of 1.8 (Fig. 1). The ultrasound exposure

was synchronizedwith the rabbits’ heart beats at one pulse per

six heart beats. For each condition of UCA administration

(i.e., none, a single injection, or drip infusion), 50 exposures

were performed. Analysis of the timing of the exact ARFI

exposure on ECG was also performed. The exact exposure

timing was classified by the difference from the peak of the T

wave:[30 ms before the T wave’s peak was pre-vulnerable,

0–30 ms before the T wave’s peak was vulnerable, and after

the T wave’s peak was post-vulnerable.

Ultrasound contrast agent

A gas-containing microbubble contrast agent, perfluo-

robutane (SonazoidTM; Daiichi-Sankyo, Tokyo, Japan),

was used. Two methods of injection were tested: (1) a

single (bolus) injection of 0.8 lL of microbubbles followed

by ultrasound exposure 10 min after injection and (2) ARFI

application 3 min after a drip infusion (1.6 lL of

microbubbles per 50 mL of saline) was started. The infu-

sion speed was 50 mL of saline per 30 min.

Statistical analyses

All the statistical analyses were performed using EZR

(Saitama Medical Center, Jichi Medical University, Sai-

tama, Japan), which is a graphical user interface for R (The

R Foundation for Statistical Computing, Vienna, Austria)

[9]. R is a free software environment for statistical com-

puting and graphics. More precisely, it is a modified ver-

sion of the R commander designed, which adds statistical

functions that are frequently used in biostatistics. The

frequency of extrasystolic waves was compared using

Fisher’s exact test. A probability (P) value of\0.05 was

considered to be statistically significant.

Focused
transducer
(2.5MHz)

Power amp.
(E&I, 1040L)

Function generator
(Tektronix, AFG3021B)

Focused transducer
LiverHeart

Japanese white rabbit
BW 3kg, male MI= 1.8,  Pulse duration= 0.3 ms

Diameter incl. housing 18 mm
Diameter of transducer 12.5 mm
Resonance characteristic 2.5 MHz
(Japan Probe, 2.5Z12.5I SR25)

Fig. 1 An acoustic radiation

force impulse ultrasound

production system is shown
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Results

By using ultrasound focused on the heart with ARFI (MI:

1.8), extrasystolic waves (QRS complex) were observed

only after continuous administration of UCA (Fig. 2). The

frequency of the extra waves ranged from 4.2 to 59.6 %.

Almost all the extra waves (97.2 %) had a narrow QRS

complex. No extra waves were found without UCA or with

bolus administration of UCA, and this was statistically

significant (Table 1; P\ 0.05). Except for one wide QRS

extra wave (Fig. 2b), an extra QRS complex was observed

with an 80–125 ms delay in ARFI exposure. After the

extrasystolic wave, the regular QRS complex appeared

with the doubled RR interval (Fig. 2). With regard to the

timing of the exact ARFI exposure with continuous infu-

sion of UCA on ECG, there were no differences in the extra

wave frequency according to the exposure timing (rela-

tively pre-vulnerable, vulnerable, and post-vulnerable)

(Table 2). During these experimental sessions, life-threat-

ening arrhythmia was not observed.

Discussion

Even with an MI of 1.8, using ARFI on a rabbit heart

evoked extrasystolic waves with concomitant administra-

tion of UCA. Previous studies on rats reported that
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aFig. 2 The upper trace shows

the electrocardiogram (ECG) of

a rabbit. The lower trace shows

the mechanical sensing signal

generated by our exposure

control device that indicates an

R wave followed by the acoustic

radiation force impulse (ARFI)

exposure. An extrasystolic wave

(arrowhead) on ECG is evoked

by ultrasound with ARFI and an

ultrasound contrast agent

(UCA). The timing of ARFI’s

exposure (black arrow) is also

shown (MI 1.8). a An

extrasystolic wave is observed

and the RR interval doubled

because the regular QRS

complex is delayed. The x-axis

scale represents 100 ms. b A

wide QRS complex and a

narrow complex are observed

on the same trace. The x-axis

scale represents 250 ms

Table 1 The frequency of the extrasystolic waves with ARFI and the

different infusional method of UCA

Infusion Extra wave

? -

No 0 149

Single 0 147

Drip 36 109

The unit is the number of times that the extrasystolic wave is evoked

or not evoked. Each infusional condition had 150 exposures of ARFI

and ineffective exposures by incorrect sensing were excluded

P\ 0.05 with Fisher’s exact test

Table 2 The relationship between the timing of ARFI exposure and

the number of the evoked extrasystolic waves with continuous infu-

sion of UCA

Timing Extra wave

? -

Pre-vulnerable 11 48

Vulnerable 23 53

Post-vulnerable 2 8

The unit is the number of times that the extrasystolic wave was

evoked or not evoked

Not significant with Fisher’s exact test
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arrhythmia was evoked by a combination of diagnostic

ultrasound and UCA [10, 11]; however, our findings

showed that increased microbubbles in the cardiac muscle

and/or the blood stream in the cardiac chamber may impact

the extrasystolic wave production in rabbits.

We found no extra waves during the bolus infusion of

UCA. A reason for this may be that UCA does not deposit

much in the cardiac muscle. It was previously reported that

perfluorobutane is minimally deposited in the cardiac

muscle of rats [12]. To evoke extrasystolic waves in our

study, more microbubbles would be needed in the cardiac

muscle and/or cardiac chamber (blood stream) during

continuous UCA infusion. Thus, the threshold of the

microbubble concentration needed to evoke extrasystolic

waves should be elucidated.

In our previous report [6], extra waves were not found

using ARFI ultrasound (MI: 1.8) with UCA administration,

even as a continuous infusion. The methodology for the

experiment in the present study was exactly the same as

that in the previous study; therefore, the reason for this

difference may be a trivial deviation in the transducer on

the chest wall, causing individual differences between the

rabbits and/or differences in the exact focus site in the

cardiac chamber (e.g., the ventricle, atrium, or cardiac

muscle). A limitation of the current study was that pre-

exposure positioning and exposure were performed using

different a probe/transducer. Thus, the ARFI exposure site

was not observed in real time during exposure. If cardiac

imaging and ARFI exposure are obtained using one

transducer, this limitation and any uncertain factors will be

reduced.

The destruction of microbubbles caused by ARFI

ultrasound with a higher pressure amplitude may stimulate

cardiac myocytes and the impulse conduction system of the

heart. In the cardiac ventricle, Purkinje fibers are found just

beneath the endocardium in all mammals, including rabbits

[13]. With the stimulation starting in the cardiac chamber,

the fibers would be activated and produce extrasystolic

waves. Since almost all of the wave forms of the

extrasystolic waves had a narrow QRS pattern with or

without a P wave, ARFI stimulation via the UCA response

may affect the upper stream of the cardiac impulse con-

duction system (the atrium and/or atrio-ventricular node)

instead of the ventricle myocytes. This was supported by

the observed delay in the extrasystolic wave from ARFI

exposure, which was similar to the PR interval. To resolve

the mechanism of extrasystolic wave generation, further

studies are needed to explore the pathways in detail (e.g.,

try some different exposure sites of the heart).

Although this study was restricted to animals, the

arrhythmogenicity of ARFI with concurrent UCA admin-

istration may exist in all species, including humans, and the

risk of more serious arrhythmia may occur during routine

examinations. Moreover, ultrasound with ARFI and UCA

can be used concomitantly for evaluating cardiac stiffness

and perfusion in a clinical setting [14]. A normal heart’s

response to ARFI ultrasound cannot be applied to a dis-

eased heart. Thus, we suggest that ARFI should not be

applied to the heart after UCA administration until more

studies demonstrate its safety in humans.

Conclusions

In our animal study, extrasystolic waves were observed

under conditions that resembled the clinical use of ARFI

with concomitant UCA. To produce extra waves, a higher

MI and higher density of UCA may be needed; therefore,

we recommend that ultrasound practitioners should know

this effect, because this phenomenon may occur in some

human settings. Cardiac stiffness should be evaluated

carefully using this ultrasound modality and no UCA.
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