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

Abstract—Radial modulation imaging improves the detection of microbubbles at high frequency by using a dual ultrasonic excitation.

However, the synchronization between the imaging pulses is non-trivial because microbubbles need to be interrogated in the

compression and the rarefaction phase and the time-delay difference from dispersion has to be corrected. To address these issues, we

propose the use of ultrafast radial modulation imaging (uRMI). In this technique, a beat frequency between the modulation pulse

(around 1 MHz) and the ultrafast pulse-repetition frequency was exploited to separate microbubbles from tissue phantom in-vitro. This

led to a modulated images set in the spectral domain of the slow-time that may then be demodulated through a digital lock-in amplifier

to retrieve the contrast image. Ultrafast RMI, applied on a flow phantom with microbubbles, provided a contrast-to-tissue ratio from 7.2

to 14.8 dB at 15 MHz. For flow speed lower than 0.05 mL/min, uRMI (16 dB) provided a better contrast-to-tissue ratio than other

techniques: SVD spatiotemporal filter (11 dB), amplitude modulation (9 dB) or microbubbles disruption (6 dB) or. This technique may

then be suitable to improve the detection of targeted microbubbles, in ultrasound molecular imaging applications, and the detection of

extremely slow microbubbles moving in the finest vessels in ultrasound localization microscopy.

Index Terms—Contrast Imaging, Microbubbles, Radial modulation, Ultrafast imaging.

I. INTRODUCTION

OST major causes of death are linked to diseases that affect, in some way, the microvasculature. Cancer grows and spreads

with the help of angiogenesis, arteriosclerosis often involves the progression of the vaso vasorum and ischemic stroke

implies the blockage of a significant number of cerebral vessels of all sizes. In these areas, ultrasound imaging is a key

diagnostic tool, mainly because Doppler is sensitive to blood flow [1].

Recent advances in ultrafast imaging, based on plane-wave emission and parallel beamforming [2, 3], have increased the

sensitivity of Doppler by more than an order of magnitude [4, 5]. For instance, it is now possible to assess the function of the brain
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with ultrasound through the neuro-vascular coupling [6, 7]. However, the finest vessels, smaller than the ultrasound wavelength,

are still undetectable since red blood cells are poor scatterers that are moving insufficiently to create a detectable decorrelation.

To improve the sensitivity of ultrasound to the microvasculature, microbubbles were introduced as ultrasound contrast agents [8].

The current generation of agents is formed by bubbles of perfluorocarbon gases, a few microns in size, which remain in the

vasculature after being intravenously injected [9]. Their detection is based not only on the impedance mismatch between gas and

liquid but also due to their resonance in the MHz range. Moreover, their oscillation becomes highly nonlinear in the diagnostic

range of ultrasonic pressures and they can even be disrupted with sufficiently high-pressure pulses [10, 11].

Several detection techniques have been designed to separate microbubbles from the tissue. Microbubbles can emit harmonic

components, as well as subharmonics and ultraharmonics, which falls at fraction multiple of the fundamental frequency. Harmonic

imaging modulation (denoted amplitude modulation AM) methods, for which echoes from pulses of different amplitudes are

combined, are also in use [12, 13]. They can also be combined with pulse inversion (PI) methods [14]. Both these techniques were

already implemented with ultrafast scanner [15-17]. To minimize the signal from tissue, another possibility is subharmonic

imaging, as the nonlinear signal generated by tissue contains only harmonics components [18, 19]. The generation of very high

ultraharmonics can also be implemented to separate microbubbles from tissue, allowing the reception of very high frequencies,

resulting in excellent resolution as in ultrasound angiography [20]. These techniques have inherent limitations associated with the

fact that they rely on the strong nonlinear oscillations of microbubbles, putting microbubbles at risk of disruption. Moreover, they

often lock the emission pulse frequency to the bubble resonance frequency (below 10 MHz) and they consequently limit image

resolution.

Other microbubbles detection approaches have been used. The oldest [8] is the detection of the microbubble decorrelation

through their motion. It was recently exploited for ultrasound localization microscopy [21-23] to detect microbubbles from the

tissue before the localization step which improved the resolution by an order of magnitude as compared to the diffraction limit. For

this, spatiotemporal filters were implemented on stacks of ultrafast imaging. Singular-value decomposition (SVD) of large

ensembles of ultrafast images was proved to be superior to nonlinear techniques for flow within the mm/s range, both in-vitro and

the clinic [24]. However, we have yet to detect microbubbles moving well below 1 mm/s even at higher imaging frequencies.

Microbubbles moving at these flow speed in the finest vessels may not be detected by spatiotemporal filtering. Spatiotemporal

filtering is also poorly suited for ultrasound molecular imaging, where microbubbles are attached to targets through ligands and,

consequently, remain still [25-27]. For these two applications, there is a need for an imaging technique allowing the detection of

fixed or slowly moving microbubbles at high frequency.

An interesting approach to detect microbubbles is to exploit, not their harmonic nonlinearities or their motion, but their high

compressibility and eventually their nonlinear elasticity [28]. Radial modulation imaging (RMI), a particular application of a dual
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frequency band technique is based on the observations of an increase of the microbubbles' amplitude in radio-frequency data in

presence of superimposed ultrasound excitations, say 10 MHz and 0.5 MHz [29]. In RMI, a low-frequency pulse (the modulation

pulse) induces oscillation of microbubbles and modify its size. The microbubbles are simultaneously interrogated using a

high-frequency pulse (the imaging pulse). One implementation of RMI consists of synchronizing two successive short imaging

pulses such that they reach the microbubble when it is in a compressed and an expanded state, induced by the modulation pressure

wave. By subtracting successive imaging lines, this approach results in an image of microbubbles, in which tissue scattering is

suppressed because it is minimally affected by the modulation pulse. Radial modulation on a single microbubble affects

microbubble's radius and echoes' amplitude [30]. The predominant effect in RMI was found to be microbubble size and not

microbubble resonance or compression-only effect [31]. Simulations suggested that a 10% variation of bubble diameter induced by

the modulation excitation is sufficient for radial modulation imaging [32].

In 2006, on a flow phantom with Definity contrast agent circulating, Shariff and al. [33], showed a 35 dB microbubbles signal

enhancement using RMI. Angelsen et al. [34, 35] demonstrated numerically that SURF imaging (RMI with a frequency separation

between the modulation and the imaging pulses of a factor of 10) with correction of the dispersion of the imaging pulse by the

modulation pulse provided higher contrast than PI. This team also pointed out that in the presence of the manipulation pulse, the

imaging pulse presented a distortion which was different than for conventional harmonic distortion [36]. This technique showed

promising results in vitro with a 20 MHz single-element intravascular ultrasound catheter [37] and in vivo for pig kidney with a

bolus injection of Sonovue [38]. Nevertheless, several issues remain to be solved with RMI. For instance, the synchronization

between the imaging pulses is non-trivial for the classical RMI process because microbubbles need to be interrogated in the

compression and the rarefaction phase and not between them (ie, in nodes of the modulation pressure). Moreover, the time-delay

difference corresponding to the dispersion of the imaging pulse by the modulation pulse must be corrected [34, 35].

In this study, we propose to simplify RMI and solve the synchronization issue by sampling the oscillations of microbubbles

induced by the modulation pulse with ultrafast imaging. The use of ultrafast imaging will allow in one hand to increase the number

of microbubble modulation-states and in another hand to improve the efficiency of filtering in the slow time by increasing the

number of images. We hypothesize that the use of ultrafast imaging to sample the oscillations of the microbubbles in RMI could

improve its sensitivity and simplify the process. First, by easily allowing the sampling of several modulation states (3, 4, 5 or 10),

it would overcome the synchronization issue. Indeed, there is no risk for an acquisition to be performed at the nodes of the

modulation oscillation when a 3 modulation-states sequence is performed. Second, comparable to ultrasensitive Doppler [39], we

suggest that the modulation frequency can be filtered more efficiently on long ensembles of images, opening the possibilities for

highly-specific filtering methods, such as a lock-in amplifier. Moreover, with this new process, there is no necessity to correct for

the dispersion between the high-frequency pulse and the modulation pulse. We assume that RMI combined with ultrafast
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acquisitions will be more appropriate to detect fixed and extremely slowly moving microbubbles than other techniques to detect

microbubble at high frequency.

We describe an implementation of ultrafast RMI (uRMI) where a beat frequency between the modulation pulse and the ultrafast

pulse-repetition frequency is exploited to separate microbubbles from tissue phantom in-vitro. In this way, recording microbubbles

in different states of the modulation period translates to a modulated images set in the spectral domain of the slow-time. The

microbubble images may then be evaluated by demodulation of the images through a lock-in amplifier. We evaluate uRMI in-vitro

at high imaging frequencies (15 MHz) where nonlinear methods tend to be less efficient because microbubbles are off-resonance.

Different parameters’ effect is explored: the amplitude of the modulation pulse, the flow speed, the number of sampled modulation

states and the number of angles of imaging plane waves acquisitions. Then, this method is compared with other microbubbles

detection techniques, amplitude modulation, microbubble disruption, and SVD spatiotemporal filter.

II. MATERIAL AND METHODS

A. Simulations

The microbubbles backscatter signals in response to amplitude modulation (AM), bubbles disruption and classical RMI imaging

were calculated using thin-shelled microbubble oscillation theory at 15 MHz. The simulation package Bubblesim [40] was used

with the Rayleigh-Plesset equation with radiation damping. Shell viscosity was chosen as 0.5 Pa.s, shear modulus as 20 MPa, and

shell thickness as 4 nm, corresponding to thin-shelled lipid-encapsulated microbubbles [40]. BubbleSim assumes a viscoelastic

shell. A more complete description of oscillating Sonovue microbubbles would have included the buckling effect modelled by

Marmottant [28]

Pulses of 1 cycle with amplitude pressure from 200 to 800 kPa 15 MHz were simulated for a microbubble of 1.25 μm radius

(corresponding to the mean radius of microbubble present in Sonovue [41], 2.5 μm radius and 3.7 μm radius (corresponding to the

resonant radius at 1 MHz from simulations). These radii were present in Sonovue as more than 90% of the bubbles are smaller than

4 μm in radius [41]. The scattered pressure from a microbubble in AM mode, 𝑃𝑆𝐴𝑀, was evaluated as:

𝑃𝑆𝐴𝑀
𝑎 = max 𝑃𝑆 𝑡, 𝑎 − 2𝑃𝑆 𝑡,

𝑎

2
, (1)

where 𝑃𝑆 denoted the microbubble scattered pressure ,and 𝑎 is the pressure amplitude of the 15-MHz pulse.

The scattered pressure from the microbubble disruption, 𝑃𝑆𝐷 , represented by the complete disappearance of the microbubble

echo between two images was evaluated as:
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𝑃𝑆𝐷 𝑎 = max 𝑃𝑆 𝑡, 𝑎 . (2)

To evaluate the scattered pressure from a microbubble in RMI, 𝑃𝑆𝑅𝑀𝐼
, the microbubble radius in rarefaction and compression

state at 1 MHz for pressure amplitude of 10, 30, 50 and 100 kPa were estimated first for a 25-cycles excitation. Then, the scattered

pressure at 15 MHz for the different pressure amplitudes (between 200 and 800 kPa) for this minimum and maximum radius were

evaluated for a 1-cycle excitation. The scattered pressure for RMI is evaluated as:

𝑃𝑆𝑅𝑀𝐼
𝑎 = max (𝑃𝑠 𝑡, 𝑎, 𝑅𝑚𝑎𝑥 − 𝑃𝑠 𝑡, 𝑎, 𝑅𝑚𝑖𝑛 ), (3)

where 𝑅𝑚𝑎𝑥 and 𝑅𝑚𝑖𝑛 denoted the maximum and minimum radius estimated at compression and rarefaction state, respectively.

B. Ultrafast radial modulation imaging

Sonovue microbubbles (Bracco), diluted at 1/3000 (with an approximate concentration of 30000 to 16x104 microbubbles/mL)

circulated at a flow rate between 0 and 20 mL/min in a 2 mm diameter vessel phantom by syringe pump or by gravity. The flow rate

was determined by measuring the volume of outflow over 1 minute of flow. To guarantee the absence of flow when required, the

flow was stopped 30 seconds before the acquisition. This microbubble wall-less vessel phantom was included in a 4 cm thick 5%

(w/w) agar phantom comprising 1% (w/w) sigma-cell (20 μm particles, Sigma-Aldrich, Saint Louis, MO) to mimic tissue

scattering (Fig. 1). A 15-MHz linear transducer array (Vermon, France, 128 elements, pitch: 0.11 mm and bandwidth: 9-24 MHz at

-10 dB) was placed above the agar phantom and a 1-MHz modulation transducer was positioned next to it, in a way that their

pressure fields overlapped at the vessel phantom location. The 1-MHz modulation transducer was conceived in the laboratory with

a piezocomposite material of 23 mm by 10 mm in size (Smart Materials, Dresden, Germany), air-backed, inserted in a 3-D printed

plastic structure and soldered to a coaxial cable. It was sealed with hot-melt adhesive. The 1-MHz modulation transducer and the 15

MHz probe were inserted in a 3-D printed plastic holder in order to keep a 45° angle between them.

High-frequency imaging was performed with the 15-MHz transducer driven by a 256 Vantage system (Verasonics, Kirkland,

WA). Plane waves with 1 cycle pulse at 15 MHz with 1 to 7 angles (between -10° and 10 °) were generated. A

pulse-repetition-frequency (PRF) of 1/60 μs was chosen. The imaging peak-negative pressure was 300 kPa (MI=0.08). Ultrafast

radial-modulation imaging consisted of addressing the microbubbles at different stages of their oscillations. Several numbers of

microbubble modulation-states were tested, each fitted within the same imaging angle. For example, the sequence for a 4

modulation-states and 3 angles excitation was [state 1 steering 1, state 2 steering 1, state 3 steering 1, state 4 steering 1, state 1
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steering 2, etc], adding to a 12 pulses acquisition, with a frame rate of 1/(12*60) μs. The more modulation-states or the more angles

used, the lower was the frame rate. The low-frequency was generated, via the 1-MHz transducer, by a function generator

(DG1022A, RIGOL, Beaverton, OR, USA). The low-frequency was chosen in a way that high-frequency pulses every 60 μs

reached microbubble in 3, 4, 5 or 10 modulation-states (see Fig. 2) and the corresponded frequencies were 0.9889, 1.0042, 1.0033

and 1.0017 MHz, respectively. The amplitude pressures of the low-frequency were between 10 and 35 kPa as measured by both a

calibrated hydrophone (HNC-0400, Onda, Sunnyvale, CA, USA) and an optical interferometer (homemade from [42]).

For each measurement, 1000 images were acquired with the imaging transducer at a sampling frequency of 31.25 MHz. The

radio-frequency data for each angle were separated and beamformed.

To increase the sensitivity of the system to the narrowband radial modulation, a lock-in amplifier was implemented on the

channel data in the slow time. It corresponds to a digital amplifier implemented in image processing using Matlab. This

demodulation process consisted of filtering each channel data around the modulation frequency using a bandpass filter

(Butterworth filter with cut-off frequencies of 0.9 and 1.1 times the modulation frequency with an order of 48). The modulation

frequency is the sampling frequency in the slow time divided by the number of microbubble modulation-states. Then, the filtered

signals were multiplied with a sinusoidal signal at the modulation frequency before to be filtered by a lowpass filter in the slow

time (Butterworth filter with a cut-off frequency of 0.1 times the sampling frequency with an order of 48).

Reconstruction of images was performed by combining coherently the summing angles. In the case of 5 and 10 microbubble

modulation-states, the beamformed images were also filtered at the modulation frequency multiplied by 2 (for 5 and 10

microbubble modulation-states), 3 (for 10 microbubble modulation-states) and 4 (for 10 microbubble modulation-states). For these

two microbubble modulation-states numbers, the reconstructed set of images corresponded to the product of the filtered images for

the modulation frequency and its multiples. These uRMI images filtered at several frequencies were named multi-band uRMI.

The amplitude of the signal in the agar and the vessel phantom was estimated for the sum in intensity of these 1000 processed

images. Acquisitions were repeated 3 times.

C. Other techniques

The uRMI results were compared with other techniques to detect microbubbles: amplitude modulation, microbubbles disruption,

and SVD spatiotemporal filter.

1) Amplitude modulation

A Verasonic plane-waves amplitude modulation sequence with the 15-MHz transducer was implemented. In this sequence for

each angle of each image with an amplitude of 300 kPa, 3 pulses were defined: a first 1 cycle 15 MHz pulses with all elements, a
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second with only odd elements and a third with only even elements. The amplitude modulation image was estimated by subtracting

the RF data from odd and even elements to the image with all elements before beamforming these different images. The PRF was

1/(3*60) μs, the same as PRF from uRMI imaging for 3 angles. One thousand images were acquired and the amplitude of the signal

in the agar and the vessel phantom was estimated for the sum in intensity of these 1000 images. Acquisitions were repeated 3 times.

2) Microbubble disruption

At best, disruption imaging should provide the same contrast as the difference in signal between a microbubble solution and

water. To evaluate the amplitude of the signal due to microbubbles, 1000 images were acquired before and after microbubbles

injection in the vessel phantom. The amplitude of the signal in the agar and the vessel phantom was estimated on the sum in

intensity of the images before microbubbles injection and on the sum in intensity of images after microbubble injection. The

microbubble contrast is the difference between the intensity in the vessel when it is filled with microbubbles and when it is filled

with water. The ROI used were two times smaller than for amplitude modulation, uRMI or SVD filtering to limit the presence of

artifacts in the vessel ROI. In comparison, the other techniques naturally limit the amplitude of the phantom.

3) SVD filter

The same sequence as the ultrafast RMI sequence without the 1 MHz modulation pulse was used. After the image acquisition,

these images were beamformed and filtered with an SVD filter to remove eigenvalues corresponding to tissue and noise

(eigenvalues between 3/1000 and 120/1000 were kept). The amplitude of the signal in the agar and the vessel phantom was

estimated for the sum in intensity of these 1000 images. Acquisitions were repeated 3 times.

III. RESULTS

A. Simulations

In this section, the simulated scattered pressure from a microbubble from RMI, AM and microbubble disruption is evaluated to

determine which technique provides the higher scattered pressure as a function of amplitude pressure and for different microbubble

radius.

The simulation results are presented in Fig. 3. The scattered pressure for RMI varies with the microbubble-radius. This scattered

pressure is higher for the 3.7 µm microbubble radius, the resonant radius at 1 MHz, followed by the scattered pressure for the 2.5

µm microbubble radius. For the 1.25 µm radius, the RMI, for the amplitude pressure of the 1 MHz-excitation of 10 and 30 kPa,

present scattered pressure lower than AM; whereas the RMI, for amplitude pressure of the 1 MHz-excitation of 50 and 100 kPa,

present scattered pressure higher than AM. The scattered pressure from RMI and amplitude modulation is much lower than from
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microbubbles disruption. For the 2.5 µm radius, the scattered pressure for RMI is higher than AM imaging but lower than

microbubbles disruption. For the 3.7 µm radius, the scattered pressure for RMI, for amplitude pressure of the 1 MHz-excitation of

50 and 100 kPa, is even higher than the scattered pressure from microbubbles disruption.

B. Ultrafast radial modulation imaging

In this section, the effect of different parameters on the contrast-to-tissue ratio obtained with uRMI are evaluated to determine

the limits of this technique.

After an uRMI acquisition, a set of 1000 ultrafast Bmode images were obtained. From these Bmode images, the vessel phantom

and a phantom location were determined. The selected vessel and phantom region-of-interest had the same dimensions and the

same depth. The temporal fast Fourier transform of these Bmode image sets, averaged at the vessel phantom location, was

calculated. Examples of the frequency spectrum in slow time from these measured data (normalized by the sampling frequency of

the acquisition) are presented in Fig. 4 for several microbubble modulation-states. For a 3 microbubble modulation-states, peaks

are present in the spectrum due to the modulation at f/fs=0.33 and 0.66. For a 4 microbubble modulation-states, peaks are present in

the spectrum due to the modulation at f/fs=0.25, 0.5 and 0.75. For a 5 microbubble modulation-states, peaks are present in the

spectrum due to the modulation at f/fs=0.2, 0.4, 0.6 and 0.8. For a 10 microbubble modulation-states, peaks are present in the

spectrum due to the modulation at f/fs=0.1,0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8 and 0.9. Due to the number of microbubble

modulation-states, a peak due to modulation was expected at f/fs=0.33 for 3 microbubble modulation-states, f/fs=0.25 for 4

microbubble modulation-states, f/fs=0.2 for 5 microbubble modulation-states and f/fs=0.1 for 10 microbubble modulation-states.

The presence of other peaks may come from the interaction of a different configuration of microbubbles states (i.e for a 4

modulation-states, the peak at the normalized frequency 0.5 results from the interaction of state 1 and state 3 and/or state 2 and state

4 only).

The uRMI technique was applied in the presence and absence of microbubbles, with and without low-frequency excitation to

evaluate their effect on the modulation and demodulation process. In absence of low-frequency excitation means that ultrafast

imaging is the only ultrasonic excitation. Examples of microbubbles images acquired are presented in Fig. 5. In the presence of

microbubbles and low-frequency excitation, microbubbles in the vessel phantom are observed in the image (Fig. 5(b)). When the

sum of the 1000 images are used, the entire vessel phantom is well defined in the uRMI image (Fig. 5(c)). However, without

microbubbles (Fig. 5(d) and (e)) or low-frequency excitation (Fig. 5(d) and (f)), microbubbles cannot be detected. The

corresponding contrast-to-tissue ratios are listed in Table 1. In the presence of microbubbles, the contrast-to-tissue ratio in the

Bmode image shows an increase of around 3 dB. In the absence of low-frequency excitation, the contrast-to-tissue ratio for uRMI
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is close to 0 dB (0 dB is due to measurements hitting noise floor for both vessel and agar background). In the presence of

low-frequency excitation, the contrast-to-tissue ratio for uRMI is 2.4 dB without microbubbles and 12.7 dB with microbubbles.

The effect of the low-frequency excitation pressure on the contrast-to-tissue ratio is presented in Fig. 6 for 4 microbubble

modulation-states and 3 angles high-frequency excitation without flow and with a 1 and 3 mL/min flow speed. The

contrast-to-tissue ratio in the vessel phantom as compared to agar increases with low-frequency excitation pressure from 10 to 25

kPa and then is stable from 25 to 35 kPa without flow. The same behavior was observed for 1 and 3 mL/min flow speed (Fig. 6(a)).

White artifacts (indicated by white arrows in Fig. 6(d-e)) corresponding to vertical lines mostly observed under the vessel) were

observed only in uRMI images for a low-frequency pressure equal or superior at 25 kPa (Fig. 6(b-e)). On the frequency spectrum at

the vessel phantom location (Fig. 6(f-g)), the amplitude of the peak at the modulation frequency (f/fs=0.25) increases with the

amplitude of the 1 MHz modulation. The main peak appears split for amplitude higher or equal to 25 kPa. For these flow speed,

compounding angles’ number and microbubble modulation-states’ number, these results suggest that a pressure amplitude slightly

lower than 25 kPa should provide a good contrast-to-tissue ratio and prevent the presence of artifacts.

The effect of flow speed on the contrast-to-tissue ratio is presented in Figure 7 for 4 microbubbles modulation-states, a 3 angles

high-frequency excitation and a 15 kPa low-frequency excitation. The contrast-to-tissue ratio decreases slightly with the flow

speed (Figure 7(a)). On the uRMI images, the signal in the center of the vessel phantom decreases when flow speed increases

(Figure 7(b-e)) but there is always signal in the border of the vessel phantom for the different flow speed used. It may correspond to

microbubbles in the boundary layer and at a lower speed than microbubbles in the center of the vessel phantom. When using an

ROI at the center of the vessel phantom only (dotted ROI, 2 times smaller than the previous ROI), the contrast-to-tissue ratio is

slightly higher for flow speed until 5 mL/min, and the decrease of contrast-to-tissue ratio with flow speed is more pronounced. The

decrease of contrast-to-tissue ratio with flow speed is related to an evolution of the frequency spectrum at the vessel phantom

location (Figure 7(f-g)): the amplitude of the peak at the modulation frequency (f/fs=0.25) decreases when flow speed increase and

another peak with a higher frequency appears from 5 mL/min with an amplitude and a center frequency increasing with the flow

speed (from f/fs=0.26 at 5 mL/min to f/fs=0.32 at 20 mL/min). For the experiment conditions, these compounding angles’ number,

microbubble modulation-states’ number and amplitude of the low-frequency excitation, these results suggest that a flow speed

equal or lower to 5 mL/min should provide the best contrast-to-tissue ratios. Note that for a vessel in-plane, the flow speed

threshold may be different due to higher Doppler shift.

The effect of the number of microbubble modulation-states on the microbubble contrast is presented in Fig. 8 for 3 angles

high-frequency excitation and a 15 kPa low-frequency excitation without flow and with a 3 mL/min flow speed. Contrast-to-tissue

ratios are similar with and without flow rate (Fig. 8(a)): the contrast-to-tissue ratio increases slightly with the number of

microbubble modulation-states (from 10 dB to 12 dB for 3 and 10 microbubble modulation-states, respectively) and the use of the
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multiple of the modulation frequency allow to increase this contrast up to 17 dB for 5 microbubble modulation-states and up to 24

dB for 10 microbubble modulation-states. This increase of contrast-to-tissue ratio is observed on the uRMI and multi-band uRMI

images (Fig. 8(b-e)). For these flow speed, compounding angles’ number and amplitude of the low-frequency excitation, these

results suggest that using a higher number of microbubble modulation-states and especially with multi-band uRMI should provide

the best contrast-to-tissue ratios.

The effect of the number of angles in high-frequency acquisition on the contrast-to-tissue ratio is presented in Fig. 9 for 4

microbubble modulation-states and a 15 kPa low-frequency excitation without flow and with a 3 mL/min flow speed. Without flow,

there was no effect of the number of angles in high-frequency acquisition but for a 1 or 3 mL/min flow speed, the contrast-to-tissue

ratio decreases with the number of angles (Fig. 9(a)). Individually the contrast of microbubbles in the vessel phantom and agar

increases with the number of angles (Fig. 10(b)) without flow. This increase of agar amplitude is observed on the uRMI images

(Fig. 9(b-e)). We wished to determine the reason behind the lack of increase of microbubbles contrast with the number of angles.

Our two hypotheses were (1) an issue with angles compounding due to floating microbubbles and (2) an effect of RMI filtering. In

this way, acquisitions with and without low-frequency excitation were recorded. The contrast-to-tissue ratio from these

acquisitions was evaluated by subtracting the median image of each image set over time (Fig. 10(a)). In these conditions, there was

an increase of contrast-to-tissue ratio with the number of angles (Fig. 9(a)) with and without low-frequency excitation. Examples of

frequency spectrums at the vessel phantom location are presented in Fig. 9(f-g). In these spectrums, the amplitude of the peak at the

modulation frequency (f/fs=0.25) increases with the number of angles and another peak with a higher frequency appears until 3

angles with an amplitude and a center frequency increasing with the number of angles (from f/fs=0.26 for 3 angles to f/fs=0.275 for

7 angles). For these flow speed, microbubble modulation-states’ number and amplitude of the low-frequency excitation, these

results suggest that there is no need for using a high number of compounding angles to obtain a good contrast-to-tissue ratio.

C. Comparison with other techniques

In this section, the contrast-to-tissue ratio with uRMI and other techniques to detect microbubbles is evaluated without flow until

moderate flows to determine if uRMI is more appropriate to detect fixed or very slowly moving microbubbles.

The contrast-to-tissue ratio was estimated with AM at 15 MHz, microbubble disruption and SVD spatiotemporal filtering and

compared to the contrast-to-tissue ratio obtained with URMI for 4 modulation-states, 3 angles high-frequency excitation and a 23

kPa low-frequency excitation. The results are presented in Fig. 11 as well as examples of images obtained with these techniques.

Contrast-to-tissue ratios obtained with uRMI for flow speed from 0 to 5 mL/min were stable between 14 and 16 dB.

Contrast-to-tissue ratios obtained with SVD filter increases with the flow speed from around 11 dB (lower than the ratios obtained
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with uRMI until 0.05 mL/min) to 21 dB (higher than the ratios obtained with uRMI up to 0.6 mL/min). Contrast-to-tissue ratios

obtained with amplitude modulation was between 8 and 10 dB and it was close to 6 dB for microbubbles disruption.

IV. DISCUSSION

The objective of this study was first to describe the implementation of radial modulation with ultrafast imaging to simplify the

RMI process and increase its sensitivity, and second to demonstrate that uRMI improves the detection of fixed or extremely slowly

moving microbubbles at high-frequencies (15 MHz). The acquisitions were performed in a vessel phantom where the pressure field

of an ultrafast pulsed high-frequency excitation and a continuous low-frequency excitation overlapped. The images sets obtained

were modulated in the slow time and the microbubbles images were extracted by demodulation with a lock-in amplifier. The

number of microbubble modulation-states may be chosen by changing slightly the low-frequency continuous excitation frequency

around 1 MHz. This way, the microbubble signal was observed as a beat frequency between the modulation frequency and the

pulse-repetition-frequency.

In our experimental conditions, a contrast-to-tissue ratio from 7.2 to 14.8 dB was obtained with uRMI at 15 MHz. The

contrast-to-tissue ratio increases with the amplitude of excitation of the low frequency and with the number of microbubbles

modulation-states. It was stable with the number of high-frequency plane wave compounding angles and decreases with the flow

speed. According to the results, there were two trade-offs to deal with to optimize the contrast-to-tissue ratio obtained with uRMI.

The first tradeoff was related to the amplitude of excitation of the low frequency. The contrast-to-tissue ratio increased with the

pressure amplitude until a threshold around (25 kPa) but at higher pressure amplitudes, artifacts appeared in uRMI images. These

artifacts (Fig. 6(d-e)) corresponding to vertical lines were mostly observed under the vessel and may be the consequence of the

modulation of the ultrasound signal after going through the vessel and so, to the coupling of the low and high ultrasound excitations.

The presence of these artifacts was accompanied by a split of the peak at the modulation frequency on the frequency spectrum in

the slow time (Fig. 6(g)), meaning that the pressure amplitude may be optimized by the apparition of this split. The presence of

artifacts was also highlight by Shariff et al. [33], which associated them to a consequence of a coupling between the modulation and

imaging frequencies possibly resulting from disruption of the bubbles, and by Cherin et al. [32], which associate them to the

generation of harmonics by bubbles strongly resonating at the modulation frequency.

The second trade-off was related to the microbubbles decorrelation, an inherent limitation of RMI techniques, which led to a

decrease in the contrast-to-tissue ratio. This microbubble decorrelation may be a consequence of a too high flow speed or a too low

frame rate due to a large number of imaging compounding angles or microbubble modulation-states.
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In presence of flow speed higher than 5 mL/min, the contrast-to-tissue ratio tended to decrease (Fig. 7(a)), which was

characterized by the presence of another broader peak at a higher frequency than the modulation frequency on the frequency

spectrum (Fig. 7(g)). This other broader peak may correspond to a pulsed-Doppler shift induced by the flow. This shift of energy

away from the main band due to the decorrelation of microbubbles, and eventually to their displacement, led to a reduction of the

contrast-to-tissue ratio.

When the number of microbubbles modulation-states increased, the contrast-to-tissue ratio increased slightly (Figure 8(a)). It

seemed that using more microbubbles modulation-states provided more information about the microbubbles. However, using more

microbubbles modulation-states led also to a decrease in the frame rate. This was seen on the slow-time spectra where the

Doppler-shifted modulation band became more prominent with higher flows (Figure 8(f)). However, for a higher flow speed, one

may expect that using more microbubbles modulation-states, and so a lower frame rate, should lead to a decrease in the

contrast-to-tissue ratio.

Without flow, the number of angles did not affect the contrast-to-tissue ratio (Fig. 9(a)). Classically, the contrast of an image

should increase with the number of angles [3]. Individually, the amplitude in the phantom and the vessel increased with the number

of angles (Fig. 10(b)). This parallel increase implies that little gain is observed in the contrast-to-tissue ratio with more

compounding angles. Conversely, in the presence of flow, the contrast-to-tissue ratio decreased with the number of angles (Figure

9(a)). This decrease was related to the increase of the Doppler-shifted modulation band on the slow-time frequency spectrum (Fig.

9(g)). This contrast-to-tissue ratio lost was certainly involved by microbubbles decorrelation due to the necessary decrease in total

frame rate as the number if plane-wave compounding angles was increased. Indeed, in this case, signal interferes destructively

during the RF summation across transmit angles for moving bubbles but not stationary tissue [43]. Note that plane-wave

compounding may also lead to blur motion which could also impact the contrast-to-tissue ratio. Thus, according to the expected

flow speed, the number of angles has to be chosen carefully to avoid a decorrelation effect. In presence of flow, the number of

angles and the number of microbubble modulation-states have to be chosen to avoid an overlap of the Doppler shifts from the

modulation frequency and its multiple.

The use of a lock-in amplifier (selective bandpass filter combined with a demodulation stage) instead of a selective bandpass

filter without demodulation stage allowed to increase the relative contrast-to-tissue ratio from 26 to 48 % on average (examples are

presented on Fig. 12), and up to 65%. The lock-in amplifier was particularly interesting for the low amplitudes of the modulation

excitation, a limited number of compounding angles and modulation states, along with the slow flow. Moreover, the microbubbles

videos obtained after demodulation with the lock-in amplifier presented fewer artifacts as compared to a simple bandpass filter.

However, it has to be noted that the processing time with the lock-in amplifier is around 3 times higher than with a bandpass filter

(20 s for one angle for the lock-in amplifier instead of 7 s for the bandpass filter). The minimum number of images for the lock-in
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amplifier (or bandpass filter) was 144 (defined by the Matlab functions used). There were no effect on microbubbles contrast of the

number of images in the lock-in amplifier filter process (Fig. 13(a)). In in vivo conditions, with tissue displacement in addition to

microbubbles displacements, the limitation of the number of images was expected to lead to less efficient filtering of the lock-in

amplifier and so to a decrease of microbubbles contrast. However, for future clinical implementation, the number of images should

be optimzed as a function of the number of modulation states, angles and imaging depth, to attain sufficient image repetition

frequency. Nonetheless, the increase in the number of images led to an increase of microbubbles contrast (Fig. 13(b)).

In a flow phantom condition without flow, ultrafast acquisitions may not be necessary and the use of conventional acquisitions

with a lower frame rate should lead to a similar contrast-to-tissue ratio. However, even for a very low flow speed, conventional

acquisitions may lead to microbubble decorrelation and then, to a decrease of the contrast-to-tissue ratio. In in vivo conditions,

tissue displacement could pollute the spectrum in the slow time (the flow effect corresponds to the first part of the spectrum in the

slow time and is more prominent for higher flow speed (Fig. 7(f)) and lower frame rate (Fig. 9(f))). So, using a conventional

acquisition in in vivo conditions could lead to a decrease in contrast-to-tissue ratio.

In addition to simplifying the process, the combination of RMI with ultrafast acquisition allowed to increase the sensitivity of

this technique for several reasons. First, this process allowed to study more microbubble modulation-states than classical RMI and

the contrast-to-tissue ratio increased slightly with the number of microbubble modulation-states. Moreover, it allowed the use of

the multi-band uRMI which increased drastically the contrast-to-tissue ratio (Fig. 8(a)). The lock-in amplifier itself was responsible

for a substantial increase in the contrast-to-tissue ratio (Fig. 12). Finally, ultrafast acquisitions by reducing the impact of the

displacement on the spectrum in the slow time should prevent a decrease in the contrast-to-tissue ratio.

In absence of flow, uRMI provided the best contrast-to-tissue ratio compared to SVD spatiotemporal filter, amplitude

modulation and microbubbles disruption (Fig. 11(a)). Amplitude modulation was expected to provide a lower contrast-to-tissue

ratio than RMI from simulation (Fig. 3), as the nonlinear contribution to microbubbles scattering is expected to be very small at 15

MHz. It was confirmed by the experimental results where the contrast-to-tissue ratio was found to be lower with amplitude

modulation than with uRMI (Fig. 11). As compared to amplitude modulation, uRMI performed very well at high frequency.

Amplitude modulation was applied in several studies which showed enhancement of 14 dB at 2.5 MHz [14] compared to linear

excitation or a contrast-to-tissue ratio of 15 dB at 8 MHz after state lag correction [44] and 13 dB at 18-24 MHz [45]. In our study,

for consistency, amplitude modulation was applied for the same imaging voltage than uRMI and the contrast-to-tissue ratio was

between 8 and 10 dB at 15 MHz in these conditions. This difference with Needles’ study [45], may come from the lower

microbubbles concentration (3x104 - 16x104 microbubbles/mL compared to 4x106 microbubbles/mL) or a difference in imaging

pressure (300 kPa compared to 200 to 500 kPa). Note that, in contrary to amplitude modulation, the implementation of RMI

leverages significant SNR gain from the Doppler ensemble. The contrast-to-tissue ratio that may be obtained for microbubbles
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disruption without flow was found to be close to 6 dB. This contrast, as expected from simulation (Fig. 3), was better than

amplitude modulation. However, according to numerical simulation (Fig. 3), microbubbles disruption was expected to give a

higher contrast-to-tissue ratio than RMI. The low contrast-to-tissue ratio obtained with microbubbles disruption (presence or not of

microbubbles) may be explained by the noise from the phantom in the vessel due to the limited number of angles used (only 3).

Ultrafast RMI is then more appropriate to detect stopped microbubbles than the other tested techniques in this study to realized

ultrasound molecular imaging acquisitions.

With a flow speed from 0.01 to 5 mL/min (corresponding to 0.05 to 25 mm/s microbubble speed in the center of the canal),

contrast-to-tissue ratios obtained with SVD spatiotemporal filter increased with the flow speed. It was in agreement with the

observation of Desailly’s study [24]. For these flow speed, contrast-to-tissue ratios obtained with uRMI were stable and so uRMI

allow a better contrast than SVD filtering for flow speed ≤ 0.05 mL/min (≤ 0.25 mm/s). Then uRMI should be appropriate to detect

the very slowly moving microbubbles in the finest vessels. SVD filtering and uRMI may be complementary techniques to retrieve

the most complete as possible microvascular cartographies: microbubbles moving faster than 1 mm/s may be detected with SVD

filtering and microbubbles moving lower may be detected with uRMI.

The experiment and uRMI, in general, suffer from some drawbacks. Firstly, for its implementation, we had to couple the

imaging 15 MHz-transducer with a 1 MHz modulation transducer. However, the later transducer is a single-element narrow-band

one, which is a simple technology, easy to produce in any laboratory. A more complex problem is to make sure that the zone to be

observed is illuminated by both transducers. Secondly, uRMI is sensitive to the decorrelation of the microbubbles, as in any other

nonlinear sequence. But, we already demonstrated that spatiotemporal filtering of ultrafast images outperforms other nonlinear

sequences in the presence of flow [24]. Consequently, uRMI can be used as a complementary technique specialized in slow or

stopped microbubbles.

V. CONCLUSION

In this study, we showed that uRMI increases the contrast-to-tissue ratio at 15 MHz in a phantom vessel without flow and for

slow flow (≤ 0.05 mL/min) compared to SVD filtering. Moreover, in cases of with or without flow, uRMI provides a better

contrast-to-tissue ratio than amplitude modulation and microbubble disruption. In future work, the advantage of uRMI should be

shown in vivo for ultrasound molecular imaging and ultrasound localization microscopy [21-23] applications. For this last

application, uRMI may help to detect microbubbles moving slowly in the finest vessels which were not detected by SVD filtering.
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TABLE I

THE CONTRAST-TO-TISSUE RATIO BETWEEN MICROBUBBLES IN THE VESSEL

AND THE PHANTOM FOR A 3 ANGLES HIGH-FREQUENCY EXCITATION TO

EVALUATE THE MODULATION/DEMODULATION PROCESS: WITH AND WITHOUT

MICROBUBBLES AND WITH AND WITHOUT A LOW-FREQUENCY EXCITATION (4
MICROBUBBLE MODULATION-STATES, 15 KPA).

Microbubbles/Phantom contrast uRMI (dB) Bmode (dB)

No microbubble, no low frequency -0.4 -7.0

No microbubble, low frequency 2.4 -7.0

Microbubble, no low frequency -0.5 -3.8

Microbubble, low frequency 12.7 -3.5
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Fig. 1. Experimental setup: the 1-MHz transducer, piloted by the function
generator, and the 15-MHz transducer, piloted by the vantage system, were
placed above the flow phantom, in a way that their pressure fields
overlapped at the vessel phantom location.
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Fig. 2. Illustration of RMI pulses with 5 (a), 4 (b) or 3 (c) microbubble
modulation-states per period. The manipulation pulse is a continuous
sinusoidal signal with the low-frequency transducer and the imaging pulse is
a 1 cycle 15 MHz pulse every 60 μs.
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Fig. 3. Scattered pressure from a microbubble of 1.25 µm, 2.5 µm and 3.7 µm radius in amplitude modulation (MA) imaging, microbubble disruption and RMI
as a function of the amplitude pressure at 15 MHz. The RMI results are presented for 4 amplitudes pressure of the 1 MHz excitation.
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Fig. 4. Example of normalized frequency spectrums in slow time
(divided by the sampling frequency fs) for 3, 4, 5 and 10 microbubble
modulation-states.
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Fig. 5. Examples of images for a 3 angles, 4 microbubble
modulation-states and 15 kPa acquisition without flow: (a) one Bmode
image with microbubbles, (b) one uRMI image with microbubbles and
with the low-frequency excitation , (c) sum of 1000 uRMI images with
microbubbles and with the low-frequency excitation, (d) one uRMI image
without microbubbles without low-frequency excitation, (e) one uRMI
image without microbubbles with low-frequency excitation, and (f) one
uRMI image with microbubbles without low-frequency excitation. The
red and green rectangles correspond to the ROI of the vessel phantom and
the agar, respectively. The scale bar represents 1 mm and the colorbar is in
dB.
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Fig. 6. The contrast-to-tissue ratio between microbubbles in the vessel and the phantom as a function of the amplitude of the 1 MHz modulation pulse for 3
angles, 4 modulation-states acquisition without flow and for a 1 and 3 mL/min flow (a) and examples of images for 15 (b), 20 (c), 30 (d) and 35 (e) kPa without
flow. The red and green rectangles correspond to the ROI of the vessel phantom and the agar, respectively. White arrows show examples of artifacts observed.
The scale bar represents 1 mm and the colorbar is in dB. Corresponding normalized frequency spectrums in slow time (divided by the sampling frequency fs)
of images data-set at the vessel phantom location (f) zoomed around the modulation frequency (g) showing a split peak. The dotted lines show the limits of the
bandpass filter of the demodulation process.
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Fig. 7. The contrast-to-tissue ratio between microbubbles in the vessel and the phantom as a function of the flow speed for 3 angles, 4 modulation-states, 15 kPa
low-frequency acquisition (a) and examples of images for 1 (b), 5 (c), 10 (d) and 20 (e) mL/min. The plain red and green rectangles correspond to the ROI of
the vessel phantom and the agar, respectively. The dotted red and green rectangles correspond to the ROI in the center of the vessel phantom and the agar,
respectively. The scale bar represents 1 mm and the colorbar is in dB. Corresponding normalized frequency spectrums in slow time (divided by the sampling
frequency fs) of images data-set at the vessel phantom location (f) zoomed around the modulation frequency (g). The dotted lines show the limits of the
bandpass filter of the demodulation process.
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Fig. 8. (a) The contrast-to-tissue ratio between microbubbles in the vessel and the phantom as a function of microbubble modulation-states number for 3 angles,
15 kPa low-frequency acquisition without flow and for a 3 mL/min flow speed. Examples of uRMI images for a 3mL/min flow speed for 5 modulation-states
(b) and 10 modulation-states (c) and examples of multi-band uRMI images for 5 modulation-states (d) and 10 modulation-states (e). The red and green
rectangles correspond to the ROI of the vessel phantom and the agar, respectively. The scale bar represents 1 mm and the colorbar is in dB. Corresponding
normalized frequency spectrums in slow time (divided by the sampling frequency fs) of images data-set at the vessel phantom location for 3 (f) and 10 (g)
microbubble modulation-states. The dotted lines show the limits of the bandpass filter of the demodulation process.
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Fig. 9. The contrast-to-tissue ratio between microbubbles in the vessel and the phantom as a function of the number of angles for a 4 modulation-states, 15 kPa
low-frequency acquisition without flow and for a 3 mL/min flow (a) and examples of images for 1 (b), 3 (c), 5 (d) and 7 (e) angles with a 3 mL/min flow speed.
The red and green rectangles correspond to the ROI of the vessel phantom and the agar, respectively. The scale bar represents 1 mm and the colorbar is in dB.
Corresponding normalized frequency spectrums in slow time (divided by the sampling frequency fs) of images data-set at the vessel phantom location (f)
zoomed around the modulation frequency (g). The dotted lines show the limits of the bandpass filter of the demodulation process.
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Fig. 10. The contrast-to-tissue ratio between microbubbles in the vessel
and the phantom for images-set with and without low-frequency
excitationminus its median value over time as a function of the number of
angles for 4 microbubble modulation-states, 15 kPa low-frequency
acquisition without flow (a). Contrast amplitude of microbubbles in the
vessel and amplitude in the phantom without flow as a function of the
number of angles for 4 microbubble modulation-states, 100 kPa
low-frequency acquisition from uRMI (b).
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Fig. 11. Contrast-to-tissue ratio between microbubbles in the vessel and the phantom as a function of the flow speed for a 3 angles, 4 modulation-states, 23
kPa low-frequency acquisition and for amplitude modulation, SVD filtering (a) and examples of images for uRMI (b), SVD filter (c), amplitude
modulation for a flow speed of 0.01 mL/min (d), and subtraction of an image with microbubbles to an image without microbubbles (e). The red and green
rectangles correspond to the ROI of the vessel phantom and the agar, respectively. The scale bar represents 1 mm and the colorbar is in dB.
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Fig. 12. Contrast-to-tissue ratio between microbubbles in the vessel and the
phantom obtained with uRMI and the lock-in-amplifier and with a
bandpass filter, as a function of the amplitude of the 1 MHz modulation
pulse (a) (3 angles, 4 modulation-states acquisition without flow), of the
flow speed (b) (3 angles, 4 modulation-states, 15 kPa low-frequency
acquisition), of the number of microbubble modulation-states (c) (3 angles,
15 kPa low-frequency acquisition without flow) and of the number of
compounding angles (d) (4 modulation-states, 15 kPa low-frequency
acquisition, 3 mL/min flow speed).
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Fig. 13. Microbubble contrast as a function of the number of images in the
filtering process of the lock-in-amplifier (3 imaging angles, 4 microbubble
modulation-states, without flow): (a) effect of the number of images on the
filtering by evaluating microbubble contrast on the sum of the first 150
images only and (b) effect of the number of images on microbubble
contrast by evaluating microbubble contrast on the sum of all images.


