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Abstract 
Current sonication experiments in vitro show immense variability in experimental set-ups and equipment used. Many 
factors such as presence of standing waves or position of sonicated sample in ultrasound field during the experiment 
affect ultrasound field parameters the sonicated samples actually experience. The main goal of this work was to quantify 
influence of position of sonicated sample on maximum acoustic intensity and overall amount of ultrasound energy 
entering sonication vessel when placed at different distances from ultrasound transducer. The measurements were 
performed in a water sonication tank with use of a circular unfocussed ultrasound transducer (d = 19 mm) and needle 
hydrophone (d = 0.5 mm). The measurements showed that the differences in amount of ultrasound energy (maximum and 
minimum energy were compared) entering particular well per time unit at different distances from ultrasound transducer 
range from 45.5% (48-well culture plate) to 109.9% (96-well culture plate). Moreover, the maximum acoustic intensity 
of ultrasound field entering particular well can differ by up to 233.2%. Therefore, position of sonicated sample in 
ultrasound field should not be neglected during sonication experiments in vitro. 
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Introduction 

Ultrasound (US) has been extensively used by 
clinicians as a powerful imaging method over the past 
decades. Potential uses of ultrasound in medical 
imaging have still not been fully exploited and many 
research teams and international companies focus on 
developing or improving new modalities such as 
ultrafast imaging, elastography, novel contrast agents 
or advanced techniques for imaging flow and tissue 
motion (e.g. B-flow, vector flow imaging or Doppler 
tissue imaging) [1]. Ultrasound has also been 
extensively studied for its therapeutic effects. 
Numerous powerful modalities such as HIFU (high-
intensity focused ultrasound), ESWL (extracorporeal 
shockwave lithotripsy), phacoemulsification, tissue 
cutting and vessel sealing or various physiotherapy 
procedures have already found their way into clinical 

practice [2]. Other therapeutic methods are still being 
deeply studied. These include for instance drug 
delivery systems, gene therapy or sonodynamic therapy 
[3]. 

Prior to introducing a new therapeutic method, huge 
amount of testing and experiments is usually conducted 
in vitro, in vivo and in preclinical studies. Current 
sonication experiments in vitro show variable 
experimental set-ups that pose non-negligible 
uncertainty of ultrasound field parameters the 
sonicated samples actually experience. The most 
common experimental set-ups are depicted in Fig. 1 
[4]. 

Commercial culture plates and dishes are often used 
as sample carriers, other research teams develop 
custom sonication vessels for ultrasound exposures. 
There have already been published two guidelines for 
proper reporting of ultrasound field parameters the 
sonicated samples experience during sonication [5, 6]. 
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Both of them consider direct measurement of 
ultrasound field at the position of sonicated sample to 
be the most relevant when correlating biological 
response to ultrasound field parameters. Direct 
measurement can be sometimes impossible due to 
arrangement of the experimental set-up. In such case, 
the guidelines advise to measure ultrasound field at 
least in free field condition. The structure of ultrasound 
field generated by unfocussed transducers is usually 
defined by its near and far field [7]. Therefore, the 
actual amount of ultrasound energy entering particular 
sonication vessel may differ significantly depending on 
the position of sonicated sample in ultrasound field and 
dimensions of the sonication vessel. 

Fig. 1: Common experimental set-ups. a) ultrasound 
source and sonicated sample are both immersed in 
water sonication tank, ultrasound absorber is placed 
behind the sonicated sample, b) unsealed sonicated 
sample is placed at water level, ultrasound source is 
placed below it, c) sonicated sample is placed directly 
on the ultrasound source, ultrasound gel is usually 
used to couple ultrasound to region of interest, 
d) ultrasound source is immersed directly into the 
sonicated sample. 

The main goal of this work was to determine 
differences in actual amount of ultrasound energy 
entering particular sonication vessel(s) when placed at 
different positions of ultrasound field. Dimensions of 
commercial 96-, 48-, 24-, 12- and 6-well culture plates 
(TPP, Switzerland) were considered during data 
analysis. 

Methods 

Equ ipmen t  

All measurements were conducted in a water 
sonication tank filled with distilled water. Ultrasound 
field was generated with use of a circular plane piston 
unfocussed transducer SN: PA 192 (Precision 
Acoustics, United Kingdom) with nominal frequency 
of 3.5 MHz. The structure of ultrasound field was 
measured using a calibrated 0.5-mm needle 
hydrophone SN: 3474 (Precision Acoustics, United 
Kingdom). The hydrophone was positioned using a 3D 

positioning system that is integral part of the water 
sonication tank. The signal from hydrophone was 
registered with use of an oscilloscope 
WaveRunner 62Xi (LeCroy, New York, USA) and 
transferred to computer for further analysis. The 
manufacturer reports the overall uncertainty of the data 
measured by the hydrophone to be 17% at the levels of 
3 and 4 MHz. All measurements were performed in 
free field condition. 

Scan s  

Several types of scans were conducted during 
measurements. X axis corresponds to horizontal axis, 
y axis corresponds to vertical axis and z axis 
corresponds to distance from ultrasound transducer. 
Linear scan is constituted of measurements of acoustic 
parameters at particular points along one of the 
Cartesian axes. Orthogonal cross scan (OC) is 
constituted of two linear scans that mutually intersect 
in the middle. Planar scan is constituted of 
measurements of acoustic parameters at particular 
points that form a net along two of the Cartesian axes. 
Measurement scheme as well as types of scans are 
depicted in Fig. 2. 

Fig. 2: Measurement scheme and types of scans. 

Measuremen t procedur e 

The ultrasound transducer was precisely positioned 
to align its beam axis along the axis of hydrophone 
movement. The deviation of beam axis from axis of 
hydrophone movement was less than 0.5 mm at 
distance of z = 440 mm. Since the hydrophone had 
diameter of 0.5 mm, all scans were conducted with step 
of at least 0.5 mm to cover whole area of ultrasound 
field at particular distance. Linear scan along z axis was 
conducted to determine near field and far field region 
and locations of acoustic maxima and minima. 
Orthogonal cross scan and planar scan (both along 
x and y axis) were conducted at locations of acoustic 
maxima and minima. Even though the deviation of 
beam axis was small, the hydrophone was perfectly 
centralised on the beam axis at particular distances 
prior to conducting planar xy and OC xy scans.
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Data analys is  
Temporal average acoustic intensity I was 

determined for each of the measured points using 
UMS V1.5.2 software provided by the manufacturer. 
Firstly, the software determines the instantaneous 
pressure p through dividing the frequency components 
of the voltage signal registered via hydrophone V by 
hydrophone sensitivity M: 

𝑝𝑝(𝑡𝑡) =  ℑ−1 �
ℑ[𝑉𝑉(𝑡𝑡)]
𝑀𝑀(𝑓𝑓) � 

ℑ and ℑ-1 correspond to Fourier transformation and 
inverse Fourier transformation respectively. Pressure 
and voltage are time dependent, hydrophone sensitivity 
is frequency dependent.  

Then, the value of root mean square pressure prms is 
calculated from the pressure waveform. Finally, the 
temporal average intensity I is calculated by dividing 
the square of prms by water density ρ and speed of 
ultrasound in water c: 

𝐼𝐼 =  
𝑝𝑝𝑟𝑟𝑟𝑟𝑟𝑟2

ρ. c
 

The surface area of particular well was superimposed 
over data of planar xy scans. Surface integration of 

intensities yielded acoustic energy per time unit P 
entering particular well at different distances. 
Maximum intensity entering particular well at different 
distances was also determined. 

Results 

Last axial maximum was found to be at distance of 
z = 199.25 mm. Linear z scan is depicted in Fig. 3. The 
orthogonal cross scans as well as planar scans (both 
along x and y axis) were conducted at distances of 
z = 0.00 mm, 14.75 mm, 17.75 mm, 21.75 mm, 
27.25 mm, 33.75 mm, 44.25 mm, 64 mm, 99.25 mm, 
199.25 mm (last axial maximum), 320.00 mm and 
440.00 mm. Representative planar xy scans are shown 
in Fig. 4. Rest of scans can be found in Supplementary 
data. The ultrasound field generated by the transducer 
showed typical structure of ultrasound field described 
in literature [7]. Near field shows typical structure with 
strong local acoustic maxima and minima 
(z = 0.00–199.25 mm), whereas far field shows 
maximum acoustic intensity on the beam axis and its 
gradual decrease at periphery 
(z = 199.25–440.00 mm).

 

 

Fig. 3: Linear scan along z axis. The last axial maximum was found at distance z = 199.25 mm. 

Table 1: Amount of ultrasound energy per time unit P and maximum acoustic intensity Imax entering particular well 
at different distances from ultrasound transducer. (* wcp = well culture plate). 
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Table 1 summarizes the overall amount of ultrasound 
energy per time unit and maximum acoustic intensity 
entering particular well at different distances. The last 
line % corresponds to ratio between maximum and 
minimum value. 

Data in Table 1 show several interesting results. 
When placed at different distances from ultrasound 
transducer, the maximum acoustic intensity of 
ultrasound field entering particular well can differ by 
up to 233.2% (z = 64 mm → 0.512 W.cm-2 compared 
to z = 440 mm → 0.154 W.cm-2). These results are 
consistent for all wells. However, the difference of 
233.2% results from spatial arrangement of our 
experiment. If the linear z scan was shorter in far field, 
the minimum intensity would be bigger and thus, the 
difference would decrease and vice versa, bigger 
distance from ultrasound transducer in far field would 
yield smaller acoustic intensity and the difference 
would increase. 

Fig. 4. Planar xy scans. The sizes of wells of 96-, 48-, 
24-, 12- and 6-well culture plates are marked as white 
lines. a) z = 0.00 mm (right in front of the ultrasound 
transducer), b) z = 64.00 mm (at absolute axial 
maximum), c) z = 99.25 mm (at absolute axial 
minimum), d) z = 199.25 mm (at last axial maximum). 

Moreover, the overall amount of ultrasound energy 
entering particular well per time unit can also differ 
significantly. When the maximum and minimum 
values of acoustic energy entering particular well per 
time unit at different distances are compared, the 
differences range from 45.5% (48-well culture plate) to 
109.9% (96-well culture plate). 

Discussion 

Current sonication experiments in vitro show huge 
variations across experimental set-ups. During the 
experiments the sonicated samples are placed in 
different positions in ultrasound field. Due to the 
inhomogeneity of ultrasound field the amount of 
energy entering particular sonication vessel can differ 
significantly. 

Based on the measurements we performed in our 
experimental conditions the amount of energy entering 
the well of 96-well culture plate per time unit can be 
more than 2 times bigger when placed at different 
distances from ultrasound transducer. Moreover, the 
maximum acoustic intensity differs more than 3 times 
for all culture plates. Therefore, the position of 
sonicated sample during the experiment should not be 
neglected as it may affect ultrasound field parameters 
the sonicated sample actually experiences and thus, it 
may affect final biological outcome. 

The results presented in this study are specific for the 
equipment we used. There are many different 
commercially available therapeutic ultrasound systems 
with various ultrasound transducers. Moreover, various 
sonication vessels are used during the experiments. The 
variations of maximum acoustic intensities as well as 
amounts of ultrasound energy are specific for each of 
the systems and sonication vessels. Therefore, it may 
be beneficial to determine ultrasound field parameters 
within particular sonication vessel as recommended by 
ter Haar et al. [5] and Edmonds et al. [6]. 

There are also many other factors affecting 
ultrasound field parameters within particular sonication 
vessel than the position of the sonicated sample in 
ultrasound field. For instance, presence of standing 
waves results in formation of very strong acoustic 
maxima and minima which leads to huge 
inhomogeneity in local acoustic pressures [8, 9]. 
Therefore, the biological outcome of particular cells 
can be strongly variable depending on their position in 
the sonicated sample. 

Transmissivity of coupling medium may also play 
a certain role. It has been shown that degassed water or 
gel-based media are more suitable for ultrasound 
coupling to region of interest than oils, cream-based 
preparations or tap water [10, 11]. Increasing distance 
between ultrasound transducer and sonicated vessel 
results in thicker layer of coupling medium increasing 
its potential influence on the dose of ultrasound energy 
delivered to region of interest. 

Moreover, the interaction of ultrasound with 
sonication vessel can also change ultrasound field 
parameters in the sonication vessel significantly. For 
instance, glass culture dishes, plates and vessels reflect 
huge amount of ultrasound energy due to the acoustic 
impedance mismatch between distilled water and glass 
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reducing the amount of ultrasound energy in the vessel 
significantly [12]. It has also been reported that the 
diffraction of ultrasound at round bottom of 
commercial culture plates and dishes results in 
formation of ultrasound field pattern with strong local 
acoustic maxima and minima corresponding to near 
field pattern [13]. 

Conclusion 

The dimensions of sonication vessel and spatial 
arrangement of the sonication experiment affect the 
final amount of ultrasound energy entering particular 
sonication vessel. Direct measurement of ultrasound 
field parameters at the position of sonicated sample is 
considered to be the most relevant for correlating of 
biological outcome with ultrasound field parameters. 
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