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High frequency ultrasound backscatter signals from sea urchin oocytes were measured using a 40 MHz

transducer and compared to numerical simulations. The Faran scattering model was used to calculate the

ultrasound scattered from single oocytes in suspension. The urchin oocytes are non-nucleated with uni-

form size and biomechanical properties; the backscatter from each cell is similar and easy to simulate,

unlike typical nucleated mammalian cells. The time domain signal measured from single oocytes in sus-

pension showed two distinct peaks, and the power spectrum was periodic with minima spaced approxi-

mately 10 MHz apart. Good agreement to the Faran scattering model was observed. Measurements from

tightly packed oocyte cell pellets showed similar periodic features in the power spectra, which was a

result of the uniform size and consistent biomechanical properties of the cells. Numerical simulations

that calculated the ultrasound scattered from individual oocytes within a three dimensional volume

showed good agreement to the measured signals and B-scan images. A cepstral analysis of the signal

was used to calculate the size of the cells, which was 78.7lm (measured) and 81.4lm (simulated). This

work supports the single scattering approximation, where ultrasound is discretely scattered from single

cells within a bulk homogeneous sample, and that multiple scattering has a negligible effect. This tech-

nique can be applied towards understanding the complex scattering behaviour from heterogeneous tis-

sues. VC 2017 Acoustical Society of America. [http://dx.doi.org/10.1121/1.4993594]

[CC] Pages: 268–275

I. INTRODUCTION

The scattering of sound waves from cells and tissues

depends strongly on the biomechanical properties of tissues,

which itself depends on the type of tissues examined.1 A

quantitative analysis of the scattered ultrasound signals

can be used to assess tissue types and their health.2–4

Quantitative ultrasound (QUS) techniques have been applied

towards detecting apoptosis in vitro and in vivo,5–11 charac-

terizing tissues using the mean scatterer diameter and

spacing,12–21 analysis of blood,22–26 calculating cell and

microparticle physical properties,27–30 detecting cancer ex
vivo,31–34 and characterizing bone structure.35–37

Numerous experimental studies have been performed

examining the ultrasound scattering from tissues, and how it

can be used to infer properties of the tissues, however the

scattering phenomena is not well understood. Changes in the

ultrasound signals have been hypothesized to be due to

variations in the pseudorandom spatial arrangement, cellular

biomechanical properties, and/or nuclear/cell size and

shape.38–41 Early computer simulations examined the ultra-

sound scattered from sub-resolution scatterers within a tissue

volume.42–45 These simulations convolved the transducer

impulse response with the scatterers in the medium, and

demonstrated that the transducer beam properties such as the

lateral resolution and transducer geometry influenced the

speckle pattern in the generated B-scans. Later simulation

techniques describe biomechanical inhomogeneities as dis-

tributions through the tissue samples, and calculated the

backscatter based on Rayleigh statistics, K-distribution,46–49

or Nakagami distribution.50–52 Other models include the

Gaussian form factor model which assumes a random collec-

tion of spherical scatterers to calculate the ultrasound back-

scatter,12,53–55 and the structure factor model which accounts

for correlations between cell positions in the tissue.56–59

The aforementioned modeling techniques use estima-

tions or distributions to calculate the ultrasound from a

collection of cells. Approximations can result in diverging

solutions when used inappropriately within incorrect ka

ranges.60,61 Arguably a more accurate technique is to calcu-

late and sum the ultrasound scattered from each discrete

scatterer, but this is computationally intensive and quickly

scales with the number of scatterers, limiting the volume

that can be simulated.

Each cell is a viscoelastic mixture of fluids, proteins and

organelles which behaves as a poroelastic material when

under load;62–64 the cells can be considered homogeneous on

the length scales used in these ultrasound studies. Discrete

modeling techniques include simulating the cell or nucleus

as the dominant scatterer57,60,65–70 or as two concentric

spheres.18,55,71,72 Due to the computational time anda)Electronic mail: mkolios@ryerson.ca
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complexity, these models are generally restricted to two

dimensional (2D) areas or small volumes only. Our previous

work in measuring ultrasound scattered from single cells

showed that modeling the cell as a homogeneous Newtonian

inviscid fluid filled sphere suspended in a Newtonian inviscid

fluid is a valid approximation, with good agreement to theo-

retical predictions.70,73 Our model calculates the ultrasound

scattered from each individual cell within a three dimensional

(3D) volume, and then applies weights to the signal from each

cell depending on its location within the limited field of view

(FOV). The superposition of signals from each cell within the

transducer FOV can be calculated, creating a matrix of ultra-

sound signals as a function of measurement location.

Theoretical scattering of sound waves from homoge-

neous spheres dates back to the 1950s.74–83 For an incident

plane wave propagating in a Newtonian inviscid fluid and

incident on an elastic spherical scatterer, the analytical solu-

tion for the far-field pressure amplitude of the scattered ultra-

sound wave Ps in the frequency domain is

Ps r; h; fð Þ ¼ P0

akr

X1

n¼0

�ið Þn 2nþ 1ð Þsin gn

�

� exp �ignð ÞPn cos hð Þ� exp �ikrð Þ; (1)

where P0 is the initial ultrasound pressure, r is the distance

to the observation point, n is the order of the scattered wave,

Pn is the nth order Legendre function, a is the radius, k¼ 2pf/c,

h is the scattering angle (where 180� denotes a backscattered

wave) and g is the phase-shift angle as defined in76,77 which

itself is a function of ka of the cell and the coupling fluid,

and also the Poisson ratio of the cell. This equation was

developed by Faran in 1951 (Ref. 76) and then refined by

Hickling in 1962 (Ref. 77); it accounts for shear and com-

pressional waves in the elastic scatterers. This solution was

shown to be identical to the Anderson fluid filled spherical

model74 when shear waves can be neglected (i.e., the

Poisson ratio was 0.4993 or higher).60 Multiple scattering

was ignored as it has a negligible contribution to the overall

signal for weak scatterers.

Sea urchin oocytes are homogeneous with a narrow size

distribution. They are composed mostly of fluids, protein

and egg yolk,84 with a ka¼ 7.1 at 40 MHz, and are ideal for

studies that use a discrete ultrasound scatterer simulation

technique. The ultrasound scattered from single oocytes and

close-packed cell pellets were examined to help understand

the ultrasound scattering from cell aggregates. Good agree-

ment between the measured and simulated signals was

observed, validating the numerical simulations and support-

ing the single scattering approximation theory. This model

can be used for studying the ultrasound scattered from more

complex scenarios such as heterogeneous tissues, where the

scattering phenomenon is not well understood.

II. METHOD

A. Sea urchin oocyte preparation

Purple sea urchin oocytes strongylocentrotus purpura-
tus were prepared in an artificial hypertonic salt water

solution containing 0.5 M KCl. Live female sea urchins

were placed in the salt solution, shedding oocytes into the

water which were collected for analysis. The average

diameter of the cells was 85 lm [Fig. 1(A)]. Oocytes sus-

pended in a 0.5 M KCl solution were used for the single

cell measurements. The ultrasound transducer was

immersed into the fluid, which was gently stirred prior to

recording the signals. Cell pellets were made by centrifug-

ing the oocyte cells in an 8 mm diameter container at

approximately 200 g for 10 min, which created a close-

packed structure of cells to mimic normal tissue. The cell

pellet was measured with ultrasound in degassed PBS at

room temperature [Fig. 1(B)].

B. Ultrasound measurements

Measurements were performed using a Visualsonics

VS40B Ultrasound Scanning System using a 40 MHz trans-

ducer (Visualsonics Inc., Toronto, Canada). The transducer

had a focal length of 9 mm, f# of 3.0, and a �6 dB bandwidth

of 90% as measured from the reflection from a quartz plate.

All data were sampled at 500 MS/s and analyzed using

Matlab. The normalized power spectrum P was calculated

using equation

P ¼ 10 log10

����
Pm x; y; z; fð Þ2

Pref fð Þ2

����; (2)

where Pm is the power spectrum of the measured time

domain signal and Pref is the reference spectrum measured

from a quartz substrate.68 The power cepstrum was calcu-

lated using the inverse Fourier transform of the logarithm of

the spectrum.37,85–87

FIG. 1. (Color online) (A) Optical image of the sea urchin oocytes superim-

posed over a scale bar. The major division is 100 lm. (B) Schematic show-

ing the experimental setup, with the transducer above the cell pellet.
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C. Numerical simulations

1. Spatial organization

A 5� 5� 1 mm3 volume of cells was created by using

an algorithm to randomly place cells within the volume. The

algorithm sequentially placed cells such that a newly placed

cell was at least a minimum distance from its closest neigh-

bours. For a close-packed structure of non-deformable non-

overlapping spheres, the volume packing ratio is a maximum

of 0.74 for a periodic face-centered cubic (FCC) structure,88

and drops to the 0.6 range for randomly packed spheres.89

To achieve a realistic tissue packing ratio of 0.75–0.90,90 the

spheres were allowed to overlap slightly. Using a minimum

center�center distance of 55 lm, a volume packing ratio of

0.78 was achieved using 60703 cells of 85 lm diameter in a

5� 5� 1 mm volume (Fig. 2).

2. Ultrasound scattering model

Using 40 MHz ultrasound with a cell diameter of 85 lm,

ka¼ 7.1. Calculations using Rayleigh scattering equations

can be used when ka � 1; as ka increases towards 1, the

scatterer shape and scattering angle becomes important and

Rayleigh scattering breaks down.91–93 Equation (1), known

as the Faran model, can be used to calculate the exact solu-

tion of the scattered ultrasound over a wide range wide of ka

values, with the assumption that the scatterer is spherical and

homogeneous.76,77 The ultrasound scattered from a region of

interest within the cell pellet was simulated by calculating

the ultrasound scattered from each individual cell using the

Faran scattering model and then summing the scattered

waves from each individual cell. Multiple scattering was

ignored, as the backscattered signal amplitude from a single

cell was 0.3% of the signal amplitude measured from a

quartz plate; thus, multiple scattering would have a negligi-

ble effect on the overall measured signal.

The input parameters for the Faran model were

vf¼ 1480 m/s (for PBS) or 1525 m/s (for 0.5 M KCl saltwa-

ter94), vs¼ 1573 m/s,69 qf¼ 1000 kg/m3, qs¼ 1198 kg/m3,69

and a Poisson ratio of 0.499, where the subscript f denotes

the coupling fluid, and the subscript s denotes the spherical

cell.

The transducer was positioned above the cell pellet as

shown in Fig. 2, and the ultrasound signals from cells as a

function of distance r and angle h was calculated. The trans-

ducer position was moved along the x axis, and the calcula-

tions repeated. The ultrasound signal p measured with the

transducer focal spot at a location (x, y, z) was

pðx;y;z;tÞ¼
X

n

psðr;h; f ÞWlateralðxnÞWlateralðynÞWaxialðznÞ;

(3)

where ps(r, h, f) is the time domain signal from each cell

[Eq. (1)], and W is a weight that accounts for the decrease in

signal for cells outside of the transducer FOV. The 40 MHz

transducer used in the measurements had a lateral resolution

of 115 lm and a depth of field of 2.5 mm. A Gaussian distri-

bution with l¼ 0 and r¼ 50 for the x and y coordinates, and

l¼ 0 and r¼ 1075 for the z coordinate were used for the

weights. The angle h and distance r was calculated from the

lateral and axial coordinates of the cell location relative to

the transducer, and are required components of the Faran

solution.

The algorithm was optimized to use a lookup table

instead of calculating the Faran solution for each cell. A

lookup table that contained the Faran solution for all angles

h was created and saved over a frequency range of 0–400

MHz. The algorithm stepped over every cell in the volume

and if the cell was outside of the transducer FOV [i.e., the

product of the axial and lateral weights in Eq. (3)

was< 0.001], then the signal from that cell was set to zero

and the algorithm moved onto the next cell. For all cells

within the transducer FOV, the frequency domain Faran

solution as a function of r and h was found using the lookup

table. The inverse Fourier Transform was calculated for the

signal from each cell, then the FOV weights applied. A

bandpass filter of 20–55 MHz applied to account for the lim-

ited bandwidth of the VS-40B transducer, and then all the

FIG. 2. (Color online) (A) A pictorial representation of the close-packed

nature of the cells generated for the simulations. (B) Calculation of the ultra-

sound signal from each cell as a function of distance r and angle h.

FIG. 3. (Color online) A block dia-

gram describing the numerical simula-

tion algorithm.
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signals were summed to give the collective signal from all

scatterers at that transducer position. The transducer was

moved along the x axis using the predefined step size, and

then the signals from the cells within the new FOV were cal-

culated using the same procedure. This process was repeated

along the x axis from 0 to 5 mm in steps in 10 lm. The pro-

cess is illustrated using a block diagram in Fig. 3.

B-scan images were created by converting the A-lines at

each transducer position to a grayscale intensity with the

maximum signal level white, and the lowest black. Simulated

images were created by log compressing the signal envelope

and adjusting the dynamic range to match the measured

images.

III. RESULTS

A. Single cells

Single cells in a suspension of saltwater were measured

and compared to theoretical predictions. Figure 4 shows a

representative measured time domain signal and spectrum

for a single oocyte. Optical microscopy confirmed that the

cells were not aggregating, and ultrasound imaging would

reveal the presence of more than one cell within the FOV.

The time domain signal showed two peaks separated in time,

which resemble echoes from the front and back of the

oocyte.69 The spectrum for the oocytes measured in suspen-

sion was calculated from the time domain signal, while the

theoretical spectrum was solved using Eq. (1) and the time

domain signal calculated from the inverse Fourier transform.

A bandpass filter of 25–55 MHz was applied to the theoreti-

cal time domain signal for direct comparison to the measured

signal. Good agreement in the shape and features of the time

domain signals and their spectra were observed.

A collection of six oocytes in suspension was simulated

by randomly positioning the cells in a 2D spatial arrange-

ment, then a B-scan created by calculating the ultrasound

signal at points along the x axis using 10 lm steps. A band-

pass filter of 25–55 MHz was then applied. A limited FOV

using a weighted Gaussian resolution profile as described in

the methods to ensure that the six cells were sufficiently sepa-

rated and that the ultrasound signals were independent. Figure 5

shows a measured B-scan from the oocytes in suspension

compared to the simulated B-scan. In both images, the lateral

spread of the signal was approximately 250 lm, and the time

between the two scattered signals of each cell were 100 ns,

or 78.65 lm when converted to distance (d¼ [1/2]*v*t)

using a sound speed of 1573 m/s.

B. Cell pellets

The oocyte cell pellets were imaged using a 40 MHz

transducer, the resulting B-scan is shown in Fig. 6. A simu-

lated B-scan image created from a 3D spatial arrangement of

cells as described in the methods section is also shown in

Fig. 6. Representative A-scan signals are shown in Fig. 7.

The measured pellet shows an irregular pellet-liquid inter-

face at the top due to inhomogeneities within the pellet,

where single oocytes can be observed above the pellet in

some cases. The simulated pellet was modeled with sharp

FIG. 4. (Color online) (A) A representative time domain signal measured (black) and simulated (red) from a single oocyte using 40 MHz. (B) The spectrum of

the measured (black) and simulated (red) oocyte.

FIG. 5. B-scans of single oocytes in

suspension at 40 MHz: experimental

(left) and simulated (right). The scale

bar is 250 lm.
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borders, so this behavior was not observed. The power ceps-

trum was calculated for both the measured and simulated

cell pellet in the z-axis direction (into the pellet). Rahmonics

were located at 50.03 ns (measured data) and 51.75 ns (simu-

lated data). The quefrequency has units of seconds, and was

converted to distance using the relation d¼ v*t, where the

sound speed of the cells, 1573 m/s was used. Using this con-

version, the cell pellet had a peak at 78.7 lm, while the simu-

lated pellet showed a peak at 81.4 lm (Fig. 9).

IV. DISCUSSION

A numerical simulation technique that calculates the

ultrasound scattered from every cell within a 3D volume was

developed to help understand the contribution of single scat-

terers on the measured ultrasound signal from bulk tissues.

Modern computers are now fast enough to calculate the sig-

nal from all scatterers in a volume within a reasonable

amount of time. Using a lookup table, the simulation time

for 60703 cells in a 5� 5� 1 mm volume using a standard

Intel i7 desktop PC was about 5 min. This can easily scale to

larger volumes and smaller scatterers.

For the single cell measurements, there was good agree-

ment between the measured and simulated signals in both the

time and frequency domains using a cell diameter of 79 lm

and a sound speed and density of 1573 m/s and 1198 kg/m3,

respectively. Excellent agreement between measured and sim-

ulated in both the frequency and time domain were observed

(Fig. 4), as indicated by the overlap of the two signals. A com-

parison between theoretical and measured signals of single

urchin oocytes using frequencies at 20, 40, and 55 MHz was

previously demonstrated by Falou et al.69 Using the Anderson

scattering model,74 they found that a cell diameter of 75 lm

with a sound speed and density of 1573 m/s and 1198 kg/m3,

respectively, fit well with measured signals. The slight differ-

ence in the calculated cell diameter between their results and

ours may be due to differences in the experimental condi-

tions/procedures, cell preparations, and the model used (Faran

vs Anderson). Figure 5 shows good agreement in the lateral

spread and the axial signal intensity between measured and

theoretical B-scans of several oocytes.

Modeling the ultrasound scattering from single oocytes

validated the model, which could then be applied to meas-

urements from a tightly packed 3D structure of cells. The

measured and simulated a-scans from packed oocytes are

shown in Fig. 6. The transducer focus was approximately

1 mm below the surface of the cell pellet, resulting in a sig-

nal amplitude maximum at approximately 11 ls. Attenuation

was not modeled as its contribution would be significantly

less than the contributions of the focal gain/loss at the fre-

quencies used. The A-scans were used to recreate the mea-

sured and simulated B-scans as shown in Fig. 7. The

measured region of interest (ROI) was 8� 8 cm2, while the

simulated ROI was 5� 5 cm2. Both regions were cropped to

a 2.5� 1.5 cm2 area for better evaluation. The surface of the

measured cell pellet was uneven and some voids were visible

within the pellet, which was likely due to some disassocia-

tion during the measurement. Otherwise, the measured and

simulated B-scans showed similar variations in intensity due

to the pseudo random packing nature of the cells.

A quantitative analysis of the cell pellet RF data was

used to extract information about the cells. The power

FIG. 6. B-scan images created from

oocyte pellets using 40 MHz ultra-

sound: experimental (left) and simu-

lated (right) B-scans. The scale bar is

250 lm.

FIG. 7. (Color online) Representative time domain backscatter signal from oocyte pellets using 40 MHz ultrasound: experimental (left) and simulated (right).
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spectra from 30 individual RF lines were calculated, and

then averaged (Fig. 8). A periodically varying spectral pat-

tern was observed for both the measured and simulated data;

this pattern was not clearly visible in the unaveraged spectra.

Compared to the single cell measurements (Fig. 4), there

was good agreement in the location of the minima and max-

ima throughout the bandwidth of the spectra (20–60 MHz).

This supports the single scattering approximation, where

scattering from closed packed cells occurs from each indi-

vidual cells within the FOV, and that multiple scattering has

a negligible effect.

The cepstrum is useful for detecting periodicity in the

spectrum. From Figs. 4 and 8, it is evident that there is a

periodic pattern in the spectrum. Using the power cepstrum,

the period of this spectral pattern was 50.0 ns (measured

data) and 51.8 ns (simulated data). When converted to spatial

distance using d¼ v*t, using v¼ 1573 m/s, this corresponds

to a distance of 78.7 lm (measured data) and 81.4 lm (simu-

lated data) as shown in Fig. 9. For the measured data, the

cepstrum calculation of 78.7 lm matched the size estimation

using the measured peak�peak time domain signal of a sin-

gle cell (78.7 lm, Sec. III A). For the simulated data, the

cepstrum calculation of 81.4 lm was slightly lower than the

urchin diameter used in the simulations 85 lm. The 85 lm

diameter was used in the simulations as it gave the best

match in the location of the spectral minima and maxima as

shown in Fig. 8. Thus, the cepstrum can be use to estimate

the size of the cells within a bulk tissue structure.

The technique developed in this study can rapidly simu-

late the ultrasound scattering from bulk tissues by calculat-

ing the signals from every individual scatterer within bulk

tissues. Larger volumes and smaller cells can be examined,

as well as variations in size distributions, cell structures and

biomechanical properties, and applied to photoacoustic

imaging applications.95,96 A 3D environment more accu-

rately simulates the scattering behaviour compared to 2D

simulations typically used in ultrasound. For future work,

simulations of heterogeneous tissues will be performed,

where the cell size distributions and cell spatial organiza-

tions are mapped using histological samples of cell pellets

and tissues. This will help understand how size and structure

affect ultrasound scattering. The ultrasound scattered from

tissues that are undergoing apoptosis increases significantly

compared to healthy tissue, however, this process is not fully

understood. An iterative process of adjusting the cell sizes,

distributions, and biomechanical properties will be per-

formed to examine how these changes affect the ultrasound

scattering.

V. CONCLUSIONS

A technique to numerically simulate the ultrasound scat-

tered from individual cells within a 3D close-packed struc-

ture of cells was developed and compared to measurements

of sea urchin oocytes using 40 MHz ultrasound. Excellent

agreement in the measured A-scans and recreated B-scan

images was observed from both single cells, as well as close-

packed cell pellets which simulated a tissue environment.

The results support the single scattering approximation,

where scattering occurs from individual cells and multiple

scattering can be neglected. The simulation technique is fast

and easy to implement, with applications in calculating the

ultrasound scattered from heterogeneous tissues composed

of varying cell sizes and types.
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