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Abstract – It has been previously shown that high 
frequency ultrasound (20 - 100 MHz) can be used to 
detect cellular structure changes in tissues and cell 
ensembles. Using spectral analysis methods to 
analyze radio-frequency data collected from in vitro 
and in vivo models, the changes seen during apoptotic 
cell death are very striking. Imaging changes in cell 
structure has implications in a broad range of fields, 
from cancer treatment monitoring to organ 
transplantation. However, the changes seen in the 
backscattered ultrasound intensity and frequency 
spectrum are not fully understood. In this paper we 
propose and explore a model for studying how the 
changes in the sizes, spatial distribution, and acoustic 
impedance of the scattering sources within the cells 
are related to the resulting backscattered ultrasound 
signal. 
 

I.  INTRODUCTION 
 
 During the last 15 years, several studies have 
found that localized cellular variations in tissues [1, 
2] and cell ensembles [3, 4] can be detected using 
high frequency ultrasound (20 - 100 MHz). Although 
individual cells cannot be resolved even at the high 
frequencies used, changes in the localized brightness 
and speckle in conventional B-mode images can 
readily be observed. More recently, spectral analysis 
techniques [5, 6] used to analyze radio-frequency 
(RF) echo signals, have made it possible to more 
specifically characterize cell structure changes in 
tissues [7] and cell ensembles [8]. 

Several types of changes in cell structure have 
been successfully detected in vitro using high 
frequency ultrasound. In particular, we have looked 

extensively at changes in structure of human acute 
myeloid leukemia cells, OCI-AML-5 [9], that occur 
after exposure to increased salinity, during necrosis, 
and during apoptosis. We have shown [10] that 
exposing cells to higher ionic strengths, which 
induces cell shrinkage and condensed chromatin 
distributed throughout the cell nucleus, increases the 
ultrasound backscatter of cell ensembles. We have 
also shown that ensembles of necrotic cells (heat 
killed) [11], cells undergoing mitosis [8], and cells 
undergoing apoptosis (after exposure to cisplatin, a 
commonly used chemotherapeutic agent) [8, 11] yield 
an increased ultrasound backscattered signal 
compared to viable cells. Apoptosis, a process 
marked by cell and nucleus shrinkage, complete 
condensation of chromatin in the nucleus, and 
eventual nuclear fragmentation [12], causes the most 
dramatic increase in high frequency ultrasound 
scattering; up to a 20-fold change in integrated 
backscatter intensity compared to viable cells [8]. 
 Apoptosis is now recognized to be a central 
feature in embryonic development [13, 14], certain 
neurodegenerative disorders [15], and cancer [16, 17]. 
Apoptosis can be induced by disease, such as in 
transplant rejection [18] or heart attack [19], or can be 
purposefully induced as the result of cancer therapy 
[20, 21]. Because apoptosis is a biologically 
significant process, we have made high frequency 
ultrasound measurements ex vivo and in vivo to 
determine whether apoptotic changes can be detected 
in experimental organ and tumor systems. 
 Apoptosis occurs in organs due to ischemia during 
isolation and storage prior to transplantation. It has 
been shown in rat liver that the degree of endothelial 
cell injury correlates with functional impairment of 



the organ following transplantation [22]. 
Measurement of organ damage by detecting apoptosis 
might allow assessment of the viability of organs 
prior to transplantation. Measurement of apoptosis 
would also be useful for assessing new organ 
preservation techniques which aim to inhibit 
apoptosis [23]. We have performed studies in excised 
mouse liver to test the feasibility of monitoring organ 
viability using high frequency ultrasound. Using a 
high frequency ultrasound imager built in-house [3], 
an increase in image brightness (seen in Figures 1A 
and 1B) and RF spectral slope (seen in Figure 1C) 
with time, consistent with ultrasonic features detected 
from ensembles of pure apoptotic OCI-AML-5 cells 
[8], was observed. The classic markers of apoptotic 
cells in spectral analysis are an increase in spectral 
slope and midband fit. 
 

 

 
Figure 1: Ultrasonic B-mode images of a mouse liver, 
approximately 4x3 mm in size, (A) immediately after excision 
and (B) 8 hours after excision, over the exact same region. In (C), 
normalized spectral power (in dBr) as a function of frequency for 
an average of 40 independent RF lines are presented. 
 

 Evaluation of cancer treatment response currently 
takes weeks or months as the tumor shrinks. 
Measuring apoptosis in a tumor volume could provide 
a method for rapidly measuring response to 
anticancer therapies since many cancer treatments 

including radiation therapy [24], chemotherapy [25],  
and immunotherapy [26], kill tumor cells by 
apoptosis. We imaged human tumors grown in mice 
which were then treated with various cancer therapies 
to test the feasibility of monitoring anticancer 
treatment with high frequency ultrasound. In one set 
of experiments, we treated mice with human 
malignant melanoma, ATCC HTB-67 [27], tumors 
with photodynamic therapy (using photofrin 
photosensitizer and 120 J delivered of 635 nm laser 
light). Using a VisualSonics VS40b (VisualSonics 
Corp., Toronto, Canada) ultrasound imaging device 
operating at 40 MHz, we were able to see edema 
early on with a bright region in the treated tumor area 
(4 hour time point shown in Figure 2). At 26 hours, 
the edema had almost disappeared and a very bright 
region was observed in the treated area. 
  

 

 
Figure 2: Ultrasonic B-mode images of human malignant 
melanoma tumors grown in mice (each row is a different mouse), 
immediately before laser irradiation during photodynamic 
treatment (0 h), and at two different time points after treatment. 

 
II.  PROBLEMS 

 
Presently it is not possible, using image analysis 

of B-mode images or spectral analysis of RF signals, 
to measure the proportion of cells in a volume 
undergoing structural changes. In the case of 
apoptosis this is referred to as the apoptotic index; the 
percentage of cells undergoing apoptosis. We have 
demonstrated that it is possible to non-invasively 
detect cells undergoing apoptotic changes in vitro, ex 



vivo, and in vivo, but we cannot make an accurate 
assessment of the apoptotic index.  

Although RF spectral parameters can be used in an 
existing theoretical model, such as the one proposed 
by Lizzi et al. [28, 29], to predict features of the 
scatterer microstructure, these models assume a 
random scatterer distribution. This assumption likely 
does not hold for either cell ensembles or tissues. 
Cells in tissues may be better modeled as spatially 
ordered with some degree of randomization. 
Therefore, calculations of the effective scatterer sizes 
based on methods assuming completely random 
distribution are probably inaccurate. It would be 
useful to know what the acoustic scattering centers 
are in cells at high frequencies so that we can 
understand the changes in backscatter intensities 
following changes in cell structure. 
 

III.  ENSEMBLE SCATTERING MODELS 
 
 If an ultrasound scattering model can be 
constructed to simulate an ensemble of cells, with a 
variable number undergoing apoptosis, it might be 
possible to solve the problem of calculating the 
apoptotic index from measured RF spectral 
parameters. This solution would require empirical 
calibration for each particular cell type. As a starting 
point, we have chosen to model in vitro cell 
ensembles of OCI-AML-5 cells. These cells are 
conveniently spherical in shape with relatively 
spherical nuclei. 

The differences in backscatter intensities observed 
following changes in cell structure can be due to 
changes in the ultrasonic cellular properties (and, 
hence, of the subcellular scattering sources) or be 
related to the spatial arrangement of the scattering 
sources. It is probable that both factors are important. 
For example, if a cell’s diameter is reduced, the 
number of possible positions of the nucleus is 
reduced because the nucleus will take up a larger 
proportion of the cell volume. A reduced cell 
diameter will also have consequences for the spatial 
packing of cells in an ensemble. 

 
Existing ensemble model 

Although the primary scattering centers of a cell 
are unknown, the evidence presented to date [8, 30, 
31] indicate that the cell nucleus is the predominant 
scatterer. Based on this assumption, a simple model 
of a cell ensemble can be constructed. Hunt et al. [32] 

carried out two-dimensional simulations for regular 
and pseudo-random distributions of cells, each 
containing a single weak pseudo-point scatterer (i.e. 
not a Rayleigh point scatterer) fixed in the centre of 
the cell simulating the nucleus. Hunt et al. [32] 
showed that as the randomization of the position of 
the cells (and, thus, the nuclei) increases, the 
calculated backscattered signals also increases. A 
recent refinement of this model [33] now employs 
multiple pseudo-point scatterers arranged to mimic 
the size and position of the nucleus inside the cell. 
Several simulations were carried out to model the 
changes that occur to the nucleus during apoptosis. 
An increase in the backscatter was predicted as the 
nucleus size decreases. A further increase in 
backscatter is predicted in late apoptosis as the 
nucleus fragments. This trend of increasing 
backscatter over time agrees with the results our 
previous studies of cell ensembles imaged at different 
time points after an apoptotic-inducing treatment [8, 
11, 30]. 

The model developed by Hunt et. al. [32, 33] 
assumes a very simplified scattering function; the 
incident pulse is scaled and inverted by each scatterer. 
As a result, there is no appreciable frequency 
response associated with the backscatter signal. We 
have shown [8] that there is an increase in higher 
frequency backscatter from ensembles of apoptotic 
cells when compared to viable cells. Therefore, to 
fully describe these variations in backscatter, a true 
ensemble scattering model must be constructed.  
 
New ensemble model 

We have developed a new two-dimensional 
ensemble scattering model based on the Faran-
Hickling solution [34, 35] of the acoustic scattering 
field for a compressible sphere (of any diameter, 
density, speed of sound, and Poisson’s ratio) 
insonified by a plane wave of arbitrary frequency. 
This scattering solution, an extension of Mie 
scattering theory [36], has no assumptions regarding 
scatterer size and is valid for any scatterer diameter. 
The theoretical response of our model, from an 
ensemble of cells with spherical nuclei as the sole 
scatterers, is calculated by summing the equivalent 
backscattered pressure pulses generated from each 
nucleus (accordingly time-delayed by depth) 
weighted by a transducer aperture function. The 
equivalent scattered pulse from each nucleus is 
determined by taking the inverse Fourier Transform 



of the impulse response of the backscattered pressure 
calculated using the Faran-Hickling solution of 
acoustic scattering. 
 Like the Hunt et al. [32] ensemble model, the 
spatial arrangement of cells in the ensemble can be 
varied, for example, to simulate perfect, crystal-like 
close-packing or more random cell arrangements (see 
Figure 3). To mimic backscattering from real cell 
ensembles it is necessary to measure their packing 
arrangement experimentally. We are currently 
attempting to extract packing statistics from cell 
ensembles imaged by confocal optical microscopy. 
 

 

Figure 3: A few possible cell ensemble packings (only cell nuclei 
are shown). From left: perfect crystal, cell locations are allowed a 
degree of randomization, nucleus diameters are allowed a degree 
of randomization, both cell locations and nucleus diameters are 
randomized. 

Unlike Hunt et al. [33], we can now not only vary 
the dimensions, but also the acoustic properties 
(density, speed of sound, Poisson’s ratio) of any 
individual nucleus in the ensemble. To simulate a 
change in cell structure, such as apoptosis, these 
properties are varied accordingly. Figure 4 shows the 
effect of diameter and speed of sound (holding 

 
Figure 4: Normalized backscattered pressure intensity from a 
single spherical scatterer in water. (A) Diameter is varied; density 
(1.05 g/mL), speed of sound (1540 m/s), and Poisson's ratio 
(0.33) are kept constant. (B) Compressibility is varied (by varying 
the speed of sound); density (1.05 g/mL), diameter (15 µm), and 
Poisson's ratio (0.33) are kept constant. 

density constant) on the backscatter response of a 
single simulated nucleus. To simulate early stage 
apoptosis the nucleus diameter would be reduced, and 
the density and speed of sound would be most likely 
be increased. It is unknown if the average Poisson’s 
ratio of the nucleus would change during apoptosis. 
Clearly, to get meaningful results that we can 
compare to our experimental studies of OCI-AML-5 
cell ensembles, we need to make accurate 
measurements of the acoustic properties of viable and 
apoptotic OCI-AML-5 nuclei (ideally at several 
stages of apoptosis). 

Some pilot size measurements of viable and early-
apoptotic OCI-AML-5 cells were performed using a 
confocal microscope. The cells were stained with 
bisbenzimide (Hoescht) and carboxyfluorescein 
succinimidyl ester (CFSE) to visually segment 
nucleus and cell membrane respectively. Viable 
nuclei were, on average, 11 µm in diameter, and 
early-apoptotic nuclei were 9 µm. Viable cells had a 
diameter of roughly 14 µm. Changes in apoptotic cell 
diameter could not be properly assessed due to 
reduced CFSE dye adherence. This might be due to a 
change in membrane polarity during apoptosis. [37] 

We are also currently in the process of measuring 
the acoustic parameters of whole nuclei from viable 
and apoptotic OCI-AML-5 cells. The method of Rill 
et al. [38] is used to isolate whole undamaged nuclei 
from cells. At the time of this publication, the only 
preliminary measurement completed is the speed of 
sound of viable nuclei: 1584 m/s. This is higher than 
the average value for soft tissue of 1540 m/s [39, 40]. 
Because of chromatin condensation and a reduction in 
diameter, we predict that nuclei from apoptotic cells 
will have an even higher speed of sound. 
  

IV.  NEW ENSEMBLE MODEL RESULTS 
 

As we do not yet know the acoustic properties of 
OCI-AML-5 cell nuclei, the effect of the spatial 
arrangement of the cells was explored first. Nuclei, 
since modeled to be centrally positioned inside cells, 
have a spatial arrangement directly related to cells. In 
the model, the variable cellLocRange controls the 
randomness of the cell positions in an ensemble. 
When cellLocRange is zero, the cells and nuclei are 
packed in a perfect lattice. As cellLocRange (defined 
as a fraction of the average cell diameter) increases, 
cells are allowed to randomly take positions farther 
away from their assigned lattice position. Assuming 



some reasonable nuclei properties (see Figure 5), 
simulations were performed for different  values of 
cellLocRange. The midband fit and spectral slope, as 
defined in [28], of the resulting backscattered signals 
are presented in Figure 5. It is encouraging that the 
range of spectral slopes generated by the simulations 
are close to values measured experimentally from 
OCI-AML-5 cell ensembles (see [8]). 

As predicted by Hunt et al. [32], the integrated 
backscatter, and hence the midband fit, is at a 
minimum when cells are in a perfect lattice. As 
randomization of cell positions increases, midband fit 
and spectral slope increase up to a terminal value. 
The terminal value is achieved when the scatterers, 
the nuclei, become truly randomly distributed. True 
random distribution of scatterers appears to occur 
when cellLocRange > 1.25. 

 
Figure 5: Linear spectral parameters (calculated for the band 25-
55 MHz) of simulated normalized backscattered signals from cell 
ensembles with varying randomness of spatial positions. Each 
data point is the mean value from 50 cell ensembles; error bars 
indicate one standard deviation. Assumed nuclear properties: 
diameter = 15 µm, density = 1.05 g/mL, speed of sound = 1540 
m/s, and Poisson's ratio = 0.33. 

 
V.  CONCLUSIONS 

 
A new cell ensemble scattering model has been 

developed. Once we complete the measurement of 
acoustic properties of viable and apoptotic OCI-
AML-5 cells, it will be possible to run exhaustive 
simulations of various dilutions of apoptotic cells. By 
comparing these results to experimentally measured 
RF spectral parameters, we can attempt to deduce the 

apoptotic index of arbitrary OCI-AML-5 cell 
ensembles. 
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