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Abstract— Spheroids provide a three-dimensional in-vitro 
model of cell-to-cell interaction and basic structure. High-
frequency ultrasound studies of spheroids show good image 
contrast between viable rims and necrotic cores, but spectral 
analyses have not been performed. This study examines 
colorectal HT-29 spheroids using high-frequency ultrasound at 
55MHz (n=5) and 80MHz (n=4) to determine changes in spectral 
parameters as a function of transducer frequency and location 
(core vs rim). Histology shows low cell density within the core 
and a tightly packed rim, which forms a smooth shell. 
Statistically significant differences were found in the midband fit, 
spectral slope and effective scatterer diameter estimate as a 
function of imaging frequency and spheroid location. Effective 
scatterer diameter estimates (12.7 ± 0.4 µm at 55MHz and 6.6 ± 
0.5 µm at 80MHz) agree closely with histological estimates (12.9 ± 
0.3 µm for the cell and 7.0 ± 0.3 µm for the nucleus) suggesting 
different primary scatterers at the two frequencies.  

Keywords—high-frequency ultrasound, quantitative 
ultrasound, HT-29 spheroids 

I. INTRODUCTION  

The use of spectral and quantitative techniques in 
ultrasound, rather than qualitative images based on the log-
compressed RF data, allows subtle differences in cellular and 
tissue architecture to be probed. In cancer imaging, quantitative 
ultrasound has been used to differentiate benign versus 
malignant tumors [1], different types of malignant tumors [2] 
and individual cells and tissues undergoing apoptosis [3]. 

Models that allow the three-dimensional organization of 
cellular structure to be examined are required in order to 
develop an understanding of how spectral and quantitative 
ultrasound parameters are influenced by structural features and 
changes in these features. Studies have been conducted with 
individual cells [3], pellets of spun cells [4, 5] and cells in 3D 
scaffolds [6, 7], which allow for an in-vitro examination of 
cells. However, the lack of biologically relevant organization 
and communication limits the ability to draw inferences 
applicable to in-vivo cellular structure and organization. In-
vivo models introduce the complexities of the vasculature and 
have increased biological variability, which makes determining 
the contributions of different components to the ultrasound 
backscatter difficult. A model that better spans the gap between 
individual cells and an in-vivo model are spheroids where the 
cells spontaneously form a three-dimensional structure. 

Spheroids are a well-established model which has been used as 
a 3D in-vitro model [8-10] for a wide range of studies.  

Spheroids were used in one of the first demonstrations of 
the use of high-frequency (20-100 MHz) ultrasound imaging 
[10]. In these experiments, there was rich contrast between the 
viable rim and necrotic core in C-mode images. Quantitative 
methods have not previously been applied to spheroids to 
observe changes between the rim and core. The study 
presented here uses high-frequency ultrasound to evaluate 
changes in quantitative ultrasound parameters in spheroids due 
to heterogeneity in cellular growth and as a function of 
transducer frequency. 

II. MATERIAL AND METHODS 

A. Spheroids 

HT-29 human colorectal adenocarcinoma cells, (ATCC, 
Manassas, VA) were grown in McCoy’s 5a medium (Gibco, 
NY; prepared at Princess Margaret Hospital, Toronto), 
supplemented with 10% fetal bovine serum (Gibco, NY) at 
37°C at 5% CO2 in a humidified incubator.  Cells were passed 
at 60-80% confluence to maintain exponential growth. HT-29 
spheroids were produced by the hanging drop method [11], 
seeding each 20 μL drop with 5000 cells for 96 hours at 37°C, 
5% CO2. 

B. Ultrasound Imaging 

Spheroids were imaged in a large polystyrene plate with a 
VisualSonics Vevo770 (Toronto, ON) using a nominal 55 
MHz single element transducer digitized at 420 MHz and a 
SASAM acoustic microscope (Kibero GmbH, Germany) using 
an 80 MHz transducer digitized at 1 GHz. Several imaging 
planes with the associated digital RF data were acquired 
through each spheroid ensuring the reflection from the plate 
region proximal to the spheroid was obtained as a reference for 
data processing. 

C. Histology and Cell Size Estimation 

To prepare for histological processing, spheroids were 
suspended in Tissue Tek optimal cutting temperature medium 
(Sakura USA, Torrence, CA), and flash frozen in liquid 
nitrogen. The frozen samples were stored in a -85°C freezer for 
up to 1 week before processing. Frozen sections were cut to 6 
μm slices using a Leica cryostat, and then stained
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Fig. 1. Histological cross section of a spheroid shown at, (a) 10x and (b) 20x.  To prepare the histology samples, the spheroids were flash frozen and stained for 
H&E. A darker, more compact rim is seen around the edge of the spheroid. 

with H&E (Hematoxolin and Eosin). Cell and nucleus 
diameters were estimated for the rim and core of each initial 
seeding density by randomly selecting 20 cells per histology 
slide, which were manually outlined in ImageJ [12]; the 
reported area was used to calculate an estimated diameter 
assuming a perfect circle. 

D. Data Processing 

1) Segmentation 
Data from the spheroids were divided into five by five 

wavelength analysis windows with 75% overlap for data 
processing. To determine the overall region of interest to 
process, manual segmentation was performed. First the entire 
spheroid was outlined and then, when visible on the B-mode 
image, the central core was outlined. Analysis windows in 
which at least 75% of the pixels were contained within the 
segmented central region were considered part of the core of 
the spheroid. All the other analysis windows were considered 
part of the rim. The small size of the spheroids limited the 
analysis window size possible to ensure the two regions could 
be separately outlined and to avoid substantial overlap with the 
background.   

2) Attenuation 
In order to compensate for attenuation, a linear attenuation 

coefficient estimated by an insertion loss technique from the 
preceding spheroid experiment was used. A value of 1.4 
dB/cm/MHz was used for attenuation correction for all 
spheroids.  

3) Spectral Parameters and Effective Scatterer Diameter 
Based on the approach developed by Lizzi et al [13], a 

linear regression was performed on the normalized, attenuation 
compensated power spectra for each analysis window, over the 
bandwidth of the respective transducer. The midband fit 
(magnitude of the fitted line at the centre of the bandwidth) and 
spectral slope were computed from the linear regression to 
allow for comparison across samples. 

From the attenuation compensated and normalized power 
spectra, the backscatter coefficient (BSC) was calculated 
according to the method proposed by Chen et al. [14]. The 
Effective Scatterer Diameter (ESD) was estimated based on the 
fluid filled sphere form factor from [15]. Radii over the range 
of 0.1 μm to 1 μm (in 0.1 μm steps) and 1 μm to 50 μm (in 1 
μm steps) were compared to the estimated BSC. The radius 
resulting in the lowest mean square error between the 
theoretical and estimated BSC was selected. Parametric images 
of the ESD were plotted to allow for any spatial variations in 
the estimates to be observed. 

E.  Statistical Analysis 

N-way ANOVAs were performed in Matlab to determine if 
there were statistically significant differences in parameters 
estimates for the variables of transducer frequency, number of 
cells seeded or the rim versus core. For cases of a statistically 
significant result from the ANOVA, post hoc Tukey-Kramer 
tests were performed. 

III. RESULTS 

Five spheroids were imaged at 55 MHz and four spheroids 
were imaged at 80 MHz. Average estimates for the rim and 
core for each spheroid were calculated by averaging across all 
analysis windows. 

A. Histology 

Fig. 1 shows a histological slice of a spheroid seeded with 
5000 cells at 10x and 20x magnification. The density of cells 
varies radially with a less dense core and tightly packed rim. 
Estimates of size from the histological slices were 12.9 ± 0.3 
μm for the cell diameter and 7.0 ± 0.3 μm for the nucleus 
diameter. 

B.  Spectral  parameters and ESD 

ANOVAs indicate significant differences between 
transducer frequency and location for the spectral slope,  
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TABLE I.  MEANS OF THE MIDBAND FIT, SPECTRAL SLOPE AND 
EFFECTIVE SCATTERER DIAMETER (ESD) FOR EACH TRANSDUCER FREQUENCY 

(55 MHZ N=5; 80 MHZ N=4), LOCATION (RIM VS CORE) AND OVERALL. 

  Rim Core Total 

Mean 
Spectral 
Slope 
(dB/MHz)  

55MHz 0.17±0.04 0.31±0.04 0.24±0.03 

80MHz 0.07±0.04 0.20±0.05 0.13±0.03 

Total 0.11±0.03 0.25±0.03  

Midband Fit 
(dB) 

55MHz -52.7±0.8 -56.5±0.8 -54.6±0.6 

80MHz -40.0±0.9 -44.1±1.0 -42.1±0.7 

Total -46.4±0.6 -50.3±0.7  

 
ESD 
(µm) 

55MHz 13.8±0.6 11.6±0.6 12.7±0.4 

80MHz 7.1±0.6 6.1±0.7 6.6±0.5 

Total 10.5±0.4 8.9±0.5  

 

midband fit and ESD. The average values of these parameters 
are  summarized  in  Table 1.  For both transducers, the spectral 
slope for the spheroid cores were consistently  higher  than   for  
the  rims. When comparing the measurements from the two 
transducers, lower average values were obtained at 80 MHz 
compared to 55 MHz.  The midband fit average was lower in 
the core compared to the rim in both cases. Moreover, the MBF 
was -54.6 dB at 55 MHz versus -42.1 dB at 80 MHz.  ESD 
core estimates were consistently lower than rim estimates, at 
both frequencies (by about 1 μm). Averaged estimates of the 
combined ESD (rim and core) were 12.7 ± 0.4 μm at 55 MHz 
and 6.6 ± 0.5 μm at 80 MHz.  

 
Fig. 2 and Fig. 3 present representative B-mode and 

parametric images from the 55 MHz and 80 MHz transducer 
respectively. The local variations in the spectral slope are seen 
in Fig. 2b and 3b, with larger values toward the center of the 
spheroids. Fig. 2c and 3c are parametric images of the midband 
fit with the lowest values in the same region as the lowest 
echogenicity in the B-mode images. Fig. 2d and 3d show the 
ESD values with increased ESD toward the outer edge of the 
spheroid.  

IV. DISCUSSION 

The work presented here demonstrates the ability of high-
frequency ultrasound to detect subtle variations in structure and 
organization in even small samples of cells, such as spheroids. 
The distinct estimates of scatterer size between the two 
imaging frequencies suggest there could be a change in 
sensitivity to structures of different sizes.  

Estimates of HT-29 cellular size from both the literature 
and direct measurements of histological slides (approximately 
12.9 μm) agree well with the ESD estimates at 55 MHz 
(average of 12.7 μm), however, the nucleus diameter 
(approximately 7.0 μm) rather than the cell diameter was much 
closer to the 80 MHz ESD estimate (average 6.6 μm). The 
correspondence of these numbers suggests the two frequencies 
are sensitive to different specific structures within the cells, 
which opens the possibility of being able to probe changes to 
the different structures in response to a treatment.  

 

Fig. 2. B-mode (a) image of an example spheroid at 55 MHz. Parametric 
images overlaid on the Bmode image show the estimated spectral slope (b), 
midband fit (c) and fluid filled sphere ESD (d). Heterogeneity throughout the 
spheroid is visible. 

The cores, which appeared darker on B-mode images, 
resulted in a consistent decreased midband fit relative to the 
brighter rims. Histologically a reduced cellular number density 
is observed in the cores of the spheroids, reducing the number 
of scatterers per resolution volume.  

V. CONCLUSION 

Tumor spheroids allow for the study of a three-
dimensional, self-assembled structure to examine the 
sensitivity of ultrasound to variations within the structure. 
Variations were observed for all the spectral parameters using 
RF data collected with a 55 MHz and 80 MHz transducer. 
Moreover, spectral parameters varied between the core and rim 
of the spheroids, consistent with the histological results. The 
ESD estimates in particular showed distinct populations 
between the two transducers with the 55 MHz estimates and 80  

 

Fig. 3. B-mode (a) image of an example spheroid at 80 MHz. Parametric 
images overlaid on the Bmode image show the estimated spectral slope (b), 
midband fit (c) and fluid filled sphere ESD (d). Heterogeneity throughout the 
spheroid is visible.  
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MHz estimates agreeing well with histology estimates of cell 
and nucleus size estimates.  
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