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Abstract—High frequency ultrasound imaging (20 to 60 MHz) is increasingly being used in small animal
imaging, molecular imaging and for the detection of structural changes during cell and tissue death. Ultrasonic
tissue characterization techniques were used to measure the speed of sound, attenuation coefficient and inte-
grated backscatter coefficient for (a) acute myeloid leukemia cells and corresponding isolated nuclei, (b) human
epithelial kidney cells and corresponding isolated nuclei, (c) multinucleated human epithelial kidney cells and d)
human breast cancer cells. The speed of sound for cells varied from 1522 to 1535 m/s, while values for nuclei were
lower, ranging from 1493 to 1514 m/s. The attenuation coefficient slopes ranged from 0.0798 to 0.1073 dB mm�1

MHz�1 for cells and 0.0408 to 0.0530 dB mm�1 MHz�1 for nuclei. Integrated backscatter coefficient values for
cells and isolated nuclei showed much greater variation and increased from 1.71 � 10�4 Sr�1 mm�1 for the
smallest nuclei to 26.47 � 10�4 Sr�1 mm�1 for the cells with the largest nuclei. The findings suggest that
integrated backscatter coefficient values, but not attenuation or speed of sound, are correlated with the size of the
nuclei. (E-mail: mkolios@ryerson.ca) © 2007 World Federation for Ultrasound in Medicine & Biology.
Key Words: High-frequency ultrasound, Ultrasonic tissue characterization, Isolated nuclei.
INTRODUCTION

Ultrasound imaging is the most frequently used clinical
imaging modality, accounting for almost 25% of all imag-
ing procedures (Forsberg 2003). Recent advances in trans-
ducer technology and electronics have increased ultrasonic
frequencies to 20 to 60 MHz, providing better image reso-
lution at the expense of reduced ultrasound penetration
depth (Foster et al. 2000). The associated ultrasound wave-
lengths are of the order of 25 to 75 �m, the same order of
magnitude as the size of cells. Imaging cell ensembles
results in a speckle pattern because, even at these high
frequencies, individual cells cannot be resolved. Recent
applications of high-frequency, ultrasound imaging (often
referred to as ultrasound biomicroscopy) are in the fields of
developmental and tumor biology (Foster et al. 2000), mo-
lecular imaging (Liang et al. 2003), ophthalmology (Pavlin
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et al. 1991), tumor characterization (Oelze et al. 2004) and
monitoring anticancer treatment effects (Czarnota et al.
1999). Tissue scattering and attenuation at these frequencies
are not well understood, necessitating ultrasonic character-
ization experiments.

Our group has shown that high-frequency ultra-
sound can detect changes in cell morphology during
various forms of cell death (Czarnota et al. 2002;
Kolios et al. 2002, 2003; Tunis et al. 2005). One such
process is apoptosis, a significant process in normal
prenatal development and potentially in the response
of tumors to anticancer agents (Hengartner 2000). The
most striking morphologic features of apoptosis are
the condensation and fragmentation of the nucleus, as
well as blebbing of the cell membrane (Hengartner
2000). We have shown that high-frequency ultrasound
is sensitive to apoptosis in vitro and in vivo (Czarnota
et al. 1999). Apoptotic cells and tissues can exhibit up
to a sixteen-fold increase in backscatter intensity in
comparison with viable cells, as well as subtle changes

in the power spectrum. Moreover, similar changes in
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ultrasound backscatter have been detected in cells
(Kolios et al. 2003) and tissues (Vlad et al. 2005)
exposed to lethal ischemic insults. These backscatter
changes are not well understood because the nature of
the interaction between high-frequency ultrasound
waves and cellular or nuclear scatterers is not yet fully
known. Many studies have been performed on ultra-
sonic tissue characterization at lower frequencies (for
a review see Shung and Thieme 1993) and recent work
has been done at higher frequencies for tissue such as
skin (Raju and Srinivasan 2001), eye (Ursea et al.
1998) and blood (Cloutier et al. 2004; Lupotti et al.
2004). Work using tumors and cell systems has shown
the potential for tissue characterization, especially at
higher frequencies (Kolios et al. 2002, 2004; Oelze et
al. 2004; Tunis et al. 2004). An examination of ultra-
sonic parameters from cells with different sizes and
different properties may yield valuable insights into
the backscattering process.

In this study, we ultrasonically characterized various
types of cells and their isolated nuclei that differ in size and,
most likely, mechanical properties. Measurement of the
speed of sound, attenuation and integrated backscatter co-
efficient of these samples provides information regarding
the physical characteristics of the cells and the nature of the
scatterers. These results may also play an important role in
the development of quantitative models of the scattering
process (Baddour et al. 2005), which in turn could be
utilized to generate parametric images of diagnostic rele-
vance to clinicians and also could aid in the design of
appropriate pulsing sequences to enhance tissue contrast.

METHODS

Cell preparation
Acute myeloid leukemia cells (OCI-AML-5) (Wang

et al. 1991) were the first cell type used. Cells obtained
from frozen stock samples were cultured at 37°C in 150
mL of � minimum essential medium (Invitrogen Canada
Inc., Burlington, Ontario, Canada) and antibiotics (100
mg/L streptomycin (Bioshop, Burlington, Ontario, Can-
ada), 100 mg/L penicillin (Novapharm Biotech Inc., To-
ronto, Ontario, Canada) with 5% fetal bovine serum
(Cansera International Inc., Etobicoke, Ontario, Canada).
OCI-AML-5 cells with a short time in culture (3 to 4
months) as well as a longer time in culture (�1 y) were
used as the size of the cells increased and the phenotype
changed with longer culture times due to natural differ-
entiation. Cells were harvested by centrifugation at a
centripetal force of 960 g for 6 min at 4°C. Minimum
essential medium (MEM) was aspirated and cells washed
in phosphate-buffered saline (PBS; in distilled water: 8
g/L sodium chloride, 0.2 g/L potassium chloride, 0.132

g/L calcium chloride, 0.10 g/L magnesium chloride, 1.15
g/L sodium phosphate, 0.2 g/L potassium phosphate) and
centrifuged again at 2000 g for 10 min at 4°C.

Nuclear isolations were performed using a detergent
method similar to that of Muramatsu and colleagues
(Muramatsu et al. 1974, 1977). OCI-AML-5 cells to be
used for the nuclear isolation were washed in PBS and
centrifuged at 2000 g for 10 min at 4°C. Cells underwent
hypotonic shock by adding 20 volumes of a reticulocyte
standard buffer (RSB) consisting of 0.01 M trizma base,
0.01 M NaCl and 1.5 mM MgCl-6H20 (Sigma-Aldrich
Canada Ltd., Oakville, Ontario, Canada) with protease
inhibitors (one complete mini, EDTA-free protease in-
hibitor cocktail tablet (Roche Diagnostics, Laval, Que-
bec, Canada) for each 10 mL of RSB) added immediately
before use. The suspension of cells in RSB was left to
stand in an ice bath for 10 min, then centrifuged at 500
g for 5 min at 4°C. Swollen cells were then resuspended
in the same volume of RSB as employed in the first
hypotonic shock procedure. Nonidet P40 (Roche Diag-
nostics, Laval, Quebec, Canada) was added to a final
concentration of 0.02% from a freshly prepared 10%
stock solution. When nuclei were visible under the mi-
croscope, the solution was centrifuged at 500 g for 5 min
at 4°C. Nuclei were washed twice in PBS containing
divalent cations at 500 g for 5 min at 4°C.

Human epithelial kidney cells (HEK-293) were
the second cell type used. These were selected because
they are larger than OCI-AML-5 cells and upon chem-
ical intervention provide a multinucleated cell pheno-
type (Jin and Woodgett 2005). This structural pheno-
type is of interest because of the hypothesis that the
nucleus contributes to the ultrasound backscatter
(Czarnota et al. 1997). The cells were cultured at 37°C
in 17 mL of Dulbecco’s media H21 (Invitrogen Can-
ada Inc.) plus antibiotics, 10% fetal bovine serum
(FBS) and 150 �g/mL geneticin (Hoffmann-La Roche
Ltd., Canada). Cells were washed with PBS, harvested
by trypsinization and centrifuged at 100 g for 5 min,
then washed with PBS and centrifuged at 100 g for 5
min. For nuclear isolation, HEK cells underwent a
wash in PBS without divalent cations and were cen-
trifuged at 500 g for 5 min at 4°C. Nuclei were
prepared as above, except that the necessary concen-
tration of Nonidet P40 was 0.06%. Nuclei were cen-
trifuged at 500 g for 5 min, washed twice with PBS
containing divalent cations and centrifuged at 700 g
for 5 min.

Large multinucleated HEK cells were produced by
exposing HEK-293 cells to 4-hydroxytamoxifen at a
concentration of 1 �M. After at least 10 days, cells were
washed with PBS, harvested by trypsinization and cen-
trifugation at 100 g for 5 min. Cells were then washed in
PBS and centrifuged again for an additional 5 min.
Finally, to investigate another cell line with similar
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size to the HEK cells but possibly with different mechan-
ical properties, human breast cancer cells (MT-1 Luc�)
were used. The cells were cultured at 37°C in 17 mL of
MEM F15 medium (Invitrogen Canada Inc.) plus anti-
biotics, 1 mM pyruvate and 1.5 g/L bicarbonate with
10% FBS. For this cell line, the nucleus-isolation proce-
dure described above was not successful in extracting a
consistent phenotype of nucleus and therefore only intact
cells were examined.

Before ultrasound data acquisition, all samples con-
sisting of cells or nuclei were prepared by centrifugation
in a custom-built sample holder, described below. Upon
completion of ultrasound imaging, a sample of cells or
nuclei from the pellet was resuspended in PBS, placed on
a glass slide and covered with a slide cover. No fixation
or staining was done. Light microscopy was performed at
40� objective magnification and cell diameters were
measured using a reticule. The remainder of each pellet
was fixed in 2% glutaraldehyde for further ultrastructural
analysis using electron microscopy.

Data acquisition
A VisualSonics VS40B high-frequency ultra-

sound device (VisualSonics Inc., Toronto, Ontario,
Canada) was used to image all samples. A 40-MHz f/2
transducer was used for the experiments. The trans-
ducer had a diameter of 6 mm, a radius of curvature of
6 mm and a �3 dB bandwidth of approximately 40
MHz. The experimental set-up is shown in Figure 1. A
sample holder was constructed using a flat polished
fused silica crystal (Edmund Industrial Optics Inc.,
Barrington, NJ, USA, part 43424) base glued to a
stainless steel disk (Fig. 1a). Both the base and the
disk were 2.54 cm in diameter. Two cylindrical holes
cut through the stainless steel disk created wells 5 mm
in diameter and 2.99 mm deep. Cells or isolated nuclei
were prepared by centrifugation in one well and the
other well served as a calibration reference. The sam-
ple holder was placed in a 6.8 cm diameter polyeth-
ylene container (weight boat) containing PBS. The
solution acted as a coupling medium and also as the
reference material in the well that did not containing
the sample.

Three sets of data were collected, each at room
temperature (20°C). The region-of-interest (ROI) for the
pellet was obtained by selecting the region with the most
uniform pellet thickness from B-scan images. The ROI
for the reference well was selected to be the same size as
that of the pellet well and centered in the reference well.
Raw radio-frequency (RF) data were acquired at a sam-
pling frequency of 500 MHz in a raster scan at a mini-
mum of 90 independent locations in each well. Ten
A-scans collected at each location were averaged, to

reduce noise.
The position of the transducer focus with respect to
the holder was optimized for the type of ultrasonic data
collected. The first sets of acquisitions were performed to
calculate the speed of sound. With the transducer focus
placed at the center of the wells, data were acquired at
two different levels of amplifier gain; a lower gain was
used to avoid saturating the acquisition electronics due to
the reflection from the base of the well and a higher gain
to fully utilize the 8-bit dynamic range of the acquisition
electronics when measuring signals from the cell pellet.
Additional A-scans were obtained from the divider be-
tween the wells (see Fig. 1), at a low and a high gain. In
the attenuation calculation experiments, the transducer
focus was aligned with the well base. A-scans were
collected from each of the wells with the amplifier gain
adjusted to maximize the amplitude of the well reflec-
tions without saturating the acquisition electronics. For
the backscatter data, the transducer was focused at the
pellet center. A-scans were collected from the pellet-
containing well. A-scans were also collected from 14
locations on a calibration target: this was a flat polished

Fig. 1. (a) Photograph of sample holder consisting of a silica
crystal base and a stainless steel top. (b) Schematic of experi-
mental set-up for measurement of ultrasonic properties. A
stainless steel top was glued onto a silica crystal, forming a well
in which cells were pelleted and an empty well for the reference
coupling medium. The apparatus was situated in a weight boat

containing PBS for the experiments.
fused silica crystal (Edmund Industrial Optics Inc., USA,
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part 43424). The transducer focus was aligned to the
silica crystal/distilled water interface.

Data analysis
All signal analysis was performed using MATLAB

(The Mathworks Inc., Natich, MA, USA). The acquired
A-scans were used to calculate (a) the speed of sound, (b)
the attenuation and (c) the integrated backscatter of the
cell pellet.

Speed of sound
A relative time-of-flight method was employed to

avoid directly measuring the thickness of the pellet,
which would be difficult, given the small pellet height
(�1.5 mm) and its location inside a stainless steel well.
The average speed of sound was calculated:

1

cp
�

1

cr
�

�t

2dp
(1)

where cp is the speed of sound in the pellet, cr is the
speed of sound in the PBS, dp is the thickness of the
pellet and �t is the time difference between the arrival
time of the echo from the base of the pellet-containing
well and that from the base of the well containing the
reference/coupling material. In Fig. 2, the different re-
gions of the sample holder are depicted on a B-scan
image. The reference speed of sound, cr, was calculated
using 2dw/tw, where dw is the well depth and tw is the time
difference in the mean arrival time of the reflection from
the top of the division between the wells and that from
the base of the reference well. Time of arrival was
obtained by taking the Hilbert transform of the A-scan,
finding the sample number corresponding to the maxi-

Fig. 2. Ultrasonic image of the sample holder with an AML
pellet in the left well, and the coupling medium in the right
well. The image size is 8 � 8 mm and the large divisions to the
right are 1 mm. The triangle on the grid to the far right denotes
the transducer focus, located at the center of the wells in this
experiment. The slight elevation of the well bottom in the
pellet-containing well compared with the reference well is due

to the higher speed of sound in the sample.
mum and calculating the corresponding time. This
method was necessary because the reflection from the
base of the pellet-containing well was preceded by the
signal from the pellet, making it difficult to locate the
first zero-crossing after the signal was detectable above
noise. �t was determined using the same definition for
time of arrival.

To determine the pellet thickness dp, the thickness
of the PBS layer in the pellet-containing well (dh in Fig.
2) was determined and then subtracted from the known
well depth, dw. Parameter dh was calculated as crth/2,
where th is the difference in the mean times of arrival of
reflections from the top of the division between the wells
and the top of the pellet. The time of arrival of the signal
was determined by finding the first zero crossing after the
signal emerged from the noise range.

Attenuation
A broadband technique was used to obtain the at-

tenuation coefficient, � (�), as a function of frequency, �,
within the 6 dB bandwidth of the system. The calculation
was performed as follows (D’Astous and Foster 1986):

��v� � �r�v� �
20

2dz
log10�Sr�v�

Sp�v�� (2)

where �r(�) is the frequency-dependent attenuation of
the PBS, which was taken to be similar to water, 2.1715
� 10� 4 dB mm�1 MHz�2 at 20°C (Duck, 1990). At the
frequency of 40 MHz used for this study, the contribu-
tion of �r(�) is not negligible. Sr(�) is the mean ampli-
tude spectrum for the backscatter from the reference
well, obtained by averaging the magnitude of the 2048-
point fast Fourier transforms (FFTs) of all the well re-
flections. SP(�) is the mean amplitude spectrum for one
location in the pellet-containing well, obtained by aver-
aging all 10 of the echoes from that location in the
frequency domain. Figure 3a shows a plot of the mean
amplitude spectrum from the reference well and an over-
lay of the mean amplitude spectra for 30 locations in the
pellet well. The thickness of the pellet, dz, measured
during the speed of sound calculation was used. The
frequency-dependent attenuation coefficient was found
for each location in the pellet. These values were then
corrected for the PBS attenuation �r(�) by converting the
attenuation of water to a value at each discrete frequency
with a corresponding attenuation. The attenuation of
water was added to the attenuation of the pellet for each
frequency to obtain �(�), as shown in Fig. 3b. Linear fits
were found for each location in the pellet by linear
least-squares regression analysis over the frequency
range of 20 to 60 MHz. The mean and standard deviation
of the spectral slope were found for each pellet, and the
means for all pellets of one sample type were used to find

a mean and standard deviation for each sample type.
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Backscatter
To calculate the integrated backscatter, the frequency-

dependent backscatter coefficient was first calculated.
The backscatter coefficient was given by (Turnbull et al.
1989):

��v� �
1

n�
i�1

n
R

2��1 � cos	� · 
Spellet�v�x10
D��v�

20 
2


Sref�v�
2 ·
1

�z

(3)

where Spellet(�) is the amplitude spectrum at one location

Fig. 3. Attenuation measurements (a) Plot of the mean ampli-
tude spectrum from the reference well (dotted line) and an
overlay of 30 scan lines of the mean amplitude spectra for
different locations in the pellet well containing HEK cells. (b)
Plot of �(�), in dB mm�1, corrected for water attenuation. The
frequencies used in the analysis were from 20 to 60 MHz,

corresponding to the relevant transducer bandwidth.
in the pellet. It was calculated by averaging all of the
magnitudes of the FFTs for the backscatter reflections at
each location in the raster scan. To obtain Spellet(�), a
time gate corresponding to half of the transducer depth of
field was used. The speed of sound from that pellet was
used to convert the half depth of field to a total time
interval and, thus, the sample number corresponding to
the start and end of the time gate could be found. D is the
average distance traveled by the ultrasound signals
within the time gate. The amplitude spectrum for each

location was corrected by the factor 10
D��v�

20 to compen-
sate for the average frequency-dependent attenuation of
the pellet (Worthington and Sherar 2001). The parameter
�(�) is the frequency-dependent attenuation of the sam-
ple, as found in the attenuation analysis. Sref (�) is the
amplitude spectrum taken from an average of the mag-

Fig. 4. Backscatter measurements (a) Plot of the mean power
spectrum from the reference well (dotted line) and the ROI of
the HEK cell pellet (solid). (b) Calculated backscatter coeffi-
cient as a function of frequency. The frequencies used in the
analysis were from 20 to 60 MHz, corresponding to the relevant
transducer bandwidth.
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nitude of the FFTs of all reflections from the silica
crystal reference in distilled water. This consisted of 140
A-scans in total, 10 at each of 14 positions. Figure 4a
shows the mean power spectrum from the silica crystal
reference and the mean power spectrum for one pellet,
without the attenuation correction.

R is the intensity reflectance coefficient of the cal-
ibration interface (distilled water/silica crystal). It was
calculated from:

R � �Z2 � Z1

Z2 � Z1
�2

(4)

which holds when the angles of incidence and refraction
are both equal to zero degrees. Z1 and Z2 are the acoustic
impedances at 20°C of distilled water (1.482 � 105 g
s�1cm�2) (Duck 1990) and silica crystal (12.584 � 105

g s�1 cm�2, Edmund Industrial Optics Inc., USA), re-
spectively. This yields an intensity reflectance coefficient
(R) of 0.623. 	 is the half angle subtended by the trans-
ducer at its focus and is equal to tan�1 (3/6), since the
transducer radius is 3 mm and the focal length is 6 mm.
The thickness of the pellet analyzed, �z, corresponded to
the time gate, which was equal to half the depth of field.
Backscatter coefficients were determined in the fre-

Fig. 5. Optical microscopy of (a) Whole OCI-AML-5 cells
(short culture), (b) Isolated OCI-AML-5 nuclei (short culture),
(c) Whole HEK cells, (d) Isolated HEK nuclei, (e) Whole MT1
cells and (f) Treated HEK cells. The scale bar, identical in all

images, is 10 �m.
quency range of 20 to 60 MHz in steps of 0.12 MHz.
Figure 4b shows the mean frequency-dependent back-
scatter coefficient for a single pellet. The integrated
backscatter coefficient at each location was then calcu-
lated numerically, according to Raju and Srinivasan
(2001):

Integrated backscatter coef ficient �

1

40 MHz �
20 MHz

60 MHz

��v�dv (5)

where �(�) is the frequency-dependent backscatter coef-
ficient. The mean integrated backscatter and standard
deviation between different locations were calculated for
each pellet. The mean and standard deviation between
pellets were calculated for each sample type.

RESULTS

Eight different sample types were ultrasonically
characterized, consisting of either intact cells, isolated
nuclei or, in the case of the HEK cells, transformed
multinucleated cells. Light-microscope images of these
samples are shown in Fig. 5. The isolated nuclei (Fig. 5b
and d) appear to retain their shape and integrity. Signif-
icant differences in cell or nucleus diameter were mea-
sured between samples. Average diameters and standard
deviations are shown in Table 1. Values were based on
measurement of 10 to 35 diameters, with the higher
sample sizes for cells that were more variable in size.
Ultrastructural features of typical cells and isolated nu-
clei are shown in Fig. 6. Again, the nucleus structural
phenotype is similar between the isolated and in situ
nuclei. Furthermore, Fig. 6f clearly shows the multinu-
cleated phenotype of the treated HEK cells.

Table 2 shows the calculated speed of sound for the
various types of whole cells and isolated nuclei. Average
values for the speed were obtained by repeating each
measurement on two or three different pellets prepared
independently from different sets of cells. Speed of

Table 1. Average diameter of cells and nuclei

Sample type

Average
diameter

(�m)

Standard
deviation

(�m)

OCI-AML-5 cells - short culture 9.3 1.0
OCI-AML-5 cells - long culture 12.0 2.3
OCI-AML-5 nuclei - short culture 9.1 1.4
OCI-AML-5 nuclei - long culture 11.5 2.6
HEK cells 18.4 3.7
HEK nuclei 12.5 2.4
Multinucleated HEK cells 33.8 16.8

MT-1 cells 20.1 3.7
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sound for cells was higher than the speed of sound for
nuclei in all cases.

The mean and standard deviation of the spectral
attenuation slope for each sample type can be found in
Table 3. Values with and without the correction for the
attenuation of PBS are shown. The correction caused all
magnitudes to increase, but general trends did not
change. For isolated nuclei, the attenuation slope values
were approximately half that of whole cells, which
ranged from 0.0798 to 0.1073 dB mm�1 MHz�1.

Table 4 shows the average integrated backscatter co-
efficient and standard deviation for each sample type. Back-
scatter increased with frequency for all pellets. The B-scan
images were consistent with these differences in backscat-
ter. Figure 7 shows ultrasound images from two different
cell pellets, one formed from OCI-AML-5 cells and the
other, from MT-1 cells. The MT-1 cell pellet backscatter

Fig. 6. Electron microscopy of (a) Whole AML cells, (b)
Isolated AML nuclei, (c) Whole HEK cells, (d) Isolated HEK
nuclei, (e) Whole MT1 cells and (f) Treated HEK cells. The
scale bar varies from image to image. The images represent
cross-sections through the cells. The multinucleated phenotype

of the treated HEK cell is apparent in (f).
intensity is approximately 15 times greater than the OCI-
AML-5 cell pellet. To investigate the relationships of these
data to cell or nucleus size, Figs. 8, 9 and 10 plot the data
as a function of cell or nuclear diameter.

DISCUSSION

A broadband 40MHz transducer was used to char-
acterize cells ultrasonically and, when possible, their
corresponding isolated nuclei. After the nuclear isolation
procedure, the structural phenotype of the nucleus was
similar to that seen for the nucleus in situ. Speed of
sound, attenuation and integrated backscatter were cal-
culated for several cell lines of different size and, likely,
mechanical properties.

The speed of sound is higher in cells than in isolated
nuclei for all cases (Table 2). Values for intact cells range
from 1522 to 1535 m/s, while those for nuclei range from
1493 to 1514 m/s. The isolated nuclei appear to have an
overall lower speed of sound than cells, irrespective of size
(Fig. 8). For example, long culture OCI-AML-5 cells and
HEK nuclei were of almost the same diameter, however,
the HEK nuclei had a lower speed of sound. The lower
speed of sound measured in the isolated nuclei was some-
what unexpected, as one would expect nuclei, with a higher
average density (Meselson and Stahl 1958), to have a
higher speed of sound. The nucleus compressibility, how-
ever, is not known and, without cytoplasmic support, com-
pressibility may be altered by the procedure of nuclear
isolation.

To our knowledge, no other studies have discussed
the speed of sound of cell ensembles specifically. Most
previous studies have examined bulk tissue properties as
a whole. For example, Saijo et al. (1997) obtained a
sound speed of 1620 m/s in normal human myocardium.
Values for other human soft tissues include 1532 to 1537
m/s for human brain at 22°C, 1527 m/s for human eye
(choroid) at 20°C, 1459 to 1487 m/s for fat at 24°C and
1575 m/s for spleen at 23 to 26°C (Duck 1990). There-
fore, the values obtained in this study are within the
range of other soft tissues.

Table 2. Average speed of sound and standard deviation for
various pellets

Sample type

Average
speed
(m/s)

Standard
deviation

(m/s)

OCI-AML-5 cells - short culture 1535 6
OCI-AML-5 cells - long culture 1529 10
OCI-AML-5 nuclei - short culture 1503 6
OCI-AML-5 nuclei - long culture 1514 6
HEK cells 1523 9
HEK nuclei 1493 4
Multinucleated HEK cells 1522 3

MT-1 cells 1527 7
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Attenuation measurements also revealed a significant
difference between whole cells and their isolated nuclei.
The average attenuation coefficient slopes for whole cells
range from 0.0798 to 0.1073 dB mm�1 MHz�1, while
values for nuclei ranged from 0.0408 to 0.0530 dB mm�1

MHz�1. No significant association appeared to exist be-
tween cell size and attenuation (Fig. 9). For example, as
shown in Table 1, only a very small size difference exists
between short or long-culture OCI-AML-5 cells and their
respective isolated nuclei (the nuclear-to-cell diameter ratio
is high); however, the spectral attenuation slope of the cells
is almost twice that of the nuclei in both cases. The HEK
cells, which have a smaller ratio of nuclear diameter to cell
diameter, also had a spectral attenuation slope approxi-
mately twice that of the HEK nuclei. Figure 9 demonstrates
that attenuation slope data were clustered in two categories,
those of whole cells and those of isolated nuclei. Ultrasonic
attenuation is due to losses from absorption and scattering,
with absorption contributing to most of the energy loss
(Bamber 2004). The fact that the backscatter is greater for
the larger cells (Tables 1 and 4) suggests that, even at these
high frequencies, absorption contributes to most of the
ultrasonic energy loss. At physiological pH levels, pertur-
bation of the hydration layers around macromolecules is
likely to be responsible for the most important relaxation
mechanisms (Sarvazyan and Hill 2004). Consequently, the

Table 3. Average spectral slope of the attenuation co
before and after correction fo

Sample type
Slope (corrected)

(dB mm�1 MHz�1)
Stand

(dB

OCI-AML-5 cells - short culture 0.0805
OCI-AML-5 cells - long culture 0.0867
OCI-AML-5 nuclei - short culture 0.0466
OCI-AML-5 nuclei - long culture 0.0530
HEK cells 0.0830
HEK nuclei 0.0408
Multinucleated HEK cells 0.0798
MT-1 cells 0.1073

Table 4. Average integrated backscatter coefficient a
shows the increase in backscatter of whole ce

Sample type

Integrated backscat
coefficient (IBC)

(10�4 Sr�1 mm�1

OCI-AML-5 cells - short culture 1.76
OCI-AML-5 cells - long culture 4.48
OCI-AML-5 nuclei - short culture 1.71
OCI-AML-5 nuclei - long culture 4.30
HEK cells 8.61
HEK nuclei 2.52
Multinucleated HEK cells 8.61

MT-1 cells 26.47
macromolecules responsible for this absorption possibly
may prove to be abundant outside the nucleus, which would
cause attenuation in whole cells. This is a likely situation,
because cell mechanical properties may be determined
largely by the underlying cytoskeleton (Costa 2003). A
large body of work recently has been produced examining
the mechanical properties of cells. For example, Tseng et al.
(2004) showed that the nucleus is elastic at high rates of
deformation (as in ultrasound imaging) and more liquid-like
at low rates of deformation and that the viscoelastic mod-
ulus of the nucleus is at least two times greater than that of
the cytoplasm), which suggests that the nucleus is a scat-
tering source candidate, previously hypothesized by the
authors (Kolios et al. 2003).

To our knowledge, this is the first ultrasonic atten-
uation measurement on samples of cells. However, sev-
eral other studies have measured this parameter in tissues
at high frequencies. For example, Raju and Srinivasan
(2001) found that the attenuation slope for in vivo human
forearm dermis ranged from 0.08 to 0.39 dB mm�1

MHz�1 when measured with three transducers with cen-
ter frequencies ranging from 28 to 44 MHz. Rat hearts
were found to have an attenuation slope ranging from
0.15 to 0.17 dB mm�1 MHz�1 when measured at 40
MHz in a myocardial edema study (Dent et al. 2000).
Human aorta had an attenuation slope of 0.19 to 0.36 dB

nt and standard deviation for various pellets. Values
ttenuation of PBS are shown

(corrected)
1 MHz�1)

Slope (uncorrected)
(dB mm�1 MHz�1)

Standard dev (uncorrected)
(dB mm�1 MHz�1)

42 0.0631 0.0039
37 0.0680 0.0068
77 0.0289 0.0081
75 0.0354 0.0178
85 0.0653 0.0081
26 0.0235 0.0027
03 0.0626 0.0003
07 0.0902 0.0006

ndard deviation for various pellets. The last column
pared to the short culture OCI-AML-5 cells

Standard dev
(10�4 Sr�1 mm�1)

Factor increase in IBC
compared to short
culture AML cells

0.62 1
0.83 2.5
0.65
3.18
2.89 4.9
0.01
2.24 4.9
efficie
r the a

ard dev
mm�

0.00
0.00
0.00
0.01
0.00
0.00
0.00
nd sta
lls com

ter

)

6.71 15.0
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mm�1 MHz�1 when measured between 25 and 56 MHz
(Bridal et al. 1997) and rat myocardium ranged from
0.123 to 0.226 dB mm�1 MHz�1, depending on the age
of the animal (Nguyen et al. 2001). Our values ranging
from 0.0798 to 0.1073 dB mm�1 MHz�1 for cells and
0.0408 to 0.0530 dB mm�1 MHz�1 for nuclei are less
than or equal to these reported values. Studies have
shown that attenuation is correlated with collagen con-
centration (Nguyen et al. 2001). This may explain why
these pure cell pellets have a lower attenuation than
tissues, which presumably contain more collagen, due to
their extracellular components.

Values of integrated backscatter coefficient are corre-
lated with cell size, or, more specifically, nuclear size. For
example, short-culture OCI-AML-5 cells and isolated nu-
clei were similar in size and had similar values of integrated
backscatter coefficient (Table 4). The same was true of

Fig. 7. Ultrasonic images from an (a) Short culture AML
rectangles outline the region from which the RF data w

integrated backscatter coefficient 15

Fig. 8. Speed of sound plotted versus cell or nuclear diameter.
The cell data are denoted by circles and the isolated nuclei, by
the lighter colored squares. The large error bars of the 34 �m
data point are for the multinucleated HEK cells.
long-culture OCI-AML-5 cells and their isolated nuclei.
Making comparisons between cell types, the correlation of
integrated backscatter coefficient with size was even more
apparent. For example, the only notable physical difference
between the two types of OCI-AML-5 cells is that cells
cultured for over 1 y had a diameter that was approximately
3 �m greater than those cultured for a few months. The
backscatter was approximately 2.5 times greater in the
larger long-culture OCI-AML-5 cells than it was in short-
culture OCI-AML-5 cells (Table 4). This finding implies
that the size of the dominant scattering source in cell pellets
is proportional to cell size, although the available data do
not provide a way of determining whether the principal
scatterer is the cell itself, the nucleus or another cell com-
ponent.

b) MT-1 cell pellet, acquired using identical gains. The
lected for this experiment. The MT-1 cell pellet has an
greater than that for the AML cells.

Fig. 9. Attenuation slope plotted versus cell or nuclear diame-
ter. The cell data are denoted by circles and the isolated nuclei,
by the lighter colored squares. Error bars are present on all data
points but, in some cases, are too small to visualize. No
correlation of cell size with slope is apparent, but the data are
and (
ere col
clustered between nuclei and whole cells.



398 Ultrasound in Medicine and Biology Volume 33, Number 3, 2007
Figure 10 shows the relationship between integrated
backscatter and cell or nuclear diameter. The integrated
backscatter increases with diameter. However, whereas
the MT-1 cells had the highest value of integrated back-
scatter coefficient, the multinucleated-HEK cells, which
were significantly larger on average, had a smaller coef-
ficient value. HEK-293 cells treated with 4-hydroxyta-
moxifen increased considerably in size (Table 1) and
contained multiple nuclei (Fig. 6f). They were included
in this study to investigate the ultrasonic properties of
large, multinucleated cells. The treatment results in cells
of various sizes, containing a variable number of nuclei.
This large variability is reflected in the standard devia-
tion associated with the cell diameter of 33.8 � 16.8 �m.
The nonuniformity in the size of these cells and the

Fig. 10. Pellet integrated backscatter coefficient plotted versus
(a) Cell or nuclear diameter and (b) Nuclear diameter. In (a),
the cell data are denoted by circles and the isolated nuclei, by
the lighter colored squares. In (b), the data were acquired from
whole cells, with the diameter of the cell nucleus plotted along
the x-axis. The square denotes the MT-1 cell line for which the
nuclear diameter was measured by visual inspection of the

microscopy images of whole cells.
number of nuclei must be taken into account when in-
terpreting the data. Nonetheless, the fact that the
multinucleated HEK cells had similar values of inte-
grated backscatter coefficient compared with the non-
treated HEK cells is surprising, even although their di-
ameters varied on average by a factor of 1.8.

One possible interpretation of the data are that the size
of the nucleus, not the size of the cell itself, dominates the
backscatter in cell ensembles. These results are consistent
with the nuclei being the dominant scatterers, because their
sizes are similar for both HEK cell phenotypes. HEK cells
and multinucleated HEK cells had an almost identical speed
of sound, spectral attenuation slope and integrated backscat-
ter. Moreover, HEK cells and the MT-1 cells have similar
cell diameters, yet their integrated backscatter coefficient
differs by a factor of three. Although we were not able to
successfully isolate structurally intact nuclei from the MT-1
cells, visual inspection of the light microscopy (Fig. 5)
indicates that MT-1 cells have a large nucleus, with a
diameter of 15.1 � 2.5 �m (40 measurements), which is
larger than the size of the nucleus of HEK cells (12.5 � 2.4
�m). Note that the measurement of the MT-1 nucleus size
is based on nuclei within the cells; however, measurements
on the unsuccessfully isolated MT-1 nuclei appear to give
similar estimates. Furthermore, the same methodology ap-
plied to HEK cells produced almost identical distributions
for the sizes of the in situ and isolated nuclei. The measured
differential in integrated backscatter coefficient also may be
due to differences in density and compressibility between
cells (Shung et al. 1993), as well as scatterer randomization
(Hunt et al. 2002). However, because the values of speed of
sound are similar for all cells and the attenuation is similar,
large differences are not anticipated in density and com-
pressibility between cell types. Scatterer randomization is
difficult to ascertain, as the nature of the scatterer is un-
known; however, large deviations in this parameter again
are not expected. Therefore, the variation in effective scat-
terer size is a reasonable explanation for the backscatter
differences.

The ultrasound wavelength, �, at 40 MHz is approx-
imately 38 �m, the same order of magnitude as the size of
cells. This complicates the analysis, because most theory
has been developed for the case when the scatterer (or
effective scatterer) diameter is considerably smaller than �.
In the long-wavelength limit and for single-particle scatter-
ing, the integrated backscatter coefficient is expected to be
proportional to the square of the particle volume (a3). In
these experiments, the backscatter coefficient increases as
roughly proportionate to the fourth power of the diameter of
the nucleus instead of the sixth power, as would be expected
if the nucleus were the dominant scatterer and the scatterer
diameter were not small compared with the wavelength. In
the long-wavelength limit, backscatter intensity also de-
pends on the fourth power of the frequency (f4). Figure 11a

shows backscatter coefficient as a function of frequency for
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four of the five cell lines used (for sake of clarity). The three
curves for each cell type represent experiments done on
different pellets. The trend toward higher backscatter coef-
ficient at higher frequencies can be clearly seen, even al-
though fits show f3 relationships between backscatter and
frequency for most cell lines. Interestingly, the backscatter
decreases for the MT-1 cell line at frequencies above 50
MHz. Figure 11b replots the data of Fig. 11a as a function
of ka (wavenumber times scatterer radius), assuming the
nucleus to be the scatterer. Figure 11b shows that consid-
erable overlap exists among the backscatter curves for most
cell lines, which suggests that the nucleus may be contrib-
uting significantly to the backscatter. Similar decreases in

Fig. 11. (a) Backscatter as a function of frequency for cells used
in the experiments (MT1–solid black, HEK treated–intermittent
gray, HEK untreated–solid gray and AML short culture–dotted
black). Three experiments were performed for each cell type.
(b) The data from (a) replotted as a function of ka (wave
number times scatterer radius), assuming a scatterer radius
equal to the measured radius of the nucleus of the cell (MT1:

15.1 �m, HEK: 12.5 �m and AML short culture 9.1 �m).
backscatter at ka values above 1.5 have been shown by
Anderson (1950) in his theoretical examination of scatter-
ing from low-contrast fluid spheres.

Few other studies have measured absolute integrated
backscatter coefficient in tissues using high-frequency ul-
trasound. The majority report only relative values. Machado
et al. (2002) reported a value of 4.26 � 2.34 � 10�3 Sr�1

mm�1 for a foam cell layer in human coronary arteries
using a 50 MHz transducer. Raju and Srinivasan (2001)
found an integrated backscatter of 1.57 to 47.7 � 10�3 Sr�1

mm�1 for forearm dermis using a frequency range of 14 to
34 MHz. Our results of 1.71 � 10�4 to 26.47 � 10�4 Sr�1

mm�1 are within the range of those reported in the literature
(Foster et al. 2000). Foam cells are approximately 20 �m in
diameter (Hillman and Engelman 1976) and arise when
monocytes differentiate into macrophages and accumulate
lipids (Linton and Fazio 2003). A higher backscatter coef-
ficient would be expected for foam cells than for those in
our study because foam cells contain fat/nonfat interfaces
that are known to increase backscatter. We would also
expect our values to have a lower backscatter coefficient
than skin, which has a high concentration of collagen. The
compressibility and density of collagen are very different
from other tissue components, which results in relatively
stronger scattering for collagen entities.

In our experiments, cells were centrifuged to form a
compact aggregate of cells and this aggregate was ultra-
sonically characterized. We have used the cell pellet
system successfully in the past to image cells and the
histology indicates that pellets consisted of a continuum
of cellular material (Kolios et al. 2003; Tunis et al.
2005). From a modeling perspective, one could thus
envision that the nuclei are suspended scatterers in a
continuum of cytoplasm. This model is of particular
interest to our group, as it emulates cell organization in
tumors. In fact, recent experiments in our laboratory, as
well as others (Oelze et al. 2005), indicate that cells in
pellet form and solid tumors grown from the same cells
injected subcutaneously in animals have very similar
backscattering characteristics. However, to model this
system fully, knowledge of properties such as the density
and compressibility of the different types of cells and
subcellular components is required. This knowledge
might have allowed us to rigorously relate the measured
ultrasonic properties to the physical properties of the
cells and nuclei and thus to provide a better interpretation
of our results. Experiments that are underway and
planned use acoustic microscopy and microrheology
techniques to measure directly and indirectly these
acoustic properties and to obtain a better fundamental
understanding of ultrasound scattering at these scales.
This fundamental understanding will assist in relating
ultrasonic parameters to physical tissue properties, a long
time goal of the late Frederic Lizzi (Lizzi et al. 1983,

1988, 1996).
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