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The goal of this study was to implement and validate a noninvasive, quantitative ultrasonic tech-
nique for accurate and reproducible measurement of normal-tissue toxicity in radiation therapy. The
authors adapted an existing ultrasonic tissue characterization �UTC� technique that used a calibrated
1D spectrum based on region-of-interest analysis. They modified the calibration procedure by using
a reference phantom instead of a planar reflector. This UTC method utilized ultrasonic radio-
frequency echo signals to generate spectral parameters related to the physical properties �e.g., size,
shape, and relative acoustic impedance� of tissue microstructures. Three spectral parameters were
investigated for quantification of normal-tissue injury: Spectral slope, intercept, and midband fit.
They conducted a tissue-mimicking phantom study to verify the reproducibility of UTC measure-
ments and initiated a clinical study of radiation-induced breast-tissue toxicity. Spectral parameter
values from measurements on two phantoms were reproducible within 1% of each other. Eleven
postradiation breast-cancer patients were studied and significant differences between the irradiated
and untreated �contralateral� breasts were observed for spectral intercept �p=0.003� and midband fit
�p�0.001� but not for slope �p=0.14�. In comparison to the untreated breast, the average difference
in the spectral intercept was 2.99�0.75 dB and the average difference in the midband fit was
3.99�0.65 dB. The preliminary clinical study demonstrated the feasibility of using the quantitative
ultrasonic method to evaluate normal-tissue toxicity in radiation therapy. © 2009 American Asso-
ciation of Physicists in Medicine. �DOI: 10.1118/1.3103935�
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I. INTRODUCTION

Radiation therapy, either alone or in combination with other
modalities, is a powerful tool in cancer treatment. An esti-
mated half of all newly diagnosed cancer patients receive
radiotherapy for tumor control.1 In an attempt to cure the
cancer, radiation doses frequently reach a level that causes
injury to the surrounding normal tissues. Normal-tissue tox-
icity negatively impacts patients’ quality of life. To date,
physicians routinely record radiation toxicity using a scoring
system designed by the Radiation Therapy Oncology Group
�RTOG� �Ref. 2� or the European Organization for Research
and Treatment of Cancer �EORTC�.3,4 These scoring systems

use numerical grades that range from no reaction �grade 0� to
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severe reaction �grade 4�. Although simple and quantitative,
these systems lack objective diagnostic measures. A pressing
need exists for better and reliable quantification of normal-
tissue effects in radiation therapy.

One technique that shows promise in addressing this clini-
cal need is ultrasonic imaging. Ultrasound is safe, real time,
and cost effective compared to other clinical imaging mo-
dalities, such as MRI and PET/CT. A limited number of stud-
ies have been carried out to investigate radiation-induced
skin changes with ultrasound.5 Huang et al. used a high fre-
quency �15 MHz� ultrasound to measure attenuation and in-
tegrated backscatter of irradiated skin of the neck.6 Warsaw-

ski et al. measured early- and late-skin reactions in breast-

16431643/8/$25.00 © 2009 Am. Assoc. Phys. Med.

http://dx.doi.org/10.1118/1.3103935
http://dx.doi.org/10.1118/1.3103935
http://dx.doi.org/10.1118/1.3103935
http://dx.doi.org/10.1118/1.3103935


1644 Zhou et al.: Quantitative ultrasonic assessment of radiation-induced normal tissue toxicity 1644
cancer radiation therapy using 20 MHz ultrasonic imaging.7

A difference in thickness and texture of the dermis was found
between the irradiated and nonirradiated breast skin. Re-
searchers from Hong Kong Polytechnic University and Chi-
nese University of Hong Kong studied skin and subcutane-
ous fibrosis, a common late effect of radiotherapy, on head-
and-neck cancer patients.4,8–11

We previously presented a technique to measure skin in-
jury in breast-cancer radiation therapy.12 We used a 6 MHz
ultrasound system that is widely available in the clinical set-
ting. Two metrics were calculated from the ultrasonic radio-
frequency �RF� signals to quantify the severity of skin injury:
Skin thickness and Pearson correlation coefficient of the hy-
podermal layer. The Pearson correlation coefficient calcu-
lates the variation in intensity between adjacent scan lines
and evaluates the integrity of the hypodermis. A comparison
of the treated and untreated breasts revealed significant
changes in skin thickness and Pearson correlation coefficient
of the hypodermis.

In this study, we investigated a quantitative ultrasound
technique to measure radiation injury in the subcutaneous
tissue. Our ultrasonic method combined 1D spectrum analy-
sis developed by Lizzi and co-workers13–17 with a reference
phantom calibration method developed by Yao et al.18 In 1D
spectrum analysis, the backscattered ultrasonic RF signals
were digitized and Fourier transformed to the frequency do-
main, and the frequency dependence of the backscattered
signals was analyzed. The 1D spectral parameter values were
related to the size, shape, concentration, and relative acoustic
impedance of the tissue scatterers. We hypothesized that our
calibrated 1D spectrum analysis could quantify the physi-
ological response of normal tissue to ionization radiation. In
the past 20 years, ultrasound tissue characterization �UTC�
using 1D spectrum analysis has achieved success in cancer
detection of the eye,15 prostate,19–21 liver,22,23 and breast.24,25

We expected that our technique would facilitate identifica-
tion of radiation toxicities, such as fat necrosis and fibrosis,
which are harder to evaluate in standard clinical examina-
tion. We conducted a phantom study, followed by a prelimi-
nary clinical study to test this hypothesis. In the following
sections, we describe the ultrasound method consisting of RF
data acquisition, data analysis, and UTC calibration. The re-
sults of 40 measurements obtained from two tissue-
mimicking phantoms, over a 3 month period, demonstrate
the reproducibility of our ultrasound system. Eleven postra-
diotherapy breast-cancer patients were enrolled to study
radiation-associated normal-tissue injury. Our initial applica-
tion in breast-cancer patients demonstrates its clinical feasi-
bility.

While the focus of this article is on normal-tissue injury in
breast-cancer radiation therapy, much of the technique can be
applied to other treatment sites as well. Similar types of ra-
diation injury are seen in the breast, prostate, and head-and-
neck. The concepts and procedures described in this report
can be modified for other clinical applications of measuring

normal-tissue toxicity in radiation therapy.
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II. MATERIALS AND METHODS

II.A. Ultrasound data acquisition

We implemented the UTC technique in a conventional
ultrasound scanner, Sonix RP �Ultrasonix Medical Corpora-
tion, BC, Canada�, with a linear-array transducer �model
L14-5/38�. The ultrasound probe was employed at 6 MHz. In
our study, real-time B-mode images and RF echo-signal data
were acquired simultaneously. Ultrasound B-mode images
provided visualization of the anatomical structure, while off-
line spectrum analysis based on RF data provided quantita-
tive measures. All data acquisition, for phantoms and pa-
tients, was performed at room temperature using the same
settings on the ultrasound scanner: Maximum time gain con-
trol �TGC�, 72% power, and single focus zone at 1 cm depth.
A radiologist determined these settings based on clinical ex-
perience in breast ultrasound imaging. All RF data were
sampled with 16 bit resolution at a frequency of 20 MHz, the
highest sampling rate currently available on the Sonix RP
system. Each frame of the RF data consisted of 256 lines
�3.8 cm in width� with 1024 data samples �3.97 cm in depth�
per line.

II.B. UTC data analysis

For data analysis, we developed a MATLAB® routine. Our
program calculated the ultrasonic spectrum based on region-
of-interest �ROI� analysis and computed three ultrasonic
spectral parameters to quantify radiation-induced subcutane-
ous tissue changes. The detailed data analysis method under-
lying this spectrum technique has been previously
reported.13–15 Briefly, the ultrasound data analysis involved
the following five steps.

�a� Step 1. Ultrasound B-mode image display. The conven-
tional B-mode image, which showed anatomical struc-
ture, was displayed. Figure 1 shows a typical B-mode
image of a breast where the skin, fat, and glandular
tissue can be identified. This B-mode image was
38 mm �width��40 mm �depth�.

1 cm

ROISkin Fat

Glandular tissue

FIG. 1. A typical ultrasound B-mode image of the breast with the skin sur-
face �arrow� and the ROI in the subcutaneous tissue demarcated.
�b� Step 2. ROI delineation. In this paper, all ROIs were
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predetermined for the phantom and clinical studies.
The ROI for the phantom study had dimensions of
3.0 cm �in the cross-range direction��0.5 cm �in the
range direction� and its center was located 0.8 cm be-
low the phantom surface. The ROI for the patient study
was 3.0 cm �width��0.5 cm �height� and its center
was located 0.6 cm below the skin surface. RF echo
signals inside the ROI were gated by a single Hamming
window of the same length as the ROI height.

�c� Step 3. Spectrum computation. To analyze the RF data
within the ROI, each line of the RF data within the ROI
was Fourier transformed and the power spectrum Sn�f�
was computed,

Vn�f� = FFT�vn�t�� , �1�

Sn�f� = Vn�f� · V
n
*�f� , �2�

where vn�t� is the RF data for line n �n from 1 to N,
where N is the total number of lines in the ROI� and *

represents the complex-conjugate operation. The re-
sultant spectrum of different N lines was averaged to
obtain an ensemble power spectrum S�f� of the ROI
and was then converted to logarithmic scale:

S�f� = 10 log10
�n�Sn�f��

N
. �3�

�d� Step 4. Spectrum calibration. The averaged 1D power
spectrum of the tissue segment was further calibrated
to correct for system and beam-diffraction properties
such as the system transfer function. A reference phan-
tom calibration method was used and is described in
the following section. Figure 2 shows a 1D spectrum of
the tissue ROI �curve with open circle� and a power
spectrum of a reference phantom �solid line�. The cali-
brated tissue spectrum �in dB� was generated by sub-
tracting the reference phantom spectrum �in dB�,
shown in Fig. 3.

�e� Step 5. Spectral parameter generation. To obtain quan-
titative measures of tissue microstructure, UTC spectral
parameter values were computed for each ROI ana-
lyzed. Within the usable bandwidth, the calibrated

0 2 4 6 8 10
50

60

70

80

90

100

110
CalibrationSpectrum
TissueSpectrum

FIG. 2. Tissue power spectrum �curve with open circle� and calibration
power spectrum �solid line�.
spectrum �in dB� was analyzed using a linear regres-
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sion S�f�=� · f + I, where f is the frequency �MHz�, � is
the spectral slope �dB/MHz�, and I is the spectral in-
tercept �dB�. For each ROI, three spectral parameters
were extracted: The slope �, the intercept I, and the
midband fit M of the spectral linear regression. The
midband fit is the value of the linear fit at fc, the center
of the frequency bandwidth employed, M =S�fc�
=� · fc+ I.

II.C. 1D power-spectrum calibration

To more accurately quantify tissue characteristics, 1D
power spectra of biological tissues were calibrated to account
for extraneous system and diffraction factors. Two calibra-
tion techniques are commonly employed: One uses planar
reflectors,13 while the other uses reference phantoms.18,26 In
this study, we adapted the reference phantom method, which
has two major advantages over the planar reflector method.
First, a planar target such as a glass plate is a strong reflector,
but soft tissues are weak scatterers. The glass plate reflection
can easily saturate the receiver amplifier on a clinical ultra-
sound scanner that is optimized to scan soft tissues. Second,
the reference phantom with a distribution of 3D scatterers is
often needed to compensate for diffraction effects when we
analyze soft tissues at various depths, particularly outside the
focal regions.

The calibration process required that the settings on the
ultrasound scanner for the phantom scan matched the set-
tings used during patient scan, e.g., transducer frequency,
gain setting, focal distance, and the TGC. The reference
phantom we utilized is a standard quality-assurance phantom
in the clinic: CIRS model 055 �Computerized Imaging Ref-
erence Systems, Inc., Norfolk, Virginia�. The CIRS phantom
is manufactured from a water-based polymer and housed in a
rugged ABS container. The background material has two
populations of scatterers, 1 �m nonspherical particles and
64–74 �m diameter spheres. At room temperature of 22 °C,
the speed of sound in the phantom is 1540�6 m /s and the
attenuation coefficient is 0.50�0.05 dB / �MHz·cm�.

Figure 4�a� is a B-mode image of the calibration phantom

4 5 6 7
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2
CalibratedSpectrum
Linear Regression

FIG. 3. Calibrated tissue spectrum �solid curve� with linear regression �dot-
ted line�.
where the ROI is demarcated. Figure 4�b� shows the calibra-
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tion spectrum of the ROI. The center frequency was
5.5 MHz with a −12 dB usable bandwidth from 4 to 7 MHz.
In this study, we chose a −12 dB bandwidth to ensure ad-
equate signal-to-noise ratio of the breast-tissue signals. The
same ROI was used for the tissue analysis in the following
clinical study.

Figure 5 shows an uncalibrated phantom spectrum with
fixed ROI size �3.0�0.5 cm2� centered at various depths be-
low the phantom surface: 1.0 cm �ROI 1�, 1.5 cm �ROI 2�,
and 2.0 cm �ROI 3�. Spectrum amplitude and peak frequency
decrease with depth due to attenuation. Narrowing of the
spectrum occurred at the high frequency edge of the spec-
trum, hence giving the appearance of frequency shift. Oelze
and O’Brien proposed a frequency-dependent attenuation-
compensation method to account for attenuation.27 Figure 6
shows the calibration phantom spectrum for various ROI
sizes centered at the same 1.0 cm depth: 3.0�0.5 cm2 �ROI
I�, 3.0�1.0 cm2 �ROI II�, and 3.0�1.5 cm2 �ROI III�. Phan-
tom spectral amplitude increased with ROI size due to the
increase in the number of scatterers inside the ROI. How-
ever, the overall spectral shape did not change. The relation-
ship between window size and spectral parameters is de-
scribed by Lizzi et al.16
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FIG. 4. �a� B-mode image of the reference phantom with ROI of 3.0 cm
�width��0.5 cm �height� centered at 0.8 cm below the phantom surface,
and �b� calibration spectrum.
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FIG. 5. Calibration spectra at various ROI depths. �a� B-mode image of the
calibration phantom showing ROIs centered at depths of 1 cm �ROI 1�,
1.5 cm �ROI 2�, and 2 cm �ROI 3�. �b� 1D power spectra for ROIs shown in

�a�.
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II.D. Phantom study

We conducted a series of measurements on tissue-
mimicking phantoms to investigate the reproducibility of our
ultrasound method. Two identical ATS phantoms �ATS Labo-
ratories, Bridgeport, CT� that mimic tissue acoustic proper-
ties were used. At room temperature, the sound speed of the
ATS phantoms was 1452 m /s and the attenuation coefficient
was 0.5 dB / �cm MHz�. The tissue-mimicking materials were
composed of 50 �m glass beads randomly deposited within
a rubber-based background material. The glass beads served
as isotropic scatterers. Aquasonic® ultrasound gel was used
to couple the ultrasound probe and the phantom surface.
Each ATS phantom was scanned four times on ten separate
days �a total of 40 scans� over a period of 3 months. Testing
periods spanned several hours ensuring that the four mea-
surements were acquired throughout the day.

II.E. Clinical study

We initiated a clinical study, approved by Columbia Uni-
versity Medical Center Institutional Review Board �IRB�, to
measure radiation-induced tissue toxicity in breast-cancer ra-
diation therapy. In this preliminary study, 11 postradiation
breast-cancer patients were scanned with ultrasound at their
follow-up examinations. All patients received a primary dose
of either 50.0 or 50.4 Gy applied to the entire breast, fol-
lowed by a boost dose ranging from 10.0 to 16.0 Gy at the
lumpectomy site. The follow-up time between radiation-
treatment completion and our ultrasound study ranged from
6 to 43 months, with a median of 23 months.

Patients were imaged in a supine position. A thin layer
�1–2 mm� of ultrasound gel was applied to the skin surface
to ensure good acoustic coupling. The ultrasound probe was
adjusted such that the scan plane was perpendicular to the
breast surface. Data were acquired using a radial scan plane
with respect to the nipple and without compression. Indepen-
dent of tumor bed location, scans at the 12 o’clock position
�shown in Fig. 7� on the treated breast were compared to
those of the untreated �contralateral� breast, which served as
a baseline or control. For data analyses, the identical ROI
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FIG. 6. Calibration spectra for various ROI sizes. �a� B-mode image of the
calibration phantom with ROIs centered at 1 cm depth: ROI I �3.0
�0.5 cm2� dotted lines, ROI II �3.0�1 cm2� dashed lines, and ROI III
�3.0�1.5 cm2� solid lines. �b� 1D power spectra for ROIs shown in �a�.
�shown in Fig. 4�a�� was used and three spectral parameter
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values were computed for treated and untreated breasts. A
paired t-test was conducted to evaluate the performance of
the spectral parameters in differentiating the treated versus
the untreated breast.

III. RESULTS

III.A. Phantom study

Spectral parameter values were generated from measure-
ments on two identical ATS phantoms. Figures 8�a�–8�c�
show the averaged spectral slope, intercept, and midband fit
of the signals in the ROI on each day. The error bars repre-
sent 1 standard deviation. Although some variability of spec-
tral parameter values was observed, a comparison of these
values revealed a close correlation between phantom 1 and
phantom 2. The variability from one day to the next can be
largely attributed to fluctuations in room temperature over
the 3 month testing period. The acoustic properties of ATS
phantoms were very sensitive to the temperature, which
could vary up to 8 °C from day to day in our laboratory.

The multiple measurements on two tissue-mimicking
phantoms demonstrated the reproducibility of our ultrasound
system �Table I�. The differences in values �for the mean
values� for all the spectral parameters between the two phan-
toms were within 1%, which indicated the precision of the
system. The coefficients of variation �defined as the ratio of
the standard deviation to the mean� for the spectral slope,
intercept, and midband fit for both phantoms were 12.5%,
5.9%, and 1.6%, respectively. The midband fit was the most
stable of the three parameters.

III.B. Clinical study

Eleven breast-cancer patients were studied after radiation
treatment. Figure 9 shows the ultrasound images of a 55-yr
old breast-cancer patient who underwent conservation sur-

TABLE I. Averaged spectral parameters for the two ATS phantoms.

Test phantom No. 1 Test phantom No. 2

Slope �dB/MHz� 0.8�0.1 0.8�0.1
Intercept �dB� −16.9�1.0 −17.0�1.0
Midband fit �dB� −12.5�0.2 −12.4�0.2

12:00 12:00

FIG. 7. Mirror images of right and left breasts indicate where the location
and orientation of the ultrasound scans.
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gery and radiation treatment for stage I invasive ductal car-
cinoma in the left breast. She received a standard course of
radiation treatment: 50.0 Gy dose to the whole breast, fol-
lowed by a boost of 16.0 Gy to the tumor bed. Ultrasound
B-mode images and RF data were acquired 1 yr postradia-
tion. Using the bilateral breast ultrasound images from the 12
o’clock location �Fig. 7�, we observed alterations in the
treated �right� breast tissue by comparing its scanned image
to that of the untreated �left� breast. The treated breast was
more echoic in the glandular tissue. The skin thickness of the
normal left breast was 1.8 mm and the skin thickness of the

FIG. 8. Average spectral parameter measurements vs time: �a� Slope, �b�
spectral intercept, and �c� midband fit. The error bars indicate �1 standard
deviation.
treated breast was 3.0 mm. Through palpation, the radiation
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oncologist found moderate hardening �grade 2� of the treated
breast, which indicated development of radiation-induced fi-
brosis.

To quantify radiation-induced subcutaneous-tissue
changes, we analyzed the RF data from the glandular tissue
for the treated breast and the untreated breast. The power
spectrum of each breast is shown in Fig. 10. Overall, the
amplitude of the spectrum was greater in the treated breast
relative to the untreated breast. The spectral slope, the inter-
cept, and the midband fit for the treated breast were
1.27 dB /MHz, −9.15 dB, and −2.16 dB, respectively. The
corresponding spectral parameter values for the untreated
breast tissue were 0.20 dB /MHz, −11.47 dB, and −10.34
dB, respectively. Compared to corresponding parameter val-
ues of the untreated tissue, spectral slope of the treated tissue
was greater by 1.07 dB /MHz, the spectral intercept was
greater by 2.32 dB, and the midband fit was greater by
8.18 dB.

Table II shows the spectral estimates of treated and
untreated breast tissues for 11 patients. Large variations
among patients were observed in all parameter values of
the treated and untreated breasts. For the untreated breast, the
spectral slope, the intercept, and the midband fit value
ranges were −0.26 to 1.41 dB /MHz, −13.07 to 0.28 dB, and

(a) (b)
1 cm

Right Left

SkinSkin

Glandular tissue
Glandular tissue

FIG. 9. Ultrasound B-mode images of the irradiated breast �a� and normal
breast �b�.

TABLE II. UTC spectral estimates for the 11 patients.

Patient
No.

Slope
�dB/MHz�

Normal
tissue

Irradiated
tissue Difference

Normal
tissue

1 1.14 1.16 0.02 −8.08
2 −0.19 0.42 0.61 0.22
3 0.20 1.27 1.07 −11.47
4 0.17 0.70 0.53 −8.60
5 0.81 0.62 −0.19 −11.27
6 1.41 1.90 0.49 −13.07
7 0.51 −0.42 −0.93 −8.24
8 0.75 0.91 0.16 −2.03
9 −0.26 0.39 0.65 0.28

10 1.10 1.01 −0.09 −4.99
11 1.34 1.08 −0.26 −8.18
Medical Physics, Vol. 36, No. 5, May 2009
−10.34 to 2.12dB, respectively. For the treated breast, the
corresponding ranges were −0.42 to 1.90 dB /MHz,
−12.32 to 0.91 dB, and −2.90 to 4.69 dB, respectively. The
spectral parameter value difference was calculated for each
patient using the normal-tissue measurement as baseline. The
spectral slope, intercept, and midband fit were greater in the
treated breast than those in the untreated breast by
0.19 dB /MHz, 2.94 dB, and 3.99 dB, respectively. Table III
lists the results of further statistical analysis on the spectral
parameter value differences that confirmed significant
change between treated and untreated breasts for the inter-
cept �p=0.003� and midband fit �p�0.001� values but not
for the slope �p=0.14� values. Based on this study of 11
patients, the spectral intercept and midband fit appeared to be
the most reliable parameters for measuring radiation effect.

IV. DISCUSSION

We investigated a quantitative ultrasonic technique to
measure radiation-induced normal-tissue toxicity. This tech-
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FIG. 10. 1D power spectra of the subcutaneous tissues of the treated breast
�solid circle curve� and the untreated breast �open circle curve�. The straight
lines are the linear regressions. The center of the ROI is 0.8 cm beneath the
skin surface.
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tissue Difference
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nique combined a 1D spectrum analysis with a reference
phantom calibration that accounted for the properties of the
ultrasound system. The calibrated spectral parameters pro-
vided quantitative measures of the physical properties, such
as size and shape of the tissue microstructures �scatterers�.
Overall, our ultrasonic system and method were found to be
reproducible. We initiated a pilot clinical study to test our
technique’s clinical utilities in breast-cancer radiation
therapy.

This clinical application on a breast-tissue model demon-
strated the feasibility of the technique for quantitatively as-
sessing radiation-induced normal-tissue toxicity. In postra-
diation subcutaneous breast tissue, we observed a trend
toward greater spectral intercept and midband fit with respect
to that of the untreated breast tissue. The theoretical model
developed by Lizzi et al. suggested that an increase in the
size, concentration, or relative acoustic impedance of the
scattering elements would result in an increase in midband-
fit value, most likely with a concomitant increase in intercept
value, depending on the degree of change in the slope
value.14 The midband fit is closely related to the integrated
backscatter.28 The increase in the integrated backscatter
could be attributed to the increase in collagen content as
proposed by O’Donnell et al.28 An unchanging spectral slope
suggested that scatterer size did not change as a result of
treatment, and therefore, the observed increases in midband-
fit and intercept values indicated an increase in scatterer con-
centration or acoustic impedance.

In many ways, treated tissue responds to radiation damage
in a manner similar to that of normal wound healing.29 In
histological terms, late radiation damage is often character-
ized by a loss of parenchymal cells and overproduction of
collagen.30 Two out of the three parameters from the RF
measurements appeared to correlate with radiation injury to
the breast. These spectral parameters track overall levels
of radiation injury while maintaining operator indepen-
dence.31,32

Breast tissue varied greatly from patient to patient as in-
dicated by the spectral parameter values of the untreated
breast �Table II�. To account for these variations, we used the
untreated breast as a baseline to evaluate radiation-associated
breast-tissue toxicity. In prospective studies, both breasts
could be scanned prior to radiation and used as baselines.
One limitation of the study is that our ultrasound technique
was based on RF data analysis methods that are not readily
available in most clinical setups. Nevertheless, RF data can
be extracted from most clinical scanners through customized

TABLE III. Mean and standard error of spectral parameter differences be-
tween the irradiated and untreated breasts.

Mean
Standard

error p-value

Slope �dB/MHz� 0.19 0.17 0.142
Intercept �dB� 2.94 0.75 0.003
Midband fit �dB� 3.99 0.65 �0.001
circuit and software interfaces.

Medical Physics, Vol. 36, No. 5, May 2009
Early and late normal-tissue toxicity is a major factor that
affects the quality of life for patients receiving radiotherapy.
In vivo monitoring of normal-tissue injury is important in the
management of radiation treatment. Noninvasive UTC spec-
tral analysis has demonstrated the possibility of monitoring
radiation-associated normal-tissue toxicity; however, optimal
ultrasound parameters must be identified and further tested.
In addition, spectral parameters should be compared to clini-
cal endpoints, such as RTOG toxicity scores, patient self-
breast-assessment and patient quality-of-life evaluation. Ra-
diation toxicities are becoming an increasing concern in
breast-cancer management as treatment becomes more effec-
tive and the number of long-term cancer survivors increases.

V. CONCLUSIONS

We developed a quantitative assessment of radiation-
associated normal-tissue toxicity using ultrasonic imaging in
combination with UTC spectral analysis. Ultrasonic imaging
displays B-mode images of the treated breast tissue, while
UTC spectral parameters provide quantitative measurements
of tissue characteristics. This ultrasound technique may lead
to greater knowledge on normal-tissue responses to radiation
therapy.
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