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Abstract—This study assessed the ability of spectral analysis
of endoscopic ultrasound (EUS) RF signals acquired in humans
in vivo to distinguish between (1) benign and malignant intra-
abdominal and mediastinal lymph nodes and (2) pancreatic
cancer, chronic pancreatitis, and normal pancreas. Mean
midband fit, slope, intercept, and correlation coefficient from a
linear regression of the calibrated RF power spectra were
computed over regions of interest defined by the endoscopist.
Linear discriminant analysis was then performed to develop a
classification of the resulting spectral parameters. For lymph
nodes, classification based on the midband fit and intercept
provided 67% sensitivity, 82% specificity, and 73% accuracy
for malignant vs. benign nodes. For pancreas, classification
based on midband fit and correlation coefficient provided 95%
sensitivity, 93% specificity, and 93% accuracy for diseased vs.
normal pancreas and 85% sensitivity, 71% specificity, and
85% accuracy for pancreatic cancer vs. chronic pancreatitis.
These promising results suggest that mean spectral parameters
can provide a non-invasive method to quantitatively
characterize pancreatic cancer and lymph malignancy in vivo.

[. INTRODUCTION

ancers of the digestive system accounted for 19% of the

1.44 estimated million cancer cases and 24% of the
566,000 estimated cancer deaths in the U.S. during 2008 [1].
A disproportionate level of mortality arises from several
cancers of gastrointestinal (GI) organs that are difficult to
detect or treat, particularly pancreatic cancer, but survival
rates are better when the disease can be found and properly
characterized when it is still localized to the organ or nearby
tissue. Hence emerging technology that can improve the
ability to detect pathologies, distinguish benign from
malignant tumors, identify the spread of cancer to lymph
nodes, and properly identify the overall stage of the cancer
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will provide valuable information which can help to improve
the effectiveness of cancer therapies.

Endoscopic ultrasound (EUS) provides clinicians the
ability to image tissue structures beyond the luminal surface
of the GI tract [2]. It can be used to determine the depth of
invasion of GI tumors as well as to identify regional lymph
nodes. In addition, organs in close proximity to the GI tract
lumen, such as the pancreas and liver, can be imaged with a
high resolution, often exceeding that of radiographic
imaging modalities. For pancreatic cancer, a major
advantage of EUS is negative predictive value approaching
100%, indicating that the absence of a focal mass reliably
excludes pancreatic cancer [3]. EUS can also be controlled
in real-time, which enables it to be used for guidance of
needle biopsies of surrounding lymph nodes.

Effective use of EUS imaging depends on judgments
regarding changes in the sonographic characteristics of the
imaged areas of interest. These characteristics typically
include size, morphology, relative echogenicity, and level of
homo- or heterogeneity. Deciphering these characteristics in
real-time is operator-dependent and contingent on the ability
of the naked eye to detect grayscale nuances. Clinically, this
task is difficult in both the contexts of identifying pancreatic
cancers in the setting of chronic pancreatitis [4] and
differentiating benign from malignant lymph nodes [5, 6].
An accurate, objective means of differentiating benign or
inflammatory from malignant tissue would improve the
diagnostic accuracy of EUS, reduce the need for multiple
needle passes while targeting lesions for biopsy, and thereby
significantly impact patient care.

EUS systems operate in pulse-echo mode, whereby a
transducer transmits a pulse and then receives the resulting
series of radio-frequency (RF) signals that return. As the
pulse propagates through tissue, it is reflected and scattered
by interfaces and inhomogeneities in the tissue and
attenuated by thermoviscous absorption. Conventional B-
mode (“brightness”) images represent the echo RF signals
by displaying them in an image format with grayscale values
that are proportional to the magnitude of the video envelope
of the signal. This nonlinear procedure removes signal phase
information that may include features related to tissue
microstructure [7]. By transforming the data from the time
domain to the frequency (spectral) domain and then using
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calibration procedures to remove artifacts from the
transducer and electronics, quantitative measurements of
ultrasound backscatter may be derived for any given region
of interest to reveal critical signal features. The resulting
quasi-linear calibrated spectra can be characterized by their
slope, intercept, correlation coefficient, and midband fit
(value of the regression line at the center frequency), which
can then be correlated to tissue characteristics. Such
backscatter measurements have been shown to relate to the
size, concentration, and acoustic impedance of the scatterers
[8], thereby allowing different tissue types to be
distinguished (e.g., a malignant tumor scatters differently
than normal tissue because of its different microstructure
[9]). In the context of GI cancer, ex vivo studies of lymph
node metastases of colorectal cancer have shown that
spectral ultrasound backscatter analysis performed better
than B-mode ultrasound [10] even when multiple B-mode
sonographic parameters were considered [11].

The study reported herein employs spectral analysis of
backscattered signals from EUS imaging in vivo to
quantitatively characterize the differences between (1)
normal pancreas (NP), chronic pancreatitis (CP), and
pancreatic cancer (PC) and (2) benign and malignant intra-
abdominal lymph nodes. A portion of the raw data reported
in this paper was analyzed for a previous pilot study [12],
but it is re-analyzed here in light of an improved calibration
procedure and new data from 24 additional patients. A linear
discriminant analysis (LDA) was then performed to classify
the data, and receiver-operating characteristic (ROC) curves
were calculated to evaluate the classification.

II. MATERIALS AND METHODS

A. Patients and clinical protocols

A total of 43 subjects (16 men and 27 women; mean age
66, range 36-90) already scheduled for esophagogastroduo-
denoscopy (EGD) with EUS were enrolled in the study. In
this procedure, the fiber-optic endoscope is inserted through
the patient’s mouth and moved down the esophagus to the
stomach and duodenum. The subjects were given a sedative
and analgesic, and a local anesthetic was applied to suppress
the gag reflex during insertion. Due to system limitations,
different endoscopes were used for RF data acquisition and
biopsies. As the data acquisition process does not affect the
procedure itself, a waiver of patient consent for this study
was granted by our institutional review board. Pancreas
cases were diagnosed as NP, CP, or PC while lymph nodes
were diagnosed as benign or malignant, both using detailed
criteria reported previously [12] based on the literature [5,
13, 14]. In brief, malignant cases were determined primarily
based on positive biopsy, while non-malignant cases were
determined mainly from EUS appearance in patients not
referred for cancer and with no cancer after 1 year. In some
cases, images were also taken in areas outside of the organ
of primary interest to act as normal controls.

B. Data acquisition and analysis

For this study, the Olympus Exera EU-M60 ultrasound
center was used with the Olympus GF-UM160 ultrasonic

gastrovideoscope to obtain the data. With permission from
Olympus America, the ultrasound center was modified with
a special output port to allow the RF data to be acquired
without affecting the system’s normal operation. The
endoscope tip contains a lens for obtaining optical images
and a transducer that spins about the axis of the scope in the
lumen, thereby creating B-scan cross-sectional images, each
consisting of 256 consecutive lines of RF data. The
broadband, single-element, focused transducer was set to
operate in C5 mode (6 MHz center freq., 3.415 kHz PRF, 20
mm focal distance). The RF data for a full revolution were
captured using a LeCroy LT372 oscilloscope in 8-bit mode
at sampling rates of 100 or 200 MHz and were obtained
prior to time-gain compensation and other processing used
to create the B-mode image. In each case, the B-scan image
generated by the Olympus system was saved for purposes of
comparison with the image reconstructed off-line from the
RF data later. These two images could not be acquired
simultaneously due to technical issues, but were taken as
close together as possible in time.

The RF data were imported into our custom-designed,
MATLAB-based analysis software with a graphical user
interface for image reconstruction and data processing. The
B-scan image from the RF data was reconstructed and then
oriented to match the system image using identifiable
landmarks on the image. Prior to RF data analysis, regions
of interest (ROIs) were identified and manually segmented
by the endoscopist on the system image. The ROIs were then
independently translated onto the reconstructed image to
select corresponding segments of RF data. Each sector-
shaped area was sized to be as large as possible within the
designated ROIs. The power spectrum was calculated for the
signals of each RF A-scan within the ROI, by taking the FFT
of the data gated by a series of sliding Hamming windows of
1.5 ps (~2.3 mm in space), each offset by 0.1 ps.

C. Spectrum calibration

To remove artifacts associated with the composite transfer
function of the electronic pulser/receiver and transducer,
calibration was performed by dividing the tissue power
spectrum by the calibration spectrum from a high-reflectivity
interface. The calibration spectrum was obtained in the
current study using an acrylic plastic cylinder (5.08 cm inner
diam.) filled with a custom-made gelatin-phantom in the
form of a cylindrical annulus (0.635 cm inner diam.) with
attenuation of 0.7 dB/MHz/cm. The phantom prevented
signal saturation from the receiver electronics of the EUS
system. The central hole in the gelatin phantom was filled
with water prior to the insertion of the endoscope transducer,
and the endoscope’s balloon was inflated with water until it
was in full contact with the phantom. The orientation of the
endoscope tip was then manually adjusted to ensure that the
endoscope was centered and parallel to the symmetry axis of
the cylinder. The spectrum was broad, fairly uniform (15 dB
bandwidth over 2—10 MHz), and generally consistent with
the frequency characteristics specified by the manufacturer.
The resulting spectrum was used for calibration of the new
RF data and the re-analysis of the pilot study data.
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D. Statistical analysis

The spectral parameters generated from each window were
averaged over each ROI. The resulting values were then
analyzed using Student’s 7-test for the two tissue types in
the lymph-node data and a one-way ANOVA for the three
tissue types in the pancreas data using the Bonferroni
criterion for multiple comparisons. Once parameters were
identified that provided statistically significant differences
between group means, LDA was performed to classify the
data using equal prior probabilities for each group and the
within-groups covariance matrix. The leave-one-out
approach was used for cross-validation. All statistical
calculations were performed using SPSS 16. A binormal
ROC curve was then fit to the resulting discriminant scores
using the maximum likelihood estimation routine of
ROCKIT 1.1B2 [15]. Classification was assessed by
computing the area under the curve (AUC) from ROCKIT.

III. RESULTS

A. Lymph nodes

RF data from 16 subjects (7 men and 9 women, mean age
66, range 48-90) were examined, yielding a total of 26 ROIs
in the resulting images. Only the midband fit and intercept
showed statistically significant differences between the two
groups at the p =0.05 level (Table I), and so only these
parameters were used for the linear discriminant analysis.
Table IT shows the results of the classification. The leave-
one-out, cross-validated classification had sensitivity of
67%, specificity of 82%, positive predictive value (PPV) of
83%, negative predictive value (NPV) of 75%, and overall
accuracy of 73%. Figure 1 shows the corresponding
binormal ROC curve with AUC = 0.90. The use of midband
fit and intercept together provided slightly higher AUC than
either parameter alone, although the differences were not
statistically significant. In all cases, the classification was
significantly better than guessing (AUC = 0.5) with p < 0.01.

B. Pancreas

RF data from 41 subjects (14 men and 27 women, mean
age 66, range 36-85) were acquired for total of 60 ROIs in
the resulting images. Only midband fit and correlation
coefficient R* showed statistically significant differences
between all three groups at the p = 0.05 level (Table III), and
so only these parameters were used for the LDA. The
resulting classification matrix from the three-group LDA is
shown in Table IV. Additional two-group LDAs were
performed to compare classification for (i) normal (NP) vs
non-normal (PC+CP) and (ii) PC vs. CP excluding NP.
Figure 2 shows the corresponding binormal ROC curves for
each comparison. When NP is compared to diseased
pancreas, the classification had sensitivity of 95%,
specificity of 93%, PPV of 86%, NPV of 97%, overall
accuracy of 93%, and ROC AUC=0.99 (solid line in
Fig. 2). When PC is compared to CP excluding NP, the
classification had sensitivity of 85%, specificity of 71%,
PPV of 85%, NPV of 86%, overall accuracy of 85%, and
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TABLE I
LYMPH NODES DATA: DESCRIPTIVE STATISTICS & HYPOTHESIS TESTING
Type Midband Fit (dB) Intercept (dB)
Benign (n = 15) —43.8+6.6 —36.5+£6.8
Malignant (n = 11) —51.843.2 —46.3£7.1
p-value <0.001 <0.002
TABLE II
LYMPH NODES DATA: LINEAR DISCRIMINANT ANALYSIS RESULTS
Actual Predicted State
State Benign Malignant
Benign 10 5
Malignant 2 9
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Fig. 1. Binormal ROC curve for LDA of lymph nodes data.

TABLE III
PANCREAS DATA: DESCRIPTIVE STATISTICS & HYPOTHESIS TESTING
Type Midband Fit (dB) Corr. Coeff. R’
NP (n = 40) —41.5£3.4 0.40+0.12
PC (n=13) -53.2+1.1 0.16£0.04
CP(n=17) -50.2+£2.1 0.26+0.07
NP vs. PC p-value <0.001 <0.001
NP vs. CP p-value <0.001 <0.01
PC vs. CP p-value <0.05 <0.05
TABLE IV
PANCREAS DATA: LINEAR DISCRIMINANT ANALYSIS RESULTS
Actual Predicted State
State NP PC CP
NP 36 0 4
PC 0 12 1
CP 0 2 5
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Fig. 2. Binormal ROC curve for LDA of pancreas data.



ROC AUC =0.91 (dotted line in Fig. 2). The LDA indicated
that most of the discrimination resulted from the midband
fit; as such, the use of midband fit and R*> provided
comparable AUC to midband fit alone. In all cases, the
classification was significantly better than guessing
(AUC = 0.5) with p <0.01.

IV. DISCUSSION

B-mode imaging uses only the amplitude of the envelope
of the B-mode RF data to produce the grayscale encoding in
the image, ignoring the frequency and phase information of
the signal that may include potentially useful information
about tissue properties. The primary advantage of the
spectral analysis of RF signals over conventional B-mode
imaging is that the spectral analysis permits objective and
quantitative measurements of tissue properties by reducing
the instrument-, setting-, and user-dependences inherent in
grayscale B-mode interpretation. As the spectral analysis
procedure uses information already available in existing
EUS systems, clinical implementation can be done with
minimal modification to current equipment and procedures.
The procedure is also applicable to systems with digital
signals and linear arrays.

Previous analyses of ultrasound backscatter spectra have
shown their utility to extract potentially useful information
about tissue microstructure as characterized through
effective acoustic scatterers in the tissue [7]. The slope of the
spectrum depends primarily on scatterer size, while the
midband fit and intercept contain information about the
scatterer concentration and relative acoustic impedance
between the scatterers and surrounding tissue. Our results
show that slope is not as effective as midband fit and
intercept for differentiating between malignant and non-
malignant tissue; this suggests that scatterer size is a less
important factor than scatterer concentration and acoustic
impedance for tissue differentiation in the current
applications. For the pancreas data, the reduced midband fit
between NP and PC is consistent with the typically reduced
echogenicity of tumors relative to surrounding tissue.
However, these measurements provide a quantitative
assessment of the difference.

Additional work is necessary to fully demonstrate the
effectiveness of the technique. Results may be improved by
acquiring RF data with the same echoendoscope used to
guide the needle biopsy; such a study is already in progress
with a new system. Ideally, future systems will allow
clinicians to acquire real-time images that are “digitally
stained” with coloration indicating the probability of disease
states based on spectral classification, and thereby provide
improved diagnosis of pancreatic lesions and lymph nodes
during EUS imaging and EUS-guided needle biopsies.

V. CONCLUSION

The results of this study indicate that mean spectral
parameters  derived  from  ultrasound  backscatter
measurements in vivo can provide a method to discriminate

between (1) benign and malignant lymph nodes and (2)
between normal pancreas, chronic pancreatitis, and
pancreatic cancer. Additional work is needed to expand
these encouraging results.
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