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Abstract
Background—Quantitative spectral analysis of the radio-frequency (RF) signals that underlie
grayscale EUS images can be used to provide additional, objective information about tissue state.

Objective—Our purpose was to validate RF spectral analysis as a method to distinguish between
(1) benign and malignant lymph nodes and (2) normal pancreas (NP), chronic pancreatitis (CP) and
pancreatic cancer (PC).
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Capsule Summary
What is already known on this topic

• Identifying pancreatic cancers in the setting of chronic pancreatitis and differentiating benign from malignant lymph nodes
can be challenging using conventional grayscale EUS imaging.

• Spectral analysis of ultrasound backscatter has been previously demonstrated in both EUS and non-EUS contexts to be an
objective, quantitative method for tissue characterization and uses information in the backscattered ultrasound signals
otherwise discarded in grayscale EUS imaging.

What this study adds to our knowledge

• This validation study shows that spectral parameters such as midband fit, intercept, and correlation coefficient of the EUS
backscatter spectra can quantitatively discriminate between normal pancreas, pancreatic cancer, and chronic pancreatitis, as
well as between benign and malignant lymph nodes.
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Design & Setting—A prospective validation study of eligible patients was conducted to compare
with pilot study RF data.

Patients—Forty-three patients underwent EUS of the esophagus, stomach, pancreas, and
surrounding intra-abdominal and mediastinal lymph nodes (19 from previous pilot study and 24
additional patients).

Main Outcome Measurements—Midband fit, slope, intercept, and correlation coefficient from
a linear regression of the calibrated RF power spectra were determined.

Results—Discriminant analysis of mean pilot-study parameters was then performed to classify
validation-study parameters. For benign vs. malignant lymph nodes, midband-fit and intercept (both
with t-test p < 0.058) provided classification with 67% accuracy and area under ROC curve (AUC)
of 0.86. For diseased vs. NP, midband-fit and correlation coefficient (both with ANOVA p < 0.001)
provided 93% accuracy and AUC of 0.98. For PC vs. CP, the same parameters provided 77% accuracy
and AUC of 0.89. Results improved further when classification was performed with all data.

Limitations—Moderate sample size and spatial averaging inherent to the technique.

Conclusions—This study confirms that mean spectral parameters provide a non-invasive method
to quantitatively discriminate benign and malignant lymph nodes as well as normal and diseased
pancreas.

Keywords
Endoscopic ultrasound; Spectrum analysis; Ultrasound backscatter; Pancreatic cancer; Chronic
pancreatitis; Lymph nodes; Linear discriminant analysis; Receiver-operating characteristic curve;
Computer aided diagnosis

Endoscopic ultrasound (EUS) imaging is integral to the staging of most gastrointestinal
cancers. During examination, EUS assesses key factors such as depth of tumor invasion and
spread to regional lymph nodes. Typically, diagnosis using conventional EUS grayscale
imaging is based on judgements regarding the sonographic characteristics of the imaged areas
of interest, including size, morphology, relative echogenicity, and level of homo- or
heterogeneity. However, deciphering these characteristics in real-time is dependent on the
stage, traversability of the tumor, and operator/center experience.1-6 Differentiation of
pancreatic cancer from chronic pancreatitis7, 8 as well as benign from malignant lymph
nodes9-12 continue to be challenging. Although EUS guided fine needle aspiration (FNA) can
obtain diagnostic cytologic material, imaging characteristics are still vital to guiding the target
for FNA. As such, additional and more objective means of differentiating benign or
inflammatory tissue from neoplastic or malignant tissue could increase the diagnostic accuracy
of EUS, improve the yield of FNA, and significantly impact patient care.

Spectrum analysis of backscattered radio-frequency (RF) ultrasound13-15 has proven to be an
effective method for identifying changes in tissue state in the contexts of prostate cancer,
16-20 breast cancer21 and associated lymph node metastases,22 ocular cancer,23 liver disease,
24 intravascular plaque,25-28 and hyperthermic lesions,29 and has even been implement to
perform real-time tissue-type imaging17. Ultrasound is backscattered due to local
inhomogeneity in tissue or other imbedded acoustical scatterers. The characteristics of the
backscattered signals depend on the effective size and concentration of the scatterers, and are
also a spatial function of the acoustic impedance (density and sound speed) of the tissue. For
example, a malignant tumor scatters ultrasound differently than normal tissue because of its
different microstructure.30 Analysis of the backscattered RF signals may allow different tissue
types to be distinguished.31 The assessment by spectral parameters is quantitative and, with
proper calibration, is independent of the system and user.
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In the context of gastrointestinal cancer, ex vivo studies of lymph node metastases of colorectal
cancer have shown that ultrasound backscatter analysis performed better than B-mode
ultrasound32 even when multiple B-mode sonographic parameters were considered.33 Our
previous in vivo pilot study34 showed that mean spectral parameters computed from EUS RF
data can provide a non-invasive method to discriminate normal pancreas from diseased
pancreas and benign from malignant lymph nodes. The mean intercept, slope, and midband fit
of the spectra differed significantly among normal pancreas, pancreatic cancer, and chronic
pancreatitis when all were compared to each other, and, on direct comparison, mean midband
fit for pancreatic cancer differed significantly from chronic pancreatitis. For lymph nodes,
mean midband fit and intercept differed significantly among benign and malignant lymph
nodes.

In this in vivo validation study, our aim was to test spectral analysis of EUS backscattered
signals using parameters derived from our pilot study (Study 1) with a new set of patients to
distinguish between (i) benign and malignant lymph nodes and (ii) normal pancreas and
diseased pancreas.

Methods
Patients and clinical protocol

A total of 24 patients (9 men and 15 women; mean age 66, range 40–90) already scheduled for
EGD/EUS were enrolled in the validation study. 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. The indications for the procedures included suspected disease in or around the
esophagus (2 cases), stomach (4 cases), bile duct (2 cases), lymph nodes (2 cases) and pancreas
(14 cases). In some cases images were also taken in areas outside of the organ of primary
interest, to act as normal controls.

Data acquisition and analysis
As the procedure for data acquisition and analysis has been previously described in detail,34

only a summary is provided here. A commercially available clinical ultrasound system (Model
Exera EU-M60, Olympus America, Center Valley, Pa) was used with an ultrasonic
gastrovideoscope (Model GF-UM160, Olympus America, Center Valley, Pa). The endoscope
contains a single-element transducer that spins about the axis of the scope in the lumen, thereby
creating B-scan cross-sectional images, consisting of 256 A-scan lines. All data were acquired
when the EUS system was operated in the C5 mode (transducer center frequency 6 MHz,
transducer focal distance 20 mm, pulse repetition frequency 3.415 kHz). The RF data were
obtained via a specially equipped output port (provided by Olympus America) using a digital
oscilloscope (Model LT372, LeCroy Corporation, Chestnut Ridge, NY) in 8-bit mode at a
sampling rate of 100 million samples per second. In each case, the B-scan image generated by
the Olympus system (system image) was saved shortly before the RF data were acquired. The
acquisition could not be achieved simultaneously because of technical limitations of the data
transfer speed but were taken as close together as possible, with a time delay less than a few
seconds. No complications were encountered during the data acquisition of any procedure.

The RF data were then imported into our custom-designed, MATLAB-based (MATLAB
2006b, Mathworks, Natick, Mass) analysis software for image reconstruction and data
processing. Our analysis software first re-created images from the acquired RF data
(reconstructed image). Prior to RF data analysis, regions of interest (ROIs) were identified and
manually segmented by endosonographers on the system image according to the evaluation
criteria described below. 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
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maximum within the designated ROIs. The power spectrum was calculated for the signals of
each A-scan RF data within the ROI gated by a series of sliding Hamming windows35, 36 of
1.5 μs, each offset by 0.1 μs.

Spectrum calibration
To remove artifacts associated with the composite transfer function of the electronic
transmitter/receiver and transducer, calibration was performed by dividing the power spectrum
by the spectrum of a perfect reflector. Our previous study34 used a glass cylinder filled with
water as the reflector, but repeated measurements showed that this method was prone to signal
saturation from the receiver electronics of the EUS system due to the large amplitude of the
specular reflection. To prevent this problem, an acrylic plastic cylinder (5.08 cm inner diameter,
6.35 cm outer diameter) was filled with a cylindrical annulus (0.635 cm inner diameter, 5.08
cm outer diameter) composed of a custom-made gelatin phantom (consisting of Type A porcine
skin gelatin, 10–20 μm Amberlite particles, bleach, and water) with attenuation of 0.7 dB/MHz/
cm. 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 the balloon
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 axis of the cylinder.
Figure 1A shows the pulse reflected from the annulus, and Fig. 1B shows the corresponding
attenuation-corrected, normalized power spectrum in dB. The spectrum is broad, fairly uniform
(15 dB bandwidth 2–10 MHz), and generally consistent with the frequency characteristics
specified by the manufacturer. This spectrum was used for calibration of the validation data
and the re-analysis of the pilot study data.

To perform the calibration, the tissue spectrum is divided by the calibration spectrum. The
primary effect of the new calibration as compared to the previous calibration34 was the
reduction of the midband fit and intercept by a nearly constant value, while the slope and R2

remained relatively unchanged (data not shown). Because the calibrated spectra are typically
quasi-linear in shape over the ultrasound frequency range used,34 they can be effectively
characterized by linear regression using their slope, intercept, and their midband fit, which is
the value of the linear function evaluated at the midpoint of the −15dB bandwidth. The square
of the correlation coefficient R2 for each fit was also recorded as a simple measure of the
deviation of the calibrated spectrum from linearity.

Diagnostic criteria
Lymph node cases were classified as benign or malignant according to the following
definitions. Benign lymph node cases met all of the following criteria: (1) Patient was referred
for EUS for reasons other than cancer staging. (2) Patient had no prior or current diagnosis of
malignancy. (3) Patient had no identification of mass lesions at EUS. (4) Patient had at least 1
EUS feature suggestive of benign nodes: (a) draping configuration (b) hyperechoic (c) < 1 cm
in diameter. (5) No diagnosis of cancer in the year following EUS examination as determined
by follow-up telephone questionnaire and/or review of medical records. Malignant lymph
node cases met all of the following criteria: (1) Patient had lymph node identified at EUS that
exhibited at least three established EUS features of malignant lymphadenopathy9, 37: (a)
diameter > 1 cm, (b) round or oval shape, (c) diffusely hypoechoic, (d) sharp edges. (2) FNA
cytology positive for carcinoma.

Pancreas cases were classified according to the following definitions. Normal pancreas (NP)
cases met all of the following criteria: (1) Patient was referred for EGD/EUS for a non-pancreas
indication (e.g. evaluation of submucosal nodules). (2) Patient had no history of alcohol abuse
as defined by habitual consumption of > 40 g ethanol weekly. (3) Patient had no prior personal
history of pancreatitis (4) Patient had no family history of pancreatitis. (5) Patient had no
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diagnosis of pancreatitis or pancreatic cancer in the year following EUS examination, as
determined by follow-up telephone questionnaire and/or review of medical records. Chronic
pancreatitis (CP) cases met all of the following criteria: (1) Patient was referred for EGD/EUS
for evaluation of pancreas. (2) Patient had EUS examination with greater than or equal to 5 of
the following established EUS criteria38: (a) hyperechoic foci (b) hyperechoic stranding (c)
lobularity (d) cyst (e) calcification (f) ductal dilation (g) side branch dilation (h) duct
irregularity (i) hyperechoic duct margins (j) atrophy (k) inhomogeneous echo pattern. (3)
Patient had no diagnosis of pancreatic cancer in the year following EUS examination, as
determined by follow-up telephone questionnaire and/or review of medical records. Pancreatic
cancer (PC) cases met all of the following criteria: (1) Patient had a pancreatic mass lesion
identified on EUS and (2) Patient had (a) an FNA cytology positive for adenocarcinoma or (b)
positive ERCP brush cytology for adenocarcinoma or (c) positive mucosal biopsy for
adenocarcinoma or (d) surgical pathology positive for adenocarcinoma.

Statistical analysis
The spectral parameters generated from each window were averaged over each ROI. The
resulting values were then analyzed using Student's T-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. Once
parameters were identified that provided statistically significant differences between group
means, linear discriminant analysis (LDA) was performed to classify the data using equal prior
probabilities for each group and the within-groups covariance matrix. For LDA where the same
data was used for training and testing, the leave-one-out approach was used for cross-
validation. All statistical calculations were performed using SPSS (Version 16, SPSS, Chicago,
Ill). A binormal receiver operating characteristic (ROC) curve was then fit to the resulting
discriminant scores using the maximum likelihood estimation routine of ROCKIT39 (Version
1.1B2, University of Chicago, Chicago, Ill). Classification performance was assessed by
computing the area under the curve (AUC) from ROCKIT.

Combined studies
The RF data from the pilot study was re-analyzed using the new calibration spectrum (Fig. 1).
The combined data set resulting from both the re-analyzed pilot study (Study 1) and validation
study (Study 2) was derived from a total of 43 subjects (16 men and 27 women; mean age 66,
range 36–90). For reference, the pilot-study data34 had 8 cases of benign lymph nodes and 6
cases of malignant lymph nodes and also had 25 cases of normal pancreas, 3 cases of pancreatic
cancer, and 4 cases of chronic pancreatitis.

Sample size calculations
For the validation study, sample size calculations were performed a priori using G*Power40

(Version 3, Heinrich-Heine-University, Dusseldorf, Germany) based on the results of our
previous pilot study, assuming a significance level of 0.05, power of 0.80, and equal group
sizes. These calculations estimated that 12–18 lymph-node cases, and a total of 12–18 pancreas
cases with 8–14 cases of diseased pancreas were needed. Post hoc power calculations using
the same software for the data from the combined studies indicated that the actual power
achieved was greater than 0.93 for all reported cases of significant differences between groups
based on the computed spectral parameters.

Results
Lymph nodes

In the validation study, RF data from 9 subjects (4 men and 5 women, mean age 66, range 48–
90) were examined, yielding a total of 12 ROIs in the resulting images. The first three rows of
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Table 1 lists the mean and standard deviation of all the spectral parameters for the benign and
malignant lymph nodes along with the results of Student's T-test between groups. The benign
nodes have higher midband fit, lower (more negative) slope, higher intercept, and higher
correlation coefficient than the malignant nodes, which is consistent with the results in the pilot
study.34 The midband fit shows a statistically significant difference between the groups at the
p = 0.05 levels, while the intercept is almost significantly different at this level.

In the combined data set, 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. The second three
rows of Table 1 list the mean and standard deviation of all the spectral parameters for the benign
and malignant lymph node cases. The midband fit and intercept show statistically significant
differences between the two groups at the p = 0.05 level. These two parameters were
subsequently used for the linear discriminant analysis.

Table 2 shows the results of the LDA classification using various training and testing sets.
When only the data from Study 1 (training set) were used to classify only the data from Study
2 (testing set), the classification had sensitivity of 57%, specificity of 80%, positive predictive
value of 80%, negative predictive value of 57%, and overall accuracy of 67% (Table 2, Rows
1–2). Figure 2A shows the corresponding scatterplot of the data using midband fit and intercept.
The solid line shows the approximate dividing line between benign and malignant cases
according to the LDA derived from Study 1 data only. Figure 2B shows the corresponding
binormal ROC curve with AUC of 0.86. When the combined data were used to classify the
combined data using leave-one-out cross-validation, the classification had sensitivity of 67%,
specificity of 82%, positive predictive value of 83%, negative predictive value of 75%, and
overall accuracy of 73% (Table 2, Rows 3–4). The resulting ROC curve from this classification
(not shown) has a somewhat higher AUC of 0.90.

Pancreas
In the validation study, RF data from 21 subjects (8 men and 13 women, mean age 64, range
40–78) were acquired for total of 28 ROIs in the resulting images. Rows 1–3 of Table 3 provide
a summary of the mean values over each ROI for each spectral parameter in all the examined
regions. The results are again consistent with those of the pilot study.34 The midband fit,
intercept, and correlation coefficient were higher on average for NP than PC and CP, while the
slope was lower (more negative) on average. ANOVA calculations indicated that at least one
of the tissue types is distinguishable from the others with p < 0.01 (Table 3, Row 4). Post hoc
multiple comparisons performed using the Bonferroni criterion (Table 3, Rows 5–7) indicated
that NP differed significantly from PC for all parameters and from CP for midband fit and
intercept, but there was not a significant difference between PC and CP at the p = 0.05 level.

When the data from both studies were combined, 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.
Rows 8–11 of Table 3 show a summary of the mean values over each ROI for each spectral
parameter in all the examined regions. NP is significantly different from PC for all parameters
and from CP for all parameters except slope (Table 3, Rows 13–14). When PC and CP are
compared, midband fit and correlation coefficient R2 both had significant differences between
groups (Table 3, Row 15). As a result, these two parameters were used subsequently for the
linear discriminant analysis.

First, a LDA was performed to classify the data between normal pancreas (NP) and diseased
pancreas (PC and CP grouped together). Table 4 shows the results of the LDA classification
using various training and testing sets. When only the data from Study 1 (training set) were
used to classify only the data from Study 2 (testing set), the classification had sensitivity of
100%, specificity of 87%, positive predictive value of 87%, negative predictive value of 100%,
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and overall accuracy of 93% (Table 4, Rows 1–2). Figure 3A shows the scatterplot of the data
along with the dividing line between the normal and diseased pancreas cases (solid line)
according to the LDA derived from Study 1 data only, while Fig. 3B shows the corresponding
binormal ROC curve (solid line) with AUC of 0.98. When the combined data were used to
classify the combined data using leave-one-out cross-validation, the classification had
sensitivity of 95%, specificity of 93%, positive predictive value of 86%, negative predictive
value of 97%, and overall accuracy of 93% (Table 4, Rows 3–4). The resulting ROC curve
from this classification (not shown) has a slightly higher AUC of 0.99.

Given the excellent separation between normal and diseased pancreas, a LDA was next
performed between PC and CP cases with NP cases excluded. The results are shown in Table
5 using various training and testing sets. When only the data from Study 1 (training set) were
used to classify only the data from Study 2 (testing set), the classification had sensitivity of
80%, specificity of 67%, positive predictive value of 89%, negative predictive value of 50%,
and overall accuracy of 77% (Table 5, Rows 1–2). Figure 3A shows the scatterplot of the data
along with the dividing line between the normal and diseased pancreas cases (dashed line)
according to the LDA derived from Study 1 data only, while Fig. 3B shows the corresponding
binormal maximum likelihood estimate of the ROC curve (dashed line) with AUC of 0.89.
When the combined data were used to classify the combined data using leave-one-out cross-
validation, the classification had sensitivity of 85%, specificity of 71%, positive predictive
value of 85%, negative predictive value of 86%, and overall accuracy of 85% (Table 5, Rows
3–4). The resulting ROC curve from this classification (not shown) improves slightly to an
AUC of 0.91.

Discussion
Computer-aided diagnosis is a current area of research that may improve diagnostic results. In
the context of EUS of pancreas and lymph nodes, initial efforts have largely focused on
computerized digital image analysis of grayscale images41-46. Irisawa et al.41, 42 showed
that statistically different changes in the size of hyperechoic area computed from EUS images
occurred between normal pancreas and chronic pancreatitis, where echogenicity was measured
relative to a control area in the initial set of echoes (rings surrounding the transducer). Norton
et al.43 employed four image texture parameters and a neural network classifier to differentiate
chronic pancreatitis from pancreatic cancer with diagnostic accuracy up to 89%. Das et al.44
used eleven texture parameters (out of an initial test set of 288 parameters), mostly based on
various statistical parameters of gray-level nonuniformity, with neural network classification
to distinguish pancreatic cancer from chronic pancreatitis and normal tissue with ROC AUC
of 0.93. For lymph nodes, Loren et al.45 performed analysis of images with three parameters
and found that malignant nodes had statistically significant lower echogenicity, higher whole
node heterogeneity, and more roundness (lower long to short axis ratio) as compared to benign
lymph nodes as well as somewhat less inter-node variability.

Analyses of grayscale images have the advantage that they can be performed with all imaging
systems, but the imaging conditions need to be highly controlled to ensure reproducibility (e.g.
same gain and contrast setting, same transducer, etc.) and the derived metrics can be difficult
to relate back to tissue histology or other tissue properties objectively and in a meaningful way.
Recently, other approaches such as spectral analysis of EUS backscattered signals34 and
elastography47-52 have been explored, both of which involve computerized analysis of the
RF data underlying the grayscale images. These methods require special software and/or
hardware that are not yet implemented or not yet widely available with commercial systems,
but have the potential to provide additional useful information beyond what can be obtained
with conventional systems.
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Our studies demonstrate that spectral analysis of RF data from EUS in vivo is an effective
method to differentiate malignant from benign lymph nodes and to differentiate between
normal and diseased pancreas, based on quantitative and objective criteria. The spectral method
draws upon frequency and phase information of the backscattered ultrasound signals which is
already acquired by EUS systems but omitted in traditional B-mode image creation. As such,
clinical implementation can be done with minimal modification to current equipment and
procedures, including 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 which is characterized by effective
acoustic scatterers in tissue.30, 31 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.14 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. Interestingly,
midband fit has also been shown to be the most important parameter for differentiation between
cancerous and noncancerous prostate biopsies.16 For the lymph node data, the reduced midband
fit and intercept of the lymph node data is consistent with the lower echogenicity of malignant
nodes relative to benign nodes.45 Intercept has also been shown to be a useful parameter for
the differentiation of ex vivo metastatic and nonmetastatic lymph nodes in the context of breast
cancer22 and colon cancer.33

In this study, classification was performed based on a linear discriminant analysis. LDA is a
relatively straightforward approach that typically works best when the groups occupy different
but separable regions of parameter space. Other classification techniques like artificial neural
networks, support vector machines, and classification and regression trees have been shown
to provide more robust classification of more complex ultrasound data17, 20, 26, although this
comes often at the cost of increased complexity (and potentially reduced understanding) of the
diagnostic criteria. Our classification based on spectral parameters did not perform as well as
some others reported in the literature43, 44 in terms of sensitivity or ROC AUC, but more
parameters were used in these studies (4 and 11, respectively). Thus our approach might be
further improved by other classification techniques or in combination with additional
independent parameters. For example, the computer-aided analyses of EUS images described
previously have examined morphological criteria and shown that chronic pancreatitis has
increased area of hyperechogencity of relative to normal pancreas41, 42 and malignant nodes
have increased roundness relative to benign nodes.45 It is possible that combination of spectral
parameters with information about morphology, heterogeneity, or other complementary tissue
properties (e.g., tissue stiffness from elastography) could further enhance diagnostic
capabilities.

Our study has several limitations. First, the spatial averaging inherent in the ROI method limits
the spatial resolution over which the spectral parameters can be computed. The use of higher
frequencies could improve resolution, provided that the tissue to be imaged is close enough to
the transducer so the signals are not decreased severely by attenuation. Second, the acoustical
properties of the pancreas are known to vary at different locations in the pancreas (i.e., head,
body, tail), and the location was not considered in the current analysis. Third, histology results
were only available for cases of suspected malignancy (malignant lymph nodes, pancreatic
cancer) with biopsy, and thus only relatively well defined cases of normal pancreas, chronic
pancreatitis, and pancreatic cancer and well cases of defined benign malignant lymph nodes
were studied to reduce the uncertainty of diagnosis. Fourth, the relatively small sample size
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precludes the sensible use of more sophisticated classification techniques. This issue could be
addressed by sub-sampling the ROIs used in the current data, particularly of the pancreas ROIs,
although at the risk of decreasing the independence of the individual data. Finally, these studies
were performed with older mechanical radial scanning ultrasound endoscopes. In particular,
the FNA biopsies had to be performed with a curvilinear array echoendoscope that was different
from the endoscope used to acquire the RF data. This made it challenging to ensure that the
biopsied region was identical to the spectrally-analyzed region, particularly for the lymph node
cases. Many major EUS centers have transitioned to electronic scanning ultrasound
endoscopes. In theory, the same principles should be applicable to electronic scanning but it
will be necessary to repeat these studies with the newer equipment.

Additional work is necessary to fully demonstrate the effectiveness of the technique. Ex vivo
characterization of resected tissue may be helpful to obtain a more thorough understanding of
the relationship between the measured spectral parameters and the physical and histological
characteristics of the tissue. Ideally, a classification scheme could be developed that would
allow for parametric “tissue-type” images like those that have been developed in ultrasound
imaging of the prostate19, 20 and coronary artery28, in which grayscale B-mode images are
encoded or “digitally stained” with coloration corresponding to the probability of various
normal or disease states. Co-registration of histological and “tissue type” images could then
be performed. Larger-scale prospective studies are also required to determine the utility of this
technique over a broader range of patients, conditions, and equipment and such studies using
electronic scanning ultrasound endoscopes are already in progress, including a curvilinear array
echoendoscope used to perform FNA biopsies. If reliable diagnostic criteria can be developed
based on these studies, it is possible that spectral analysis method could lead to improved
targeting of pancreatic lesions and lymph nodes for EUS guided fine needle aspiration, even
in real-time.

Conclusion
This study shows that spectral analysis of the EUS RF backscatter signals in vivo can provide
a method to discriminate between benign and malignant lymph nodes as well as between
normal pancreas, chronic pancreatitis, and pancreatic cancer. The combination of mean
midband fit and intercept performed best for differentiation between lymph node states (ROC
area = 0.86–0.90). The combination of mean midband fit and correlation coefficient provided
an excellent method for distinguishing normal pancreas from diseased pancreas (ROC area =
0.98–0.99) and a good method for distinguishing normal pancreas from diseased pancreas
(ROC area = 0.89–0.91). However, additional work is needed to develop the method to be
sufficiently robust and reliable for clinical practice.
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Figure 1.
Radio-frequency (RF) signal used for spectral calibration. A, Ultrasound pulse for the C5 mode
of EUS system. B, Corresponding power spectrum. The usable bandwidth, defined by the range
within −15 dB from the maximum of the spectrum, is 2 to 10.6 MHz or 8.6 MHz.
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Figure 2.
Linear discriminant analysis and receiver operating characteristics (ROC) curves for the lymph
node data. A, Scatterplot of data from Study 1 (pilot study) and Study 2 (validation study) with
coordinates given by midband fit and intercept. The dividing line between benign and
malignant classification is based on linear discriminant analysis of Study 1 data only (training
set). B, Corresponding binormal maximum likelihood estimate of the ROC curve with
discriminant scores from Study 2 only (testing set). The area the curve is 0.86. (See Table 2
for the corresponding classification matrix.)
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Figure 3.
Linear discriminant analysis and receiver operating characteristics (ROC) curves for the
pancreas data. A, Scatterplot of data from Study 1 (pilot study) and Study 2 (validation study)
with coordinates given by midband fit and correlation coefficient R2. The dividing lines for
the classification of normal pancreas (NP) vs diseased pancreas (PC and CP together) [solid]
and pancreatic cancer (PC) vs. chronic pancreatitis (CP) excluding NP [dashed] are based on
linear discriminant analysis of Study 1 data only (training set). The legend indicates which
tissue state and study number corresponds to each point. B, Corresponding binormal maximum
likelihood estimates of the ROC curves for each classification with discriminant scores from
Study 2 only (testing set). The area under each curve is given in the legend. (See Tables 4 and
5 for the corresponding classification matrices.)
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