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Abstract—Histopathological detection of metastases in dissected lymph nodes of cancer patients is critical to proper staging
and management but current histological methods fail to detect
small, but clinically-relevant, metastases. Quantitative ultrasound
(QUS) permits characterization of tissue microstructure using
system-independent estimates. In this study, more than 250
freshly-excised lymph nodes were evaluated using specifically
designed QUS methods that demonstrated an ability to guide
pathologists towards suspicious regions using an interactive and
easy-to-use GUI called Lymph Explorer. Radio-frequency (RF)
data were acquired in 3D using a 26-MHz transducer and RF
data were processed to yield 13 QUS estimates associated with
tissue microstructure. The 13 QUS estimates were combined
using a linear discriminant classifier to derive cancer-probability
estimates and classification performance was assessed using ROC
methods. For gastrointestinal nodes, the areas under the ROC
curves (AUCs) exceeded 0.95. Slightly poorer results (AUCs
0.85) were obtained for nodes of breast-cancer patients. Lymph
Explorer can interactively display any three orthogonal crosssectional B-mode images with overlaid color-coded cancer probabilities. In particular, Lymph Explorer permitted localization
of small metastases in some partially-metastatic cases. The QUS
approach integrated with Lymph Explorer potentially could drastically reduce the current rate of false-negative determinations by
efficiently guiding pathologists to suspicious regions in dissected
lymph nodes.
Index Terms—high-frequency ultrasound, quantitative ultrasound, lymph node, metastasis.

I. I NTRODUCTION
Accurate histopathological detection of metastatic regions in
surgically dissected lymph nodes of cancer patients is critical
for proper cancer staging and management. Nevertheless,
current histological methods can fail to detect small, but
clinically-relevant, metastases because only limited portion of
the lymph nodes are sampled due to time, labor, and cost
constraints. High-frequency quantitative ultrasound (QUS) can
precisely characterize tissue microstructure using user- and
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system-independent estimates. In our studies, freshly-excised
lymph nodes were evaluated using specially designed QUS
methods that demonstrated an ability to guide pathologists
towards suspicious regions using an interactive and easy-touse graphical user interface (GUI) called Lymph Explorer.
In previous studies, novel three-dimensional (3D) QUS
methods using high-frequency ultrasound (HFU, >20 MHz)
were developed to assess individual dissected nodes [1], [2].
In total, 13 QUS parameters were estimated and used for
classification. Four QUS estimates were obtained from quantifying the backscattered spectrum deduced from the radiofrequency (RF) echo signals [1], [3], [4] and four QUS
estimates quantified the statistics of the envelope-detected echo
signals by using the Nakagami and the homodyned-K (HK)
distributions [2]. Finally, the remaining five QUS estimates
were also envelope-based and elegantly quantified the difference between the envelope statistics of the tissue sample and
Rayleigh statistics [5]. Results of these studies showed that
reliable detection of metastases in lymph nodes dissected from
breast, gastric, and colorectal cancer patients could be achieved
using classifiers based on linear-discriminant analysis.
In the current article, we present the latest development
of the project, which includes an intuitive GUI that permits
interactively exploring nodes in 3D. The GUI displays three orthogonal cross-sectional views of the B-mode data; these views
can be augmented by color-coded QUS estimates. In particular,
one available mode overlays QUS-based color-coded cancer
probabilities. In the research mode, a fourth panel also can
be activated to display the co-registered plane derived from a
3D histology photomicrograph. The interactive GUI represents
an important step towards development of a clinical system
to guide pathologist towards suspicious regions. In addition,
Lymph Explorer has been instrumental in developing, testing,
and optimizing various aspects of the project.
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II. M ETHODS
A. Ultrasound data acquisition and histology processing
Freshly-excised lymph nodes were obtained from patients
with histologically-proven colorectal, gastric, or breast cancers. The patients were recruited at the Kuakini Medical Center
(KMC) in Honolulu, HI. During the required cancer-staging
surgery, several nodes were dissected from the patient and
isolated, then individual nodes were placed in a saline bath
at room temperature. A spherically-focused, single-element
transducer (PI30-2-R0.50IN, Olympus NDT, Waltham, MA)
scanned the node in a raster pattern, and 3D RF ultrasound
data were acquired. Adjacent scan planes and RF lines were
25 µm apart to cover the entire node with sufficient spatial
sampling. The transducer had an aperture of 6.1 mm, a focal
length of 12.2 mm, center frequency of 25.6 MHz, and a
-6 dB fractional bandwidth of 67%. A Panametrics 5900
(Olympus NDT, Waltham, MA) pulser/receiver unit excited
the transducer, and received RF signals were digitized at 400
MS/s with 8-bit precision.
To assure that no metastatic regions were missed, each
lymph node underwent non-standard histology processing [1].
The node was inked to recover orientation with respect to
the 3D ultrasound scan. The node was cut in half, and both
halves were embedded in a cassette, fixed, and stop-sectioned
at 50 µm intervals. The resulting 3-µm thin sections were
H&E stained, and digital images of the stained histology
slides were acquired either using a high-quality slide scanner
(NanoZoomer, Hamamatsu, Japan) with a pixel resolution of
0.23 µm or using a conventional digital camera. Metastatic
regions were highlighted in each digital image using the
NanoZoomer visualization software. An automatic algorithm
formed a 3D histologic volume, which then was co-registered
with the corresponding 3D ultrasound volume.
B. QUS and cancer-probability estimation
The complete 3D RF data set was first divided into overlapping 3D cylindrical regions-of-interests (ROIs) having a
diameter of 1 mm and a length of 1 mm along the axis of the
transducer. A 3D segmentation algorithm also distinguished
nodal tissue from surrounding fibroadipose tissue and saline
[6]. For each ROI found to be entirely composed of nodal
tissue, 13 QUS estimates were computed using previouslydescribed methods. Briefly, four QUS estimates modeled the
ROI backscattered spectra [1]; four QUS estimates modeled
the ROI envelope probability density function (PDF) [2]; and
the remaining five QUS estimates quantified the difference
between the actual ROI PDF and a Rayleigh PDF [5].
A set of uniform lymph nodes (i.e., either entirely devoid
of metastatic tissue or completely filled by metastatic tissue)
was used to train the classifier. Specifically, the average values
of all 13 QUS parameters for each lymph node of the training
set were computed, and a linear-discriminant function, D, was
derived from the parameter values. D was computed as:
D=
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∑
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α is the vector of linear coefficients and E is the vector
formed by the 13 QUS estimates. The linear coefficient vector
was obtained using the Fisher linear discriminant approach,
which maximizes the ratio of the interclass variance to intraclass variance. To limit the risk of over classification, a stepwise approach forced some of the coordinates of α to be zero
when the corresponding QUS estimate did not significantly
contribute to enhancing the classification.
Finally, for each ROI of each lymph node, an a posteriori
cancer probability, P (d), was computed from D as:
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where D1 and D0 are the mean of the discriminant score for
cancerous and non-cancerous nodes, σD is the total variance
over the training set, and d is the discriminant score for the
given ROI.
C. Lymph Explorer
Lymph Explorer was programmed in Matlab (Mathworks,
Natick, MA). The program relies on the object-oriented features and an event-listener mechanism, which were introduced
in the 2008a release of Matlab. A hierarchy of Matlab classes
and a main Matlab script reside behind the GUI. The classes
were based on common design patterns like the “Model Vue
Controller”, the “observer” and the “command” [7]. In the
script, objects are instantiated and connected to form a pipeline
that loads processes and renders the data or defines user
interaction. Each pipeline is called a mode of the GUI. The
COrthogonalPlane class is one of the main classes, and each
instantiated object displays one orthogonal cross-sectional
view of the data. The data can be a unique or a collection
of 3D data sets like the 3D ultrasound B-mode data, the
3D segmentation, a color-coded 3D QUS estimate, or the
reconstructed 3D histology. A color map and a transparency
map are associated with each 3D scalar data set to form
a final color image. When several data sets are simultaneously displayed, the associated images are merged. Lymph
Explorer displays three orthogonal cross-sectional views of an
ultrasound data volume. To add the co-registered histology,
a fourth COrthogonalPlane object is created. A collection of
interactors allows different levels of interaction. The simplest
is limited to 3D navigation. The user can switch to more
elaborated interactors that may modify the displayed data, e.g.,
to manually but efficiently correct the automatic segmentation.
III. R ESULTS
A. Classification performance
TABLE I: Classification performance of QUS. AUC, a highsensitivity operating point (with the corresponding specificity)
are also presented.

(1)

Primary
Organ
Colorectal
Gastric
Breast

Patient
number
75
17
74

Cancerous
nodes
21
5
16

Non-cancerous
nodes
119
20
86

ROC
AUC
0.958±0.012
0.962±0.039
0.847 ±0.053

Sensitivity
90.5%
100%
93.8%

Specificity
85.5%
95.3%
55.8%

i=1
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Classification performance was evaluated by estimating
ROC curves and computing the area under the curve (AUC)
for the optimal linear combination determined using the stepwise linear-discriminant approach. In addition, because of their
histologic differences, lymph nodes were analyzed separately
according to primary-cancer organ for training the classifiers.
Table I summarizes the results obtained to date on the data sets
composed of uniform lymph nodes. The best classification was
achieved for nodes of colorectal-cancer cases with an AUC
value of 0.958. Note that the step-wise procedure rejected
all but four QUS estimates to perform the classification. The
gastric-cancer results are very similar, although because of
the limited number of cases, greater uncertainty exists in
the classification performance. For nodes of gastric-cancer
cases, the step-wise analysis retained three QUS estimates. The
axillary nodes dissected in breast-cancer cases are structurally
different from those of gastric- and colorectal-cancer cases,
and classification performance was poorer with an AUC of
0.847 and a sensitivity of 93.8% with a corresponding specificity of 55.8%. To classify nodes of breast-cancer cases, four
QUS estimates were retained.
B. Lymph Explorer results
To illustrate how Lymph Explorer can be used for research,
Fig. 1 displays a screen capture of the Lymph Explorer
GUI. In the illustrated mode, Lymph Explorer displays three
orthogonal B-mode image of a lymph node obtained from a
patient diagnosed with colorectal cancer. In this case, histology revealed that the lymph node was devoid of metastatic
regions. The B-mode images have been augmented with colorcoding to depict values of estimates of effective scatterer size.
Scatterer size is one of the QUS estimates obtained from
the backscatter coefficient [1]. In addition, the bottom-right
panel displays the histology photomicrograph co-registered
with the corresponding B-mode and QUS image displayed
on the bottom left panel. The GUI is interactive and permits
quickly exploring the lymph node in 3D by changing the
displayed planes by moving the cursors present in each of
the four images. This interactivity permits visualizing the data
in 3D and assessing the quality of the processing; it has proven
to be a valuable tool in undertaking this study.
Figure 2 illustrates how Lymph Explorer could be used
clinically to enhance lymph-node diagnosis. Like Fig. 1, Fig.
2 is a screen capture of Lymph Explorer that displays three
orthogonal QUS images and a co-registered histology section.
However, in Fig. 2, the color-coded information overlying the
conventional B-mode images depicts the probability of cancer:
red signifies a probability greater than 75%; orange signifies
a probability between 25% and 75%; and green signifies a
probability smaller than 25%. The lymph node in Fig. 2 was a
partially-metastatic lymph node obtained from a breast-cancer
patient, and metastatic regions are outlined in green in the
histology image. Figure 2 demonstrates a good concordance
between the regions having a high cancer probability and those
demarcated as metastatic by the pathologist.

IV. C ONCLUSIONS AND PERSPECTIVES
In this study, previously-developed 3D QUS methods were
refined to combine 13 QUS estimates for detecting and imaging metastatic regions in lymph nodes freshly-excised from
cancer patients. In particular, QUS estimates were used to estimate cancer probabilities within the nodes and these methods
have been applied to more than 400 lymph nodes from more
than 200 patients. Classification performance was excellent
in nodes obtained from colorectal and gastric patients, and
satisfactory in the more-complex nodes obtained from the
axilla of breast-cancer patients. In addition, a GUI called
Lymph Explorer was developed to explore ultrasound data
efficiently in 3D by dynamically and interactively displaying
data in three orthogonal ultrasound planes in the node volume
linked to a corresponding histology plane co-registered with
one of the ultrasound planes. Lymph Explorer is flexible, easy
to use, and could be a critical part of a new ultrasound-based
device used in the pathology laboratory. In a clinical setting,
Lymph Explorer would be used prior to histology processing,
where cancer-probability images such as those shown in Fig. 2
could prove valuable in guiding the pathologist towards small
metastatic regions. These metastatic could be missed using
standard procedures, which histologically examine dissected
nodes only in a central plane or in longitudinal planes separated by 2 to 3 mm. Our QUS-based methods combined with
Lymph Explorer could drastically reduce the rate of falsenegative determinations in lymph nodes dissected for staging
purposes, and therefore, could markedly improve treatment
planning and overall patient management.
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Fig. 1: Illustrative Lymph Explorer screen capture showing QUS-estimate values. Results were obtained from a non-metastatic
lymph node of a colorectal-cancer patient. Three panels shows orthogonal B-mode images with color-coded scatterer-size
estimates overlaid. The bottom right panel displays the histology image co-registered with the bottom left QUS image. Visible
cursors (red, green, and blue line) can be moved to change planes displayed in other images interactively and to explore and
visualize the lymph node in 3D easily.
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Fig. 2: Illustrative Lymph Explorer screen capture showing cancer probabilities. Results were obtained from a partially-metastatic
lymph node of a colorectal-cancer patient. In the three QUS images, regions highlighted in red indicate cancer probability
greater than 75%; those in green indicate a cancer probability smaller than 25% and those in orange indicate a cancer probability
between 25% and 75%. In the co-registered histology image, the green outline indicates the metastatic region.
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