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Purpose: Although breast dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI)
demonstrates high sensitivity for malignant tumor detection, a major limitation is the relative low
specificity, resulting in many false-positive diagnoses of suspicious lesions (BI-RADS assessment
of 4 or 5) in clinical practice and consequently producing a relatively low positive predictive value
(PPV) for biopsies. The most enhanced areas in the malignant tumors show a typical washout
(WO) kinetic feature for the postcontrast signal intensity time courses and also correlate with
microvessel density. Benign proliferative breast diseases can also produce the WO curve, yielding
an equivocal kinetic behavior for the benign lesions and rendering their diagnoses as suspicious
lesions in clinical practice. Considering that tumor angiogenesis is essential to an aggressive cancer
tumor growth, the authors hypothesize that the WO volume fraction, i.e., the total volume of the
WO voxels that demonstrate the WO curve within the tumor, is relatively large for malignant
tumors in comparison to that for benign lesions. In this study, the authors present a lesion fractional
volume WO kinetic analysis for improving the characterization of suspicious breast lesions.
Methods: A method to automatically detect the boundary of a manually selected contrast-enhanced
lesion was introduced and tested, utilizing the signal intensity difference between the contrast-
enhanced lesion and its surrounding tissues. The kinetic features of the postcontrast signal intensity
time courses were quantitatively analyzed voxel-by-voxel with emphasis on the examination of the
WO behavior. The WO volume fraction relative to the whole lesion volume was introduced and
tested as a biomarker for improving the characterization of suspicious breast lesions. The sample
for this test consisted of 28 suspicious lesions with correlative histopathology reports available. The
lesions included 10 malignant tumors and 18 benign lesions, yielding a 35.7% PPV of the biopsies.
Results: The semi-automatic method produced an objective volume of interest for each lesion with
voxelwise-quantified kinetic features. With an optimal choice of kinetic analysis, the mean and standard
deviation of the WO volume fraction were 59.1 = 13.1 (%) with the range from 41.0% to 80.7% for the
malignant tumors and 31.4 = 20.5 (%) with the range between 3.3% and 71.6% for the benign lesions,
respectively. The WO volume fraction was significantly larger (p < 0.0004) for the malignant tumors
than for the benign lesions. While maintaining the same sensitivity for malignant tumors, using the WO
volume fraction as an additional biomarker would characterize 14 out of the 18 benign lesions as be-
nign, potentially resulting in an 100% improvement rate in the PPV of the biopsies (from 35.7% to
71.4%) and consequently a 77.8% reduction rate in potentially unnecessary biopsies (from 18 to 4).
Conclusions: The significantly larger WO volume fraction for the malignant tumors was probably
related to the increased vascularity associated with tumor angiogenesis. The results suggest that the
WO volume fraction biomarker has potential to improve the computer-based assessment of breast
MRI by greatly increasing the PPV of breast biopsies and potentially significantly reducing the
number of unnecessary biopsies without compromising sensitivity. © 2011 American Association
of Physicists in Medicine. [DOI: 10.1118/1.3651635]
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. INTRODUCTION (DCE) MRI has been shown to be very sensitive for malig-
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Breast magnetic resonance imaging (MRI) has evolved into ~ nant tumor (MT) detection.” " Early studies of contrast-
a useful clinical tool for breast tumor detection and local ~ enhanced breast MRI demonstrated early enhancement of

staging of cancer, and breast dynamic contrast-enhanced malignant tumors following an intravenous injection of
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gadolinium diethylenetriamine-pentaacetic acid (Gd-DTPA)."
Further investigation, however, revealed that many benign
lesions (BLs) also demonstrate the same initial enhancement as
malignant tumors.>* Malignant tumors often demonstrate a
rapid increase in signal intensity after contrast administration
and then reach a peak around 1-3 min followed by a washout
(WO) or plateau (PL) behavior on delayed phase images. In
contrast, benign lesions often exhibit a slower but persistent
enhancement (PE) without the WO behavior.® The early
enhancement in malignant tumors is probably related to tumor
angiogenesis.'' '

Although DCE-MRI demonstrates high sensitivity for ma-
lignant breast tumor detection, a major limitation is the relative
low specificity. Suspicious enhancement curves are frequently
observed in many benign lesions including fibroadenomas, pro-
liferative fibrocystic changes, atypical ductal hyperplasia,
etc.,3 415,16 indicating the limitation of enhancement analysis in
the differentiation of benign versus malignant lesions. This phe-
nomenon leads to many false-positive diagnoses of suspicious
breast lesions in clinical practice and produces a relatively low
positive predictive value (PPV) for biopsies (the number of
cancers detected divided by the number of biopsies per-
formed).>*®7 In a recent study involving a total of 125 breast
lesions that were either categorized as suspicious abnormality
(BI-RADS assessment of 4) or highly suggestive of malignancy
(BI-RADS assessment of 5), the breast biopsies resulted in 42
malignant tumors and 83 benign lesions, showing a 33.6% PPV
of the biopsies and consequently a 66.4% false-positive rate of
benign biopsies (the ratio of biopsied benign lesions to the
number of biopsies performed) at the clinic.'”

Previous research shows that kinetic features of the post-
contrast signal intensity time courses correlate with micro-
vessel density; the WO curve has the highest microvessel
density followed by the PL curve and then the PE curve with
the lowest microvessel density.'? Malignant tumors have a
higher rate of small vessel angiogenesis compared to benign
lesions. One study demonstrated that the most enhanced
areas in malignant tumors showed a typical WO curve and
also correlated with microvessel density.'* These findings
imply that the WO curve may reflect the hypervascularity
associated with tumor angiogenesis in a malignant tumor.
They further suggest that the total volume of the WO voxels
that demonstrate the WO curve within the tumor may pro-
vide a measure to quantify the hypervascularity of the tumor.
Accordingly, the WO volume fraction characterized as the
ratio of the total volume of the WO voxels to the whole tu-
mor volume has the potential to be a biomarker for quantify-
ing the hypervascularity associated with tumor angiogenesis.
While benign proliferative breast diseases can also produce
the WO curve, yielding an equivocal kinetic behavior
between benign and malignant lesions and making them dif-
ficult to distinguish, the WO volume fraction for benign pro-
liferation should be relatively small in comparison to that for
tumor angiogenesis in malignant tumors, considering that tu-
mor angiogenesis is essential to an aggressive cancer tumor
growth. Thus, measuring the WO volume fraction may help
to differentiate benign from malignant contrast-enhancing
lesions.
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In current standard ACR BI-RADS MR imaging lexicon,
the WO curve is only qualitatively but not quantitatively
defined. It is a washout curve when there has been a decrease
in signal intensity after peak enhancement has been reached
within 1 to 3 min."® Computing WO volume fraction
requires (1) determining the boundary of a lesion, (2) quanti-
fying the postcontrast kinetic curve for each voxel within the
lesion, (3) defining WO voxels, and then (4) computing the
WO volume fraction relative to the whole lesion volume.

In this study in order to objectively measure the WO vol-
ume fraction, we first introduce a method to automatically
determine the boundary of a manually selected DCE lesion.
A linear fitting of the postcontrast signal intensity time
course is performed and then the slope of the fitted line is
computed voxel-by-voxel; a negative slope indicates a WO
curve, a zero slope a PL curve, and a positive slope a PE
curve. The study consists of two parts. Study I tests the feasi-
bility of the introduced approach for calculating lesion WO
volume fraction and using this measure to differentiate be-
nign from malignant lesions for a selected lesion set. Study
II examines the potential effectiveness of using WO volume
fraction to improve the characterization of suspicious breast
lesions from our clinical breast DCE-MRI data.

II. MATERIALS AND METHODS
Il.LA. Lesion selection

Patients who underwent standard clinical breast MRI exami-
nation at Michigan State University (MSU) Radiology between
January of 2007 and September of 2009 were retrospectively
reviewed for abnormal contrast-enhancing breast lesions. For
study I, a total of 16 biopsy-proven lesions involving 15 women
(ages from 33 to 61 with mean = SD=49.6 = 8.3 yr) were
selected for testing the feasibility of the proposed approach for
calculating lesion WO volume fraction and using this measure
to differentiate benignity from malignancy for the selected
lesions. Among these lesions, 11 were malignant tumors (infil-
trating invasive ductal carcinoma) and the remaining 5 were be-
nign lesions (fibrocystic disease or fibroadenoma). Study II
included mass-like enhancing lesions that were larger than
5 mm. These lesions were initially detected on breast MRI and
were assigned a BI-RADS assessment of 4 or 5. This resulted
in a total of 43 suspicious lesions from a total of over 650 clini-
cal breast MRI examinations. Lesions with BI-RADS assess-
ment of 6 (known biopsy-proven malignancy) were not
included in this study. We also excluded those lesions with BI-
RADS assessment of 4 or 5 that did not undergo biopsy or did
not include histopathology reports (15 lesions in total out of the
43 suspicious lesions). As a result, a total of 28 suspicious
contrast-enhanced lesions (25 lesions with BI-RADS assess-
ment of 4 and 3 lesions with BI-RADS assessment of 5) in 27
patients (53.8 £ 12.9 yr, ranged from 33 to 81 yr) had subse-
quent biopsy with available histopathology reports and com-
prised the lesion set for study II. The biopsies resulted in 10
malignant tumors (the 3 highly suggestive of malignant lesions
with BI-RADS assessment of 5 plus 7 lesions with BI-RADS
assessment of 4) and 18 benign lesions. This yielded a 35.7%
PPV of the biopsies and consequently a 64.3% rate for
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potentially unnecessary biopsies. The malignant tumors include
seven infiltrating ductal carcinoma and/or DCIS and three
invasive lobular carcinomas. The benign lesions include fibro-
cystic changes, fibrosis, and fibroadenoma. All of the lesions
included were radiologically diagnosed by board-certified,
experienced diagnostic radiologists in the Department of Radi-
ology at MSU, and these diagnoses were reached clinically, in-
dependent of this study. The diagnoses followed the current
standard ACR BI-RADS MR imaging lexicon, including the
evaluation of lesion morphology and kinetic enhancement anal-
ysis using cADSTREAM software (Merge CAD, version 4.1.0).
This study was approved by the University Institutional Review
Board at MSU.

Il.B. MRI acquisition

Bilateral breast imaging was performed on a 1.5 T clinical
scanner (General Electric HealthCare, Milwaukee, WI) using
a dedicated bilateral 8-channel breast array coil (ASSET: slice
acceleration factor 1.0 and phase acceleration factor 3.0). An
intravenous line was established before imaging for later
delivery of gadobenate dimeglumine (Gd-BOPTA) contrast
agent (0.1 mmol/kg), and the contrast agent was injected at a
rate of 3 cc/s followed by a 20-cc saline solution flush admin-
istered at the same rate. The total amount of administered con-
trast agent to a patient depended on the patient’s body weight,
and the maximum amount of administered contrast agent to
any patient is limited to 20 cc. One set of precontrast images
was acquired immediately prior to the administration of the
contrast agent. The contrast agent injection and the MR
dynamic imaging acquisition were synchronized, and the first
postcontrast phase was initiated after a 30 s scan delay. Post-
contrast imaging included five dynamic phases with a scan
time of 90 s for each phase. The total scan time for postcon-
trast imaging was 7.5 min. Dynamic images were acquired in
the axial plane using a 3D, fat-suppressed T1-weighted fast
spoiled-gradient-echo pulse sequence with the following pa-
rameters: TE/TR =2.8/5.9 ms, field of view 320 mm, matrix
320 x 320, flip angle 10°, slice thickness 2 mm, 116 locations
per slab, number of excitations (NEX) 0.76, and ZIP2. The
fractional NEX (.76 was applied in the phase direction for
shortening the acquisition time (only 76% of the 320 phase
steps in k-space were applied), and images were reconstructed
to an in-plane resolution of 512 x 512 pixels. ZIP2 is a zero
fill interpolation processing technique that improves through-
plane resolution by a factor of 2 via interpolating the acquired
images to create new images, and the application of ZIP2
resulted in the reconstructed dynamic images with a voxel re-
solution of 0.625 x 0.625 x 1 mm®. A representative contrast-
enhanced lesion for the precontrast and postcontrast five
dynamic phases is shown on the top panel in Fig. 1.

II.C. Motion correction

Possible motion artifacts due to breathing or unexpected
body movements were examined between the different
phases via comparing the shape of apparent breast landmarks
such as nipples. Any shift perpendicular to the image plane
was examined first, and we did not notice any substantial
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shift larger than one slice in our data. Accordingly, no
motion correction was conducted in this direction. We then
examined any in-plane shift in other phases relative to the
first postcontrast phase. Small shifts in both directions were
noticed and subsequently corrected. A MATLAB-based soft-
ware program was implemented to correct these in-plane
motion artifacts by shifting the examined image in both
directions until a best possible overlap of the landmarks
(such as the nipple or breast edge) was found between the
examined image and the reference image. The effect of this
motion correction on the computed WO volume fraction was
assessed with one lesion; the difference in the WO volume
fraction was found to be less than 1% with and without the
motion correction, indicating that the computed WO volume
fraction was not sensitive to the motion correction. The
group-averaged in-plane mean shift was 0.55 voxels (0.34
mm) in the anterior/posterior direction and 0.25 voxels
(0.16 mm) in the left/right direction. Among all images, the
maximum shift of three voxels (1.88 mm) was found in
the anterior/posterior direction and two voxels (1.25 mm) in
the left/right direction.

II.D. Lesion boundary determination

A MATLAB-based software algorithm for determining
lesion boundary was developed and tested in study I. The
contrast-enhanced lesions on the first postcontrast images
(phase 1, t=1.5 min) were identified and confirmed by a
board-certified radiologist. For each lesion, the boundary of
the lesion on each slice was automatically determined using
the in-house developed algorithm. First, an inner-boundary
within the lesion and an outer-boundary outside of the lesion
were manually drawn, and then, a region of interest (ROI)
was drawn to roughly circumscribe the lesion. Second, the
software computed the mean (u) and standard deviation (o)
of the signal intensity of the voxels within the ROI. A thresh-
old TH=u— 1.750 (one-tail probability <4%) was com-
puted, and then used to examine the voxels between the
inner- and outer-boundaries. If a voxel’s signal intensity was
larger than TH, the voxel was included into the ROI. If the
signal intensity was smaller than TH, the voxel was removed
from the ROI. This resulted in a new ROI. (The new ROI
was limited to the area between the predetermined inner-
and outer-boundaries.) Then, the software computed p and o
for the new ROI and iterated the process automatically until
a stable ROI was reached. Finally, this stable ROI was used
to represent the lesion. After having found the lesion area, a
layer of one voxel width was generated as a gap between the
lesion and the bordering tissue, as illustrated in Fig. 1, bot-
tom panel (A). The same total area size as the lesion area
size was generated in the bordering tissue to represent an
ROI for the bordering tissue. The lesion ROI and the border-
ing tissue ROI were separated by the gap represented by the
inner ring in Fig. 1, bottom panel (A). A second adjacent tis-
sue ROI with the same total area size was also generated out-
side the bordering tissue ROI as shown in Fig. 1, bottom
panel (A). These generated ROIs also served as lesion masks
for the precontrast images and the other four phases of
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Fic. 1. Top panel: A representative contrast-enhanced lesion for the precontrast and postcontrast five dynamic phases. Bottom panel: (A) Illustration of a
lesion RO, a bordering tissue ROL, and an adjacent tissue ROL, respectively, based on the first postcontrast image (phase 1, t= 1.5 min). The inner black ring
denotes one voxel gap between the lesion and the bordering tissue; the middle black ring denotes the last voxel layer of the bordering tissue ROI, and likewise
the outer black ring denotes the last voxel layer of the adjacent tissue ROI. All three ROIs have the same total area size (same voxel numbers within each
ROI). (B) Corresponding image of the angle of the slope of the fitted straight lines for the postcontrast period (details see Fig. 2). (C) Distribution of relative
uptake (wash-in) signal intensity change between the first postcontrast image and the precontrast image. (D) Illustration of cluster distribution for the three

kinetic features of WO (red, —90° < o < —18.4°), PL (green, —18.4° < <25.7°), and PE (blue, 25.7° < o0 < 90°).

postcontrast images. The signal intensities of the three ROIs
were computed for testing the reliability of lesion boundary
detection.

Breast tumors are often heterogeneous in enhancement
because some areas such as those that result from tumor ne-
crosis may not enhance. If these nonenhancing areas in the
lesion ROI were included in subsequent computations, then
the resulting WO volume fraction could potentially be incor-
rect and unreliable, particularly for large necrotic tumors. To
prevent this potential error, the final TH value of the final
stable lesion ROI was utilized to detect and exclude these
nonenhancing areas. Voxels within the final stable lesion
ROI were excluded if their signal intensities were smaller
than the TH value, forming a lesion ROI mask which was
used for the subsequent computations.

ILE. Quantitative kinetic feature analysis

We introduced and tested a method to depict the overall
postcontrast kinetic curve in study I. To quantitatively exam-
ine the overall postcontrast kinetic feature of a voxel, the sig-
nal intensity time course of the five dynamic postcontrast
phases of the voxel was linearly fitted using the method of
least-squares, and then the slope (m) of the fitted straight line
was further computed. A negative slope characterizes a WO
curve and a positive slope characterizes a PE curve (Fig. 2).
To maximize the variation in the slope of MR signal versus
time for both lesion and surrounding tissue ROIs of all
lesions, the time axis was rescaled to 80 units between each
consecutive phase (corresponding 1.125 s per unit). Letting
o be the angle between the fitted straight line and the hori-
zontal axis, its relation with the slope m is determined by the
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equation m = tan(«). Thus, the corresponding angle of the fit-
ted straight line was computed using o = arctan(m) x 180/,
providing a means of characterizing the kinetic features
voxel-by-voxel as illustrated in Fig. 1, bottom panel (B).
(Note that this computed angle is in the range between —90°
and 90°.) Accordingly, a negative angle characterizes a WO
curve and a positive angle characterizes a PE curve (Fig. 2).
A histogram of the slope angle distribution was further com-
puted for each lesion, summing voxel values for all slices
covering the lesion, and then a final group histogram was
computed for the malignant tumors and the benign lesions,
respectively (Fig. 3). As shown in Fig. 3(A), the group histo-
gram for the malignant tumors showed an approximate
Gaussian distribution with ¢=3.65° and ¢ =32.39°. This
approximate Gaussian distribution enabled us to establish a
kinetic feature-based statistical model. The center part of the
distribution (around 0°) characterizes the well-recognized
PL behavior (type II), the left end of the distribution (nega-
tive angle) characterizes the WO behavior (type III), and the
right end (positive angle) reflects the PE behavior (type I).°

Il.LF. Lesion WO volume fraction test

The descriptions of the three kinetic features are only
qualitative but not quantitative, i.e., there is no clear cutoff
boundary between WO and PL behaviors as well as between
PL and PE behaviors. In other word, these two cutoff boun-
daries can be arbitrarily defined. The established kinetic
feature-based statistical model in Fig. 3(A) enables us to test
(1) different choices of cutoff slope angle for defining WO
curves and (2) the effects of these choices on the differentia-
tion of the benign lesions from the malignant tumors in study
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Fic. 2. Illustration of linear fitting the signal intensity
time course of the postcontrast five phases (1, 2, 3, 4,
5) using the least-squares method. The angle (x)
between the fitted straight line and the horizontal line
was computed using o« = atan(m)x180/n, where m is
the slope of the fitted straight line. A: a negative o char-
acterizes a WO curve; B: a positive o characterizes a
PE curve. A.U.: arbitrary unit.
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I. We selected three different choices for testing(1) a 25%
volume fraction for the WO curves (—90° < a < —18.4°), a
50% volume fraction for the PL curves (—18.4° <o <25.7°),
and the remaining 25% volume fraction for the PE curves
(25.7° << 90°) [Fig. 3(A)]; (2) a 16% volume fraction for
the WO curves (—90° < o < —28.6°), a 68% volume fraction
for the PL curves (—28.6° <o <35.9°), and the remaining
16% volume fraction for the PE curves (35.9° < a <90°);
and (3) a 45.6% volume fraction for the WO curves (x < 0°)
and the remaining 54.4% volume fraction for both PL and
PE curves («>0°). (These selected volume fraction values
represent the corresponding areas under the Gaussian distri-
bution curve in Fig. 3(A) for the three corresponding kinetic
curves for the three selected choices, respectively.) A WO
voxel was defined as a voxel showing a WO curve, a PL
voxel as a voxel showing a PL curve, and a PE voxel show-
ing a PE curve. The WO volume fraction for a lesion was
computed as the ratio of the sum of all WO voxels within the
lesion to the lesion volume computed as the sum of all
enhancing voxels within the lesion. The PL and PE volume
fractions for the lesion were also computed in the same way.
The computed volume fraction values for the selected
lesions in study I were compared with their corresponding
statistical model values to test (1) whether the WO volume
fraction can be used as a biomarker for differentiating the
benign lesions from the malignant tumors and (2) whether
these three cutoff boundary choices have any significant
effect on the differentiation of the benign lesions from the
malignant tumors.

Il.G. Test for improving the characterization of
suspicious breast lesions

In study I, we tested the feasibility of using WO volume
fraction to differentiate benignity from malignancy for the
selected lesions. The study showed that the WO volume
fraction was effective for the differentiation, and all three
selected choices for cutoff boundaries produced similar
results. Considering that, for a given signal intensity time
course, the computed slope value depends on the choice of
the time unit for the postcontrast five dynamic phases. Con-
sequently, the WO volume fraction values for both cutoff
boundary choices (1) and (2) vary with the choice of the
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time unit. In practical application, it is desirable for the com-
puted WO volume fraction to be independent of the choice
of the time unit. Since the computed WO volume fraction
value for the cutoff boundary choice (3) remains unchanged
for different choices of the time unit, for further testing we
selected choice (3) for defining WO curves, i.e., a WO curve
was defined as o < 0°.
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FiG. 3. Normalized histograms of volume fraction versus the angle o of the
slope of the fitted straight lines for the selected lesions in study I. (A) The
normalized histogram of the eleven malignant tumors. The magnitude of
bars represent volume fraction relative to the total volume of all eleven ma-
lignant tumors, and the bar width is 3°. The solid curve represents the Gaus-
sian distribution with ¢ =3.65° and ¢ =32.39°, and the total area under the
curve equals 100% volume fraction. The vertical arrow-line labeled as
—18.4° represents the cutoff angle for separating WO curves from PL
curves, and the vertical arrow-line labeled as 25.7° represents the cutoff
angle between PL curves and PE curves, i.e., the cutoff boundary choice (1)
in Sec. ITF. Lesion WO volume fraction test. (B) The normalized histogram
of the five benign lesions.
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We tested whether the WO volume fraction can improve
the characterization of the suspicious breast lesions in study
II. An all new set of 28 suspicious breast lesions in study II
were identified by a board-certified, experienced breast MRI
diagnostic radiologist. To begin, the radiologist identified
the start and end slices of a lesion on the first phase, postcon-
trast images. Then, using the previously validated software
algorithm, a trained research assistant completed the deter-
mination of the lesion boundary on each slice from the start
to end slices of the lesion. The radiologist confirmed the
determined lesion boundary on each slice and did not need
to modify the automatically determined lesion boundary on
any slice for any of the 28 lesions. Another experienced
breast MRI diagnostic radiologist also independently exam-
ined the determined lesion ROIs on each slice for each
lesion. This radiologist did not make any change on the
determined lesion ROIs for 23 lesions out of the 28 lesions.
For the other five lesions including two MTs and three BLs,
the lesion volume and WO volume fraction changes were (1)
2.09 — 2.11 (cm®) and 26.5% — 26.3% (MT1), (2) 0.57 —
0.65 (cm?) and 50.1% — 49.9% (MT2), (3) 0.74 — 0.48
(ecm®) and 2.2% — 1.5% (BL1), (4) 0.84 — 0.18 (cm”) and
6.8% — 4.3% (BL2), and (5) 6.29 — 0.29 (cm’) and 17.8%
— 23.5% (BL3). Overall there were significant changes to
lesion volumes in two cases largely secondary to reader sub-
jective interpretation of mass-like enhancement versus re-
gional or ductal enhancement pattern. Regardless, the WO
volume fraction changes averaged 0.33% for the 28 lesions,
demonstrating the relative reader-independent reproducabil-
ity of the technique. Figure 4 illustrates a lesion ROI on each
slice in comparison to the precontrast and first postcontrast
images, respectively. The sum of areas of the lesion ROI
over the slices that cover the whole lesion yielded the vol-
ume of interest of the lesion. After that, the quantitative ki-
netic feature analysis and the WO volume fraction
computation of the lesion were automatically completed by
the software. The lesion boundary determinations and the
WO volume fraction computations were blinded to the histo-
pathology reports.

lll. RESULTS
lllLA. Lesion boundary determination

In study I, we first tested the reproducibility of our
method to automatically determine the lesion boundary with
five threshold values (TH=u — 1.250, u— 1.50, u— 1.750, u
— 2.00, and p — 2.250). We found that all three median
threshold values produced a reasonable lesion ROI, which
separated the contrast-enhanced lesion from the much less
enhanced surrounding tissues. Based on theoretical consider-
ations, it is desirable that the technique produces a final
lesion ROI that is not sensitive to the initially drawn ROI
that roughly circumscribed the lesion. For this purpose, we
further tested the reproducibility of the determined lesion ROI
by varying the shape of the initially drawn ROI. We found
that the threshold TH = i — 1.75¢ produced a lesion boundary
that was very well reproducible and virtually independent of
the initially drawn ROI shape, resulting in an objective lesion

Medical Physics, Vol. 38, No. 11, November 2011

Slice 1

Slice 2 Slice 3

Slice 4

Pre-contrast
1.5 min t=0

t

Post-contrast

Lesion ROI

Slice 8

‘

FiG. 4. Tllustration of a lesion ROI on each slice in comparison to the pre-
contrast and first postcontrast images, respectively. The lesion was not appa-
rent on the precontrast images but was visible on the first postcontrast
images due to the lesion’s increased contrast-enhancement relative to its
bordering tissue. The lesion boundary was determined based on this differ-

ence in contrast-enhancement between the lesion and its bordering tissue.
For details, see Sec. II D. Lesion boundary determination.
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ROIL. This final lesion ROI was confirmed to be reliable for
representing the lesion by a board-certified experienced
diagnostic radiologist. For the threshold TH= py — 1.750, our
method in more than 180 tests always produced a satisfactory
lesion ROL.

To test the reliability of our method for lesion determina-
tion, we compared the signal intensity of the lesion ROI with
that of the surrounding tissues using the first postcontrast
images. The signal intensity was 1582 & 334 (u * o) for the
lesions, 673 =161 for the bordering tissue ROI, and
583 = 142 for the adjacent tissue ROI. The signal intensity
of the lesions was significantly larger than that of the sur-
rounding tissues (t-test, p < 10_7), but, as expected, no sig-
nificant difference was observed between the bordering
tissue ROI and the adjacent tissue ROI (p >0.10). These
results indicated the reliability of our method for determin-
ing the lesion boundary. This method objectively defined
contrast-enhanced lesions from surrounding tissues.

To further test the reliability of our method for lesion
determination, we computed the relative uptake signal
change (wash-in rate) between the first postcontrast
image (I;) and the precontrast image (Ip), i.e., (I; — Ip)/Io,
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[Fig. 1, bottom panel (C)]. The wash-in rate was 111 £ 39
(%) for the benign lesions and 50 = 20 (%) for their border-
ing tissues, and the difference was significant (p < 0.009)
(Fig. 5). These results further demonstrated the reliability of
the lesion determination. Similarly, the wash-in rate was
140 = 33 (%) for the malignant tumors and 62 % 27 (%) for
their bordering tissues, and the difference was also signifi-
cant (p<10~%). However, no significant difference was
observed between the benign lesions and the malignant
tumors (p > 0.16), consistent with their similar radiologic
reports of suspicious for malignancy. We also compared the
kinetic behaviors of the ROI-averaged signal intensity time
courses for the malignant tumor ROI, the benign lesion ROI,
the bordering tissue ROI, and the adjacent tissue ROI (data
not shown). As expected, the comparison showed a dramatic
difference in kinetic behavior between the lesions and the
surrounding tissues but a similar kinetic behavior between
the benign lesions and the malignant tumors as well as
between the bordering tissue and the adjacent tissue.

1l11.B. Lesion WO volume fraction test

To better understand the underlying cause of the difficulty
in the differentiation of the false positives (the benign
lesions) from the true positives (the malignant tumors), we
first plotted the mean kinetic curves for WO, PL, and PE for
the cutoff boundary choice (1), (Fig. 6). As can be seen, all
three kinetic curves showed similar features between the ma-
lignant tumors and the benign lesions. For both the malig-
nant tumors and the benign lesions, the WO cluster had the
largest uptake signal intensity change followed by the PL
cluster and then the PE cluster. The WO cluster represented
the most enhanced area within the lesion and showed the
typical type III behavior for both the malignant tumors
and the benign lesions [Fig. 1, bottom panel (C) and (D)].
Accordingly, if the most enhanced area is selected as an ROI
for the lesion diagnosis as recommended by the current

Comparison of Uptake Signal Change
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FiG. 5. Relative uptake signal changes (wash-in rate) between the first post-
contrast image and the precontrast image for the selected lesions in study I.
The wash-in rate was significantly larger for both the benign lesions
(*p < 0.009) and the malignant tumors (**p < 10~*) in comparison to the
bordering tissue ROI. No significant difference between the benign lesions
and the malignant tumors (p > 0.16). The error bar denotes ¢.
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standard ACR BI-RADS MR imaging lexicon, the typical
type III behavior of thus selected ROI for the benign lesions
should characterize them as suspicious for malignancy as
confirmed with their radiologic reports, rendering the diag-
nosis as a false positive error. It is mainly the coexistence of
WO behavior within the benign lesions that leads to the false
positive diagnoses.

Although the benign lesions and the malignant tumors
showed a similar wash-in rate with similar kinetic features,
the relative number of WO voxels was subsequently differ-
ent between them as depicted in the histograms in Fig. 3. For
the cutoff boundary choice (1), the mean volume fraction of
the malignant tumors was 28.3=*19.8 (%) for WO,
44.3 = 15.2 (%) for PL, and 27.4 = 12.0 (%) for PE (Fig. 7).
These values agree with the statistical model-predicted val-
ues: 25%, 50%, and 25%, respectively. For the benign
lesions, however, the volume fraction was 1.7 = 1.1 (%) for
WO, 28.7 £11.9 (%) for PL, and 69.6 = 12.8 (%) for PE.
The PL volume fraction of the benign lesions was marginally
smaller than that of the malignant tumors (p <0.051). The
WO volume fraction of the benign lesions was significantly
smaller than that of the malignant tumors (p < 0.002), but
the PE volume fraction of the former was significantly larger
than that of the latter (p < 0.0004), reflecting the differences
in the histograms (Fig. 3). In short, the significant difference
in WO volume fraction between the benign lesions and the
malignant tumors provides an additional measure for poten-
tially improving the differentiation of benignity from malig-
nancy of contrast-enhancing breast lesions. For the cutoff
boundary choice (2), the mean WO volume fraction was
19.1 = 16.0 (%) for the malignant tumors and 0.7 = 0.6 (%)
for the benign lesions, and these values are also significantly
different from one another (p < 0.004). Similarly, for the cut-
off boundary choice (3), the mean WO volume fraction of
45.8.1 £19.7 (%) for the malignant tumors was found again
to be significantly different from that of 8.4 = 5.7 (%) for the
benign lesions (p < 0.001). These results demonstrate that,
although the WO volume fraction value varied from choice-
to-choice, the introduced technique of using the WO volume
fraction as a biomarker for differentiating the benign lesions
from the malignant tumors does not depend on these statisti-
cal modeling choices (Fig. 8).

ll.C. Test for improving the characterization of
suspicious breast lesions

In study II, we examined the effectiveness of using WO
volume fraction to improve the characterization of the 28
suspicious breast lesions from our clinical breast DCE-MRI
data (10 malignant tumors and 18 benign lesions). The cutoff
boundary choice (3) was used in this test. For the 10 malig-
nant tumors, the mean and standard deviation of the WO vol-
ume fraction was 45.3 = 14.6 (%) with the range from
26.5% to 68.1%. (This mean value of 45.3% agrees very
well with the mean value of 45.8% for the 11 infiltrating
ductal carcinoma tumors in study I.) For the 18 benign
lesions, however, the mean and standard deviation of the
WO volume fraction was 21.8 = 19.0 (%) with the range
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between 2.2% and 64.7%, significantly smaller than the
value for the malignant tumors (p <0.001). Figure 9(A)
shows a scatter plot of WO volume fraction versus lesion
volume for the 28 suspicious breast lesions.

Considering that the peak uptake time-point may occur af-
ter the first postcontrast phase and if so including this time-
point into the linear fitting would yield a bias to the fitted line,
we examined the effects of the least-squares linear fitting of
the postcontrast signal intensity time course using (1) the last
four dynamic phases and (2) the last three dynamic phases.
Using the last four phases, the mean and standard deviation of
the WO volume fraction was 59.1 = 13.1 (%) with the range
from 41.0% to 80.7% for the 10 malignant tumors. The mean
and standard deviation of the WO volume fraction was
31.4 = 20.5 (%) with the range from 3.3% to 71.6% for the 18
benign lesions, significantly smaller than the value for the ma-

Comparison of Volume Fractions m Benign Lesions
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Fic. 7. Comparison of volume fractions of WO, PL, and PE between the be-
nign lesions and the malignant tumors in study I for the cutoff boundary
choice (1). The model values for the malignant tumors were computed using
the Gaussian distribution in Fig. 3(A); the WO volume fraction (25%) is the
area under the distribution for the range of —90° < o < —18.4°, the PL vol-
ume fraction (50%) is the area for —18.4° < o <25.7°, and the PE volume
fraction (25%) is the area for 25.7° <o <90°. (*p <0.051; **p < 0.0012;
and **¥*p < 0.0004.) The error bar denotes SEM.

Medical Physics, Vol. 38, No. 11, November 2011

lignant tumors (p < 0.0004). Using the last three phases, the
mean and standard deviation of the WO volume fraction was
59.2 = 14.7 (%) with the range from 38.7% to 84.1% for the
ten malignant tumors. The mean and standard deviation of the
WO volume fraction was 37.7 = 18.5 (%) with the range from
11.1% to 74.2% for the 18 benign lesions, also significantly
smaller than the value for the malignant tumors (p < 0.002).
All three choices of using different postcontrast dynamic
phases for the fitting produced similar results, demonstrating
that the WO volume fraction analyis was not sensitive to these
choices. (Among the three choices, the highest p-value of
using the last three phases might reflect the least time points
used in the fitting.) In comparison to the other two choices,
using the last four phases for the fitting produced an optimal
separation of the malignant tumors from the benign lesions
and Fig. 9(B) shows a scatter plot of WO volume fraction ver-
sus lesion volume for the 28 suspicious breast lesions. The
scattered distribution shows that the significant difference in
the WO volume fraction between the malignant tumors and
the benign lesions can be used to improve the characterization
of suspicious contrast-enhancing breast lesions. If we choose
40% as a WO volume fraction threshold for characterizing
these lesions [see the horizontal dashed-line in Fig. 9(B)], i.e.,
a WO volume fraction larger than the threshold would be
characterized as malignant and a WO volume fraction smaller
than the threshold would be characterized as benign, and then
all of the ten malignant tumors would be characterized as ma-
lignant, maintaining the same sensitivity. However, 14 out of
the 18 benign lesions would be characterized as benign,
reducing the total number of the potentially unnecessary biop-
sies from 18 to 4 and consequently yielding a 77.8% reduction
in the biopsy rate of benign lesions. Accordingly, this would
result in an 100% improvement rate to the PPV of the biopsies
(from 35.7% to 71.4%).

We also examined the effectiveness of using the lesion
ROI-averaged signal intensity time course for improving the
characterization of the 28 suspicious breast lesions. For each
lesion at each time point, a lesion ROI-averaged signal inten-
sity was computed by averaging signal intensity for all voxels
within the lesion ROI, resulting in a mean signal intensity
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FiG. 8. Comparison of cutoff boundary choices for the differentiation of benignity from malignancy for the selected lesions in study I using WO volume frac-
tion as a biomarker. The model values for the malignant tumors were computed for the three cutoff boundary choices using the Gaussian distribution in
Fig. 3(A): for choice (1), the WO volume fraction (25%) is the area under the distribution for —90° < o < —18.4°; for choice (2), the WO volume fraction
(16%) is the area under the distribution for —90° < o < —28.6°; and for choice (3), the WO volume fraction (45.6%) is the area under the distribution for
—90° < < 0°. For each cutoff boundary choice, the mean WO volume fraction of the malignant tumors was in good agreement with the model-predicted
value and was significantly larger than that of the benign lesions. (*p < 0.004; **p < 0.002; and ***p < 0.001.) Although the WO volume fraction values for
both malignant and benign lesions varied from choice-to-choice, all three choices produced similar results, indicating the independence of the differentiation
from the cutoff boundary choices. The error bar denotes a.

time course for each lesion. Among the ten malignant tumors,
two tumors showed WO behavior, four showed PL behavior,
and the other four showed PE behavior. In contrast, among
the 18 benign lesions, 15 lesions showed PE behavior, 2
showed PL behavior, and only 1 showed WO behavior. (Note
that these descriptions were only qualitative.) The group-
averaged mean signal intensity time course showed a PL
curve for the malignant tumors but a PE curve for the benign
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lesions [Fig. 10(A)]. If we chose PE behavior for characteriz-
ing benign lesions, then the four malignant tumors with PE
behavior would be incorrectly characterized as benign lesions.

Similarly, as we did previously for a voxel based approach,
we also quantitatively examined the overall postcontrast ki-
netic behavior for a lesion using the lesion ROI-averaged sig-
nal intensity time course. A linear fitting of the mean signal
intensity time course for the postcontrast five phases produced

WO analysis with the post-contrast last 4 time points
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FiG. 9. Distribution of the WO volume fraction versus lesion volume for the malignant tumors and the benign lesions in study II with the voxelwise, least-
squares linear fitting of the postcontrast signal intensity time course using (A) the whole five time points and (B) the last four time points. (B) The horizontal
dashed-line indicates the 40% threshold value for characterizing these 28 suspicious lesions using the WO volume fraction as a biomarker: (1) all of the 10 ma-
lignant tumors would be characterized as malignant, maintaining the same sensitivity and (2) 14 out of the 18 benign lesions would be characterized as benign,
reducing the total number of potentially unnecessary biopsies from 18 to 4. Note that the lesion size for the remaining four benign lesions is relatively small
and the maximum one has an estimated lesion size of 8.3 mm with a sphere model. The vertical dashed-line separates the relatively small lesions (size < 1 cm)
from the relatively large lesions (size > 1 cm).
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FiG. 10. Lesion ROI-averaged signal intensity time course analysis in study II. (A) The group-averaged mean signal intensity time courses for the benign
lesions and the malignant tumors, respectively. The plotted signal change represents the postcontrast signal intensity change at each time point relative to the
precontrast signal intensity. (B) Distribution of the lesion angle versus lesion volume for the 28 suspicious lesions. The horizontal dashed-line indicates the
20° threshold value for characterizing these lesions using the lesion angle as a measure, yielding the same results as using the measure of WO volume fraction
in Fig. 9(A). (C) Association of the two measures (correlation coefficient r = —0.95, P < 0.001); when one measure went up, the other measure went down and

vice versa.

a fitted straight line that depicted the overall postcontrast ki-
netic feature for the lesion. The corresponding slope and angle
(lesion angle) of this fitted straight line were further computed
using the same method described previously. For the ten ma-
lignant tumors, the mean and standard deviation of the lesion
angle was 3.4° = 17.4° with the range from —30.3° to 19.1°.
For the 18 benign lesions, however, the mean and standard
deviation of the lesion angle was 25.6° = 19.8° with the range
between —17.2° and 55.2°, significantly larger than the value
for the malignant tumors (p < 0.005). This lesion angle pro-
vides another measure for improving the differentiation of the
benign lesions from the malignant tumors, and Fig. 10(B)
shows a scatter plot of lesion angle versus lesion volume for
the 28 suspicious breast lesions. If we choose 20° as a lesion
angle threshold for characterizing these lesions [see the hori-
zontal dashed-line in Fig. 10(B)], i.e., a lesion angle smaller
than the threshold would be characterized as malignant and a
lesion angle larger than the threshold would be characterized
as benign, and then all of the ten malignant tumors would be
characterized as malignant, maintaining the same sensitivity.
Interestingly, the same 13 benign lesions would be character-
ized as benign, yielding the same result of using the WO vol-
ume fraction as a measure [Fig. 9(A)]. The two measures
were found to be strongly inversely correlated with each other
(correlation coefficient r = —0.95, P < 0.001) [Fig. 10(C)].

IV. DISCUSSION AND CONCLUSIONS

Breast DCE-MRI has been shown to be very sensitive for
breast malignant tumor detection. It is well recognized that,
for optimal performance of dynamic MR imaging, it is cru-
cial to evaluate the most enhancing (suspicious) areas of the
lesion. The current standard ACR BI-RADS MR imaging
lexicon recommends analyzing the enhancement rate and
curve of a lesion by placing a manually selected ROI over
the most intensely enhancing area of the lesion.'® The curve
shape is an important differentiator between malignant
tumors and benign lesions for comparable enhancement rates
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and consequently the WO curve is an indicator for malig-
nancy.®'° The kinetic WO curve was clearly present in each
of the malignant tumors in both study I and study II. The
WO curve, however, was also present in every one of the be-
nign lesions in both studies, and was a major factor for their
radiological characterization as suspicious lesions, resulting
in the potentially unnecessary biopsies. In study II, although
the sample size of 28 lesions is relatively small, the conse-
quent 35.7% PPV of the biopsies of the sample reflects the
current PPV of clinical practice at our site. The radiological
diagnoses and subsequent biopsies of the 28 suspicious
lesions were completely independent of this research study.
In addition, this 35.7% PPV is consistent with the 33.6%
PPV in a recent study which involved 125 suspicious lesions
at another high volume breast MR clinical site.'” In study II,
the sample selection was unbiased, and the main purpose of
the study is to test whether the WO volume fraction could be
used as an additional MRI parameter for improving the char-
acterization of suspicious contrast-enhancing breast lesions
and consequently improving the PPV for biopsies in clinical
breast MR practice.

To accurately measure the WO volume fraction of a lesion
requires reliable lesion segmentation. Utilizing the difference
in signal intensity of a contrast-enhanced lesion from its sur-
rounding tissue, we tested a method for semi-automatically
determining the lesion boundary in study I. The determined
lesion boundary is objective and the subsequently computed
WO volume fraction is also objective. The semi-automated
method is a more time efficient method for measuring WO
volume fraction compared to the manually drawn lesion. This
semi-automatic method for lesion boundary determination
and subsequently the automatic method for quantitative ki-
netic feature analysis and WO volume fraction computation
should also improve the computer-based assessment in breast
MRI, but a full test of possibly increased objectivity and effi-
ciency to breast MR image interpretation is beyond the scope
of this initial study.
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For the suspicious lesions in study II, the WO volume
fraction of the malignant tumors was found to be signifi-
cantly larger than that of the benign lesions, supporting our
hypothesis that the hypervascularity associated with tumor
angiogenesis that is essential for cancer cell growth in malig-
nant tumors produces a larger WO volume fraction for the
malignant tumors. The significant difference in the WO vol-
ume fraction between the malignant tumors and the benign
lesions could be used as an additional MRI parameter for
improving the characterization of suspicious contrast-
enhancing breast lesions [Fig. 9(B)]. If the WO volume frac-
tion was used to characterize these suspicious lesions, the
total number of potentially unnecessary biopsies could be
reduced by 77.8% and the clinical 35.7% PPV of the biop-
sies would be improved to 71.4% PPV while maintaining the
same sensitivity. If these results are confirmed in a large
clinical trial, the WO volume fraction has the potential to
improve the characterization of suspicious contrast-
enhancing breast lesions in clinical practice, resulting in an
improved PPV for biopsies and a subsequent reduction in the
total number of benign biopsies.

The WO volume fraction may be a sensitive MRI param-
eter for characterizing suspicious contrast-enhancing breast
lesions with a relatively large lesion size (>1 cm). There are
a total of 12 large lesions (6 malignant tumors and 6 benign
lesions) in study II (Fig. 9). For these large lesions, the distri-
bution of the WO volume fraction for the malignant tumors
was distinctly different from that for the benign lesions
(Fig. 9), providing a measure to accurately differentiate these
lesions. Accordingly, the WO volume fraction should have
the potential to accurately differentiate benign versus malig-
nant suspicious contrast-enhancing breast lesions in tumors
greater than 1 cm if this study is later confirmed in a large
clinical trial.

The WO volume fraction might also be helpful for improv-
ing the characterization of suspicious contrast-enhancing
breast lesions with a relatively small size (<1 cm). There are
a total of 16 small lesions (4 malignant tumors and 12 benign
lesions) in study II [Fig. 9(B)]. For these small lesions, 8 out
of the 12 benign lesions would be characterized as benign if
the WO volume fraction was used for characterizing these
small lesions, resulting in a 66.7% reduction rate in the total
number of the 12 false-positive biopsies. The corresponding
PPV of the biopsies of these small lesions would be improved
from 25% to 50%. The remaining four false-positives, how-
ever, indicate that new or additional measures would be
required to improve the characterization of small lesions.

It is worth pointing out that a reliable measure of lesion
WO volume fraction requires a reliable segmentation of the
lesion from its surrounding tissues. Our method is based on
the postcontrast increased signal intensity of the lesion
relative to the much less increased signal intensity of the sur-
rounding tissues. Accordingly, the method is expected to be
valid only for contrast-enhancing breast lesions.

It is also worth pointing out that the least-squares linear
fitting of the postcontrast signal intensity time course mainly
depicts the overall postcontrast kinetic behavior of the signal
intensity time course. Considering that the computed value
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of angle o depends on the choice of time unit, in practical
application it is desirable for the computed WO volume frac-
tion to be independent of the unit choice. Unlike the other
two cutoff boundary choices, the computed WO volume
fraction value for the cutoff boundary choice (3) remains
unchanged for different unit choices, yielding a desirable
WO volume fraction measure. Although using the measure
of lesion angle from the lesion ROI-averaged signal intensity
time course analysis yielded the same results as that using
the desirable WO volume fraction measure [Figs. 9(A) and
10(B)], the lesion angle threshold value varies with the
choice of time unit which is a relative disadvantage when
compared to the desirable WO volume fraction measure.

The main goal of this study was to introduce and test a
new MRI measure of lesion WO volume fraction for improv-
ing the characterization of suspicious contrast-enhancing
breast lesions. To the best of our knowledge, this measure
has not yet been investigated. Our approach of lesion WO
volume fraction analysis differs from those reported
approaches in the literature that mainly rely on the ROI-
based kinetic curve and kinetic feature analysis.'®?* In a
recent study Chen et al.?® proposed a fuzzy c-means (FCM)
clustering-based approach for automatically identifying
characteristic kinetic curves of breast DCE-MRI images,
classifying the signal intensity time courses of a segmented
3D breast lesion into a number of prototypic curves. The
prototypic curve with the highest initial enhancement was
selected as the representative characteristic kinetic curve of
the lesion for further extracting the kinetic features that were
used for testing the effectiveness of the differentiation
between the benign and malignant lesions in comparison to
other approaches. The study found that the classification per-
formance of the proposed approach was similar to kinetic
curves generated from regions drawn within the lesion by a
radiologist experienced in breast MRI. If these drawn
regions were the most highly enhancing (suspicious) areas of
the lesion as recommended by the current standard ACR BI-
RADS MR imaging lexicon in clinical practice, then the two
approaches should yield a similar result because the proto-
typic curve with the highest initial enhancement was selected
for the analysis. Chen ef al.* also reported that the classifi-
cation performance of their proposed approach was better
than that from the curves obtained by averaging over the
entire lesion. Our study found that although it is difficult to
improve the differentiation of the benign lesions from the
malignant tumors using the lesion ROI-averaged kinetic
curves [Fig. 10(A)], the measure of lesion angles of these ki-
netic curves could improve the characterization of these sus-
picious lesions [Fig. 10(B)], reflecting its correlation with
the measure of WO volume fraction [Fig. 10(C)].

In conclusion, we introduced and tested a novel MRI pa-
rameter of lesion WO volume fraction for improving the
characterization of suspicious contrast-enhancing breast
lesions. The study found that this new measure has the
potential to nearly double the PPV of breast biopsies, avoid-
ing 78% of the potentially unnecessary breast biopsies in
clinical practice at our site. If these results are confirmed in a
large clinical trial, then the new WO volume fraction
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biomarker has the potential to improve computer-based
assessment in breast MRI, and efforts should be made to
incorporate this methodology in clinical computer-based
software analysis programs.
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