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Purpose: To assess the diagnostic performance of various Doppler
ultrasonographic (US) vascularity measures in conjunction
with grayscale (GS) criteria in differentiating benign from
malignant breast masses, by using histologic findings as the
reference standard.

Materials and
Methods:

Institutional Review Board and HIPAA standards were
followed. Seventy-eight women (average age, 49 years;
range, 26–70 years) scheduled for breast biopsy were
included. Thirty-eight patient scans were partially ana-
lyzed and published previously, and 40 additional scans
were used as a test set to evaluate previously determined
classification indexes. In each patient, a series of color
Doppler images was acquired and reconstructed into a
volume encompassing a suspicious mass, identified by a
radiologist-defined ellipsoid, in which six Doppler vascu-
larity measures were calculated. Radiologist GS ratings
and patient age were also recorded. Multivariable discrim-
ination indexes derived from the learning set were applied
blindly to the test set. Overall performance was also con-
firmed by using a fourfold cross-validation scheme on the
entire population.

Results: By using all cases (46 benign, 32 malignant), the area
under the receiver operating characteristic curve (Az) val-
ues confirmed results of previous analyses: Speed-
weighted pixel density (SWPD) performed the best as a
diagnostic index, although statistical significance (P � .01)
was demonstrated only with respect to the normalized
power-weighted pixel density. In both learning and test
sets, the three-variable index (SWPD-age-GS) displayed
significantly better diagnostic performance (Az � 0.97)
than did any single index or the one two-variable index
(age-GS) that could be obtained without the data from the
Doppler scan. Results of the cross validation confirmed the
trends in the two data sets.

Conclusion: Quantitative Doppler US vascularity measurements con-
siderably contribute to malignant breast tissue identifica-
tion beyond subjective GS evaluation alone. The SWPD-
age-GS index has high performance (Az � 0.97), regard-
less of incidental performance variations in its single
variable components.
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Characteristics of vasculature asso-
ciated with malignant breast
masses include thin-walled blood

vessels, increased microvessel density,
disordered neovascularization penetrat-
ing the mass, arteriovenous shunting,
and a variety of characteristic Doppler
ultrasonographic (US) and histologic
findings (1–4). Throughout these inves-
tigations, there have been less than de-
finitive conclusions as to whether or not
Doppler measurements reflect micro-
vasculature, and conclusions are mixed
regarding the utility of Doppler US in
enabling differentiation between benign
and malignant breast lesions. There is,
however, a general consensus that
Doppler measures can be used in as-
sessing overall tumor vascularity. Fur-
ther, some studies strongly support the
hypothesis that flow velocities correlate
with tumor size (5) and that parameters
such as vessel count and flow velocity
reveal differences between malignant
and benign lesions (6). Most of these
studies, however, have used two-di-
mensional rather than three-dimen-
sional (3D) images in assessing overall
vascular morphology, density, and ve-
locity distributions.

Previous investigations have as-
sessed Doppler US for the discrimina-
tion of benign from malignant masses by
using a variety of measures (eg, Doppler
flow parameters, spectral analysis,
mean and maximum flow velocities,
peak systolic and end diastolic Doppler

frequency shifts [7–9], other qualitative
and quantitative measures [10–13]).
For example, in a study with 210 pa-
tients by Cosgrove et al (14), vessels
were detected in 98% of the malignant
masses scanned, and average vascular
density was lower in some fibroadeno-
mas than in malignant masses. In the
same study, 96% of the scans that were
deemed to show “benign breast
changes” (representing roughly half of
the patient population) displayed no
Doppler signal at all.

We have previously investigated the
utility of 3D breast US imaging for en-
abling differentiation of benign versus
malignant breast masses (15–18). We
found that the Doppler vascularity mea-
sure speed-weighted pixel density (SWPD)
is comparable in accuracy to US gray-
scale (GS) evaluation for distinguishing
benign from malignant masses. Our
more recent work (17), in a pool of 38
patients, with a new handheld 3D scan-
ning technique and US scanner suggests
that multivariable indexes (which in-
clude both SWPD and GS features) en-
able better discrimination of benign ver-
sus malignant breast masses than does
GS evaluation alone. The purpose of our
current study was to assess the diagnos-
tic performance of various Doppler US
vascularity measures in conjunction
with GS criteria for enabling differenti-
ation of benign from malignant breast
masses, with histologic findings as the
reference standard.

Materials and Methods

Patient Group
Eighty-eight women with palpable or
mammographic abnormalities who
were scheduled for excisional or core
biopsy (August 1998–February 2000)
were screened for inclusion in the

study. Four patients who had under-
gone prior invasive procedures were ex-
cluded (two had undergone lumpec-
tomy; one, core biopsy; and one, trans-
verse rectus abdominus myocutaneous
reconstruction). A US mass could not
be localized for six patients, who were
also excluded. In the remaining 78
women (average age, 49 years; range,
26–70 years), six vascularity indexes
were evaluated. Thirty-eight patient
scans had been previously analyzed (17)
for individual vascularity indexes (learn-
ing set), and 40 new patient examina-
tions provided a “test set” to evaluate
combined indexes (described below) es-
tablished by using the learning set. In-
stitutional Review Board approval and
written informed consent were ob-
tained, and the study was Health Insur-
ance Portability and Accountability Act
compliant for all recruitment and re-
search procedures. A flow diagram of
the patient pool appears in Figure 1.

Data Acquisition
US evaluation was performed (N.J.T.,
19 years US experience) with a GE
Logiq 700 scanner (GE Medical Sys-
tems, Milwaukee, Wis) by using an M12
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Az � area under ROC curve
GS � gray scale
PD � pixel density
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SWPD � speed-weighted PD
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Advances in Knowledge

� Speed-weighted Doppler flow
measurement in conjunction with
patient age information and US
grayscale information (a three-
variable index), has consistently
high performance in differentiat-
ing benign from malignant breast
masses (area under the receiver
operating characteristic curve,
0.97).

� Flow velocity–weighted color
Doppler pixel measurements ap-
pear to be the most effective for
mass characterization as com-
pared with Doppler power mea-
surements and mean velocities.

Implication for Patient Care

� The enhanced diagnostic perfor-
mance of three-dimensional Dop-
pler-based multivariable indexes
over grayscale US evaluation
alone may eventually lead to the
elimination of some biopsies.
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linear-matrix-array transducer (6-MHz
Doppler setting, 9-MHz GS setting). In
an effort to maximize Doppler signal,
each patient’s electrocardiogram was
acquired by using a computer interface
to a clinical electrocardiographic moni-
tor and was used to trigger the foots-
witch of the scanner to capture images
during systole. A handheld linear posi-
tion–encoding apparatus interfaced to
the same computer system was used to
obtain parallel images and record image
plane positions, which were nominally
spaced 0.5 mm apart (18,19). The US
scanner was set to display a region
3.8-cm wide by 4-cm deep, and 60–90
images were obtained over a length of
approximately 3–4 cm, which encom-
passed the mass, for each of three scan
sets: frequency-shift color Doppler im-
aging, power-mode color Doppler imag-
ing, and GS. Image data were stored in
the cine buffer of the scanner, saved to
disk, and then transferred to a worksta-
tion (DEC Alpha; Digital Equipment,
Maynard, Mass), where 3D image vol-
umes were reconstructed from the two-
dimensional image data and the re-
corded section positions.

Quantitative Measures
Each 3D volume was displayed as a
series of three intersecting orthogonal
planes by using data visualization soft-
ware (AVS/Express; Advanced Visual-
ization Systems, Waltham, Mass)
(Fig 2). A radiologist (M.A.R., 13
years experience) reviewed the sec-
tions to determine the margins of the
mass, using the high-resolution GS
volume as necessary, and was in-
structed to estimate the volume of the
mass by selecting an ellipsoid region of
interest as consistently as possible.
Within each overall reconstructed
color Doppler imaging volume, the ra-
diologist dynamically positioned and
shaped an ellipsoidal volume, which
served to approximate the borders of
the mass and delineate it from the sur-
rounding tissue (Fig 2). The ellipsoid
included the farthest extent of the
margin of each lesion in any plane,
including all edges of irregular shapes
and the visible edges of all spiculations
or margins. By using this radiologist-

defined ellipsoid, four regions were
designated in which vascularity was
measured. These regions were: region
0, the upper (proximal) half of the
radiologist-defined ellipsoid; region 1,
the upper (proximal) half of the 3-mm
shell; region 2, the lower (distal) half
of the radiologist-defined ellipsoid;
and region 3, the lower (distal) half of
the 3-mm shell (Fig 3).

Within each of the four regions,
the vascularity information was quan-
tified by six Doppler measures: (a) fre-

quency-shift color pixel density (PD),
which is the number of colored pixels
in the frequency-shift color Doppler
imaging volume of interest normalized
by the total number of pixels in the
region; (b) average velocity, which is
the average velocity calculated from
all colored pixels in the frequency-
shift color Doppler imaging regions of
interest (as determined by the fre-
quency-shift color Doppler imaging
color map); (c) SWPD, which is the
product of frequency-shift color PD

Figure 1

Figure 1: Flow diagram of entire patient group. SWD � SWPD.

Figure 2

Figure 2: Three-dimensional color Doppler scan volume with region of interest selected in a 57-year-old
woman with invasive ductal carcinoma in left breast. Each section (right) represents an original image in the
z-plane. Approximately 90 of these are stacked to form the overall 3D reconstructed volume. A yellow 3D sur-
face delineating the volume for calculation of tumor vascularity is shown at left, along with vascularity in 3D
space (blue).
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and the average velocity; (d) power-
mode color PD, which is the power-
mode equivalent of frequency-shift
color PD; (e) normalized power-
weighted PD, which is the sum of each
color pixel weighted by its power (as
determined by the power-mode color
Doppler imaging color map) and nor-
malized to the power representing

100% blood, as described by Rubin
et al in 1997 (20); and (f) the product
of the average velocity and normalized
power-weighted PD. In calculating ab-
solute velocities, the distribution of
flow directions was assumed to be iso-
tropic. Previously published results
(17) of the initial 38 breast mass scans
included only SWPD measures. Two

indexes for each measure in each case
were obtained by calculating the max-
imum value (among four regions) in
two ways: method 1 delineated proxi-
mal regions by calculating a maximum
value among regions 0, 0 and 2, 1, and
1 and 3, and method 2 calculated the
maximum value of each index among
regions 0, 1, 2, and 3.

GS characteristics of the mass were
based on those used by other investiga-
tors (21) (margin smoothness, margin
visibility, shape, height, echogenicity,
attenuation, homogeneity, and overall
suspicion) and were each ranked inde-
pendently by three radiologists (M.A.R.,
C.P., K.A.H., with 13, 28, and 6 years
experience, respectively) on a scale of
one to five (low to high suspicion for
malignancy), as shown in Table 1.
These measures were used to produce
three GS ratings for each case for each
reader: the average of all GS measures,
the average GS value excluding overall
suspicion score, and the overall suspi-
cion score alone. Readers were blinded
to histologic and mammographic re-
sults.

Statistical Analysis and Reference
Standard
By using histologic findings as the refer-
ence standard, receiver operating char-
acteristic (ROC) curve analyses were
initially applied to all Doppler measures

Figure 3

Figure 3: Schematic of z-plane cross sections of vascularity quantification regions: A, Complete radiolo-
gist-defined ellipsoid (RDE; regions 0 and 2). B, Upper (proximal) half of radiologist-defined ellipsoid (region
0). C, 3-mm shell surrounding radiologist-defined ellipsoid (regions 1 and 3). D, Upper half of 3-mm shell
(region 1).

Table 1

GS Characteristic Scale

Score
Criterion 5 4 3 2 1

Margin smoothness Many small irregularities Few small lobulations 4–6 lobulations 2–3 large lobulations Smooth, no lobulations
Margin visibility Completely indistinct Mostly indistinct Partly indistinct Mostly distinct Completely distinct
Shape Completely irregular Mostly irregular Slightly irregular Oval Spherical
Height* Height � base by � 2:1 Height � base by � 2:1 Height equals base Base � height Base � height by � 2:1
Echogenicity Hypoechoic Isoechoic Few internal echoes Hyperechoic Anechoic
Attenuation Complete attenuation Some attenuation Neutral Some through transmission Through transmission as if

lesion were cyst
Homogeneity Completely

inhomogeneous
Mostly inhomogeneous Moderately

inhomogeneous
Mostly homogeneous Completely homogeneous

Overall suspicion Highly suspicious, �80% Probably malignant,
50%–80%

Intermediate suspicion,
10%–50%

Probably benign, 2%–10% Normal, 0%–2%

Note.—Ratings spanned 5 to 1, most suspicious to least suspicious for malignancy.

* Height is orientation of the mass in the anteroposterior plane.
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and GS ratings for the 78 cases. These
analyses employed ROC software
(ROCKIT, version 0.9; C. E. Metz,
http://xray.bsd.uchicago.edu/krl/),
which calculates maximum likelihood
estimates for binormal models of the
input indexes. Statistical differences
between diagnostic performances of
relevant pairs of indexes were deter-
mined by using a univariate z-score
test of the difference between the ar-
eas under any given two ROC curves
(Azs). Examples of relevant pair com-
parisons include: (a) maximum value
indexes calculated with methods 1 and

2, (b) weighted versus unweighted
Doppler indexes, (c) frequency-shift
versus power Doppler indexes, and
(d) any given combined index (de-
scribed below) with and without the
inclusion of Doppler information.
Other t test comparisons (described
below) were performed by using sta-
tistical software (JMP, version 5; SAS
Institute, Cary, NC), and P values less
than or equal to .05 were considered
to indicate a significant difference.

In our previously published analysis
(17), SWPD, age, and GS data were
initially assessed with a bayesian dis-
criminator (22,23) that was applied to
each possible pair of variables to pro-
duce the combined indexes SWPD-age,
SWPD-GS, and age-GS. The three-vari-
able index SWPD-age-GS was also cal-
culated from a bayesian discriminator in
three dimensions. For all of these calcu-
lations, the logarithm of SWPDmax

(hereafter referred to simply as SWPD)
was used to reduce the range of the
variable and avoid dominance by a few
cases in the determination of discrimi-
nant classifiers. These same classifiers
were blindly applied to the test set of 40
scans, with the same conditions as the
learning set, and ROC analysis was
again performed.

Reader bias in GS ratings was eval-
uated before applying the fourfold
cross-validation test described below.
Pair-wise comparisons (t tests with
Bonferroni adjustment for multiple com-
parisons) were performed to detect sta-

tistically significant differences among
GS calculation methods and reader
ratings in terms of both absolute value
and diagnostic performance as de-
scribed by ROC curves (Az compari-
sons).

Finally, the 78 cases were divided
randomly into four subgroups (A, B, C,
and D) for a fourfold cross-validation
test of the indexes. In this analysis,
three subgroups (eg, A, B, and C) are
used to determine multivariable classi-

Figure 4

Figure 4: Scatterplot of three-variable index
(SWPD-age-GS) applied to test set (n � 40). The
linear combination of these three variables
(4.39 � log[SWPDmax] � 0.18 � age � 4.2 � GS)
was determined as best three-variable classifier for
the learning set (n � 38) and was then blindly
applied to test set. Points have been slightly
spread horizontally for ease of visualization. Gray
line � threshold for 0% false-negatives, SWD �
SWPD, TNF � true negative fraction, TPF � true
positive fraction.

Table 2

Pathologic Distribution of the US
Visible Masses

Finding
No. of
Patients

Benign* 46
Resolved prior to biopsy 1
Benign breast tissue 2
Radial scar 2
Cyst 7
Fibrocystic changes 11
Fibroadenoma 15
Fibroadenoma with fibrocystic

changes 3
Other 5

Malignant† 32
Adenocarcinoma 1
Invasive ductal carcinoma 10
Ductal carcinoma in situ 3
Invasive ductal carcinoma with

ductal carcinoma in situ 10
Invasive ductal carcinoma with

mucinous carcinoma 2
Invasive ductal carcinoma with

other invasive carcinoma 1
Invasive lobular carcinoma 1
Invasive lobular carcinoma with

invasive ductal carcinoma 1
Invasive lobular carcinoma with

lobular carcinoma in situ 2
Invasive ductal carcinoma with

lobular carcinoma in situ 1

* In benign masses, average equivalent diameter (diam-
eter of sphere whose volume is equivalent to estimated
volume of the mass) was 1.0 cm. Patients with benign
masses had an average age of 49 years (range, 26–70
years).
† In malignant masses, average equivalent diameter
was 1.5 cm. Patients with benign masses had an
average age of 56 years (range, 36–87 years).

Table 3

Diagnostic Performance of Doppler
Vascularity Measures in 78 Patients
by Using Method 1

Measure Az Value

SWPD 0.864*
Frequency-shift color PD 0.849
Average velocity 0.773
vNPD 0.772
Normalized power-weighted PD 0.749
Power-mode color PD 0.749

Note.—vNPD � product of normalized power-weighted
PD and average velocity.

* SWPD demonstrated better performance than normal-
ized power-weighted PD (P � .01).

Table 4

Diagnostic Performance of Indexes in
the Learning and Test Sets

Index
Learning Set
(n � 38)

Test Set
(n � 40)

SWPD-age-GS 0.997 0.974
SWPD-age 0.943 0.890
SWPD-GS 0.985 0.963
Age-GS 0.933 0.839
SWPD 0.864 0.832
Age 0.737 0.618
GS 0.914 0.825

Note.—Data are Az values. Original single reader scor-
ing is presented.
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fiers and are compared with the fourth
subgroup, D. The four possible sets
were evaluated by using the aforemen-
tioned ROC analysis. Mean Az values for
the four sets were compared with the
learning and test sets.

Results

Vascularity Measures
All 78 patients underwent core or ex-
cisional biopsy, and the histologic re-
sults are presented in Table 2. Minor
differences in the magnitudes of Az

were calculated for the different meth-
ods of computing the maximum values
among the four regions; however,
there were no significant differences
for a given method of computing the
index. The performances of SWPD
and frequency-shift color PD (SWPD’s
unweighted equivalent) were statisti-
cally equivalent and had the highest Az

values (Table 3). SWPD exhibited sig-
nificantly better diagnostic perfor-
mance (P � .01) than its power-
weighted Doppler equivalent (normal-
ized power-weighted PD) by using

both method 1 (Az, 0.86 vs 0.75) and
method 2 (Az, 0.85 vs 0.75). As such,
further analyses were limited to the
method 1 calculations, as was done in
our previous study (17). No other rel-
evant pairs (as described in Materials
and Methods) displayed a statistically
significant difference.

A comparison (Fig 4) of the three-
variable index for benign versus malig-
nant cases for the 40-patient test set
showed that setting the SWPD-age-GS
index discrimination threshold to its
maximum value yields 100% sensitivity
and 86% specificity. If the threshold is
set to a conservative value of half of the
maximum, 13 of 28 (46%) of the masses
are still correctly identified as benign
when the originally determined index is
blindly applied to the test set. Diagnos-
tic performance (Table 4) of the multi-
variable indexes in both the 38-patient
learning set and 40-patient test set (in
which classifiers were blindly applied),
as measured with Az, showed that per-
formance was similar in the test set
compared with the learning set. Index
performance improvement occurred
with the addition of vascularity informa-

tion (SWPD) (Table 5). The pairs of
indexes that display statistically signifi-
cant differences are identical for the
learning and test sets. In both popula-
tion samples, the three-variable index
(SWPD-age-GS) displayed significantly
better diagnostic performance (Az �
0.97) than any single index or the one
two-variable index (age-GS) that could
be obtained without the Doppler scan.
Further, the addition of SWPD im-

Figure 5

Figure 5: Performance of discrimination in-
dexes derived from the test set (n � 40), as dem-
onstrated by maximum likelihood binormal esti-
mates of ROC curves. SWPD, GS, and patient age
were blindly applied to multivariable classifiers
derived from the learning set (n � 38). The high
performance (Az � 0.97) of the SWPD-age-GS
index exceeded all other indexes and demon-
strated significant improvement over all single
variable indexes. SWD � SWPD.

Figure 6

Figure 6: Bar graph of average performance (as
assessed by average Az values) of discrimination
indexes in learning set (green), test set (teal), and
all 78 subjects by using the fourfold cross-valida-
tion method (red). Overall performance of the
SWPD-age-GS index (Az � 0.992) fell between
the learning set (Az � 0.997) and the test set (Az �
0.974). SWD � SWPD.

Table 5

Statistical Significance of Az Comparisons between Indexes

Indexes Learning Set P Value Test Set P Value

GS vs SWPD-GS .039 .015
Age vs SWPD-age .010 .010
Age-GS vs SWPD-age-GS .037 .031
GS vs SWPD-age-GS .024 .011
Age vs SWPD-age-GS .001 .001
SWPD vs SWPD-age-GS .013 .011

Table 6

Cross Validation of Discrimination Indices

Index Mean ABC vs D ABD vs C ACD vs B BCD vs A

SWPD-age-GS 0.992 1.000 0.966 1.000 1.000
SWPD-age 0.883 0.927 0.728 0.959 0.917
SWPD-GS 0.973 1.000 0.939 1.000 0.954
Age-GS 0.931 0.960 0.894 1.000 0.870
SWPD 0.866 0.908 0.790 0.919 0.846
Age 0.667 0.543 0.583 0.774 0.767

Note.—Data are Az values.
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proved the performance of GS ratings
alone in both populations (Fig 5).

GS and Cross-Validation Evaluation
For the fourfold cross-validation scheme in-
volving all 78 patients, GS evaluations
by three readers contributed to the
overall indexes. On the basis of average
GS rating, there was an apparent differ-
ence in performance between readers 1
and 2 (Az, 0.88 vs 0.95); however, this
difference was not statistically signifi-
cant. In fact, variations among readers’
diagnostic performance and their abso-
lute ratings, and among the different GS
indexes exhibited no statistically signif-
icant differences. Given these results,
the GS measure averaged over all read-
ers was not significantly different from
the overall suspicion score alone or the
average GS value excluding overall sus-
picion score, and it was used as the GS
index in the cross validation.

In the cross validation, three sub-
groups were used to determine linear
multivariable classifiers (by using a
bayesian discrimination scheme), and
the coefficients were then applied to
their corresponding fourth subgroup
(Table 6). The average performance as-
sessed by using the fourfold cross vali-
dation fell between that of the learning
set (in which the classifier was learned
and tested on itself) and that of the test
set (in which the previously determined
classifier was applied blindly to an inde-
pendent set) (Fig 6).

Discussion
Recent results by other researchers
(24), particularly those involving 3D
scans, promise greater accuracy due to
more consistent sampling over the en-
tire tumor (15,17) and substantiate the
idea that certain Doppler indexes may
be useful in the evaluation of US-detect-
able breast masses.

This study confirms our previous
observation (15) that the SWPD index
has the best diagnostic performance
among our single vascularity mea-
sures, as indicated by Az. This may be
because the speed-weighted charac-
teristic of SWPD emphasizes high flow
speeds, which may exemplify the low

resistance flow often associated with
the vascular morphology of malignant
masses. It may also be the case that
the wall filter of the US scanner we
used performs a function similar to
speed weighting itself. That is, the
only vessels detected are those with
flow speeds that correspond to fre-
quency shifts exceeding the wall filter.
Thus, higher flow velocities in the tu-
mor-feeding arterioles may be de-
tected, whereas vessels with slower
flow velocities (surrounding benign
masses) may go unidentified. This the-
ory is supported by the fact that the
performance of frequency-shift color
PD (the unweighted equivalent of
SWPD) was statistically indistinguish-
able from SWPD.

The different methods of calculating
the “maximum” of each Doppler mea-
sure proved to be inconsequential but
were included in the present study to
confirm and compare with our previous
analyses. It had been thought that since
shadowing by the mass is highly vari-
able, the proximal region might be more
indicative of the vascularity associated
with the mass. This was not demon-
strated, but future work might include
an analysis of vascularity as a function of
various spatial relationships, such as
distance from the mass center or outer
border.

There are some limitations to our
study. For example, only one reader
drew the regions of interest that were
used in all cases. Given the overall size
of the regions of interest and the type of
Doppler indexes calculated, we would
expect the “user impact” to be minimal.
As for a particular reader’s ability to
assess GS characteristics, some will
rank very highly and achieve high diag-
nostic accuracy. It is difficult to assess
how such readers’ performances might
be improved by the current scheme
without large numbers of patients.
Nonetheless, none of our readers
achieved the diagnostic accuracy of the
final derived three-variable index.

Performance was similar between
the 38-patient learning set and the 40-
patient test set for all single and multiva-
riable indexes. It was, nonetheless,
slightly lower in each case for the test

set, as expected, since any model tested
on itself performs better than on subse-
quent populations. Still, the trend of the
single and multivariable indexes was
identical for all three analysis groups:
the learning set, the test set, and the
average of the fourfold cross-validation
results for all 78 patients. As such, it
appears that the results in the learning
set do not reflect a mere bias of a test
index determined and applied to the
same population.

Of particular note is the consistently
high performance of the three-variable
index (SWPD-age-GS) regardless of the
performance of the individual indexes.
For example, the three single variables
performed worse in the test set than in
the learning set (SWPD: Az, 0.83 vs
0.86; age: Az, 0.74 vs 0.62; GS ratings:
Az, 0.82 vs 0.91). Although these single
variable results are incidental, they sug-
gest that the SWPD-age-GS index is
particularly robust, displaying an Az

value of 0.97 in the test set. That is,
when applied to a test set, a multivari-
able discriminator is expected to per-
form better than any subset of the vari-
ables; however, once the coefficients
are set by analysis of the learning set,
the multivariable discriminator has no
inherent advantage over any single or
subset of variables unless all variables
are contributing some independent in-
formation. Our results suggest that
SWPD contributes significant indepen-
dent information. The overall perfor-
mance of the multivariable indexes re-
mained consistent, particularly for the
SWPD-age-GS index, which continues
to display promising results.
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