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Abstract
We explored the utility of time-resolved angiography with interleaved stochastic trajectories dynamic contrast-enhanced magnetic
resonance imaging (TWIST DCE-MRI), readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance
imaging- diffusion-weighted magnetic resonance imaging (RESOLVE-DWI), and echo-planar imaging- diffusion-weighted magnetic
resonance imaging (EPI-DWI) for distinguishing between malignant and benign breast lesions.
This retrospective analysis included female patients with breast lesions seen at a single center in China between January 2016 and

April 2016. Patients were allocated to a benign or malignant group based on pathologic diagnosis. All patients received routine MRI,
RESOLVE-DWI, EPI-DWI, and TWIST DCE-T1WI. Variables measured included quantitative parameters (Ktrans, Kep, and Ve),
semiquantitative parameters (rate of contrast enhancement for contrast agent inflow [W-in], rate of contrast decay for contrast agent
outflow [W-out], and time-to-peak enhancement after contrast agent injection [TTP]) and apparent diffusion coefficient (ADC) values
for RESOLVE-DWI (ADCr) and EPI-DWI (ADCe). Receiver-operating characteristic (ROC) curve analysis was used to evaluate the
diagnostic utility of each parameter for differentiating malignant from benign breast lesions.
A total of 87 patients were included (benign, n=20; malignant, n=67). Compared with the benign group, the malignant group had

significantly higher Ktrans, Kep and W-in and significantly lower W-out, TTP, ADCe, and ADCr (all P< .05);Ve was not significantly
different between groups. RESOLVE-DWI was superior to conventional EPI-DWI at illustrating lesion boundary and morphology,
while ADCr was significantly lower than ADCe in all patients. Kep, W-out, ADCr, and ADCe showed the highest diagnostic efficiency
(based on AUC value) for differentiating between benign and malignant lesions. Combining 3 parameters (Kep, W-out, and ADCr) had
a higher diagnostic efficiency (AUC, 0.965) than any individual parameter and distinguished between benign and malignant lesions
with high sensitivity (91.0%), specificity (95.0%), and accuracy (91.9%).
An index combining Kep, W-out, and ADCr could potentially be used for the differential diagnosis of breast lesions.

Abbreviations: ADC = apparent diffusion coefficient, ADCe = apparent diffusion coefficient for EPI-DWI (echo-planar imaging-
diffusion-weighted magnetic resonance imaging) sequence, ADCr = apparent diffusion coefficient for RESOLVE-DWI (readout
segmentation of long variable echo-trains diffusion-weightedmagnetic resonance imaging) sequence, AUC= area under the receiver
operating characteristic curve, DCE-MRI = dynamic contrast-enhanced magnetic resonance imaging, DWI = diffusion-weighted
magnetic resonance imaging, EPI = echo-planar imaging, FOV = field of view, Kep = transport rate describing the return of the
contrast agent from the extravascular–extracellular space to the blood plasma, Ktrans = rate of contrast agent transport from the
blood plasma to the extravascular–extracellular space, MR =magnetic resonance, MRI =magnetic resonance imaging, RESOLVE-
DWI= readout segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging, ROC= receiver operating
characteristic, ROI = region of interest, SD = standard deviation, T2WI = T2-weighted imaging, TE = echo time, TI = inversion time,
TR = repetition time, TTP = time-to-peak enhancement after contrast agent injection, TWIST = time-resolved angiography with
interleaved stochastic trajectories, Ve= fractional volume of the extravascular–extracellular space in the tissue, W-in= rate of contrast
enhancement for contrast agent inflow, W-out = rate of contrast decay for contrast agent outflow.
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1. Introduction

Worldwide, breast cancer is the most commonly diagnosed
cancer in women, and this disease accounts for 23% of all cancer
cases and 14% of cancer-related deaths.[1] There was on average
a 4.6% annual increase in the incidence of breast cancer in the
urban Chinese population between 1982 and 2001, with a
mortality rate of 8–10/100,000/year, ranking breast cancer as
one of the leading causes of cancer-related deaths in women in
China.[2–5] Early detection, diagnosis, and treatment are key
factors for improving the prognosis of patients with breast cancer
and reducing mortality rates. Patients with suspected breast
cancer are examined by mammography, sonography, and
magnetic resonance imaging (MRI). However, the sensitivity
of mammography and sonography for invasive tumors is lower
than that of magnetic resonance imaging (MRI) (mammography:
83.7%; sonography: 89.1%; and MRI: 94.6%).[6] Among the
MRI modalities available, diffusion weighted MRI (DWI) and
dynamic contrast-enhanced (DCE)-MRI play important roles in
the diagnosis, differential diagnosis, and therapeutic evaluation
of breast cancer.[7–10]

DWI is a noninvasive technique that generates tissue contrast
based on differences in the diffusion of water molecules during a
magnetic resonance (MR) pulse sequence. The diffusion
parameters can be influenced by several intratissue properties
such as fluid viscosity, intracellular-to-extracellular membrane
flow, and structural properties. The diffusion rate is quantified
using the apparent diffusion coefficient (ADC). Echo-planar
imaging (EPI) during DWI enables faster image acquisition (40–
100ms per image). However, DWI imaging is subject to several
limitations including low spatial resolution and low signal-to-
noise ratio (partly due to the fast image acquisition techniques) as
well as magnetic susceptibility artifacts, chemical shift artifacts,
and motion artifacts.[11] Thus, the development and improve-
ment of DWI has been an active area of research. One novel MRI
technique is readout segmentation of long variable echo-trains
DWI (RESOLVE-DWI), which is based on segment sampling of
the EPI sequence in the readout direction.[12–14] Advantages of
RESOLVE-DWI include shorter sampling time and echo time
(TE) and a reduction in magnetic susceptibility artifacts, motion-
induced artifacts, and blurring due to T2 decay; these advantages
improve image quality and signal-to-noise ratio.[12–14]

DCE-MRI assesses perfusion and oxygenation within tumor
tissue. This technique involves the intravenous injection of low-
molecular weight, paramagnetic contrast agents, and the
subsequent acquisition of images every few seconds for 1 to 3
minutes. Several studies have combined DWI and DCE-MRI for
better assessment of breast tumors.[15–17] The semiquantitative
analysis performed in DCE-MRI involves the measurement of
contrast parameters from the dynamic time-signal intensity
curve. However, this method cannot accurately reflect variation
in the concentration of a contrast agent within a lesion.
Quantitative DCE-MRI has an advantage over semiquantitative
DCE-MRI in that it obtains quantitative hemodynamic param-
eters by dynamically monitoring the in vivo pharmacokinetics of
the contrast agent through measurements of several parameters,
including Ktrans (the rate of contrast agent transport from the
blood plasma to the extravascular–extracellular space), Kep (the
transport rate describing the return of the contrast agent from the
extravascular–extracellular space to the blood plasma) and Ve

(the fractional volume of the extravascular–extracellular space in
the tissue). However, an important limitation of quantitative
DCE-MRI is its low temporal resolution. This has been partly
2

addressed by newer DCE-MRI techniques such as time-resolved
angiography with interleaved stochastic trajectories (TWIST),[18]

which increases the scanning speed by filling the k-space with a
spiral orbit. The parameters obtained using TWIST are thought
to accurately reflect blood flow and vascular permeability in the
body. TWIST DCE-MRI sequences have also been shown to
improve both the signal-to-noise ratio and fat-suppression,
improving overall image quality by more clearly delineating
lesion edges and better displaying the characteristics of internal
structures.[15,19–23]

Only a small number of clinical investigations have described
the use of TWIST DCE-MRI and RESOLVE-DWI in the imaging
of breast diseases. Furthermore, very few studies have examined
whether the combined use of TWIST DCE-MRI and RESOLVE-
DWI could improve the differential diagnosis of benign and
malignant breast lesions. Therefore, the present study was carried
out to determine whether TWIST DCE-MRI and RESOLVE-
DWI could potentially be used in the clinical setting to identify
breast cancer lesions and distinguish between benign and
malignant breast lesions.
2. Methods

2.1. Patients

This was a retrospective diagnostic study of patients (all females)
presenting with breast lesions identified by clinical palpation,
ultrasonography, or mammography. Data collection and MR
scanning were performed in the People’s Hospital, Meizhou,
Guangdong Province, China between January 2016 and April
2016. All patients provided informed written consent before
examination. The study was approved by the ethics committee of
our hospital. Due to the retrospective nature of the study, consent
for inclusion in the analysis was not deemed to be required.
The inclusion criteria were: biopsy, surgery, radiotherapy,

chemotherapy, hormone therapy, or targeted therapy had not
been undertaken before the imaging investigations were carried
out; the images obtained by MR scanning contained no obvious
motion artifacts and enhanced MRI yielded in-focus images; and
the diagnosis was confirmed by pathologic examination of a
surgically obtained specimen within 5 days of MR scanning. The
exclusion criteria were: the patient had received surgical or
medical treatment before the imaging examination; the patient
was pregnant or in lactation; or severe heart, liver or kidney
disease, immune diseases, or any other internal or surgical
disease.
2.2. Instruments and methods

Imaging was carried out using a 3.0T MR scanner (Magnetom
Skyra, Siemens, Germany) with dedicated, 16-channel, bilateral
breast phased array coils. The patients were scanned in the prone
position with the breasts unsupported. The scanned region
included the bilateral breast tissue, bilateral axillae, and aorta.
The scanning parameters used for T2-weighted imaging

(T2WI) were: repetition time (TR), 3570ms; TE, 74ms; inversion
time (TI), 230ms; slice thickness, 4.0mm; spacing between slices,
0.4mm; field of view (FOV), 341�341mm; acquisition matrix,
314�448. The parameters for EPI-DWI were: TR, 4200ms; TE,
62 ms; b-value, 0, 50, or 800s/mm2; FOV, 149�340mm;
acquisition matrix, 86�220; slice thickness, 4.0mm; spacing
between slices, 0.8mm. The parameters for RESOLVE-DWI
were: TR, 4800ms; TE, 562ms; b-value, 0 or 800s/mm2; FOV,
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170�340mm; acquisition matrix, 96�192; slice thickness, 4.0
mm; spacing between slices, 0.8mm. The parameters for T1WI
were: TR, 5.5ms; TE, 2.5ms; FOV, 341�341mm; acquisition
matrix, 426�448; slice thickness, 1.5mm; spacing between
slices, 0.3mm. The parameters for T1 DCE-MRI sequences were:
TR, 6.4ms; TE, 3.3ms; FOV, 288�384mm; acquisition matrix,
288�384; slice thickness, 2.0mm; spacing between slices, 0.4
mm. TWIST technology was used for dynamic enhanced
scanning; the MR contrast agent (Gd-DTPA, 0.2mmol/kg body
weight) was injected at a rate of 3.0mL/s, and an additional 20
mL of saline was then injected at the same rate. Scanning was
nonintermittent with a total of 34 scan phases. The scanning time
was 17.7s for the first phase and 8.7s for all subsequent phases;
the total scan time was 5minutes and 5seconds (304.8seconds).
Table 1

Comparison of baseline clinical data between the benign and
malignant groups.

Malignant
group

Benign
group

T or x2

value P value

N 67 20
Age (years), mean±SD 49.53±1.36 47.29±2.28 0.713

∗
.478

Weight (kg), mean±SD 59.70±0.79 62.21±1.69 �1.341
∗

.184
Family history of breast
cancer, n (%)

21 (31.3%) 2 (10.0%) 1.995† .136

SD= standard deviation.
∗
T value (independent-samples t-test).

†x2 value (chi-squared test).
2.3. MRI data processing and collection

All images were analyzed and processed independently by 2
attending radiologists who had more than 5 years of work
experience. Differences of opinion were resolved by discussion.
The image was transmitted to a Syngo Via workstation (Siemens)
and postprocessing was carried out using Tissue 4D software
(Siemens). The lesion location was confirmed using a combina-
tion of T2WI, DWI, and enhanced imaging. The most clearly
enhanced region in the lesion was selected as the region of interest
(ROI). The Tofts model was used to measure and calculate the
following quantitative parameters for each lesion: the volume
transfer constant,Ktrans (min�1), which is the rate constant for the
diffusion of the contrast agent from the intravascular to the
extravascular space; the extravascular–extracellular space vol-
ume ratio, Ve, which is the extravascular–extracellular space
volume for the entire voxel ratio; and Kep (min�1), which is the
rate constant for the diffusion of the contrast agent from the
extravascular to the intravascular space. The relationship
between the 3 parameters was: Ve=Ktrans/ Kep. Pseudocolor
images of the quantitative parameters and the time-concentration
curve were obtained. The following semiquantitative parameters
for each lesion were derived using a qualitative model: the rate of
contrast enhancement for contrast agent inflow (W-in) (min�1);
the rate of contrast decay for contrast agent outflow (W-out)
(min�1); and the time-to-peak enhancement after contrast agent
injection (TTP) (minutes). Pseudocolor images and the time-
concentration curve were obtained for each semiquantitative
parameter. The RESOLVE-DWI sequence (b=800), EPI-DWI
sequence (b=800) and their respective ADC images were opened
as read-only files, and the ADC values for the RESOLVE-DWI
sequence (ADCr) and EPI-DWI sequence (ADCe) were measured
in the same region of the lesion. To avoid measurement error, the
ROI was selected so as to avoid blood vessels, regions of
calcification, fatty tissue, cavities and necrotic tissue. Each lesion
parameter was measured 3 times with the region in which the
measurement was made kept as consistent as possible, and the
averaged value was taken as the final measurement.

2.4. Gold standard

The cases were divided into 2 groups (benign group or malignant
group) based on the pathologic results, which were considered as
the gold standard.

2.5. Statistical analysis

SPSS 17.0 software (IBM, Armonk, NY) was used for data
analysis. The data for each parameter were subjected to tests of
3

normality and homogeneity of variance. Quantitative data are
presented as means± standard deviations (SDs) and categorical
data are presented as frequencies and percentages. For
parameters that were normally distributed and had homogeneity
of variance, the independent-samples t-test was used for
comparisons between groups. For parameters that were non-
normally distributed or showed heterogeneity of variance, a
nonparametric test for 2 independent samples (rank sum test) was
applied. The difference between ADCr and ADCe was normally
distributed, so a paired-sample t-test was used for comparisons
between the 2 groups. Receiver operating characteristic (ROC)
curve analysis was used to evaluate the diagnostic utility of
each parameter for the detection of malignant breast lesions. The
area under the curve (AUC), diagnostic threshold, sensitivity,
specificity, and diagnostic accuracy of each parameter were
calculated according to the maximum Youden index (Youden
index= sensitivity+specificity � 1). The diagnostic efficiency of
combining quantitative DCE-MRI parameters with the ADC
value was also investigated. A P-value< .05 was considered to
indicate statistical significance.

3. Results

3.1. Baseline clinical characteristics of the study
participants

A total of 89 lesions (2 cases with double lesions) from 87 patients
(all females) satisfied the inclusion and exclusion criteria. The
benign group (age range, 36–69 years; median age, 46 years)
consisted of 20 patients with 21 lesions, including fibroadenoma
(n=7), intraductal papilloma (n=5), mammary dysplasia (n=3),
adenosis of the breast (n=2), benign phyllodes tumor (n=2),
sclerosing adenosis (n=1), and chronic nonspecific mastitis
(n=1). The malignant group (age range, 25–79 years; median
age, 48 years) comprised 67 patients with 68 lesions, including
invasive ductal carcinoma (n=55), preinvasive carcinoma (n=5),
intraductal carcinoma accompanied by microinvasion (n=4),
medullary carcinoma (n=2), malignant grade II phyllodes tumor
(n=1), and mucinous carcinoma (n=1). One lesion from each of
the benign and malignant groups was excluded from further
analysis due to parameter deviation; therefore, a total of 87 cases
with 87 lesions (20 in the benign group, 67 in the malignant
group) were included in the final analysis. There were no
significant differences between the malignant and benign groups
in patient age, weight, or family history of breast cancer (Table 1).

3.2. Image quality assessment

No obvious motion artifacts were observed in any of the images
from the 87 patients. The lesions could be clearly observed in

http://www.md-journal.com
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Figure 1. Representative MR images from a patient with infiltrating ductal carcinoma (grade III). (A) TWIST-DCE image. (B–G) pseudocolor images for Ktrans (B), Kep

(C), Ve (D), W-in (E), W-out (F), and TTP (G). Red represents high values, yellow intermediate values, and blue low values. The values for Ktrans, Kep, Ve, W-in, W-out,
and TTP were 0.50 min�1, 0.99 min�1, 0.45, 0.86 min�1,�0.05 min�1, and 0.43minutes, respectively. (H) Concentration–time curve for the ROI. (I) ADC image for
RESOLVE-DWI. (J) ADC image for conventional EPI-DWI. ADC= apparent diffusion coefficient, DCE=dynamic contrast-enhanced, EPI=echo-planar imaging,
Kep= transport rate describing the return of the contrast agent from the extravascular–extracellular space to the blood plasma, Ktrans= rate of contrast
agent transport from the blood plasma to the extravascular–extracellular space, MR=magnetic resonance, RESOLVE-DWI= readout segmentation of long variable
echo-trains diffusion-weighted magnetic resonance imaging, ROI= region of interest, TTP= time-to-peak enhancement after contrast agent injection, TWIST=
time-resolved angiography with interleaved stochastic trajectories, Ve= fractional volume of the extravascular–extracellular space in the tissue, W-in= rate of
contrast enhancement for contrast agent inflow, W-out= rate of contrast decay for contrast agent outflow.
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DCE-MRI or DWI sequences. TWIST DCE-MRI yielded images
with a higher signal-to-noise ratio that clearly delineated the lesion
margins and revealed the characteristics of the lesion’s internal
structure. The RESOLVE-DWI sequence and its ADC image were
superior to the EPI-DWI sequence and its ADC image at showing
the morphology of the lesion and its boundary (Fig. 1).

3.3. Analysis of quantitative and semiquantitative
parameters

The mean values of the quantitative parameters Ktrans and Kep

were significantly higher in the malignant group than in the
Table 2

Comparison of parameters and apparent diffusion coefficient values

Parameter Malignant group (n=67)

Ktrans (min�1), mean±SD 0.154±0.015
95% confidence interval 0.124–0.184
Kep (min

�1), mean±SD 0.947±0.089
95% confidence interval 0.770–1.124
Ve, mean±SD 0.187±0.016
95% confidence interval 0.155–0.219
W-in (min�1), mean±SD 0.638±0.0364
95% confidence interval 0.560–0.707
W-out (min�1), mean±SD �0.023±0.012
95% confidence interval �0.048–0.001
TTP minutes, mean±SD 0.639±0.034
95% confidence interval 0.572–0.706
ADCr (�10�3 mm2/s), mean±SD 0.776±0.016
95% confidence interval 0.743–0.809
ADCe (�10�3 mm2/s), mean±SD 0.838±0.019
95% confidence interval 0.800–0.876

ADCe=apparent diffusion coefficient for EPI-DWI (echo-planar imaging- diffusion-weighted magnetic
segmentation of long variable echo-trains diffusion-weighted magnetic resonance imaging) sequence, Kep=
the blood plasma, Ktrans= rate of contrast agent transport from the blood plasma to the extravascular–extrac
Ve= fractional volume of the extravascular–extracellular space in the tissue, W-in= rate of contrast enh

4

benign group (K : 0.154±0.015 vs 0.091±0.014min ,
P= .036;Kep: 0.947±0.089 vs 0.441±0.065min�1, P= .001),
whereas Ve was not significantly different between groups
(Table 2). With regard to the semiquantitative parameters, the
mean value of W-in was significantly higher in the malignant
group than in the benign group (0.638±0.0364 vs 0.379±0.074
min�1, P= .002) while themean values ofW-out (�0.023±0.012
vs 0.022±0.006min�1, P< .001) and TTP (0.639±0.034 vs
1.276±0.165minutes, P< .001) were significantly lower in the
malignant group than in the benign group (Table 2).
Both the RESOLVE-DWI (b=800) and EPI-DWI (b=800)

sequences exhibited a higher or slightly higher signal in the
between the malignant and benign groups.

Benign group (n=20) P value

0.091±0.014 .036
0.062–0.121
0.441±0.065 .001
0.300–0.581
0.246±0.052 .183
0.134–0357
0.379±0.074 .002
0.218–0.540
0.022±0.006 <.001
0.009–0.035
1.276±0.165
0.921–1.632 <.001
1.226±0.075
1.063–1.390 <.001
1.375±0.110
1.137–1.613 <.001

resonance imaging) sequence, ADCr= apparent diffusion coefficient for RESOLVE-DWI (readout
transport rate describing the return of the contrast agent from the extravascular–extracellular space to
ellular space, SD= standard deviation, TTP= time to peak enhancement after contrast agent injection,
ancement for contrast agent inflow, W-out= rate of contrast decay for contrast agent outflow.
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Figure 2. ROC curves for each parameter. (A) ROC curves for the quantitative parameters Ktrans, Kep, and Ve. (B) ROC curves for the semiquantitative parameters
W-in, W-out, and TTP. (C) ROC curves for ADCr and ADCe. ADCe=apparent diffusion coefficient for EPI-DWI (echo-planar imaging-diffusion-weighted magnetic
resonance imaging) sequence, ADCr=apparent diffusion coefficient for RESOLVE-DWI (readout segmentation of long variable echo-trains diffusion-weighted
magnetic resonance imaging) sequence, Kep= transport rate describing the return of the contrast agent from the extravascular–extracellular space to the blood
plasma, Ktrans= rate of contrast agent transport from the blood plasma to the extravascular–extracellular space, ROC= receiver operating characteristic, TTP=
time-to-peak enhancement after contrast agent injection, Ve= fractional volume of the extravascular–extracellular space in the tissue, W-in= rate of contrast
enhancement for contrast agent inflow, W-out= rate of contrast decay for contrast agent outflow.
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malignant group than in the benign group. The mean values of
ADCr and ADCe were significantly lower in the malignant group
than in the benign group (ADCr: 0.776±0.016 vs 1.226±
0.075�10�3mm2/s, P< .001; ADCe: 0.838±0.019 vs 1.375±
0.110�10�3mm2/s, P< .001; Table 2). In addition, the mean
value of ADCr in all patients (0.883±0.033�10�3mm2/s)
was significantly lower than that of ADCe (0.957±0.038�
10�3mm2/s; P< .001).
3.4. Diagnostic utility of each parameter for distinguishing
malignant from benign breast lesions

The ROC curves for each parameter are shown in Figure 2. The
optimal critical threshold and the corresponding sensitivity and
specificity values for each parameter were obtained through
determination of the maximum Youden index (Fig. 2, Table 3).
Table 3

Diagnostic efficiency, sensitivity, specificity and accuracy of the var
lesions.

Parameter AUC Maximum Youden index Optimal th

Ktrans 0.679 0.286 0.07
Kep 0.890 0.796 0.58
Ve 0.613 0.327 0.17
W-in 0.751 0.491 0.44
W-out 0.922 0.746 0.00
TTP 0.855 0.655 1.04
ADCr 0.943 0.825 0.92
ADCe 0.924 0.725 0.99
Combined index 0.965 0.860 2

Note: Kep, W-out, and ADCr were used for the combined diagnostic index. ADCe= apparent diffusion coef
ADCr= apparent diffusion coefficient for RESOLVE-DWI (readout segmentation of long variable echo-trains d
the contrast agent from the extravascular–extracellular space to the blood plasma, Ktrans= rate of contrast a
TTP= time-to-peak enhancement after contrast agent injection, Ve= fractional volume of the extravascu
W-out= rate of contrast decay for contrast agent outflow.

5

The AUC was higher for Kep (0.890) than for K (0.679) or
Ve (0.613), suggesting that Kep had the highest diagnostic
efficiency among the quantitative parameters (Table 3). The
optimal threshold value for Kep was 0.580 min�1, and this
resulted in sensitivity, specificity and accuracy values of 89.6%,
90.0% and 89.6%, respectively. The AUC of W-out (0.922)
was higher than that of W-in (0.751) or TTP (0.855),
indicating that W-out had the highest diagnostic efficiency
among the semiquantitative parameters (Table 3). With 0.005
as the optimal threshold value, the sensitivity, specificity, and
accuracy of W-out were 89.6%, 85.0%, and 88.5%, respec-
tively. The AUCs of ADCr (0.943) and ADCe (0.924) were both
high, suggesting high diagnostic efficiency (Table 3). Using
0.929�10�3mm2/s as the optimal threshold, the sensitivity,
specificity, and accuracy of ADCr were 92.5%, 90.0%, and
91.9%, respectively.
ious parameters for distinguishing malignant from benign breast

reshold Sensitivity (%) Specificity (%) Accuracy (%)

5 83.6 45.0 74.7
0 89.6 90.0 89.6
5 62.7 70.0 64.4
5 79.1 70.0 77.0
5 89.6 85.0 88.5
5 95.5 70.0 89.6
9 92.5 90.0 91.9
4 92.5 80.0 89.7

91.0 95.0 91.9

ficient for EPI-DWI (echo-planar imaging- diffusion-weighted magnetic resonance imaging) sequence,
iffusion-weighted magnetic resonance imaging) sequence, Kep= transport rate describing the return of
gent transport from the blood plasma to the extravascular–extracellular space, SD= standard deviation,
lar–extracellular space in the tissue, W-in= rate of contrast enhancement for contrast agent inflow,

http://www.md-journal.com
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3.5. Diagnostic utility of a combined diagnostic index for
distinguishing malignant from benign breast lesions

The quantitative parameter Kep and the semiquantitative
parameters W-out and ADCr were selected for the combined
diagnostic index, since these showed the highest diagnostic
efficiency among their respective parameter groups. The
combined index was calculated as follows: 1 point was assigned
for each of Kep ≥ 0.580 min�1, W-out � 0.005, and ADCr �
0.929�10�3mm2/s; a score of ≥2 points (i.e., at least 2 of these
criteria were met) was taken to indicate a malignant lesion.
The sensitivity, specificity, and accuracy of this combined index
were 91.0%, 95.0%, and 91.9%, respectively (Fig. 2, Table 3).
Furthermore, the AUC of the combined index was 0.965, higher
than that of any individual parameter.
4. Discussion

In this retrospective study, we have compared the utilities of
several quantitative (Ktrans, Kep, Ve) and semiquantitative (W-in,
W-out, TTP, ADCr, and ADCe) parameters for distinguishing
between benign and malignant breast lesions. We found that Kep,
W-out, ADCr, and ADCe showed the highest diagnostic
efficiency (based on AUC value) for differentiating between
benign and malignant breast lesions. Furthermore, the combina-
tion of 3 diagnostic parameters (Kep, W-out, and ADCr) had a
diagnostic efficiency (AUC value of 0.965) greater than that of
any individual parameter and could distinguish between benign
and malignant breast lesions with high sensitivity, specificity,
and accuracy (91.0%, 95.0%, and 91.9%, respectively). This
combined index could potentially be used in the clinic for the
differential diagnosis of breast lesions.
The occurrence, development, and outcome of tumors is

closely related to angiogenesis.[12] During the development of
breast cancer, the secretion of a variety of vasoactive substances
leads to increases in tumor microvessel density and alterations in
the volume and flow of blood in the tumor microcirculation.
Structural disorders in the newly formed blood vessels,
immaturity of the vascular endothelial cells, and basement
membrane and increased vascular permeability all contribute to
an imbalance in the microcirculation of a breast cancer
lesion.[24,25] DCE-MRI measures the characteristics of the
microvascular perfusion of a lesion, and thus can potentially
distinguish between benign and malignant tissues. We found that
the DCE-MRI quantitative parameters, Ktrans and Kep, were
significantly increased inmalignant breast lesions, consistent with
numerous previous studies.[19,26–29] We speculate that the
enhancement of malignant tumors with contrast agent is
increased (relative to that of benign tumors) due to the presence
of a high density of new vessels with structural disorders that
have an elevated permeability. In our study, the diagnostic
efficacy of Kep was higher than that of Ktrans, with the former
having a high sensitivity and specificity and the latter a high
sensitivity but low specificity. The lower specificity for Ktrans

could arise due to the fact that this parameter is influenced by
changes in the blood flow of the supplying blood vessel,
the transmembrane velocity of the contrast agent and the
diffusion rate in the intercellular space. Thus, Kep may be a more
stable parameter than Ktrans, as shown in a previous study.[30]

However, the range of Ktrans and Kep values obtained for benign
and malignant lesions in our study was different from values
reported previously.[19,26–29,31] One possible reason for this
apparent discrepancy is that the various studies used different
6

mathematical models, which would have resulted in different
values for the hemodynamic parameters.[32] In addition, the
scanning sequences and doses of contrast agent used during
scanning also differed between studies and thus may have con-
tributed to variations in the calculated values of the parameters.
Despite differences in the absolute values of the parameters, a
consistent finding in our study and these previous investiga-
tions[19,26–29] was that theKtrans andKep values were significantly
higher for malignant breast lesions than for benign lesions.
Although this study found thatVewas numerically lower in the

malignant group than in the benign group, this difference was not
significant as suggested in previous studies.[28,31] In contrast, Dou
et al[28] showed that Ve was reduced successively from malignant
lesions to benign lesions to normal tissue, whereas we observed
that Ve was lower in the malignant group than in the benign
group. Another study also observed that the Ve value was
unstable,[33] and it was suggested that Ve may be affected by
edema around the lesion or gradual changes in the relative
proportions of extravascular volume and extracellular volume
in the tissue during the development of the lesion. Variations in
the results between studies may also be due to differences in the
input artery;[34,35] however, the specific reasons for the apparent
discrepancies between investigations require further research.
Comparisons of semiquantitative parameters (W-in, W-out,

and TTP) between malignant and benign lesions revealed that
malignant lesions exhibited faster inflow and outflow of contrast
agent with a shorter time to achieve the peak contrast agent
concentration. These differences between malignant and benign
lesions may arise from increased vascular permeability and
enhanced delivery/exchange of contrast agent in malignant
lesions,[28] in turn due to a high density of newly formed blood
vessels, disorganized vascular structure, increased vessel diameter
induced by arteriovenous fistula formation, abnormal endothelial
integrity, a thin vascular wall and reduced quantities of basement
membrane.
DWI observes the Brownian motion of water molecules in vivo

and provides information regarding the functional changes in
water molecule movement in human tissues from a molecular
angle. In malignant tumors, vigorous cell proliferation, a high cell
density and a reduction in the extracellular space limit the activity
of water molecules and decrease the ADC value. This study
showed that the ADCe and ADCr values were significantly lower
in malignant breast lesions than in benign lesions and that both
these parameters had high diagnostic efficiency for distinguishing
malignant lesions from benign lesions. RESOLVE-DWI was
superior to conventional EPI-DWI at illustrating lesion morphol-
ogy and identifying the boundary of the lesion, with no obvious
image deformities or artifacts seen, suggesting that RESOLVE-
DWI may have advantages over EPI-DWI in the differential
diagnosis of breast lesions. The mean ADCr value in all patients
was significantly lower than the ADCe value, in contrast to a
previous study reporting that although the ADC value was
numerically lower for RESOLVE-DWI than for conventional
DWI, this apparent difference was not significant.[36] Further
investigations with larger sample sizes are needed to resolve this
apparent inconsistency between studies.
There were several limitations to this study. First, the

parameters were compared only between benign and malignant
lesions; measurements of the parameters in a normal control
group (i.e., normal breast tissue) were not undertaken, and
comparisons between different grades of malignant lesion were
also not made. This limits the interpretation of the results.
Second, the number of benign cases included in the analysis was



[16] Wu LM, Hu JN, Gu HY, et al. Can diffusion-weighted MR imaging and
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small, which may have influenced the statistical results. Third,
our study did not analyze whether the ROI size had an impact on
parameter measurement. Fourth, our analysis was retrospective
and so may have been prone to selection bias, recall bias, and
confounding. Prospective studies are needed to confirm and
extend our observations.
TWISTDCE-MRI had high temporal and spatial resolution and

could reflect the morphologic and hemodynamic features of breast
lesions. Lesion shape and boundary were more clearly observed
using RESOLVE-DWI than conventional EPI-DWI. Of the
quantitative and semiquantitative parameters assessed, Kep, W-
out, ADCr, andADCe showed the highest diagnostic efficiency for
differentiating between benign and malignant breast lesions.
Furthermore, the combination of 3 diagnostic parameters (Kep,
W-out, and ADCr) distinguished between benign and malignant
breast lesions with high sensitivity, specificity, and accuracy.
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