Eur Radiol (2018) 28:982-991
DOI 10.1007/s00330-017-5050-2

@ CrossMark

BREAST

Discrimination between benign and malignant breast lesions using
volumetric quantitative dynamic contrast-enhanced MR imaging

Ziliang Cheng'? « Zhuo Wu'? « Guangzi Shi' - Zhilong Yi' - Mingwei Xie' -

Weike Zeng' - Chao Song' - Chushan Zheng' - Jun Shen '

Received: 19 June 2017 /Revised: 14 August 2017 /Accepted: 22 August 2017 /Published online: 19 September 2017

© European Society of Radiology 2017

Abstract

Objective To determine the diagnostic performance of volu-
metric quantitative dynamic contrast-enhanced MRI (qDCE-
MRYI) in differentiation between malignant and benign breast
lesions.

Methods DCE-MRI was performed in 124 patients with 136
breast lesions. Quantitative pharmacokinetic parameters
Krrans, Kep, Ve, V,, and semi-quantitative parameters TTP,
MaxCon, MaxSlope, AUC were obtained by using a two-
compartment extended Tofts model and three-dimensional
volume of interest. Morphologic features (lesion size, margin,
internal enhancement pattern) and time-signal intensity curve
(TIC) type were also assessed. Logistic regression analysis
was used to determine predictors of malignancy, followed by
receiver operating characteristics (ROC) analysis to evaluate
the diagnostic performance.

Results qDCE parameters (K", K.,, V,, TTP,
MaxCon, MaxSlope and AUC), morphological parame-
ters and TIC type were significantly different between
malignant and benign lesions (P<0.001). Multivariate

logistic regression analyses showed that K", K.,
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MaxSlope, size, margin and TIC type were independent

predictors of malignancy. The diagnostic accuracy of

logistic models based on qDCE parameters alone, mor-

phological features plus TIC type, and all parameters

combined was 94.9%, 89.0%, and 95.6% respectively.

Conclusion qDCE-MRI can be used to improve diagnostic

differentiation between benign and malignant breast lesions

in relation to morphology and kinetic analysis.

Key Points

* gDCE-MRI parameters are useful for discriminating be-
tween malignant and benign breast lesions.

« K™ K,,and MaxSlope were independent predictors of
breast malignancy.

* ¢DCE-MRI has a better diagnostic ability than morphology
and kinetic analysis.

* ¢DCE-MRI can be used to improve the diagnostic accuracy
of breast malignancy.

Keywords Breast - Neoplasms - Magnetic resonance
imaging - Dynamic contrast-enhanced MRI - Diagnosis

Abbreviations
qDCE-MRI quantitative dynamic contrast-enhanced
magnetic resonance imaging

K volume transfer constant

Kep reverse reflux rate constant

EES extravascular extracellular space
\'A volume fraction of EES

vV, volume fraction of plasma

TTP time to peak

MaxCon maximum concentration
MaxSlope  maximum slope

AUC area under curve

ROC receiver operating characteristic
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AUROC area under receiver operating
characteristic curve

PPV positive predictive value

NPV negative predictive value

TIC time-signal intensity curve

3D-VOI three-dimensional volume
of interest

TIW-VIBE Tl-weighted volume interpolated
body examination

ROI region of interest

ICC intra-class correlation coefficient

OR odds ratio

CI confidence interval

Introduction

Breast cancer is one of the most common malignancies and
the second leading cause of cancer death among women [1].
MR imaging (MRI) is not only helpful in screening but also in
defining the primary tumour. It is also better than other
methods in assessing the response to chemotherapy treatment
[2]. The main advantage of MRI over mammography or ul-
trasonography is its higher sensitivity [3, 4]. It can detect can-
cers missed by mammography or ultrasound in women who
have dense breasts and can influence the surgical staging of
breast cancer by enabling identification of multifocal and
multicentric cancers in the ipsilateral and/or contralateral
breast [5]. Conventional breast MRI includes morphological
assessment, enhancement and time signal intensity curve
(TIC) analysis [6—9]. Quantitative dynamic contrast-
enhanced MRI (QDCE-MRYI) is promising, because it can pro-
vide multiple pharmacokinetic parameters including semi-
quantitative parameters (model-free parameters) and quantita-
tive parameters (model-based parameters derived from phar-
macokinetic model calculation), which can fundamentally de-
scribe the tumour vascularity and permeability. Previously,
qDCE-MRI has been shown to improve the diagnostic speci-
ficity of MRI in many cancers [10—13]. Compared with semi-
quantitative parameters, quantitative parameters are less af-
fected by a wide variability in MRI scanners, scanning se-
quence, temporal resolution, injection of contrast media, and
image post-processing calculation [14—16]. To ensure the re-
peatability and reproducibility of the parameter calculation,
three fundamental entities are required for qDCE-MRI: (1)
Pre-contrast T1 mapping to convert signal intensity into con-
trast agent concentration, (2) measurements based on both
arterial input function and regions of interest tissue, and (3)
a suitable pharmacokinetic model to analyse such data [17].
Nonetheless, the use of qDCE-MRI in differentiation between
benign and malignant breast lesions has not been well evalu-
ated. Previous studies on qDCE-MRI in breast cancer differed
widely in terms of temporal resolution and sampling duration

of data acquisition, and pharmacokinetic models used for cal-
culation, and had a limited number of included patients
[18-20].

In this study, we aimed to find if and which pharmacoki-
netic parameters derived from DCE data using a two-
compartment extended Tofts model and three-dimensional
volume of interest (3D-VOI) would be suitable for the differ-
entiation between malignant and benign breast lesions.
Furthermore, we assessed the specificity of the found
parameters.

Materials and Methods
Patients

Between April 2016 and July 2016, 180 consecutive patients
who were suspected to have solid breast tumour on mammog-
raphy and ultrasound examination were enrolled. The study
was approved by the institutional review board of Sun Yat-Sen
Memorial Hospital of Sun Yat-Sen University. Written in-
formed consent was obtained from all patients. All patients
underwent biopsy before MRI examination. All patients with
histopathologically proven malignant lesions underwent sur-
gery as well as the patients with high-risk lesions including
papilloma, radial scars and benign phyllodes tumour. Patients
were excluded if they underwent neoadjuvant chemotherapy,
or if have had a recent surgical procedure in the breast before
the MRI examination. Three patients with obvious motion
artefacts on MRI were also excluded. Finally, 124 female pa-
tients, aged from 25-74 years with a mean of 47.6+11.9 years,
were included in this study.

MRI

DCE-MRI was performed on a 1.5 T unit (Magnetom Avanto;
Siemens Medical Solutions, Erlangen, Germany). The body
coil was used as the transmitter, and an 8-channel phased-
array breast coil (Siemens Medical Solutions, Erlangen,
Germany) was used as the receiver. For all pre-menopausal
women, the examination was performed between the seventh
and 14th day of the menstrual cycle to reduce hormonal var-
iations and minimize the enhancement on the fibroglandular
tissue. The patients were placed in the prone position with
their breasts placed in a holder to reduce motion. The acqui-
sition sequences included T1- and T2-weighted imaging, and
DCE imaging. After axial and sagittal T2-weighted imaging
using inversion recovery for fat-suppression (repetition time/
echo time [TR/TE], 3920/68 ms; inversion time, 170 ms; flip
angle, 150°; field of view [FOV], 350350 mm2; voxel size,
0.5%0.5%5.0 mm°>;section thickness/gap, 5.00/0 mm) and
Dixon T1-weighted imaging (TR/TE, 6.86/2.39 ms; flip an-
gle, 15°; FOV, 360x360 mm?; voxel size, 0.9x0.9x2.0 mm?,
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section thickness, 2.00 mm and overlapping gap, 0.1 mm)
were obtained, axial DCE imaging was acquired by using a
3D T1-weighted volume interpolated body examination
(T1W-VIBE) sequence (TR/TE, 4.87/2.4 ms; flip angle, 10°;
FOV, 380x380 mm?; voxel size, 0.5x0.5%3.0 mm®; slice
thickness, 3.00 mm and overlapping gap, 1.5 mm). The
DCE acquisition consisted of 40 measurements with a tempo-
ral resolution of 8 sec. After the initial two dynamic measure-
ments, Gd-DTPA-BMA (Omniscan, GE Healthcare, Ireland)
at the dosage of 0.1 mmol/kg was administered by intravenous
bolus injection using an MR-compatible power injector
(Spectris, Medrad, Pittsburgh, PA) at a flow rate of 3.5ml/
sec, followed by a 20 ml saline flush. Before DCE acquisition,
multiple flip angle images (2°, 4°, 6°, 8°, 10° and 12°) were
obtained for the calculation of T1 maps using the same se-
quence and parameters except for the flip angle.

Image analysis

The morphology (size, margin and internal enhancement pat-
tern) and time-signal intensity curve (TIC) of the lesions were
assessed in isolation, and in a blinded manner by one radiol-
ogist (J.S. with 5 years of experience with DCE-MRI). The
size was measured in the greatest diameter in either transverse
or sagittal planes. The margin was categorised as smooth,
irregular, or spiculated; and the internal enhancement pattern
was categorised as homogeneous, heterogeneous or rim [19].
The TIC types were categorised as persistent enhancing (type
I), plateau (type II) or washout (type III) according to the
previously reported method [19].

DCE-MRI data were transferred to an off-line workstation
and analysed by using a specialized quantitative analysis soft-
ware (Omni Kinetics, GE Healthcare). Before parameter cal-
culation, a nonlinear registration framework utilising the Free
Form Deformation algorithm was used to correct misalign-
ment caused by body motion between consecutive DCE
scans, and the signal intensity was converted into gadolinium
concentration using the variable flip angle method [17, 21].
Patient-specific arterial input function was drawn on the tho-
racic aorta. A two-compartment extended Tofts model was
used to obtain quantitative parameters. To obtain perfusion
parameters in a 3D-VOI, regions of interest (ROIs) were man-
ually drawn on each slice to cover the whole lesion. DCE-
MRI data were analysed by two radiologists (Z.W., and Z.C.
with 5 years and 3 years of experience with breast MRI), who
were blinded for histology. Necrotic or cystic areas of the
lesions, if presented, were excluded from the evaluation.
Quantitative parameters including K™ (volume transfer con-
stant), K, (reverse reflux rate constant), V, (volume fraction
of extravascular extracellular space), and V,, (volume fraction
of plasma), and semi-quantitative parameters including TTP
(time to peak), MaxCon (maximum concentration), MaxSlope
(maximal slope) and AUC (area under curve), were
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calculated. The detailed calculation of the extended Tofts
model has been reported previously [22-24].

Statistical analysis

The agreement of the evaluation of qDCE-MRI parameters
between the two readers was calculated using the intra-class
correlation coefficient (ICC). An ICC value >0.75 represents
well to excellent agreement, and a value between 0.4 and 0.75
represents fair to moderate agreement. Data from the two
readers were averaged for analysis. The normality of distribu-
tion of gDCE-MRI parameters was determined by using the
Shapiro-Wilk test. All numerical data were presented as mean
+ standard deviation. The Mann-Whitney U test and x~ test
were respectively used to compare the numerical and categor-
ical variables between benign and malignant lesions.
Univariate binary logistic regression analysis was used to de-
termine if a single parameter was able to differentiate between
malignant and benign lesions. Receiver operating characteris-
tics (ROC) analysis was used to evaluate the diagnostic ability
of the parameters. The area under the ROC curve (AUROC),
sensitivity, specificity, positive predictive value (PPV), nega-
tive predictive value (NPV) and accuracy were calculated for
each parameter and the optimal threshold was determined by
the Youden index. Those variables with p value less than 0.05,
as determined by the univariate binary logistic regression
analysis or by x” test, were chosen for multivariate binary
logistic regression analysis to determine the parameters that
can best predict the diagnosis of malignancy. A collinearity
diagnosis was made on the logistic regression model to test the
independence of predictors. If there was multicollinearity, a
least absolute shrinkage and selection operator (LASSO)
model was used to select the potential predictors to be used
by shrinking the coefficients toward zero through setting a
constraint on the sum of the absolute standardized coefti-
cients. Then, multivariate binary logistic regression analyses
were performed to generate the coefficients of all independent
predictors from LASSO selection. Odds ratios (OR) as esti-
mates of relative risk with 95% confidence intervals (CI) were
obtained for each independent predictor. For multivariate lo-
gistic regression, three models were developed: model 1 in
which gDCE parameters were chosen as the independent risk
factors; model 2 in which morphological parameters and TIC
type were chosen as the independent risk factors; model 3 in
which qDCE parameters, morphological parameters and TIC
type were chosen as the independent risk factors. The diag-
nostic performance of three models was evaluated by ROC
analysis and their AUROCs were compared by using the
Hanley and McNeill test. The sensitivity, specificity, PPV,
NPV and accuracy were calculated for each model. A two-
sided p value of less than 0.05 was considered to indicate a
significant difference. All statistical tests were performed by
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using R3.1.1 (www.r-project.org) and SPSS (version 21.0;
SPSS, Chicago, Ill, USA).

Results
Study population

There was a total of 136 lesions in the 124 patients, including
105 malignant lesions and 31 benign lesions. 83 of 105 ma-
lignant lesions were diagnosed as infiltrating ductal carcino-
mas (IDC), eight were diagnosed as ductal carcinomas in situ
(DCIS), four were diagnosed as infiltrating lobular carcino-
mas (ILC), six were diagnosed as papillary carcinomas, one
was diagnosed as carcinosarcoma, one was diagnosed as ade-
noid cystic carcinoma (ACC), and two were diagnosed as
mucinous carcinomas. Twenty-one of 31 benign lesions were
diagnosed as fibroadenomas (FA), three were diagnosed as
papillomas, five were diagnosed as radial scars, and two were
diagnosed as benign phyllodes tumours.

Morphology and TIC

The averages of lesion size, margin, internal enhancement
pattern and TIC, and the comparison between malignant and
benign lesions are shown in Table 1. The malignant lesions
had a greater size than the benign lesions. Smooth margin,
homogeneous enhancement and type I TIC were more often
found in the benign lesions (Fig. 1A), while irregular or
spiculated margin, heterogeneous or rim enhancement, and
type I or III TICs were predominant features of the malignant
lesions (Fig. 2A). ROCs of each parameter are shown in Fig.
3A. The diagnostic performance of these parameters for dis-
crimination between malignant and benign breast lesions is
shown in Table 2. TIC type had the highest accuracy of
0.890 for the diagnosis of malignancy.

qDCE-MRI parameters

The ICC of qDCE parameters between the two readers was
0.862 for K™ (95% CI: 0.809-0.900), 0.836 for K¢, (95%
CI: 0.778-0.880), 0.901 for V, (95% CI: 0.864-0.929), 0.988
for V,, (95% CI: 0.983-0.991), 0.897 for TTP (95% CI: 0.858-
0.925), 0.707 for MaxCon (95% CI: 0.590-0.791), 0.782 for
MaxSlope (95% CI: 0.705-0.840), and 0.730 for AUC (95%
CI: 0.631-0.805). Therefore, the agreement between the two
readers in the evaluation of the gDCE parameters was good.
The averages of the DCE parameters and their compari-
son between malignant and benign lesions are shown in
Table 1. The mean K™, Keps Vp, MaxCon, MaxSlope and
AUC values were significantly higher in malignant lesions
than those in benign lesions (»p<0.001). The mean TTP in
malignant lesions was significantly lower than that in benign

Table 1  Morphological parameters, TIC types and DCE-MRI param-
eters for malignant and benign breast lesions (7 = 136)
Parameters Benign (n=31) Malignant (n=105)  p value
Size (mm) * 14.9£9.9 27.5¢13.8 <0.001*
(range 4-42) (range 6-84) .

Margin <0.001

Smooth” 14 (45.2%) 7 (6.7%)

Irregular® 17 (54.8%) 65 (61.9%)

Spiculated® 0 (0) 33 (31.4%)
Enhancement <0.001"

Homogeneousb 13 (41.9%) 11 (10.5%)

Heterogeneousb 17 (54.8%) 75 (71.4%)

Rim® 1 (3.2%) 19 (18.1%)
TIC type <0.001"

Type I° 18 (58.1%) 2 (1.9%)

Type II° 12 (38.7%) 55(52.3%)

Type III° 1 (3.2%) 48 (45.7%)
K™ (min")? 0.0336+0.0150 0.1215+0.1093 <0.001*
Kep (min)? 0.2968+0.1521 0.8782+0.4300 <0.001*
A 0.1404+0.0458 0.1372+0.0537 0.726"
v, 0.0030£0.0036  0.0153£0.0127  <0.001"
TTP (min)® 5.4597+0.6422 3.6430+1.0317 <0.001*
MaxCon® 0.1032+0.0280  0.1461+0.0519 0.001*
MaxSlope® 0.1106+0.0520 0.2595+0.0978 <0.001*
AUC* 0.4448+0.1547 0.7138+0.2663 <0.001*

TIC time-signal intensity curve; # Mann-Whitney U test; * x° test. * Data
are mean+SD. ® Data are number of lesions, with percentage in
parentheses

lesions (p<0.001). There was no significant difference in the
V. value between malignant and benign breast lesions
(p=0.726) (Fig. 1B, C and 2B, C). ROCs of each parameter
are shown in Fig. 3B, C. The diagnostic performances of these
parameters are shown in Table 2. K™ had the highest spec-
ificity of 0.935 and highest accuracy of 0.890 for diagnosis of
malignancy.

Multivariate binary logistic regression analysis

K™, K, and MaxSlope were independent predictors for
malignancy in model 1, as determined by univariate analysis,
collinearity diagnosis, LASSO selection and multivariate
analysis. For model 2, the lesion size, margin and TIC were
independent predictors for malignancy. For model 3, the le-
sion size, margin, TIC, K"™" and MaxSlope were independent
predictors for malignancy. The diagnostic performance of the
three models is shown in Table 3. Model 3 had the highest
diagnostic accuracy among the three models. ROCs of the
three models are shown in Fig. 3D. There was a significant
difference in the AUROC between model 2 and model 3
(p=0.006), while no difference was found between model 1

@ Springer
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Fig. 1 Benign breast tumour. (A) A 35-year-old woman has a benign
phyllodes tumour in the right breast, which is seen as a 27-mm mass
(arrows) with hypointense signal on TIWI and hyperintense signal on
fat-suppressed T2WI, with a smooth margin and heterogeneous
enhancement on DCE-MRI (2 min after contrast injection) and a time-
signal intensity curve (TIC) of type I; (B) DCE-MRI parameters are

and model 2 (p>0.05), as determined by the Hanley and
McNeill test.

Discussion

In this study, we used a 3-D-VOI and a two-compartment
extended Tofts model to derive qDCE parameters of breast
lesions. Our results showed that K™, Kep, Vp, MaxCon,
MaxSlope, TTP and AUC of malignant lesions were different
from those of benign lesions. The multivariate binary logistic
regression analysis showed that K™, K., and MaxSlope
were independent predictors of malignancy. The logistic mod-
el including these three parameters combined with lesion size,
margin and TIC had a higher diagnostic accuracy than the

@ Springer

evaluated by a 3-D volume of interest (arrow); (C) Pseudo-colorized
maps show individual parameters derived from DCE-MRI. This tumour
has low MaxCon (0.1253), MaxSlope (0.1573), AUC (0.6175), K"
(0.0192min™"), K¢ (0.1976 min™), V, (0.0976) and V,, (0.0070), but high
TTP (5.6178 min).

logistic model including only lesion size, margin and TIC
for the discrimination of malignant from benign breast lesions.
Therefore, the diagnostic performance was improved when
morphological parameters and TIC were combined with
gDCE parameters.

To date, only a few studies have used 3-D ROI to derive
quantitative and/or semi-quantitative parameters from DCE-
MRI for the differential diagnosis of breast lesions [19, 25].
Using a 3-D ROI, volumetric parameters can be obtained from
the whole tumour. As regards tumour heterogeneity, volumet-
ric parameters would more truly reflect the physiological char-
acteristics of lesions in theory compared with using a two-
dimensional ROI (2-D ROI) [26]. Previously, malignant
breast tumours were found to have higher K"™" than benign
tumours by using 3-D ROIs [19]. This is consistent with our
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Fig. 2 Malignant breast tumour. (A) A 63-year-old woman has an
infiltrating ductal carcinoma in the right breast, which is seen as a 36-
mm mass (arrows) with isointense signal on TIWI and hyperintense
signal on fat-suppressed T2WI, with a spiculated margin and rim
enhancement on DCE-MRI (2 min after contrast injection) and a time-
signal intensity curve (TIC) of type II; (B) DCE-MRI parameters are

study results. However, it was also found that K™" was sig-
nificantly higher in benign breast tumours compared to malig-
nant tumours [25]. This discrepancy might be related to the
different temporal resolution of DCE-MRI. It was reported
that 12 sec or higher temporal resolution is desired to avoid
bias and allow for accurate qDCE-MRI parameters calculation
[28]. The temporal resolution of DCE-MRI in our study was 8
sec, which is higher than that in the above two studies, which
was 15-20 sec [19, 25].

A multitude of semi-quantitative parameters calculated
from the time-signal intensity curve derived from DCE-
MRI were previously investigated to determine the nature
of tumours [6, 9]. Compared with semi-quantitative param-
eters, quantitative parameters have the advantage to be less
sensitive to the MR machine set-up and data acquisition
protocols, which makes inter-patient and inter-system com-
parisons more accurate [27, 28]. Our study showed that

0

evaluated by a 3-D volume of interest (arrow); (C) Pseudo-colorized
maps show individual parameters derived from DCE-MRI. This tumour
has high MaxCon (0.1814), MaxSlope (0.4188), AUC (0.8897), K"
(0.2112 min™), Kgp (1.3795 min™), V, (0.1595) and V,, (0.0283), but low
TTP (2.1685 min)

AUC, MaxCon, TTP and MaxSlope had a higher sensitiv-
ity (81.0%-87.6%), specificity (77.4%-90.3%) and accuracy
(80.1%-86.8%) for the differentiation of malignant from
benign breast lesions than previously reported [6, 29].
However, the diagnostic accuracy of semi-quantitative pa-
rameters was lower than that of quantitative parameters, in
particular, K™ and K, Quantitative parameters can im-
prove diagnostic accuracy and provide an insight into the
underlying biological characteristics of breast lesions [30,
31]. Previous studies showed that K™ and K, could
discriminate between malignant and benign breast lesions
[18-20]. Our results showed that K™, K., combined with
MaxSlope achieved a high diagnostic accuracy of 94.9%,
which was higher than if each individual parameter would
be used. This is reasonable because K™ and MaxSlope
represents a wash-in process of contrast agent in the tumour
and K, represents a wash-out process [19].
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Table 2 ROC analyses of morphological parameters, TIC type and qDCE-MRI parameters significant for discrimination between malignant and benign breast lesions (n=136)
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Accuracy (95% CI)

Specificity (95% CI) PPV (95% CI) NPV (95% CI)

Sensitivity (95% CI)

Cutoff value AUROC (95% CI)

Parameters

0.838(0.7752-0.8994)
0.824(0.7559-0.8881)

0.765(0.5582-0.9676)
0.667(0.4581-0.8473)

0.849(0.7852-0.9120)

0.667 (0.5005- 0.8517)
0.452(0.3551-1.0000)

0.857(0.7333- 0.9547)
0.933(0.2840-0.9800)
0.895(0.2100-0.9460)
0.981(0.4720-1.000)

0.794(0.696-0.893)

9.5

Size(mm)

0.852(0.7866-0.9183)

0.779(0.690-0.867)

Margin

0.787(0.7148-0.8431)
0.890(0.8381-0.9418)

0.419(0.0972-0.6679) 0.839(0.7753-0.9326) 0.542(0.3539-0.6314)

0.581(0.2668-0.7968)
0.935(0.8380-1.000)

0.695(0.587-0.803)
0.861(0.784-0.938)
0.949(0.913- 0.984)

Enhancement
TIC type

0.900(0.7333-1.0000)

0.888(0.8311-0.9445)

0.690(0.5487-0.8300) 0.890(0.8356-0.9441)

0.979(0.9468-1.0000)

0.876(0.7949-0.9637)
0.867(0.7091-1.0000)

0.053

Ktrans (min‘ 1)
Kp (min™)

Vp

0.875(0.8195-0.9309)
0.838(0.7787-0.8963)
0.838(0.7734-0.9014)

0.667(0.5244-0.8057)
0.765(0.5598-0.9808)
0.596(0.4538-0.7313)

0.968(0.9271-1.0000)

0.903(0.7500-1.000)

0.954(0.920-0.987)

0.514

0.921(0.8674-0.9728)
0.966(0.9184-1.0000)
0.924(0.8689-0.9791)

0.742(0.5001-0.8917)

0.895(0.5470-0.9640)
0.819(0.5470-0.9640)
0.810(0.6971-0.9097)

0.871(0.804-0.938)
0.922(0.876-0.968)

0.003

0.903(0.7780-1.0000)

4.787

TTP (min)

0.801(0.7369-0.8643)
0.868(0.8095-0.9236)
0.838(0.7770-0.9002)

0.545(0.4009-0.6947)
0.659(0.5095-0.8033)

0.774(0.6107-0.9198)
0.871(0.7248-0.9542)
0.774(0.6040-0.9194)

0.812(0.719-0.905)

0.110
0.158

0.497

MaxCon

0.958(0.9167-0.9998)
0.928(0.8746-0.9808)

0.876(0.7845-0.9887)
0.857(0.7537-0.9548)

0.932(0.887-0.978)
0.843(0.758-0.928)

MaxSlope
AUC

0.615(0.4691-0.7667)

1,

TIC time-signal intensity curve; AUROC area under the receiver operating characteristic curve; CI confidence interval; PPV positive predictive value; NPV negative predictive value. Margin: smooth:

=3

1, Type 11=2, Type IIL

irregular=2, speculated=3. Enhancement: homogeneous=1, heterogeneous=2, rim=3. TIC type: Type I

K" is determined by microvascular blood flow, vessel
permeability and vessel density [22], while K, represents
vessel permeability. V, was positively correlated with
microvessel density [32]; V. was influenced by cellular den-
sity and tumour interstitium [33] In general, malignant breast
lesions have higher microvascular blood flow, microvessel
density, vessel permeability, cell density, contractible extracel-
lular space and increased interstitial fluid pressure than a be-
nign one. In our study, K™, K, and V,, were higher in
malignant than benign breast lesions. These findings are con-
sistent with previous reports [18, 19]. However, there was no
difference in V, This reason might be assumed by the fact that
cell proliferation in benign tumours may be active in some
period, which would cause high cellular density and contract-
ible tumour intersitium resulting in low V, [34, 35].

Clinically, lesion morphology and kinetic TIC from DCE-
MRI are regularly used to characterise breast lesions. In our
study, the lesion size, margin and TIC were found to be inde-
pendent predictors for malignancy. The diagnostic accuracy of
lesion size, margin and TIC combined together was 89.0%,
which was lower than that of quantitative parameters includ-
ing K™, K, and MaxSlope. Furthermore, the incorporating
of morphology and TIC into qDCE parameters improved the
diagnostic accuracy from 94.9% to 95.6%. Only a marginal
benefit was observed for the incorporation of morphology and
TIC. These results indicate that quantitative parameters are
more important than morphological aspects including regular
kinetic analysis of the lesions.

Notably, an underestimated T1 value from T1 mapping can
cause the final overestimation of K™ [28]. It has been re-
ported that the dual flip angle method of T1 mapping results in
errors in K™ measurements compared to the multiple flip
angle method; therefore, we chose to use a multiple flip angle
to ensure correct derivation of K" value [36]. Moreover, we
found that V, has a high diagnostic performance with a higher
sensitivity and specificity than reported previously [20]. In
that study, however, a much lower temporal resolution of 56
sec was applied to acquire DCE-MRI data, which might have
caused the underestimation of its performance [20]. It has
been suggested to use a temporal resolution up to 8 sec, after
which the errors grow rapidly with the decrease of temporal
resolution [37]. To estimate well the V,,, a temporal resolution
of 4 sec was recommended for the tracer kinetics model,
which is mathematically identical to the Extended Tofts-
Kety model [38]. Whereas, a trade-off should then be reached
between temporal resolution and spatial resolution. In our
study, we used a 3-D fast scanning sequence to ensure appro-
priate spatial resolution and high temporal resolution of 8§ sec.
Such temporal resolution is already higher than that used in
similar studies on breast tumours [19, 20, 39].

There are several limitations in our study. First, our study
population includes several types of malignant and benign
breast lesions. To determine the diagnostic value of qDCE-
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Fig.3 Graph shows the ROC curves of morphological parameters, time-
signal intensity (TIC) type (A), qDCE-MRI semi-quantitative (B) and
quantitative parameters C), and the three models established by

MRI, we simply categorised them as two groups; malignant
versus benign tumours. A previous report suggested that phar-
macokinetic parameters are continuous variables, and cut-off
values that match a binary classification of malignant versus

1.0 —
0.81
2 06!
= '
=
[0}
o
D 04+
024 — Ktrans
— Kep
Ve
vV
0.0 £
0.0 0.2 0.4 0.6 0.8 1.0
B 1-specificity
1.0
0.8
2 o6
= '
=
/2]
©
O o4
0.2 — Model 1
— Model 2
Model 3
0.0 r . . .
0.0 0.2 0.4 0.6 0.8 1.0
D 1-specificity

multivariate logistic regression (D) for differentiation between malignant
and benign breast lesions. The AUROC, sensitivity, specificity, PPV,
NPV and accuracy are listed in Table 3

benign are unlikely [19]. Other reports demonstrated that
pharmacokinetic parameters did not differ in different immu-
nohistochemical subtypes of breast cancer [31, 40, 41]. Future
studies with a larger number and a different subtype of breast

Table 3 ROC analyses of the three models established by logistic multiunivariate binary logistic analysis

Model  AUROC (95% CI)  Sensitivity (95% CI)  Specificity (95% CI) PPV (95% CI) NPV (95% CI) Accuracy (95% CI)
Model I 0.980 (0.961-1.000)  0.962 (0.925-0.999)  0.903 (0.801-0.100)  0.971 (0.918-0.994)  0.875 (0.710-0.965)  0.949 (0.911-0.986)
Model 2 0.943 0.905 0.839 0.950 0.722 0.890

(0.904-0.983) (0.832-0.953) (0.663-0.946) (0.887-0.984) (0.548-0.858) (0.838-0.941)
Model 3 0.995 0.943 0.100 0.100 0.838 0.956

(0.989-1.002) (0.880-0.979)

(0.888-0.100)

(0.963-0.100) (0.680-0.938) (0.923-0.989)

Model 1, gDCE parameters were chosen; Model 2, morphological parameters and kinetic curve type were chosen; Model 3, gDCE parameters,
morphological parameters and kinetic curve type were combined together. AUROC area under the receiver operating characteristic curve; CI confidence

interval; PPV positive predictive value; NPV negative predictive value

@ Springer
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tumours should be warranted to verify the value of qDCE-
MRI in the differential diagnosis of breast lesions. Second,
only mass lesions were investigated. Mass lesions can be eas-
ily defined when a volumetric ROl is applied for evaluation of
qDCE parameters. Future investigations are needed to deter-
mine whether this method could be used on non-mass en-
hancement lesions.

Conclusion

In summary, gDCE-MRI parameters have a good performance in
differentiating malignant from benign breast lesions, in particular,
K™, K, and MaxSlope. The gDCE-MRI parameters com-
bined with morphological parameters and kinetic curve types
could achieve a high diagnostic accuracy. The gDCE-MRI can
be used as an important tool for preoperative differential diagno-
sis between malignant and benign breast lesions.
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