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Abstract
Objectives To assess the diagnostic value and contribution to BI-RADS categorisation of initial enhancement on ultra-fast DCE-
MRI for differentiating malignant and benign breast lesions.
Methods The institutional review board approved this study, and written informed consent was obtained from each participant.
Both ultra-fast DCE-MRI for initial enhancement analysis and conventional MRI were performed on 200 subjects with a total of
215 lesions (147 malignant and 68 benign). BI-RADS categorisation of enhancing lesions was performed using the conventional
MRI. Two initial enhancement measures, time to enhancement (TTE) and maximum slope (MS), were derived from the ultra-fast
DCE-MRI. Diagnostic performance and the additional diagnostic value of adding TTE and MS to BI-RADS were evaluated.
Results Both TTE andMS showed significant differences betweenmalignant and benign breast lesions in masses (TTE, p <.001;
MS, p = .006) and non-mass enhancement (NME) (TTE, p <.001; MS, p <.001). For masses, the AUC of TTE+MS combined
with BI-RADS (0.864) was better than BI-RADS alone (0.823, p = .065). For NME, the AUC of TTE+MS combined with BI-
RADS (0.923) was significantly larger than BI-RADS alone (0.865, p = .036), and diagnostic specificity improved by 40.9% (p =
.005), without a significant decrease in the sensitivity (p = .083).
Conclusion Initial enhancement analysis using ultra-fast DCE-MRI is especially useful for increasing the diagnostic performance
of NME in breast MRI.
Key Points
• Ultra-fast dynamic MRI effectively differentiates benign from malignant breast lesions.
• Ultra-fast dynamic MRI contributes to BI-RADS categorisation in non-mass enhancement.
• Management of non-mass breast lesions becomes more appropriate.
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Abbreviations
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BI-RADS Breast imaging reporting and data system
CI Confidence interval
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FOV Field of view
GRAPPA Generalised autocalibrating partial parallel

acquisition
HER2 Human epidermal growth factor receptor type 2
HR Hormone receptor
IDC Invasive ductal carcinoma
ILC Invasive lobular carcinoma
IQR Interquartile range
MS Maximum slope
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NME Non-mass enhancement
TTE Time to enhancement
T2WI T2-weighted imaging
TWIST Time-resolved angiography with interleaved

stochastic trajectories
VIBE Volume-interpolated breath-hold examination

Introduction

Dynamic contrast-enhanced (DCE)magnetic resonance imag-
ing (MRI) is now well established in clinical practice as hav-
ing high sensitivity for the detection of breast cancer. The
American College of Radiology (ACR) Breast Imaging
Reporting and Data System (BI-RADS) MRI lexicon [1] is
the most widely used guide for describing and categorising
enhancing breast lesions on DCE-MRI.

In the BI-RADS MRI lexicon, the morphology of enhanc-
ing breast lesions is given priority over their kinetic features.
For differentiating benign from malignant breast lesions on
MRI, the effectiveness of initial enhancement analysis using
high-temporal resolution images has been reported [2–5].
However, spatial resolution has to be sacrificed in this ultra-
fast imaging, and this high-temporal resolution approach was
not confirmed to be superior to morphological assessment [3,
4]. Thus, spatial resolution has the first priority in the current
standard for breast DCE-MRI, and the kinetic feature is only
used with very low temporal resolution [1, 6, 7].

Although this approach of BI-RADS MRI succeeded in
standardising the assessment of breast lesions and improved
the diagnostic performance of DCE-MRI, the reported speci-
ficity is variable (30–97%) [8–14]. One of the reasons for this
variability comes from the fact that category 4 in BI-RADS
MRI has a wide range of probabilities of malignancy, extend-
ing from greater than 2% to less than 95% [1], and many
benign breast lesions have to be included in category 4. At
present, the additional indicators of breast MRI for discrimi-
nation between malignant and benign lesions classified as BI-
RADS 4 have not been clarified.

One recently available prototype MRI sequence, time-
resolved angiography with interleaved stochastic trajectories
(TWIST)-volume interpolated breath-hold examination
(VIBE), is known to improve the temporal resolution of
DCE-MRI with preservation of spatial resolution [15–17].
This TWIST-VIBE sequence allows assessment of initial en-
hancement using ultra-high temporal resolution, through
which both the morphological and the initial enhancement
features can be evaluated in a single session.

Thus, the purpose of this study was to assess whether the
measures derived from initial enhancement using TWIST-
VIBE can improve the diagnostic performance of breast
DCE-MRI in combination with BI-RADS, especially in BI-
RADS category 4 lesions.

Materials and methods

Patients and inclusion criteria

The institutional review board approved this study, and writ-
ten informed consent was obtained from each participant. The
breast MRIs prospectively acquired between October 2014
and March 2016 at our institution were retrospectively evalu-
ated. Among 317 consecutive patients who underwent 3-T
breast MRI, 117 were excluded due to: history of neoadjuvant
chemotherapy for breast cancers (n=44); male (n=1); contra-
indication to contrast agent (n=1); non-enhancing lesion on
DCE-MRI (BI-RADS category 1) (n=43); and undetermined
final diagnosis (n=28).

Finally, 200 patients with 215 lesions (147 malignant, 68
benign) were included in the analysis. The ages of patients
with malignant lesions ranged from 35 to 84 (mean, 57) years;
patients with benign lesions tended to be younger, ranging
from 17 to 72 (mean, 44) years. Table 1 summarises the lesion
type on MRI and the histological types of breast lesions. The
diagnoses of 15 of 68 benign lesions were confirmed by clin-
ical and imaging follow-up for at least 1.5 years after the initial
MR examination.

MRI acquisition

All examinations were performed on a 3-T MR system
(MAGNETOM Skyra, Siemens Healthcare GmbH,
Erlangen, Germany)with a 16-channel phased-array dedicated
breast coil. As in conventional DCE-MRI, a three-dimensional
fat-suppressed VIBE was obtained before and two times after
bolus injection of contrast agent (Fig. 1). Both breasts were

Table 1 Lesion types on MRI and histology

Masses
(n = 143)

NME
(n = 59)

Focus
(n = 13)

Malignant 106 (74.1) 37 (62.7) 4 (30.8)

Invasive ductal carcinoma 94 12 3

Ductal carcinoma in situ 3 22 1

Invasive lobular carcinoma 6 3 -

Mucinous carcinoma 3 - -

Benign 37 (25.9) 22 (37.3) 9 (69.2)

Fibroadenoma 18 1 1

Benign phyllodes tumour 1 - -

Intraductal papilloma 4 1 -

Fibrocystic change 5 15 3

Mastitis 1 3 -

Follow up (over 1.5 year) 8 2 5

NME non-mass enhancement

Unless otherwise indicated, data are numbers of lesions, with percentages
in parentheses.
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examined in the transverse plane. The centres of k-space of the
first- and second-contrast phases were acquired at 115 and 320
s after contrast agent injection. Conventional VIBE parameters
were as follows: repetition time ms/echo time ms, 3.3/1.4;
field of view (FOV), 32 cm; matrix, 352 × 352; resolution,
1.0 × 1.0 × 1.0 mm and 144 slices; generalised autocalibrating
partial parallel acquisition (GRAPPA) acceleration factor, 3;
fat suppression, spectral adiabatic inversion recovery; and time
of acquisition, 60 s. Between the first- and second-contrast
phases of conventional VIBEs, the right and left breasts were
examined sagittally using conventional VIBE with high-
spatial resolution (0.7 × 0.7 × 0.8 mm), whichwas started from
the affected side of the breasts.

The prototype TWIST-VIBE protocol was obtained be-
tween the pre-contrast and first-phase conventional VIBEs,
using the transverse orientation covering both entire breasts
(Fig. 1). The following imaging parameters were applied: 5.6/
2.5; FOV, 36 cm; matrix, 269 × 384; resolution, 0.9 × 0.9 × 2.5
mm and 60 slices; GRAPPA, 3; fat suppression, two-point
Dixon; and total scan time, 107 s (total 17 phases). The values
of the TWIST view-sharing parameters A and Bwere selected
as 15% and 10% with forward-sharing strategy, resulting in a
temporal resolution of 5.3 s for each phase except the first
TWIST frame (22 s, full k-space sampling). These values were
selected based on a previous study [16]. A and B represent the
percentage of the central region and of the peripheral portion
of the k-space, respectively.

Gadoterate meglumine (Dotarem, Guerbet, Tokyo, Japan)
was power-injected (Sonic Shot, Nemoto Kyorindo, Tokyo,
Japan) with the beginning of the second phase of TWIST-
VIBE sequences at a dose of 0.1 mmol/kg and a rate of 2
ml/s, followed by a 20-ml saline flush.

Interpretation of conventional MRI

Conventional DCE-MRI and high-spatial resolution sagittal
VIBE ofmalignant and benign breast lesions were randomised

and independently reviewed by two board-certified radiolo-
gists (M.G. and M.K., with 12 and 6 years of breast MRI
experience, respectively) using the BI-RADS MR lexicon
[1]. The findings on palpation, ultrasound and mammography
were available for the raters for review, but they were blinded
to the final pathology.

Morphological evaluation was performed using BI-RADS
MRI descriptors according to the fifth edition [1]. For conven-
tional kinetic analysis, the raters placed regions of interest
(ROIs) on an interactive workstation (Aquarius, TeraRecon,
Foster City, CA, USA) to evaluate the signal change of the
lesion demonstrating the highest visual enhancement.

Thereafter, the raters provided a final BI-RADS assess-
ment. The lesions that did not have any suspicious findings
or findings suggestive malignancy were categorised as BI-
RADS 2 (benign) or 3 (probably benign). In case of a focus,
the presence of wash-out in the kinetic curve analysis was
considered suspicious and would be categorised as BI-
RADS 4 (suspicious). For masses and non-mass enhancement
(NME), an irregular margin and rim enhancement (masses),
clumped or clustered ring internal enhancement and segmen-
tal or linear distribution (NME), and wash-out kinetics (both)
were considered suspicious and were classified as BI-RADS
4. In case of spiculated margin masses or irregular margin
masses with rim enhancement and wash-out kinetics, and seg-
mental or linear distribution NME with internal clumped or
clustered ring enhancement, a BI-RADS 5 (highly suggestive
of malignancy) was assigned [1, 14, 18, 19]. Lesions with
divergent categories were then reassessed to reach a final con-
sensual classification.

Interpretation of ultra-fast DCE-MRI

One rater (M.G.) placed ROIs using TWIST-VIBE data sets
on a non-product TWIST Breast Viewer application (Siemens
Healthcare GmbH) in all lesions. ROIs were placed at the
descending aorta at the level of the main trunk of the

Fig. 1 Schematic timing diagrams of the dynamic contrast-enhanced protocols used in this study. The time arrow at the bottom indicates the time after
the start of the scan protocol, and the upper time arrow indicates the time after the start of contrast agent injection
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pulmonary artery to evaluate the start time of aortic enhance-
ment and the strongest and fastest enhancing parts of the
breast lesions. Two measures of initial enhancement were cal-
culated: the time to enhancement (TTE) and the maximum
slope (MS) (Fig. 2). TTE was derived from the time elapsed
between the beginning of enhancement of the aorta and that of
the lesion. MS was calculated from the maximal change of
relative enhancement between two time points, divided by
their time difference, and given as percentage relative
enhancement/second [%/s].

Statistical analysis

The Mann-Whitney U test was used to compare TTE and MS
values between malignant and benign groups, in all lesions,
and in each lesion type onMRI, and to compare the lesion size
on conventional MRI between true-positive and false-
negative masses in the combined assessment. A subgroup
analysis of ductal carcinoma in situ (DCIS) and invasive duc-
tal carcinoma (IDC) was also performed using this and the
Kruskal-Wallis test for each pathological prognostic factor,
i.e. nuclear grade for DCIS, and histological tumour grade,
hormone receptor (HR), human epidermal growth factor re-
ceptor type 2 (HER2) and Ki-67 status for IDC.

Diagnostic performance to discriminate between malignant
and benign lesions was examined using receiver operating
characteristic (ROC) analysis by the area under the curve
(AUC) for BI-RADS, TTE and MS, and combined assess-
ment by BI-RADS, TTE+MS using a logistic regression mod-
el. The change in AUC was tested by DeLong’s test.

For the comparison of sensitivity and specificity in a clin-
ical situation, the cases in BI-RADS 4 were reclassified using
a cut-off value. The feasible cut-off values of TTE and MS
were selected using the cut-off points that maximised the val-
ue of the Youden index. With the obtained cut-off value, BI-
RADS 4 lesions were classified into two categories: high-
suspicious (positive for malignancy) if TTE ≤ or MS ≥ cut-
off value; and low-suspicious lesion (negative) if TTE > and
MS < cut-off value. The combined sensitivity and specificity
values were then calculated. Original BI-RADS categories of
2 or 3 were classified as benign and 4 or 5 as malignant.
McNemar’s test was used to compare the sensitivities and
specificities of BI-RADS and BI-RADS combined with
TTE+MS.

The inter-rater reliability of BI-RADS categorisation
was examined by calculating the kappa coefficient. The
sample size for reliability of ultra-fast DCE-MRI analysis
was calculated with the following conditions: calculated
sample size for the hypothesised value, 0.90; null hypoth-
esis value, 0.60; number of ratings, two; desired α, 0.05;
number of tails, two; and desired power, 0.80 [20].
Subsequently, a cohort of 14 randomly selected partici-
pants was assessed by another rater (M.K.) independently,
and inter-rater reliability was examined by calculating the
intraclass correlation coefficient [21].

Data were analysed using both JMP statistics software ver-
sion 9.0 (version 9.0, SAS Japan) and R software (version
3.3.0, available as a free down-load from http://www.r-
project.org). p < .05 was considered significant. The post
hoc power analysis was performed using G*Power 3.1
(Heinrich-Heine Universitat, Dusseldorf, Germany) [22].

Fig. 2 Determining the time to
enhancement (TTE) and
maximum slope (MS) of initial
enhancement using ultra-fast
dynamic contrast-enhanced MRI
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Results

Conventional MRI findings

Consensual BI-RADS categories and the frequencies of sus-
picious findings or findings highly suggestive of malignancy
are summarised in Table 2. In category 4, the frequency of
cancers was lower for NME and foci than for masses (53.8%,
44.4% and 82.7%, respectively). Inter-rater reliability of BI-
RADS categorisation was 0.744 (95% confidence interval
(CI): 0.665–0.824).

In the mass lesions, the average size on conventional MRI
of malignant and benign lesions was 1.9 cm (range: 0.6–8.7
cm) and 1.6 cm (range: 0.6–6.1 cm), respectively. In the NME,
the average size of malignant and benign lesions was 4.5 cm
(range: 1.2–11.3 cm) and 2.5 cm (range: 0.7–5.7 cm),
respectively.

Comparison of TTE and MS between malignant
and benign lesions

Table 3 summarises the results. In the overall population
of this study, the TTE of malignant lesions was signifi-
cantly shorter than that of benign lesions (9.9 s vs. 14.0 s,
p <.001), and the MS was significantly larger for malig-
nant lesions than for benign lesions (9.8%/s vs. 5.9%/s, p
<.001). The inter-rater intraclass correlation coefficient
was 0.987 (95% CI: 0.960–0.996) for TTE and 0.993
(95% CI: 0.979–0.998) for MS.

For each lesion type, for masses and NME, TTE and MS
showed significant differences between malignant and benign
lesions. On the other hand, for foci, there were no significant
differences in either TTE or MS. The powers of the Mann-
Whitney tests were 0.984 and 0.523 for TTE and MS of
masses, respectively, and 0.912 and 0.915 for TTE and MS
of NME, respectively.

The calculated cut-off values to differentiate between ma-
lignant and benign breast lesions were 11.0 s for TTE and
7.3%/s for MS.

Diagnostic performance for masses

The results of ROC analysis for masses are summarised in Fig.
3a. The combination of BI-RADS and TTE+MS showed the
highest AUC (0.864), but the difference from BI-RADS was
not significant (0.823, p = .065).

The sensitivities and specificities of BI-RADS andBI-RADS
combined with TTE+MS are summarised in Table 4. By the
addition of TTE+MS, specificity showed a significant increase
(p = .014), but the sensitivity decreased significantly (p < .001).
The powers of McNemar’s tests were almost 1.0 in all pairs.

Thirteen false-negative lesions were observed in the com-
bined result; mucinous carcinoma (n=1), invasive lobular car-
cinoma (ILC) (n=1), DCIS (n=1) and IDC (n=10). The average
size on conventional MRI of the 13 false-negative lesions (1.1
cm, range: 0.6–2.4 cm) was significantly smaller than that of
54 true-positive lesions (2.0 cm, range: 0.7–8.7 cm, p =.002).
The power of the Mann-Whitney test was 0.820.

Table 2 Evaluation of cancers by BI-RADS category and findings

Masses (n=143) NME (n=59) Focus (n=13)

No. of
lesions

No. of
cancers

Frequency
of cancer (%)

No. of
lesions

No. of
cancers

Frequency
of cancer (%)

No. of
lesions

No. of
cancers

Frequency
of cancer (%)

BI-RADS category 2 4 0 0 0 0 0 0 0 0

3 17 0 0 9 0 0 4 0 0

4 81 67 82.7 26 14 53.8 9 4 44.4

5 41 39 95.1 24 23 95.8 0 0 0

Suspicious findings or findings suggestive of malignancy

Masses

Not circumscribed margin 112 102 91.1 – – – – – –

Rim enhancement 42 39 92.9 – – – – – –

NME

Segmental distribution – – – 34 26 76.5 – – –

Linear distribution – – – 0 0 0 – – –

Clumped – – – 15 14 93.3 – – –

Clustered ring – – – 12 12 100 – – –

Kinetic curve

Wash out 95 80 84.2 33 26 78.8 9 4 44.4

BI-RADS Breast Imaging Reporting and Data System, NME non-mass enhancement
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Diagnostic performance for NME

The results of ROC analysis for NME are summarised in Fig.
3b. The AUC of combined BI-RADS and TTE+MS (0.923)
was the highest, significantly different from BI-RADS alone
(0.865, p =.036).

The sensitivities and specificities of BI-RADS and com-
bined assessment are summarised in Table 4. By the addi-
tion of TTE+MS to BI-RADS, nine benign lesions

categorised as BI-RADS 4 could be classified as low-
suspicious lesions, and combined specificity showed a
40.9% increase (Figs. 4 and 5). There were three false-
negative lesions (two DCISs and one IDC), and combined
sensitivity provided an 8.1% decrease. McNemar’s test
showed a significant specificity increase in favour of the
combined imaging (p =.005), but the difference between
the sensitivities was not significant (p =.083). The powers
of the McNemar tests were almost 1.0.

Fig. 3 Receiver operating characteristic (ROC) curves for BI-RADS,
time to enhancement (TTE), maximum slope (MS) and the combination
of BI-RADS and TTE+MS for masses (a) and non-mass enhancement
(NME) (b). For masses, the area under the curve (AUC) is slightly

improved by combining TTE+MS; however, the difference in the AUC
is not significant (p = .065). For NME, the combination of BI-RADS and
TTE+MS shows the highest AUC with a significant difference from BI-
RADS (p = .036)

Table 3 Comparison of TTE and
MS between and benign lesions TTE (sec) MS (%/sec)

median IQR p values* median IQR p values*

All lesions (n=215)

Malignant 9.9 9.5, 13.5 <.001 9.8 7.3, 13.6 <.001
Benign 14 11.1, 17.8 5.9 3.7, 10.1

Masses (n=143)

Malignant 9.8 9.5, 13.3 <.001 10.6 7.5, 14.3 .006
Benign 13.5 10.7, 17.2 6.5 4.5, 12.1

NME (n=59)

Malignant 9.9 9.2, 12.9 <.001 9.3 7.0, 13.0 <.001
Benign 14.8 11.4, 19.0 4.5 3.5, 6.6

Focus (n=13)

Malignant 17.7 11.4, 22.3 .878 4.2 3.1, 5.2 .817
Benign 16.8 13.9, 20.4 4.3 3.0, 6.9

NME non-mass enhancement, TTE time to enhancement, MS maximum slope, IQR interquartile range

*p values for differences were calculated using the Mann-Whitney U test
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Correlation to histological prognostic factors

TTE and MS for each histological prognostic factor of DCIS
and IDC are listed in Table 5. Biomarker status is also defined

in the footnote of Table 5. The IDCs with poor histological
prognostic factors (i.e. histological grade 3, HR negativity and
Ki-67 positivity), except for HER2 status, had significantly
shorter TTE and largerMS than the ones with good prognostic

Table 4 Differentiation of category 4 lesions and diagnostic performance using TTE+MS

No. of
lesions

No. of
cancer

Sensitivity (%) Specificity (%)

BI-RADS combination p values* BI-RADS combination p values*

Category 4 masses (n=81)

Low suspicious 19 13 100 87.7 <.001 56.8 73.0 .014
High suspicious 62 54

Category 4 NME (n=26)

Low suspicious 12 3 100 91.9 .083 40.9 81.8 .005
High suspicious 14 11

TTE time to enhancement, MS maximum slope, BI-RADS Breast Imaging Reporting and Data System, NME non-mass enhancement

*p values for differences were calculated using McNemar's test

Fig. 4 Ductal carcinoma in situ in a 39-year-old woman. (a) Axial first-
phase image of conventional dynamic contrast-enhanced MRI shows
non-mass enhancement (NME) with focal distribution and heterogeneous
internal enhancement (arrow). (b) The conventional kinetic curve of this
NME is a fast-washout pattern. This NME is classified as BI-RADS
category 4. (c) On the axial phase-17 image (about 85 s after contrast

agent injection) of TWIST-VIBE, this lesion can be depicted clearly due
to lower background enhancement than the conventional first-phase im-
age (arrow). (d) Time-intensity curve using TWIST-VIBE shows a rapid
initial rise, and the calculated TTE is 9.5 s, and MS is 13.9%/s. The
combination diagnosis with BI-RADS and TTE+MS is highly suspicious
for a malignant lesion
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factors. In the present study, there were 11 false-negative IDCs
in combined assessment and all 11 lesions (100%) were HR-
positive, 10 of 11 (90.9%) were histological grade 1 or 2, and
9 of 11 (81.8%) were Ki-67-negative.

Among the DCIS cases, both TTE and MS showed no
significant difference by nuclear grade.

Discussion

The present results showed that TTE and MS derived from
ultra-fast DCE-MRI during initial enhancement were valuable
for differentiating between malignant and benign breast le-
sions. By using TTE+MS effectively, category 4 NME could
be divided into high- and low-suspicious lesions, and the spec-
ificity of breast MRI was shown to improve substantially.

There have been several studies that showed the utility of
initial enhancement by high-temporal resolution DCE-MRI to
diagnose breast lesions [2–5]. Boetes et al, using single-slice

techniques, reported that contrast agent reached malignant
breast lesions earlier than benign ones [4]. In the present study,
TTE, which indicates the arrival time of the contrast agent
from the aorta to the breast lesion, was shorter for malignant
lesions than for benign lesions, which is in agreement with
their results.

MS was considered a useful semi-quantitative measure,
which can represent both perfusion and early leakage of con-
trast agent from the vessels into the extravascular extracellular
space of tumours [23, 24]. MS was larger in malignant lesions
than in benign ones in the present study, which is also com-
patible with previous results [16]. A large MS may reflect one
of the characteristics of malignant lesions, in which there is
histologically abundant vascularity as well as vessel wall
permeability.

This is the first report to demonstrate the usefulness of
initial enhancement as an addition to BI-RADS diagnosis. It
is well known that BI-RADSMRI categorisation has a clinical
limitation in category 4, with a wide range of probabilities of

Fig. 5 Fibrocystic change in a 46-year-old woman. (a) Axial first-phase
image of conventional dynamic contrast-enhanced MRI shows non-mass
enhancement (NME) with focal distribution and heterogeneous internal
enhancement (arrow). (b) The conventional kinetic curve of this NME is
a fast-washout pattern. This NME is classified as BI-RADS category 4.

(c) Axial phase-17 image of TWIST-VIBE; this lesion can be depicted
clearly (arrow). (d) Time-intensity curve using TWIST-VIBE shows a
persistent initial rise, and the calculated TTE and MS are 15.5 s and
6.3%/s, respectively. The combination diagnosis with BI-RADS and
TTE+MS is a low-suspicious lesion
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malignancy (2–95% [8–11]). Especially for NME, previous
studies reported that the diagnostic performance of DCE-
MRI was lower than for masses [6, 25–27]. The results of
the present study have shown that category 4 NME had a
lower cancer rate and lower specificity on BI-RADS com-
pared with masses. By using TTE+MS, a significant specific-
ity increase was shown by good discrimination of BI-RADS 4
NME. Therefore, the proposed initial enhancement measures
may have direct impact on differentiating between malignant
and benign NME, which will eliminate unnecessary biopsies.

On the other hand, both TTE and MS showed no signif-
icant differences between malignant and benign foci. For
the masses, combined assessment showed a significant in-
crease in specificity, but the sensitivity also decreased sig-
nificantly. In the present study, the mean size of false-
negative masses in combined assessment was smaller than
that of true-positive masses. Relatively small malignant
masses, including the focus, could show lower vascularity
[28, 29] and poorer initial enhancement on MRI than the
large lesions.

In the differentiation of BI-RADS 4 lesions using TTE+
MS, DCIS and mucinous carcinoma showed higher false-
negative rates than IDC in the present study. These histological
types of breast cancer are well known to have lower vascular
densities, and they typically show slower enhancement on
DCE-MRI than IDC [30, 31]. In IDC, histological good prog-
nostic factors may also be the reasons for underdiagnoses.
Early strong enhancement was reported to correlate with high
histological grade, HR negativity and Ki-67 positivity [23, 32,
33]. In fact, in the present study, the IDCs with poor histolog-
ical prognostic factors had significantly shorter TTE and larger
MS than the ones with good prognostic factors (Table 5).

A few recent studies have performed quantitative pharma-
cokinetic analysis using ultra-fast sequences [22, 23, 34, 35].
These model-based approaches make it possible to calculate
absolute values that are directly related to tissue perfusion,
capillary permeability and other physiological and anatomical
features. However, they involve complicated image post pro-
cessing that requires adequate arterial input function and T1
mapping. The semi-quantitative measures used in our study

Table 5 TTE and MS in each histologic prognostic factor

TTE (sec) MS (%/sec)

median IQR p values* median IQR p values*

Invasive ductal carcinoma (n=109)

Histologic grade (n=109)

1 11.3 9.6, 15.0 9.3 6.5, 12.9

2 9.9 9.6, 13.5 .003 9.6 7.6, 12.5 .023

3 9.4 6.9, 9.9 14.6 9.8, 18.9

HR (n=109)a

positive 10.3 9.6, 13.8 .004 9.5 7.4, 12.9 .007
negative 9.6 8.1, 9.6 14.0 9.6, 17.7

HER2 (n=109)b

positive 9.6 6.4, 11.4 .131 13.3 7.9, 17.9 .120
negative 9.9 9.6, 13.8 9.8 7.5, 13.4

Ki-67 (n=108)c

postive 9.6 8.8, 11.5 .003 11.8 8.5, 14.7 .023
negative 11.4 9.6, 14.0 9.2 6.6, 12.8

Ductal carcinoma in situ (n=26)

Nuclear grade

1d NA NA NA NA

2 10.9 9.5, 13.9 .428 7.5 5.0, 10.0 .330
3 9.7 7.4, 13.2 9.7 5.5, 12.8

TTE time to enhancement, MSmaximum slope, IQR interquartile range, HR hormone receptor, HER2 human epidermal growth factor receptor type 2,
NA not availavle
a HR positivity was define as estrogen receptor and/or progesterone receptor positivity (≥1% nuclear staining).
b HER2 positivity was defined as having an immunohistochemical score of 3+ or using gene amplification bymeans of fluorescence in situ hybridisation
in tumours with an immunohistochemical HER2 score 2+.
c The cutoff point for Ki-67 positivity was 20%. A lesion was not available for Ki-67 status.
d There was no lesion classified nuclear grade 1.

*p values for differences were calculated using the Kruskal-Wallis and Mann-Whitney U test
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are much simpler and showed high inter-rater reliability. We
believe that this semi-quantitative analysis is sufficient for
clinical usage.

One of the attempted ways to increase the specificity of
breast MRI without contrast medium is to evaluate apparent
diffusion coefficient (ADC) values obtained from diffusion-
weighted imaging (DWI) [13, 14, 25, 26]. However, there
have been only a few reports regarding the utility of DWI in
NME [25, 26]. This probably is due to the fact that NME is
difficult to visualise on the ADC map, and the reliability of
ADC value measurement is lower than for mass lesions.
Compared with DWI, TWIST-VIBE has much higher spatial
resolution, and it clearly visualises the enhancing lesions,
making it much easier to place the ROIs.

T2-weighted imaging (T2WI) may also be helpful to
differentiate malignant and benign NMEs. Past studies re-
ported that microcysts on T2WI may be among the find-
ings of benign fibrocystic change [36], and others reported
that surrounding oedema of NME was a predictor of ma-
lignancy, especially in invasive cancer [37, 38]. However,
the reported frequencies of these findings for each benign
and malignant NME were insufficient, and it is still unclear
whether T2WI contributes to increasing the specificity of
breast MRI.

This study had several limitations. First, the early post-
contrast phase of conventional VIBE was slightly later in
timing after contrast agent injection, and this fact may have
influenced the conventional kinetic and morphological assess-
ment. However, the centre of k-space of this first-phase (115 s)
was in line with BI-RADS determination (i.e. <120 s), and
spatial resolution was preserved. In addition, the high-spatial
resolution sagittal VIBE was evaluated together. We believe
that preserved high-spatial resolutionmade it possible for clin-
ically feasible and good inter-rater reliabilities of the lesion
morphology in the present study [6, 7]. The prevalence of
malignant lesions that showed delayed wash-out kinetics in
the present study was also consistent with previous reports
(Table 2) [26, 27]. Second, a large portion of the lesions was
malignant, and there were many invasive cancers and few
benign lesions. This is caused by our study population includ-
ing only cases that had a clinical indication for breast MRI.
Third, the proposed cut-off values for MS and TTE may de-
pend on many technical parameters such as contrast dose and
specific scan protocol settings, and these need to be verified in
future studies.

In summary, we have presented an approach to initial en-
hancement analysis derived from TWIST-VIBE. The mea-
sures TTE and MS not only showed good separation between
malignant and benign breast lesions, but they also provided
added diagnostic value to BI-RADS category 4 NME. We
believe that this is a feasible way to increase the specificity
of breast MRI, and it is conceivably an important step towards
decreasing the number of unnecessary biopsies.
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