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Ultrafast Dynamic Contrast-enhanced MRI of the Breast:
How Is It Used?

Masako Kataoka!’, Maya Honda? Akane Ohashi’, Ken Yamaguchi®,
Naoko Mori®, Mariko Goto®, Tomoyuki Fujioka’, Mio Mori’,
Yutaka Kato®, Hiroko Satake®, Mami Iima''°, and Kazunori Kubota'!

Ultrafast dynamic contrast-enhanced (UF-DCE) MRI is a new approach to capture kinetic information in the
very early post-contrast period with high temporal resolution while keeping reasonable spatial resolution. The
detailed timing and shape of the upslope in the time—intensity curve are analyzed. New kinetic parameters
obtained from UF-DCE MRI are useful in differentiating malignant from benign lesions and in evaluating
prognostic markers of the breast cancers. Clinically, UF-DCE MRI contributes in identifying hypervascular
lesions when the background parenchymal enhancement (BPE) is marked on conventional dynamic MRI.
This review starts with the technical aspect of accelerated acquisition. Practical aspects of UF-DCE MRI
include identification of target hypervascular lesions from marked BPE and diagnosis of malignant and
benign lesions based on new kinetic parameters derived from UF-DCE MRI: maximum slope (MS), time to
enhance (TTE), bolus arrival time (BAT), time interval between arterial and venous visualization (AVT), and
empirical mathematical model (EMM). The parameters derived from UF-DCE MRI are compared in terms of
their diagnostic performance and association with prognostic markers. Pitfalls of UF-DCE MRI in the clinical
situation are also covered. Since UF-DCE MRI is an evolving technique, future prospects of UF-DCE MRI are
discussed in detail by citing recent evidence. The topic covers prediction of treatment response, multi-
parametric approach using DWI-derived parameters, evaluation of tumor-related vessels, and application of
artificial intelligence for UF-DCE MRI. Along with comprehensive literature review, illustrative clinical cases
are used to understand the value of UF-DCE MRIL
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Introduction

Dynamic contrast-enhanced (DCE) MRI is the standard
method for evaluating breast lesions. ACR Breast Imaging
Reporting and Data system (BI-RADS)' recommends to take
at least three timepoints for constructing time—intensity

curves: pre-contrast, initial, and delayed phase post-contrast
(ACR). Kinetic analysis obtained from DCE MRI reflects
perfusion of the lesion; fast enhancement in the initial phase
and wash-out in the delayed phase suggests malignancy. This
conventional approach takes 6-10 minutes. Full protocol
takes longer as it normally includes T2-weighted images
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Table 1 UF-DCE MRI protocol in Japanese institutions
Scanner Magnetic Breast UF protocol Tech Flip Fat FOV  Orien A Slice
Institution Vendor : . . TR TE supre . thickness
name field coil name nique angle ~ ! (mm) tation
ssion (mm)
Kyoto Siemens  Prisma/ 3T 18-ch  Improved CS 48 25 15 No 360x360 Axial 2.5 60
Univ. Skyra VIBE
Saga Univ. Siemens  Prisma 3T 18-ch VIBE Pl 587 287 10 Yes 360x360 Axial 2.5 48
Saga Univ. Siemens  Prisma 3T 18-ch  Improved CS 312 12 Yes 360x360 Axial 2.5 48
2) VIBE
Nagoya Siemens  Prisma 3T 18-ch VIBE CS 35 144 10 Yes 200x350 Axial 2 72
Univ.
Dokkyo Siemens  Skyra 3T 16-ch TWIST VS 6.17 294 10 Yes 330x330 Axial 2.0 80
Univ.
KPUM Siemens  Skyra 3T 16-ch TWIST VS 56 14 10 Yes 360x360 Axial 2.5 60
Tohoku Philips Intera 3T 16-ch  3D-FS-TTWI Pl 2.8 15 10 Yes 350x350 Axial 4 80
Univ. Achieva GRE
TMDU GE Signa 3T 16-ch DISCO VS 3.7 13 10 Yes 360x360 Axial 4 76
Pioneer

(T2WI), Tl1-weighted images (T1WI), and diffusion-
weighted images (DWI). With the increasing demand of
breast MRI as a screening tool for those with higher risk of
breast cancer, effort to reduce scanning time has been
explored. Abbreviated breast MRI proposed by Kuhl et al.
just need to acquire one pre- and one post-contrast image, to
identify malignant breast lesions.

Ultrafast DCE (UF-DCE) MRI is a new approach to capture
kinetic information in the very early post-contrast period with
high temporal resolution while keeping reasonable spatial reso-
lution. Instead of waiting for the contrast to wash-out, the
detailed timing and shape of the upslope in the time—intensity
curve are analyzed. Initial report by Mann et al.® looked at the
upslope, that was linked to malignant lesion with the diagnostic
performance equivalent or better than conventional kinetic ana-
lysis. Meanwhile, other groups use the timing of lesion enhance-
ment relative to the enhancement of the aorta,*> or the parameter
obtained from curve fitting of the time—intensity curve.® Kinetic
information is an advantage of UF-DCE MRI over abbreviated
MRI, while limited access to the high-spec MRI scanner is
currently the disadvantage of UF-DCE MRI. Other drawbacks
of UF-DCE MRI include the amount of data obtained within one
scan time and the capacity of image storage.

UF-DCE MRI is a developing technique. Technical
advancement and evidence to support clinical utility are
reported from institutions including Japan. For example, UF-
DCE MRI is useful in identifying hypervascular lesions when
the background parenchymal enhancement (BPE) is marked,
often observed in young women.”®* On the other hand, there
may be differences caused by the variation in image acquisition
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protocols. In order to clarify the value of UF-DCE MRI in the
care of breast cancer patients, these variables should be clar-
ified. This review aimed to overview the technical aspect of
accelerated acquisition, summarize the kinetic parameter rele-
vant to UF-DCE MRI in their diagnostic performance and
association with prognostic markers, highlight the values and
pitfalls of UF-DCE MRI in the clinical situation, and discuss
the future research direction on UF-DCE MRI. Along with
comprehensive literature review, illustrative clinical cases are
used to understand the value of UF-DCE MRI.

Technical Aspect of UF-DCE MRI

Recent technical advancement for fast MRI definitely plays an
important role in UF-DCE MRI in the clinical setting. Since
UF-DCE MRI requires high temporal and spatial resolution,
fast acquisition techniques including sophisticated parallel
imaging, view sharing, and compressed sensing (CS) have
been used. At present, there is no standard protocol for UF-
DCE MRI and several imaging parameters, including the use
of fat-suppression (or subtraction) and speed of contrast-agent
injection, vary among vendors and institutions (Table 1).
View-sharing involves sharing phase-encoded views from
one image to the next in the reconstruction of a time series.
Frequent sampling of central k-space contributes to the faster
updates compared to the full sampling of k-space. Sequences
using this method include time-resolved angiography with
interleaved stochastic trajectories (TWIST),” K-space
weighted imaging contrast (KWIC),'® and differential sub-
sampling with Cartesian ordering (DISCO).'" It is more
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(Continued)
Scan timing Temporal Number Number
Voxel size (injection po of CS Other o Injectionspeed”
resolution of . . . Contrastagents References
(mm) start= 0 iterations acceleration  parameters (ml/sec)
(sec) phases
sec) for CS
0.9x0.9x2.5 -13 to 60 sec 3.7 20 30 16.5 Gadobutrol 2 13,23
0.9x0.9x2.5 0t099.6 8.3 12 GRAPPA factor Gadobutrol 2.5 31
8
0.9x0.9x2.5 -8.41t089.9 2.9 31 30 Gadobutrol 2.5
0.78x0.78x2.0 -8.05 to 6.02 16 30 13.5 Gadobutrol 1
98.36 sec
0.9x0.9x2.0  0to 70 sec 5 15 Gadobenate 3
dimeglumine
0.9x0.9x2.5 22s(end of 5.3 17 GRAPPA factor Gadoterate 2 4
first frame of 3 meglumine
the TWIST)
1.09x1.66x4.0  10-64 sec 3 18 SENSE Gadobenate 2 6
accerelation dimeglumine
factor 3.2(RL)
2.2 (FH)
1x1.1 0 to 90 sec 5.2 17 Gadobutrol 1 51

dgadobutrol 0.1 mlkg, gadobenate dimeglumine 0.2 mlkg. Pfollowed by 20-40 ml saline flush. CS, compressed sensing; DISCO, differential
subsampling with Cartesian ordering; KPUM, Kyoto Prefectural University of Medicine; P, parallel imaging; TMDU, Tokyo Medical Dental University;
TWIST, time-resolved angiography with interleaved stochastic trajectories; VIBE, volumetric interpolated breath-hold examination; VS, view-sharing.

widely available compared to the compressed sensing tech-
niques. The drawback involves temporal blurring, leading to
slightly blurred images.

CS is a technique to accelerate image data acquisition.
Images with a sparse representation can be recovered from
randomly under-sampled k-space data. The use of nonlinear
recovery scheme is necessary.'* Following the successful results
in contrast-enhanced angiography, CS has been applied for UF-
DCE MRI of the breast, enabling shorter acquisition time while
maintaining high temporal and spatial resolution.'*'* The image
quality obtained with CS reconstruction is affected by several
parameters, including sampling pattern, regularization para-
meters, and sparsifying transformation. Iterative reconstruction
is needed to achieve the minimization of two factors, i.e., data
consistency and transform sparsity. Optimization of the number
of the iteration is the key to obtain ideal images with reasonable
image processing time.'* "

A previous phantom study using NIST phantom for a wide
range of T1 values showed that the SNR decreased with fewer
iterations and that the number of iterations which stabilized SNR
depended on the T1 value (Fig. 1).2° The impact of number of
iterations was also examined in in vivo study. Sagawa et al.'*
demonstrated that the number of iterations which stabilized
the kinetic parameters (e.g., wash-in slope) in malignant lesions
was higher than that in benign lesions (Fig. 2). In addition, the
signal difference between the pre- and post-contrast images
was higher for the larger number of iterations, suggesting
that an insufficient number of iterations resulted in averaging of
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contrast-enhancement effect in the time domain. On the other
hand, since the reconstruction time increases linearly with the
number of iterations, optimization of the number of iterations is
important in clinical practice to achieve both reasonable recon-
struction time and image fidelity. High-performance Central
Processing Unit (CPU) or Graphics Processing Unit (GPU) may
be required for computationally intensive CS reconstruction.

A practical issue in UF-DCE MRI is to store increased
number of images in proportion to the improvement in time
resolution, e.g., 1200 images in 20 phases x 60 slices. This
may occupy a large amount of disk space in the storage
system, so the storage plan of the image should be discussed.

How to Interpret UF-DCE MRI

Identification of target lesions

When the concept of clinically feasible UF-DCE MRI was
proposed, it was described by Mann et al. as tumor stands out
like a light bulb.? Since most of the malignant tumor is more
hypervascular compared to BPE or benign lesions, UF-DCE
MRI is useful in identifying hypervascular malignant lesions
(Fig. 3). Reduced BPE in UF-DCE MRI is one of the moti-
vations to use this in the clinic, since younger patients and
those with high-risk for breast cancer often demonstrate
moderate-to-marked BPE, making diagnosis challenging. A
study including 70 patients showed a significant lower level
of BPE on UF-DCE MRI than standard early phase images.’
Among patients with higher BPE or premenopausal patients,
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Fig. 1 The figure shows the relationship between SNR and the number of iterations, which stabilizes SNR with various T1 values using the
NIST phantom using the NIST phantom. Initially, SNR increases with increasing number of iterations. The ranges of number of iterations
which achieve plateau SNR and demonstrated N.S. are considered stable. The ranges of number of iterations differ among various T1

values. N.S., no significant difference.
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Fig. 2 Exemplary results for the time-intensity curves in the aorta (a) and malignant lesion (b) for different numbers of iterations. The signal
difference between pre- and post-contrast images is higher for larger numbers of iterations. This effect is larger for the aorta than for the lesion,
and the required minimum number of iterations stabilizing the time—intensity curve is larger for the aorta. (From reference 14.

UF-DCE MRI provided better lesion visibility. Another study
also concluded that UF-DCE MRI could improve lesion con-
spicuity compared to conventional DCE-MRI, especially in
women with premenopausal status and moderate-to-marked
BPE.® In practice, reviewing maximum intensity projection
(MIP) images of several time frames from UF-DCE MRI is a
quick way of finding the target lesions (Fig. 4).

Diagnosis of malignant and benign lesions using
kinetic information from UF-DCE MRI

In addition to the identification of the hypervascular lesions, a
kinetic evaluation is another benefit of UF-DCE MRI. The
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concept of interpreting kinetics using UF-DCE MRI can be
summarized as follows: 1) hypervascular lesions are likely to
be malignant and 2) hypervascular lesions that demonstrated
fast-washout pattern on conventional DCE-MRI show fast
(steep) upslope, early enhancement timing, with faster blood
flow in and out of the lesions. Obtaining kinetic information in a
shorter scanning time compared to the conventional DCE MRI
is a benefit, since most of the UF-DCE protocols were within
2 minutes from the start of the contrast-medium injection
(Fig. 5). In order to evaluate more objectively, several kinetic
parameters designed for UF-DCE MRI have been proposed
(Figs. 6 and 7).

Magnetic Resonance in Medical Sciences




Maximum slope (MS), proposed by Mann et al. in 2014,
is defined as the upslope of the time—intensity curve, calcu-
lated by percentage relative enhancement at the steepest part
of the curve divided by seconds (%/s). In this paper, MS was
categorized into three (< 6.4%/s, cancer unlikely; > 6.4, <
13.3, cancer equivocal; and > 13.3, cancer likely) and then
compared to the conventional curve type. In their study, MS
achieved a higher area under the ROC curve (AUC) of 0.829

Vol. 21, No. 1
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Fig. 3 Invasive carcinoma (ER
negative, PR negative, HER2 nega-
tive, and apocrine type) of the right
breast and DCIS of the left breast in
woman in her 70s. Two masses in
the right breast (arrows) with sur-
rounding  tumor-related  vessels
(arrowheads) are clearly depicted
on MIP image of the 12th frame of
UF-DCE MRI (). In contrast, NME
in the left breast is barely visible on
the 12th frame. On MIP image of
the 20th (last) frame of UF-DCE
MRI (b), surrounding vessels are
increased in number in the right
breast. Multiple NME becomes visi-
ble on the 20th frame (arrows). MIP,
maximum intensity projection.

Fig. 4 Invasive carcinoma of the left
breast in woman in her 40s. On the
4th phase of UF-DCE MRI (a), the
enhanced two masses are clearly
delineated. On the early phase of
dynamic contrast-enhanced MRI
(b), the masses are surrounded and
masked by marked BPE.

in discriminating malignant from benign breast lesions com-
pared to the conventional curve type analysis (AUC = 0.692).

Time to enhancement (TTE) looks at the timing when a
breast lesion starts to enhance. It is defined as the time of
lesion enhancement minus the time of aortic enhancement.
Malignant lesions tend to enhance much earlier than
benign lesions, thus resulting in shorter TTE. Mus et al.
defined this parameter as “the time point where the lesion
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Fig. 5 Schema comparing kinetic
analysis of UF-DCE MRI in early
upslope with three-point BI-RADS
curve analysis. Compared to BI-
RADS curve analysis, UF-DCE
MRI looks at the early upslope.
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meters used in UF-DCE MRI.
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Fig. 7 Maximum slope and time to enhancement. MS is defined as the slope of the tangent (%/s) along the steepest part of the curve. TTE is
defined as “The time point where the lesion starts to enhance” minus “the time point where the aorta starts to enhance.” MS, maximum

slope; TTE, time to enhancement.
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Fig. 8 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 wash-out pattern. This NME is classified as BI-RADS category 4. (c) Axial UF-DCE MRI image shows the NME. (d) Kinetic
curve obtained from UF-DCE MRI can be useful in identifying relatively hypervascular benign lesion including fibrocystic change. NME,

nonmass enhancement. (modified from Reference 4)

starts to enhance” minus “the time point where the aorta
starts to enhance” using visual assessment at the MIP
images.” In this study, the discriminating power of TTE
with a cut-off value of 12.96s outperformed the conven-
tional curve type analysis (AUCs of 0.80-0.86 and 0.70—
0.71, respectively). Goto et al. also examined the impor-
tance of TTE and reported that the AUCs of TTE for
discrimination malignant from benign breast lesions were
0.71 for masses and 0.78 for non-mass enhancement,
respectively (Fig. 8).*

Time of arrival (ToA) is defined as the time of arrival of
the contrast agent from the aorta to the lesion; thus, it is
similar to TTE. ToA in UF-DCE MRI can be overlayed to
the normal breast MRI using color intensity projections
(CIp).*!

Bolus arrival time (BAT) is defined as the time from the
start of contrast injection to tracer bolus arrival time. It is
similar to TTE, assuming that differences in cardiac function
and circulation time in patients may be ignored.>**> Among
BI-RADS 4-5 sub-centimeter breast lesions, BAT was
shorter, and MS was higher among carcinoma compared to
the benign lesions (P = 0.01),** indicating the value of
ultrafast-derived kinetic parameters among small lesions in
which morphological assessment is challenging.

Time interval between arterial and venous visualization
(AVI) was proposed due to the better contrast and preserved
spatial resolution by CS reconstruction. UF-DCE MRI using

Vol. 21, No. 1

CS enables separate identification of breast arteries and veins on
their MIP images. Onishi et al. defined AVI as the interval
between two time points: the time point where the breast vein
starts to enhance and the time point where the breast artery starts
to enhance.'® The AVI in breasts with cancers were reported to
be significantly shorter than those for breasts with benign
lesions (P = 0.043-0.06) and no lesions (P = 0.007).'>%

Fan et al. reported an advantage of using an empirical
mathematical model (EMM) to fit the uptake and wash-out of
contrast media on DCE-MRI.?* Pineda et al. showed the feasi-
bility of using a truncated EMM to fit UF-DCE MRI data during
only the early uptake phase.”> With the truncated EMM, a few
simple parameters will be obtained from following formula:

AS(t) = A(1-e™)
where A is the upper limit of the signal intensity and a (sec™)
is the rate of signal increase.

They will represent the uptake behavior of kinetic data from
multiple time points acquired with UF-DCE MRI. The initial
slope of the kinetic curve can be calculated as the product of the
uptake rate o and the amplitude of enhancement A (Aa). A
significant correlation of Ao of the equation with pathological
micro-vessel density indicates that Ao could demonstrate the
underlying pathophysiology of breast tumors.® As Ao repre-
sents the initial slope of the kinetic curve, it is similar to
parameters for the enhancement rate?® and the MS? used in
previous studies. Thus, the utility of the MS or the enhancement
rate in non-model analysis in discriminating between benign
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and malignant lesions was supported. These non-model ana-
lyses might be appropriate to use in clinical practice (Fig. 4).
These kinetic parameters derived from a very early phase
of the time-intensity curve are considered to reflect the
underlying pathophysiology of breast cancer. Early leakage
of contrast agent from the vessels to the interstitium is linked
to increased MS.**?” Increased vascular shunt in tumor-
associated vessels may be associated with shorter TTE or
AVIL.?*?? The above results suggest that these kinetic para-
meters obtained from this UF-DCE MRI may be a potential
alternative to those obtained from conventional DCE MRI.
The optimal choice of these parameters may depend on the
specific purpose (diagnosis, treatment response, and prog-
nosis prediction), which is currently under investigation.

The Value of UF-DCE MRI in Prognostic
Markers and Subtype Prediction

Since tumor vascular formation is closely linked to the
tumor growth, UF-DCE MRI-derived kinetic parameters
are likely to be associated with the presence of invasive
component and prognostic markers of breast cancer. MS
of invasive breast carcinoma was higher than that of
ductal carcinoma in simm (DCIS).>*3%3! Similarly, TTE
and BAT of invasive carcinoma were shorter than those
of DCIS.***? Proliferative marker (ki-67) was correlated
with the parameters of UF-DCE MRI. Yamaguchi et al.
reported that MS was positively correlated with ki-67°"
and several other studies reported that breast carcinoma
with high ki-67 showed higher MS and shorter TTE than
carcinoma with low ki-67.**% Breast carcinoma with
higher histological and nuclear grade showed higher MS
and shorter TTE than carcinoma with lower histological
and nuclear grade.**'=? In addition, MS, TTE, and BAT
were correlated with estrogen receptor (ER) status,
human epidermal growth factor receptor 2 (HER2) status,
and axillary lymph node status.**'* Increased angiogen-
esis of breast carcinoma with high malignant potential
seems to be reflected to the parameters of UF-DCE
MRI (Table 2).

UF-DCE MRI can obtain detailed information on
hypervascular component of the tumor. This can be
applied to predict breast cancer subtypes. Using 165 inva-
sive breast cancers presenting as masses, MS and TTE
values were significantly higher among triple-negative sub-
types compared to non-triple-negative subtypes. The model
using MS and rim enhancement from the early phase of
conventional DCE-MRI showed the AUC of 0.74 in iden-
tifying triple-negative subtype.>* In addition, a combina-
tion of UF-DCE MRI with texture analysis can distinguish
“low-grade DCIS” from “non-low-grade DCIS or DCIS
upgraded to invasive lesions”. In a study of 86 DCIS or
DCIS upgraded to invasive carcinoma, the model using
shape and texture features of UF-DCE MRI could effec-
tively distinguish “low-grade DCIS” from “non-low-grade
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DCIS or DCIS upgraded to invasive” lesions. The texture
analysis may capture the difference in the distribution
pattern of hypervascular portions within the specific area
that is related to histological grade (Fig. 9).*

Weaknesses and Pitfalls of UF-DCE MRI

In order to use UF-DCE MRI in the clinical practice, it is
important to recognize its weaknesses and pitfalls. First, this is
based on vascularity of the lesion and inherently hypovascular
lesions are likely to be underestimated. False-negative cases of
UF-DCE MRI included DCIS, mucinous carcinoma, invasive
lobular carcinoma, and some of invasive carcinoma.**® A
preliminary study based on 26 DCIS size on UF-DCE MRI
is relatively close to the size on pathology compared to con-
ventional DCE-MRI. However, clustered ring internal
enhancement pattern, a BI-RADS based descriptor indicating
malignancy, is less frequently observed on UF-DCE MRI.
Evaluating DCIS based on UF-DCE MRI may be performed
with caution, ideally with conventional DCE MRI (Fig. 10).

Overdiagnosis of hypervascular benign lesions is still a
problem. When one cut-off point was determined, the spe-
cificity of MS in diagnosing malignant disease ranges from
60% to 71%.2"23337 Hypervascular benign lesions
include fibrocystic disease, fibroadenoma, intraductal
papilloma, and other papillary lesions.?**® To compensate
for this weakness, combining UF-DCE MRI parameters
with other non-kinetic parameters like morphology or
non-contrast sequences including diffusion-weighted
image (DWI) is investigated.*®°

Standardization is another issue in the long run. Currently,
there are variations in protocols, injection and scan timing,
and the rate of injections in UF-DCE MRI (Table 1).
Methods of measuring parameters are not pre-determined
as well. There are variations in cut-off values in kinetic
parameters. For example, a cut-off point of MS for differ-
entiating malignant and benign lesions ranges from 10.2%/s
t0 20.1%/s.2*! Although these values are optimized for each
institution, it should be considered in comparing data from
several institutions.

Future Application

UF-DCE MRI may be used for evaluating the treatment
response of breast cancer after neoadjuvant chemother-
apy. Our preliminary study suggested that UF-DCE MRI
is more sensitive in predicting pathological complete
response and provides a more accurate estimation of
residual lesion size than conventional DCE MRI. UF-
DCE MRI may be useful in preventing the overestimation
of residual lesion due to scar or inflammatory tissue,
which often enhances during the delayed phase in con-
ventional DCE MRL™*

Although kinetic-based diagnosis is now the center of
research in UF-DCE MRI, morphological evaluation of UF-

Magnetic Resonance in Medical Sciences
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Table 2 Relationship between UF-DCE parameters and prognostic markers of breast carcinoma

MS TTE BAT Reference
Invasive or in situ Invasive ca. > DCIS Invasive ca. < DCIS Invasive ca. < DCIS 18, 24-27
Proliferative marker High > Low High < Low 4, 25,26
(Ki-67) status
Histological or nuclear High > Low High < Low High < Low 4,25, 26,
grade 27
ER status Negative > Positive Negative < Positive 4
HER2 status Positive > Negative 26
Intrinsic subtype Triple negative > Non-triple Triple negative < Non-triple Triple negative or HER2 type 27,28

negative negative

Axillary lymph node
metastasis

Positive > Negative

< Luminal type

25

BAT, bolus arrival time; ER, estrogen receptor; HER2, human epidermal growth factor receptor 2; MS, maximum slope; TTE, time to enhancement.

(a) UF-DCE MRI

(b) Early phase of DCE MRI

Vol. 21, No. 1

Fig. 9 A 71-year-old woman diag-
nosed with DCIS by ultrasound-
guided biopsy. The case was finally
diagnosed as high-grade DCIS by
surgery. Heterogeneous enhance-
ment was found in the UF-DCE
MRI (a), as well as the early phase
of dynamic contrast-enhanced MRI
(b). Texture analysis reflects hetero-
geneity of enhancement within
DCIS lesion. DCIS, ductal carci-
noma in situ.

Fig. 10 Appearances of DCIS on
UF-DCE MRI and the early phase
of DCE MRI in relation to BPE.
Female patient in her 40s present-
ing with DCIS (high grade) with
microinvasion. UF-DCE MRI (a)
revealed NME with segmental dis-
tribution without clustered ring
enhancement. On the early phase
of DCE MRI (b), the lesion appears
slightly larger than that on UF-
DCE, partly associated with clus-
tered ring enhancement. Schema
comparing enhanced area on UF-
DCE and early phase of DCE MRl is
shown in (c).
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DCE MRI would be a clinically relevant issue. Recent improve-
ment in spatial resolution of UF-DCE MRI allows us to eval-
uate lesions based on BI-RADS. Our preliminary study
comparing morphological features of invasive breast carcino-
mas between UF-DCE MRI and conventional DCE MRI sug-
gested more frequent circumscribed margin and less frequent
rim enhancement among UF-DCE MRI.** The impact of these
differences on diagnosis needs to be investigated.

A multiparametric approach may be an option to over-
come the limitation of kinetic-based diagnosis. In a study of
96 lesions (73 malignant and 23 benign), univariate and
multivariate logistic regression analyses were performed
using MS, ADC obtained from DWI, lesion size, and the
patient’s age. The prediction model using significant para-
meters (MS, ADC, and patient’s age) yielded an AUC of
0.90, significantly higher than that of MS (AUC 0.74, P =
0.01). Because ADC reflects cellularity of the lesion, such
information is complementary to the kinetic information and
therefore improves diagnostic performance.*”

Tumor-related vessels in DCE MRI are known to
be associated with ipsilateral malignant breast tumor and
considered to reflect neovascularization.*! Image-derived
information of these vessels can be a biomarker of tumor
growth. Efforts to quantify such vessels using UF-DCE MRI
are just starting recently. Wu et al. identified the vasculature
of 15 patients using Hessian filter to generate vascular mor-
phology and input and output of vessels physically connected
to the tumor.** Vessel count was significantly different
between malignant and benign lesions (P = 0.009). Another
study examined filtered MIP images of UF-DCE MRI from
51 lesions. The pixel count of skeletonized vessels was
used to represent total vessel length. The number of vessel-
crossing points was used as a marker of vessel network
complexity. These two quantitative markers were associated
with invasive cancer subtypes and ki-67 index, a marker of
proliferation and prognosis.** These results indicate that
quantified vascular image may be a non-invasive approach
to evaluate tumor-related vessels and associated tumor
microenvironment. It would be ideally combined with auto-
matic segmentation of tumor-related vessels to facilitate the
process.**

Artificial intelligence (Al) has been applied to the areas of
DCE MRI of the breast for image classification, object detec-
tion, and segmentation.*> ** Some researchers are using Al to
further improve the diagnostic performance of UF-DCE MRI.
Milenkovié et al.*’ investigated the diagnostic potential of
textural analysis that can quantify the spatiotemporal changes
of the contrast agent uptake in computer-aided diagnosis
(CADx) of malignant and benign breast lesions imaged with
UF-DCE MRI of 83 malignant and 71 benign lesions. The
AUC obtained by the proposed approach based on 2D textural
features with random forest classifier was 0.8997, which was
significantly higher (P = 0.0198) than the performance
achieved by the previous approach based on 3D morphology
and dynamic analysis (AUC = 0.8704). UF-DCE MRI may fit
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better than conventional DCE MRI in Al-based CADXx, result-
ing in better diagnostic performance.™

Deep learning approach and random forest classifier can be
used for a multiparametric approach involving UF-DCE MRI.
In a study of 358 malignant and 149 benign lesions scanned
with UF-DCE MRI, T2WI, and ADC mapping, deep learning-
based model using only UF-DCE MRI resulted in AUC of
0.811, while final Al-based model using all MR images and
patient information significantly improved AUC up to 0.852.%®

Conclusion

Thanks to the technical advancement of fast MRI scans,
UF-DCE MRI has become a new approach of obtaining
kinetic information while keeping a reasonable spatial
resolution. Compared to conventional DCE MRI, a
shorter scanning time is an advantage. UF-DCE MRI is
useful in the clinical practice, particularly for patients
with marked BPE in identifying target lesions. Various
kinetic parameters are proposed and now under investiga-
tion. UF-DCE MRI can provide detailed vascular infor-
mation that can be associated with prognostic factors.
They are particularly useful in diagnosing small lesions.
However, we need to recognize the weakness of kinetic-
based images, which may be compensated by the multi-
parametric approach and the use of Al
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