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OBJECTIVE. Fast breast MRI protocols have the same sensitivity as conventional pro-
tocols, but their specificity is variable and can be inadequate. An ultrafast sequence provides
early enhancement of lesion characteristics that optimize the characterization of the fast pro-
tocol, increasing positive predictive values without increasing time.

CONCLUSION. These new abbreviated protocols could constitute a viable screening
tool both for women at high risk of breast cancer and for those at intermediate risk with high

breast density.

ecently, new breast MRI proto-
cols, called fast protocols, have
been developed that obtain only
one set of images after contrast
material administration. These protocols
take half as much time as conventional pro-
tocols but have the same sensitivity. With the
increasing number of mutations for breast
and ovarian cancers discovered each year
and the consequently increasing number of
women who required breast MRI screening,
this time saving is critical to enlarge the ca-
pacity of an MRI unit to scan women at high
risk of developing cancer.

This new type of protocol has been suc-
cessful, and many authors have tried to de-
velop similar approaches for other indications
of breast MRI [1-5]. However, the specific-
ity varied, mainly because of the lack of an
enhancement curve study. Subsequently, an
ultrafast sequence was created that provides
early enhancement of lesion characteristics
and optimizes the characterization of the
fast protocol, increasing positive predictive
value (PPV) without increasing time. By in-
creasing throughput while reducing the cost
of a breast MRI scan, these new abbreviat-
ed protocols could constitute a viable screen-
ing tool for women at high risk of breast can-
cer. They have also recently begun to be used
for screening women at intermediate risk of
breast cancer who have high breast density.

Contrast-enhanced MRI is an advanced
imaging technique for diagnosing breast
cancer in selected cases, with sensitivity and
specificity of 87-99% and 72-81%, respec-

tively [6—8]. The standard protocol consists
of unenhanced and contrast-enhanced se-
quences allowing examination of the mor-
phologic and enhancement kinetic features
of breast lesions [9]. When morphologic fea-
tures are not suspicious, the enhancement ki-
netic features are useful to characterize and
include lesion enhancement in early, inter-
mediate, and late contrast-enhanced phases
as depicted on time—signal intensity curves.
These time—signal intensity curves are clas-
sified as persistent (type I), plateau (type
II), and washout (type III), indicating be-
nign, suspicious, and malignant lesions, re-
spectively [10]. Lesion washout represents a
specific but not very sensitive sign of malig-
nancy: 87% of lesions with washout are ma-
lignant, but washout is found in only 57% of
cancers. Even if the reported mean wash-in
of benign and malignant lesions is 72% and
104%, respectively, the wide SD ranges cause
a significant overlap of their enhancement
features [10]. Thus, with conventional MRI
protocols, washout remains one of the best
feature to predict malignancy, but it requires
a late acquisition after contrast material in-
jection and a time-consuming examination.
With the increasing number of women who
are referred for breast MRI screening, the de-
velopment of abbreviated protocols was re-
quired. The first one developed, the fast pro-
tocol, retains only the first acquisition after
gadolinium injection (fast protocol) (Fig. 1).
Later, the fast protocol was combined with
a high temporal sequence to oversample the
first minute after gadolinium injection (ul-
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trafast sequence) to reduce acquisition time
while maintaining specificity.

Limits of Conventional Breast MRI

In accordance with the guidelines of the
European Society of Breast Cancer Special-
ists, a breast MRI examination takes about
20-30 minutes to perform. Aside from being
time-consuming, breast MRI is also complex
to read and to archive, with usually more
than 2500 images [6]. Breast MRI is now a
well-established screening test for women
with a high risk of breast cancer. MRI de-
tects an additional 14.7 cancers per 1000
women with high risk who had negative find-
ings for breast cancer on mammography and
ultrasound (US) [11]. However, by definition,
a screening test needs to be simple, reproduc-
ible, cost-effective and result in a low number
of false-positives. Conventional breast MRI
does not satisfy these criteria.

Several studies have presented the value
of MRI screening for women with an inter-
mediate risk of breast cancer including those
with a history of breast cancer, biopsy-prov-
en lobular carcinoma in situ, atypical lobu-
lar hyperplasia, or atypical ductal hyperplasia
and for women with very dense breast tissue
[1-5, 11-13]. However, most breast imaging
groups (e.g., Society of Breast Imaging, Eu-
ropean Society of Breast Imaging, Ameri-
can College of Radiology) do not recommend
MRI screening for women with personal his-
tory of breast cancer or histopathologic high
risk because the practice is not cost-effective
[14]. This approach presents a dilemma be-
cause of the lack of accuracy of conventional
screening tools. The sensitivity of mammog-
raphy is much lower for women with dense
breast tissue [15, 16]. Mandelson et al. [17]
showed that the detection rate of breast can-
cer with mammography was 30% in dense
breasts, compared with 80% in those with-
out dense breasts. Breast US improves the
detection of small mammographically oc-
cult breast cancers, but its overall PPV for
biopsy or aspirations performed in patients
with BI-RADS category 4 masses was still
low at 6.5% (3/46; 95% CI, 1.7-19%) [18].
In 2015, Brem et al. [19] evaluated 3D auto-
mated breast US with screening mammog-
raphy versus screening mammography alone
in 112 women with dense breast tissue. Add-
ing automated breast US to screening mam-
mography yielded an additional 1.9 detected
cancers per 1000 women screened (95% CI,
1.2-2.7; p < 0.001). In comparison, in 2017,
Kuhl et al. [1] demonstrated that the overall
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supplemental cancer detection rate of breast
MRI in women at average risk of developing
breast cancer (lifetime risk < 15% excluding
histopathologic high-risk lesions) was 15.5
cancers per 1000 cases with a specificity of
97.1% and a PPV of 35.7%. Kuhl et al. mainly
included patients with dense breasts (60.5%);
most cancers (11/13, 84.6%) were detected in
this population. Moreover, the interval can-
cer rate of women undergoing MRI screening
was reduced to zero [20]. Thus, indications
for breast MRI screening are likely to be ex-
tended to patients at intermediate risk of can-
cer with dense breast tissue. In this setting, a
simplified cost-effective protocol is essential
to ensure access for all eligible women.

In this review we present different studies
that examined the fast protocol or ultrafast
sequences whether or not they included a fast
protocol for breast MRI screening or regard-
less of indication.

Abbreviated Breast MRI Protocol:
The Groundbreaking Study

Among the different subtypes of breast
cancer, MRI mainly improves the detection
of invasive carcinomas and high-grade duc-
tal carcinoma in situ (DCIS), which are well
known to display initial uptake of contrast
material within 90 seconds after administra-
tion. An abbreviated MRI screening protocol
could therefore preferentially detect biologi-
cally significant cancers that enhance rapidly
and thus do not require a lengthy scan time
[21-23]. In 2014, Kuhl et al. [12] first investi-
gated whether a fast protocol of 3 minutes total
imaging, consisting of only one unenhanced
and one contrast-enhanced acquisition and
their derived images (first contrast-enhanced
subtracted and maximum-intensity projec-
tion images), was suitable for breast MRI
screening. Their prospective study included
443 women, most (82%) of whom had mildly
to moderately increased risk of breast cancer,
who underwent 606 MRI examinations after
negative conventional breast screening im-
aging (mammography, US, or both). The full
MRI protocol consisted of standard acquisi-
tions: T1-weighted, T2-weighted without fat
saturation, and unenhanced and contrast-en-
hanced T1-weighted sequences (five contrast-
enhanced acquisitions) with a total imaging
time of 17 minutes. The fast protocol was
split into two steps. First, the readers inter-
preted maximum-intensity-projection (MIP)
images of the first contrast-enhanced sub-
tracted examination as positive (significant
enhancement) or negative (Fig. 2). Second,

the readers interpreted the fast protocol in-
cluding Tl-weighted images obtained be-
fore and 1 minute after injection on native
and subtracted images. The standard full di-
agnostic protocol was then analyzed. In this
important study, 11 breast cancers were diag-
nosed overall, for an additional yield of 18.2
cancers per 1000 cases. Interpretation of both
the fast and full protocols diagnosed all can-
cers with a sensitivity and negative predictive
value (NPV) of 100%. Using MIP sequenc-
es only, sensitivity decreased to 91% with one
cancer missed. The specificity and PPV of the
fast and full protocols were equivalent (spec-
ificity, 94.3% and 93.9%; PPV, 24.4% and
23.4%; respectively). More than one-third
of the BI-RADS category 3 diagnoses made
on fast protocol images (20/53; 37.7%) were
downgraded to definitely benign (BI-RADS
category 2) on the basis of full protocol find-
ings, obviating short-term follow-up MRI.
These results support the assumption that ad-
ditional T2-weighted sequences are required
to optimize lesion characterization.

Confirmation With Different Fast
Protocols
Breast Screening Indication

Table 1 lists studies examining use of fast
protocols in breast MRI screening. First, in
2016, Harvey et al. [24] compared a fast pro-
tocol similar to that in Kuhl et al. [12] with
a full protocol in 568 women. The main dif-
ference between the two studies was that
the Kuhl et al. study included only women
at high risk of breast cancer. Harvey et al.
found no difference between the fast and
full protocols in the number of cancers de-
tected but reported a decrease in scan times
of 18.8 minutes per case. Mean interpreta-
tion time was 1.55 minutes for the fast pro-
tocol compared with 6.4 minutes for the full
protocol. Review of the full protocol led to a
significant change in the final BI-RADS as-
sessment in 12 of the 568 cases (2.1%), which
is less than the 37.7% of cancers downgraded
from BI-RADS category 3 to definitely be-
nign in the study by Kuhl et al.

In 2017, Strahle et al. [13] evaluated an ab-
breviated fast protocol in 671 prospectively
enrolled women with negative mammograph-
ic findings, no symptoms, no personal breast
cancer history, and no prior chest radiation
therapy. A standard full protocol was also
performed with a scan time of 24 minutes. In
this study, the optimal fast protocol required
a scan time of 7.5 minutes, combining unen-
hanced T1-weighted and contrast-enhanced
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TABLE I: Fast Protocols for Breast Screening Showing Equal or Better Sensitivity and Specificity Than the Full Protocol

Characteristic Kuhl etal. [12] Harvey et al. [24] Strahle etal.[13] Chenetal. [4] Panigrahi et al. [25]

No. of patients 443 568 671 356 1052
Risk of breast cancer Mild and moderate (82%) High Various Various High
Mean age (y) 54.2 53.2 55.7 48.2 53.1
No. of lesions 177 29 17 67 46
No. of cancers " 7 7 14 14
No. (%) of DCIS? 4(36.4) 2(28.6) 3(43) 4(28.6) 2(14.3)
Mean size of cancers (mm) 8.4 — — 12 10.7
T2-weighted sequence included

Abbreviated protocol No No Yes No No

Full protocol Yes Yes Yes Yes Yes
Sensitivity (%)

Abbreviated protocol 100 100 100 92.9 81.8

Full protocol 100 100 100 100 81.8
Specificity (%)

Abbreviated protocol 94.3 — — 86.5 97.2

Full protocol 93.9 — — 96.8 97.4
Negative predictive value (%)

Abbreviated protocol 100 100 100 99.7 —

Full protocol 100 100 100 100 —
Positive predictive value (%) —

Abbreviated protocol 24.4 — 41.2 22 —

Full protocol 23.4 — — 56 —
Acquisition time

Abbreviated protocol 3min 4min24s 7min30s 10min24s 3min

Full protocol 17 min 23min12s 24 min 32min 24 min
Reading time

Abbreviated protocol 28s 1min33s — 37s 2.4 min

Full protocol — 6min24s — 3min 6.6 min
Additional cancer detection rate 18.2/1000 — 16.3/1000 39/1000 13.3/1000

Note—Dash (—) indicates value not reported. DCIS = ductal carcinoma in situ.
aNumbers in parentheses are percentages of the total number of cancers that were DCIS lesions.

Tl-weighted (at 1.5 min), T2-weighted, and
T1-weighted (at 6 min) sequences, which al-
lowed standard kinetic curve calculation. The
full breast MRI protocol detected 452 lesions
not visible on mammography, including 17
suspicious lesions recommended for biop-
sy in women with dense breasts. Of these,
seven (PPV, 41.2%) were malignant; all sev-
en would have been identified on images ob-
tained using the fast protocol. Overall, the in-
cremental cancer detection rate among the
367 women with dense breasts was 16.3 can-
cers per 1000 cases.

In the same year, Chen et al. [4] evaluat-
ed the performance of a fast protocol (con-
trast-enhanced subtracted image and MIP)
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in a retrospective study that screened 356
women with dense breast tissue who had
negative mammographic and US examina-
tions. Fourteen additional cancers were de-
tected, resulting in an additional cancer de-
tection rate of 39 cancers per 1000 cases.
This rate is considerably higher than that
in the Strahle et al. [13] study (16.3/1000)
and may have resulted from the Chen et al.
study focusing on women with dense breast
tissue, for whom mammographic screening
is known to be less efficient. The sensitivity
and NPV of the fast protocol were equivalent
to those of the full protocol: 92.9% versus
100% and 99.7% versus 100%, respectively.
However, the specificity and PPV of the fast

protocol were significantly lower than for the
full protocol: 86.5% versus 96.8% and 22%
versus 56%, respectively.

Also in 2017, Panigrahi et al. [25] pro-
spectively evaluated the performances of a
fast protocol consisting of unenhanced and
contrast-enhanced T1-weighted subtracted
(and derived MIP) images on 746 women at
high risk of breast cancer. The abbreviated
protocol detected all 14 cancers (including
two DCIS lesions) with equivalent reported
sensitivity and specificity for the abbreviated
and full protocol, respectively: 81.8% versus
81.8% and 97.2% versus 97.2% and 97.4%.
They also reported high BI-RADS assess-
ment agreement (96.6%) between the abbre-
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TABLE 2: Selected Results From Four Studies of Fast Protocols in Nonscreening Populations

Characteristic Mango et al. [26] Heacock et al.[21] Moschetta et al. [27] Oldrini et al. [28]
Indication for MRI Preoperative staging Preoperative staging Various Various
No. of patients 100 107 470 70
Mean age (y) 52 — 53.2 53
No. of lesions 100 107 185 106
No. of cancers 100(100) 107 (100) 75(40) 58 (54.7)
No. (%) of DCIS? 23(23) 23(21.5) 0(0) 8(13.8)
Mean size of cancers (mm) 22 19 — 23
T2-weighted sequence included

Abbreviated protocol No Yes Yes Yes

Full protocol — — — —
Sensitivity (%)

Abbreviated protocol 96 100 89 93.1

Full protocol — — 92 93.1
Specificity (%) _

Abbreviated protocol — — 91 60.4

Full protocol — — 92 60.4
Negative predictive value (%) —

Abbreviated protocol — — 98 87.9

Full protocol — — 98 879
Positive predictive value (%)

Abbreviated protocol — — 64 74

Full protocol — — 68 74
Diagnostic accuracy

Abbreviated protocol — — 91 78.3

Full protocol — — 91 78.3
Acquisition time (min)

Abbreviated protocol 12.5 12 10 5.8

Full protocol 35 — 16.4 15
Reading time —

Abbreviated protocol 445 — 2 min —
Full protocol — — 6+3.2min —
p — — 0.001 <0.05

Note—Dash (—) indicates value not reported. DCIS = ductal carcinoma in situ.

aNumbers in parentheses are percentages of the total number of cancers that were DCIS lesions.

viated protocol and the subsequent review of
the full protocol.

Thus, using MRI with abbreviated protocol
as a screening test, additional cancer detection
rates ranged from 13.3/1000 to 39/1000, with
the latter in a subset of women with dense
breasts. Regarding specificity, the results from
the studies by Kuhl et al. [1] and Chen et al. [4]
(94.4% and 85.6%, respectively) must be care-
fully interpreted, because BI-RADS category
lesions were considered as negative cases in
these two screening studies [6].

AJR:214, February 2020

Nonscreening Populations

Table 2 summarizes selected results from
studies of fast protocols in nonscreening
populations. In 2015, Mango et al. [26] evalu-
ated the ability of a fast breast MRI protocol
consisting of an unenhanced T1-weighted se-
quence and a single early contrast-enhanced
T1-weighted fat-saturated sequence (total
imaging time, 12.5 min) to detect breast car-
cinoma in 100 consecutive women with bi-
opsy-proven unifocal breast carcinoma un-
dergoing breast MRI examinations. All 100

cancers were visualized by at least one of
the four readers on the initial reading of the
fast protocol images, and 92% of the cancers
were visualized by all four readers. Sensitiv-
ity was 96% for cancers detected by at least
one of the four radiologists.

In 2016, Heacock et al. [21] proposed a
similar design to evaluate the use of a fast
MRI protocol to detect cancer in a popu-
lation of 107 women with biopsy-proven
unifocal breast cancer. The protocol con-
sisted of fat-saturated T2-weighted and
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fat-saturated unenhanced and contrast-en-
hanced T1-weighted images with a total im-
aging time of 12 minutes. The mean percent-
age detection for the fast protocol was 99.4%,
which was similar to that found in the study
by Mango et al. [26]. Heacock et al. also eval-
vated the initial enhancement ratio (IER),
defined as the signal-intensity increase be-
tween a first (unenhanced) and second (first
dynamic contrast-enhanced [DCE]) MRI
series, as a predictive factor for malignan-
cy and grade of malignancy. The IER was
positively associated with increasing tumor
grade (p = 0.031) and invasive disease (p =
0.002), which shows the importance of early
enhancement parameters.

In 2016, Moschetta et al. [27] compared
a standard MRI protocol with an abbreviat-
ed fast MRI protocol combining STIR turbo
spin-echo T2-weighted sequences, an unen-
hanced fat-saturated T1-weighted sequence,
and a single intermediate contrast-enhanced
fat-saturated T1-weighted sequence (3 min
after contrast injection) with the correspond-
ing subtracted series. They included 470 pa-
tients undergoing breast MRI for screening,
problem solving, or preoperative staging.
In 177 patients (37.7%), the MRI sequences
detected 185 breast lesions and 75 cancers
(16%). The full protocol had sensitivity, spec-
ificity, diagnostic accuracy, PPV, and NPV of
92%, 92%, 92%, 68%, and 98%, respective-
ly; corresponding values for the the fast pro-
tocol were 89%, 91%, 91%, 64%, and 98%,
respectively, with no statistically significant
difference (p < 0.001). The false-negative
cases were eight mucinous and lobular car-
cinomas with high signal intensity on the
T2-weighted images and mild enhancement
mimicking benign lesions.

In 2017, Oldrini et al. [28] compared a
fast protocol to a full protocol for distin-
guishing benign from malignant lesions in a
population of women regardless of the indi-
cation for breast MRI, similar to what was
done in the study by Moschetta et al. [27].
In this study of 106 patients (58 cancers), the
diagnostic performance of the fast protocol
(T2-weighted and T1-weighted with fat satu-
ration on unenhanced and contrast-enhanced
sequences) was significantly better than that
of the full protocol (sensitivity, 93.1%; speci-
ficity, 60.4%; NPV, 87.9%; PPV, 74%; accura-
¢y, 78.3%: p < 0.05). Their results and those
of Moschetta et al., conducted in women re-
gardless of the indication for breast MRI and
using the same protocols, resulted in similar-
ly high sensitivity and NPVs.
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These four studies evaluated the diagnos-
tic performance of MRI protocols in non-
screening populations, in whom a higher
number of lesions would be expected com-
pared with screening populations. Nonethe-
less, the diagnostic performances in the fast
and full protocols were equivalent.

With regard to false-negatives in the fast
protocol that were detected with the full pro-
tocol in the study by Mango et al. [26], eight
cancers were missed by at least one of the
four readers: five DCIS (grade not specified;
mean size, 1.6 cm), two invasive ductal car-
cinomas (mean size, 0.8 cm), one invasive
lobular carcinomas (size, 1.2 cm). Kuhl [29]
reported that MRI sensitivity for DCIS de-
tection increases from 80% for low grade to
98% for high grade. In the Moschetta et al.
study [27], the eight false-negative cases were
mucinous and lobular carcinomas with high
signal intensity in T2-weighted images and
with mild enhancement mimicking benign
lesions. No DCIS was included in their study.

Fast Protocol Combined With Ultrafast
Sequences

A perfect breast MRI analysis combines
morphologic and kinetic features. Fast proto-
cols can detect nearly all breast cancers, but
kinetic features are missing. The accelera-
tion techniques used in ultrafast DCE-MRI
sequences shorten acquisition times but
maintain high spatial resolution by taking
advantage of the redundancy in the acquired
image data. Combining a fast protocol with
ultrafast sequences promises to simultane-
ously improve specificity and decrease ac-
quisition time without the need for a full-
length protocol to obtain the conventional
kinetic curves (Figs. 1, 3-5). Two acquisi-
tion acceleration techniques have been used
in previous studies: techniques involving the
concept of view-sharing and undersampling
of the k-space periphery and techniques us-
ing parallel imaging methods.

Acquisition acceleration techniques with
view-sharing—TWIST  (Siemens Health-
ineers), TRICKS or DISCO (GE Healthcare),
TRAQ (Hitachi), and 4D-TRAK (Philips
Healthcare) are time-resolved MR angiogra-
phy (MRA) techniques that use view-sharing
and undersampling of the k-space periphery to
allow rapid acquisition of multiple images dur-
ing contrast material inflow (Figs. 3-5).

The first article about an ultrafast sequence
was published in 2014 by Mann et al. [30].
They evaluated TWIST acquisitions during
contrast material inflow in a conventional

high-resolution dynamic MRI protocol in a
retrospective cohort of 160 consecutive pa-
tients with 199 enhancing abnormalities (95
benign and 104 malignant). Maximal slopes
obtained from ultrafast TWIST sequenc-
es allowed discrimination between benign
and malignant disease with high accuracy
(AUC = 0.829 with sensitivity of 90% and
specificity of 67%, cutoff > 6.4%/s for malig-
nancy). Three types of maximal slopes were
defined according to the risk of malignancy,
as in BI-RADS classification. This simplifi-
cation provides a considerably higher accu-
racy than the lengthier BI-RADS curve type
analysis (AUC = 0.812 vs 0.692; p = 0.0061).
However, this study did not perform morpho-
logic analysis of the lesion or evaluate the
value that ultrafast analysis added to conven-
tional BI-RADS classification.

In 2017, Mus et al. [31] analyzed the same
population as Mann et al. [30] with almost
the same ultrafast sequence. They evaluat-
ed time to enhancement (TTE) derived from
ultrafast TWIST acquisitions to differentiate
malignant from benign breast lesions, build-
ing on a preliminary study performed by Pla-
tel et al. [32]. TTE is defined as the time point
at which lesions start to enhance compared
with the time point at which the aorta starts to
enhance. A TTE cutoff of 12.96 seconds had
been found to be the most accurate to distin-
guish benign from malignant lesions accord-
ing to a prior study conducted by Boetes et al.
[22]. Lesions that became visible before a TTE
of 12.96 seconds were classified as malignant;
those that enhanced after 12.96 seconds were
classified as benign without further morpho-
logic considerations. Lesions that became vis-
ible at exactly 12.96 seconds were considered
equivocal, and final assessment was based
on morphologic characteristics. TTE had a
significantly better discriminative ability than
did curve type (p < 0.001 and p = 0.026 for
readers 1 and 2, respectively). Once morpho-
logic analysis was included, the sensitivities of
the ultrafast sequence and full protocol were
equivalent (p = 0.549 and p = 0.344, respec-
tively). Specificity and diagnostic accuracy
were significantly higher for the ultrafast se-
quence than for the full protocol assessment
(p < 0.001). These two studies, evaluating
semiquantitative kinetic parameters almost
regardless of morphologic features, found
that early enhancement parameters have a
significantly higher accuracy than do conven-
tional late contrast-enhanced curves.

In 2017, Oldrini et al. [28] evaluated the
added value of an ultrafast MRI sequence in
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a fast protocol compared with a full protocol
to distinguish benign from malignant lesions
in 106 women with histologically proven le-
sions (58 malignant and 48 benign), regard-
less of breast MRI indications. The ultrafast
acquisition consisted of 12 TRICKS acqui-
sitions during contrast material inflow. The
ultrafast protocol consisted of subtraction of
MIP images derived from TRICKS scans.
The fast protocol consisted of morphologic
T2-weighted and unenhanced and contrast-
enhanced fat-saturated T1-weighted sequenc-
es for a total scan imaging time of 5.8 min-
utes. For all readers, an abbreviated protocol
combining the fast protocol and ultrafast se-
quence significantly improved specificity to
83.3% versus 70.8% and 60.4% in compari-
son with the fast protocol alone or full pro-
tocol, respectively, without change in sensi-
tivity. By adding an ultrafast sequence to the
fast protocol, the readers were able to cor-
rectly change the diagnosis in 22.9% (11/48)
and 10.4% (5/48) of benign lesions, without
missing any malignancy. Thus, regardless of
morphologic characteristics, semiquantita-
tive kinetic parameters are useful to increase
specificity. Nonetheless, ultrafast sequences
alone are not sufficient; they must be add-
ed to a fast protocol including morphologic
T2-weighted imaging for BI-RADS morpho-
logic characterization.

In another study, Milon et al. [33] found
that adding an ultrafast sequence to a fast
protocol increased diagnostic performance
to reach that of the standard full protocol
while reducing acquisition time. This study
retrospectively included 120 women (mean
age, 55 years old; age range, 28—88 years
old) in whom an abnormal, enhancing lesion
had been identified with subsequent patho-
logic analysis (69 benign, seven borderline,
and 103 malignant lesions). Two readers
classified the lesions according to BI-RADS
by first reading images from a fast protocol
(T1-weighted, T2-weighted, fat-saturated
T1-weighted obtained 2 min after contrast
material injection) and then reading imag-
es from the standard full protocol (fast with
four successive fat-saturated T1-weighted se-
quences after contrast material injection). In-
dependently, they determined lesion visibil-
ity and TTE on the ultrafast sequence. An
abbreviated protocol was then devised us-
ing data from the ultrafast sequence added to
the fast protocol. Early enhancement on the
ultrafast sequence (TTE < 31 s) was associ-
ated with malignancy with an odds ratio of
5.6 (95% CI, 3.3-20.4; p < 0.0001). Adding a
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TTE of less than 31 seconds to fast analysis
(AUC = 0.826) significantly improved lesion
characterization with a diagnostic gain of
10.6% (19/179) of lesions correctly reclassi-
fied (p = 0.0034) compared with the fast pro-
tocol and with a shorter acquisition time (7
min 48 s vs 13 min 54 s).

Acquisition acceleration techniques with
parallel imaging—Time-resolved MR A tech-
niques using view-sharing and undersampling
of the k-space periphery have a disadvantage
in that view-sharing results in temporal blur-
ring and does not allow image reconstruc-
tion in other planes. This drawback has given
rise to the development of techniques using
parallel imaging methods. Sensitivity en-
coding (SENSE) and array coil spatial sen-
sitivity encoding (also known as ASSET) are
among the most widely used parallel imag-
ing methods. These techniques are primarily
performed in image space after reconstruc-
tion of data from the individual coils. They
involve four steps: generating coil sensitivity
maps, acquiring partial k-space MRI data, re-
constructing partial FOV images from each
coil, and unfolding or combining partial FOV
images by matrix inversion.

To our knowledge, five studies have evalu-
ated these techniques using parallel imaging
methods. They are all pilot studies performed
on a small number of lesions with custom pro-
tocols. Additional studies are thus required.

In 2016, Abe et al. [34] performed a pre-
liminary study to evaluate the diagnostic util-
ity of an ultrafast sequence compared with a
standard acquisition for differentiating benign
from malignant lesions in 60 patients with 33
malignant and 29 benign lesions. They de-
veloped a custom ultrafast MRI sequence
in which whole-breast 3D images were ac-
quired with high temporal resolution (7 s)
using higher than usual SENSE acceleration
factors and a lower than usual spatial resolu-
tion. Ultrafast acquisition was performed dur-
ing the early phase of contrast enhancement
for approximately 1 min after contrast mate-
rial injection. This acquisition was followed
by a standard high-resolution contrast-en-
hanced T1-weighted acquisition. The IER and
the signal enhancement ratio (SER, which is
defined as the difference between the signal
intensity of an early contrast-enhanced and
an unenhanced DCE-MRI series divided by
the difference between the signal intensity
of a delayed contrast-enhanced and an un-
enhanced series) were significantly higher in
malignant lesions than in benign lesions (p =
0.001). Applying 116% as the cutoff enhance-

ment rate on the first TTE ultrafast acquisi-
tion, they observed sensitivity of 85%, speci-
ficity of 79%, PPV of 82%, and NPV of 82%.
ROC curve analysis showed no significant
differences between the enhancement rate on
the ultrafast sequence and SER or IER on the
standard imaging sequence.

In 2016, Pineda et al. [35] evaluated the
time of arrival (TOA), defined as the time at
which each voxel first satisfies all filter condi-
tions relative to the time of initial arterial en-
hancement in mammary arteries, to compare
its diagnostic utility in differentiating the be-
nign or malignant nature of 18 enhanced le-
sions. They used another custom protocol that
included conventional Fourier sampling as a
robust quantitative analysis method to identi-
fy rapidly enhanced lesions. Images were ac-
quired at low spatial resolution and relatively
high SENSE acceleration factors during the
first minute after contrast material injection to
produce full, bilateral, fat-suppressed breast
images with temporal resolution ranging be-
tween 6.2 and 9.9 s. The mean TOA was much
shorter for malignant lesions than for benign
lesions (18.4 s vs 43.5 s; p < 0.001).

In 2018, Jimenez et al. [36] performed a
preliminary study in six patients to develop
a volumetric imaging technique with 0.8-
mm isotropic resolution and 10-second per
volume rate to detect and analyze breast le-
sions in a bilateral DCE-MRI examination.
A custom high temporal DCE sequence us-
ing both parallel imaging and spatial com-
pressed sensing was designed to create
rapid volumetric frame rates during a con-
trast-enhanced breast examination (vast-
ly undersampled isotropic projection spa-
tial compressed sensing with temporal local
low-rank). This reconstruction approach of
3D radial sampling with mask subtraction
provides a high-performance imaging tech-
nique for characterizing enhancing struc-
tures within the breast.

In 2017, two studies were published about
the development of new ultrafast sequences.
Vreemann et al. [37] evaluated a compressed
sensing volumetric interpolated breath-hold
examination (VIBE) sequence (CS-VIBE) for
ultrafast breast MRI, which enables high spa-
tiotemporal resolution for both dynamic in-
flow analysis and morphologic evaluation to
replace the TWIST sequence, on 31 lesions
(five malignant and 26 benign). Imaging time
was 1 minutes 31 seconds, and no differences
were found in terms of image quality between
TWIST and CS-VIBE. Ghosting and infold-
ing artifacts were more frequent (p < 0.001)
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with the TWIST sequences; breathing and
pulsation artifacts (which have lesser effects
because they are always outside of the area of
interest) were more often seen (p =0.001) with
the CS-VIBE sequences. The main limit of
this new sequence was the time of reconstruc-
tion (45 min for each CS-VIBE series on the
standard scanner hardware). In the same year,
Heacock et al. [38] evaluated a novel multicoil
compressed sensing technique with flexible
temporal resolution called golden-angle radial
sparse parallel (GRASP). This method uses a
combination of compressed sensing and par-
allel imaging to acquire simultaneously high
spatial and temporal resolution. The GRASP
technique exploits joint multicoil sparsity
techniques to allow continuous acquisition of
dynamic information before, during, and after
contrast agent injection. All 180 biopsy-prov-
en benign and malignant lesions showed good
conspicuity on VIBE and GRASP sequences
(4.28 £0.81 vs 3.65 + 1.22), with no significant
difference in lesion detection (p = 0.248).

Ongoing Studies

Two clinical trials are ongoing. The first
is the DENSE trial, which is a randomized
study of breast cancer screening with MRI in
women 5075 years old with extremely dense
breast tissue. The main objective is to evalu-
ate if there is a difference in the number of
interval cancers detected between the group
undergoing MRI and the group not undergo-
ing MRI. The second trial, the EA1141 study,
began in 2016 and is comparing an abbrevi-
ated breast MRI protocol with digital breast
tomosynthesis for breast cancer screening in
women with dense breasts. This study is a
prospective multicenter diagnostic accuracy
study and is sponsored by the Eastern Coop-
erative Oncology Group and American Col-
lege of Radiology Imaging Network. Women
40-75 years old with dense breast tissue, de-
fined as mammographic density categories ¢
and d, without breast cancer—related risk fac-
tors or symptoms, will undergo digital breast
tomosynthesis or an abbreviated breast MRI
protocol for 2 consecutive years. The main
objective is to compare the detection rate of
invasive cancers for these two modalities.

Discussion

Even if fast MRI protocols are somewhat
heterogeneous, most studies have found them
to have a consistently high sensitivity com-
pared with full breast MRI protocols [4,
12, 13, 21, 24-28], with considerably short-
er scan time (7.8 min [range, 3—12.5 min] vs
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23.6 min [range, 15-35 min] for fast and full
protocols, respectively).

Data from additional ultrafast sequences
can provide early enhancement lesion char-
acteristics, which appear to help increase
specificity without increasing the acquisition
time [30, 31, 33-38]. Nonetheless, conven-
tional high-spatial-resolution sequences ap-
pear essential for morphologic analysis, us-
ing a T1-weighted sequence acquired after
contrast agent injection, and for lesion char-
acterization, for which a T2-weighted se-
quence could help to downgrade benign le-
sions. We believe that morphologic analysis
must continue to be the first step because a
lesion with suspicious morphologic charac-
teristics does not need kinetic analysis to be
rated with BI-RADS.

Data from kinetic analysis are useful to
refine and help classify lesions with benign
morphologic features [33]. An ultrafast se-
quence can be used to better characterize
these lesions using early enhancement char-
acteristics. Many such sequences have been
developed, and many semiquantitative pa-
rameters have been tested successfully.

Adding an ultrafast sequence to a fast
protocol permits both optimal morphologic
analysis and lesion enhancement character-
istics. In our opinion, an abbreviated breast
MRI including ultrafast acquisition could be
better and faster than a conventional full pro-
tocol [28, 33].

Conclusion

Decreasing acquisition time and improv-
ing specificity allows abbreviated breast
MRI to satisfy the conditions required for
a screening test in a high-risk population,
with an additional cancer detection rate of
14.7/1000 and better cost-effectiveness [4].
Abbreviated DCE-MRI with ultrafast imag-
ing might be considered as a screening tool
in women with dense breasts who have in-
termediate risk of developing breast cancer.
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Fig. 1—Breast MRl protocols.

A, Full breast MRI protocol consists of at least
one T1-weighted (T1-W) and T2-weighted
(T2-W) sequence before contrast material
injection and several T1-weighted conventional
high-spatial-resolution T1-weighted (cT1-W)
sequences acquired to build enhancement
curves.

B, Example of fast protocol that consists of
only T1-weighted conventional high-spatial-
resolution sequence before and after contrast
administration. This protocol corresponds to
type studied by Kuhl et al. [12] and Mango et
al. [26].

C, Example of fast protocol that consists of
T2-weighted and T1-weighted conventional
high-spatial-resolution sequence before and
after contrast administration. This protocol
corresponds to type studied by Heacock et al.
[21] and Moschetta et al. [27].

D, Example of abbreviated protocol thatis
composed of fast protocol to which ultrafast
sequence is added to allow early enhancement
parameter analysis. This protocol corresponds
to type studied by Oldrini et al. [28] and Milon
etal. [33].

E, Example of protocol with only ultrafast
sequence, which allows early enhancement
parameter analysis but not morphologic
analysis. This protocol corresponds to type
studied by Mann et al. [30] and Mus et al. [31].
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C

Fig. 2—Maximum-intensity-projection (MIP) image analysis built on subtracted images of ultrafast sequence and subtracted images of conventional dynamic contrast-
enhanced (DCE)-MRI.

A and B, 42-year-old woman at high risk for breast cancer undergoing MRI for cancer screening. Findings are negative on subtracted MIP image of ultrafast sequence (A)
and on conventional T1-weighted DCE-MR image (B).

C and D, 38-year-old woman undergoing MRI to stage malignant lesion in right breast (invasive ductal carcinoma, grade 3). Findings are positive on subtracted MIP image
of ultrafast sequence (C) and on conventional T1-weighted DCE MR-image (D).
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Fig. 3—Steps for analyzing breast MRl including ultrafast sequence. 70-year-old woman who underwent breast MRI for staging of mass (lobular carcinoma of superior
and medial quadrant of right breast). She had undergone tumorectomy for contralateral breast carcinoma 4 years before.

A and B, Infirst step, reader must determine if lesion is visible on subtracted maximum-intensity-projection image of ultrafast sequence (A) and conventional
T1-weighted dynamic contrast-enhanced MR (DCE-MR) image (B). Additional subcentimeter lesion in same breast also needs to be analyzed (arrow).

(Fig. 3 continues on next page)
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Fig. 3 (continued)—Steps for analyzing breast MRl including ultrafast sequence. 70-year-old woman who underwent breast MRI for staging of mass (lobular carcinoma
of superior and medial quadrant of right breast). She had undergone tumorectomy for contralateral breast carcinoma 4 years before.

Cand D, In second step, reader must determine if lesion displays suspicious morphologic features (e.g., irregular shape, irregular or spiculated margins). Morphologic
features are better analyzed on conventional contrast-enhanced high-spatial-resolution T1- (C) or T2-weighted (D) MRI. This lesion is round and margins are
circumscribed, which means that morphologic features are not suspicious. Lesion would be classified BI-RADS category 3 or 4 depending on enhancement
characteristics.

E-G, Third step consists of kinetic analysis thatis required for correct BI-RADS classification of lesion presenting benign morphologic features. Ultrafast sequence
reveals very early lesion enhancement (depending on temporal resolution chosen). This lesion (arrow, E) is first visible on rank 2 of ultrafast sequence (E), which is

DISCO sequence (GE Healthcare; techniques using view-sharing and undersampling k-space periphery) with temporal resolution of 7.7 s for each rank, which means
enhancement within first 15 s after contrast material injection. Reader may draw ROl within lesion for ultrafast sequence (F) or conventional DCE-MR sequence (G). Early
enhancement of lesion on ultrafast sequence is suspicious. Lesion presents conventional enhancement according to time—signal intensity curve type 2. Biopsy showed it
to be invasive ductal carcinoma (grade 2).

(Fig. 3 continues on next page)
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Fig. 3 (continued)—Steps for analyzing breast MRl including ultrafast sequence. 70-year-old woman who underwent breast MRI for staging of mass (lobular carcinoma
of superior and medial quadrant of right breast). She had undergone tumorectomy for contralateral breast carcinoma 4 years before.

E-G, Third step consists of kinetic analysis thatis required for correct BI-RADS classification of lesion presenting benign morphologic features. Ultrafast sequence
reveals very early lesion enhancement (depending on temporal resolution chosen). This lesion (arrow, E) is first visible on rank 2 of ultrafast sequence (E), which is

DISCO sequence (GE Healthcare; techniques using view-sharing and undersampling k-space periphery) with temporal resolution of 7.7 s for each rank, which means
enhancement within first 15 s after contrast material injection. Reader may draw ROl within lesion for ultrafast sequence (F) or conventional DCE-MR sequence (G). Early
enhancement of lesion on ultrafast sequence is suspicious. Lesion presents conventional enhancement according to time—signal intensity curve type 2. Biopsy showed it
to be invasive ductal carcinoma (grade 2).

Fig. 4—39-year-old woman at high risk for breast cancer who underwent MRI for
screening.

A, Indeterminate small lesion (arrow) was detected on right breast on conventional
T1-weighted maximum-intensity-projection (MIP) analysis.

B-D, Lesion was isointense compared with fibroglandular tissue on T2-weighted
MR image (B) and had benign morphologic features on contrast-enhanced
T1-weighted conventional sequences with (C) and without (D) fat saturation
(arrow, C and D).

(Fig. 4 continues on next page)
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Fig. 4 (continued)—39-year-old woman at high risk for breast cancer who underwent MRI for screening.
EandF, ROl is drawn on parametric positive enhancementintegral map (E) derived from several contrast-
enhanced T1-weighted conventional sequences to build conventional enhancement curve (F), which for this
case is time-signal intensity curve type 2. Instead of conventional enhancement curves that require long
acquisition time, ultrafast sequence (less time consuming) acquired immediately after contrast material
injection tends to provide sufficientinformation to allow analysis of whether lesion has suspicious or
nonsuspicious enhancement.

G-I, Lesion (arrows, G and H) became visible from 46 seconds (rank 6) on ultrafast MIP (G) or native (H) images,
meaning late nonsuspicious enhancement, which is illustrated on enhancement curve (l) extracted from ROI
drawn on ultrafast sequence. This case illustrates that there is no need to acquire late contrast-enhanced
conventional T1-weighted sequences if enhancement parameters can be obtained by ultrafast sequence,
which is much less time consuming (7 min 48 s vs 13 min 54 s). Biopsy of lesion revealed fibroadenoma.

(Fig. 4 continues on next page)
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Fig. 4 (continued)—39-year-old woman at high risk
for breast cancer who underwent MRI for screening. 120
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Fig. 5—45-year-old woman at high risk for breast cancer referred for screening. In this fast protocol including ultrafast sequence, reader needs to classify lesion with
T2-weighted sequence, T1-weighted conventional high-spatial-resolution sequence, first T1-weighted fat-saturated conventional sequence after contrast material
injection, ultrafast DISCO sequence (GE Healthcare; technique uses view-sharing and undersampling of k-space periphery) with temporal resolution of 7.7 s for each
rank. Postprocessing images derived from T1-weighted conventional sequence and ultrafast sequence were also analyzed.
A and B, Readers detected abnormal enhancement (arrow) on subtracted maximum-intensity-projection image of ultrafast sequence (A) and conventional T1-weighted
sequence (B).

(Fig. 5 continues on next page)
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Abbreviated Breast MRI Protocols
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Fig. 5 (continued)—45-year-old woman at high risk for breast cancer referred for screening. In this fast protocol including ultrafast sequence, reader needs to classify
lesion with T2-weighted sequence, T1-weighted conventional high-spatial-resolution sequence, first T1-weighted fat-saturated conventional sequence after contrast
material injection, ultrafast DISCO sequence (GE Healthcare; technique uses view-sharing and undersampling of k-space periphery) with temporal resolution of 7.7 s for
each rank. Postprocessing images derived from T1-weighted conventional sequence and ultrafast sequence were also analyzed.

C and D, Morphologic features were analyzed on conventional contrast-enhanced T1-weighted (C) and T2-weighted (D) sequences. This small lesion has oval shape and
irregular margins, so it would be classified atleast BI-RADS category 4b and require biopsy.

E-G, Readers analyzed lesion enhancement derived from ultrafast analysis to determine when lesion first become visible on different ultrafast acquisitions (E). Lesion
starts to enhance on rank 2 (within first 15 s), as can be seen on graph (G) derived from ultrafast sequence after drawing ROl on native ultrafastimage (on rank on which
lesion is easily visible) or on parametric positive enhancementintegral map (F) derived from ultrafast sequence. Early enhancement confirms that lesion is suspicious.
Second-look sonography and percutaneous biopsy revealed invasive lobular carcinoma.
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