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Introduction

Coronary artery disease (CAD) evaluation is one of the
cornerstones of cardiovascular imaging. Cardiovascular
magnetic resonance (CMR) has been shown to have many
advantages in the assessment of the disease, and multiple
randomized multi-center trials have demonstrated its
diagnostic and prognostic capabilities [1-4]. The evalua-
tion of CAD by CMR has mostly focused on identifying
relevant functional information regarding myocardial
perfusion, and associating that evidence with left ventricu-
lar global and regional function, as well as with scar data
from late gadolinium enhancement (LGE) images. Most
studies have used qualitative assessment of myocardial
perfusion as an indication of significant coronary stenosis,
but more recently automated quantitative stress perfusion
has been made available for routine clinical workflows [5].
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Despite the important functional information provided by
CMR, the increased availability of, and clinical results from
studies using coronary computed tomography angio-
graphy (CCTA), as well as recent findings in the ISCHEMIA
trials, have raised questions about whether an anatomical
or functional test is better for assessing CAD [6,7]. While
a more thorough discussion of the debate is beyond
the scope of this manuscript, recent ESC guidelines for
stable CAD have been revised to incorporate anatomical
evaluation as a first-line diagnostic test, especially in
patients with a low-to-intermediate likelihood of obstruc-
tive disease [8].

The role for CMR in the assessment of CAD in this
ever-changing environment will require further critical
developments given these recent clinical findings. On
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n (1A) The first routine free-breathing (FB) protocol used in 2017, which did not incorporate quantitative perfusion data or coronary magnetic
resonance angiography (MRA); (1B) the latest version of the protocol with the quantitative perfusion data, plus the stress cine images
and coronary MRA included in the temporal gaps of the first protocol, with limited time penalty. The whole stress protocol takes around

30 minutes to complete.
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the one hand, we have a technique that has many unique
features, robust clinical evidence of effectiveness, and an
advantageous cost-effectiveness ratio in CAD evaluation
[9]. On the other hand, the modality remains under-
utilized in most parts of the world [10], is still considered
a time-consuming imaging exam, and so far offers limited
evidence for providing routine clinical assessment of
coronary anatomy. 3D coronary magnetic resonance
angiography (CMRA) has been available for more than
two decades [11], but limited spatial resolution and heart
coverage, long unpredictable (due to respiratory gating),
and associated image degradation due to respiratory
motion acquisition times have prevented its more
widespread use [12]. Recent technical developments in
free-breathing whole-heart CMRA including the use of
artificial intelligence (Al), faster acquisition sequences,
and motion-compensated reconstruction have made it
possible to provide images that are clinically useful within
a clinical environment [13]. Integrating the newer anatom-
ical data provided by these sequences to the already
established functional CMR exam is still a challenge. In the
following, we try to provide a framework which we believe
can help CMR to overcome some of the hurdles involved

in this integration and offer a truly comprehensive
approach to provide both anatomical and quantitative
functional data for CAD in a relatively short time slot while
still maintaining its cost-effectiveness.

A complete free-breathing protocol

In 2017, we started using a free-breathing (FB) protocol
routinely in our clinical scans with a MAGNETOM Verio 3T
scanner [14], which we later upgraded to a MAGNETOM
Skyraft. The initial FB protocol is shown in Figure 1A. In
summary, it contained routine orthogonal and cardiac axis
localizers, an axial black-blood T1-weighted half-Fourier
single-shot turbo spin echo (HASTE) sequence, a multi-slice
FLASH perfusion sequence, a prototype compressed
sensing cine bSSFP sequence with sparse sampling and
iterative reconstruction, and a prototype respiratory
motion-corrected bSSFP averaged phase-sensitive inversion
recovery sequence (MOCO-PSIR-LGE) that was reconstruct-
ed in-line using the Gadgetron framework [15, 16]. Spatial
and temporal resolution of the FB sequences matched
clinically used breath-hold protocols. The FB protocol
allowed us to perform a cardiac scan in 21.0 = 5.1 minutes
(range 14 to 27 minutes) with comparable image quality
to routine breath-hold protocols.

As technology development occurred, we were able
to further improve image quality and information gathered
during the FB exam by incorporating new sequences that,
while providing the same speed of acquisition and FB
capabilities, also included new automated features using
Al or faster, cloud-based post-processing. The current
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protocol uses a dual sequence perfusion protocol with
in-line, fully automated analysis within a 2-minute
reconstruction time [17]. This quantitative approach
has been validated against PET perfusion and provides a
comprehensive evaluation of ventricular perfusion with
no additional acquisition time or manual post-processing
[18]. The ability to have quantitative data without the
need to change the usual single infusion workflow by
using the dual sequence approach, makes this sequence
very practical without the need to change any of our
routine setup.

In addition to that, we are now able to acquire
a full dataset of cine images during vasodilatory stress,
comprising a total of 15 slices (three 4-chamber, three
2-chamber, and nine short-axis slices) in less than 1 minute
while aminophylline is being administered to the patient.
This sequence uses real-time cine images with non-linear
reconstruction to provide rapid acquisition times with
the high temporal resolution necessary for evaluating
possible regional dysfunction during stress [19]. After
stress reversal, we can now move on to acquire high-
resolution cine images that require more computational
power and use a distributed cloud-based solution within
the Gadgetron framework [20]. This sequence uses a
re-binning scheme from multiple real-time images, which
are motion-corrected and averaged to provide a high
signal-to-noise ratio as well as high temporal resolution
[21]. The additional quantitative perfusion, stress cines,
and binning rest cines provide a significant improvement
in image quality and quantitative information without
adding to the total exam time.

Coronary MRA - the missing link

Despite now having a full FB protocol that provided
us with most of the functional data for CAD evaluation,
the protocol still included 5 to 10 minutes of dead time
after the second contrast infusion for the first-pass rest
perfusion while waiting for the LGE acquisitions. In our
view, this was the perfect time slot to acquire a coronary
MRA that would add anatomical information to the
functional information already available.

Twenty years ago, a seminal paper by Kim et al.
demonstrated the first true clinical application for coronary
MRA [11]. Despite never having really fulfilled its original
promise, the use of coronary MRA has significantly evolved
over the last few years with the development of many
new technical advances that use a combination of faster
imaging, more robust respiratory motion correction, and
enhanced reconstruction methods to boost both spatial
resolution and whole-heart coverage [13]. This has paved
the way for the development of new sequences that
provide isotropic < 1 mm resolution, simplified 3D scan
planning, and reasonable reconstruction times, giving
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coronary MRA a true shot at competing with other modali-
ties, especially cardiac CTA [22].

The addition of coronary MRA to perfusion analysis has
generated mixed results in recent years [23-25]. The lack
of added value for coronary MRA stems partly from earlier
technical limitations of the sequences, unpredictable scan
time [26], and their particular use in intermediate- to
high-risk populations where functional information seems
more important. Using more recent techniques, Zhang
et al. showed that contrast-enhanced coronary MRA
performed at 3T significantly improved sensitivity and
diagnostic accuracy versus perfusion/LGE CMR alone [27].
This is in line with work in computed tomography that has
shown that the combination of functional and anatomical
information can provide results that are superior to either
type of data on its own [28].

Coronary MRA - inclusion into FB protocol

In order to take advantage of recently developed rapid FB
CAD CMR protocol, we used a coronary MRA prototype WIP
sequence' developed in collaboration with King's College
London that acquires a full coronary 3D dataset within the
5-10 minute window prior to the LGE image acquisition.
The sequence uses a 2D image-based navigation (iNAV)
[29], a two-point Dixon acquisition with bipolar readout
gradients for improved fat suppression [30] and a variable
density spiral-like Cartesian (VD-CASPR) trajectory [31, 32]
with non-rigid motion-compensated reconstruction [33].
Basic scan parameters on our MAGNETOM Skyraf scanner
included a 3D spoiled gradient echo sequence, FOV 320 x
320 x 90-130 mm for an isotropic spatial resolution of

1.0 mm?3, bandwidth 967 Hz/px, subject specific acquisition

" Work in progress: the application is currently under development and is not for
sale in the U.S. and in other countries. Its future availability cannot be ensured.
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window of 70-100 ms, and a 2D iNAV preceding the
VD-CASPR acquisition [32]. Undersampling between
5x and 10x was chosen to maintain an acquisition time of
around 5-8 minutes, depending on the patient’s heart
rate. A predictable scan time and 100% respiratory scan
efficiency is achieved using a non-rigid motion-compensat-
ed iterative reconstruction that is performed in-line on
the MARS computer. An example of the sequence setup is
shown in Figure 2. The radiographer has to determine
the extent of the transversal slab in the coronal plane to
include the whole heart, and position the iINAV window
within the left ventricle and two saturation bands to cover
the arms. Minimum preparation is required for the acquisi-
tion beyond these steps. The sequence then outputs four
image datasets (Fig. 3): an in-phase, an out-of-phase, a
water, and a fat volume.

In order to choose a quiet cardiac phase to acquire
the CMRA, we use another prototype’ for Al-based resting
phase detection on a 4-chamber FB CINE prior to the
coronary acquisition. The Al algorithm is able to detect and
track the motion of the right coronary artery (RCA) located
at the atrio-ventricular junction in that cine image [34].
The sequence then generates a graphic motion curve of
the RCA throughout the cycle, automatically detecting the
best resting phase(s). The time and length of the scan
window can be manually edited by adjusting the trigger
delay visually, making it a highly customizable option
if one chooses to use a systolic or diastolic phase, for
example. In Figure 4, an example of the RCA tracking at
diastole and systole plus the motion curve and detected
resting phases as displayed in the 3D protocol is shown.

Given the ability to perform sequence setup and
acquisition in less than 10 minutes, we routinely included
this sequence in all our protocols where the information
regarding coronary anatomy would be clinically valuable,
using the interval prior to LGE imaging in order to avoid
extending the exam unnecessarily (Fig. 1B).

A typical whole-heart 3D coronary magnetic resonance angiography (MRA) setup; in yellow, the field of view can be seen with saturation
slabs on the arms for signal suppression; at 3T and using the Cartesian spoiled gradient echo acquisition, no specific shim box needs to be
established, with coverage of the whole slab; in blue, the 2D image-based navigation (iNAV) tracking in both read and phase directions
over the left ventricle.
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The output from the 3D whole-heart
coronary magnetic resonance
angiography (MRA) sequence used
in this study:

(3A) out-of-phase images;

(3B) in-phase images;

(3C) fat-reconstructed images;
(3D) water-reconstructed images.
Most of the time, reading of the
coronary MRA was performed
only with the water-reconstructed
dataset, although the other
images may also be used to check
for potential artifacts or other
anatomical areas of interest outside
the coronary tree.

The Al-based resting phase detection
for static cardiac imaging output
is shown after acquiring a free-
breathing cine in the 4-chamber
long-axis view. The algorithm
detects the right coronary artery
location and tracks its movement
during the cardiac phase (identified
in X). It then generates a curve
graph depicting the movement and
automatically suggests the optimal
phase and window length for the
best resting phase(s) of the coronary
images. This can be manually edited
and the user can configure whether
to image in systole or diastole, and
can set the temporal resolution of
the acquisition. Shorter window

Resting Phase Adaptation (Investigational Use Only) lengths increase the exam time but
shortens the scan-window within
AcauiTion Wincow Serrinas Autouanc 23T Prast DerecTos one heart-beat, while longer
Windaow start 3 Region of interest RCA [cine_resting-pha... -~ windovy lengths decrease the total
exam time.

T : Systole / Diastole Resting phase 2

Window length

Segments.

Tngger delay
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(5A) In the systolic frame of
a short-axis binning FB cine,
where one can identify the
antero-septal mid-apical
segmental hypocontractility;
(5B and C) show late
gadolinium enhanced (LGE)
images with a subendocardi-
al infarct in the same
segments;

(5D and E) the left anterior
descending (LAD) artery
shows a severe obstructive
lesion identified in the
proximal segment of the
artery (red arrows);

(5F and G) reveal the
subsequent invasive
angiogram that identified
an occluded proximal LAD
(red arrows), confirming
the findings from the
coronary magnetic
resonance angiography MRA.
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Clinical uses of the integrated FB CMR exam

Since the integration of the Whole-Heart CMRA WIP!

in our protocol in May 2020, we were able to scan over
350 patients using the integrated FB protocol in a
heterogeneous population comprising CAD evaluation,
cardiomyopathies, arrythmia investigation, and myocardi-
tis. A more in-depth analysis of the clinical utility, effective-
ness, and quality obtained with this protocol is underway,
but we believe some examples presented here will help
other centers to further explore the possibilities that are
opening up with these new techniques.

The first case is a 56-year-old male patient who under-
went CMR evaluation for recent onset of typical chest pain
associated with a segmental deficit identified on a rest
echocardiography. CMR confirmed the akinesia in the
antero-septal mid-apical segments of the left ventricle
(LV), and LGE revealed a subendocardial infarct in areas
with viable myocardium (Fig. 5). Coronary MRA suggested
a significant lesion in the proximal segment of the left
anterior descending artery (LAD) with preserved distal
segments of the artery. After the exam, the patient under-
went an invasive angiography that confirmed an occluded
proximal LAD, that was treated percutaneously.

The second example is a 77-year-old woman who
presented with recent shortness of breath, and had a
normal exercise ECG test and global LV function by echo-
cardiography. She underwent a CMR exam for further
evaluation of her symptoms and to rule out CAD (Fig. 6).
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Her stress first-pass perfusion exam showed a mild defect
in the infero-septal wall throughout the whole extension of
the LV, although there was some doubt regarding whether
the finding represented a true defect. LGE images demon-
strated an inferior infarct in the apical segment, comprising
50-75% of the area of that segment. The complementary
coronary MRA revealed a dominant left circumflex artery
with a significant proximal lesion. The LAD artery was
normal (not shown). Coronary MRA confirmed that the
perfusion defect was indeed a true defect, and the patient
subsequently underwent invasive angiography that con-
firmed the CMR findings, and was treated accordingly.
The third example is a 32-year-old man, for whom
a CMR was requested to investigate the hypothesis of
myocarditis after episodes of chest pain and raised serum
troponin. His initial native T1 values in a long-axis view
(Fig. 7) were normal in the septal region but decreased in
the basal portion of the infero-lateral wall (1232 ms and
1057 ms respectively, at 3T). LGE images did not reveal a
pattern typical of myocarditis, but they did show a trans-
mural lesion with a dark center compatible with a recent
infarct with areas of no-reflow. The coronary MRA images
obtained further supported these results, better depicting
the area of no-reflow shown in the LGE images. Coronary
evaluation revealed a normal right coronary artery (RCA)
and LAD, and a significant lesion in the mid portion of
the circumflex artery just after the take-off of the first left
marginal branch. CMR findings excluded the hypothesis of
myocarditis and the patient was treated accordingly.

n First-pass stress perfusion images of the basal (6A), mid (6B), and apical (6C) segments suggested reduced perfusion in the infero-septal wall
along the full extension of the left ventricle, but some questions were raised about whether the defect represented true perfusion defects;
(6D and E) corresponding LGE images that identified an inferior apical infarct; (6F and G) show the coronary MRA images of the dominant
left circumflex artery with a significant proximal obstruction corroborating the findings from both the perfusion and LGE images.
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In a patient studied to rule out myocarditis, native T1 images (7A) identified a lower T1 value in the lateral wall of the basal
segment of the left ventricle (10577 ms at 3T); (7B and C) LGE images showing an area of transmural scar in the infero-lateral
wall of the left ventricle with a dark center corresponding to an area of no-reflow; (7D and E) better identified of the region of
no-reflow using the water-reconstructed image from the coronary MRA dataset (red arrows); the right coronary artery (7F)
and left anterior descending artery (7G) were normal; the left circumflex artery (7H-J) was occluded in its mid-segment after
the take-off of the first marginal branch (yellow arrows).
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The final example is shown in Figure 8: a 70-year-old
woman who underwent CMR for suspected CAD due

to diffusely inverted T waves in her resting ECG and an
apparently normal echocardiography. In the cine images,
we already observed apical hypertrophy that was probably
missed by echo. Quantitative stress perfusion revealed
reduced absolute perfusion in the subendocardial portion
of the apical segments, co-localized with the hypertrophic

MAGNETOM Flash SCMR Edition 2021

regions seen in the cine images. LGE did not demonstrate
any fibrosis. The coronary MRA images showed normal
coronary arteries, confirming that the perfusion defects
observed were due to microcirculatory deficits common in
hypertrophic cardiomyopathies, and not a result of epicar-
dial obstruction of the coronary arteries. The patient then
underwent a coronary CTA, which confirmed the findings
from the coronary MRA.

n Cine images (8A and B) illustrate the apical hypertrophy of the left ventricle in a 2-chamber and short-axis view; (8C and D) long-axis LGE
images confirm the hypertrophy but did not identify any associated scars in those segments; (8E) quantitative first-pass stress perfusion
shows mild reduction in myocardial blood flow in the subendocardial areas of the hypertrophic segments, but the coronary MRA images
of the left anterior descending artery (8F), right coronary artery (8G), and left circumflex (8H) did not identify any significant lesions,
attributing the perfusion findings to microcirculatory impairment found in the primary cardiomyopathy; (81-K) the patient underwent
a further coronary computed tomography angiography (CTA) that confirmed the coronary MRA findings.
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Standalone coronary MRA exams

Apart from integrating the coronary MRA with other
routine CMR sequences, we also explored the possibility
of using the sequence as a standalone exam for coronary
MRA anatomical evaluation per se. Our center performs a
high number of coronary CTAs and it is not uncommon to
find patients who have that exam ordered, but either do
not consent to receiving contrast or have a significant
contraindication to the exam (a history of severe allergic
reactions or high-risk kidney disease, for example). In cases
where the pre-test likelihood for CAD was low but the CTA
exam was requested anyway, we believe that coronary
MRA can be of value, especially in young patients?, even
when performed alone and without the other information
gathered in a routine CMR exam.

The protocol used in our center for these cases was to
initially perform a non-contrast CT exam for calcium score
in patients with the aforementioned history. If the calcium
score was zero, revealing a very low probability of obstruc-
tive coronary disease given the already low pre-test clinical
probability, the patient would undergo a coronary MRA
without the use of contrast. We have performed 17 of
these cases since the installation of the sequence, and no
coronary CTA with contrast was subsequently requested in
any of them, suggesting that this can be a valid alternative
in this setting, providing further evidence.

In these cases, the objective of the coronary MRA is
to rule out obstructive CAD in patients with low probability
of the disease. The CMR protocol requires only localizers
and use of the Al-based resting phase detection based on
FB 4-chamber CINE followed by the whole-heart MRA. As
this is a dedicated exam with more time available in the
scanner, we perform two separate acquisitions in both
systole and diastole, in order to improve the accuracy of
the exam and eliminate artifacts that may be caused by
coronary motion in either cardiac phase. Figure 9 shows
the example of a 38-year-old woman who had suffered a
severe allergic reaction to iodinated contrast prior to her
coronary CTA request. She first underwent a non-contrast
CT exam, which showed a calcium score of zero. She then
underwent a coronary MRA with images obtained both in
systole and diastole, ruling out significant obstructive CAD.

Limitations and future developments

The current WIP sequences’ used in the last six months
allowed us to perform coronary MRAs in a busy clinical
routine without significant impact on examination time.
We believe that, coupled with the use of a full FB CMR
protocol and quantitative perfusion analysis, the anatomi-

2MR scanning has not been established as safe for imaging fetuses and infants
less than two years of age. The responsible physician must evaluate the
benefits of the MR examination compared to those of other imaging procedures.
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cal and functional data provided by this comprehensive
exam can be very competitive in providing the most useful
clinical information in a relatively short exam time and
with no radiation, singling out CMR as the only imaging
modality that can offer this possibility. The current
implementation of the whole-heart coronary MRA
technique allows the sequence to become truly usable

in clinical routine. While the current spatial resolution is
not yet matching that of coronary CTA technology, the
CMR alternative is a genuine option for ruling out coronary
disease, as we have experienced in these initial cases.

A few challenges still remain, and we list them here
so that other centers can collaborate in further developing
what is now a very mature option for anatomical coronary
assessment. First, in all the exams we performed, no
particular attention was given to optimizing the coronary
exam using either nitrates or beta-blockers. The goal was
to test-drive the sequence in a real clinical environment
and under any possible circumstances, including cases
involving arrhythmias, obesity, tachycardia, etc. While the
benefits of both drugs in coronary CTA are well known,
the experience in CMR is very limited [35]. Exploring the
possible benefits of using these drugs for coronary MRA is
necessary for accurately comparing the findings of this
technique with coronary CTA. The second question regards
the influence of contrast agents on SNR. In our cases,
most patients were studied after having received contrast
so possibly the current SNR/ICNR observed is influenced by
the protocol design. Having said that, in the cases of isolat-
ed coronary MRAs, no contrast was used and we did not
observe a significant change in signal compared to the
contrast enhanced exams (visual observation). But, again,
this is another issue that merits further investigation as it
has an important impact on the workflow.

Another possible use of these sequences is in
children?, since it can prevent any use of ionizing radiation
and contrast injection. Given that most coronary evalua-
tions in children are not intended to assess atherosclerotic
obstructions, which require higher spatial resolution,
this particular coronary sequence can be very useful as
it provides a full FB acquisition with 100% respiratory
efficacy and predictable scan time. Finally, the current
implementation of whole-heart coronary MRA still cannot
help us answer questions concerning patients with stents
or bypass grafts, as most of these cases involve metal
artifacts. What is more, we also observed some lower
image quality when assessing the distal segments of the
RCA, especially the posterior descending artery branch and
posterior ventricular artery branch. Finally, atherosclerotic
evaluation and the determination of coronary plaques are
emerging as key elements for establishing the patient'’s
prognosis and guiding clinical treatment. Current CMRA
sequences only provide limited information with regard to
coronary plaque. This is one of the reasons why we opted
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to add a CT calcium score in patients that underwent a
standalone anatomical coronary study. Reducing the cur-
rent spatial resolution to something closer to 0.5 mm?3 is
still desirable as long as acquisition time can still be kept
below 10 minutes.

Conclusions

In conclusion, our current experience with integrating
coronary anatomical information into a full FB CMR
protocol has been very positive, adding very little overhead
in terms of exam time while providing us with new infor-
mation to support our clinical diagnosis and therapeutic

MAGNETOM Flash SCMR Edition 2021

decisions. The current 3D whole-heart sequences could be
incorporated in a busy clinical service and also provided an
alternative imaging option to patients who did not consent
or had a contraindication to an iodinated contrast exam.
However, there are many questions that remain despite
this initial experience. We encourage other centers to
engage in this development, as the impact of coronary
anatomical evaluation in clinical practice is rapidly being
revisited with the growing use of CTA. CMR has potential
for incorporating that information in addition to all

the unique functional data that it already provides, espe-
cially if more centers contribute to the advancement of
this technique.

n A patient with contra-indications for a contrast coronary CTA underwent a non-contrast calcium score exam with a score of zero (9A, part
of the dataset); she then underwent a non-contrast coronary MRA that revealed normal coronary arteries with no significant obstructions,
ruling out significant coronary artery disease; (9B and D) the left anterior descending artery and right coronary artery were imaged
during diastole; (9C and E) the same arteries imaged during systole; both datasets were obtained in order to increase the accuracy of
the interpretation and rule out potential artifacts; this strategy is also used when reading coronary CTAs, especially when patients are
arrhythmic and an increased acquisition window is used.
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