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Impact of Field Strength in Clinical Cardiac Magnetic
Resonance Imaging
Robert J. Holtackers, MSc,*†‡ Joachim E. Wildberger, MD, PhD,*†
Bernd J. Wintersperger, MD,§|| and Amedeo Chiribiri, MD, PhD‡¶
Abstract: Cardiac magnetic resonance imaging (MRI) is widely applied for the
noninvasive assessment of cardiac structure and function, and for tissue charac-
terization. For more than 2 decades, 1.5 T has been considered the field strength
of choice for cardiac MRI. Although the number of 3-T systems significantly in-
creased in the past 10 years and numerous new developments were made, chal-
lenges seem to remain that hamper a widespread clinical use of 3-T MR
systems for cardiac applications. As the number of clinical cardiac applications
is increasing, with each having their own benefits at both field strengths, no “holy
grail” field strength exists for cardiac MRI that one should ideally use. This re-
view describes the physical differences between 1.5 and 3 T, as well as the effect
of these differences on major (routine) cardiac MRI applications, including func-
tional imaging, edema imaging, late gadolinium enhancement, first-pass stress
perfusion, myocardial mapping, and phase contrast flow imaging. For each appli-
cation, the advantages and limitations at both 1.5 and 3 Tare discussed. Solutions
and alternatives are provided to overcome potential limitations. Finally, we briefly
elaborate on the potential use of alternative field strengths (ie, below 1.5 T and
above 3 T) for cardiac MRI and conclude with field strength recommendations
for the future of cardiac MRI.

Key Words: cardiovascular disease, magnetic resonance imaging, cardiac
magnetic resonance, field strength

(Invest Radiol 2021;56: 764–772)

C ardiacmagnetic resonance imaging (MRI) is widely applied for the
noninvasive assessment of cardiac morphology, global and re-

gional cardiac function, and for detailed tissue characterization. Be-
cause of continued technical advancements and developments
together with ever-growing research in recent decades, numerous new
application scenarios have pushed the envelope for expanded clinical
application of cardiac MRI. The advent of techniques, such as parallel
imaging, compressed sensing, respiratory navigation, and motion cor-
rection, has enabled the application of real-time and free-breathing ac-
quisitions with much improved patient comfort. Simultaneously, due
to ongoing development and regulatory approval of MRI conditional
cardiac devices and other implants, the patient population amenable
to cardiac MRI is growing. A growing body of evidence based on large
clinical trials supports the added benefit of cardiacMRI in various patient
populations and, together with ongoing pharmacological developments,
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may impact patient management and therapy decisions. Nevertheless,
despite the growing availability of capable scanners, the overall number
of clinical cardiac MRI examinations remains limited compared with
other modalities, such as echocardiography, computed tomography
(CT), and single photon emission CT. Cost-efficiency and ease-of-use
remain key determinants whether cardiac MRI, and its advanced capa-
bilities will be further implemented into routine clinical care beyond ac-
ademic centers.

Capital investment and service costs ofMR systems largely scale
with the strength of the system's external magnetic field. As such, selec-
tion of the appropriate field strength remains a crucial purchase deci-
sion. For the better part of the last quarter century, 1.5 T has been
considered the “ideal” field strength for cardiac examinations. How-
ever, predominately based on the benefits of high-field MR in other
noncardiac applications (eg, neuro, musculoskeletal), 3-T systems have
become more widely operational in clinical routine settings.

The push toward higher field strength is generally based on a
signal-to-noise ratio (SNR) benefit, as SNR increases proportionally
with field strength.1 Such gain generally proves beneficial for image ac-
quisition acceleration with subsequent improvement in spatial and tem-
poral resolution. Because of its exposure to various physiologic motion
patterns, such improvement generally benefits cardiac MRI applica-
tions. However, the increase in SNR with higher field strength is ac-
companied by effects that may limit practical implementation of
techniques. These include losses of homogeneity in both the main mag-
netic field (B0) and radiofrequency (RF) field (B1), increased energy
deposit indicated by higher specific absorption rates (SARs), more pro-
nounced and increased imaging artifacts, and increased attractive and
rotational forces acting on ferromagnetic objects.

In this review, we not only discuss the basic differences of MR
physics at 1.5 T versus 3 T and their effect on clinical cardiac MRI ap-
plications but also highlight solutions and/or alternatives to overcome
potential limitations. The highlighted applications include morphologic
imaging, functional imaging, perfusion imaging, as well as qualitative
and quantitative tissue characterization. For each application, the spe-
cific advantages and limitations at 1.5 T and 3 Tare discussed. Further-
more, we briefly elaborate on the potential use of alternative field
strength (<1.5 T and >3 T) and potential other developments for
cardiac MRI.
FUNCTIONAL IMAGING
Assessment of cardiac function and size using cine imaging is at

center stage of almost every cardiac MRI examination.2 Most com-
monly, retrospectively gated balanced steady-state free precession
(bSSFP) sequences are used for cine imaging due to their high SNR
and excellent flow-independent contrast-to-noise ratio (CNR) between
blood and myocardium.3 No significant differences in left ventricular
(LV) functional parameters, such as ejection fraction, volumes, and
mass were found between 1.5 T and 3 T when using bSSFP tech-
niques.4,5 The gain in SNR in cine imaging at 3 T6 facilitates the use
of higher acceleration factors when using parallel imaging. As a result
of accelerated data sampling, the higher field strength allows for in-
creased temporal (more cardiac phases acquired) or spatial (smaller
estigative Radiology • Volume 56, Number 11, November 2021
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voxel size) resolution, a reduction in breath-hold duration, or a combi-
nation of either. However, the theoretical SNR doubling at 3 T is partly
offset by the longer T1 and shortened T2* relaxation times compared
with 1.5 T.7

Besides the benefits, various challenges arise with bSSFP cine
imaging at 3 T. The increased RF power required at 3 T, resulting in a
4-fold energy deposition compared with 1.5 T, generally limits the flip
angle and also the minimal achievable repetition time (TR) due to SAR
restrictions.8 Furthermore, the shorter wavelength of the RF pulse
causes increased B1 inhomogeneity with more problematic penetration
of deeper structures.9 Apart from B1 inhomogeneity, the B0 inhomoge-
neity also increases at higher field strengths (by 2 ppm at 3 T).8 Because
of the resulting resonance frequency shifts, bSSFP techniques in partic-
ular are prone to repetitive “dark band” (off-resonance) artifacts that
may substantially hamper image interpretation (Fig. 1). Although also
appearing at 1.5 T, the distance between such bands is inversely propor-
tional to the field strength and TR, and thus more commonly affecting
the heart at 3 T. Besides high-order shimming capabilities on modern
equipment, frequency scouting techniques determining the central fre-
quency help reduce and shift respective artifacts outside the central field
of view.10 It is worth mentioning that these adjustments may not be suf-
ficient for all slices in a multislice imaging stack. Furthermore, the ap-
plied frequency scouting sequence needs to match the TR of the
subsequently used bSSFP cine sequence.

In the rare scenario of nondiagnostic bSSFP cine image quality
due to dark band artifacts, standard spoiled gradient recalled echo
(GRE) sequences can be applied.2 However, as the contrast between
blood and the myocardium in GRE cine is based on inflow of fresh
magnetization (eg, blood), poor delineation results especially in cases
of impaired cardiac function or regional wall motion abnormalities with
slow blood flow.11 The use of contrast agents may overcome this limi-
tation and further enhance image contrast.12 Because of the differences
in wall segmentation, generally different normal range tables apply for
GRE sequences.11

Beyond global function and volumetrics, assessment of myocar-
dial mechanics with quantification of global and regional deformation
has gained substantial attraction in recent years.13 Besides dedicated
cardiac MRI methods, such as tagging,14 strain encoding (SENC),15

and displacement encoding (DENSE),16 feature tracking methods
based on dedicated postprocessing analysis of routinely acquired
bSSFP cine images allow for quantification of myocardial strain.
FIGURE 1. Balanced steady-state free precession (bSSFP) cine images acquired
banding artifacts (indicated by arrows) near the edges of the image where the
where the heart is located. B, A 4-chamber view acquired at 1.5 T showing exte
B0 field inhomogeneities caused by the presence of an implantable cardiovert
strongly affected in the proximity of the generator, near the apex of the heart. T
move with the flow direction. C, A 2-chamber view acquired at 1.5 T showing
metallic body of the ICD heavily disturbs the B0 homogeneity, leading to circu

© 2021 Wolters Kluwer Health, Inc. All rights reserved.

Copyright © 2021 Wolters Kluwer H
Assessment of myocardial strain may provide important information
in the assessment of dyssynchronous myocardial contraction and also
enable identification of abnormalities before deterioration of global
functional parameters such as ejection fraction. A limited body of evi-
dence exists, showing that outcome prediction is similar when compar-
ing feature tracking-based strain acquired at 1.5 T and 3 T, and that no
significant differences were found in global values of longitudinal, ra-
dial, and circumferential strain.17,18 Although such data are promising,
optimization of image quality remains key to provide consistent feature
tracking results. Overall, variation in feature tracking results seem to
predominately originate from applied software packages,19 number of
slices used,17 and observer experience.20 Furthermore, various acceler-
ation methods likely impact the “features” in cine imaging andmay also
affect feature tracking results.
EDEMA IMAGING
Edema imaging is commonly used for the discrimination between

acute and chronic myocardial pathologies, as edema represents a fairly
nonspecific and reversible response to myocardial injury.21 Beside iden-
tification of affected myocardium in inflammatory pathologies, edema
imaging not only allows differentiation of acute and chronic ischemic
damage, but can also, in combination with late gadolinium enhancement
(LGE) imaging, quantify the salvageable myocardium that has the poten-
tial to recover with timely revascularization.22

Qualitative edema imaging is typically based on a variety of
widely available segmented T2-weighted turbo spin echo (TSE) techniques
combined with either short-tau inversion recovery (STIR), spectral
presaturation inversion recovery (IR), or spectral attenuated IR for fat sup-
pression. Suppression of signal from flowing blood with improvement of
image quality is added by double inversion (nonselective/selective)
black-blood preparation.23 Alternatively, bright-blood T2-weighted im-
aging sequences, such as a single-shot bSSFP sequence with added T2
preparation (T2-prepared bSSFP), can be used.24 Another alternative
includes a hybrid approach that combines conventional black-blood
TSE and T2-prepared bSSFP (ACUT2E).

25 More recently, a novel
single-shot bSSFP method was proposed with a preceding T2 prepara-
tion module and STIR pulse (T2STIR-bSSFP).

26 The longer T2 relaxa-
tion times of the water-bound protons cause areas of edema to yield
higher signal intensity on the T2-weighted images and thereby appear
inmultiple cardiac views. A, A short-axis view acquired at 3 T showing dark
main magnetic field (B0) is more heterogenous than in the isocenter,
nsive dark banding artifacts over the entire image due to the considerable
er-defibrillator (ICD). The orientation of the dark banding artifacts is
he flowing blood inside the left and right ventricle causes the dark bands to
a clear signal void above the heart due to the presence of an ICD. The
lar dark banding artifacts over the left ventricle.
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FIGURE 2. T2-weighted black-blood turbo spin echo images acquired in a short-axis view at (A) 1.5 T and (B) 3 T (with identical spatial resolution). The
increased field strength of 3 T comes with a significant gain in the signal-to-noise ratio, leading to a reduced noise level in the image. Image B, acquired
at 3 T, shows significant less noise in the myocardial wall compared with image A, acquired at 1.5 T. LV, left ventricle; RV, right ventricle.
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with increased signal intensity compared with normal myocardium and
the blood pool.

Although T2-weighted edema imaging can generally be per-
formed on either field strength, various differences come into play.With
the increased field strength at 3 T, edema imaging generally benefits
from the overall SNR gain (Fig. 2). However, as the T1 relaxation times
of both myocardium and edema increase, the preparation pulses (eg,
black-blood, fat suppression) are adjusted accordingly.26 The prolonga-
tion of T1 relaxation and the differences between normal and edematous
myocardium increases, leading to further improved contrast at 3 T. Nev-
ertheless, TSE techniques may generally encounter SAR limitations
due to the repetitive refocusing pulses and T2 preparation modules
needed. In addition, the aforementioned increase in RF field inhomoge-
neity at 3 T may cause imperfect refocusing of the magnetization, with
resulting signal variation across the myocardium (Fig. 3). Similarly, the
increased B0 inhomogeneity may result in inhomogeneous fat suppres-
sion across the area of interest or even result in suppression of
FIGURE 3. Late gadolinium enhancement images acquired in a short-axis view
field at 3 T.Without adequate shimming, in particular at higher field strengths,
the tissue also vary spatially, causing areas to appear brighter or darker based o
wall that appears enhanced comparedwith the rest of themyocardium (A). Afte
again (B).

766 www.investigativeradiology.com
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myocardial signal in chemical shift–based fat saturation methods. Al-
though STIR fat suppression is less susceptible to such field strength
variation, the technique inherently results in lower SNR andmay expose
unwanted T1-weighting.

As demonstrated previously, whenever applying methods that
use bSSFP readouts, appropriate sequence adjustments with short TR,
sufficient high-order shimming, or frequency adjustments are required
to avoid or minimize effects from dark band artifacts at 3 T. At either
field strength, the general limitations of qualitative T2-weighted imaging
apply. Although fairly sensitive for identification of focal myocardial
edema, assessment of diffuse edematous changes remains challenging.
Normalization can be performed using remote myocardium or skeletal
muscle as reference; however, this may be hampered by systemic inflam-
matory processes or the need to use the standard body coil for homoge-
nous signal distribution, which will result in a general SNR drop.
Recently evolved quantitative methods may provide more objective mea-
sures of myocardial T2 relaxation time changes (see further below).
(A) before and (B) after high-order shimming of the radiofrequency (B1)
the B1 field is spatially varying. As a result, the flip angles experienced by
n their location. The arrows indicate the anterior section of the myocardial
r adequate shimming, the samemyocardial section is appearing normal

© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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LATE GADOLINIUM ENHANCEMENT
Late gadolinium enhancement imaging has emerged as the non-

invasive reference standard for the visualization of the myocardial inter-
stitial space. Its ability to distinguish nonischemic replacement fibrosis
and myocardial infarction scar from healthy viable myocardium is well
established. Thus, LGE imaging is a highly important component of
almost every cardiac MRI in patients with acquired cardiac diseases.
The basic principle of LGE is the accumulation of extracellular
gadolinium-based contract agents (GBCAs) contrast agent in areas of
increased distribution volume. Underlying pathophysiologic processes in-
clude either cell membrane rupture (acute injury) or expansion of the inter-
stitial space due to interstitial fibrosis, deposits, or edema. As a result of this
GBCA “accumulation,” using a strong T1-weighted sequence ~10 to
20 minutes post-GBCA injection, areas with increased contrast concentra-
tion will appear hyperintense compared with normal myocardium. To fur-
ther improve the contrast between normal and abnormal myocardium,
segmented 2-dimensional (2D) IR techniques with either a spoiled
GRE27 or bSSFP28 readout are in use during breath-held acquisitions. Al-
ternatively, single-shot techniques with bSSFP readout may be used for pa-
tients with limited breath-holding capabilities and/or in the setting of
arrhythmia.29 More recent developments also use free-breathing 2D
motion-corrected techniques,30,31 free-breathing3-dimensional (3D) techniques
that allow for high isotropic spatial resolution,32,33 andmotion-correctedwater-
fat separated 3D techniques.34

There is a multitude of data demonstrating that LGE imaging can
be performed on both 1.5 T and 3 T, and multiple studies also directly
compared both field strengths. Regardless of whether a segmented
GRE or single-shot bSSFP approach has been used for IR-prepared
LGE imaging, 3 T demonstrated a significant increase in CNR between
normal and infarcted myocardium for both chronic29,35,36 and acute37

myocardial infarction. Again, bSSFP readout techniques demonstrated
more image artifacts at 3 T.29 Regarding the extent of myocardial scar,
infarct volume correlated well between 1.5 Tand 3 T; however, individ-
ual patients demonstrated significant variation.29,36

With the increase of field strength, T1 relaxation times of both myo-
cardium and blood prolong. Furthermore, the “efficiency” to shorten T1,
expressed as R1 relativity, of all clinically approved extracellular GBCAs in
plasma is reduced by ~3% to 10% at 3 T compared with 1.5 T.38 Overall, al-
though no significant difference in T1 relaxation times of myocardium or
blood at 3 T versus 1.5 T appears directly after GBCA injection, after early
contrast clearance and reaching a dynamic steady state intrinsic differences
become apparent again with longer T1 times for normal myocardium at
3 T compared with 1.5 T.39 Thus, the inversion time required to null normal
myocardium is typically ~50 milliseconds longer at 3 T than on 1.5 T.35,37

The combination of these various effects at 3 T results in a significantly in-
creased SNRandCNRof infarct scar as confirmed by several studies.35–37,40

Despite the previously listed benefits of LGE at 3 T, users also
need to be aware of various potential misleading effects. Because of
the general increased RF pulse inhomogeneity at 3 T, spatially varying
inversion pulse flip angle may occur throughout the heart. As a result,
the suppression of the myocardium may vary spatially and may mimic
regions of diffuse LGE (similar as for “edema imaging” as shown in
Fig. 3). Adiabatic inversion RF pulses may be applied to mitigate this
limitation, resulting in more homogeneous magnetization inversion
and as suchmore homogenousmyocardial nulling.41 Although RF power
deposition is significantly increased at higher field strength, due to the se-
quence design, SAR limitations rarely occur in LGE imaging.

Regardless of the contrast between normal and infarcted myocar-
dium, conventional LGEmethods often experience poor scar-to-blood con-
trast. Various methods have been developed to increase scar-to-blood
contrast.42–45 Although not all have been evaluated at both fields
strengths,46 current results show that such methods were able to resolve
cases with ambiguous conventional LGE, clearly distinguishing between
patients with and without hyperintense areas at both 1.5 T and 3 T.43,44
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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FIRST-PASS STRESS PERFUSION IMAGING
Vasodilatory first-pass stress perfusion imaging has demonstrated

high diagnostic accuracy and is clinically used for the detection of myocar-
dial ischemia, alongside single photon emission CT, positron emission to-
mography, and echocardiography. Most commonly, first-pass perfusion
imaging is performed during a peripheral GBCA bolus injection at peak
vasodilatory stress (eg, adenosine, regadenoson, dipyridamole), as well as
at rest. Areas of myocardium with reduced perfusion (most commonly
due to hemodynamically significant epicardial coronary artery stenosis)
demonstrate delayed signal intensity increase during the GBCA first pass
and therefore appear hypointense. In clinical routine, myocardial coverage
is typically ensured by at least 3 short axis slices for assessment of perfusion
according to the standard 16 AHA LV segments.

Applied sequence techniques are generally based on
electrocardiogram-triggered T1-weighted saturation recovery tech-
niques applying a 90-degree saturation pulse for precontrast signal
nulling and adequate T1 weighting for contrast bolus evaluation.

47 With
the aim of appropriate evaluation/visualization of the first pass of the
administered GBCA through cardiac chambers and LV myocardium,
acquisition of each slice at every heart (eg, single heartbeat temporal
resolution) beat is of outmost importance. Given this need for fast
and rapid image acquisition, SNR and CNR become the main limiting
factors in first-pass perfusion imaging.

Although, at 1.5 T, most commonly bSSFP, spoiled GRE, and
also echo planar imaging readouts are used in perfusion imaging, at
3 T, the predominant choice is a spoiled GRE readout. In part, the latter
reflects the general potential problems with bSSFP at 3 T that include
high levels of energy deposition as well as the susceptibility to
off-resonance artifacts (see previously).

It has been demonstrated that the use of the higher field strength
is highly advantageous with respect to SNR gain and dynamic contrast
enhancement ratios, as well as the signal intensity upslope of respective
perfusion curves.48 With the use of acceleration techniques, such gains
can alternatively be reinvested into increased spatial resolution, higher
temporal footprints, or improved myocardial coverage by acquisition
of more slices. Thereby, cardiac perfusion MRI at 3 T is advantageous
in comparison with 1.5 T for detecting myocardial ischemia with im-
proved image quality and fewer extended dark-rim artifacts.49 However,
it is important to ensure that appropriate signal preparation is at usewith
composite saturation prepulses that are required to ensure an acceptable
level of signal saturation and reduce inflow effects. Other problems neg-
atively affecting the quality of perfusion images acquired at 3 T include
the general aspects of imaging at higher field strengths, including re-
duction in main magnetic field homogeneity, the increase in RF power
deposition, and the increase in susceptibility-based artifacts.8

Various clinical studies have highlighted that the previously de-
scribed benefits of first-pass perfusion imaging at 3 T also demonstrate
diagnostic impact. Cheng et al50 have shown that stress perfusion car-
diac MRI at 3 T is superior to imaging at 1.5 T for prediction of signif-
icant single-vessel and multivessel coronary disease. More recently, it
has been reported that 3 T stress perfusion cardiac MRI showed higher
diagnostic performance in patients with multivessel CAD compared
with 1.5 Twith coronary angiography as standard of reference.51

With most recent developments of automated quantitative analy-
sis,52 predominately made possible by application of artificial intelli-
gence preprocessing and postprocessing,53 further steps have been
taken for more routine clinical application independent of user expertise.
Although limited data comparing field strength are available, quantitative
analysis has been shown to be highly accurate and to possess a strong in-
dependent prognostic value regardless of the field strength used.54,55

MYOCARDIAL MAPPING
In contrast to standard MRI approaches that are weighted toward

specific relaxation parameters (T1-weighted, T2-weighted, etc),
www.investigativeradiology.com 767
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parametric mapping techniques enable spatial visualization of tissue re-
laxation parameters such as T1, T2, and T2* and respective possible
quantitative changes thereof. Such strategies specifically help identifi-
cation of diffuse processes where weighted imaging is unable to gather
further insight. The benefits and potential challenges of such ap-
proaches have extensively been evaluated in recent years.

Although there is a variety of various technical approaches for
myocardial T1 mapping available, currently, modified Look-Locker in-
version recovery (MOLLI) techniques are most commonly in use.56,57

AlthoughMOLLI offers excellent T1 precision, it is sensitive to various
influencing factors that include, among other, inversion pulse effi-
ciency, magnetization transfer, and T2 relaxation effects. This results
in a reduced accuracy and underestimated T1 times.41,58,59 Furthermore,
it is generally recommended to optimize the inversion grouping of
MOLLI for specific ranges of T1 values, for example, pre-GBCA and
post-GBCA administration.59 Alternative IR techniques that avoid the
need for such “adjustments” include “shortened MOLLI” (ShMOLLI)
and inversion group fitting MOLLI.60,61 Saturation-prepared ap-
proaches, such as SASHA,62 demonstrate increased popularity due
to the much-improved accuracy and lack magnetization transfer
and T2 relaxation effects. Although initially demonstrating inferior pre-
cision, more recent developments and data have demonstrated further
improved precision.63

Independent of the techniques in use, absolute results and refer-
ence ranges are generally only valid for a specific system as further
influencing factors include the detailed pulse structures and gradient
linearity. Thus, even when using MOLLI techniques on different man-
ufacturers' scanners, results differ.

With the more common use of 3-T systems in cardiac MRI in re-
cent years, there is also an increasing body of literature available in T1
mapping at 3 T. As mentioned previously, the general increase in field
strength from 1.5 T to 3 T results in a prolongation of T1 relaxation
times. Gottbrecht et al64 had recently demonstrated this in a large
meta-analysis including 120 studies usingMOLLI, and a similar increase
has been demonstrated for saturation-prepared methods (eg, SASHA).63

The generally increased SNR at 3 T also may improve the precision of
quantification of T1 relaxation times and parametric map quality.65,66 In
particular, SASHA benefits of the increased SNR at 3 Twith a drastically
reduced loss in precision.63 Further improvement of SASHA-based ap-
proaches results in precision similar to MOLLI and may also allow
multiparametric single breath-hold approaches (mSASHA).

Despite the previously highlighted overall benefits of most T1 map-
ping techniques at 3 T, some impacts of higher field strength have to be care-
fully considered. With the increased B0 inhomogeneity at 3 T, off-resonance
artifacts in SSFP-based readout techniques are of higher concern. As such,
careful advanced shimming methods are essential not only to avoid visibly
image artifacts but also to ensure appropriate and accurate fitting.67

In addition to quantification of the longitudinal relaxation time
T1, also quantification of the transverse relaxation time T2 (eg, T2 map-
ping) is increasingly performed to especially assess for inflammation
and increased tissue water content (eg, edema). This is typically in ad-
dition to T2-weighted imaging but also to complement T1 mapping
for combined interpretation of results. For T2 mapping, typically a se-
ries of T2-weighted images with different echo times or T2 preparation
times are acquired using a TSE sequence,68 a T2-prepared bSSFP69 or
spoiled GRE70 sequence, or a gradient spin echo (GRASE) sequence
combining spin echo excitation with GRE readout.71

Although T2 mapping is also feasible at 3 T, in contrast to T1 re-
laxation times, T2 relaxation times decrease with increase in field
strength. Compared with spin echo–based methods, the bSSFP readout
ismore sensitive to inhomogeneities in the mainmagnetic field and thus
leading to slightly lower T2 times. Particularly at 3 T, differences to up to
15% may be experienced when using T2-prepared bSSFP sequences
compared with reference standard multiecho TSE sequences.72 In addi-
tion, it is important to keep inmind that for the application of T2-prepared
768 www.investigativeradiology.com
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methods at 3 T, SAR constraints may limit the number of refocusing
pulses. This also results in an increased susceptibility for T2* effects
and thus contributes to shorter T2 times at 3 T for these methods. A
change of readout techniques from SSFP to GRE may help obliviate this
aspect. At 3 T, higher pixel-by-pixel homogeneity of T2 values can be ob-
served for GRASE and T2-prepared methods, which may prove advanta-
geous for threshold-based analysis of areas with pathological T2 values.

72

Although it has generally been observed that T2-prepared methods dem-
onstrate the least artifacts at 1.5 T, GRASE-based methods showed the
least artifacts among various techniques at 3 T. Nevertheless, it remains
of high importance to appropriately assess for any artifact that may have
appeared on either field strength to avoid misinterpretation.

As a third quantitative parameter of myocardial tissue character-
ization, T2* assessment has long been established as a clinically impor-
tant technique before the efforts in myocardial T1 and T2 quantification.
The evaluation of myocardial T2* relaxation times is considered the
method of choice and standard of care for assessment of potential myo-
cardial tissue iron overload.73 This is specifically of high importance in
patient populations with hemoglobinopathies such as thalassemia syn-
dromes and structural hemoglobin variants. In recent years, applied
techniques have also incorporated automated pixel-based analysis re-
ferred to as T2* mapping. The acquisition is performed using a seg-
mented GRE sequence generating a series of images (typically 8)
with increasing echo times (~2–18 milliseconds). Although both
bright-blood74 and a black-blood75 techniques have been validated
and are widely used clinically, black-blood techniques demonstrate less
prominent artifacts, less bias, and reduced interobserver variability.76 If
available, the black-blood technique with its double IR pulse is recom-
mended.77 Similar to T2 relaxation, also T2* relaxation times decrease
with increasing field strength. Although at 1.5 T, T2* values of >20mil-
liseconds are generally considered normal and indicating no clinically
relevant iron; based on experiments, such cutoff is set to >12 millisec-
onds at 3 T.78 As such, given the reduced range of possibly assessable
T2* values when considering the applied range of echo times, appropri-
ate differentiation of mild, moderate, and severe iron overload might be
hampered at 3 T. Given the intrinsically high sensitivity of T2* tech-
niques to susceptibility artifacts, which are specifically prominent along
the lateral wall due to the proximity of the lung (eg, air) as well as in
areas of larger cardiac vein structures along the anterior and posterior
interventricular groove, the measurement of myocardial T2* is generally
restricted to the septum.2,67

Althoughmyocardial T2* quantification is generally feasible and
reproducible at 3 T, the more prominent susceptibility artifacts that can
generally be observed at 3 T lead to suboptimal accuracy and may also
hamper segmental measurements of myocardial iron levels.79 As such,
myocardial T2* assessment for the purpose of myocardial iron overload
assessment does generally not benefit from higher field strength and
should be performed at 1.5 T.2 However, identification of subtle iron de-
posits, which may occur in hemorrhage of myocardial infarcts or even
iron-based cell labeling in stem cell research may benefit of the gener-
ally higher sensitivity of 3 T to iron-induced susceptibility.

Independent of any of the above, it remains essential to obtain in-
dividual institutional reference values for T1 and T2 relaxation times at
1.5 T and 3 T using the identical sequence parameters as in the clinical
population. Although benchmarking against published normal ranges
may be beneficial, such approach is only appropriate in case the de-
tailed acquisition parameters and used hardware are identical.67 It is
of crucial importance to understand that identical parameters used on
different vendors' hardware will result in different quantitative T1 and
T2 results. In addition, vendors operate at slightly different field
strength, which is specifically obvious at high field strength (eg, 3 T)
where the field strength may vary by up to 4% and as such directly af-
fects longitudinal and transverse relaxation time constants.

Given the overall increased heterogeneity and more prominent
artifacts at higher field strengths, quantitative image biomarker
© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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assessment at 3 T requires more sophisticated and more careful shimming
procedures aiming at both the main magnetic field and the RF field.

With respect to its clinical use, further studies are required to spe-
cifically investigate the prognostic and diagnostic values of T1 and T2
mapping at the single patient level in a broad range of pathologies. In
patients with a specific disease such as Anderson-Fabry disease, espe-
cially T1 mapping has already demonstrated its ability to improve the
differential diagnosis of hypertrophic phenotypes and may also provide
additional value in therapy monitoring of this disease.
PHASE-CONTRAST FLOW IMAGING
The ability of imaging moving spins, particularly vascular and

also intracardiac blood flow, and to accurately quantify flow velocities
and volumes is among the fairly unique abilities of phase contrast (PC)
MRI. In PC techniques, protons accumulate an MR phase shift propor-
tional to the speed at which they move along a magnetic gradient field.
Subsequently, this information is used to generate an image contrast be-
tween these moving protons (eg, blood) and surrounding stationary pro-
tons (eg, soft tissues). Phase contrast techniques have long played a
critical role not only in the assessment of valvular stenosis and shunt dis-
ease but also in the assessment of complex congenital heart disease.
Based on spoiled GRE sequence techniques, PCMRI generally also ben-
efits from the overall SNR boost at 3 T. Although the impact of higher
field strength on general PC flow imaging is discussed in greater detail
elsewhere,80,81 we will specifically focus on a more recent iteration of
these techniques, 4-dimensional (4D) PC flow imaging.

Four-dimensional PC flow imaging is a rapidly evolving tech-
nique that is gaining increased attention. In contrast to 2D techniques,
it combines functional flow information over timewith a 3D anatomical
display. This is accomplished by time-resolved 3D 3-directionally
encoded velocity data82 offering a fourth dimension for visualization
and quantification of (complex) flow patterns and flow-derived hemody-
namics. Flow velocities, flow volumes, and wall shear stress could pro-
vide additional and potentially complementary information for clinical
guidance and therapy. Four-dimensional PC flow offers a comprehen-
sive overview and potentially new insights into the pathophysiology
of different disease entities (eg, aortic aneurysms,83 mitral and aortic
valve pathology,84,85 intracardiac pathology86) and might ultimately
help to predict disease outcome and patient prognosis.87,88 Detailed
protocol recommendations for cardiac89 and aortic90 4D flow can be
found elsewhere.
TABLE 1. Overview of the Preferred Field Strength for Various Cardiac M

Application

Preference

1.5 T Either

Functional imaging X

Edema imaging X
LGE X
Stress perfusion X
T1 mapping X
T2 mapping X
T2* mapping X

Flow imaging X
CIED, neurogenerators, other metal implants/devices X

CIED, cardiac implantable electronic device.

© 2021 Wolters Kluwer Health, Inc. All rights reserved.
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For valvular heart disease, accurate and consistent quantification
of valvular flow and regurgitation jets was shown across centers, scan-
ners (1.5 Tand 3 T), as well as MR protocols.91 Strecker et al92 demon-
strated superior imaging quality for 3 T compared with 1.5 T in
flow-sensitive 4DMRI in 10 healthy volunteers with no significant dif-
ference in quantitative values. The stability of measurements in 4D PC
flow MRI across platforms and at different magnetic field strengths
(1.5 T and 3 T) has recently been confirmed in another series.93

An intraindividual comparison of 4D PC flow at different field
strengths at 1.5 T, 3 T, and 7 T in 10 healthy volunteers was published
recently.94 In this series, scan timewas the longest at 7 Tand varied sub-
stantially between approximately 8 and 15 minutes. The reason for such
a large range is given by the navigator that failed in 5 of 10 subjects at
7 T due to insufficient B1 magnitude to detect the position of the dia-
phragm. Nearly all aortic segments with nondiagnostic image quality
were obtained at 7 T as well (9 of 10). In wall shear stress analysis, spe-
cial attention has to be paid to changes in sequence or field strength dur-
ing follow-up, as these varieties might lead to misinterpretation in
patients with mild or moderate aortic stenosis. According to
Wiesemann et al,94 it is crucial to foster the clinical use of 4D PC
MR, to establish if sequences/field strengths can be changed for a
patient's follow-up investigation without affecting results, given the cur-
rent lack of standardization.
DISCUSSION
Although 1.5 T magnetic field strength had been the predomi-

nant setting for cardiac MRI for over a decade, the ever-increasing drive
toward high-field (eg, 3 T) scanner hardware has pushed the envelope
for 3-T cardiac MRI. It has been well recognized that the general in-
crease in SNR at 3 T, which has been the reason for other subspecialty
MRI (eg, musculoskeletal, neuro, etc) moving toward 3 T, can also be
used to an advantage for most cardiac MRI applications. This specifi-
cally holds true for first-pass perfusion and LGE imaging. The gain in
SNR can be beneficial on its own or, alternatively, can also be (partly)
traded for increased temporal or spatial resolution, or shorter scan times.

However, the increase in field strength comes along with new
challenges that predominately relate to the increase in RF power depo-
sition, as well as the increased B0 and B1 inhomogeneity. Particularly,
imaging techniques that typically use high flip angles or techniques that
are susceptible to inhomogeneities may pose challenges. In cardiac
MRI, specifically bSSFP techniques are affected by these challenges. In
RI Applications

Comments3 T

• Increased image contrast can be appreciated at 3 Twhen
imaging postcontrast administration

• Banding artifacts may degrade overall image quality at 3 T

X • Increased SNR at 3 T can be beneficial
X • Increased SNR at 3 T can be beneficial

• Subdivision for iron overload severity more reliable at 1.5 T
• 3 T may be used for higher sensitivity for any condition
causing magnetic susceptibility

• Increased SNR at 3 T beneficial for 4D flow
• Large portion of active/passive devices/implants only labeled
MR conditional at 1.5 T
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cine imaging, this may result in slightly reduced contrast between
blood-pool andmyocardium (due to the need of reduced flip angles) aswell
asmore common and/ormore prominent off-resonance artifacts. Advanced
high-order B0 and B1 shimming methods help to overcome the latter. Fur-
thermore, MRI systems with multiple RF transmitters (multitransmit sys-
tems) can further improve RF homogeneity.

Most importantly, the transition to 3-T cardiac MRI requires op-
timization of imaging methods with adaptation to accompanying
changes in relaxation and other high-field effects. Simple transfer of
1.5 T protocols for use at 3 Twill not suffice. This is specifically of im-
portance in all quantitative imaging techniques to optimize accuracy
and precision, keeping in mind the variation in exact field strength that
different manufacturers are operating in the 3-T bracket.

Another important consideration is the interaction and safety of
active and passive implants. This does not only include cardiac implant-
able electronic devices (CIEDs; eg, pacemakers, automated implantable
cardioverter defibrillators) and stents but also implanted neurogenerators
(eg, deep brain stimulator, etc) and all metal containing implants that can-
not be removed before MRI. Although devices/implants may primarily
cause disturbances in the magnetic field and thereby create imaging arti-
facts possibly rendering images nondiagnostic, interactions with the var-
ious MR components may also affect electronics of such devices or
induce currents in the device/implant, potentially leading to heat-related
tissue damage. Although many devices have been tested and are consid-
ered safe under specific conditions (MR conditional) at 1.5 T, testing for
3 T conditional status is less common, although the list is slowly
expanding.95 Individual factors, including the configuration, orienta-
tion and position of leads, the length and extension of the lead relative
to the transmitter coil, and the anatomic region imaged, will influence
the potential heating as well. Field strength, therefore, is relevant, but
not a sole determining factor. Appropriate MR safety screening by ap-
propriately educated and trained personnel, and detailed planning and
preparation with appropriate scan conditions are key in this respect. In
any case, patient and referring physician should be informed and instructed
before the examination.With respect tometal implant-induced artifacts, the
use of wideband sequences may help minimize those and improve diag-
nostic image quality at both 1.5 T96 and 3 T.97

More recently, other field strengths have undergone exploration
for potential use in cardiac MRI. The quest for spatial resolution at high
SNR has pushed the use of ultra-high field strengths (eg, 7 T) in partic-
ular for neuroimaging but has also expanded into the exploration of car-
diac applications.94 At the opposite end of the spectrum, most recently,
new low field strength (<1 T) systems have been explored recently.98 In
general, such low field systems, fitted with modern gradient systems
and receiver array coils, use artificial intelligence architectures and al-
gorithms in order to overcome field-related limited SNR. If successful
in the overall field of cardiac MRI applications, such systems would
be highly attractive due to their significant lower costs, excellent field
homogeneity, and the fact that energy deposition no longer poses issues.

With an increasing number of clinical cardiac applications,99

with each having their own advantages at both field strengths, no “holy
grail” field strength exists for cardiac MRI (Table 1). Ideally, having
both field strengths available enables referring patients to the most
“ideal” field strength based on the requested cardiac applications. How-
ever, in case only a single MR system can be used for cardiac MRI,
1.5 Twould still be our preferred field strength regarding the compatibil-
ity with all major clinical cardiac applications, ease of use, and accessibil-
ity for an increasing number of patients with cardiac devices/implants.
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