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Introduction 

A growing number of reports eloquently speak about explorations into cardiovascular MR (CVMR)  at 

high (B0=3.0T) and ultrahigh magnetic field strengths (B0≥7.0T), with the goal of making the transition 

to the clinic. Realizing the opportunities and challenges of (ultra)high field CVMR in equal measure 

this presentation outlines UHF-MR physics together with safety issues at ultrahigh fields. The review is 

also an attempt to inspire the imaging community to throw further weight behind the solution of the 

many remaining challenges [1,2]. For this purpose MR safety considerations - including static 

magnetic fields, time varying and spatially varying magnetic fields, RF fields, implants and devices, and 

auxiliary hardware  are surveyed.  Of course, UHF-CVMR is an area of vigorous ongoing research, and 

many potentially valuable developments that tackle UHF-MR safety issues will receive only brief 

mention here.  

 

Static Magnetic Fields (B0) 

MR at 7.0 T falls into the controlled operating mode category on static magnetic field limits 

recommended by the International Commission on Non-Ionizing Radiation Protection (ICNIRP) [3].  

Repeated exposure to 7.0 T did not appear to affect neurogenesis, cell death or memory function in 

late gestation or in young postnatal rats [4]. Human studies showed no significant neurocognitive 

effects at 7.0 T. MRI examinations at 7.0 T do not seem to have any persisting influence on the 

attention networks of human cognition immediately after exposure [5]. A large scale study (n=573) 

revealed that 7�T MRI was perceived more uncomfortable than 1.5�T with significant differences 

regarding vertigo and sweating between 7 and 1.5�T [6]. The authors concluded that although certain 

sensations increase at 7�T compared to 1.5�T, they are unlikely to hinder the use of 7�T MRI as a 

clinical diagnostic tool [6]. Chakeres et. al. reported no clinically significant changes in the subjects’ 

physiologic measurements at B0=8.0 T, though a slight increase in the systolic blood pressure was 

found with increasing magnetic field strength [7]. Exposure to a 9.4T static magnetic field did not 

result in a statistically significant change in vital signs or cognitive ability of healthy volunteers [8]. 

 

Time Varying and Spatially Varying Magnetic Fields (dB/dt) 

Thresholds for motion-induced vertigo have been estimated to be around 1 T s-1 for greater than 1 s 

[3]. Avoiding these sensations is likely to afford protection against other effects of induced electric 

fields and currents that arise as a consequence of motion in a static magnetic field [3]. Consequently, 

researchers, healthcare workers, volunteers and patients are asked to walk slowly in a UHF-MR 

environment in order not to exceed the limits for induced electric fields and current densities with the 

ultimate goal to reduce if not avoid the possibility of vertigo and nausea [3]. This translates into a 

recommendation derived from numerical simulations that a walking speed of 1 m s-1 should not be 

exceeded when accessing an area closer than 2 m to the front ends of a 7.0 T magnet [9]. For the 

same reason there is a need to ensure that subjects are moved slowly into the 7.0 T magnet bore. It is 

highly recommended that patient table motion is set to be lower than 1 T s-1. To meet this 

requirement a feature which sets the table motion to be inverse proportional to the gradient in the 

magnetic field strength is offered by some vendors.   
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Magnetic Fringe Fields 

Magnetic forces of fringe magnetic fields of MR systems on ferromagnetic components can impose a 

severe patient, occupational health and safety hazard. MRI accidents are listed as number 9 of the top 

10 risks in modern medicine [10,11]. With the advent of (ultra)high field MR systems [1,12-22] this 

risk, which is commonly known as the missile or projectile effect is even more pronounced. At 

ultrahigh fields fringe fields are largely increased as illustrated in Figure 1. Most MRI accidents occur 

when non-MRI personnel (or careless MRI workers) introduce ferromagnetic objects into the 

magnetic environment [23]. It is estimated that the reported incidents only account for about 10% of 

the actual number of such incidents, and even in this case, the number of incidents has jumped 

approximately 300% from 2004 to 2008 [24,25]. Various policies [26-29] have been implemented to 

safeguard healthcare workers, volunteers and patients with the ultimate goal of avoiding unforeseen 

disasters and injuries due to ferromagnetic objects. These measures safety initiatives and awareness 

campaigns spearheaded by scientific organizations and other bodies and include safety training, risk 

reduction strategies, occupational health instructions, safety guidelines and warning signs. These 

safety procedures are commonly supplemented by metal or ferromagnetic detectors which are 

positioned at the entrance of the MR scanner room for example, as well as hall sensors [30] and other 

magnetic field sensing devices. The costs of traditional metal or ferromagnetic detectors are 

significant. Stand alone detector configurations and handheld scanners are frequently not properly 

used due to the heavy work load as well as busy environment experienced by hospital staff. 

Furthermore, some detectors used in current clinical practice do not distinguish between 

ferromagnetic and non- ferromagnetic objects, thus making it difficult for hospital staff to maintain 

MR safety. Warning labels on the doors, walls or on the ground denoting the 5 G and 10 G are likely to 

be overlooked in a fast paced hospital environment. Thus auditory or visual warning of ferromagnetic 

objects being brought into the MR environment is necessary. A strategy employing small magnetic 

field alert sensors which can be attached to ferromagnetic objects that are commonly used in a 

clinical environment is conceptually appealing for the pursuit of reducing the risk of ferromagnetic 

projectile accidents. Recently a simple, cost-effective and mobile magneto alert sensor (MALSE) which 

provides alarm in the presence of static magnetic fields and which can be used in various 

configurations was proposed [31]. MALSE is a simple concept for alerting MRI staff to a ferromagnetic 

object being brought into fringe magnetic fields which exceeds MALSEs activation magnetic field as 

demonstrated in Figure 1. MALSE can easily be attached to ferromagnetic objects within the vicinity 

of a scanner, thus creating a barrier for hazardous situations induced by ferromagnetic parts which 

should not enter the vicinity of a MR-system to occur.  

 

Figure 1: Schematics of the fringe field of a passively shielded 7.0 T (left), an actively shielded 3.0 T (middle) and 
an actively shielded 1.5 T (right) MR system. The 10 G, 5 G and 1 G lines are marked in green, red and black , 
starting from the magnet's iso-center. The position at which a small and mobile magneto alert sensor MALSE got 
activated is marked in red.  
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RF Fields 

RF energy can induce a heating effect. Since it is difficult to measure internal temperature changes RF 

heating must be evaluated carefully by the assessment of the specific absorption rate (SAR), which 

scales with B0
2. For the assessment of B1

+ distribution and RF safety purpose numerical 

electromagnetic field (EMF) simulations must be performed. Power settings of RF coils need to be 

based on careful examinations of the partial body and local SAR values according to the IEC guidelines 

[32]. An example of EMF simulations for local TX/RX coils tailored for cardiac MR at 7.0 T is shown in  

Figure 2 [33]. 

 

Figure 2:  (a) Basic schemes of the three TX/RX coil designs tailored for cardiac MR at 7.0 T: left) 4-channel TX/RX 
coil with two anterior and two posterior elements of size (13x20)cm2 (S-I dimension: 20cm; L-R dimension: 26cm) 
(12), center) 8-channel TX/RX coil with five anterior elements each with a size of (6x19)cm2 plus three posterior 
elements with a size of (9x19)cm2 (S-I dimension: 21cm; L-R dimension: 31cm), right) 16-channel TX/RX coil with 
eight anterior and eight posterior elements with a size of (6x13)cm2 (S-I dimension: 28cm; L-R dimension: 29cm). 
(b) Simulation of the signal-absorption rate (SAR) distribution (local SAR, 10g average) for an axial slice for the 4 
(left), 8 (middle) and 16 (right) channel TX/RX coil. The limits for partial body SAR or for maximum local SAR of 
20W/kg given by the IEC (13) were not exceeded. 
(c) Simulation of the transmit field efficiency (B1

+/√Pdelivered) in a mid-axial view of the 4 (left), 8 (middle) and 16 
(right) channel TX/RX coil. The white colored ROI indicates the position of the heart. 
 

Constraints dictated by the physics of the applied RF fields at higher frequencies (≥ 300 MHz) 

constitute a significant challenge for ultrahigh field MR. The short wavelength of the RF fields inside 

the tissue (≈ 12 cm) and increased dielectric effects lead to highly complex and non-uniform B1
+ 

distributions [34,35] causing shading or local signal drop-off but also local B1
+  and SAR hot spots. This 

behavior has inspired explorations into novel radiofrequency (RF) technology including multichannel 

transmit/receive (TX/RX) technology [36-39] including various coil multi transmit coil designs tailored 

for cardiac and body MR at 7.0 T [33,40-44].  This approach helps to overcome some of the transmit 

B1
+ field heterogeneity and RF power deposition constraints present at ultrahigh fields by using B1

+ 

shimming [45,46]. B1
+ shimming is a special case of parallel transmission in which the driving 

amplitude and phase are adjusted at multiple transmit ports or coils in order to tailor excitation 

patterns.  B1
+ shimming is typically used to reduce RF non-uniformities and to maximize B1

+ coherence 

as illustrated in Figure 3.  B1
+ shimming can be also put to use to enhance the excitation efficiency or 

to relax RF power deposition as outlined in Figure 3. The supervision of local specific absorption rate 

(SAR) in parallel transmission applications using EMF simulations is essential but remains challenging. 

Practical challenges arise for the adequate handling and comparing of pre-calculated field 

distributions as long as the expected combined radiofrequency excitations are still undetermined 

[47]. To solve this problem several methods were proposed to significantly reduce the complexity 

without restriction to particular radiofrequency excitations [47-51]. In a particular implementation it 

was demonstrated that by constructing several matrices it is sufficient to consider only so-called 

Virtual Observation Points for an adequate, conservative estimation of the maximum local SAR [47]. 
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Although SAR is key for RF safety evaluations it should be noted that the temperature 

distribution - which is the cause of tissue damage based on RF heating - doesn’t follow SAR in a 

straightforward manner [52]. Thermoregulation and heat transfer inside the body (i.e. blood vessels) 

need to be considered while moving towards a more realistic scenario. Here ongoing research 

focusses already on temperature modeling instead of SAR models, suggesting a thermal tissue 

damage threshold CEM43 known from thermal therapies [53,54]. These explorations will help to 

advance towards enhanced MR safety assessment for CVMR at high and ultrahigh fields. While the 

technical details of characterizing SAR and temperature are being perfected, methods for interpreting 

the results of these calculations in the light of regulatory limits also warrant discussion [52]. 

Numerical simulations showed that the ratio of maximum local SAR to whole body average SAR did 

exceed regulatory limits by a significant factor when using whole body volume coil configurations at 

1.5T and 3T [52]. This implies that today’s UHF-CVMR operates at more conservative assumptions 

than widely used for CVMR at the lower fields. To summarize, RF power deposition constraints pose 

significant challenges for UHF CMR. This makes some CMR applications which are clinical routine at 

lower fields - for example steady state free precession (SSFP) imaging and fast spin echo imaging – 

elusive at ultrahigh fields yet. What might appear to be an enigma at the first glance can be 

deciphered by further explorations into the physics and physiology of RF induced heating.  

 

 

Figure 3: Signal absorption rate (SAR) simulations which demonstrate the impact of B1
+ shimming on SAR in a 

human voxel model. For this purpose a 4 channel transmit/receive cardiac RF coil was used.  Point SAR 
simulations of the cardiac coil: left) with B1

+ being tailored to improve B1
+ uniformity across the heart and right) 

B1
+ being customized for SAR reduction without diminishing B1

+ uniformity across the heart severely. 
 
 

Radiofreqency Heating Induced by Implants, Devices and Intracoronary Stents 

The presence of conducting objects in combination with RF wave lengths and RF power deposition 

used at (ultra)high fields may induce local RF heating which might cause tissue damage. It should be 

noted that the short wavelength of the RF fields inside tissue at 7.0 T is approximately 12 cm and 

hence can fall into the same range as the length of implants, stents or cardiac assist devices. For all 

these reasons it is essential to carefully assess RF induced heating in cardiac assist devices, implants 

and coronary stents.  

Intracoronary stents commonly used in percutaneous interventions - a revascularization procedure 

for treatment of acute and chronic coronary artery disease (CAD) - are currently considered to be 

contra-indications for UHF-CVMR due to the relative lack of data describing the interference between 

conductive implants and EMF.  Arguably, the notion that intracoronary stents are a contra-indication 

per se at 7.0 T is somewhat premature, as is an a priori statement which declares stents to be safe at 

7.0 T. However, gaining a better insight into the MR safety  of stents  is of profound relevance for 

UHF-CMR developments and their transfer into clinical practice due to an increasing patient 
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population with a history of percutaneous coronary interventions (PCI) and stent implementation [55] 

with PCI rates increasing about 128% for the period 1987-2001, with an average increase of 6% per 

year for a selected population [56] and with 91% of coronary angiography interventions leading to 

stent implementation [55,56]. A priori, it cannot be ruled out that the antenna effect due to the 

presence of conducting implants in conjunction with the decrease in RF wave lengths and the increase 

in RF energy may bear the potential to cause RF power deposition at ultrahigh fields that may induce 

local heating and may potentially cause myocardial tissue damage and may influence coagulation or 

affect endothelial function. 

With special attention to guidelines of the International Commission on Non-Ionizing Radiation 

Protection (ICNIRP) [57] and its implications for cardiac MRI at 7.0 T interference between copper 

tubes or coronary stents and E-field distribution was recently carefully examined using numerical 

simulations [58]. For this purpose a copper tube and a CAD model of a stent (PRO-Kinetic Energy 

Cobalt Chromium Coronary Stent System, Biotronik, Bülach, CH, l=40 mm, d= 4mm) were used 

together with an electric dipole excitation. The copper tube and the stent were positioned parallel to 

the electric field vector radiated by the dipole antenna. To scrutinize subtle details of the E-field 

distribution along the complex structure of the stent high resolution EMF simulations using a mesh 

size of (60×60×60) �m3 for regions inside and in close vicinity of the devices were performed. The 

copper tube provided a reasonable approximation of a coronary stent [58] since its antenna effect is 

similar to that of a coronary stent. The E-field distribution derived for the copper tube and the stent 

are similar at a scale distance larger than d/2, where d is the diameter of the device. At smaller scales, 

the structure of the stent induces smaller variations of the E-field which however never exceed the 

value at the tips. The maximum E-field at the tips of the stent is approximately 25% higher than that 

of the copper tube, where the E-field is more homogeneously distributed along the circular edge. The 

coronary stents showed an RF heating behavior similar to that of a copper tube with the same 

geometry [58]. Unlike the copper tube stents present a network structure in which local hotspots 

could be present due to parasitic capacitances. Unfortunately MR thermometry is not capable to 

provide information within the stent network due to the MR artifacts induced by the stent. Here high 

spatial resolution EMF simulations hold the promise to provide a better insight into the RF heating 

pattern inside of a stent. 

In addition to EMF simulations RF heating experiments were conducted at 7.0 T  [58,59]. For this 

purpose a copper tube and coronary stents were embedded in agarose phantoms with 

electromagnetic properties that mimic myocardium. A highpass circular polarized birdcage RF coil 

that is capable of irradiating RF power to exceed the SAR limits defined by the IEC 60601-2-33 

standard by factor ≈3. The temperature changes induced by RF heating over a one hour period at 

these high RF power levels reached approximately ΔT =27 K in the reference phantom. The extra 

temperature increase due to the presence of the copper tube or the coronary stents did not exceed 3 

K which is within the experimental error of MR thermometry T  [58,59]. 

The EMF simulations and RF heating experiments reported hitherto suggest that if IEC 

standards for local and global SAR limits are strictly obeyed, the extra RF heating, induced in 

myocardial tissue due to the presence of stents, may not be significant versus the baseline heating 

induced by a cardiac optimized transmit RF coil at 7.0 T [58].  In this context a recent study included a 

broad portfolio of clinical stent configurations into heating experiments [60]. None of the twenty 

clinical peripheral stent grafts (for a detailed list of devices included in this study please see [60]) 

produced a temperature rise of ≥ 2K even though permissible SAR limits were exceeded substantially  

[60]. Based on these results the authors conclude that RF heating of implanted stents is not a safety 

issue for UHF-MR. While these preliminary results are encouraging further research will include 

careful investigation of stent configurations which involve multiple stents with different size, 
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geometry and design, a configuration which is very common in patients with history of percutaneous 

interventions. 

To summarize, the MR-safety assessment of implants, intracoronary stents and other implantable 

medical devices at 7.0 T is at a very early exploration stage. Further careful investigations are required 

before intracoronary stents pace makers, mitral and aortic valve replacements, cochlear implants, 

insulin pumps, neuro-stimulators and other implantable medical devices can be declared to be MR 

safe in a UHF-MR environment and hence remain contra-indications for UHF-MR, unless otherwise 

stated, certified or approved for UHF-MR. 

 

Auxiliary Hardware 

As ultrahigh-field MRI becomes more widespread, the significance of artifact sensitivity of ECG 

recordings increases and with it the motivation for a practical gating/triggering alternative. Since ECG 

is an inherently electrical measurement with electrically active components [61], it does carry a risk of 

surface heating of patients’ skin and even of severe skin burns resulting from induction of high 

voltages in ECG hardware [28,62-65]. The FDA's MAUDE data base reports several skin burns in the 

last 5 years due to induction of high voltages in ECG hardware due to interaction with RF signals [23]. 

The use of non MR safe ECG hardware has even caused an incident in the MR bore, where high-

voltage induction in ECG wiring caused a fire[62]. Various technologies have been implemented on 

clinical scanners to safeguard patients with the ultimate goal of avoiding disasters and injuries due to 

ECG hardware. These measures involve the use of (i) ECG electrodes being classified as MR-safe, (ii) 

ECG leads shorter than the RF wave length and (iii) high impedance leads, fiber optic leads or wireless 

connections for signal transfer. Consequently, user manuals of clinical scanners outline explicitly that 

MR-safe electrodes which are made available through the MR vendor's accessories catalogue must be 

used. Also, the manufacturer's user manuals for RF coils advice to use extra padding for keeping RF 

coils in a safe distance from the chest as illustrated in Figure 4. This measure has been implemented 

to avoid ECG electrodes being positioned in areas close to local signal absorption rate (SAR) hot spots 

caused by the RF coil's EM fields. For further details please feel free to download a book chapter on 

ECG in an MR environment from: http://www.intechopen.com/books/advances-in-

electrocardiograms-methods-and-analysis/electrocardiogram-in-an-mri-environment-clinical-needs-

practical-considerations-safety-implications- 

 

 

Figure 4: Axial and coronal views of the upper torso derived from signal absorption rate (SAR10g) simulations The 
simulations demonstrate the impact of extra padding for the purpose of keeping RF coils in a safe distance from 
ECG electrodes. For padding an extra layer with a thickness of 1c m was inserted between the anterior and 
posterior section of the coil and the anterior and posterior upper chest. For the simulations a 4 channel 
transmit/receive RF cardiac coil was used together with an accepted power of 30 W without padding (left) and 
with padding (right). With padding a maximum local SAR10g value of 18.1 W/kg is reached. Without padding the 
maximum local SAR10g value increased to 21.2 W/kg. This value would exceed the IEC safety guidelines of 20 
W/kg.  
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ECG and even advanced vector-cardiogram (VCG, [66]) approaches are corrupted by interference 

from electromagnetic fields and by magneto-hydrodynamic effects which increase with increasing 

magnetic field strengths [67]. Consequently, artifacts in the ECG/VCG trace and T-wave elevation 

might be mis-interpreted as R-waves, resulting in erroneous triggering together with motion 

corrupted image quality, an issue which is pronounced at ultrahigh fields. For all of these reasons, a 

non-invasive acoustic cardiac triggering (ACT) approach (which may also be termed “MR 

stethoscopy”) was recently proposed in the pursuit of reliable cardiac gating [68], as illustrated 

schematically in Figure 5. ACT does not require any hardware or software changes on the scanner side 

and ensures full compliance with safety regulations for medical devices. The MR-stethoscope presents 

no risk of high voltage induction and patient burns, suitability for a broad range of magnetic field 

strengths, patient comfort, ease of clinical use, insensitivity to electromagnetic fields and high trigger 

reliability. Acoustic cardiac gating was found to meet the demands of cardiac MR applications at 1.5 T, 

3.0 T and 7.0 T, including breath-hold and free-breathing acquisition strategies together with 

prospective and retrospective triggering regimes [69,70].  

 

 
 

Figure 5: Clinical setup (left), block diagram (right) for a) conventional ECG gating and b) acoustic cardiac 
triggering (ACT) for synchronization of MR imaging with the cardiac cycle. Note that neither the limited ECG in the 
MR scanner nor the acoustic waveforms obtained for acoustic cardiac gating should be treated as reliable indicators 
of patient emergency conditions. 
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