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 46 

SHORT ABSTRACT:  47 

The sensitivity gain inherent to ultrahigh field magnetic resonance holds promise for high 48 

spatial resolution imaging of the heart. Here, we describe a protocol customized for functional 49 

cardiovascular magnetic resonance (CMR) at 7 Tesla using an advanced multi-channel radio-50 

frequency coil, magnetic field shimming and a triggering concept.  51 

 52 

LONG ABSTRACT:  53 

CMR at an ultra-high field (magnetic field strength B0 ≥ 7 Tesla) benefits from the signal-to-54 

noise ratio (SNR) advantage inherent at higher magnetic field strengths and potentially provides 55 

improved signal contrast and spatial resolution. While promising results have been achieved, 56 

ultra-high field CMR is challenging due to energy deposition constraints and physical 57 

phenomena such as transmission field non-uniformities and magnetic field inhomogeneities. In 58 

addition, the magneto-hydrodynamic effect renders the synchronization of the data acquisition 59 

with the cardiac motion difficult. The challenges are currently addressed by explorations into 60 

novel magnetic resonance technology. If all impediments can be overcome, ultra-high field CMR 61 

may generate new opportunities for functional CMR, myocardial tissue characterization, 62 

microstructure imaging or metabolic imaging. Recognizing this potential, we show that multi-63 

channel radio frequency (RF) coil technology tailored for CMR at 7 Tesla together with higher 64 

order B0 shimming and a backup signal for cardiac triggering facilitates high fidelity functional 65 

CMR. With the proposed setup, cardiac chamber quantification can be accomplished in 66 

examination times similar to those achieved at lower field strengths. To share this experience 67 

and to support the dissemination of this expertise, this work describes our setup and protocol 68 

tailored for functional CMR at 7 Tesla.  69 

 70 

INTRODUCTION:  71 

Cardiovascular magnetic resonance (CMR) is of proven clinical value with a growing range of 72 

clinical indications1, 2. In particular, the evaluation of cardiac morphology and function is of 73 

major relevance and typically realized by tracking and visualizing the heart motion throughout 74 

the entire cardiac cycle using segmented breath-held two-dimensional (2D) cinematograpic 75 

(CINE) imaging techniques. While a high spatio-temporal resolution, high blood-myocardium 76 

contrast and high signal-to-noise ratio (SNR) are required, the data acquisition is highly 77 

constrained by the cardiac and respiratory motion and the use of multiple breath-holds as well 78 

as the need for whole heart or left-ventricular coverage often leads to extensive scan times. 79 

Parallel imaging, simultaneous multi-slice imaging or other acceleration techniques help to 80 

address the motion related constraints3–6.  81 

 82 

Moreover, to benefit from the inherent SNR gain at higher magnetic fields, high field systems 83 

with B0 = 3 Tesla are increasingly employed in clinical routine7,8. The development has also 84 

encouraged investigations into ultra-high field (B0≥7 Tesla, f≥298 MHz) CMR9–14. The gain in SNR 85 

and blood-myocardium contrast inherent to the higher field strength holds the promise to be 86 

transferrable into enhanced functional CMR using a spatial resolution that exceeds today’s 87 
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limits15–17. In turn, new possibilities for magnetic resonance (MR) based myocardial tissue 88 

characterization, metabolic imaging and microstructure imaging are expected13. So far, several 89 

groups have demonstrated the feasibility of CMR at 7 Tesla and specifically tailored ultra-high 90 

field technology has been introduced17–22. Regarding these promising developments, the 91 

potential of ultra-high field CMR can be considered to be yet untapped13. At the same time, 92 

physical phenomena and practical obstacles such as magnetic field inhomogeneities, radio 93 

frequency (RF) excitation field non-uniformities, off-resonance artifacts, dielectric effects, 94 

localized tissue heating and field strength independent RF power deposition constraints make 95 

imaging at ultra-high field challenging10,17. The latter are employed to control RF induced tissue 96 

heating and to ensure safe operation. Moreover, electrocardiogram (ECG) based triggering can 97 

be significantly impacted by the magneto-hydrodynamic (MHD) effect19,23,24. To address the 98 

challenges induced by the short wavelength in tissue, many-element transceiver RF coil arrays 99 

tailored for CMR at 7 Tesla were proposed21,25–27. Parallel RF transmission provides means for 100 

transmission field shaping, also known as B1+ shimming, which allows to reduce the magnetic 101 

field inhomogeneities and susceptibility artefacts18,28. While at the current stage, some of these 102 

measures might increase the experimental complexity, the concepts have proven helpful and 103 

may be translated to the clinical field strengths of CMR 1.5 T or 3 T.  104 

 105 

Currently, 2D balanced steady state free precession (bSSFP) CINE imaging is the standard of 106 

reference for clinical functional CMR at 1.5 T and 3 T1. Recently, the sequence was successfully 107 

employed at 7 Tesla, but a large number of challenges remain19. Patient specific B1
+ shimming 108 

and extra RF coil adjustments were applied to manage RF power deposition constraints and 109 

careful B0 shimming was performed to control the sequence typical banding artifacts. With an 110 

average scan time of 93 minutes for left-ventricular (LV) function assessment, the efforts 111 

prolonged the examination times beyond clinically acceptable limits. Here, spoiled gradient 112 

echo sequences provide a viable alternative. At 7 Tesla, total examination times of (29 ± 5) min 113 

for LV function assessment were reported, which corresponds well to clinical imaging protocols 114 

at lower field strengths21. Thereby, spoiled gradient echo based CMR benefits from the 115 

prolonged T1 relaxation times at ultra-high field that result in an enhanced blood-myocardium 116 

contrast superior to gradient echo imaging at 1.5 T. This renders subtle anatomic structures 117 

such as the pericardium, the mitral and tricuspid valves as well as the papillary muscles well 118 

identifiable. Congruously, spoiled gradient echo based cardiac chamber quantification at 7 Tesla 119 

agrees closely with LV parameters derived from 2D bSSFP CINE imaging at 1.5 T20. Apart from 120 

that, accurate right-ventricular (RV) chamber quantification was recently demonstrated feasible 121 

using a high resolution spoiled gradient echo sequence at 7 Tesla29. 122 

  123 

Recognizing the challenges and opportunities of CMR at ultra-high field, this work presents a 124 

setup and protocol customized for functional CMR acquisitions on an investigational 7 Tesla 125 

research scanner. The protocol outlines the technical underpinnings, shows how impediments 126 

can be overcome, and provides practical considerations that help to keep the extra 127 

experimental overhead at a minimum. The proposed imaging protocol constitutes a four-fold 128 

improvement in the spatial resolution versus today’s clinical practice. It is meant to provide a 129 

guideline for clinical adaptors, physician scientists, translational researchers, application 130 

experts, MR radiographers, technologists and new entrants into the field.  131 
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 132 

PROTOCOL:  133 

 134 

The study is approved by the ethics committee of the University of Queensland, Queensland, 135 

Australia and informed consent has been obtained from all subjects included in the study. 136 

 137 

1. Subjects 138 

 139 

1.1) Recruit volunteer subjects over 18 years of age internally at the University of 140 

Queensland.  141 

 142 

1.2) Informed consent 143 

 144 

1.2.1) Inform each subject about potential risks of undergoing the examination before 145 

entering the magnetic resonance imaging (MRI) safety zone. Specifically, discuss the ultra-high 146 

magnetic field exposure and possible contraindications for undergoing an MRI examination. 147 

Inform the subject that participating in the examination is voluntary and that at all times he/she 148 

may abort the examination. Obtain informed consent in writing.  149 

 150 

1.2.2) Explain the procedure to the participant. Since imaging is performed during breath hold 151 

at end expiration and consistent breath holding is integral to image quality, coach the subject 152 

on breathing technique prior to scanning.  153 

 154 

1.2.3) Perform MR safety screening on all subjects before entering the MRI safety zone in 155 

writing and again before entering the scanner room. Exclude subjects with contraindications for 156 

undergoing an MRI examination (e.g., pacemakers, implanted defibrillators, other unsafe 157 

medical implants or claustrophobia).  158 

 159 

1.3) Ask the subject to change into scrubs before entering the scanner room.  160 

 161 

2. Preparation 162 

 163 

2.1) Set up the additional hardware required to operate the dedicated 32 channel 1H cardiac 164 

transceiver (Tx/Rx) RF coil26 on the patient table as outlined in Figure 1a and b. Apart from a 165 

small power splitter box (Figure 1c), the auxiliary coil equipment comprises one power splitter 166 

box and phase shifter box (Figure 1d) and one Tx/Rx interface box (Figure 1e) for each of the 167 

two RF coil sections that will be placed below and on top of the subject. The greater part it 168 

accommodates the local transmit electronics, which is required for signal excitation at 7 Tesla, 169 

since traditional birdcage body coils as commonly employed at 1.5 T and 3.0 T are not available.  170 

 171 

2.2) Place the additional RF coil hardware at the top end of the patient table as outlined in 172 

Figure 1b and link the individual boxes together with the Bayonet Neill–Concelman (BNC) 173 

cables. Since the distance that the patient table can be driven into the MRI bore is limited, 174 
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ensure to leave sufficient space on the patient table for the coil infrastructure to guarantee that 175 

the subject’s heart can be positioned with the center of the coil at the isocenter of the magnet.  176 

 177 

2.3) Connect the Tx/Rx interface boxes to the four coil plugs on the patient table. 178 

 179 

2.4) Place the center of the posterior coil array 147 cm away from top end of the patient 180 

table (Figure 1b). This spot defines where the posterior coil array has to be placed to ensure 181 

that the subject’s heart is at the isocenter of the magnet if the patient table is maximally driven 182 

into the bore. The placement on the predefined coil spot is crucial, to ensure optimal operation. 183 

Determine the optimal position of the posterior coil array as well as the positioning of the 184 

auxiliary equipment in preliminary tests including several volunteers of different body height.  185 

 186 

2.5) Connect the four cables of the posterior coil array into the appropriate sockets of the 187 

Tx/Rx interface box for the posterior array. 188 

 189 

2.6) Connect the four modules of the anterior coil array are with the Tx/Rx interface box for 190 

the top array and flip the array over the auxiliary coil equipment to allow for subject 191 

positioning.  192 

 193 

2.7) Attach the three ECG electrodes to the body of the subject. Follow the vendor 194 

guidelines for electrode placement to ensure optimal operation of the system’s trigger 195 

algorithm. 196 

 197 

2.8) Position the subject on the patient table (Figure 1f). Critically, make sure that the 198 

subject’s heart is positioned central to the posterior coil in order to guarantee scanning within 199 

the isocenter of the magnet. As, depending on the subject’s height, the head will have to be 200 

placed on top of the coil/interface box connectors, place the cables carefully and use 201 

appropriate cushioning to ensure the subject’s comfort and compliance. 202 

 203 

2.9) Connect the trigger device to the ECG electrodes. 204 

 205 

2.10) Attach the pulse trigger device to the subject’s index finger. Use this second device for 206 

triggering in the event of severe distortions of the ECG signal introduced by the MHD effect. 207 

 208 

2.11) Hand the safety squeeze ball to the subjects.  209 

 210 

2.12) Equip the subject with headphones and earbuds to reduce the noise exposure and to 211 

allow communication with the subject. 212 

 213 

2.13) Place the anterior coil on the subject’s chest, such that the cables that connect to the 214 

plugs E-F and G-H are located to the right and left of the subject’s head, respectively.  215 

 216 

2.14) Drive the subject into the scanner bore. Perform the driving operation manually and 217 

ensure that the speed button of the table controls is in the off-position to guarantee the 218 
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subject’s safety during the driving process. Do not use the automatic mode as the variable table 219 

speed in this mode is optimized for neuro imaging and the distance the table can be driven 220 

automatically into the bore is limited by the scanner hardware. 221 

 222 

2.15) Check if communication to the subject through the intercom is possible and if the 223 

subject is feeling well.  224 

 225 

2.16) MR imaging  226 

 227 

2.16.1) Run basic localizer (scout) scans along the three physical gradient axes for slice planning 228 

and B0-shimming.  229 

 230 

2.16.2) Use an ECG-triggered fast low angle shot (FLASH) sequence with the following 231 

acquisition parameters: field of view (FOV) = 400 mm, matrix = 192 x 144, slices per 232 

gradient axis = 1, thickness = 8 mm, echo time (TE) = 1.24, repetition time (TR) = 298 ms, 233 

flip angle = 10°.  234 

 235 

2.16.3) Apply parallel MRI with acceleration factor = 2, reference lines = 24 and generalized 236 

autocalibrating partially parallel acquisitions (GRAPPA) reconstruction.  237 

 238 

2.16.4) Use the localizer images to verify that the subject’s heart is positioned in the isocenter 239 

of the magnet. Reposition the subject if necessary.  240 

 241 

2.17) 3rd order B0-shimming 242 

 243 

2.17.1) Open the 3rd order shim tool (Figure 2a) and reset all 3rd order shim currents (Figure 2b). 244 

 245 

2.17.2) Prescribe the shim volume for proper shimming over a region covering the heart (Figure 246 

2c).  247 

 248 

2.17.3) Run a non-triggered advanced flow compensated 2D multi-echo FLASH shim sequence 249 

for the calculation of the 3rd order shim currents. Use the following parameters: FOV = 400 x 250 

400 mm, matrix = 80 x 80, slices = 64, thickness = 5.0 mm, TE1 = 3.06, TE2 = 5.10, TR = 7 ms, flip 251 

angle = 20 °, parallel MRI (GRAPPA), acceleration factor = 2, reference lines = 24. 252 

 253 

2.17.4) To calculate and apply the 3rd order shim currents, open the next protocol and copy the 254 

above-mentioned shim volume. Execute the SetShim program in the start menu (Figure 2a). 255 

Next, open the Manual Adjustments window in the Options menu (Figure 2d). In the 3D Shim 256 

tab, click Calculate | Apply to set the shim currents for the 2nd order (Figure 2e). Finally, set the 257 

shim currents by clicking Set Shim_3rd in the 3rd order shim tool (Figure 2b).  258 

 259 

2.17.5) Close the Manual Adjustments window. Keep the shim volume and the shim currents 260 

fixed throughout the remainder of the examination. Note that the shimming procedure can be 261 

highly system specific.  262 
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 263 

2.18) Acquire further localizers to support double-oblique slice planning. Unless stated 264 

otherwise, use a breath held and ECG-triggered 2D FLASH sequence with the following 265 

parameters for all localizer measurements: FOV = 360 x 290 mm, matrix = 256 x 206, thickness = 266 

6.0 mm, TE = 1.57, TR = 3.9 ms, flip angle = 35 °, parallel MRI (GRAPPA), acceleration factor: 2, 267 

reference lines: 24. Advise the patient to hold the breath in expiration. Employ high flip angles 268 

or use a segmented cine protocol (see below) to achieve improved contrast. 269 

 270 

2.18.1) Acquire the 2 chamber localizer (1 slice), planned perpendicular on the axial scout 271 

parallel to the septal wall (Figure 3a).  272 

 273 

2.18.2) Acquire the 4 chamber localizer (1 slice), planned perpendicular on the 2 chamber 274 

localizer slice through the mitral valve and the apex of the left ventricle (Figure 3b). 275 

 276 

2.18.3) Acquire the short axis localizer (7 slices, FOV = 360 x 330 mm), planned perpendicular on 277 

the 4 chamber localizer parallel to the mitral valve and perpendicular to the septal wall (Figure 278 

3c).  279 

 280 

2.19) Perform the CINE acquisitions. Use a high resolution breath held ECG-triggered 281 

segmented 2D FLASH sequence with the following parameters: FOV = 360 x 270 mm, matrix = 282 

256 x 192/264 x 352, thickness = 4.0 mm, TE = 3.14, TR = 6.3 ms, flip angle = 35-55 °, segments = 283 

7, parallel MRI (GRAPPA), acceleration factor = 2/3, temporal resolution = 42.6/44.3 ms. 284 

2.19.1) Start with the left ventricular 4 chamber view (horizontal long axis, HLA) slices. Plan the 285 

central slice through the center of the mitral and tricuspid valves and the apex of the left 286 

ventricle (Figure 3d). Acquire each slice within an individual breath hold in expiration. 287 

 288 

2.19.2) Next, acquire the left ventricular short axis slices. Plan them perpendicular to the HLA 289 

and parallel to the mitral valve so that it covers the whole left ventricle from the base to the 290 

apex (Figure 3e). To ensure accurate function testing, position the first slice accurately at the 291 

mitral valve leaflet insertions, so that the center of the slice is within the ventricle. Again, 292 

acquire each slice within an individual breath hold in expiration. 293 

 294 

REPRESENTATIVE RESULTS:  295 

Representative results of cardiac CINE examinations derived from volunteers are depicted in 296 

Figure 4. Shown are diastolic and systolic time-frames of short axis and a four-chamber long 297 

axis views of the human heart. The significantly higher spatial resolution for the short axis views 298 

(Figures 4a, 4b, 4e, 4f) compared to the long axis views (Figures 4c, 4d, 4g, 4h) is clearly visible. 299 

In both short and long axis slices, the images provide ample signal-to-noise and blood-300 

myocardium contrast to clearly delineate the myocardial walls, even when employing a slice 301 

thickness as thin as 4 millimeters. The employed parallel imaging acceleration scheme 302 

reconstructed the images with high image quality and without conspicuous noise 303 

enhancement.  304 

 305 
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Due to R-wave recognition failure of the ECG, pulse oximetry-based triggering was utilized for 306 

the image acquisitions on the right (Figures 4e-4h). The jitter in the pulse oximetry signal peak 307 

induced minor motion artifacts which were pronounced during periods of cardiac contraction 308 

and relaxation as highlighted in the long axis view shown in Figure 4h (red arrow). Signal voids 309 

due to destructive interferences in the transmission field are marked by yellow arrows.  310 

 311 

Typical ECG signals obtained in one channel of the trigger device in one healthy subject are 312 

depicted in Figure 5. When comparing the ECG signal acquired outside of the magnet bore 313 

(Figure 5a) to the one obtained with the subject positioned at the isocenter of the magnet 314 

(Figure 5b), significant differences become evident. Within the ultra-high magnetic field, the 315 

ECG signal is severely corrupted by the MHD effect. The adverse phenomenon arises from the 316 

interaction between the conductive fluid blood with the external magnetic field. It induces a 317 

distorting electric field superimposing the heart’s own depolarization fields and thus corrupts 318 

the signal picked up by ECG electrodes on the subject’s skin. The MHD effect scales with B0 and 319 

is particularly pronounced during cardiac phases of systolic aortic flow, which is why mainly the 320 

S-T segment of the ECG signal is affected. Although the R-wave of the ECG signal is typically not 321 

directly affected, it can impair the R-wave recognition and cardiac synchronization. It is 322 

noteworthy that, due to the ECG signal distortions, ECG signals obtained in the presence of high 323 

magnetic fields cannot be used as a patient emergency condition indicator. A representative 324 

pulse signal obtained inside of the magnet bore is displayed in Figure 5c. The pulse signal is not 325 

affected by the magnetic field. The delay of the pulse wave to the R-wave at 0 ms, which can 326 

introduce artifacts, is clearly visible.  327 

 328 

Figure Legends:  329 

 330 

Figure 1: Experimental setup and elements of the 32 channel cardiac Tx/Rx coil and coil 331 

hardware. (a, b) The auxiliary hardware consisting of 7 hardware boxes and connecting BNC 332 

cables is placed at the top end of the patient table in order provide as much space as possible 333 

for subject positioning. The posterior and anterior coil elements are connected with eight 334 

cables to the interface boxes. For the system at hand, the posterior coil array is placed no 335 

further than 1470 mm from the top end of the table, to ensure positioning of the heart at the 336 

isocenter of the magnet. (c) small power splitter box. (d) one power splitter and phase shifter 337 

box each for the posterior and anterior coil array. (e) Tx/Rx interface boxes for the anterior 338 

(top) and posterior (bottom) coil array. Orange and black dotted arrows indicate transmit (Tx) 339 

and receive (Rx) signal pathways. (f) Subject positioned on the posterior coil array. The head 340 

rests on a cushion on the 8 coil connectors. The predefined coil spot is marked with a red label.  341 

 342 

Figure 2: 3rd order shimming using the systems adjustment and shim tools. (a) Start menu with 343 

buttons for the “3rd order shim” tool and “set shim” program. (b) “3rd order shim” tool. (c) 344 

Positioning of the adjustment region over the heart. (d) Starting the “Adjustments” tool from 345 

the “Options” menu. (e) “Adjustments” tool with buttons to calculate and apply the 2nd order 346 

shim currents in the “3D shim” tab. 347 

 348 
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Figure 3: Slice planning for cardiac CINE imaging. (a) planning of 2-chamber localizer 349 

perpendicular on basic localizer. (b) planning of 4 chamber localizer perpendicular on 2 350 

chamber localizer (c) planning of short axis localizer on 2 chamber localizer (left) and 351 

perpendicular on 4 chamber localizer (right). (d) planning of left ventricular 4 chamber view 352 

perpendicular on short axis localizer (left) and on 2 chamber localizer (right). (e) planning of left 353 

ventricular short axis slices on left ventricular 4 chamber view (left) and 2 chamber localizer 354 

(right). 355 

 356 

Figure 4: Representative results of high resolution cardiac CINE imaging in two subjects using 357 

ECG triggering (a-d) and pulse triggering (e-h). (a, e) End-diastolic time frames of a mid-358 

ventricular short axis slice acquired with a spatial resolution of 1.0 x 1.0 x 4 mm3. (b, f) 359 

Corresponding end-systolic time frames. (c, g) End-diastolic time frames of a horizontal long 360 

axis slice. (d, h) Corresponding end-systolic time frames. Signal dropouts caused by RF field non-361 

uniformities are marked by yellow arrows. Slight trigger errors caused by the latency of the 362 

pulse wave are depicted in the long axis view of the pulse-triggered scan (red arrow). 363 

  364 

Figure 5: Representative ECG signals obtained outside and inside of the magnet bore at 7 365 

Tesla. (a) ECG signal obtained in the two channels (red, blue) of the ECG trigger device outside 366 

of the magnet bore. The R-wave can be clearly distinguished. Trigger events are demarcated in 367 

green. (b) ECG signal obtained at the isocenter of the 7 Tesla magnet bore. The MHD effect 368 

clearly affects the ECG signal and particularly the S-T element of the ECG signal. The strong 369 

signal fluctuations can lead to mis-triggering. (c) Representative pulse signal obtained at the 370 

isocenter of the 7 Tesla magnet bore for comparison. The pulse signal is not affected by the 371 

magnetic field. Note that the pulse wave is delayed with respect to the ECG R-wave. 372 

 373 

DISCUSSION:  374 

Functional CMR examinations could be conducted successfully at 7 Tesla. Based on the field 375 

strength driven SNR gain, CINE images of the human heart could be acquired with significantly 376 

higher spatial resolution compared to 1.5 or 3 T. While a slice thickness of 6 to 8 mm and in-377 

plane voxel edge lengths of 1.2 to 2.0 mm are commonly used at lower clinical field 378 

strengths1,30, the measurements at 7 Tesla could be conducted with a slice thickness of 4 mm 379 

and an isotropic in-plane resolution of 1.0 mm.  380 

 381 

The results obtained at 7 Tesla are promising. The image quality is comparable to that obtained 382 

at 1.5 T or 3 T although B1+ shimming was not conducted and the experimental overhead was 383 

kept to a minimum to facilitate clinically acceptable examination times for cardiac chamber 384 

quantification. Occasionally image quality was slightly impaired by signal voids caused by focal 385 

RF field non-uniformities. In these cases, the use of B1+ shimming, which is available through 386 

parallel transmission techniques might be beneficial. While this approach is tempting and 387 

looming on the horizon of clinical applications it requires further considerations on signal 388 

absorption rate (SAR) management.  389 

 390 

On the triggering side, the ECG signal was occasionally severely corrupted by the MHD effect so 391 

that synchronization of image acquisition with the cardiac activity needed to be conducted 392 
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using the pulse triggering approach. When using the pulse trigger, slight impairment of the CINE 393 

image quality may occur. This impairment is caused by the time the pulse trigger is delayed 394 

with respect the R-wave of the ECG. Variations and jitter in the pulse trigger signal can range up 395 

to 60 milliseconds. This phenomenon may lead to mis-triggering and may risk introducing 396 

cardiac motion induced blurring in the reconstructed images. As recently demonstrated, 397 

accurate cardiac synchronization at 7 Tesla can be achieved by fully exploiting the technical 398 

capabilities of available trigger devices and by using state-of-the art trigger algorithms19,24. 399 

Besides this, the use of alternative triggering solutions31–33 may also provide a good basis for 400 

synchronized imaging.  401 

 402 

Scanning at ultra-high-field comes along with a significantly increased demand of hardware. In 403 

particular the scan preparations are more complex versus lower field strengths. This can be 404 

attributed to the use of auxiliary RF coil equipment due to the absence of a body coil that is 405 

integrated in clinical scanners. Subject positioning requires more care versus the routine clinical 406 

setup at lower field strengths, since not only the subject comfort but also the position of the 407 

coil with respect to the table has to be taken into account. This limitation is related to the 408 

design and the capabilities of today’s patient tables for 7 Tesla MRI but is expected to be fixed 409 

with the ongoing move to the next generation of 7 Tesla MRI systems. Only recently, the first 7 410 

Tesla MRI system was approved for clinical use for specific applications in the USA and Europe. 411 

Experimental overhead is also introduced by the MHD effect that can severely impair the R-412 

wave recognition. To ensure a good cardiac synchronization, a careful subject preparation, an 413 

accurate ECG electrode placement in addition to an accurate calibration of the ECG trigger 414 

algorithm are required24. In some cases, repositioning of the ECG electrodes after moving the 415 

subject into the bore might become necessary. Also, to ensure the continuation of the 416 

examination in the presence of severe ECG trigger impairments, it is advisable to attach the 417 

pulse trigger device to the subject. As an alternative to ECG triggering, acoustic triggering31 418 

might be utilized, which is immune to MHD effects and has been shown to be superior to pulse 419 

triggering. If these considerations and measures are carefully included into functional CMR 420 

examinations at 7 Tesla, the workflow and duration of cardiac CINE measurements at ultra-high 421 

fields is similar to that at clinical field strengths.  422 

 423 

The increasing use of ultra-high field systems in translational research will advance the 424 

capabilities of CMR for the assessment of cardiovascular diseases. Technological advances such 425 

as improved RF coil technology or multi-transmit MR systems will help to reduce the current 426 

experimental overhead and streamline additional scan preparations and shimming operations. 427 

Within this context, a careful validation of the novel ultra-high field CMR applications against 428 

the well-established CMR applications at 1.5 T or 3 T will be essential.  429 

 430 

This study demonstrates, that functional CMR examinations can be successfully conducted at 7 431 

Tesla. The field strength driven SNR gain at ultra-high field allows for CINE acquisitions with very 432 

high spatial resolutions. Compared to the clinical field strengths of 1.5 or 3 Tesla, the spatial 433 

resolution can be increased by a factor of 3 to 4. The experimental overhead required to tackle 434 

the various technical challenges can be kept to a minimum. These results as well as future 435 

technological developments will provide the basis for explorations into more advanced 436 
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applications such as myocardial tissue characterization, metabolic imaging or microstructure 437 

imaging. 438 

 439 
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We modified the protocol such that only directions are given to the reader.  

 
E10. Please add more details to your protocol steps. Please ensure you answer the “how” question, 

i.e., how is the step performed? Alternatively, add references to published material specifying 
how to perform the protocol action. 

 
As suggested, we have added more details to the protocol steps, e.g. for device setup, slice 
panning and shimming. We also added references where applicable.  

 
E11. 2.1: How is the patient table prepared? 
 

We have clarified item 2.1 and modified the text according to E8. 
 
E12. Please provide specific values for the “sufficient space” and the predefined coil spots. We 

need specific values for the publication. 
 
As suggested, we have extended Fig. 1 and have added specific values for the “sufficient 
space” and the predefined coil spots. 
 

E13. 2.6: Where are the ECG electrodes placed on the body? How many? 
 
We have added the number of electrodes (three). Regarding the electrode placement, we 
refer the reader to the system vendor’s guidelines, as these are highly system specific and 
adhering to these guidelines is important to ensure optimal operation.  
 

E14. 2.12: What orientation? 
 
In general, there is only one possible orientation. We have clarified the text as follows: 
 
“Place the anterior coil on the subject’s chest, such that the cables that connect to the plugs E-
F and G-H are located to the right and left of the subject’s head, respectively.” 
 

E15. 2.14: Checked for what? 
 
We have clarified this protocol step as follows:  
 
“Check if communication to the subject through the intercom is possible and if the subject is 
feeling well.” 
 

E16. What are the MRI parameters used? How are the localizers examined? 
 
We have added the specific parameters and clarified the text as given below: 
 
“Run basic localizer (scout) scans along the three physical gradient axes for slice planning and 
B0-shimming. Use the following acquisition parameters: [...]. Use the localizer images to verify 
that the subject’s heart is positioned in the isocenter of the magnet. Reposition the subject if 
necessary.“ 
 
 



E17. Please provide all experimental parameters used throughout so others may replicate the 
protocol. 
 
As suggested, we have included all acquisition parameters in the protocol. 
 

Changes to be made by the Author(s) regarding the video: 
E18. The voiceover narration should be peaking around -6dB. It may be that the audio level needs 

to be raised. 
 

As suggested, we have adjusted the voiceover narration. 
 

E19. The volume of the music should be lowered by at least 6dB, so that it competes less with the 
narration. 

 
As suggested, we have adjusted the music volume.  

 
Editing issues 
E20. 1:12 - In the edit here, there is a frame or two of blank space. This seems like a mistake. It 

should be replaced by a fade. 
 

As suggested, the blank space has been replaced by a fade.  
 
Graphics/screen capture issues 
E21. 4:35-6:59 - When the video is scaled to our webplayer's size, the details of the screen capture 

are very difficult to see. All text is illegible. If there are details in the screen capture that are 
important for the viewer to see, the areas of interest on the screen should be zoomed in on. 
For context, the authors can see what their video looks like on our website here: 
www.jove.com/video/55853 

 
To account for parts in the video where text may be illegible, we have included detailed views 
and guides for the important parts of the imaging process in the manuscript.  

 
E22. Once the video has been revised, please upload a high resolution video here: 

https://www.jove.com/account/file-uploader?src=17035213 
 
 
Reviewers' comments: 
 
Reviewer #1: 
Manuscript Summary: 
This manuscript describes how to conduct cardiac functional imaging at 7T using a dedicated coil. 
While the manuscript is clear and well written, it lacks the necessary amount of details for a Jove 
methodology paper. Furthermore, only 2 views used to evaluate LV function (short axis and 4CH) are 
described. I would advise to modify the manuscript as follows: 1) describe the general setup that is 
common to any cardiac examination; 2) focus on describing the imaging protocol for one specific 
functional evaluation, for example LV function (this change could/should be reflected in the title), 
and describe this examination in details (including images for each step); 3) describe and report 
results also for the standard analysis procedure, and compare results to the literature. 
 
Major Concerns: 
R1.1. a description of the 32 elements cardiac transceiver would be welcome 

http://www.jove.com/video/55853


 
As suggested, we have extended Figure 1 to include more details about the 32 channel Tx/Rx 
array. We have also added a reference to a publication that provides deep technical insight 
into the coil array.  
 

R1.2. vendor and model of the 7T scanner should be mentioned in the text 
 
As suggested, we have included the vendors of the MRI system and coil in the text. A proper 
model for the system doesn’t exist, as it is an investigational device. We also included this. 
 

R1.3. several acronyms are not explained in the manuscript 
 
We have reviewed the text and added explanations for the used acronyms 
 

R1.4. all the information related to coil and relative patient positioning on the MRI table are indeed 
relevant for this specific experiment but most can only be better understood if a more 
detailed description of the coil array is provided. An expanded figure 1 to show patient and 
coil positioning would also be welcome. The authors should also make the point that this 
information will change and would need to be recalculated depending on the specific coil 
used. 
 
As suggested, we have included additional picture material in Figure 1. We also included a 
schematic overview of the layout of the patient table. We also added a comment that the 
information is coil specific. 
 

R1.5. In the spirit of providing a description of the experiments that can be easily replicated by 
other researchers, the MR imaging protocol description should be described in much more 
details. For example, images for each one of the planning steps, starting from localizers, 
should be provided. A more detailed description of the shimming procedure is also important: 
this step is crucial in being able to obtain good images and should be therefore described in 
details. 
 
As suggested, we included images for the shimming steps (new Fig. 2) and individual protocol 
steps (new Fig. 3). We also extended the description on the shimming process and added a 
note that this may be highly system specific. 
 

R1.6. The title of the article generally refers to the evaluation of cardiac functional MRI at 7T. 
However, steps to image only the left ventricle are described. I suggest this is reflected in the 
article. 
Regardless, even if focusing on the left ventricle only, the paper only focuses on the 
acquisition of short axis and 4CH views. The authors should focus on one example of cardiac 
function evaluation, and describe it in details. 

 
Given the limited amount of time available for the JOVE video we have decided not to include 
further details of a LV or RV chamber quantification procedure. The latter would itself 
consume a lot of time, so that the 7 Tesla specifics would become underrepresented. In fact, 
the quantitative evaluation at 7 Tesla does not differ from a quantitative evaluation at 1.5 or 3 
Tesla. If not yet available, a demonstration of the quantification would certainly be interesting 
as a separate video, but it is beyond the scope of this work. To reflect this, we have included 
more details on setup and shimming (see other comments) and adjusted the manuscript title 
to be less function and more 7 Tesla specific:  



 
“Cardiac Magnetic Resonance Imaging at 7 Tesla”. 
 

R1.7. An example and description of image analysis to calculate left ventricle cardiac parameters (if 
this is what the authors choose to describe), and comparison with literature values at 1.5 and 
3 T should also be provided. 

 
Please see comment R1.6. We consider the function evaluation beyond the scope of this work. 
In the introduction, the reader is referred to literature, which demonstrates cardiac chamber 
quantification at 7 Tesla:  
 
“At 7 Tesla, total examination times of (29 ± 5) min for LV function assessment were reported, 
which corresponds well to clinical imaging protocols at lower field strengths21. Thereby, 
spoiled gradient echo based CMR benefits from the prolonged T1 relaxation times at ultra-high 
field that result in an enhanced blood-myocardium contrast superior to gradient echo imaging 
at 1.5 T. This renders subtle anatomic structures such as the pericardium, the mitral and 
tricuspid valves as well as the papillary muscles well identifiable. Congruously, spoiled gradient 
echo based cardiac chamber quantification at 7 Tesla agrees closely with LV parameters 
derived from 2D bSSFP CINE imaging at 1.5 T20. Apart from that, accurate right-ventricular (RV) 
chamber quantification was recently demonstrated feasible using a high resolution spoiled 
gradient echo sequence at 7 Tesla29” 
 

 
Reviewer #2: 
Manuscript Summary: 
This work presents a setup and protocol for functional CMR at ultrahigh field of 7 Tesla, and provides 
steps to perform the experiment in a minimum time. I believe this protocol can be published in JoVE 
after revision. 
 
Some major concerns: 
R2.1. The advantage of using ultrahigh field is the increase of signal to noise ratio. However, that 

also creates other side effects. One of my concerns is the change of the body temperature, 
why that is not being checked? Can this technique be used for a patient having fever? 

Although the utilized system is an investigational device, safety measures similar to a standard 
clinical device are in place. Tissue heating due to RF exposure is a critical topic in MRI and 
measuring the body temperature wouldn’t be accurate enough to ensure safety. The power 
deposition into the body is currently regulated with field strength independent limits and 
strictly controlled by the MRI system to ensure safe operation (like in other clinical systems). 
We have added a comment in the introduction section. In general, the safety precautions for 
ultra-high field imaging are similar to clinical imaging at lower field strengths. 

 
R2.2. In addition, as authors indicated, the high magnetic field also may interfere with heart activity 

and changes ECG signal, so can it be used for patient with particular heart problems without 
any danger? If not, then I guess it should be indicated clearly in a warning section before 
starting the protocol. 

Patients with cardiac disease are often examined using MRI systems and there is no specific 
danger of MRI related to cardiac disease. This also is the case for the investigational ultra-high 
field device, as the only difference is the field strength. There are general contraindications 
such as implants and pacemakers and such patients are typically excluded from research 



studies. In diagnostic imaging, decisions are made on a case by case basis depending on the 
specifications of the implant.  
The magnetic field does not interfere with the cardiac activity itself. The MHD effect only 
alters the signal that is picked up by the ECG electrodes. However, as indicated in the 
discussion section, the ECG signal obtained in high field environments is not suitable for 
patient monitoring.  

 
R2.3. In my opinion, using the software program is also an important part of the protocol, although 

that is explained well in the video, however, it would be very useful to clearly describe it in the 
protocol text using some figures and snapshots. 

As suggested, we have included additional figures with snapshots on the shimming and slice 
planning procedure. 

 
Some minor concerns: 
R2.4. Although some abbreviations are frequently used in any field of research, however, in a 

scientific publication, all abbreviations should be defined before use, e.g, RF and FOV have not 
defined in the text. 

We have revised the text as suggested and included explanations of the used abbreviations 
and acronyms.  

 
R2.5. More descriptions on the functional CMR would be useful since it is also appeared in the title. 

Please see comment R1.6.  
 
R2.6. It would be useful if the critical steps of the protocol, including the subject position, device 

setup etc., explained with figures and snapshots. 

We have extended figure 1 to include additional information on subject placement and device 
setup.  

 
 
Reviewer #3: 
Manuscript Summary: 
Functional Cardiac Magnetic Resonance Imaging at 7 Tesla 
 
Major Concerns: 
R3.1. A brief description and a schematic of the local transceiver RF coil array must be added. Was 

this previously published? If so, please also add reference to these previous works. 
 

We have added a reference to the publication that explains the utilized RF coil in detail 
 
R3.2. You claim a 4 fold improvement in spatial resolution compared to current clinical practice. 

How was this evaluated and quantified? Please also be a little more specific about what 
"current clinical practice" means in this context. Do you simply mean in comparison to 1.5 T 
machines? 

 
Current clinical practice refers to protocols that are used by major cardiac service providers 
and clinical research studies. These protocols typically have an in-plane resolution of about 1.5 
mm and a slice thickness of 8 mm. These protocols vary slightly from site to site but are 
typically close to the recommendations by the Board of Trustees Task Force on Standardized 



Protocols of the Society for Cardiovascular Magnetic Resonance (SCMR). We have included 
corresponding reference in the text: 
 
“While a slice thickness of 6 to 8 mm and in-plane voxel edge lengths of 1.2 to 2.0 mm are 
commonly used at lower clinical field strengths1, 30, the measurements at 7 Tesla could be 
conducted with a slice thickness of 4 mm and an isotropic in-plane resolution of 1.0 mm.” 

 
R3.3. The protocol should be described in the form of stepwise actions rather than the passive-

voice description you have provided. 
 

We have modified the protocol as suggested. 
 
R3.4. Please add all the results presented in the video into the manuscript and describe them 

there as well. The manuscript should serve as a standalone paper. 
 

As suggested, we have added results. In particular, we have significantly improved the ECG 
figure and added images of an ECG triggered scan.  

 
R3.5. Any comments on the status of clinical approvals of 7 T MRI in patients will be useful to a 

reader. 
 

The status with respect to the clinical approval of 7T MRI in patients has recently changed. We 
added the following comment in the discussion section.  
 
“Only recently, the first 7 Tesla MRI system was approved for clinical use within the USA.” 

 
Results: 
R3.6. On Line 255: Why does R wave recognition fail? Since you eventually triggered acquisition 

using the pulse oximetry signal, please provide a figure to show these trigger signals. How 
does the ultrahigh magnetic field affect the signal acquired here? 

 
It is unfortunately not possible to exactly pinpoint the reason, why the ECG trigger algorithm 
fails as we don’t have access to the ECG trigger algorithm. In essence, the trigger algorithm 
aims at identifying the R-wave. While this works generally perfect outside of the magnetic 
field, this can be difficult in presence of the magnetohydrodynamic (MHD) effect. The reason 
for this is that the MHD effect is highly subject specific, so the ECG signal can be influenced in 
different ways for each subject. In some cases, the signal is altered such that the algorithm is 
not able to properly identify the R-wave. As a consequence, a large number of false positive 
and negative trigger events are generated. 
We have amended the figure (now Fig. 5) to provide a clearer view of the ECG signals inside 
and outside of the magnetic field. As suggested, we have included a representative pulse 
signal from inside the field. The pulse signal is not affected by the static magnetic field and 
hence is distortion-free.  

 
R3.7. Fig 1: A panel showing the device schematic will help here. 
 

As suggested, we have revised Fig. 1 and included a schematic of the device and coil.  
 
R3.8. Fig 3: For clarity, please mark R, S-T portions on both A and B. 
 

As suggested, we have included labels of the R wave and S-T interval in the figure (now Fig. 5). 



 
Discussion: 
R3.9. Line 299 (and 354): As you do not present a direct comparison with 1.5 or 3 T systems, I do 

not think you can make this claim, unless you can add the comparison results here or have a 
published reference that can be added here. 

 
Please see our comment on R3.2. We have clarified the resolution improvement. Indeed, we 
do not provide a direct comparison to 1.5 or 3 Tesla systems. Thus, we have removed the 
image quality claim in line 299 and 354, as suggested.  
 
 
 

R3.10. Title: "Functional" MRI was not really presented here. 
 

We have adjusted the manuscript title:  
 
“Cardiac Magnetic Resonance Imaging at 7 Tesla”. 

 
Minor Concerns: 
R3.11. Line 111: Please check the order of citations. This should be changed to 21,25-17 
 

As suggested, we modified the order of citations.  
 
R3.12. Line 125: "corresponds well to clinical imaging protocols at lower field" needs a reference. 

 
As suggested, we have moved the corresponding reference to include this part of the 
sentence.  

 
R3.13. Line 167-173: The protocol you present is too vague about the specifics of the RF coil array 

used. A schematic of the commercial device will be useful here. 
 

We have extended Fig. 1 to include additional pictures and a schematic layout of the coil 
hardware. Technical details about the coils have been published elsewhere. We have added 
the reference.  

 
R3.14. Fig 2 needs scale references. 
 

We have included scales in the former Fig. 2, which is now Fig. 4. 
 
R3.15. Fig 3 needs axis labels and axis ticks for reference. 
 

We have completely revised the figure (now Fig. 5) and included adequate labelling.  
 
Video:  
R3.16. Text on software screen capture cannot be read, this is okay for portions showing set up and 

general actions but it is a bit hard to keep following this in the later portions around 5:10 
timepoint on where specific software steps are being described. It will be useful if software 
screenshots are provided to match steps 3.3-3.4 (in the protocol). 

 
As suggested, we added additional figures in the manuscript.  

 



R3.17. The background music is a bit distracting. 
 

We have adjusted the music to avoid distraction 


