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Shajan Gunamony' & Peter Dietz'®

Toincrease granularity in human neuroimaging science, we designed and
built anext-generation 7 Tesla magnetic resonance imaging scanner to reach
ultra-high resolution by implementing several advancesin hardware. To
improve spatial encoding and increase the image signal-to-noise ratio, we
developed a head-only asymmetric gradient coil 200 mTm™,900 Tm™s™)
with anadditional third layer of windings. We integrated a128-channel
receiver system with 64- and 96-channel receiver coil arrays to boost

signalin the cerebral cortex while reducing g-factor noise to enable higher
accelerations. A16-channel transmit system reduced power deposition and
improved image uniformity. The scanner routinely performs functional
imaging studies at 0.35-0.45 mm isotropic spatial resolution to reveal cortical
layer functional activity, achieves high angular resolution in diffusion imaging
and reduces acquisition time for both functional and structural imaging.

Functional magnetic resonance imaging (fMRI) hasbecome themain- However, much higher resolution would enable exploration of neural
stay of human imaging in neuroscience. Typical fMRI studies use an  circuits at the scale of cerebral columns and cortical layers. Human
isotropicspatial resolution on the order of 3.0 mm (27 pl voxel volume)  fMRI at about 0.8 mm isotropic resolution (0.5 pl)' > has been used to
toinform many questions about humanbrain functional organization.  study columnar*~®and laminar organization'** (mesoscale circuitry),
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which has been achieved by limiting the image field of view (FOV) to
smalltargeted regions of cerebral cortex. With human cortex thickness
varying between1.5and 4.5 mm (refs.17,18) and with cortical columnar
features being 0.6-1.0 mm, higher resolutionis needed to adequately
sample cortical layers and columns and to minimize partial volume
averaging of surrounding white matter and cerebrospinal fluid (CSF).
Advancingtheresolution to the next level, for example to 0.3-0.6 mm
(0.03-0.2 ul)!, would allow the six neuronal layers of the human cerebral
cortex to be adequately sampled. Reaching mesoscale spatial resolu-
tion is also beneficial in structural and diffusion imaging, which can
reveal depth-dependent organization of axonal fiber tracks' when
performed at higher spatial and angular resolutions.

Toward the goal of reaching higher spatial resolution MRI for
neuroscience, we designed and developed a next-generation (NexGen)
7 Tesla (7 T) humanbrain scanner to performawide range of MRIimage
acquisition techniques used in neuroscience, including functional,
diffusion, physiological and structural imaging techniques. Several
high-performance system components were built and adapted at the
ultra-high field of 7 T, which was critical to achieve higher resolution
inbrainimaging.

Over the years, improvements to major MRIscanner system com-
ponents (for example, magnetic field gradient coils**** and radio-
frequency (RF) receiver array coils*) have led to higher signal-to-noise
ratio (SNR) and higher resolution imaging or faster image acquisition
(acceleration). However, such hardware improvements were typically
developedinisolation from one another and atless challenging, lower
field strengths (for example, 3 T). To achieve higher resolution, we took
advantage of the higher signal afforded by 7 T ultra-high field scanners
inwhich we integrated hardware systems including a head-only mag-
netic gradient coil, areceiver system, acquisition computer, receiver
coils and transmit coils. Critically, these system components were
designed, built and optimized concurrently. Our approach of com-
prehensive system design and integration overcame several physical
challenges including space constraints, system cooling, peripheral
nerve stimulation (PNS), eddy currents and the interaction of higher
forces and torques that are produced by strong magnetic gradients
at ultra-high magnetic field. The improvements of the gradient coil
combined with the larger channel count receiver arrays enable higher
acceleration of data capture and higher SNR. In aggregate, the higher
signal® and greater blood oxygenation level-dependent (BOLD) con-
trast of 7 T coupled with higher resolution, SNR and faster signal acqui-
sition of the NexGen 7 T scanner enable improved diffusion imaging
and mesoscale imagingin vivo.

Results

Head gradient coil

Standard shielded gradient coils include two layers of conductive
wiring: the primary inner layer creates linear magnetic fields inside
the coil for spatial encoding images while the secondary outer wind-
ing layer cancels the external magnetic field to reduce eddy currents
inthe surrounding superconducting magnet. Our high-performance
‘Impulse’ head-only asymmetric gradient coil incorporates aninterme-
diate third layer of wire winding (Fig. 1) providing additional degrees of
freedom needed for simultaneous reduction of PNS? and optimization
of gradient field quality, mechanical resonances and torque.

The Impulse gradient coil achieved very fast switching of the
gradients (slew rate, SR) of 900 T m™ s and maximum amplitude of
gradient (Gmax) of 200 mT m™ (Table1). By contrast, the standard7 T
whole-body gradient coils canachieve an SRof200 Tm™ s and Gmax
of 80 mT m™. The performance and peak power achievable by the
Impulse gradient system, as defined by the product of SR and Gmax?*,
isanorder of magnitude greater than the current standard 7 T systems
and about five times the performance of the existing head-only gradient
coil operating at 7 T, AC84’ (80 mT m™, 400 Tm™s™). Physiological
modeling® used to optimize the wiring pattern of the three-layer

gradient coil”’ (Fig. 1) minimized PNS. Thus, the Impulse gradient coil
can be used at higher SR, and is less hampered by PNS limitations in
gradient-demanding sequences, particularly in echo-planar imaging
(EPI). By contrast, previous 7 T head-only gradient coils use two wind-
inglayersand are limited by PNS toan SR of 400-500 T m™ s (ref. 30),
while standard body gradient coils are limited by cardiac stimulation
to roughly 200 T m™s™. The Impulse gradient operating curves are
limited by PNS, using an adapted model* based on healthy participants’
stimulation thresholds described in the ‘PNS supervision’ section in
the Methods (Fig. 1e). The design of the gradient coil cooling system
also differs from conventional gradient coils that use hollow copper
conductor filaments, whereas the Impulse coil’s cooling system is
designed with stainless-steel tubing surrounded by conductive fila-
ments (Fig. 1g).

Thesound pressure dependent acoustic noise of the Impulse gra-
dient coil waslower than that of the standard whole-body SC72 gradient
coil when operated at similar maximum gradient strength. Sound levels
reached avalue 0f120.6 dB(A) with all axes combined (Table 1), whichis
withinthe safety limits when using at least 28 dB attenuation earplugs.
Sound levels measured using a high-resolution EPl sequence atarange
of echo spacings (ESs) on three orthogonal readout directions also
showed sound levels within prescribed safety limits (less than 99 dB)
whenusing 33 dB attenuation earplugs (Extended Data Fig. 1).

Receiver system

Thescanner supports up to 128 receiver channels to allow smaller coil
loop diameters in areceiver coil array covering the entire head. We
found that reducing the diameter of RF coil loopstoabout4 cmat7 T
resulted in a higher signal in the human neocortex®.

Two RF receiver (Rx)-transmit (Tx) coil arrays are currently operat-
ing on our system: a 64-channel receive array coil (64-ch Rx, 8-ch Tx)
and a 96-channel coil (a 96-ch Rx-16-ch Tx) (Fig. 2). Both were used to
achieve higher signal in the cortex compared to the standard 32-ch
Rx coil available on conventional 7 T scanners. In comparison to the
32-ch Rx coil, our results show roughly 30% improvement in SNR in
cortical regions (Fig. 2b,d). Across three participants, the 64-ch Rx
and 96-ch Rx showed significantly higher SNR in the periphery of the
brain when compared to the 32-ch Rx (paired sample ¢-tests, P= 0.014
and P=0.027, respectively; Extended Data Fig. 2b). The center of the
coil array did not show higher SNR for higher channel count arrays.
Our larger receiver arrays with reduced coil loop size support higher
acceleration factors by reducing the g-factor SNR noise penalty for the
96-ch and 64-ch Rx coils compared to the 32-ch Rx array coil (Fig. 2c
and Extended Data Fig. 2a,c).

Gradient coil performance and resolution comparisons

The Impulse gradient coil encoded higher spatial resolution in EPI
by means of faster signal readout with shorter ESs, which reduces
T2*signal decay and blurring (point spread function, PSF) on the
image phase-encoded axis. PSF is smaller for the Impulse gradient
coil when compared to the head-only AC84 and whole-body SC72
gradient coils, due to the shorter achievable ES and resultant echo
train lengths (Fig. 3d). Deviationsin the curves are due to forbidden
frequency bands that avoid mechanical resonances by restricting
minimum ES, affecting the dependent echo train length and T2*
dependent blurring. Beyond a certain point, further increases in
nominal resolution actually lead to an increase in PSF due to the
extended echo trainlength. For each gradient coil performance, this
inflection point is at a different resolution, with the Impulse gradi-
ent coil able to go to a higher resolution (roughly 0.5 mm) without
anincrease in PSF.

Inaddition toreducing the PSF, the advantage of the Impulse gra-
dient coil to reach higher resolution EPI is the higher signal afforded
by encodingashorter echo time (TE). At 0.6 mmisotropic resolution,
the Impulse gradient coil achieves a minimum ES of 0.58 ms reduced
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Fig.1|NexGen 7 T scanner. a, Cross-sectional rendering of the scanner showing
the Impulse gradient coil (green), the receiver-transmit coil connectors attached
to the coil interface box with energy chain extending out of the magnet (blue)
and areceiver-transmit coil (white) resting on extension of the movable bed
(brown). b, Photo of the scanner with the acoustic bore liner giving a39 cm
diameter head region, 56 cm wide shoulder spaces and 60 cm diameter body
bore. ¢, Photograph of the Impulse gradient coil. d, Cross-sectional dimensions
of the Impulse gradient coil showing key dimensions (mm). The three coil axes
are combined in each of the three layers of windings (primary (Pri.), middle

(Mid.), secondary (Sec.)) and the shoulder cutouts are in the y axis middle layer.
e, PNS threshold limits in scanner operational region determined by maximum
gradient amplitude and rise time (SR) below PNS thresholds. The red line shows
the SAFE model threshold® used during normal scanner operation. f, A 3D layout
ofthe gradient coil showing the three layers of coil winding (primary, middle,
secondary). g, Diagrammatic rendering of a segment of the (gray) stainless-

steel cooling tubes integrated into conductive windings surrounded by copper
filament conductors.

from 1.21 ms using the body gradient coil for a corresponding reduc-
tion of minimum TE of 17 ms reduced from 34 ms. To reach higher
resolution of 0.5 mm, larger gradient pulses are required and the
ES increases to 0.68 ms reduced from 1.41 ms and the corresponding

TE is 23 ms reduced from 45 ms with the whole-body gradient coil
with the latter unusable due to roughly 40% signal loss; Extended
Data Fig. 3). The shorter ES also directly reduces image geometric
distortion (Extended Data Fig. 4).
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Table 1| Technical specifications of the Impulse gradient
coil

Parameter Value

Coil geometry Three-step front design, from 600

to 440mm inner diameter (weight
1,060kg)

Gmax of 200mTm™; SR of
900Tm™'s™ (1100 Tm™'s™ maximum)

1,200A, 2,250V
120.6 (all axes combined)

Performance

Gradient power amplifier

Peak acoustic noise (NEMA MS 4
MGAN) (dBa)

Cooling 31.7°C at high duty cycle, 80mTm™

for 30min

Active E-shims First- and second-order harmonics

X y z
Linearity in 20-cm-diameter sphere 573 6.32 5.64
volume (%)

Sensitivity (MTm™A™) 0.6 0.16 0.16
Maximum positional error (% of FOV) 5.7 6.3 5.6
Maximum pixel size error (% of nominal 17.8 187 24.3
pixel)

Inductance (uH) 315 383 315
a.c. resistance (mQ at 1kHz) 55 59 48
Losses at 500 A (kW) 13.7 14.7 12
Field at cryostat at 1,200 A (root mean 0.4 0.7 0.4
square) (mT)

Net force at 7T at 1,200 A (N) 143 155

Net torque at 7T at 1,200 A (Nm) 28 150 0

We also compared the achievable resolution using different gra-
dient coil performances with very similar echo train duration using
constant TE, FOVand number of phase encode lines. Inthis comparison,
there was similar T2* decay and the relative PSF is constant in units of
number of voxels (Fig. 3e and Extended Data Fig. 5b). For the three gradi-
ent coils (Impulse, AC84 head-only and standard SC72 whole-body gra-
dient) the achievable resolutionis 0.45,0.61and 0.7 mm, respectively
(Fig. 3f). The respective achievable isotropic volumetric resolutions
(voxel volume) are 0.09, 0.23 and 0.343 pl, corresponding to a2.55-and
3.76-fold gainin volumetricresolution using the Impulse gradient coil.

Neuroimaging evaluations

In comparison to BOLD-weighted fMRI images of equivalent resolu-
tion obtained on astandard scanner, the EPlimages from the NexGen
scanner showincreased SNR and decreased g-factor noise (Fig.3). The
NexGen images also showed significantly increased temporal SNR
(tSNR) (paired sample t-test, P < 0.001) in the brain periphery using the
64-chRx coil when compared to astandard 32-ch Rx coil (Fig. 3¢, show-
ingamean peripheral tSNR of 9.82 versus 7.58 for the 32-ch Rx coil). For
very highresolutions, three-dimensional (3D) EPI sequences®** have
demonstrated higher SNR* and improved slice profiles® whereas thin
slices are more difficult to define with two-dimensional (2D) selective
excitation. 3D EPI sequences also allow additional flexibility in terms
of using partitioned k-space data acquisition (segmentation) and/or
parallelimaging to reduce effective ES and TE of readout times, allow-
ing T2*decay, SNR and blurring penalties to be reduced. 3D imaging on
the NexGen 7 T performed whole-brain coverage for fMRI with up to
0.56 mm resolution (Fig. 4d) and has allowed us to image at 0.35 mm
resolution** when using areduced FOV (Fig. 4¢), that is, using approxi-
mately 12-fold smaller voxel volumes relative to previous standard high
resolutions of 0.8 mm achieved within acceptable scan times.

Multiecho EPlis of value to fMRI studies, given that it can be com-
bined across TEs to maximize tSNR and reduce signal dropout®*,
and can also be used to differentiate BOLD signal from noise compo-
nents in fMRI time series using independent component analysis*..
By shortening the EPI echo trains and ES on the NexGen 7 T scanner,
multiecho EPI can provide resolutions not previously achievable (for
example, 1.16 mm isotropic compared to the reported 2.0-2.5 mm
resolutions*) or, alternatively, enable acquisition of four rather than
three echo images at different TEs by comparisonto astandard7 T
system (Extended Data Fig. 6).

Cerebral blood volume (CBV) contrast imaging using vascular
space occupancy (VASO)* pulse sequences, whichlocalizes activation
to specific cortical layers more precisely than BOLD by minimizing
sensitivity to cortical draining veins, has shown depth-dependent
activations in motor, somatosensory and frontal regions of cortex™'*'®
(Fig.4). Using 3D segmented EPI** with the hardware advantages of the
NexGen 7 T system, we can currently achieve resolutions of 0.64 mm
isotropic VASO images over the entire cerebral cortex** (Fig. 4a),
and 0.39 mm isotropic VASO images over slabs of smaller volume*
(Fig. 4b,c). Activity across the gray matter ribbon (from outer cortex
to white matter) shows indications of sublayer peaks (Fig. 4a). Using
VASO, we were also able to differentiate layer-specific activations in
one of the thinnest areas of human neocortex (visual area V1, roughly
2 mm cortical thickness) that are unresolvable using the roughly
0.8 mm protocols achievable on conventional 7 T scanners (Fig. 4b
and Extended Data Fig. 7).

In diffusion imaging, the SNR advantages of the Impulse gradi-
ent coil are apparent even in single TR (relaxation time), unaveraged
diffusion-weighted images (Fig. 5a) and in the color principal fiber
orientation maps (Fig. 5b). The SNR and angular resolution advantage
ofthe NexGen scanner resulted in up to 4.5-fold more detected tertiary
fiber crossings (green vectorsin Fig. 5c). The ability to increase spatial
resolution in diffusion imaging to 0.8 mm on the NexGen scanner
revealed sharply turning axons entering the cortex manifested as dark
bands of fractional anisotropy, not typically seen at lower resolutions*®
(Fig. 5d). SNR improvements are due to the faster diffusion encoding
times and shorter TEs (59 versus 110 ms for b =10,000 s per mm?)
afforded by the Impulse gradient coil and are consistent with the up to
threefold SNR gain as calculated by: exp(TE1/T2)/exp(TE2/T2), using a
white matter T2 of 46 ms (ref. 47).

High-resolution anatomical brain imaging techniques also
perform well on the NexGen 7 T (Fig. 5e-g). MR angiography (MRA)
acquired at 0.4 mm isotropic resolution enabled excellent visualiza-
tion of the peripheral branches in the anterior and posterior cerebral
circulations (Fig. 5e). We also acquired a quantitative susceptibility
map (QSM) based on 0.25 mm multiecho 3D T2* gradient echo (GRE)
imaging (Fig. 5f). Diamagnetic susceptibility (negative values) shows
myelinated white matter while paramagnetic susceptibility (positive
values) shows iron rich regions and venous structures. A fine layer of
ironrichregionis observed at the frontal gray and white matter bounda-
ries. For 3D QSM, the 96-ch array allows tenfold GRAPPA (generalized
autocalibrating partial parallel acquisition) acceleration. Shorten-
ing the TE in 3D GRE sequences and the use of higher GRAPPA accel-
erations improved image quality and reduced the acquisition time of
high-resolutionimaging. The MR fingerprint technique simultaneously
recorded images with different contrasts at 0.56 mmresolution using
fast spiral non-Cartesian sampling trajectories* (Fig. 5g): quantitative
Tland T2 maps, derived magnetization prepared-rapid GRE and dou-
ble inversion recovery images. The entire set of multicontrast images
were acquired in4 minutes; with further calibrations and use of the full
gradient coil performance, the data could be acquired in 2 minutes.
Finally, we showed with T2*-weighted GRE anatomical imaging that
the gradient coil coverage extends to the neck region (Extended Data
Fig. 8). Although there is visible nonlinearity in the neck region along
the z axis gradient, this is reduced by online distortion correction.
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Fig. 2| High-density receiver array coils and transmit array coils. a, The top
row shows a16-ch Txand 96-ch Rx coil: a photograph of the completed 96-ch
array (i), the 16-ch dual-row transmit array (ii) and the fully assembled 16-ch Tx,
96-ch Rx coil (iii). The bottom row shows an 8-ch Tx, 64-ch Rx coil: a photograph
of the 64-chreceive array (iv), the 8-ch transmit array (v) and the fully assembled
8-ch Tx, 64-ch Rx coil (vi). The scanner’s movable table is specially designed to
incorporate the RF array coils (vii). b, Comparison of receiver coil SNR maps
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between standard 32-ch coil and the 64- and 96-ch coil measured in the same
participant. c, Retained SNR (1/g maps) for arange of accelerations (R) on the
64-ch Rxand 96-ch Rx array compared to astandard 32-ch array. d, Boxplots of
SNR distributionsin a central and peripheral ROI (n = 363,171 and 422,316 voxels,
respectively) for each array coil (right panel). Boxes show the median, 25th and
75th percentile values. Circles show mean values. Whiskers show 1.5 times the
interquartilerange.

Overall, we have demonstrated benefits of the NexGen 7 T for multiple
anatomical MRI measures in addition to fMRI and diffusionimaging.

Discussion

The resolution gains in MRI on the NexGen 7 T scanner using EPl with
whole-brain coverage are volumetrically up to roughly 20 times higher
compared tocommon 7 T fMRIresolutions 0.175 versus 4.1 pl for 0.56
versus 1.6 mmisotropic voxels*’). The volumetric resolution gains for
zoomed targeted fMRIimaging are on the order of ten times higher

(0.059 plversus 0.512 pl for 0.35 mm versus 0.8 mm isotropic voxels)
with the actual gains higher due to PSF differences. Furthermore, such
high-resolution fMRI imaging is not possible with conventional gra-
dient performance since the signal decays before it can be read out,
especially in brainregions with higher susceptibility causing faster T2*
signal decay. Although the TE can be shortened by partial Fourier™,
in-plane segmentation and higher parallel imaging acceleration®*?,
these techniques typically involve trade-offs between SNR and PSF*
(Extended DataFig. 5¢).
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same acquisition parameters: GRAPPA x SMS = 4 x 3, partial Fourier 6/8, 216
slices, matrix size 320 x 320. The left shows the conventional 7 T (80 mT m™,
200 T m™s™,32-chRx, 8-ch Tx). The right shows the NexGen 7 T (200 mT m™,
900 T m™s™, 64-chRx, 8-ch Tx coil). ¢, Box plot of temporal SNR within a central
and peripheral ROI (n = 3,333,301 and 3,980,755 voxels, respectively). Boxes show
median, 25th and 75th percentile values. Circles show mean values. Whiskers
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show 1.5 times the interquartile range. d, PSF on EPlimage phase-encoded axis
dueto T2*decay for a given resolution achievable at three different gradient coil
performances using GRAPPA acceleration of 3. e, Achievable nominal resolution
atagiven TE with same echo train duration with the same T2* signal decay for
three different gradient coil performances using GRAPPA acceleration of 4

and 6/8 partial Fourier. f, EPlimages, at maximum achievable resolution (Res)

at TE26 ms for three different gradient coils. The highest achievable isotropic
volumetric resolutions are 0.09 pl (0.45 mm isotropic voxel), 0.23 pl (0.61 mm
isotropic) and 0.343 pl (0.7 mm isotropic). Differences in Gmax and SR are noted
(mTm™, Tm™s™) for different gradient coils.

Using 3D VASO imaging for fMRI with CBV contrast (rather than
BOLD) at 0.39 to 0.45 mm isotropic resolution showed reproducible
cortical layer-dependent functional activity, revealing laminar func-
tional organization in the brain. Due to the Nyquist theorem, conven-
tional 0.8 mmresolutions cannot reliably sample the individual layers
of interest in thinner cortical areas (such as visual cortex area V1).
Ultra-high-resolution CBV-sensitive imaging on the NexGen scanner
has overcome a resolution barrier in human fMRI by differentiating
activity of layers Il/111 and layers IVc, assumed to be the feedback and
feedforward circuitry, respectively®.

TheNexGen7 T scanner hasthus achieved animportant milestone
by extending fMRI studies to the mesoscale below 0.1 pl voxel volume.
Information processing with network analysis tools' to study interac-
tions across many areas of the entire brain is now possible. The fMRI
responses could be localized to the fundamental modules of brain
computation across cortical depth, allowing investigation of brain
circuitry toward a firmer basis for modeling of neurocircuitry than
the temporal correlation studies so far used in fMRI connectomics.

Indiffusionimaging, combination of higher SNRat 7 Twithachiev-
able higher amplitude gradients creates a platform for additional
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Fig.4|VASO and BOLD 3D EPI. a, Whole-brain VASO layer fMRI acquired at

0.64 mmresolution. A seed-based correlation map from a video watching task
after layer-based smoothing displayed on the temporally averaged T1-weighted
VASO volume. Activity across the gray matter ribbon (from CSF to white matter
(WM)) is plotted with corresponding layer profiles displayed in the inset.

Error bars refer to the variance of the signal within each layer across estimated
columnar units spanning across approximately 30 mm of cortical ribbon of the
sulcidepicted inthe layer mask. Adapted fromref. 44. b, Layer fMRI combining
0.45 mmand 0.39 mm isotropic resolution data (in 2-mm-thick V1 human cortex)
differentiates activationin cortical layers (double stripes of activity) in supra-and

Red, slice coverage
Green ROI, V1/calcarine sulcus

— Day 4 (0.45 mm)
— Day 7 (0.39 mm)

VASO activity (%)
N

CSF 1/ Ve WM
GM depths

t score (P < 0.01)
Underlay, average 60 NORDIC TRs

infra-granular layers from a flashing checkerboard task. Activations overlaid on
high-resolution GRE anatomical image. ¢, Test-retest of layer fMRI resultsin V1
across resolutions and days. Error bars defined as for a, across approximately

8 mm of cortical ribbon in the calcarine sulcus. Adapted from ref. 45. d, BOLD fMRI
acquired (acq.) with whole-brain coverage at 0.56 mm isotropic (iso.) resolution
(resol.) using 3D EPI with random k-space sampling scheme®*° to increase SNR.

e, BOLD fMRIwith 3D EPl at ultra-high resolution acquired at 0.35 mm isotropic
resolution, imaging visual cortex using stimulation checkerboard for 20 min.
Activation maps thresholded at P < 0.01 (one side, no correction for multiple
comparisons). NORDIC denoising was applied”. Adapted from ref. 38.

neuroscientific explorations. Gradient coils specifically designed
for diffusion imaging can reach higher Gmax on 3 T scanners*?*;
however, the Impulse gradient is operational at 7 T with the advan-
tage of higher signal at the higher field strength. Future studies with
coregistration of structural and functional datain single participants
combining high angular resolution of fiber tracks and laminar fMRI
of the whole brain should be possible for multimodal studies of the
human brain.

Itis possible to disseminate this NexGen 7 T technology to many
currently installed 7 T scanners in neuroimaging centers. Proposed
smaller 7 T magnets may also be realized**. Future work will be needed

to address the data storage and processing needs arising from the
larger size of raw data that is increased with resolution and with the
larger number of simultaneous receiver channels. Higher magnetic
field scanners (9.4,10.5and 11.7 T and in the future possibly 14 T)*®
raise SNRin human brainimaging; however, fMRIand structural neu-
roscience studies are more difficult to conduct at these ultra-high field
strengths due to the complexity of imaging with greater RF heating
restrictions (specific absorption rate, SAR), B1/BO magnetic field
inhomogeneity and shortened T2* decay. Additionally, these scan-
ners are at much higher cost. In closing, the numerous innovations
developed and incorporated into the NexGen 7 T scanner will make
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Impulse head
gradients
200 mTm™
900 Tm™s™

TE=110 ms

Body XR
gradients
80mTm™”

200Tm™"s™

b0 b3,000 b10,000

XR gradients b3,000 Impulse gradients b3,000

Fig. 5| Diffusion and structural imaging. a, Diffusion-weighted MRI at
various b values. Comparing images acquired with NexGen 7 T gradient

coil performance in the top row to conventional gradient coil performance

(80 mTm™,200 T m™s™)in the bottom row. b, Improvement in color principal
fiber orientation maps with shorter TE and higher SNR using NexGen 7 T gradient
coil performance. ¢, Improvement in crossing fiber detection in complex white
matter regions: primary (blue), secondary (red) and tertiary (green) fiber
crossings in centrum semiovale white matter. The vector color intensities are
modulated by the fiber’s respective volume fraction. Only fibers with volume
fractions greater than 5% are shown. d, Pushing the spatial resolution to 0.8 mm
using NexGen 7 T gradient coil. The primary diffusion direction map is overlaid

Impulse gradients b3,000 + b10,000

XR gradients (TE = 74 ms) Impulse gradients (TE = 55 ms)

Synthesized
MPRAGE

Synthesized
DIR

0 5,000 o} 200

T1 (ms) T2 (ms)

onto fractional anisotropy for this 0.8 mm data. Yellow arrows indicate where
white matter tracts turn sharply into the cortex and red arrows denote gyral
crowns where the white matter tracts continue straight into the gray matter.
Adapted fromref. 60. e, Time-of-flight 3D MRA at 0.4 mm isotropic. f,3D

QSM with tenfold acceleration. QSM map of a representative axial slice witha
resolution of 0.21 x 0.21 x 1.5 mm?>, reconstructed using the software STI Suite (UC
Berkeley). g, Whole-brain quantitative mapping and synthesized images using
MR fingerprint spiral imaging provided multiple image contrasts at 0.56 mm
isotropicina4-min acquisition time. From left to right: acquired whole-brain T1
and T2 maps and several derived 3D image sets with different contrasts. MPRAGE
(magnetization prepared-rapid GRE), double inversion recovery (DIR).
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diverse human neuroscience studies at ultra-high resolution routinely
possible, including functional imaging of cortical layer and columnar
organization.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butionsand competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/s41592-023-02068-7.
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Methods

The NexGen 7 T scanner is based on a commercial 7 T scanner
(MAGNETOM Terra, Siemens Healthineers) delivered to UC Berkeley
and integrated onsite with our developed hardware systems and
operating software. The scanner was developed through an academic-
industrial collaboration between UC Berkeley, Siemens Healthineers
and Siemens Medical Solutions, UCSF, Harvard-MGH, Advanced MRI
Technologies LLC, CA, USA and MR CoilTech Limited, Glasgow, UK.

Gradient coil design with balanced three layers

Shielded gradient coils are normally designed with an inner wind-
ing and a second, more distant shielding winding with counter cur-
rent to cancel the external stray field at the surfaces of the magnet
cryostat®. This effectively reduces eddy currents in the magnet
cryostat. Head-only gradient coils****** with their smaller diameters
and corresponding lower inductance can reach higher SRs than
whole-body gradient coils; however, the usable SR and gradient
performanceis limited by physiological nerve stimulation.

The asymmetrical head gradient coil designed for our scanner,
named Impulse (Siemens Healthcare), included a third intermedi-
ate winding layer of the saddle shaped coils® to provide additional
degrees of freedom for reducing mechanical torques, manipulate
the concomitant field pattern that contributed to minimize PNS and
allow use of higher SRs. While the basic wire-pattern optimization
was achieved with boundary element stream function methods®, the
design process additionally used combined electromagnetic and neu-
rodynamic modeling®®inadetailed body model with a nerve atlas®**.
This allowed balance of PNS between the head and body regions,
specifically shoulder and face areas, and was key to achieving
winding optimizations that yielded substantially improved PNS
thresholds and thus increased usable gradient coil performance
(Fig.1e). The gradient coil’s three-step asymmetric geometry (Fig. 1f)
gives additional degrees of freedom to tune mechanical dynamics to
minimize mechanical vibrations and acoustic resonances.

The gradient coil’s 44 cm inner diameter (Fig. 1f) was designed to
leave space for efficient acoustic mitigation material and provide as
much space as possible for larger RF coil arrays. The accessible bore
space for the head and receiver-transmit arrays was 39 cmin diameter.
Theshoulder spaceis the final of the three steps in the gradient coil-space
andis contiguous with the 60 cm diameter magnet space allowing unre-
stricted participant access to reduce claustrophobic feelings.

The Impulse gradient coil was designed for high gradient linear-
ity (less than 10% on a 20 cm (diameter sphere volume), a relatively
large inner coil diameter (44 cm) and high amplitude and SR (up to
200 mT m™and 900 T m™ s™ per axis). Using a gradient power ampli-
fier producing 1,200 A, 2,250 V on each axis, the Gmax achievable is
200 mT m™oneachofthe three axes.

With increased gradient pulse amplitudes and high PNS thresh-
olds, the Impulse head gradient coil can refocus echoes faster, which
iskey to encoding higher resolutionin EPI (for example, for functional
brainimaging) (Fig.3a).Short ESreduces the total timetoread out the
echo train and thus shortens the achievable minimum TE for a given
resolution, yielding exponentially increased SNR (albeit with asmaller
concurrent SNR loss from higher square root of signal bandwidth
increase) (Extended Data Fig. 5a). When the in-plane FOV is held con-
stant, the PSF (in mm) initially decreases as the nominal resolution is
increased due to the decrease in voxel size.

PNS supervision. The supervision and limitation of PNS during scan-
ning are implemented identically as with the standard MAGNETOM
Terra system’s stimulation monitor (Siemens Healthcare). PNS limits
havebeen adapted for the Impulse gradient coil based on the stimula-
tion approximation by filtering and evaluation (SAFE) model®. The
SAFE model for the Impulse gradient coil used the average of indi-
vidual stimulation thresholds of 33 test participants reported in a

differentpaper” inastudy conducted at the Siemens factoryinErlangen,
Germany, under ethics approval and with written informed consent.
The SAFE stimulation limit is derived from the experimental value of
the volunteers’stimulation levelinamodel that filters and rectifies the
signal and then weighs with scale factors to approximate the stimula-
tion signal and determine Stimlim as the upper limit of the first level
controlled operating mode. The SAFE stimulation threshold is given
accordingto International Electrotechnical Commission (IEC) standard
IEC 60601-2-33 by 0.8 x Stimlim and limits the scanner’s normal mode
of operation.

Based on the statistical distribution, it can be expected that up
to 50% of all patients will experience at least mild stimulations when
reaching this stimulation limit in first level mode, according to IEC
standard 60601-2-33 (2010, 3rd edn), clause 201.12.4.102. The applied
SAFE model (solid red lines in Fig. 1e) limits the gradient pulses con-
servatively below the results of the study, thus ensuring safe operation
of the gradient coil in nearly all instances.

Gradient cooling system. Going from the 39 cm inner diameter of
the AC84 gradient coil to the larger 44 cm diameter of the Impulse
allowed for the integration of more complex RF transmit and receiver
hardware with larger arrays. However, thisincreased the gradient coil
impedance and required a larger driving current of 1,200 A from the
gradient power amplifier. When operating with such high current
density, itis necessary to efficiently eliminate more than20 kW of heat
dissipated by the electrical power. To meet this specification, a cool-
ing system was designed by Stocker and Dietz®® using a multifilament
copper conductor directly cooled by stainless-steel tubing carrying
the cooling water (Fig. 1g). The stainless-steel tube has lower conduc-
tivity than the surrounding copper filaments, giving lower sensitivity
to eddy currents. The steel has negligible magnetic properties, thus
minimally perturbing the homogeneity of the BO magnetic field. The
large wire cross-sections, short cooling loop lengths (using paral-
lel water circuits) and high flow rates (enabled by the high pressure
stainless-steel tubing) facilitated sufficient heat removal and main-
tained low gradient coil temperatures, as monitored by more than 50
temperature sensors. Maximum temperature measured on the peak
hotspotinside gradient cooling increased from20.5t031.7 °C at 150%
duty cycle, 80 mT m™for 30 min.

Shim coils and RF shielding. Active resistive shim coils were incorpo-
ratedinto the gradient coil toinclude first-and second-order harmon-
ics. Tominimize eddy-currentinduced heating in RF shielding from the
highSRs0f900 T m™s™, thinner copper was used for the RF shielding
laminated on the inner surface of the gradient coil.

Several challenges in hardware integration arose during testing
that had to be solved:

(1) Theacquisition computer had to be modified to handle the
larger data size acquired with the 128-ch receiver system and
larger matrix sizes used for high-resolution imaging, including
increasing the disk space for raw k-space data on the measure-
ment and reconstruction system (MaRS).

(2) Theelectromagnetic fields inside the scanner can create strong
eddy-currentinduced forces and mechanical vibrations in
RF receiver hardware. Eddy-current induced heating of the
external RF shield of the Tx coil (MR CoilTech) and spike arti-
facts during the EPl acquisitions were solved with onsite coil
work to shorten the shield away from the rear of the gradient
coil where eddy currents were most severe.

(3) Mechanical resonances were encountered that led to cracksin
the head gradient coil’s anterior support structure, and were
overcome initially by excluding specific ESs. This was later fully
resolved by a different gradient coil support structure that was
designed, fabricated and tested by Siemens scientists.
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(4) Ghosting artifacts in EPl were greatly reduced by improved
compensation of short-term eddy-current terms in
pre-emphasis gradient waveforms while maintaining negligible
long term eddy currents. Additional reduction in ghosting arti-
facts was achieved by adjusting the timing and shape of read-
axis dephasing pulses before the collection of phase navigator
echoes and image echoes. Concomitant gradient compensation
was performed via modeling using existing approaches®’.

Mechanical resonances. During initial testing of EPl sequences,
specific mechanical resonance peaks caused cracks in the anterior
edge of the extended support on the gradient coil’s longitudinal axis
that were more than 40 cm from electrical wire windings, which were
unaffected. Further damage was avoided by prohibiting the specific
ESs corresponding to specific mechanical resonance frequencies.
The gradient coil was operated for 5 months until a second gradient
coilwasfabricated withamodified supportstructureto eliminate the
unwanted mechanical resonances. The replacement gradient coil was
installedinthe scanner at the end of 2021 and has been fully operating
without the problem recurring. The second gradient coil underwent no
changesinwiring pattern; consequently there were no changesin force,
torque balance or PNS thresholds. Noting that almost all MRIgradient
coils have specific forbidden frequency bands, the Impulse gradient
coilwas designed to allow the most useful bandwidth EPI readouts for
high-resolution brain imaging, with forbidden ESs between 0.82 and
0.92,0.46 and 0.48, and 0.35 and 0.36 and at 0.26 ms corresponding
to Eigen-frequencies in ranges (540-610,1,025-1,095,1,375-1,445 and
1,860-1,980 Hz) of the Impulse gradient coil on the x axis, y axis and
the combinedxand ygradient axes. Pulse sequences generating lower
mechanical frequencies (that is, GRE) do not require this restriction.

To determine a worst-case level of acoustic noise generated by
the operation of the Impulse gradient coil, a series of acoustic noise
measurements was performed using a Bruel and Kjaer 2260 Observer
sound level meter. Aspectrum of the acoustic noise was generated by
pulsingall three gradients with the same amplitude in a pink noise fre-
quency distribution encompassing the maximum possible frequency
(determined by therise time). The overall loudest peak was identified
at a frequency of 552 Hz (equivalent to an ES of 0.92 ms). The timing
parameters for a bipolar gradient waveform achieving this ES were
calculated, and the maximum gradient that could be used within PNS
limits was identified, corresponding to a Gmax of 98 mT m™and an
SR 213 T m™s™., Using this sequence sound levels reached a value of
120.6 dB(A) (Table 1), which is within the safety limits when using at
least 28 dB attenuation earplugs.

Sound levels were also measured using a high-resolution EPI
sequence using two gradient strengths typically used for neuroimag-
ing studies, atarange of ESs using three orthogonal readout directions,
and sound levels were within prescribed safety limits (less than 99 dB)
when using 33 dB attenuation earplugs (Extended Data Fig.1).

RF transmit and receive array coils
The design and construction of the transmit and receive coils was
challenging due to the tight space constraints imposed by the head
gradient coil and the increased labor required for fabrication com-
pared with smaller 32 channel arrays, and the increased difficulty of
identifying circuitry failures in the closely packed circuits. Compared
to 3 T coil arrays®, the development of high-density coil arraysat 7 T
issubstantially more complex due to the need for alocal transmit coil.
First, the receive array and its electronics must be packed within the
transmit coil and, second, the interaction between the transmit and
receive coilsmust be controlled to preserve the transmit efficiency and
to ensure that the spatial distribution of the transmit Blis not altered.
To increase the likelihood of obtaining an array with increased
performance comparedto the currentindustry-standard 32-ch 7 T head
coil (32-ch Rx) and assess the benefit of higher channel counts, three

different research groups built the RF coils for our project. MR CoilTech
Limited built two RF receiver-transmit coils, used for all imaging on
theNexGen7 T scanner. Figure 2a shows the 96-ch Rx array combined
with16-ch transmitarray (16-ch Tx, 96-ch Rx) coil, (Fig. 2a(i)-(iii)) and
a64-chRxarray combined with an 8-ch transmit array (8-ch Tx, 64-ch
Rx) (Fig. 2a(iv)—(vi)).

Transmit system and SAR management. The scanner is equipped
with a16-ch parallel transmit (pTx) system capable of delivering 2 kW
peak power per channel with independent RF waveform generators
for fully dynamic pTx experiments. The scanner assures safe operation
by monitoring the forward and reflected power on each channel and
adheres to the IEC 60601-2-33 guidelines for global and local SAR®.

The SAR management is viaasystem for safe scanning by monitor-
ing global and local SAR with anidentical implementation of supervi-
sion software as the FDA 510(k)-approved MAGNETOM Terra, and by
using virtual observation point (VOP) models specific to individual coil
arrays for parallel transmit (pTx) operation. Before each measurement,
‘Look Ahead’ monitoring will calculate the worst-case SAR quantity val-
ues and compare them with the corresponding limit values as defined
byIECguidelines, providing parameter suggestions to reduce valuesif
necessary. Duringameasurement, the online monitoring system con-
stantly measures the transmit power and ensures that the IEC standard
limit values are observed. Examinations in progress will be aborted if
thelimitis exceeded. The 16-ch transmit system also enables B1 shim-
ming to yield a more uniform transmit RF field, allowing sequences
that require this uniformity to operate optimally®.

Ina pTxsystem, the SARis a function of the superposition of the
amplitude and phases applied to individual array elements. When the
transmitarraysaredrivenin the circularly polarized mode, whichhas a
fixed amplitude and phase relationship betweenthe array coil elements,
the forward power is controlled by a k-factor. This value is derived from
the electromagnetic simulations and a safety factor of at least two is
added to the worst-case local SAR. For pTx operation, a VOP file for
each RF coil was generated™. Different body models were simulated
and the final VOP file was generated by concatenating the datasets. A
safety factor, overestimation factor and manufacturer-recommended
error tolerance was applied to generate the final VOP file.

16-ch transmit array. A dual-row transmit array that offers 3D B1+
shimming capability was constructed (Fig. 2a(ii))’"’%. The antenna
extended 21 cmalongthe z-direction, and each array element consisted
of ten capacitors to tune the loop to the Larmor frequency. Coupling
between the adjacent elements in each row is canceled by geometric
overlapandthe diagonal elements between the two rows are decoupled
by counter-wound inductors”. Theloss mechanisms were investigated
using 3D electromagnetic simulations to create an efficient design. To
reduce radiation loss, a slotted double-layered 30-cm-long RF shield
was placed concentric to the array elements witha30 mmgap. Ininitial
testing, the strips in the RF shield experienced eddy-currentinduced
heating on the outer housing, which was produced predominantly at
thelocation of maximum dB/dt, 40 cm offisocenter in the head direc-
tion. The heating was reduced to within 36° by shortening the length
ofthe RF shield and narrowing the strip width.

8-ch transmit array. The 8-ch array was based on a nested trans-
mit array design’, consisting of eight overlapped segmented loops
(Fig.2a(v)). Coupling between adjacent array elements was minimized
by geometric overlap, and transformer decoupling wasimplemented
to decouple the next-neighboring elements. The RF shield design
was adapted from the 16-ch array design as it was already optimized
to minimize gradient induced RF heating. In addition to minimiz-
ing radiation loss, the local shield improves robustness of RF coil
tuning and makes the array less sensitive to its position on the
patient table.
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96-ch receive array. A single shell tight fit helmet (175 mm along left
to right, 215 mm along anterior to posterior) was chosen to maintain
sample loading onthe smallreceive elements. The helmet was shaped
using anthropometric dataand had a curvature beneath the skull base
to provide a comfortable fit. The 96 receive elements were arranged
symmetricallyinsixrows. There are12 elementsin the top row,18 inthe
second and 24 in the third row covering from the vertex of the dome
to the level of the nose bridge. The other 42 elements covered the
remainder of the helmet surface’. Adjacent elements within the row
and between the rows were geometrically overlapped. The staggered
arrangementin the top three rows resulted in strongly coupled diago-
nalelements and these were decoupled using transformer decoupling.
The size of each receive element was about 35 x 45 mm. The two eye
loops were larger. Anelaborate test setup was established to bench-test
the transmit and receive array in conjunction. This further allowed us
to test and control the interaction between the 16-ch transmit array
and the 96-ch receive array to ensure that the spatial distribution of
the B1+ field was not altered due to the receive array. A picture of the
completedreceive array and the final assembly is shown in Fig. 2a,c.

Split-top 64-ch receive array. A split-top sliding mechanism as in
industry-standard 32-ch head RF coils wasimplemented within the tight
space of the patient table to improve comfort while positioning the
participant on the 8-ch Tx, 64-ch Rx coil. There are 24 elements in the
anterior halfand 40 elements in the posterior half,and the dimensions
oftheloop were about 45 x 55 mm. Thereceive elements are arranged
in columns and there is an offset between the columns such that each
elementin one columnsymmetrically overlaps with two elements from
the adjacent column. This offset was also implemented between the
adjacent columns of the two halves, and the overlap is adjusted such
that the mutual coupling cancels when the anterior halfis moved to its
final position after positioning the participant”. Each loop consisted
of one high-Q variable capacitor and three fixed capacitors, and con-
nected to alow impedance preamplifier (Wantcom Inc.). A shielded
cable trap is connected between the coil input and the preamplifier.
Theinternal dimensions of the receive helmet is180 mm along the left
torightdirectionand 215 mmalong the anterior to posterior direction.

For both the 96-ch Rx and 64-ch Rx coils, all circuit boards were
miniaturized and a detailed computer-aided design model was created
tovisualize component placement, cable routing and packaging. This
was essential to optimally use the limited space and achieve the visual
field needed to support fMRI studies.

Receiver-transmit array performance. While image resolution and
receive SNR are most often highlighted, the importance of transmit
performanceto achieve ausable RF coil setup gets submerged. Preserv-
ing the transmit performance is considerably more challenging while
combining transmit coils with high-density receive arrays together with
the space constraints of the head gradient coil insert. To minimize inter-
actions with the transmit array, the receive circuit boards within the
transmit field were oriented orthogonal to the transmit elements and
thereceive cables wererouted along the virtual ground of the transmit
elements. The S-parameters of the transmit array were fine-tunedin the
presence of the actively detuned receive array. For both the transmit
arrays, the reference voltage required to achieve 90° flip angle was
in the range of 15 to 20% higher compared to the industry-standard
32-chRx and this is mainly due to the increased shielding effect of the
high channel count receive arrays. However, the spatial distribution
was preserved as evident from the images presented in this article
that were acquired in circularly polarized excitation by applying the
theoretical phase offsets.

As noted earlier, the 16-ch Tx, 96-ch Rx coil was built first and
was used in initial stage development and troubleshooting. The 8-ch
Tx, 64-ch Rx coil was developed later incorporating learnings from
the 96-ch Rx coil. The unique RF configuration meant that these coil

arrays could only be partially tested in a standard 7 T scanner during
development. Elaborate RF coil test setups were developed at the coil
development laboratory in Glasgow as well as onsite in Berkeley. The
initial challenges were unique to the high-performance gradient system
and included troubleshooting for spikes at high gradient strengths
and gradient induced heating on the local RF shield of the transmit
array. Overlapping receive coil conductors that are too close created
spikes due to vibrations at high gradient strengths. The 64-ch Rx coil
benefitted from the knowledge gained from the first array and incor-
porated furtherimprovements such asreduced solder joints, low loss
cable between the coil input and preamplifier as well as acustom-made
high-Q trimmer capacitor in the loop. Hence, there is potential for
furtherimprovement ofthe 96-ch Rx coil array. A full characterization
of the two RF coilsis the subject of aseparate article. After initial trou-
bleshooting to eliminate image spike artifacts and gradientinduced RF
heating, the two coil arrays have been used regularly since January 2022
and have been functioning reliably. The coils needed remote service
twice, which was traced to asnapped connector and a cold solder joint
resulting in preamplifier failure.

Receiver system with system control computer. Many MR receiver
systems promote alarge number of receive channels (for example, up
to228inone3 Tscanner: Vida, Siemens), but these are the number of
connectable channels, not the number of simultaneously active chan-
nels (whichis limited to 32 or 64 channels). Up to 96-ch receiver coils
have been used at 3 T and a simulation of 256-ch coil at 3 T has been
proposed. For simultaneous acquisition of 128 receiver channels and
supporting the use of 8,16, 32, 64,96 and 128-ch Rx head coils, the 7 T
MR system was adapted from the existing 64-ch receiver system that
is processed analogously by 8-ch Rx cassettes and fed digitally to four
digital DIG-ch Rx cards on the MaRS. The extension to 128-ch Rx was
required for the Berkeley NexGen 7 T project, comprising aduplication
oftheanalog-ch Rx part (shown as EPC3) with another 8-ch Rx cassettes.
As the number of PCl slots on the MaRS is limited, a PCl extender was
needed toaccommodate eight DIG-ch Rx boards (Extended DataFig. 9).

The requirement for whole head FOV at high spatial resolution
necessitated a higher sampling rate of signal readout with shorter dwell
time than the standard scanner that uses 2 ps with oversampling. We
therefore modified the receiver to achieve 0.5 ps dwell time for 1 ps
with oversampling.

Many additional challenges were addressed for this project, such
asthesynchronous clock andlocal oscillator distribution on the analog
Rx part, the design of acustominterface connector for 128 Rx channels
and the digital data acquisition and throughput to the reconstruction
computer (MaRS). The latter required improving the memory capac-
ity of the reconstruction computer to superfast memory modules.
Extended Data Fig. 9 shows a system diagram of the 7 T scanner with
highlighted changes of receiver parts and components added for the
128-chreceiver system.

Imaging parameters

MRI data were collected on the NexGen 7 T at UC Berkeley, and on a
standard Siemens 7 T scanner for comparison at San Francisco Veterans
Administration hospital. Data collection procedures were approved by
theInstitutional Review Board at UC Berkeley (CPHS no.2020-07-13437)
and UCSF/SFVA (IRB no.16-20872). Written consent was collected from
each patient and patients were compensated for their participation.
Atotal of nine participants (three female, mean age 32.22 years, mean
height171.6 cm, mean weight 64.46 kg) were scanned across arange of
different scantypes for this study. Participants were monitored for any
feelings of discomfort, including PNS, during all scans. Thus far, more
than100 individual participants have beenscanned onthe NexGen7 T
scanner withno adverse effects. Asmall number (around 5-10 partici-
pants) have reported some PNS, primarily felt asa pressure around the
sinuses, whenvery short ESs are used (for example, 0.32 msinal.6 mm
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isotropic multiecho EPI protocol, which uses a gradient amplitude of
58 mT m™and an SR of 832 mT m™ ms™). The scanner performance
levels that led to PNS responses fell within the usable range set by the
SAFE model used for scanner operation, but still might be expected to
lead toPNSinasubset of participants. Ininstances where PNS occurred,
protocols were amended for that participant to avoid PNS. Stimulus
presentation was done using PsychoPy (v.2022.2.5).

SNR and g-factor comparisons. The high-density receiver arrays of
the NexGen scanner were compared to the industry-standard commer-
cial (Nova Medical) 32-ch Rx, 8-ch Tx array coil provided on most 7 T
scanners. The 32-ch coil did not fitinto the NexGen scanner’s head gra-
dient coil; therefore comparisons were made to the 32-ch coilina con-
ventional 7 T scanner by matching imaging parameters and using the
same gradient settings. Receive SNR measurements used awhole-brain
2D proton-density weighted GRE sequence with anominal flip angle of
90°to limit the impact of B1+ inhomogeneities on the signal intensity
(TR, TE and flip angle of 5 s, 3.82 ms and 90°; slice of 2 mm; matrix of
256 x 88, FOV =256 x 176 mm?; readout bandwidth of 335 Hz per pixel
and TA=7minand22s).

Noise-covariance information was acquired using the same
pulse sequence, but without RF excitation. Following the method
of Kellmann et al.”®, SNR maps used the noise-covariance-weighted
optimal coil combination of theindividual channelimages, where the
weights use coil sensitivity maps and noise-covariance information’®””.
The excitation flip angle maps were acquired using a preconditioning
saturation pulse with a turbo-fast low-angle shot readout’ (TR, TE and
flip angle of 5s,2.02 ms and 90°; slice of 1.5 mm; matrix of 256 x 88;
FOV =256 x 128 mm?; readout bandwidth of 335 Hz per pixel and
turbo factor of 128). The SNR maps were then normalized by dividing
them by sin(flip angle) toisolate the receive sensitivity in the SNR maps.
Figure 3cshowsimprovementsin SNR across array coil size compared
to using boxplots of flip angle-corrected SNR within a central and
peripheral region of interest (ROI) for each array coil.

Retained g-factor maps (1/g) were computed for the combination
of severalin-plane accelerations (along the anterior-posterior phase
encode direction) with different multiband acceleration factors, using
coil sensitivity maps estimated from the fully sampled data using
ESPIRIiT” and measured noise-covariance matrices’. To compare 1/g
distributions across different array coils, boxplots of 1/g values across
the brainwere plotted across different accelerations for each array coil.

SNR and 1/g maps were compared to acommercial 32-ch coil**on
aconventional whole-body 7 T Terra system.

Gradient coil performance comparison. The achievable resolution
foragiven TEand echo traintime for three different gradient coil per-
formance settings was calculated by setting a constant FOV (200 mm),
setting the gradient coil performance limits from duty cycle limits
during EPItime series acquisitions to those of three different gradient
coils for EPl imaging: XR whole-body gradient coil (absolute Gmax
80 mT m™, duty cycle limited nominal Gmax 40 mT m™, SR 200), the
AC84 head-only gradient coilinsert (absolute Gmax 80 mT m™, nominal
Gmax 50 mT m™, SR 333) and the high-performance Impulse gradient
coil (absolute Gmax of 200 mT m™, nominal Gmax 85 mT m™, SR of
200 T m™s™). While keeping TE constant, resolution and ES were opti-
mized for the above three different gradient coil performance settings
(X-ray whole-body gradient coil, AC84 head-only gradient coil, Impulse
head gradient coil). For each gradient coil performance setting, reso-
lutionwasincreased until the achieved minimum TE matched a target
TE. Estimates were compared for two different GRAPPA accelerations
(three and four), with a constant partial Fourier factor (PF) of 0.75.
In vivo tests of resolution were performed using a 2D EPI sequence
(GRAPPA 4, PF 0.75 with projection onto convex set reconstruction,
FOV 196 x 196 mm, 1 mm slice thickness, 1 mm slice gap, 4.5s TR, 54
slices, 26 ms TE, adaptive combine coil combination). Gradient coil

performance setting specific parameters were: X-ray whole-body
gradient coil, matrix size 282 x 282, in-plane resolution 0.7 mm, ES
1.07 ms, bandwidth 1,045 Hz; AC84 head-only gradient coil, matrix
size 320 x 320, in-plane resolution 0.61 mm, ES 0.94 ms, bandwidth
1,200 Hz; Impulse head gradient coil, matrix size 436 x 436, in-plane
resolution 0.45 mm, ES 0.72 ms, bandwidth 1,640 Hz).

Blurring (PSF) on theimage phase encode axis is highly dependent
ontheinteractionbetween T2* decay, ES, acceleration and power fac-
tor. The dependence of PSF on gradient coil performance was defined
and simulated as in previous work®>®' as the anisotropic spread of
information in theimage from anidealized point source. The full-width
at half-maximum values of the simulated PSFs were calculated by tak-
ing the magnitude of the Fourier transform of the function reflecting
the modulation of k-space data (signal reduction by T2* relaxation
weighting at different positions in k-space), for which the magnitude
is the modulation transfer function. The T2* weighting along an echo
train and dependent truncation of k-space limits the effective resolu-
tion of theimage.

Distortion comparisons. The differences in distortion achieved for
different gradient coil performances were measured by setting the
performance limits to those of the SC72 and Impulse gradient coils.
High-resolution EPIdata (0.6 mm) were collected using the two perfor-
mance levels, with both an anterior-posterior and posterior-anterior
phase encoding direction (Extended Data Fig. 4). For each gradient
performance setting, the distortionsin the sets ofimages with opposite
phase encoding should be equal but opposite. Nonlinear alignment
(using AFNI3dQwarp) of the two oppositely distorted images allows the
level of distortion for that gradient coil performance to be calculated.
The distortion is expressed as a warp field map, showing the amount
of distortionin mm experienced at each voxel with the sign of the map
value showing the direction of distortion along an image axis. Values
near zero show little distortion, with more positive or negative values
indicating greater distortion.

BOLD-based fMRI. Initial implementation of EPI was hampered by
incomplete eddy-current correction, which was greatly improved by
recalibrating the gradient pre-emphasis to compensate for short-term
eddy currents. Anadditional 0.5 ms delay between the EPIread gradi-
ent dephasing pulse and first echo further reduced Nyquist ghost
artifact when using zero moment phase correction instead of using
dual-polarity GRAPPA image reconstruction®.

BOLD 2D EPI. Whole-brain EPIwas collected using a2D SMS sequence
GRAPPA 4, multiband 3, FOV/2 controlled aliasing®, TE of 22 ms, TR of
7,500 ms, ES of 0.7 ms, readout bandwidth of 1,562 Hz, FOV 192 mm,
matrix size 320 x 320, anterior-posterior phase encoding direction.
Images were collected with oblique slices roughly aligned to the ante-
rior commissure-posterior commissure line. Comparison data were
collected on a Siemens MAGNETOM 7 T Plus fitted with an SC72 gra-
dient coil (absolute Gmax 70 mT m™, nominal Gmax 40 mT m™, SR
200 Tm™s™) and 32-ch receive coil (Nova Medical), with matched
parameters except for ES of 1.21 ms, readout bandwidth of 920 Hz
and TE35 ms.

BOLD 3D EPI. Asegmented 3D EPIsequence using random k-space sam-
pling for greater undersampling efficiency in acceleration®?° was used
for whole-brain BOLD imaging, shown in Fig. 4d. The sequence con-
sisted 0of 192 partitions across the kzaxis, TE of 21ms, TR of 5s, in-plane
FOV 180 x 144 mm, in-plane matrix 320 x 256, with 0.56 mm isotropic
resolution (using a total of 12-fold acceleration of 3 (in-plane) x 4
(through-plane) and multishot 2 segmentation on the in-plane phase
encode (anterior-posterior direction) axis combined with PF 0.75). This
segmented 3D sequence sampling was originally created for 3D GRASE
fMRI*® and was extended to 3D-EPI*. To take advantage of the flexibility
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inspatio-temporal space, theimages were unfolded using atemporally
regularized reconstruction. BOLD activations were assessed using a
visuomotor task (flashing checkerboard and finger-tapping).

A segmented 3D EPI sequence variant that combines blipped-
controlled aliasing with multishot segmentation®* was used for
ultra-high-resolution BOLD imaging shown in Fig. 4e. The sequence
protocol that was used for functional data acquisitions that consisted
of 42 partitions was: TE 18 ms, PF 0.75, in-plane FOV 90 x 180 mm,
in-plane matrix 256 x 512, slice thickness 0.35 mmand in-plane resolu-
tion 0.35 x 0.35 mm and right-left phase encoding direction. One lot of
threefold undersampling with a controlled aliasing in parallelimaging
results in higher acceleration (CAIPIRINHA, CAIPI for short) shift of
onein partitiondirection combined with multishot six-segmentation
resulted in a CAIPI trajectory with large phase encode blips (six) and
no partition blips**. These scan protocols were initially developed for
high-resolution VASO imaging of V1, and to achieve 0.35 mm resolution
the phase-encoded FOV (left-right) wasrestricted to 50% of the readout
FOV (head to feet) and slices were acquired coronally across the occipi-
tal pole as has been applied previously®’. To maintain SNR for functional
imaging at such high resolutions, NORDIC denoising was applied*’.
BOLD activations were assessed using a flashing checkerboard task.

Multiecho BOLD EPI. Datawere collected using the MultiBand (SMS)
EPI2D BOLD sequence, distributed viaa Consumer-to-Producer agree-
ment from the Center for Magnetic Resonance Research, University
of Minnesota, ported onto the MAGNETOM Terra Impulse edition
NexGen7 T scanner (VEI2U-AP0O2). EPlimages were acquired at1.6 mm
resolution using arange of different ESs, leading to arange of different
TEs. Common parameters across scans were: TR 2's, SMS 3, GRAPPA
3, PF 0.75, 84 slices and anterior-posterior phase encoding direc-
tion. New images are acquired at two resolutions, one matching the
1.6 mm resolution with weaker gradient coil performance (80 mT m?,
200 T m™s™) andat1.16 mmresolution using the Impulse gradient coil
performance, achieving 2.5times greater volumetric resolution. Each
image at later TEs has a characteristic signal decay depending on the
underlying tissue T2*, which can be affected by susceptibility in areas
such as air-bone interfaces. Images collected at different TEs can be
optimally combined to maximize tSNR and reduce signal dropout
across different brain regions***,

CBV-based fMRI. VASO EP10.64. Whole-brain VASO datawere acquired
using a segmented IR 3D EPI sequence®* using a 4 x 2 shot-selective
CAIPI trajectory® with a phase encode CAIPI shift of two. Parameters
were as follows: 0.64 mm isotropic resolution, volume TR 4.2's, TE
16 ms, ES 0.69 ms, readout bandwidth 0f1,592 Hz, FOV200 x 200 mm,
matrix size 314 x 314, slices 180 and posterior-anterior phase encoding
direction. The phase correction approach of dual-polarity EPIwas used
by alternating the polarity of the EPI switched read gradient waveform
onalternate TRs*. To fulfill the VASO blood nulling condition despite T1
relaxationalongthe 3D EPIreadout, four inversion pulses were used for
each pair of BOLD and VASO k-space volume. Activations were assessed
using a video-watching task.

VASO EPI 0.45/0.39. The same sequence®>* was used for VASO in a
thin slab. The protocol for functional data acquisitions consisted of
18 partitions, one lot of threefold undersampling with a partition
CAIPI shift of one and multishot six-segmentation (CAIPI trajectory
without partition blips). Further parameters for 0.39 and 0.45 mm
isotropic resolution were: TE 19 and 23 ms, PF 0.75 with projection
onto convex set reconstruction with eight iterations, square in-plane
matrix 374 x 462 and aright-left phase encoding direction. Activations
were assessed using a flashing checkerboard task.

Diffusion imaging. Participants were scanned using the 96-ch Rx
coil. The diffusion EPI sequence used a fast low-angle excitation

echo-planar technique® reference scan for improved robustness to
motion*. In total, five diffusion scans (6-10 min each) were acquired
from a single participant using the following parameters: 53 slices,
120 mm FOV, GRAPPA 3, PF 0.75, 73 diffusion directions (including
8b=0,32b=b,,,/2,and 33b = b,,,,). Two of the scans had their diffu-
sion encoding gradients run at maximum gradient coil performance
while another two were run with parameters relaxed to match the
X-ray gradient coil (that is, Siemens Terra) (80 mTm™,200 Tm™s™)
performance (with either b,,,, 0f 3,000 0r10,000 s per mm?*at1.25 mm
isotropic resolution). Of these four scans, the EPl readout trains were
held constant at X-ray gradient coil performance to allow for direct
SNR comparison of the faster diffusion encoding times. The fifth dif-
fusion scanwas acquired at 0.8 mm isotropic resolution with a b,,, of
1,000 s mm™, TE of 70 ms and TR of 6,000 ms. Data were processed
using FSL 5.0.11 including the eddy, dtifit and bedpostx tools®’.

Based on the Stejskel-Tanner equation b = G* x £ relationship,
an improvement in diffusion encoding amplitude G by a factor of
2.5 (that is, 80 to 200 mT m™) will reduce the diffusion encoding
time (¢), and thus TE, by a factor of 0.54. This factor of reduction in
TEwas observed atb=10,000 with the Impulse gradient coil, indicating
that the full 200 mT m™ was used at high duty cycles. Smaller reduc-
tions in TE are expected at lower b values since more time is spent
on gradient ramps than the flat top. Shortening the EPI echo train
would allow for an additional roughly 5 ms reduction in TE. While
this would significantly reduce geometric distortions, the increase
in readout bandwidth would counter the SNR benefits in this case
and sowas not done here.

Structural imaging. QSM. Acquisition parameters for the multiecho
GRE fastlow-angle shot were: FA =15,B0 = 6.9809, TR =35 ms, TE=8.25,
15.23,23.46 ms, acceleration in-plane (right-left phase encode) five
times through plane 2, matrix size 1,024 x 1,022 x 119, nominal resolu-
tion 0.21 x 0.21 x 1.5 mm?. Offline GRAPPA was performed to combine
complex datafromeach coil. The phase of each channel was unwrapped
using a Laplacian-based method. Variable-kernel sophisticated har-
monicartifact reduction for phase dataapproach was used to remove
background field for each echo. QSM was calculated using STreaking
Artifact Reduction for QSM (STAR_QSM) method using averaged tissue
phase fromall three echoes using the software STISuite (UC Berkeley).

MR fingerprinting. Whole-brain (FOV 220 x 220 x 220 mm?) 0.56 mm
T1and T2 maps were obtained at 560 pum isotropic resolution using
3D MRfingerprinting with tiny-golden-angle-shuffling spiral-projection
trajectory*®, using 200 T m™s™ for a scan time of 4 min. Additional
B0 and B1+ maps were obtained using product sequences with matched
FOV at4-mmresolution.

GRE scout imaging. To show spatial coverage of the Impulse gradi-
ent coil, images were collected in three orthogonal planes through
midline structures of the brain and neck. TRand TE =10 and 3 ms, FOV
0f250 x 250 mm?, matrix size of 900 x 1,000, slice thickness of 1.5 mm,
three slices, readout bandwidth of 325 Hz per pixel, flip angle of 10°
(directions of phase encode were axial/anterior-posterior, sagittal/
anterior—posterior, coronal/right-left), TA=41s.

MRA. Time-of-flight MRA images were acquired with 0.4 mmisotropic
resolution, TR and TE=13 and 5.47 ms, FOV =200 x 158.1 x 98.4 mm®,
matrix size of 392 x 496, four slabs, 72 slices per slab, FA =17, phase
and slice partial Fourier of 7 and 8, GRAPPA 3, 70% tilted optimized
nonsaturating excitation ramp®®, readout bandwidth of 120 Hz per
pixel, TA=10 minand 19 s.

Reporting summary
Furtherinformation onresearchdesignisavailablein the Nature Port-
folio Reporting Summary linked to this article.
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Data availability

Sub-0.1 ml VASO fMRI data are available at OpenNeuro (https://doi.
org/10.18112/openneuro.ds003850.v2.0.0). Functional, diffusion
and susceptibility weighted imaging data are available at OpenNeuro
(https://doi.org/10.18112/openneuro.ds004710.v1.0.0). All other data
areavailable fromthe corresponding author uponreasonable request.

References

61. Turner, R. Gradient coil design: a review of methods. Magn. Reson.
Imaging 1, 903-920 (1993).

62. Weiger, M. et al. A high-performance gradient insert for rapid
and short-T, imaging at full duty cycle. Magn. Reson. Med. 79,
3256-3266 (2018).

63. Lemdiasov, R. A. & Ludwig, R. A stream function method for
gradient coil design. Concepts Magn. Reson. Part B 26B, 67-80
(2005).

64. Davids, M., Guerin, B., Malzacher, M., Schad, L. R. & Wald, L. L.
Predicting magnetostimulation thresholds in the peripheral
nervous system using realistic body models. Sci. Rep. 7, 5316
(2017).

65. Davids, M., Guérin, B., vom Endt, A., Schad, L. R. & Wald, L. L.
Prediction of peripheral nerve stimulation thresholds of MRI
gradient coils using coupled electromagnetic and neurodynamic
simulations. Magn. Reson. Med. 81, 686-701(2019).

66. Stocker, S. & Dietz, P. Directly coolable multifilament conductor.
US patent 11,041,923 (2021).

67. Tao, S. et al. Gradient pre-emphasis to counteract first-order
concomitant fields on asymmetric MRI gradient systems.

Magn. Reson. Med. 77, 2250-2262 (2017).

68. De Zanche, N. et al. ISMRM Best Practices for Safety Testing of
Experimental RF Hardware (ISMRM, 2022).

69. Wu, X. et al. High-resolution whole-brain diffusion MRI at 7T using
radiofrequency parallel transmission. Magn. Reson. Med. 80,
1857-1870 (2018).

70. Eichfelder, G. & Gebhardt, M. Local specific absorption rate
control for parallel transmission by virtual observation points.
Magn. Reson. Med. 66, 1468-1476 (2011).

71.  Gunamony, S., Hoffmann, J., Adriany, A., Ugurbil, K. & Scheffler, K.
7T head coil with 16-channel dual-row transmit and 32-channel
receive array for pTx applications and high SNR. In Proc. 24th
Annual Meeting of ISMRM Abstract 2132 (ISMRM, 2016).

72. Gunamony, S. et al. A 16-channel transmit 96-channel receive
head coil for NexGen 7T scanner. In Proc. 29th Annual Meeting of
ISMRM Abstract 0182 (ISMRM, 2021).

73. Nabeshima, T., Takahashi, T., Matsunaga, Y., Yamamoto, E. &
Katakura, K. RF probe for MRI. US patent 5489847A (1994).

74. Williams, S. N. et al. A nested eight-channel transmit array with
open-face concept for human brain imaging at 7 Tesla. Front.
Phys. https://doi.org/10.3389/fphy.2021.701330 (2021).

75. Gunamony, S. & Feinberg, D. An 8-channel transmit 64-channel
receive compact head coil for Next Gen 7T scanner with head
gradient insert. In Proc. 30th Annual Meeting of ISMRM Abstract
1447 (ISMRM, 2022).

76. Kellman, P. & McVeigh, E. R. Image reconstruction in SNR units:

a general method for SNR measurement. Magn. Reson. Med. 54,
1439-1447 (2005).

77. Roemer, P. B., Edelstein, W. A., Hayes, C. E., Souza, S. P. &
Mueller, O. M. The NMR phased array. Magn. Reson. Med. 16,
192-225 (1990).

78. Chung, S., Kim, D., Breton, E. & Axel, L. Rapid B1+ mapping using a
preconditioning RF pulse with TurboFLASH readout. Magn. Reson.
Med. 64, 439-446 (2010).

79. Uecker, M. et al. ESPIRiT—an eigenvalue approach to auto-
calibrating parallel MRI: where SENSE meets GRAPPA. Magn.
Reson. Med. 71, 990-1001 (2014).

80. Ledden, P., Mareyam, A., Wang, S., Van Gelderen, P. & Duyn, J.

32 channel receive-only SENSE array for brain imaging at 7T. In
Proc. 15th Annual Meeting of ISMRM Abstract 0242 (ISMRM, 2007).

81. Robson, M. D., Gore, J. C. & Constable, R. T. Measurement of
the point spread function in MRI using constant time imaging.
Magn. Reson. Med. 38, 733-740 (1997).

82. Hoge, W. S. & Polimeni, J. R. Dual-polarity GRAPPA for
simultaneous reconstruction and ghost correction of echo planar
imaging data. Magn. Reson. Med. 76, 32-44 (2016).

83. Setsompop, K. et al. Blipped-controlled aliasing in parallel
imaging for simultaneous multislice echo planar imaging with
reduced g-factor penalty. Magn. Reson. Med. 67, 1210-1224 (2012).

84. Hendriks, A. D. et al. Pushing functional MRI spatial and temporal
resolution further: high-density receive arrays combined with
shot-selective 2D CAIPIRINHA for 3D echo-planar imaging at 7T.
NMR Biomed. 33, €4281(2020).

85. Stirnberg, R., Deistung, A. & Stocker, S. T2*-weighted dual-polarity
skipped-CAIPI 3D-EPI: 400 microns isotropic whole-brain QSM
at 7 Tesla in 6minutes. In Proc. 30th Annual Meeting of ISMRM
Abstract 0594 (ISMRM, 2022).

86. Polimeni, J. R. et al. Reducing sensitivity losses due to respiration
and motion in accelerated echo planar imaging by reordering the
autocalibration data acquisition. Magn. Reson. Med. 75, 665-679
(2016).

87. Jenkinson, M., Beckmann, C. F., Behrens, T. E. J., Woolrich, M. W. &
Smith, S. M. FSL. Neuroimage 62, 782-790 (2012).

88. Atkinson, D., Brant-Zawadzki, M., Gillan, G., Purdy, D. & Laub, G.
Improved MR angiography: magnetization transfer suppression
with variable flip angle excitation and increased resolution.
Radiology 190, 890-894 (1994).

Acknowledgements

Research supported by the BRAIN Initiative (National Institutes of
Health (NIH) grant nos. UO1-EB025162 and RO1-MH111444), NIH
P41-EBO30006 and NIH R44-MH129278. Support from Weill NeuroHub
and from the Chancellor’s Office of UC Berkeley. S.P. was supported
partially by the National Research Foundation of Korea (MSIT)

(grant no. 2021R1C1C1013603). We thank R. Turner for his consultation,
Y. Chang from Siemens for software support, R. Ramb from Siemens
for resource support, S. Torrisi (UCSF/SFVA) for assisting with initial
image testing, J. Chen (UC Berkeley) for processing QSM, J. Maravilla
(UC Berkeley) for assisting in receiver coil repair, S. Hakkinen (UC
Berkeley) for help with data analysis, and E. Walker (Advanced MRI
Technologies) and S. Bunge (UC Berkeley) for text editing.

Author contributions

D.A.F. and P.D. developed the concept and design of the scanner.
E.R.,AP,1.G.-l.,S.S. and P.D. worked on receiver system and gradient coil
fabrication. P.B., E.R., A.P, P.D., M.K.,S.G.,D.A.F., A.J.S.B., ATV.and S.M.
tested the scanner and performed system integration. S.G., BG., L.LW.,
A.M., J.S. and M.D. advised and helped test the RF system. S.G. designed,
built and tested the transmit coil and receiver coil arrays. L.H., S.M., S.A.,
K.S., X.C., C.Liao,R.S., S.P, EY., D.A.F. and J.R.P. performed image pulse
sequence implementation and optimization. A.J.S.B., ATV., L.H., S.M.,
X.C.,C. Liuand D.A.F. collected data. A.J.S.B., ATV, L.H., C. Liuand X.C.
analyzed data. D.A.F., A.J.S.B., ATV., L.LW. and S.G. wrote the manuscript.

Competinginterests

A.P.,1.G.-l., S.S., E.R. and P.D. are employees of Siemens Healthineers.
S.M. and P.B. are employees of Siemens Medical Solutions USA, Inc.
S.G. is an employee of MR CoilTech Limited, LLC. A.J.S.B. and D.A.F.
are employees of Advanced MRI Technologies. D.A.F. has equity in
Advanced MRI Technologies. L.W. has consulting and equity with
Neuro42 Inc., a low-field MRI start-up company, research support
from Siemens Healthineers, equity in Reveal Pharmaceuticals,

Nature Methods


http://www.nature.com/naturemethods
https://doi.org/10.18112/openneuro.ds003850.v2.0.0
https://doi.org/10.18112/openneuro.ds003850.v2.0.0
https://doi.org/10.18112/openneuro.ds004710.v1.0.0
https://doi.org/10.3389/fphy.2021.701330

Article

https://doi.org/10.1038/s41592-023-02068-7

an MR contrast agent start-up, and patents related to MRI assigned to
MGH that have been licensed and/or could be potentially licensed.
M.D. has consulting with Neuro42 Inc.

Additional information
Extended data is available for this paper at
https://doi.org/10.1038/s41592-023-02068-7.

Supplementary information The online version contains supplementary
material available at https://doi.org/10.1038/s41592-023-02068-7.

Correspondence and requests for materials should be addressed to
David A. Feinberg.

Peer review information Nature Methods thanks John Thomas Vaughan
and the other, anonymous, reviewer(s) for their contribution to the
peer review of this work. Primary Handling Editor: Nina Vogt,

in collaboration with the Nature Methods team.

Reprints and permissions information is available at
www.nature.com/reprints.

Nature Methods


http://www.nature.com/naturemethods
https://doi.org/10.1038/s41592-023-02068-7
https://doi.org/10.1038/s41592-023-02068-7
http://www.nature.com/reprints

Article https://doi.org/10.1038/s41592-023-02068-7

Sound levels in dB on 96ch Array Coil
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Extended Data Fig.1| Sound pressure levels. Measured using a high-resolution 33 dB attenuation earplugs. (*)Approximate dB measures at 0.55 ms echo spacing
EPlsequence using two gradient strengths, typically used for neuroimaging (E/S) due to sound meter clipping and HF 76 did not run at 0.55 ms E/S due to
studies, at arange of echo spacings using three orthogonal readout directions, stimulation warning.

and showed sound levels within prescribed safety limits (< 99 dB) when using
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Extended Data Fig. 2| RF Array Coil Performance. A) Histogram of retained
SNR (1/G) for different accelerations for 3 arrays coils (32 ch, 64ch, 96ch). Boxes
show median, 25th and 75th percentile values (n = 219233 voxels across a whole
brain ROI). Circles show mean values. Whiskers show 1.5 times the interquartile
range. B) Across 3 subjects, the 64Rx (paired sample t-test, p =.0144) and 96Rx
(paired sample t-test, p =.0272) showed significantly higher SNRin the periphery
ofthe brain when compared to the 32Rx. The central ROl did now show higher
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2D EPI, GRAPPA 4, FOV 7T XR Gradients 7T Impulse Gradients
192 Gmax 80 (40 Nominal); SR 200 Gmax 200 (85 Nominal); SR 900
Resolution Matrix Size Min E/S Bandwidth Min TE Min TE Min E/S Bandwidth Min TE Min TE
(mm iso) (ms) (Hz) (ms, 8/8 PF) (ms, 6/8 PF) (ms) (Hz) (ms, 8/8 PF) (ms, 6/8 PF)
1.0 192 0.83 1370 26 17 0.4 3256 13 8.5
0.9 214 1 1112 35 22 0.43 2920 16 9.5
0.8 240 1 1158 38 24 0.49 2604 19 12
0.7 274 1.08 1074 46 28 0.51 2282 23 14
0.6 320 1.2 920 57 34 0.58 1954 28 17
0.5 384 1.41 766 77 45 0.68 1628 39 23
0.4 480 NA NA NA NA 0.93 1158 63 36

Extended Data Fig. 3| Gradient coil performance. Table of achievable resolutions with corresponding echo time, echo spacing and bandwidth for two different
gradient coil performances.
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Extended Data Fig. 4 | Gradient coil performance and distortions in EPI. map, showing the amount of distortion in mm experienced at each voxel, with
Measures of distortion in high-resolution EPl using two different gradient coil the sign of the map value showing the direction of distortion along an image axis.
performances. Distortion is measured as the level of non-linear warping required  Values near zero show little distortion, with more positive or negative values

to bring two images with opposite phase encode (showing equal but opposite indicating greater distortion.
levels of distortion) into alignment. The distortion is expressed as a warp field
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gradient coil performances for GRAPPA 3 combined with In-plane Segmentation
(for an equivalent acceleration of 6). Dashed black line shows minimum
achievable PSF for a given nominal resolution assuming no T2*blurring.

(d) Comparison of SNR for central (blue) and peripheral (red) regions of the
brain. Gmax, SR (mT/m, T/m/s) XR and SC72 whole-body gradient (80,200), AC84
head only gradient (80,400), Impulse head-only gradient (200, 900).
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anincrease in resolution at equivalent TEs (1.16 mm isotropic versus 1.6 mm
isotropic), or an earlier TE for the first echo and one additional echo in the same
overall acquisition window (4 echoes versus 3 echoes).

Extended Data Fig. 6 | Multi-echo EPlimaging. Early TE of initial echo reduces
susceptibility drop out of signal in optimally combined images. When compared
to standard gradient performance, the Impulse gradient coil allows either
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Extended Data Fig. 8 | Head coverage of Impulse gradient coil. Shown in 3 perpendicular image planes with FLASH images, with and without distortion correction.
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imaging available at OpenNeuro (https://doi.org/10.18112/openneuro.ds004710.v1.0.0). All other data are available from the corresponding author upon
reasonable request.
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Reporting on sex and gender Sex and gender were not considered as part of the study, as hardware improvements would apply to all participants
regardless of sex and gender.

Population characteristics A total of 9 subjects (3 female, mean age 32.22 years, mean height 171.6cm, mean weight 64.46kg) were scanned

Recruitment Subjects were recruited from the local population around UC Berkeley. This may have biased the participants towards higher
education demographics but would have no effect on the results.

Ethics oversight The local IRBs at UC Berkeley, San Francisco Veterans Administration and the Martinos Center for Biomedical Imaging
approved the protocols used.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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of different scan types.

Data exclusions  No data were excluded.

Replication Figure 4b shows the replicability of the findings on the NexGen 7T across multiple sessions. Supplemental Figure 1 shows the consistency of
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Magnetic resonance imaging

Experimental design

Design type

Design specifications

Behavioral performance measures
Acquisition

Imaging type(s)

Field strength

Sequence & imaging parameters

Task (block design) and resting state

BOLD 3D EPI: Visuomotor task (8hz Flashing checkerboard and finger tapping), 30s blocks (15s on/tapping, 15s off/rest),
16 blocks, single run

Ultra-high resolution BOLD 3D EPI: Flashing checkerboard task (8hz), 30s blocks (15s on, 15s off), 20 blocks, two runs.

Whole brain VASO: Movie watching task. Subject watched multiple runs of a 10min movie clip from the Human
Connectome Project. 5 scans in session 1, 4 scans in session 2.

Ultra-high resolution VASO: Flashing checkerboard task (8hz), 1 min blocks (30s on, 30s off), 3 15-minute runs per
session.

Fixation only tasks, compliance measured by self-reporting

Functional, Structrual, Diffusion
7 Tesla

SNR and g-factor comparisons

Receive SNR measurements used a whole-brain 2D proton-density weighted gradient-echo sequence with a nominal
flip-angle of 90° to limit the impact of B1+ inhomogeneities on the signal intensity [TR/TE/flip angle (FA) =5 s/3.82
ms/90°, slice = 2 mm, matrix = 256x88, FOV = 256x176 mm2, readout bandwidth (BW) = 335 Hz/pixel, TA = 7:22 min].
Noise covariance information was acquired using the same pulse sequence, but without RF excitation. The excitation flip
angle (FA) maps were acquired using a pre-conditioning saturation pulse with a turbo-flash readout [TR/TE/FA=5

5 /2.02 ms /90°, slice = 1.5 mm, matrix = 256x88, FOV = 256x128 mm2, BW = 335 Hz/pixel, Turbo factor = 128].

BOLD imaging

BOLD 2D EPI: Whole brain EPI was collected using a WIP 2D SMS sequence GRAPPA 4, SMS 3, FOV/2 controlled aliasing,
Dual-Polarity GRAPPA image reconstruction, TE 22 ms, TR 7500 ms, ES 0.7 ms, BW 1562Hz, FOV 192mm, matrix size
320x320. Comparison data was collected on a Siemens Magnetom 7T Plus fitted with an SC72 gradient coil (70mT/m,
200T/m/s) and 32ch receive coil (Nova Medical), with matched parameters except: ES 1.21 ms, BW 920hz, TE 35 ms.

BOLD 3D EPI: A segmented 3D-EPI sequence utilizing random k-space sampling for greater undersampling efficiency in
acceleration was used for whole-brain BOLD imaging. 192 partitions across the kz axis, in-plane FOV 180 mm x 144 mm,
in-plane matrix 320x256, slice thickness 0.56 mm and in-plane resolution 0.56 mm x 0.56 mm using 12-fold acceleration
of 3 (in-plane) x 4 (through-plane) and multi-shot 2 segmentation on the in-plane axis combined with PF=6/8.Images
were unfolded using a temporally regularized reconstruction.

Ultra-high resolution 3D-EPI: Blipped-controlled aliasing with multi-shot segmentation, 42 partitions, TE 18 ms, PF 6/8,
in-plane FOV 90 mm x 180 mm, in-plane matrix 256x512, slice thickness 0.35mm), and in-plane resolution 0.35 mm x
0.35 mm. 1x3-fold undersampling with a CAIPI shift of 1 in partition direction combined with multi-shot 6 segmentation
resulted in a CAIPI trajectory with large phase encode blips (6) and no partition blips. To achieve 0.35 mm resolution the
phase encoded FOV (left-right) was restricted to 50% of the readout FOV (head-feet) and slices were acquired coronally
across the occipital pole as has been applied previously.

Multi-Echo BOLD EPI: Data were collected using the Multi-Band (SMS) EPI 2D BOLD sequence, distributed via C2P from

CMRR ported onto the MAGNETOM Terra Impulse edition NexGen 7T scanner (VE12U-AP02). EPl images were acquired
at 1.6 mm resolution using a range of different echo spacings, leading to a range of different TEs. Common parameters
across scans: TR = 2s, SMS 3, GRAPPA 3, PF 6/8, 84 slices.

CBV Imaging

VASO EPI 0.64: Whole-brain VASO data were acquired using a segmented IR 3D-EPI sequence using a 4x2 shot-selective
CAIPI trajectory with a phase encode CAIPI shift of 2. Parameters: 0.64 mm isotropic resolution, Volume TR = 4.2s,
TE=16 ms, echo spacing=0.69 ms, BW=1592 Hz, FOV= 200 mm x 200 mm, matrix size 314 x 314, 180 slices. The phase
correction approach of Dual-polarity EPI was employed by alternating the polarity of the EPI switched read gradient
waveform on alternate TRs. In order to fulfill the VASO blood nulling condition despite T1-relaxation along the 3D EPI
readout, four inversion pulses were used for each pair of BOLD and VASO k-space volume.

A complete list of scan parameters are avaliable on: https://github.com/layerfMRI/Sequence_Github/blob/master/
Terra_protocolls/Berkeley_NextGen/0.6mm_protocol_WB.pdf

VASO EPI 0.45/0.39: The same sequence was used for VASO in a thin slab. The protocol for functional data acquisitions
consisted of 18 partitions, 1x3-fold undersampling with a partition CAIPI shift of 1 and multishot 6 segmentation (CAIPI
trajectory without partition blips). Further parameters for 0.39/0.45mm isotropic resolution were: TE 19 ms/23 ms, PF
6/8 with POCS reconstruction with 8 iterations, square in-plane matrix 374/462.
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A complete set of scanning parameters are avaliable on https://github.com/layerfMRI/Sequence_Github/blob/master/
Terra_protocolls/Berkeley_NextGen/Renzo.pdf

Diffusion Imaging

The CMRR C2P Diffusion EPI sequence with a FLEET reference scan was used for improved robustness to motion. In
total, five diffusion scans (6-10 mins each) were acquired from a single subject using the following parameters: 53 slices,
120 mm FOV, GRAPPA 3, PF 6/8, 73 diffusion directions (including 8 b0Os, 32 b=bmax/2, and 33 b=bmax). Two of the
scans were run at maximum gradient performance while another two were run with parameters relaxed to match XR
gradient (i.e. Siemens Terra) (80mT/m, 200T/m/s) performance (with either bmax = 3,000 or 10,000 s/mm2 at 1.25 mm
isotropic resolution. A diffusion scan was acquired at 0.8 mm isotropic with a bmax of 1000 s/mm , TE=70 ms and
TR=6000 ms. Data were processed using FSL 5.0.11 and the eddy, dtifit, and bedpostx tools94.

Structural Imaging

QSM: Acquisition parameters for the multi-echo GRE FLASH were: FA = 15, BO = 6.9809, TR = 35 ms, TE = 8.25, 15.23,
23.46 ms, IPAT = 5 x 2, Matrix size = 1024x1022x119, Resolution = 0.21x0.21x1.5 mm3 Offline GRAPPA was performed
to combine complex data from each coil.
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MRF: MR fingerprint imaging (MRF) Whole-brain (FOV 220x220x220mm3) 0.56 mm T1 and T2 maps were obtained at
560 um isotropic resolution using 3D MRF with tiny-golden-angle-shuffling spiral-projection (TGAS-SPI) trajectory50,
using 200 T/m/s for a scan time of 4min. Additional BO and B1+ maps were obtained using product sequences with
matched FOV at 4-mm resolution.

Area of acquisition Whole brain and occipital cortex

Diffusion MRI X Used [ ] Not used

Parameters 73 diffusion directions (including 8 bOs, 32 b=bmax/2, and 33 b=bmax). No cardiac gating.

Preprocessing

Preprocessing software Data were preprocessed using AFNIv.22.0.06, SPM v12, ANTs v2.1.0 and LAYNII v2.2.1

Normalization Data were not normalized, analyses performed in functional space to avoid issues of blurring and interpolation.

Normalization template Data were not normalized

Noise and artifact removal Data were motion corrected, but noise and artifact signals were not regressed. Ultra-high resolution 3D EPI was denoised
using NORDIC.

Volume censoring Data were not censored

Statistical modeling & inference

Model type and settings Mass univariate

Effect(s) tested Visual activation in a flashing checkerboard task
Specify type of analysis: [ | Whole brain [ | ROI-based Both
Anatomical location(s) Occipital Cortex

Statistic type for inference Voxelwise
(See Eklund et al. 2016)

Correction No correction was used

Models & analysis

n/a | Involved in the study
D IXI Functional and/or effective connectivity
|:| Graph analysis

|:| Multivariate modeling or predictive analysis

Functional and/or effective connectivity Whole brain Vaso analysis: Time series were extracted for the common ICA networks, orthogonalised and
used as regressors for activation maps.
sub-microliter VASO analysis: AFNI GLM, with 0.2mm layer-smoothing (LayNii) and 3dClust (AFNI) at z-score
1.5 with 200 voxels.
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