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Synopsis:
Ultrahigh field (UHF) offers increased resolution and contrast for neurovascular imaging. Arterial
spin labeling (ASL) methods benefit from an increased intrinsic SNR of MRI signal as well as a
prolonged tracer half-life (blood T1) at UHF, allowing the visualization of layer dependent
microvascular perfusion. ASL based time-resolved 4-Dimensional MR angiography (4D MRA) at
7T provides detailed depiction of both the vascular architecture and dynamic blood flow pattern
with both high spatial and temporal resolutions. In addition, high resolution black blood MRI at
7T allows detailed characterization of small perforating arteries such as lenticulostriate arteries.
All techniques benefit from advances in parallel RF transmission (pTx) technologies at UHF.
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Introduction

Neurovascular imaging at ultrahigh field (UHF) benefits from a high intrinsic signal to noise
ratio (SNR) which can be leveraged to yield higher spatial resolution and/or higher contrast
to noise ratio (CNR).12 The ability to visualize fine vasculature <1mm in diameter on
clinical standard (1.5T) and high-field (3T) MRI is usually limited, while UHF (7T or
greater) MRI enables the evaluation of cerebrovascular lesions and vasculature in the
neocortex on a submillimeter scale. UHF MRI is particularly beneficial to non-contrast
enhanced MR angiography (MRA) and arterial spin labeling (ASL) perfusion with the
prolonged T1 of arterial blood at higher field strength. Black blood imaging techniques also
benefit from UHF with the ability to achieve isotropic submillimeter resolution, allowing the
depiction of smaller perforating arteries which are critical to characterizing cerebrovascular
disease, such as cerebral vasculitis and CADASIL.3-6 Thus, the advent of 7T has resulted in
a wave of research during the past decade exploring new developments in cerebrovascular
imaging, which are now increasingly finding their way into clinical practice.

High resolution neurovascular imaging is also important to understanding brain function and
vasculature in cortical layers. The pial arteries distribute blood from larger cerebral arteries
to descending arterioles and feed capillaries in different cortical layers. After blood passes
the capillary space it is collected by ascending venules and returns to pial veins towards the
cortical surface.” Blood oxygen level dependent (BOLD) fMRI can achieve sub-millimeter
spatial resolution for studying human brain function at the level of cortical layers and
columns at UHF8-10, However, the BOLD signal is the result of complex interplays between
cerebral blood flow (CBF), cerebral blood volume (CBV), and oxygen metabolism, resulting
in limited fidelity for inferring the underlying neuronal activation. In addition, the BOLD
signal is susceptible to venous contaminations such as the pial veins on the cortical surface
that confounds laminar/columnar fMRI 911-13 High resolution neurovascular imaging, such
as ASL perfusion, is less affected by pial vessels, and thus is crucial to understanding the
neurovascular coupling between neuronal activity and ensuing hemodynamic responses.4

High-resolution non-contrast enhanced MRA at UHF enables the precise depiction of
cerebral vasculature including both large and small arteries, even arterioles. Time of flight
(TOF) has been recognized as a mainstay for evaluating intracranial arteries. With increased
intrinsic SNR and prolonged T1 at UHF, submillimeter resolution TOF (<500um) at 7T has
been demonstrated5-16 with superior angiographic contrast as a result of stronger
suppression of stationary background tissue. Recently developed ASL based time-resolved
4-dimensional (4D) MRA17:18 is another bright blood MRA technique, which allows for
adequate depiction of both vascular structure and dynamic flow patterns. UHF provides
sufficient SNR for 4D MRA, which could further benefit the characterization of dynamic
flow patterns in cerebrovascular disorders, such as arteriovenous malformation (AVM).17:19
High-resolution black blood MRI was originally developed for imaging extracranial (carotid
bifurcation), intracranial vessel arterial wall lesions including atherosclerotic plaques and
intracranial arterial stenosis.29-22 The increased SNR at 7T leads to an overall better
visualization of cerebral small vessels such as lenticulostriate arteries and potentially
illustrates the effects of aging and/or vascular risk factors such as hypertension,
hyperlipidemia and diabetes on the vessel structures.23
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In this chapter, we focus on the technical developments and emerging clinical/
neuroscientific applications of ASL perfusion, 4D MRA, and T1 weighted black blood MRI
at UHF. Experience with parallel RF transmission (pTx) technologies at 7T, which benefit
all the above techniques, is also presented. Limitations and challenges such as specific
absorption rate (SAR) and field inhomogeneity will also be discussed.

A short overview of parallel RF transmission technology at 7T

One key technical advance allowing high resolution neurovascular imaging at UHF is pTx.
Currently, the conventional homogeneous bird-cage type coil driven by a single RF-pulse
waveform, also known as single RF transmission (1Tx), does not possess spatial degrees of
freedom and works best for uniform excitations. While usable at 3T or lower field strengths,
non-uniformities arise when the wavelength of the RF waveform approaches the dimensions
of the human head. Such effects are observed when imaging at UHF and result in destructive
excitation field interference or shading with a characteristic strong center brightening. To
mitigate these B1 inhomogeneities, pTx has been proposed as an effective solution. The
most common approach for pTx is static RF shimming,24 where all the transmit channels
emit identical RF waveforms with scaled amplitudes and shifted phases. Since pTx enables
more spatial degrees of freedom, tailored RF pulses or shape-specific B1 shimming can be
implemented to achieve a more uniform B1 field.2526

The latest 7T MAGNETOM Terra system (Siemens Healthineers, Erlangen, Germany) with
the 8-channel pTx system and 8Tx/32Rx head coil (Nova Medical, Inc., Wilmington, MA,
USA\) offers three static B1 shim modes to correct B1 inhomogeneities including TrueForm,
Patient-specific, and Volume-selective shimming. The TrueForm shim mode uses 45° phase
increments for each adjacent transmit channel to mimic the 1Tx circularly polarized (CP)
coil. Due to the increased spatial coverage with the pTx coil geometry, TrueForm shimming
with the pTx system can already achieve improved RF uniformity in the temporal and
subcortical brain regions compared to 1Tx. In Patient-specific shim mode, the RF excitation
is parameterized relative to the B1 maps of the registered subject. This method is optimized
for B1 shimming of the whole volume specified by the slice group. Lastly, Volume-selective
shim mode optimizes the B1 field to a specific volume chosen by the user, which is often
helpful for improving the homogeneity in an anatomically specific region of interest.2’
Compared to acquisition with 1Tx, the use of pTx significantly improves the RF uniformity
across the brain tissue (Figure 1 (A)), leading to higher SNR in the temporal and subcortical
regions (Figure 1 (B)) and ultimately supporting high resolution imaging across the whole
brain at UHF.

Arterial Spin Labeled perfusion at 7T

CBF or perfusion measured by ASL is a key parameter for in vivo assessment of
neurovascular function. ASL signal is close to the site of neural activation as most of the
labeled arterial water exchanges with tissue water in capillaries.28 It has been shown that
ASL perfusion fMRI is able to visualize orientation columns in the cat visual cortex with
superior spatial resolution compared to BOLD fMRI.29 The hemodynamic response of
perfusion signals has also been shown to arise ~1sec earlier than that of BOLD signals.30
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Unlike BOLD fMRI that detects relative signal changes between two conditions, ASL
provides quantitative perfusion measurements both at rest and during task activation. UHF
ASL has the dual benefits of increased SNR that scales with BO field and prolonged tracer
half-life (blood T1),3! therefore it may overcome the major limitation of ASL in terms of
low SNR. Figure 2 (A) shows more than 3-fold SNR gain for 7T ASL compared to 3T ASL
predicted by theory. Indeed, our experimental data using turbo-FLASH based ASL at 7T
demonstrated the feasibility of perfusion imaging with near sub-millimeter spatial resolution
which is not feasible at 3T (Fig. 2B).32

In order to achieve whole-brain high resolution perfusion imaging at 7T, we have recently
taken advantage of the 8Tx/32Rx head coil with TrueForm B1 shimming mode on the 7T
Terra system, which allowed the application of pseudo-continuous ASL (pCASL) at the base
of the brain.33 In addition, a novel time-dependent 2D-CAIPIRINHA (controlled aliasing in
parallel imaging results in higher acceleration) technique3* was implemented in a 3D
Gradient and Spin Echo (GRASE) sequence to achieve robust high resolution and highly
accelerated 3D imaging (up to 12-fold) by efficiently exploiting coil sensitivity variations
along both phase and slice dimensions (lower coil g-factor), as well as temporal incoherence
of sampling patterns across ASL measurements (Fig. 3 (A)).33 A novel image reconstruction
method employing both spatial and temporal total-generalized-variation (TGV)
regularization3® was applied to reconstruct high resolution (2 mm isotropic) CBF maps with
nearly whole brain coverage and 12-fold acceleration (Fig. 3 (B)). This novel ASL-TGV
method also had denoising capabilities to minimize effects of head motion and physiological
noise on perfusion images at 7T.

Adiabatic pulses have been commonly used as the inversion pulse for pulsed ASL (PASL) to
address the issues of B0 and B1 inhomogeneity at UHF. To improve the quality and accuracy
of the perfusion map acquired at 7T, we recently optimized and systematically evaluated
four commonly used adiabatic inversion pulses including the Hyperbolic Secant (HS) pulse,
36 Wideband Uniform Rate Smooth Truncation (WURST) pulse,3’ Frequency Offset
Correction Inversion (FOCI) pulse,38 and time-resampled FOCI (trFOCI) pulse3® based on a
custom-defined loss function that took into account the labeling efficiency and the residual
tissue signal.? This study again utilized the 8Tx/32Rx head coil with TrueForm B1
shimming mode on 7T Terra. The perfusion maps of the 4 pulse sequences of one
representative subject are shown in Figure 4. The optimized WURST pulse achieved a good
balance between high labeling efficiency and low residual tissue signal, with higher labeling
efficiency than HS and trFOCI pulses, and lower residual tissue signal than FOCI pulse. The
relative labeling efficiency versus residual tissue signal of the WURST PASL sequence was
significantly higher than any of the other three sequences (P<0.01 for each case).
Furthermore, the PASL sequence with the optimized WURST pulse was able to provide
nearly whole brain perfusion imaging at 7T.

Layer Dependent Perfusion Imaging

Because the thickness of the cerebral cortex is usually less than 3 mm,*! sub-millimeter
spatial resolution is required to study layer or depth dependent structural and/or
physiological changes. Recent research has demonstrated that the pCASL labeling scheme
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combined with efficient 3D inner-volume GRASE readout and background suppression has
the capability of revealing layer dependent CBF at UHF of 7T.14 Since the ASL signal is
quantitative and originated primarily from capillaries and brain tissue, this new development
opens the door to investigating neurovascular coupling with an unprecedented precision at
the laminar level.

Figure 5 shows sub-millimeter multi-delay perfusion images (B) and a CBF map (C)
acquired from one healthy subject (Female, 38 years old) using pCASL with background
suppressed 3D inner-volume GRASE at 7T. The labeling plane was applied above the circle
of Willis and 50 mm below the center of the imaging volume (left motor cortex) using the
1Tx/32Rx coil. The in-plane resolution was 0.5 mm after interpolation, and slice thickness
was 1.4 mm. Three layers of gray matter (superficial, middle, deep) were manually
segmented based on co-registered Tlw MPRAGE images. Figure 5 (D) and (E) show the
bar-plot of multi-delay perfusion signals and CBF values averaged from four subjects (2
male and 2 female, 31.5+3.1 years old). Perfusion signal was significantly higher in the
middle layer than the superficial or deep layer (~20%) at PLD = 1000 ms and 1500 ms
(P<0.05). Average CBF was 42.1, 49.4, and 40.3 m1/100g/min in the superficial, middle, and
deep layers, respectively. CBF was significantly higher in the middle layer (~20%, P<0.001),
which matches well with the highest capillary density observed in the middle layers as
reported in anatomical studies in animals and specimens of human brain tissue.*2 The
capability of imaging CBF in cortical layers allows new opportunities for investigating the
microvascular blood supply and neurovascular coupling in a laminar fashion.

4-dimensional MR angiography at 7T

Besides tissue perfusion or CBF, ASL also offers angiographic contrast. With a shorter post-
labeling delay time after ASL preparation, the majority of labeled blood is still within
arteries, thus MR angiogram is obtained. Over the past decade, a number of studies have
applied ASL for MRA purposes by taking advantage of recent advances in both ASL
labeling and image acquisition.17:18:43-49 |n particular, an ASL-based time-resolved non-
contrast enhanced 4-dimensional MRA (4D MRA) has been developed, which offers spatial
resolution of approximately 1mm?3 and temporal resolution of 50~100ms.1744 This 4D MRA
shows potential for characterizing cerebrovascular dynamic flow patterns in cerebrovascular
disorders, such as AVM.1950.51 However, it remains a challenge to capture the draining vein,
which serves as a critical criterion in clinical diagnosis in AVM, 195051 when using 4D
MRA at conventional 1.5T and 3T as a result of relatively short trace half-life (blood T1).

The SNR of ASL-based MRA is considerably higher than that of ASL perfusion, given the
high concentration of labeled blood within an arterial voxel as well as minimal post-labeling
delay time. UHF further benefits ASL-based MRA with increased intrinsic SNR and
prolonged blood T1. Therefore, 4D MRA at 7T allows for detailed characterization of
vascular architecture as well as dynamic flow patterns. Our previous work has initially
demonstrated the feasibility of 4D MRA at 7T using both standard 3D Cartesian acquisition
and advanced non-cartesian acquisition with golden-angle stack-of-stars radial sampling.>2
Figure 6 shows six selected temporal frames of 4D MRA with a spatial resolution of
isotropic 1mm and temporal resolution of 96 ms collected on 7T Terra from a healthy
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volunteer using the 1Tx head coil. One can appreciate the fine vascular structures as well as
dynamic blood flow through the cerebral vasculature. 4D MRA at 7T also shows improved
delineation of AVM features, especially the draining veins. Figure 7 shows a comparison of
4D MRA at 3T and 7T for an AVM case. We can clearly observe the labeled blood flow
through the feeding arteries and nidus on both 3T and 7T, matching the DSA findings nicely.
However, the draining vein can only be clearly visualized at 7T due to the prolonged blood
T1, while it failed to be visible at 3T. Therefore, 7T possesses potential clinical utility (and
advantage over 3T) in the evaluation of AVMs and other cerebrovascular diseases with slow
flow.

Black Blood MRl at 7T

High-resolution black blood MRI is a recent technique originally developed for imaging
intracranial vessel wall and plaque using 3D T1-weighted turbo spin-echo (TSE) sequences
with variable flip angles (VFA).23-55 The technique has previously been implemented on
various platforms and field strengths, allowing the potential for straightforward translation to
clinical imaging. Particularly at UHF, the long echo train of the TSE technique offers three
advantages for visualizing small vessels: 1) adequate flow suppression by inherent
dephasing of flowing signals (black blood MRI); 2) high spatial resolution (isotropic 0.5mm
or higher); and 3) near whole-brain coverage in a clinically acceptable time (<10 min). In
addition to providing improved plaque characterization at the large artery vessel wall,%8
these features suggest that black blood MRI is particularly suitable for visualizing cerebral
small vessels such as the lenticulostriate arteries (LSAS) and other perforating arteries as
well.

Our previous study demonstrated the optimization of the T1-weighted TSE-VFA sequence at
UHF for the delineation of LSAs in a healthy cohort.2® As a comparison, 7T TOF MRA is
the reference standard for visualizing and quantifying LSAs.>” As shown in Figure 8, black
blood MRI whether at 3T or 7T was able to detect more LSAs likely because the saturation
effect of TOF MRA on slow flowing spins led to compromised delineation of smaller LSAs
usually on the medial side of the middle cerebral artery. Conversely, LSAs can be reliably
visualized by T1w TSE-VFA due to combined effects of longer T1/T2 values of arterial
blood and flow induced phase dispersion during TSE readout at both 3T and 7T. The
delineation of LSAs in T1-weighted TSE-VFA images can be a useful tool to evaluate and
potentially illustrate the effects of aging and/or vascular risk factors such as hypertension,
hyperlipidemia, and diabetes on the vessel structures. This may also be a possible technique
for the visualization of small hypertensive related Charcot-Bouchard aneurysms of the LSAs
which can result is catastrophic basal ganglionic hemorrhages. Given the sharpness and
improved SNR at UHF, automated or deep learning-based segmentation algorithms can be
applied to these high-resolution black blood images in order to perform quantitative shape
analysis of LSA morphology.>8

There are still some challenges to address regarding the use of black blood MRI for clinical
small vessel characterization at UHF. The image contrast of small perforating arteries may
be affected by B1 inhomogeneity, especially at UHF. Fortunately, the central location of
LSAs at the central “bright spot” of B1+ field due to dielectric effects at 7T is favorable for
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enhancing the CNR of LSAs. However, in order to observe other perforating arteries in the
neocortex or larger vessels at the base of the brain, solutions such as pTx shimming should
be applied. Figure 9 demonstrates the benefit of utilizing pTx B1 shimming for improving
detailed delineation of perforating arteries as well as achieving more homogeneous signal at
the base of the brain near the circle of Willis. With the better coverage provided by pTx, we
can take full advantage of the whole-brain, high resolution features of T1-weighted TSE-
VFA for the morphological evaluation of cerebral vasculature from arteries to very small
arterioles.

and Challenges of Neurovascular Imaging at 7T

In this paper, we showcase several new developments in neurovascular imaging at 7T
including high resolution PASL and pCASL with near whole brain coverage, cortical layer
dependent perfusion imaging, 4D time resolved MRA and black blood MRI. These new
techniques have many clinical and neuroscientific applications. For instance, high resolution
ASL at UHF allows the characterization of small cortical lesions in multiple sclerosis that
previously could only be imaged using contrast enhanced MRI.%° The increased SNR and
prolonged blood T1 (>2 sec) at UHF should make it feasible for reliable measurement of
white matter perfusion using ASL, which has been challenging due to the increased transit
time and lower CBF in white matter than in gray matter.6% The capability for laminar
perfusion imaging in human brain is groundbreaking. To date, such information can only be
obtained by anatomical studies in animals and specimens of human brain tissue.*2 The
laminar profile of resting perfusion may be treated as a surrogate index of microvascular
density across the human cortex, as well as its variations with neurodegeneration in
Alzheimer’s disease and multiple sclerosis. Such information can be incorporated into
modeling work to explain depth dependent BOLD responses.? In addition, task activation
induced perfusion changes can be investigated in a layer dependent fashion without the
contamination of pial veins seen in BOLD fMRI. Given the tight neurovascular coupling
between neuronal activity and microvascular perfusion, our capability to infer underlying
neuronal activity in health and disease will be greatly enhanced.

The increased SNR and prolonged T1 at UHF are also highly beneficial for both bright and
black blood MRA/MRI. As shown in Figure 7, the draining vein of AVM can only be
visualized by 4D MRA at 7T but not at 3T. Black blood MRI with T1lw TSE-VFA at both 3T
and 7T is able to visualize more LSAs than 7T TOF MRA at 7T, and offers concurrent
evaluation of vessel wall and parenchymal lesions. Black blood MRI at 7T provides sharper
delineation of LSAs than 3T, especially in the distal portions of the vessels (Fig. 8).
However, perivascular space (PVS) also appears dark in T1w TSE-VFA images, and the
spatial resolution of existing black blood MRI does not allow differentiation of lumen from
PVS signals of small vessels. It will be interesting to combine both bright and black blood
MRA/MRI to fully characterize the morphology and function of small vessels in human
brain at UHF. Such capability will be highly appealing for the characterization of cerebral
small vessel disease (cSVD) which is a major cause of stroke and dementia.5?

The challenges of neurovascular imaging at UHF include B1/B0 field inhomogeneities and
SAR constraints. The pTx technology already showed promise in mitigating B1 field
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inhomogeneity in our 7T studies, although we only used the basic TrueForm shim mode that
simulates 1Tx excitation. For the next step, we will compare TrueForm with “Patient-
specific” and “Volume-selective” shimming modes, and the latter two are expected to yield a
more homogeneous B1 field at the cost of a greater level of SAR. For adiabatic inversion
pulses, the minimum B1 intensity can be maximized using RF shimming to improve the
labeling efficiency.52 More advanced strategies such as dynamic pTx pulses®3 can be further
applied, where each RF channel plays out channel-specific waveforms creating time-
dependent spatial interference patterns to reach an ideal tradeoff between B1 field
homogeneity and SAR.

In summary, we present several new developments for high-resolution neurovascular
imaging at 7T. In conjunction with other technical advances at UHF such as pTx
technologies, the suite of new methods can characterize the structure and function of the
cerebral vasculature from arteries to arterioles and capillaries with sub-millimeter spatial
resolution.
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Key Points

1. Ultrahigh field (UHF) offers increased resolution and contrast for
neurovascular imaging.

2. UHF ASL has dual benefits of increased SNR and blood T1.
3. High resolution 7T ASL allows layer dependent perfusion imaging.

4, 4D MRA at 7T provides detailed visualization of vascular architecture and
dynamic blood flow pattern.

5. Black blood MRI at 7T allows characterization of small perforating arteries
such as lenticulostriate arteries.
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(A) B1 Map
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Figure 1.
In vivo comparisons of various coil configurations using either pTx-mode or 1Tx-mode. (A)

Measured B1+ field distributions in sagittal (top row), axial (middle row), and coronal
(bottom row) views. Mean coefficient of variation (CoV = std/mean) was measured after
each B1+ field shimming process. (B) Gray matter (GM) and white matter (WM) SNR
comparison demonstrating the increased coverage with pTx for T1-weighted MPRAGE
images. pTx Patient-specific shimming produced the highest SNR for gray-white matter
contrast in the temporal lobe region (yellow box). The red dashed box indicates the volume
prescribed for pTx Volume-selective B1 shimming. Adapted from Ma SJ, Zhao C, Wang K,
et al. Anatomical Neurolmaging with Single and Parallel Transmission at Ultra-high Field:
A Comparison of Image Quality and User Experience. Intl Soc Mag Reson Med. 2020;\ol
28. With permission.
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Figure 2.
(A) Theoretical calculation of PASL and pCASL signals as a function of field strength,

showing >3-fold SNR gain from 3 to 7T. (B) pCASL perfusion images at 7T and 3T with 3
different resolutions. Adapted from Zuo Z, Wang R, Zhuo Y, et al. Turbo-FLASH based
arterial spin labeled perfusion MRI at 7 T. PloS one. 2013;8(6). With permission.
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(A) 2D CAIPI under-sampling pattern for 12-fold acceleration
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Figure 3.
(A) Implementation of the time-dependent 2D CAIPI under-sampling pattern. Acceleration

factor is three along phase encoding direction and four along partition encoding direction.
Total acceleration factor is twelve. Acceleration pattern is shifted between repetitions along
phase/partition encoding direction to increase the temporal incoherence. (B) Whole brain
CBF map acquired with 2D-CAIPI acquisition and spatial/temporal TGV reconstruction.
Adapted from Shao X, Spann SM, Wang K, et al. High-resolution whole brain ASL
perfusion imaging at 7T with 12-fold acceleration and spatial-temporal regularized
reconstruction. Intl Soc Mag Reson Med. 2020;Vol 28. With permission.
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Figure 4.
Perfusion map acquired using the optimized adiabatic inversion pulses. For HS and FOCI,

the residual tissue signal is dominant at bottom slices. the mean gray matter perfusion is
0.42%, 0.60%, 0.59%, 0.35%, for HS, WURST, FOCI and trFOCI, respectively. Adapted
fromWang K, Shao X, Yan L, et al. Optimization of adiabatic pulses for Pulsed ASL at 7T —
Comparison with Pseudo-continuous ASL. Proc ISMRM 2020;28:3695; with permission.
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(A) Control images (B) Perfusion images at 3 PLDs (C) CBF map
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Figure 5.

Multi-delay perfusion images (B) and CBF maps (C) with sub-millimeter in-plane resolution
(0.5 mm, after interpolation) acquired at 7T. (A) shows the corresponding structural control
images. Small FOV was acquired using inner-volume 3D GRASE readout to shorten the
acquisition time and increase SNR. (D) shows the bar plot of perfusion signal (normalized
by MO0) at PLD =500, 1000, and 1500 ms in three layers of motor cortex. Multi-delay
perfusion images reveal the dynamic passage of labeled signals, and the majority of labeled
spins arrive into capillary space at PLD = 1000 ms. Perfusion signal in the middle layer is
significantly higher (~20%) than the superficial or deep layer at PLD = 1000 and 1500 ms.
(E) shows the bar plot of CBF, which was computed by a weighted-delay approach. CBF in
the middle layer is 17.3% higher than the superficial layer and 22.7% higher than the deep
layer.
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Figure 6.
An example of 4D MRA using 3D Cartesian acquisition with spatial resolution of 1x1x1

mm3 at 7T. Six representative 4D MRA maximum intensity projection (MIP) images along
the axial direction are displayed. Detailed delineation of dynamic blood flow through
cerebral vasculature can be appreciated.

Magn Reson Imaging Clin N Am. Author manuscript; available in PMC 2022 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Shao et al. Page 19

(A) 3D SOS golden angle radial at 3T

i
.\

3

402 ms 684 ms 966 ms 1530 ms 2000 ms
(B) 3D SOS golden angle radial at 7T

1530 ms

Figure 7.
An AVM case with two slabs acquired with 4D MRA using golden-angle stack-of-stars

radial acquisition at 3T (A) and 7T (B). Six representative maximum intensity projection
(MIP) images are displayed along axial, coronal, and sagittal views. The positions of the two
slabs are shown in the TOF image (C). DSA images serve as the gold standard (D). The
entire AVM lesion including feeding arteries (red arrow), nidus (yellow arrow), and draining
vein (green arrow) was captured in a two-slab radial 4D MRA. 4D MRA matches well with
DSA. It can be noted that the draining vein (green arrow in b) is better depicted at 7T than
that at 3T. Adapted from Cong F, Zhuo Y, Yu S, et al. Noncontrast-enhanced time-resolved
4D dynamic intracranial MR angiography at 7T: A feasibility study. J Magn Reson Imaging.
2018;48(1):111-120; with permission.
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Figure 8.
Coronal 10 mm thin slice minimum intensity projections of both young and aged subject

TSE-VFA scans at 3.0 Tesla (top row) and 7.0 Tesla (middle row). With the increased field
strength, LSAs are more clearly delineated, especially in the distal portions of the vessels
(red arrows). The bottom row shows coronal 10 mm thin slice maximum intensity projection
of 7T TOF MRA. TSE-VFA can resolve more LSAs than 7T TOF MRA, especially for the
LSAs located in the medial group along the middle cerebral artery (white arrows). Adapted
from Ma SJ, Sarabi MS, Yan L, et al. Characterization of lenticulostriate arteries with high
resolution black-blood T1-weighted turbo spin echo with variable flip angles at 3 and 7
Tesla. Neuroimage. 2019;199:184-193; with permission.
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Figure 9.
The LSAs are located in the central “bright spot” of the B1+ field due to standing wave

shading artifacts (dielectric effects, red arrow) at 7T, which is favorable for enhancing the
CNR of LSAs but problematic for evaluating larger vessels at the base of the brain or
perforating arteries in the parenchyma. With the use of pTx B1 shimming, the dielectric
effects toward the base of the brain are reduced, improving overall SNR and enabling
concurrent vessel wall assessment.
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