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Abstract The progression to 7 Tesla (7 T) magnetic
resonance imaging (MRI) yields promises of substan-
tial increase in signal-to-noise (SNR) ratio. This increase
can be traded off to increase image spatial resolution
or to decrease acquisition time. However, renal 7 T MRI
remains challenging due to inhomogeneity of the radi-
ofrequency field and due to specific absorption rate (SAR)
constraints. A number of studies has been published in the
field of renal 7 T imaging. While the focus initially was on
anatomic imaging and renal MR angiography, later studies
have explored renal functional imaging. Although anatomic
imaging remains somewhat limited by inhomogeneous
excitation and SAR constraints, functional imaging results
are promising. The increased SNR at 7 T has been particu-
larly advantageous for blood oxygen level-dependent and
arterial spin labelling MRI, as well as sodium MR imag-
ing, thanks to changes in field-strength-dependent magnetic
properties. Here, we provide an overview of the currently
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available literature on renal 7 T MRI. In addition, we pro-
vide a brief overview of challenges and opportunities in
renal 7 T MR imaging.
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Introduction

Since publication of the first in-vivo magnetic resonance
imaging (MRI) study of the human brain at 8 T [1], imag-
ing at fields equal to or higher than 7 Tesla (7 T) has been
mostly limited to neuroimaging and, to a lesser degree,
the extremities [2]. The first body images were presented
in 2007 [3], showing the potential of prostate imaging at 7
T. Driven by the ambition to increase spatial and temporal
resolution and to improve contrast, 7 T body MRI emerged
further, and the first abdominal images were published in
2009 [4]. Nowadays, 7 T MRI even is used in cardiac imag-
ing, one of the most challenging fields in MR imaging [5,
6].

The increase in signal-to-noise ratio (SNR) at higher
field strengths can be used to increase spatial resolution or
to decrease imaging time by using under sampling strate-
gies such as parallel imaging or compressed sensing. In
addition to the increased SNR, several other features need
to be considered when imaging at high fields. First, there is
the increased water-fat shift due to the higher proton Lar-
mor frequency, which can result in larger chemical shift
artefacts. However, the larger water-fat shift can poten-
tially be utilized to improve fat suppression. The second
issue that needs to be considered is the increased severity
of susceptibility effects at 7 T, resulting in a decrease in 7,*
relaxation times [7]. Just as with the increase in water-fat
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shift, this has both advantages and drawbacks. In imaging
techniques utilizing susceptibility differences, like blood
oxygen level-dependent (BOLD) MRI or dynamic suscep-
tibility contrast perfusion imaging, an increase in signal
can be achieved. However, increased susceptibility effects
may also give rise to larger geometric distortions and/or
signal loss. Third, relaxation times change at increasing
field strengths. In the kidney, this results in an increase
in T relaxation time and to a lesser degree a decrease in
T, relaxation times [8]. For standard paramagnetic con-
trast agents, the R, relaxivity remains similar or decreases
slightly [9—11] while R,* relaxivity increases dramatically
in inhomogeneous compartments such as blood [10]. To
date, standard recommended doses of contrast have been
administered at 7 T for providing the desired 7, enhance-
ment, however, optimal dosing has not yet been investi-
gated. Taking advantage of the increased 7, at 7 T along
with attempts to minimize R,* effects allow for improved
performance when using lower doses while simultaneously
addressing concerns related to long-term effects of contrast
agent administration. The increase in 7,* signal attenuation
is also of particular interest in dynamic contrast-enhanced
(DCE) MRI studies, where contrast agent concentrations
are calculated for the quantification of pharmacokinetic
parameters or flow. Without correction for 7,* weighting,
the increased 7,* weighting could introduce large errors
in quantitative results [10]. Fourth, the increase in Larmor
frequency at high field strengths implies a decrease in radi-
ofrequency (RF) wavelength, which is about 12 cm in tis-
sue at 7 T—shorter than the typical diameter of the human
torso. This results in RF interference patterns creating inho-
mogeneous excitation and possibly areas devoid of signals

Segmental
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Fig.1 a Anatomy of the kidney and b the nephron. In the glomeru-
lus, the blood is filtered. In the proximal convoluted tubule, most of
the filtrate—both water and ions—is reabsorbed. The loop of Henle
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where interference is destructive [4]. Fifth, the global spe-
cific absorption rate (SAR), a measure for energy absorbed
by the body per unit of time, increases with the square of
the electric component of the electromagnetic field [12].
Since SAR is limited to maintain temperature rises in the
body below 1 °C, this imposes restrictions on the sequences
that can be used [12]. At 7 T, the large RF inhomogeneity
results in potential increases in local SAR, and even more
importantly in local heating, which significantly impacts
the types of acquisition methods, RF pulses, and sequence
timings that can be used [13, 14].

Multiple groups have worked on these opportunities and
challenges, and 7 T MRI is increasingly used for abdomi-
nal MRI, including renal imaging. This review aims to
provide an overview of the work currently published on
renal 7 T MRI in humans from the perspective of relevant
renal anatomy, physiology, and current clinical practice. In
the second part, challenges in renal imaging at 7 T will be
addressed and a short overview of possible solutions will
be provided.

Anatomy and physiology of the kidney

The kidneys measure approximately 10—11 cm in the crani-
ocaudal direction and about 4 cm in the anteroposterior
direction, but renal size strongly depends on body size [15,
16]. They consist of an inner medullary part and a superfi-
cial renal cortex [15], with a thickness of about 1 cm [17]
(Fig. 1a). The renal medulla itself consists of the renal pyr-
amids, the apices of which point towards the renal hilum
[15]. The pyramids contain tubuli, which empty into the
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(consisting of the proximal straight tubule, the descending thin limb,
and ascending thin and thick limb) concentrates the preurine and in
the distal convoluted tubule more NaCl is reabsorbed [16]
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calyces surrounding the apices of the pyramids. The caly-
ces merge into the renal pelvis, from which the ureter origi-
nates. Through the hilum run the ureter and the renal artery
and vein. The functional unit of the kidney is the nephron,
which itself consists of a glomerulus, the proximal convo-
luted tubule, the loop of Henle and the distal convoluted
tubule (Fig. 1b). Ultimately, collecting ducts lead the urine
to the renal pelvis [18].

The renal artery enters the renal hilum between the renal
pelvis and the renal vein, the renal pelvis lying posteriorly
[19]. Thereafter, the artery divides in multiple branches:
usually one posterior and four anterior segmental arteries.
Branches of the segmental renal arteries run in between
the medullary pyramids to the cortex. There, they give rise
to the afferent arteries supplying the glomeruli [18]. The
efferent arteries leaving the glomeruli supply two vascu-
lar networks: cortical peritubular capillaries and the vasa
recta which descend into the medulla. The descending and
ascending vasa recta are closely bundled, which allows the
exchange of solutes—for example, oxygen.

Renal filtration occurs in the glomeruli [18]. The fil-
trate flows through the tubuli, where ions, e.g., sodium,
are reabsorbed and other substances are secreted into the
urine. Due to the renal concentrating mechanism, solutes—
mostly sodium and chloride ions—are trapped inside the
medulla, resulting in an increase in sodium concentration
towards the medulla. Changes in renal tissue sodium con-
centration potentially yield valuable information on renal
function [20].

Sodium reabsorption occurs in almost all parts of the
nephron, but mainly in the medulla [18, 21]. Here, in the
thick ascending limb of Henle’s loop, it is an active pro-
cess, which largely accounts for the high medullary oxy-
gen demand. However, oxygen delivery is limited in the
medulla, both due to limited perfusion (medullary perfu-
sion is about one-fifth of cortical perfusion) and due to the
abovementioned counter-current exchange of oxygen in
favour of the ascending vasa recta. This leaves the medulla
in hypoxic conditions, susceptible to hypoxic damage [21].
Medullary oxygenation can be increased by pharmaco-
logical inhibition of oxygen-demanding processes such
as sodium reabsorption. An example is furosemide, which
inhibits the reabsorption of sodium in the thick ascending
limb of the loop of Henle, an effect that can be measured
with BOLD MRI [22].

Clinical practice and potential of renal functional
MRI

Currently, diagnostic possibilities in nephrology are lim-
ited. Creatinine clearance is the most commonly used test
to assess renal function. However, at best this offers a rough

estimate of glomerular filtration rate (GFR) of both kidneys
combined. Comparison of plasma and urine osmolality pro-
vides some information on renal concentrating capability.
In addition, the presence of erythrocytes, protein, and glu-
cose in urine provide information on renal pathology. To
obtain detailed information on renal disease, a renal biopsy
is required. However, this invasive procedure occasionally
leads to major haemorrhagic complications ranging from
transient haematuria, occurring in 1-10 % of the cases, to
requirement of blood transfusion or surgery in 0.3-7.4 and
0.2-0.5 % of the cases, respectively [23]. Imaging is used
when renal artery stenosis or renal masses are suspected,
and is limited to anatomical imaging or angiography
[24, 25]. Functional renal MRI offers the opportunity of
expanding the diagnostic possibilities in renal disease, and
potentially may decrease the need for renal biopsy.
Currently, functional MRI of the kidneys is being inves-
tigated in a range of diseases, including renal tumours [26],
renal transplantation [27], renal artery stenosis [28, 29],
acute kidney injury [30], and chronic kidney disease [31,
32]. DCE MRI can potentially be utilized to measure sin-
gle kidney glomerular filtration rate, although application
is still limited due to challenges in post-processing of data,
lack of standardized protocols, and fear of development of
nephrogenic systemic fibrosis due to contrast agents [33].
In the assessment of radiologically indeterminate renal
masses, the European Association of Urology advises cli-
nicians to perform renal biopsy, although “advanced MRI
techniques such as diffusion-weighted and perfusion-
weighted imaging are being explored for renal mass assess-
ment” [25]. This exploration is in an advanced phase: a
recent review states that a multiparametric MRI protocol
combining anatomical sequences with chemical shift, dif-
fusion-weighted and DCE imaging “is becoming the refer-
ence standard for renal mass imaging in clinical practice”
[26]. In other renal diseases, functional MRI is still under
investigation. In renal artery stenosis, renal BOLD and
DCE MRI potentially can be used to identify patients that
are likely to benefit from revascularization [28, 29]. Also,
the measurement of physiological parameters in chronic
kidney disease can be of interest. In this condition, kidney
ischemia is thought to initiate a cascade of physiologi-
cal changes, including activation of the sympathetic nerv-
ous system and the renin-angiotensin-aldosterone system,
ultimately resulting in an increase in blood pressure and a
decrease in GFR [34]. This mechanism is also thought to
play an important part in the development of hypertension.
However, in a large study no correlation between renal
T,* and GFR was found [31]. This might be explained
by the delicate balance of oxygen consumption and deliv-
ery described earlier and the fact that 7,* is related to
blood oxygenation, contrary to tissue oxygenation [35].
Therefore, T,* measurements should be combined with
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Fig. 2 Coronal T\w 2D FLASH
images: a arrow adrenal gland
b arrow renal vasculature with
high signal intensity (Umutlu

et al. unpublished results)

Fig. 3 Coronal T\w gradient echo images a without B, shimming, b with local B," shimming and ¢ a high-resolution version of b (FOV
240 mm, slice thickness 2.2 mm, remaining parameters the same) (Metzger et al., reprinted with permission from [14])

measurements of renal blood flow in the assessment of
renal oxygenation [35]. Also, measurements of renal
sodium concentration could provide valuable information
in chronic kidney disease, since both the renin-angiotensin-
aldosterone system and the sympathetic nervous system
influence renal sodium handling [34]. As will be shown
below, benefits of 7 T are most distinct for functional imag-
ing techniques such as BOLD MRI, arterial spin labelling
(ASL), and sodium imaging.

Currently published work on renal 7 T MRI
Anatomical imaging

The first to investigate feasibility of renal MRI at 7 T were
Umutlu et al. [36]. Of the T}-weighted sequences used, 2D
spoiled gradient echo (2D FLASH, Fig. 2) and 2D in- and
opposed phase gradient echo performed best in depicting
the renal structures. Other T|-weighted images showing
better contrast between cortex and medulla were acquired
by Metzger et al. [14] (Fig. 3). Hoogduin et al. [37] have
aimed to extend the work of Umutlu [36] and Metzger et al.
[14] by using a multi-echo turbo field echo sequence with
Dixon reconstruction for fat suppression (Fig. 4). Initial
results indicate that good fat suppression can be obtained,
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although contrast between the medulla and cortex is some-
what less than in the images acquired by Metzger et al. As
clearly seen in Figs. 2, 3 and 4, arteries were hyperintense
on T,-weighted sequences. This can be explained by inflow
effects due to the absence of blood saturation entering from
regions outside the excitation area [38].

Umutlu et al. [36] performed T,-weighted imaging,
but the images were heavily impaired by artefacts due to
B, field inhomogeneity and SAR limitations (Fig. 5). T>-
weighted imaging also was performed by Hoogduin et al.
[37] using a turbo spin-echo (TSE) sequence, yielding
good quality images with minor artefacts (Fig. 6). To keep
the SAR within limits, a long TR (16,000 ms) and SENSE
factor of five had to be used. In Tables 1 and 2, the param-
eters of the 7, and T,-weighted sequences are provided,
respectively.

The effect of contrast administration both on renal vas-
culature and corticomedullary differentiation was inves-
tigated by Umutlu et al. [39]. They acquired 3D FLASH
images before and 20, 70, and 120 s after contrast admin-
istration. Contrast administered in a dose of 0.1 mmol/kg
resulted in a slight improvement in contrast between the
cortex and medulla and a better depiction of the renal arter-
ies on 3D FLASH images with respect to 2D FLASH, but
only in the image acquired during the arterial phase (20 s
post-contrast).
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Fig. 5 Axial T,w TSE images
acquired in two subjects: a
strongly impaired and b with
medium image quality (Umutlu
et al. unpublished results)

Fig. 6 a Coronal T,w TSE
images; b zoom of a (Hoogduin
et al. [37])

Table 1 Imaging parameters
for the T}-weighted anatomical
sequences

Sequence 2D FLASH 3D FLASH T,w GE T,w ME TFE
[36, 39] [36, 39] [14] [37]
Slice orientation Coronal Coronal Coronal and axial ~ Coronal
TR/TE (ms) 130/3.57 2.9/1.02 150/3.7 5.0/2.1;2.7;,3.3
Nominal flip angle (°) 70 10 60 10
FOV (mm) 400 400 450 370
Voxel volume (mm) 0.8 x 0.8 x 2.0 1.3 x13x1.6 1.9x12x5 1.49 x 1.49 x 3.00
Slices 13 128 14 12
Acquisition time (s) 31? 2740 182 44¢
Parallel imaging GRAPPA 2 GRAPPA 2 GRAPPA 2 SENSE 2

ME multi-echo, TFE turbo field echo
# Equals breath hold length

b Using 66 % over contiguous slices and 6/8 partial Fourier in phase and slice direction

¢ One slice per breath hold (3.6 s)
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Table 2 Imaging parameters for the T7,-weighted anatomical

sequences

Sequence T,w TSE [36, 39] T,w TSE [37]
Slice orientation Axial Coronal

TR/TE (ms) 3060/99 16,000/187
Nominal flip angle (°) 120 125

FOV (mm) 350 x 240 375 x 518
Voxel volume (mm) 14 x14x55 1.4 x 1.6 x5.0
Slices 16 5

Acquisition time (s) 342 80°

Parallel imaging GRAPPA 2 SENSE 5

# Equals breath hold time
b Respiratory triggering

T, and T, measurements

Since proton relaxation times depend on field strength,
measurements of kidney 7, and 7, are desirable to optimize
scan protocols. Thus far, only one group performed meas-
urements of relaxation times [8]. Measurements were per-
formed in eleven healthy volunteers and five subjects were
scanned twice to evaluate reproducibility. Values were com-
pared to measurements on 3 T using the same sequences
with similar parameters. To assure a uniform inversion, B,
shimming was applied only for one kidney, resulting in a
coefficient of variation of B;* inhomogeneity of 8 %. For

Fig.7 a, b ss-FSE images for 7, measurement with inversion time
100 and 150 ms, respectively; ¢, d 7| maps with and without ROIs for
T, estimation; e, f ss-FSE images for 7, measurement with effective
echo time 20 and 40 ms; g, h T} maps with and without ROIs for T

@ Springer

Table 3 T, and T, valueson 3 and 7 T [8]

Cortex Medulla

T, T, T, T,
3T 1261 + 86 121 £ 5 1676 £ 94 138 +£7
7T 1668 + 46 109 +£ 6 2095 + 52 125+5

T, measurements, a single-shot fast spin-echo (ss-FSE) was
used with adiabatic inversion pulses at six different inversion
times. For T, measurement, a Carr-Purcell-Meiboom-Gill
(CPMGQG) refocusing pulse train was inserted as a preparation
module in between excitation and readout to minimize signal
loss due to diffusion. Within this preparation module on each
side of the refocusing pulses, spoiling gradients were applied
to prevent the formation of stimulated echoes. Measurements
consisting of a single transversal slide could be performed
in a single breath hold. 7} and T, maps are shown in Fig. 7
and mean relaxation times are given in Table 3. T, values
measured for comparison at 3 T were significantly higher
than values known in the literature, possibly due to the pulse
sequence, which was designed to reduce signal loss due to
diffusion by insertion of a CPMG refocusing pulse train.

Angiography

In two separate publications, Umutlu et al. described the
possibility of 7 T renal MR angiography (MRA) using

2600

T, (ms)

o

estimation (all ss-FSE images were acquired at six different inversion
times or effective echo times to minimize short-term SAR) (Li et al.,
reprinted with permission from [8])
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Fig. 8 a TOF MRA and b maximum intensity projection of TOF
MRA (Umutlu et al. unpublished results)

both native 2D gradient echo time-of-flight (TOF) MRA
as well as using contrast-enhanced techniques [40, 41]. In
both studies, image quality of angiographic sequences was
assessed on a 5-point scale, with 1 denoting non-diagnostic
and 5 denoting excellent delineation. To image renal vas-
culature, gradient echo TOF MRA was compared to T-
weighted 2D and 3D FLASH, where the vasculature was
hyperintense as observed earlier [40]. While 2D FLASH
suffered from artefacts (mainly inflow effects and motion)
and low SNR and CNR, both 3D FLASH and TOF MRA
performed well. In 3D FLASH, moderate background sup-
pression led to a low contrast-to-noise ratio (CNR) with
respect to the psoas major muscle, despite good SNR. The
authors concluded that TOF MRA was capable of supe-
rior delineation of the aorta and left and right renal arteries
compared to both 2D and 3D FLASH and superior CNR
(Fig. 8), although some venous overlay was present due to
insufficient background suppression. For TOF MRA, mean
SNR was 54 and mean quality score was 4.7 out of 5.
Umutlu et al. also compared contrast-enhanced (CE)
MRA to unenhanced 3D FLASH MRI [41]. Contrast
enhancement mainly improved delineation of the right
renal artery (Fig. 9), while improvement was less pro-
nounced in the left renal artery and the aorta. CNR
improved about two-fold for all arteries, ranging from 45 to
60, with SNR ranging from 90 to 105. Mean quality score
of CE 3D FLASH was 4.8. However, measurements were
only performed in healthy volunteers, so no information is
available on the grading of renal artery stenosis on 7 T.
Metzger et al. also explored the possibility of renal
artery imaging at 7 T using non-CE MRA with a 3D turbo
FLASH sequence [14]. To minimize background signals,
a frequency selective saturation pulse was used to reduce
lipid signals and a slab-selective adiabatic inversion was
used to null the renal parenchyma. Different B, shimming

Fig. 9 a Unenhanced and b CE 3D FLASH. Wide arrow right renal
vein, slim arrow right renal artery, dashed arrow left renal artery
(Umutlu et al. unpublished results)

solutions were used for the adiabatic inversion and the other
RF pulses in the sequence (i.e., the fat saturation and excita-
tion). The inversion pulse required a much higher B, ™, and
thus benefitted from an efficiency solution optimized over
the kidneys while the excitation and lipid suppression ben-
efitted from more homogeneous B, ™ over a larger region of
interest. Dynamically applying these shim solutions within
a sequence addressed the fact there is an implicit trade-off
between RF homogeneity and efficiency, preventing both
conditions from being accomplished simultaneously. In
Fig. 10, maximum intensity projections (MIPs) are shown
in multiple subjects in which this acquisition strategy was
employed. Note the excellent depiction of small vessels,
which are not obscured by the renal parenchyma as is often
the case when using intravenously injected contrast agents.
Imaging parameters for all sequences are given in Table 4.

Functional imaging
BOLD MRI

BOLD MRI relies on the difference between deoxygenated
and oxygenated haemoglobin, the first being paramagnetic
while the second is diamagnetic. Three groups performed
renal BOLD MRI at 7 T. Brinkmann et al. [42] performed
BOLD imaging using a multi-echo 2D FLASH sequence
during water loading both on 3 and 7 T. The decrease in
medullary R,* value during water loading (23 % at 3T) was
more pronounced on 7 T, where a decrease of 33 % was
measured. In addition, the R,* values were higher at 7 T:
90 versus 29 Hz on 3T in the medulla and 69 versus 25 Hz
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Fig. 10 Axial (left) and
cropped coronal (right) MIPs
from multiple volunteers with
different shimming strategies: a
phase-only homogeneity shim
both for saturation and conven-
tional pulses; b efficiency shim
for saturation pulse; ¢, d trade-
off solution for saturation pulse,
magnitude, and phase homo-
geneous shim for conventional
pulses (Metzger et al., reprinted
with permission from [14])

Table 4 Imaging parameters Sequence CE3DFLASH [41] 2D GETOF [40] 3D Turbo FLASH [14]
for MR angiography sequences
Slice orientation Coronal Transverse Coronal and axial
TR/TE (ms) 2.98/0.97 17/4.70 3.8/1.76
Nominal flip angle (°) 25 60 8
FOV (mm) 400 250 x 188 300-380
Voxel volume (mm) 1.5 x 1.0 x 1.0 1.0 x 2.0 x 2.5 1.1-1.2 x 1.1-1.2 x 1.0-1.3
Slices NR 20 72
Acquisition time 20 s* 33¢* 9 min®
Parallel imaging GRAPPA 2 GRAPPA 2 GRAPPA 2
Saturation Fat saturation Fat saturation Fat saturation and adiabatic inversion

GE gradient echo, NR not reported
# Equals breath-hold length
b Respiratory triggering

@ Springer



Magn Reson Mater Phy (2016) 29:417—433

425

Fig. 11 T,*-weighted images: a coronal images (echo times 4.9, 9.9
and 14.8 ms); b transversal image (echo times 4.9, 9.9 and 14.8 ms);
¢, d corresponding R,* maps; e histogram of the R,* values. In the
compartmental method, the sum of a Gaussian function (red) repre-

for renal cortex. Hoogduin et al. found similar results [37]
using a multi-echo gradient echo sequence (Fig. 11). To
derive R,* values for cortex and medulla, they used a com-
partmental analysis as proposed by Ebrahimi et al. [43].
Here, a Gaussian function representing the cortex and a
gamma function for the medulla are fitted to the histogram
of the data (Fig. 11e). In comparison with data measured
earlier at 3T in the same centre [44], at 7 T a distinct peak
for the medulla was visible on the histogram (Fig. 11e).
Mean R,* values of 66 and 41 Hz for the medulla and
cortex were measured, respectively. While the R,* ratio
between the medulla and cortex in the study by Hoogduin
et al. was nearly constant, 1.54 on 3T versus 1.60 on 7 T,

R2* cortex 38.6 Hz
R2* medula 62.4 Hz

—

senting the cortex and a gamma function (purple) for the medullary
values is fitted to the histogram. Arrow distinct peak of medullary
voxels, not visible on 3T data (Hoogduin et al. [37])

Brinkmann et al. measured slightly different ratios: 1.16 on
3T versus 1.30 on 7 T. Li et al. also performed 7,* map-
ping, but they did not publish quantitative results [8]. Scan
parameters are provided in Table 5.

Arterial spin labelling

Non-contrast-enhanced renal perfusion imaging using
ASL is an attractive approach for studying renal physiol-
ogy and assessing renal diseases, and is well-suited for the
longitudinal monitoring of renal function. In ASL MRI,
the arterial blood is used as an endogenous tracer [45] by
labelling it either with an adiabatic inversion RF pulse as
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Table 5 Imaging parameters for BOLD MRI sequences

Sequence ME 2D FLASH [42] ME GE [37]

Slice orientation Coronal Coronal

TR (ms) 96 102

Number of echoes 10 20

TE (ms) 2;6.6; ...;29.1 4.93;9.86; ...;98.6
FOV (mm) 256 375 x 381

Voxel volume (mm) 1.0x1.0x6 1.5x15x%x5
Slices 3 3

Acquisition time (s) 24 47%

Parallel imaging NR SENSE 2

NR not reported, ME multi-echo
# One slice per breath hold (16 s)

in flow-sensitive alternating inversion recovery (FAIR) or a
pseudo-continuous RF pulse train as in pseudo-continuous
spin labelling (PCASL). Unfortunately, the intrinsically
low SNR of ASL requires a large number of signal aver-
ages and correspondingly long imaging acquisition times,
thus imposing critical limitations on its clinical applica-
tion. After the inversion used in both FAIR and PCASL, the
labelled spins that perfuse the area of interest disappear at
a rate R; = 1/T), thus the longer T at 7 T increases the
much needed SNR in ASL studies. It has been shown that
7 T can specifically benefit renal ASL perfusion imaging
due to increased SNR, prolonged blood [46] and renal tis-
sue [8] longitudinal relaxation times, and improved parallel
imaging performance [47]. Theoretical simulations of renal
perfusion SNR efficiency at 7 T and 3 T by using EPI as
an imaging readout suggest that, compared to 3 T, 7 T can
benefit renal ASL perfusion imaging by providing higher
SNR efficiency even if longer repetition times are needed
due to possible SAR constraints (Fig. 12a) [48]. Initial 7 T
studies suggest that there are no SAR issues for renal per-
fusion imaging using FAIR EPI with respiratory triggering
acquisition [49, 50]. The renal perfusion images from such
a study are presented in Fig. 12b [48].

To avoid image distortions due to the sensitivity of an
EPI readout to susceptibility effects and to take advan-
tage of the dramatically increased perfusion SNR at 7 T,
the feasibility of single breath-hold renal ASL perfusion
imaging was demonstrated by using a single shot-fast
spin-echo (ss-FSE) as the imaging readout [50] in com-
bination with either pulsed ASL (PASL) using FAIR or
PCASL. Although it is expected that PCASL can pro-
vide a higher perfusion SNR efficiency than FAIR, the
limited coverage of the transceive body arrays used in
these studies greatly limits the ability to label the blood
in the descending aorta above the imaging field of view.
This reduces the possible gains that PCASL theoreti-
cally can provide. In addition, compared to FAIR, PCASL
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Fig. 12 a Theoretical simulations of renal perfusion SNR efficiencies
at 3 T and 7 T for renal perfusion imaging using FAIR EPI. TR rep-
resents repetition time. b One subject’s proton (leff) and normalized
perfusion-weighted (right) images from perfusion study using FAIR-
EPIat 7 T with 2 x 2 x 5 mm? resolution. AM represents perfusion-
weighted signal evaluated as the signal difference between label and
control images, and M, the fully relaxed renal tissue signal (Li et al.
[48])

is a much more power-intensive method, which poses
additional problems at 7 T [45]. To limit SAR, the TR
had to be lengthened with this approach, resulting in an
increased imaging time that made it challenging to com-
plete the sequence within a single breath hold [50]. Also,
the use of ss-FSE as readout yielded an increase in SAR
compared to EPI, which necessitated the use of high par-
allel imaging factors and hyper-echoes for reducing the
amount of time-averaged power delivered. In Fig. 13,
images acquired using FAIR and an ss-FSE readout are
shown.

Sodium imaging

Haneder et al. [S1] published the only work on renal
sodium imaging at 7 T. Due to a low sodium concentra-
tion, very short transverse relaxation times and intrinsically
low MR sensitivity of the BNa nucleus, in-vivo sodium
imaging is challenging. Theoretically, the 2*Na SNR at 7 T
would be 2.33 times the SNR at 3T [51]. In addition, due to
the lower Larmor frequency of the *’Na nucleus resulting
in a wavelength of about 45 cm, sodium imaging at 7 T is
hardly complicated by B, inhomogeneity effects.
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Fig. 13 PASL images acquired with ss-FSE readout: a proton density; b control image; ¢ labelling d perfusion-weighted imaging normalized to

proton density (Li et al. [50])

Fig. 14 Coronal images: a *Na image on 7 T with scale representing
2Na SNR in arbitrary units and b corresponding T,-weighted pro-
ton image in the same subject on 3 T with scale representing signal

intensity in arbitrary units, ¢ 7,-weighted image with overlaid colour-
encoded *Na image (Haneder et al., reprinted with permission from

(51D

Table 6 Imaging parameters

. . . Sequence 3D spoiled GRE Multi-echo 3D vTE GRE
for the sodium imaging
sequences [51] Slice orientation Coronal Coronal
TR (ms) 49 (38-61) 75
TE (ms) 4.19 2.64;4.93; 13.76; 19.18; 24.59;
30.01; 40.00; 45.42; 55.00;
60.42
Nominal flip angle (°) NR NR
FOV (mm) 256 256
Voxel volume (mm) 4x4x5 4x4x15
Slices 24 12
Acquisition time (min) 42 (37-44) 47

NR not reported

The transverse relaxation of the ?*Na nucleus can
be described by a biexponential function, consisting
of a fast and a slow component [20, 51]. The aim of
the study was to perform the first measure of the slow
»Na T,* component in humans. In addition, mor-
phological >*Na images were made (Fig. 14). Imag-
ing parameters for the morphological 3D spoiled GE
sequence and the multi-echo 3D variable echo time
(VTE) GE sequence for 7,* mapping are given in
Table 6. The authors concluded that sodium imaging
benefits from the increased field strength. The spa-
tial resolution of morphological >*Na images could be

increased to 4 x 4 mm?, compared to 5 x 5 mm? on

3 T [52], with improved image quality compared to
lower field strengths. As in earlier studies, a cortico-
medullary gradient could be observed with increas-
ing sodium concentration in the medulla. The value
was comparable: 4.1 £ 0.35 mmol/l/mm compared to
3.38 £ 0.35 mmol/l/mm, as the same group measured
earlier [52]. The measured slow component of 7,* val-
ues of 17.9 and 20.6 ms for the cortex and medulla
were in agreement with values published in animal
studies on different field strengths (ranging from 11 to
36 mson2.1to17.6T) [51].
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Fig. 15 Different array coils and setups for renal 7 T imaging: a
dorsal array of 8-channel array with microstrip meander elements
used by Umutlu et al. (reprinted with permission from [36]). These
elements consist of a central conductor over a ground plane, which
are connected to each other by capacitors at both ends of the element
while the element is fed in the centre. At each end of the element,
extra inductance is added by a meander in the central conductor that
effectively lowers SAR and reduces inter-element coupling; b setup
of a; ¢ two coil elements and d setup used by Hoogduin et al. [53].
The array consists of eight ‘fractionated dipole antennas’. Here, the

Challenges and opportunities of renal MRI at 7 T
RF Inhomogeneity

One of the main difficulties in abdominal imaging at 7 T
results from the short RF wavelength, which negatively
impacts transmit B; homogeneity and efficiency while
increasing local SAR concerns. Transmit B, homogene-
ity and efficiency are interrelated, as increasing one often
decreases the other when using standard static RF shim-
ming techniques as discussed by Metzger et al. [14].
Inhomogeneous B, can result in spatially dependent SNR
and contrast [4]. Loss in transmit efficiency can limit the
achievable B, ™ needed for certain RF pulses such as those
needed for refocusing and inversion. Finally, local SAR
issues can greatly limit sequence and RF pulse design and
timing in both cases. Even in low-flip-angle acquisitions,
SAR limits become an issue as homogeneous solutions are
often desired which, because of their decreased efficiency,
require increased input power.

Although other solutions exist, most work on renal
imaging at 7 T was performed using phase-only static RF
shimming [14, 36, 42]. RF shimming consists of the use
of a multiple-channel transmit coil, usually 8 channels
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legs of each dipole are divided into segments and the segments are
interconnected by meanders (inductors). This element structure also
reduces SAR levels and coupling in comparison to plain dipoles; e
anterior array of 16-channel microstrip array used by Metzger et al.
[47] (reprinted with permission from [55]). Here, a conductor is
placed over a ground plate with capacitors connecting the two at both
ends of the element (f). Capacitive coupling is used between the con-
ductors and ground planes of adjacent elements to permit closer ele-
ment spacing and higher element density. This element is driven from
one side, over one of the connecting capacitors

or more, where each can be driven with unique ampli-
tudes, phases, and/or pulse waveforms. These channels
are connected to a transmit/receive or transceive array,
positioned close to the subject, similar to traditional
receive arrays, but where each element transmits RF sig-
nals as well. This multi-channel RF system provides the
flexibility needed to address the B1 transmit inhomoge-
neity and efficiency issues when imaging the kidneys at
7T.

Results presented in this paper have been acquired with
three distinctly different coil arrays. Umutlu et al. used
an 8 x 1 kW amplifier setup to drive an 8-channel array
of microstrip elements (Fig. 15a, b) [36]. Hoogduin et al.
used an 8 x 2 kW amplifier setup to drive an array of eight
‘fractionated dipole antennas’ (Fig. 15c, d) [53]. An exten-
sion of this array was recently presented where the dipole
array is combined with a 16-element receive array, provid-
ing extra SNR [54]. Metzger et al. and Li et al. made use
of 16 x 1 kW amplifiers to drive a 16-channel microstrip
array (Fig. 15e, f) [55]. Technical details of these arrays are
provided in Fig. 15. Sodium imaging results by Haneder
et al. were acquired using a commercial 6-element spine
array (Quality Electrodynamics, Mayfield Village, OH,
USA) [51].
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Fig. 16 Survey pre (upper row) and post (lower row) RF shimming. Only phase shimming was performed. Arrows region of destructive interfer-
ence in the left kidney in two of three images acquired before RF shimming, disappearing after shimming (Hoogduin et al. [37])

Using these multiple-channel coils, on each channel sep-
arately the phase of the RF signal can be adjusted to achieve
B,* homogeneity in a user-defined region of interest (ROI).
In Fig. 16, an example of phase-only shimming is shown.
To calculate the desired phase for each RF-channel, the
magnitude and phase estimates of each transmit channels’
B, distribution are acquired. A relatively straightforward
approach is to calculate the average B, "-phase over a user-
defined ROI for each channel. Subsequently, this phase is
subtracted from the transmit channel to obtain the same
phase within the ROI for each channel [13]. Consequently,
destructive interference of the fields within the ROI is mini-
mized, maximizing the B, magnitude.

As demonstrated in the work by Metzger et al. [14],
multiple B;* shim solutions can also be used, each opti-
mized for the specific requirement of RF pulses in the pulse
sequence: homogeneity, efficiency or a trade-off between
the two. These methods included a combination of both
magnitude and phase shimming. This strategy was used
in non-CE MRA of the renal arteries at 7 T [14]. Here, an
adiabatic inversion RF pulse was applied during the MRA
sequence to suppress background signal. This pulse is rela-
tively insensitive to B, inhomogeneity but requires a B,
magnitude above a certain threshold. In contrast, a conven-
tional excitation pulse requires a homogeneous B, field
to assure a constant flip angle throughout the ROI. This
is important since areas with a small B," field can mimic
occluded vessels in MR angiograms. To avoid these arte-
facts, RF shimming can be performed twice, once to opti-
mize B," efficiency and once to optimize homogeneity
or a trade-off between the two. Complex B;™ maps were
acquired for each channel using a quick algorithm proposed
by Van de Moortele [56]. Optimization was performed
by phase or magnitude and phase. Although varying both
parameters potentially yields the best results in terms of
B," homogeneity and magnitude, sometimes most of the

RF power is distributed over a few channels. This yields the
risk of exceeding the local specific absorption (SAR) lim-
its. Therefore, phase-only optimization was preferentially
used. However, when only small flip-angles are desired, the
risk of exceeding SAR limits is smaller and magnitude can
be included in the calculations.

Alternatives for RF shimming are, for example, trans-
mit SENSE [57] and time interleaved acquisition of modes
(TIAMO) [58]. In transmit SENSE, using the transmit
profile of each coil and a user-defined gradient trajectory,
a unique RF-waveform is calculated for each transmit
channel. Consequently, transmit SENSE requires hard-
ware that is capable of producing an arbitrary RF wave-
form for individual channels. In TIAMO, two acquisitions
are performed with different excitation modes of the RF
pulse—for example, a 45° phase increment along RF coils
followed by a 90° increment. Using parallel imaging tech-
niques, the two acquisitions can be acquired in the same
time as needed for a single image [58]. Using GRAPPA,
the final image is reconstructed from the two acquisitions.

SAR limitations

MR imaging at 7 T is associated with higher SAR levels.
More power is needed since the penetration depth becomes
smaller. This is because the electric fields that are induced
are larger, which also results in higher SAR levels. How-
ever, at 7 T, local transmit coil arrays are being used. These
arrays are positioned much closer to the patient and are
therefore much more efficient. The local transmit array of
dipole antennas only needs 8 x 2 kW to reach the same
B, levels for which a 3T body coil requires 2 x 16 kW. So
although 7 T B, fields are associated with higher SAR lev-
els, this does not apply for global SAR since much more
efficient local transmit arrays are being used at 7 T. Never-
theless, to ensure that global SAR does not exceed limits,
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Fig. 17 Local SAR distributions (10 g averaged) for two phase-
amplitude settings that are both designed for constructive interference
of B1 in the kidneys. Distributions are in the transverse plane cross-
ing the maximum value in the distribution. Values are for 8 x 800 W,
with 1 % duty cycle (Raaijmakers, unpublished results)

multiple groups implemented real-time power monitoring
[14, 36].

However, the use of local transmit arrays can lead to
large variations in energy deposition [14]. Therefore, local
SAR also has to be taken into account. The IEC guide-
lines [59] prescribe a limit for the maximum allowed 10 g
averaged local SAR value anywhere in the exposed region
(peak local SAR). The exact limit depends on the body part
and the surveillance mode but ranges from 10 to 40 W/kg.
Unlike global SAR, local SAR cannot be measured; it has
to be calculated from numerically simulated field distribu-
tions and the applied phase and amplitude settings of the
transmit array. An example of such simulated local SAR
distributions is provided in Fig. 17 for two different shim
settings, both optimized for kidney imaging. The peak local
SAR in these simulated distributions dictates the minimum
repetition time, taking into account an uncertainty margin
because of inter-subject variability [60]. Thus, the peak
local SAR limits are what constrain 7 T kidney imaging.

An important method with which to reduce SAR is
parallel imaging. Since fewer phase encoding steps are
required, less RF-pulses are needed and acquisition time
is decreased. However, it does reduce SNR—so in prin-
ciple it enables us to acquire the same SNR at the same
SAR in less time on high fields as compared to low fields
[61]. Other options to reduce SAR include reducing echo
train length or increasing repetition time, but this directly
influences acquisition time [12]. Simply decreasing the
flip angle has a significant influence on SAR, since SAR
changes quadratically with flip angle for a given RF pulse
[12]. However, a decreased flip angle also influences image
contrast. Alternatively, the power required by the RF pulse
can be minimized, for example, using ‘variable-rate selec-
tive excitation’ (VERSE) [62] or, when adiabatic pulses are
desired, using ‘gradient-modulated offset-independent adi-
abaticity’ (GOIA) [63].

TSE sequences have high energy deposition due to the
refocusing 180° pulse trains used. It is possible to reduce
the flip angles in this pulse train using ‘transition between
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pseudo steady states’ (TRAPS) [64] or using hyperechoes
[65]. Both techniques employ the fact that image contrast is
stored in the centre of k-space. While the centre of k-space
should be sampled with a sufficiently large flip angle,
smaller flip angles can be used for the periphery.

Conclusion and discussion

Although the feasibility of numerous sequences on 7 T in
the kidney has been demonstrated, there are still a number
of difficulties that need to be overcome. SAR limitations
seem to impose most restrictions on sequence optimization.
Techniques as parallel imaging and the use of hyperechoes
have partially overcome these problems, but come at the
cost of SNR. RF inhomogeneity can be successfully dealt
with using RF shimming, and more advanced techniques
are being developed, potentially leading to superior B,
homogeneity [57, 58].

Anatomical imaging seems to suffer most from SAR
constraints and to a lesser degree from RF inhomogene-
ity. In T},-weighted sequences, resolutions of about 1 mm
are reached within about half a minute acquisition time. In
conventional clinical imaging at 3 T, results are compara-
ble in terms of spatial resolution and scan duration [66].
T,-weighted imaging, however, is strongly impaired by
SAR constraints, resulting in artefacts or increased imag-
ing times, although spatial resolution could be slightly
improved.

Excellent image quality of the renal vascular system at
7 T using non-CE sequences suggest a bright future for
this technique. Although the feasibility was shown by two
groups [14, 40], no direct comparison between non-CE and
CE MRA is available. Comparison of the CNRs measured
for TOF MRA and CE MRA yields a two-fold increase
in CNR for CE MRA (28 versus a range of 45 to 60), but
quality scores barely differed (4.7 versus 4.8) [40, 41]. In
addition, no information on dosage and timing of contrast
agent administration is yet available and no pathology was
studied.

Benefits of functional renal MRI at 7 T potentially are
large and address the important clinical need for techniques
that can better assess local and split renal function. Theo-
retically, both techniques currently applied in the kidneys
profit from the high field strength. BOLD MRI benefits
from increased sensitivity to susceptibility effects, while
ASL utilizes the increase in T, relaxation times. Promising
results are obtained in sodium imaging. Since the RF wave-
length related to the sodium nucleus is about 45 cm in tis-
sue, transmit inhomogeneity is not an issue. Thanks to the
increased SNR at 7 T compared to 3 T, resolution could be
increased by 36 % [51].
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In conclusion, although numerous challenges still have

to be overcome, the future of renal 7 T MRI is promising,
especially for functional imaging techniques.
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