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Abstract

Parallel transmission (pTx) technology, despite gteat potential to mitigate the transmit field
inhomogeneity problem in magnetic resonance imaginhgltra-high field (UHF), suffers from a
cumbersome calibration procedure, thereby makimgapproach problematic for routine use. The
purpose of this work is to demonstrate on two dififé 7T systems respectively equipped with 8-
transmit-channel Rapid-Biomedical and Nova coil&e benefit of so-called universal pulses (UP),
optimized to produce uniform excitations in theibia a population of adults and making unnecessary
the calibration procedures mentioned above. Nogetigk and slice-selective UPs were designed to
return homogeneous excitation profiles throughbeatirain simultaneously on a group of ten subjects,
which then were subsequently tested on ten additisolunteers in magnetization prepared rapid
gradient echo (MPRAGE) and multi-slice gradient @D GRE) protocols. The results were
additionally compared experimentally with the stmddnon-pTx circularly-polarized (CP) mode, and
in simulation with subject-specific tailored extitas.

For both pulse types and both coils, the UP modermed a better signal and contrast
homogeneity than the CP mode. Retrospective asabfsihe flip angle (FA) suggests that the FA
deviation from the nominal FA on average over dthgadult population does not exceed 10.6% with
the calibration-free parallel-transmit pulses wiherg goes beyond 25% with the CP mode. As a result
the universal pulses designed in this work conftirair relevance in 3D and 2D protocols with
commercially available equipment. Plug-and-play phplementations henceforth become accessible
to exploit with more flexibility the potential of dF for brain imaging.

1. Introduction

Magnetic Resonance Imaging (MRI) of the brain Imygroved considerably in the last decade with the
advent of ultra-high field (UHF) scanners,¢B7T). To explore the brain non-invasively, the agkigh
field allows increasing the signal-to-noise ratiNR), reducing the acquisition times, yielding geea
image resolution, but also improving the sensifitit several effects of great importance in thestu
of brain organization and function. The use of Highd strengths comes nevertheless with a dramatic
increase in the radiofrequency (RF) field inhomagen which can severely degrade imaging
performance. Within this context, parallel transsiia (pTx) [1] has revealed a great potential in
mitigating the transmit field inhomogeneity problénthe human head at field strengths equal oefarg
than 7T [2-8]. The pTx approach is the transmit@mato parallel reception, pRx, where the MR signa
is acquired with multiple receivers (phased arr@grallel reception is howadays a standard tool in
clinical MR, e.g. for parallel imaging acceleratidVhile pRx increases image SNR and encodes Epatia
information via the reception profile, pTx providedditional degrees of freedom to shape the total
excitation profile and to reduce the Specific Alpgion Rate (SAR), a critical limiting measure at &lH
Today, however, despite its power the pTx technolwgs remained marginally exploited. In addition
to a significant financial investment in hardwapeehable pTx (monitoring equipment, dedicated RF
coils, etc.) and the problems engendered in padefety management [9—-11], it can be attributediynos
to the cumbersome calibration procedures (measumeaighe transmit field sensitivities and pulse
design) and to the expertise necessary to drivpdhalel transmit coil adequately. Yet recentlyeav
concept of performing MRI using pTx was proposedwhich the user was spared the conventional
calibration procedure [12]. In this approach, iast@f computing RF pulses tailored to the subject’s
actual transmit field sensitivities and staticdielffset map, RF pulses are designed offline, based



measured fields obtained from a group of subjegisasentative of a population, and blindly apptiad
new subjects of the considered population, withaoy calibration. This method, implemented
experimentally with non-selectiva-point RF pulses [8], allowed designing so-calledvarsal pulses
(UP) whose excitation performance in terms of flipgle homogenization greatly exceeded the
performance of the standard circularly polarize®)@ansmission mode commonly used in single
channel transmission systems. Interestingly alke, reported performance exceeded as well the
performance of the subject-specific RF shim modioagh the latter technique does require the
measurement of the transmit field sensitivitiese Penalty in performance compared to the subject-
specific tailored pulse design in fact was foundoeomild. Although the reported results appeared
promising, they were limited to non-selective extidns and involved a specific, home-made, pTx RF
coil prototype, which obviously prevents from disseating the pulses. Given the apparent necessity
to provide broadband solutions to be robust agaliresinter-subject variability of the static fiedffset
[12], it remained also to be determined whetherdiwecept could be transposed to spatially selective
pulses of much longer duratiorite aim of the present study thus is to extengtbef of concept of

UP at 7T with two commercially available pTx heaids; namely the 8TX-8RX Rapid-Biomed (RAPID
Biomedical GmbH, Rimpar, Germany) and 8TX-32RX NdMmva medical Inc., Wilmington, MA,
USA) coils, and to investigate non-selective aslaslslice-selective parallel transmit pulses using
larger groups of subjects than initially reportd@ ¢ersus 12 subjects). Following the approacheh R
[12], non-selective UPs will be determined from khagooint framework while slice-selective UPs will
be based on multi-spoke RF pulses [4,13].

2. Methods

The study was conducted at two different siteg (siind site 2) and on two different groups of eciisj
Measurements at site 1 and 2 were both made withnbtam 7T scanners (Siemens Healthcare,
Erlangen, Germany) equipped with eight-channelstranarrays (1 kW peak power per channel). Site
1 measurements made use of the Rapid-Biomed 8TX4&EaX coil and AC84 head gradient set (50-
mT/m maximum amplitude and 333-T/m/s maximum slate), while the measurements at site 2 were
carried out with the Nova 8TX-32RX head coil and72Cw~hole body gradient insert (70 mT/m
maximum amplitude and 200 T/m/s maximum slew raehoth sites, measurements were performed
in the local SAR supervision mode (Siemens Tim Tras Step 2.3), requiring for each coil detailed
numerical simulations of the electromagnetic fieddsgeneric head models and construction of Virtual
Observation Points (VOPs) [9,14] with appropriaaéey margins [15]. Studies were approved by the
respective local ethic committees and all volurgegave written informed consent. At each site, the
respective groups consisted of 20 healthy subjages = 40115 years, 10 men, and 10 women). Ten out
of the 20 subjects (50 % men, 50 % women) werelledras “database subjects” and thus served the
computation of UPs. The remaining ten subjects warleded in the “test subject group” and theiradat
was used to evaluate UP performance through thatitpiave analysis of the simulated flip angle
profiles and through examination of the imagesrafterection of the reception profiles.

2.1.MRI protocols

The acquisitions performed on the database suljéued at measuring the subject-specific statld fie
offset ABo (T) and transmit field sensitivities:B (T/V) for each transmit channel ¢ £lc < N¢ = 8).
TheABy distribution as well as the delineation of theitorlume were obtained by post-processing on



a three-dimensional (3D) multiple gradient recalbetho (GRE) (2.5 mm isotropic resolution, matrix
size 64 x 96 x 128, TR = 25 ms, 3 echoes, TE =5%,8ms, TA = 3 min). The eight complex transmit
field sensitivities were subsequently measured franmulti-slice interferometric turbo-FLASH
acquisition (5 mm isotropic resolution, matrix si#@ x 64 x 40, TR =20 s, TA =4 min 40 s) [16,17].
Knowledge of the subject-based field maps on theldt@base volunteers thereby allowed designing
universal pulses for each coil/site, as describgtieé next section.

The same field map measurements were repeatee testisubjects for retrospective control. Othezwis
the MRI protocol for these subjects consisted ia tifferent anatomical scans each repeated with two
transmit modes: first in the CP mode and subsetjuentthe pTx mode with the universal pulses
previously optimized on the database subjects (pPxmode). The first scan consisted of a non-
selective 3D magnetization prepared rapid graddéehb (MPRAGE) acquisition with TI = 1100 ms,
TR = 2600 ms, TE = 3 ms, nominal flip angle (FA»% readout bandwidth = 260 Hz/pixel, echo train
length (ETL) = 160, matrix size = 160 x 240 x 2%6x 1 x 1.1 mrvoxels and TA = 4.5 min. The
second protocol was a 40-slice 2 weighted GRE acquisition with TR = 1720 ms, TEL& ms,
target FA = 30°, readout bandwidth = 40 Hz/pixeii slice thickness, 50% slice gap, 0.5 x 0.5?mm
in-plane resolution, matrix size 512 x 384. Fortthe acquisitions, a GRAPPA [18] acceleration facto
of 2 with 24 reference lines in the phase encodirgrtion was used, except for the 2D GRE acquisiti
at site 2 which was performed with an accelerataator of 3 (the acquisition time for the 2D GRE
scans hence was decreased from 7 min at site Intim At site 2). An additional 3D GRE CP-mode
acquisition (3 mm isotropic resolution, matrix st x 64 x 60, nominal FA =5°, TR =50 ms, TE =
2.3 ms, readout bandwidth = 300 Hz/pixel, TA = :i)mvas performed to return the reception profile
of the RF coil by post-processing.

2.2.RF pulses

For the MPRAGE acquisition in CP-mode, magnetizatiweparation used a hyperbolic-secant
adiabatic inversion pulse of 10 ms duration witlalpgoltage of 140 Volts at the coil plug. The 5°
(nominal FA) excitation was achieved with a rectdaghard pulse. For the 2D GRE acquisition in CP-
mode, the 30° (nominal FA) excitation was performégth a standard apodized sinc pulse of time-
bandwidth product 2.5. In each sequence using Ehnm@Qde, the reference voltagefMvas defined as

the value required for a 0.5 ms rectangular paseturn a FA of 90° on average in the brain istroe

axial slice, which was determined from the® Bnaps acquired on the database subjects. These
measurements yieldediesv= 130 £ 5 V (mean = std) for site 1 (Rapid-Bionwail) and Mes= 95+ 6 V

for site 2 (Nova cail).

The MPRAGE acquisition in the pTx-UP mode usedmasA9 k-point pulse for the inversion pulse
and a 1 ms 7+kpoint pulse for the 5° excitation. The 2D GRE astjons in the pTx-UP transmission
mode used 40 slice-specific 30° 5-ms long 4-spdkelér pulses at site 1 and 6-ms long 3-spoke
monopolar pulses at site 2. Each spoke sub-pulssisted of an apodized sinc-type pulse of time-
bandwidth product equal to 2.5, as for the CP mode.

2.3.Construction of the universal pulses

Universal pulses were designed to minimize the etgtien value of the normalized root-mean-square
error of the FA profile (FA-NRMSE) across the pb#siRF and static field distributions measured over



the database subjects. A universal pplskesigned to create a uniform FA profil&, across a region
of interest R (in this study, the whole brain regfor non-selective pulses and the union of th @0
regions for the slice selective pulses) thus min@sithe quantity:

)= { (e S e FAGIFAY?) ), ]

where N denotes the subject-dependent number of voxds Fa (r) the actual FA profile for a given
realization of B* and ABo maps on one subject, afd) the expectation value operator over the
population. Assuming that the set®Bf andAB, measurements performed on the database subjects
constitutes a representative sample of the RF tatit $ield statisticse(p) can be approximated by

(1/Ny) Z]N:Sl €j(p), whereN; denotes the number of subjects in the database;@)ddenotes the FA-

NRMSE of pulsep on the ' database subject. The latter expression was st @bjective function
to construct the 5° non-selective, the 180° noeedile and the 30° slice-selective excitations. To
satisfy patient safety as well as hardware comggalimits for the RF peak power, average power,
global SAR and peak 10g SAR were defined and eatbexplicitly throughout the optimization of the
RF pulses [19]. From the pulse design point-of-yidwe parameterization of the RF putsékr-point

or spoke pulsggletermines the multi-dimensional variable for dpgimization. With N denoting the
number of sub-pulses angd the number of slices (1 and 40 for the non-seledind selective pulses
respectively)p is composed of i)dnx N, x N. complex RF coefficients and ii)pN 3 (non-selective
case) or g x N, x 2 (selective case) real coefficients for thersp&-space locations. In this work, all
coefficients (complex sub-pulse coefficients arahsmit k-space locations) were optimized jointly
under SAR and power constraints using the activelgerithm [19,20,21]. Pulse design was conducted
by using the small tip angle approximation for #ienon-selective and 30° slice-selective pulsedenhi
numerical integrations of the Bloch equation weosducted for the inversion pulse. To reduce
computation times, the latter operation was pooed Nvidia (Nvidia, Santa Clara, CA, USA) Tesla
K40 graphics processing units card. Ultimatelyafipulse performance was always verified by using
full numerical Bloch integrations.

2.4.Flip angle simulations

The subject-specifiB} andAB, measurements performed on the test subjects tethBimulations to
yield FA profiles for the CP and universal pulsetegrated in the MPRAGE and 2D GRE sequences.
For comparison, additionally, subject-specific ist®®F-shim and tailored {kpoint or spoke) pulses
were computed by minimization of the FA-NRMSE untter same RF power and SAR constraints as
for the design of the pTx-UPs. For each pulse (Bf-selective, 180° non-selective, 30° selective, t
CP, pTx-UP, RF-shim modes and subject tailored gdoke or k-point pulses (obtained through the
minimization of the subject-specific FA-NRMSE) wetempared in terms of their respective FA-
NRMSE performance.



3. Results

3.1.MPRAGE and 2D GRE acquisitions

For two test subjects scanned respectively at sitasd 2, differences between the MPRAGE in CP-
and the pTx-UP modes are highlighted in selectdtbgonal views of the brain in Figure 1. The result
for all 10 test subjects for the same scan are@t®daded for both coils in Figures 2 and 3 respety.
Similar comparisons are provided for the 2D GREgqmwol in Figures 4 and 5. All images shown are
corrected for the reception profile. Hence, ughtoprecision of the receive profile correction thare,

the signal inhomogeneity displayed in Figures & imrepresentative of the transmission inhomodgnei
only. Incidentally, the same figures reveal to se@®reent the variability in head geometry, size and
position. For the MPRAGE sequence, except for Eglythe same (scanner coordinates) coronal,
sagittal and axial slices are shown for all tebjestts. For the 2D GRE sequence, 3 slice posi{ease
scanner coordinates) were selected and displaysd &g all test subjects.

Figure 1. MPRAGE image comparison in sagittal, catand axial planes for a) a test subject of i(Rapid-
Biomed coil) and b) a test subject of site 2 (Nowd). Especially at site 2, the bright center remldoy UPs is
more pronounced. Moreover, one can observe atah® site a larger coverage in the neck area duleeto
increased broadband behavior of the UPs. In bates;ahe signal and contrast homogeneity is draaliti
improved in the cerebellum, temporal lobes anddfoine brain when using UPs. The utilization of URsite 1
may cause however the occasional emergence of saséptibility artifacts in some areas (red arjpws). at
the interface with air cavities at the basis ofgkall.
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Figure 2. Coronal (a), sagittal (b) and axial (€ws of the MPRAGE scans (receive profile corrertdustained
on the 10 test subjects at site 1 (Rapid-Biomel) wdth the CP and pTx-UP mode. In general, for ¢indire test
group, the overall signal and contrast homogerisitsiearly improved with the use of UPs. The briganter
clearly visible in the CP-mode is well reduced vittle proposed excitation mode. On most test suhjactlear
improvement of the contrast between white matter gnay matter is visible in the cerebellum andtdraporal
lobes.
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Figure 3. Coronal (a), sagittal (b) and axial (€ws of the MPRAGE scans (receive profile corrertdutained
on the 10 test subjects at site 2 (Nova coil) wlhih CP- and the pTx-UP modes. Compared to siteelbtight
center of the CP mode appears slightly more procedinbut the CP contrast (mostly driven by the lisios
efficiency) is generally better preserved in thevdo part of the brain. Yet, similar observationda@ssite 1 can
be made regarding the signal and contrast homayangirovements with the utilization of UPs.




Figure 4. Comparison of the 2D GRE acquisitionsdiee profile corrected) performed at site 1 (Rapidmed
coil) on all 10 test subjects in the CP and pTx{d®Bpoke bipolar pulse) modes. a) -21 mm, b) isttareand c)
+21 mm positions out of the 40 acquired slicessamvn. As previously mentioned, the transmit efiiciy of the
CP mode decaying rapidly in the lower part of theiry the signal enhancement is important in theekt slices.
Still, in b) and c), the slight transmit fall-offi ihe left-right directions in the CP mode appeall worrected with
the pTx UPs.
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Figure 5. Comparison of the 2D GRE acquisitionsdiee profile corrected) performed at site 2 (Noed) on
all 10 test subjects with the CP and pTx-UP (3-gpoknopolar pulse) modes. The same observatiand-&gure
4 can be made. For subject 7 (marked with an agtetue to an interruption of the exam and the westk
placement of the subject in the scanner betweemdhgisitions in the CP- and the pTx-UP mode, theitjpn
consistency was compromised.



3.2.Retrospective control with flip angle simulations

The FA-NRMSE of the 5° pulses (CP, UP, subject $igdeF-shim and subject-specific optimizeg k
point) is reported in Figures 6a and 6b for sitasd 2 respectively and for all 10 test subject&igures

6¢c and 6d, the same comparison is provided fontmeselective 180° pulses. For the slice-selective
30° RF pulses, the slice-by-slice FA-NRMSE (2D-FRIMSE) is reported in Figures 7a and 7b. There,
for each slice, the average FA-NRMSE and its stahdaviation across the 10 test subjects (errgr bar
is reported for the CP, universal, subject-speéficshim, and subject-specific optimized multi-spok
pulses. In the bar-plots of Figure 7c and 7d, tlebal FA-NRMSE obtained by pooling all slices
together (3D-NRMSE) is reported for each test sttbgnd again for both coils and sites.
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Figure 6. FA-NRMSE simulations of a,b) the non-stle 5° CP, 7 &point universal, subject specific RF-
shim and subject specific #oint pulses and c,d) non-selective 180° adiali@fi¢c adiabatic RF-shim, &k
point universal and subject specific 8point pulses designed at site 1 (a,c) and site ®(The dashed line
represents the average UP 3D-FA-NRMSE on the dsg¢atabjects. The UP NRMSE at both sites on all test
subjects is noticeably lower than the 13 % thredloolrresponding to the CP mode at 3T with a volawie
[22].
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Figure 7. FA-2D-NRMSE (a-b) and 3D-FA-NRMSE (c-dinslations of the 30° slice selective RF pulses
designed at site 1 (a,c) and site 2 (b,d) andlfeest-subjects. The CP and the 3- or 4-spoke pPxwere the
excitation modes tested experimentally. For consparithe subject-specific, slice-specific optimigde-shim

and 3- or 4-spoke designs were included as welk d&shed line represents the average 3D-FA-NRMSE
obtained over the database subjects with the Ustshéth coils, the spoke UPs perform systematidadifer
than (site 1), or comparably to (site 2) the subgpecific 2D RF shims. Also the 3D-FA-NRMSE is alys
smaller than the 13 % threshold, correspondingedP mode inhomogeneity at 3T in the brain witblame

coil [22].

The average 3D-FA-NRMSE values (mean + std) obtafoethe 5°, 180° and slice-selective
30° pulses on the test subjects is summarizedliteTla Those were further exploited to attemptrgivi
the 99% confidence interval (see Table 2) on tleegamge performance of the pTx-UP mode over a much
larger population for the two coils investigatedcdn be seen in particular that the upper bourtteof
99% confidence interval does not exceed 10.6% FMSE.



Site 1 (Rapid-Biomed coil) Site 2 (Nova coil)

5°ns 180° ns 30° ss 5°ns 180° ns 30° ss

CP 26.1+2.4 12.1+2.6 25.1+1.7 27.4+£1.0 10.5+0.8 28.8+0
ST RF-shim 21+1.6 10.3+#1.9 10.5+1.0 17.1+0.9 4.8+0.8 8.3+0.8

UP 9.2#1.7 6.8+2.0 8.1+15 8.6x1.5 3.4%1.2 8.3+1.2

ST 3.840.8  4.3x1.3 1304  4.1+1.3  21+0.9 3.6x14
kr/spokes

Table 1. Average and standard deviation of the 2ENRMSE (in %) values obtained at sites 1 and 2 d¥e
test subjects for the subject-tailored (ST) RF-shiummiversal- and subject-specifig-goint or spoke pulses
implementing the non-selective (ns) 5° and 180°thrdslice-selective (ss) 30° excitations. Fori8é° pulse,
the CP and ST RF-shim modes are played with a bgfiersecant (HS) shape.

Site 1 (Rapid-Biomed coil)  Site 2 (Nova coil)

5°ns 9.2+1.4 8.6+1.2
180° ns 6.8+1.7 3.4+1.0
30° ss 8.1+1.2 8.3+1.0

Table 2. 99% confidence interval for the averag®letbrain 3D-FA-NRMSE of the pTx-UP transmission

mode over the entire healthy adult population fothixoils. The reported values are based on thergsson
that the size of the test subject group (n = 10%uige. The confidence interval thus is givenzby Z°'2°1 3—%
wherex ando, are respectively the mean value and standardtimviaf the FA-NRMSE over the test subjects,

and wherez; 4, = 2.58 satisfie®rob(|Z| > z,4,) = 0.01 for the centered and normalized Gaussian random

variable Z

4. Discussion

The image comparisons provided in Figures 1 togesmentally demonstrate for both RF coils and
both protocols a systematic improvement of thetakion uniformity with pTx-UP compared to the CP
transmission mode. This result is fully consisteith the flip angle performance simulations repdrte
in Figures 6 and 7, where the whole brain FA-NRM$Ee CP-mode typically exceeded 25% whereas
that of the UPs was often below 10%. Overall, tAeNRMSE confidence intervals given in Table 2
indicate that the UPs designed in this study reition average in a healthy adult population (age 4015
years) whole-brain FA-NRMSEs below 10.6% with 996fifidence (the worst case being the 5° non
selective pulse for site 1). Comparing this numbih the inhomogeneity of the CP-mode* Bield
within the brain at 3T [22], namely 13%, the propdTx-UP mode allows to recover a uniformity of
excitation better than that of a volume coil at $at, without a tedious calibration procedure. Difép
angle measurements in this study were not perfoimed/o due to incompressible exam durations.
Such types of measurements, however, have beertgdpo many other works in both small and large



flip angle regimes and across several groups, fatdngths and vendors [8,20,21,23-26], thus
confirming proper hardware implementation with stet the art equipment.

Interestingly also, at both sites and for all wsgjects, the 180° pTx-UP returned better whole
brain FA-NRMSEs than the adiabatic hyperbolic seqauises (see Figures 6c¢-d). Indeed it was
observed (loss of contrast between white matteigaagl matter) that the adiabatic inversion pulserof
failed to fully invert the magnetization in a largart of the cerebellum and occasionally in tempora
regions. In those regions, the inversion efficiemag significantly improved with the utilization tfe
180° pTx-UP, which helped restoring proper whitettata— gray matter contrast. The FA-NRMSE
comparisons summarized in Table 1 moreover showttieaUPs clearly outperform the CP and RF
shim modes in 3D. For the slice-selective 30° mjl#ee overall performance (3D-FA-NRMSE) of the
subject and slice specific RF-shims is comparablin¢ one of the pTx-UP mode. Especially for the
slice-selective pulses, a penalty in performancth whe UPs compared to subject-specific more
sophisticated approaches yet naturally remains.ifth@mogeneity with the UPs, however, remained
for both non-selective and selective pulses belenB% threshold of a volume coil at 3T in the hama
brain [22]. For further optimality, partitioninglagger database according to relevant criteriah sisc
for instance head size or position in the z dimgtiwith corresponding pulses could increase the
performance of the UPs [27].

Although the construction of the proposed pTx ursaepulses was mostly driven by the RF
coil properties, the gradient slew-rate limits ahd eddy-current characteristics of the gradieiis co
also came into play for the slice-selective caseisT at site 1 with the Rapid-Biomed coil, the Slie-
selective UPs were composed of 4 bipolar spol@splayed out with alternating gradient polaritytwi
appropriate RF phase corrections to compensaigréoiient delays [28]. At site 2 with the Nova coil
despite the employed correction scheme [28], th@ementation of the bipolar design appeared more
challenging. Eddy current effects on the SC72 gnatdsystem indeed were found to be more severe
than on the AC84 head gradient system, thus degyadore severely the excitation performance when
using bipolar shapes [5,28-30]. As a result, theemmobust monopolar design (all spokes played out
with the same gradient polarity) was retained fiar 2. Due to the time penalty engendered by tiis f
back trajectory, the number of spoke sub-pulsdiisncase was reduced to 3 (versus 4 at site ft)y pa
explaining the loss of performance in simulatiorewltomparing the two sites.

The examination of the receive profile-correctedRANSE and 2D GRE images indicate that
the pTx-UP mode allows recovering a homogeneousakind a contrast throughout the whole brain
although some specific imperfection such as ocoasgusceptibility (i.e ABe-induced) artefacts could
occur at site 1 with the Rapid-Biomed coil. At sttavith the Nova coil, the MPRAGE images obtained
with the UPs looked artefact-free. An incidentat®equence of the broadband behavior of the UPs [12]
is a larger coverage, yielding greater signal énrtbck area (Figures 1 and 3), thereby makingtsires
in this region visible (e.g. muscles, tendons). piablem of remaining susceptibility artefacts olied
with the Rapid-Biomed coil most probably arisesirine lower transmit efficiency (/= 130 V vs 95
V for Nova) vis-a-vis the broadband requirementsessary to tackle inter-subject Bnd ABo map
variability [12]. This raises the importance of gostatic field homogenization and coil efficienoy f
application of UPs. The problem on the other hamddtbe addressed from the pulse design perspective
where a tradeoff between spatial and spectral umifg of the UP could be potentially enforced ie th
objective function (Equation 1). Finally, we chdeeour objective function to minimize the average
(NRMSE) performance over the database subjects.stéase NRMSE optimization could be
performed likewise [12]. Although the latter apeappealing conceptually, we found that a worsé-cas
approach could, perhaps unsurprisingly, penalieeatterage performance non-negligibly and even not
perform the desired task on the test subjects.eTabhdeed reports the simulated NRMSEs over the



test and database subjects for the two optimizatiategies, i.e. minimization of the average antsty

case NRMSEs respectively, and for the two diffeiils. The NRMSEs over the database subjects
perform as expected, i.e. according to the costtion used in the optimization. On the other hdod,

the Nova coil minimizing the worst-case NRMSE otrer database subjects does not guarantee a lower
worst-case over the test subjects than the oneanebtawith the other optimization method. This
illustrates the greater sensitivity of the resutissubject-specific details in the RF and stateddfi
distributions when worst-case metrics are employed with careful management of the database, e.g.
with segmentation [27], we do not rule out the pwbty of using other optimization metrics to tatg
more specifically radiologists’ needs.

RF coil UP construction method <NRMSE> (%) Max(NRMSE) (%)

min(<NRMSE>) 9.6 (7.7) 14.2 (9.9)
RapidBiomed
min(max(NRMSE)) 10.6 (8.8) 13.1(9.1)
min(<NRMSE>) 8.6 (6.2) 11.7 (8.1)
Nova
min(max(NRMSE)) 9.6 (7.5) 12.4 (7.6)

Table 3. NRMSE results over the test subjects @t optimization metrics and for the two diffetrenils. The
second column indicates the optimization stratemynifnization of the average NRMSE versus worst-case
NRMSE over the database subjects). Results foddkebase subjects are indicated between parentireseahe
Nova coll, the rightmost column (numbers in boltlistrates the sensitivity of the results to submecific details

in the RF transmit field and static field offsetpsaln this case, the minimization of the worstecBRMSE over
the database subjects indeed does not guarantteawerst-case NRMSE than the proposed desigriifnization

of the average NRMSE) on the test-subjects.

For the CP-mode, the reception profile of the ptaseay is known to partly compensate for
the transmit inhomogeneity [31]. Hence from a globignal homogeneity perspective, it is not
necessarily desirable to apply any receive prafigection in this transmit configuration. In cast
with this, since universal pulses are designedddyce homogeneous excitation patterns, correofion
the receive profile in this case is perfectly adggquAs a result, the image comparisons provided in
Figures 1 to 5 thus may penalize the CP mode pedioce in favor of the UPs. Yet, from the SNR
point-of-view the proposed comparison illustratesyvobjectively the gain that is brought by UPs.
Moreover, the "accidental" cancelation of the CRdmdransmit inhomogeneity with the reception
profile of the head coil array cannot compensatspatially varying contrast and thus does not ajoigr
the optimality of the contrast-to-noise ratio.

5. Conclusion

In this work, we have designed non-selective armmg-selective parallel-transmit universal pulses fo
two commercially available head coils, able to gate the RF inhomogeneity problem in the human
brain at 7T without prior calibration of the trarisiRF field. Our pulse performance analysis, based
two groups of 10 test subjects (one group per sithgates with 99% confidence that the FA-NRMSE
of the designed UPs does not exceed 10.6% on avérdwealthy adults (age 40+15 years) for non-
selective and slice-selective pulses. The coilifigedPs, tested at both sites, on all test subjeat
standard MPRAGE and 2D-GRE protocols, demonstrateldar image quality improvement in terms



of flip angle and contrast uniformity in compariseith the CP-mode, confirming the robustness of the
approach and the possibility of using and distiilmsuch calibration-free solutions for clinicaltme
applications.
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