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Abstract

Objective As the MRI main magnetic field rises for improved Signal-
to-Noise Ratio, susceptibility-induced BO-inhomogeneity increases pro-
portionally, aggravating related artifacts. Considering only susceptibility
disparities between air and biological tissue, we explore the topolog-
ical conditions for which perfect shimming could be performed in a
Region of Interest (ROI) such as the human brain or part thereof.
Materials and Methods After theoretical considerations for per-
fect shimming, spherical harmonic (SH) shimming simulations of very
high degree are performed, based on a 100-subject database of 1.7-mm-
resolved brain fieldmaps acquired at 3T . In addition to the whole brain,
shimmed ROIs include slabs targeting the prefrontal cortex, both or sin-
gle temporal lobes, or spheres in the frontal brain above the nasal sinus.
Results and Discussion We show “perfect” SH shimming is
possible only if the ROI can be contained in a sphere that does
not enclose sources of magnetic field inhomogeneity, which are gath-
ered at the air-tissue interface. We establish a 13Hz inhomogene-
ity hard shim limit at 7T for whole brain SH shimming, that can
only be attained at shimming degree higher than 90. On the other
hand, under limited power and SH degree resources, 3D region-
specific shimming is shown to greatly improve homogeneity in crit-
ical zones such as the prefrontal cortex and around ear canals.



1 Introduction

When immersed in the uniform magnetic field By of the MRI scanner, the
media composing the human head (biological tissue, air) become magnetized,
in turn generating a non-uniform magnetic field distribution § By () obeying:
V26By = (vQX —~ 382X> Do (1)
022 ) 3
(adapted from equation 14 of Salomir et al. 2003 [1]) where x(x) is the media’s
magnetic susceptibility.

Such inhomogeneous magnetic field distribution is at the origin of several
kinds of image artifacts in human brain imaging, with geometric distortion in
Echo Planar acquisitions being a notorious example [2-7].

As an example, in non-accelerated Echo-Planar Imaging (EPI) single-shot
acquisitions, under 0.5 ms inter-echo spacing and 200 mm Field-of-View (FOV)
in the phase encoding direction, a 100 Hz excursion in the magnetic field leads
to 10 mm geometric distortion in the reconstructed image [3-5]. It is therefore
not surprising that appreciable effort has been directed to the design of shim-
ming systems for the human brain [8-15], but as we will see, they are still far
from achieving the minimal inhomogeneity.

Other By related complications are signal loss in T3-weighted imaging
[5], banding artefacts in Steady-State Free Precession sequences [11], failed
inversion-recovery pulse, inhomogeneous flip angle distribution [16], and line
broadening in spectroscopy [17].

With the current trend of increasing magnetic field intensity of clinical
and research MRI scanners (7T Siemens Terra, 10.5 T at the Center for Mag-

netic Resonance Research (CMRR) [18], 11.7 T Iseult project [19]) to achieve



higher SNR and Constrast-to-Noise Ratio (CNR), susceptibility-induced inho-
mogeneity rises proportionally to the main field. High performance static field
shimming becomes crucial for these scanners to deliver their full potential in
applications such as functional MRI (fMRI) [20].

Correction of inhomogeneous fields is either active, generated by electric
current flow in conductors located around the patient, or passive, by the place-
ment of ferromagnetic pieces in optimal positions [21-23]. This subject specific
shimming is performed in clinical routine by Spherical Harmonics (SH) based
systems integrated to the MRI scanner, commonly of 2°¢ degree and eventually
up to 34 degree. To improve shimming performances, higher-degree SH-based

systems have also been employed [24], containing up to partial th

degree.
Moreover, non-SH-based Multi-Coil Array (MCA) systems [8, 9, 25, 26] have
gained traction in the last years. These have been shown to provide adequate
homogeneity for numerous applications at Ultra High Field (UHF), partic-
ularly in dynamic shimming mode[8, 10], but strong field excursions persist
around the ear canals and in the pre-frontal cortex despite shimming, even
when employing brain-optimized MCAs [11-15, 27-29].

Aware of these unmet needs, we first analyze and demonstrate why per-
fect shimming of an entire human brain is impossible, based on theory and
topological considerations. Then we explore the limits of By shimming through
unconstrained SH shimming simulations on a large database of brain 3D
fieldmaps. Furthermore, assessment of realistic shim systems is performed
through power constrained coil design, where homogeneity levels attained by
such systems will be compared to the lowest achievable homogeneity. Knowl-
edge of the attainable levels of homogeneity for diverse shimming strategies

(whole-brain, region-specific, slice-wise) can provide meaningful insight for



future shim system design, since for limited resources (channel count, maxi-
mum current and power), a region-specific shimming strategy could provide
homogeneity levels unattainable when applying global (whole-brain) shim-
ming. Preliminary results of this work were presented at the ISMRM2020
conference[30].

It may be worth mentioning some teams have proposed mouth inserts to
overcome By field inhomogeneity at the base of the brain[31, 32]. Other authors
also proposed to have the subject’s head tilted (chin up, head down) to improve
natural field homogeneity in the prefrontal cortex (PFC) [33]. In this work, as
we consider highly impractical such solutions for the patient, we only consider

shim coils located outside the human head in the standard supine position.

2 Theory: Physical Limits to BO Shimming

with Spherical Harmonics

Although there are mentions in the literature to the impossibility of perfectly
shimming the magnetic field inside the brain [34], no detailed account on the
reason for such limitation has been provided. Here we will show that, even
if the brain could be considered as a source-free homogeneous medium, air-
induced dipole sources located outside the brain, but within concave regions

thereof, cannot be overcome.

2.1 Mathematical Analysis of Magnetic Field Sources
Around the Brain
By homogeneity in the human brain is mainly disturbed by the presence of

susceptibility gradients, according to equation 1. The magnetic field source

distribution can be computed in every voxel from the right side of that



equation:

i) = (V-3 ) . )

In the human head, susceptibility gradients are dominant between param-
agnetic air cavities and diamagnetic tissues. Susceptibility differences within
the brain also exist between white matter, gray matter and cerebrospinal fluid,
but are less significant in comparison to that between air and tissues. Indeed,
the brain magnetic susceptibility variations caused by iron or myelin content
lie in a 0.4 ppm range [35]. On the other hand, 2"d-order poorly-corrected air-
induced inhomogeneities extend an order-of-magnitude above this range, as
can actually be observed from B0 brain maps (see Bg-map examples in Meth-
ods). Therefore here we suppose tissue susceptibility disparities are negligible
compared to air-induced inhomogeneities. This assumption is convenient since
air-induced inhomogeneities are precisely what we want to correct. Provided
this assumption holds, we are left with homogeneous source-free brain tissue.
In that context, Laplace’s equation applies in the brain (cf. next section).

Localized susceptibility gradients at the interface between air and tissue act
as a distribution of infinitesimal magnetic dipoles. Indeed if we apply equation
2 to a susceptibility map with two homogeneous media (one diamagnetic, the
other one paramagnetic) separated by an interface, the finite difference method
will lead to a high value on one side of the boundary, and an equal intensity
but opposite sign value right at the other side of the boundary. We end up with
a positive monopole on one side, a negative monopole on the other side, very
close to each other, which constitute the dipole on the boundary. For the human
head, a surface distribution of dipole moments disturbing the magnetic field
appears, located around the ear canals, sinus, mouth and any other air-tissue

interface. An infinitesimal magnetic dipole can be considered as a fundamental



building-block to analyze the sample-induced By inhomogeneity, defined as the
By standard deviation across the Region-Of-Interest (ROI).

To counteract the inhomogeneous magnetic field, active shimming systems
are commonly employed, and an infinitesimal current filament can be used
as another fundamental building block to describe the magnetic field of such
systems.

Both fundamental pieces are depicted in Fig. 1. The perturbation is pro-
duced by a magnetic dipole of moment m, = m,2, located at some arbitrary
location @, with spherical coordinates (rp,8,,p); and the correction field is
produced by a wire filament carrying current I, with length dl, located at .

with spherical coordinates (r., 0., ¢.) relative to SH isocenter O.

2.2 Laplace’s Equation and Solid Harmonics

Any magnetic field in a source-free region such as the presumably homoge-
neous human brain obeys Laplace’s equation. In the subsequent analysis, the
reference coordinate frame is defined such that the main By field is oriented

in the positive z direction. In the z direction, the Laplace equation is written:
V2B, (r,0,¢) = 0. (3)
This equation has a general solution given by:

L(r,0,¢) = Z Z A™R™ (1,6, ) + BMI™ (1,0, 9) (4)

n=0m=—n

with
R;Ln(ra 0, ¢) = TnY'r:n (95 (p)v (5)
1
T2(0.0) = v 0.0 ©)



(b) (c)

Fig. 1: (a) Disposition of fundamental building blocks for sample-induced
magnetic field perturbation (m,) and field correction (I.dl) around the brain.
The MR magnet isocenter at O corresponds to the origin of the By SH-
decomposition. Vector & € R? points to an arbitrary brain voxel to be
shimmed. (b) A representation of the regions where the magnetic field gener-
ated by a punctual sample-induced perturbation is described by RSH (V2) and
ISH (VZ). (¢) The region V< where the correction magnetic field is decomposed
into RSH.

and

P (cosf)cosmy  m >0
P,‘Lm‘(cos f)sin|mle m <0

where R, I™ and Y, are denominated Regular Solid Harmonic (RSH),
Irregular Solid Harmonic (ISH) and Spherical (or Surface) Harmonic (SH),

respectively, of degree n and order m; and functions PJ* : [-1,1] — R are



Associated Legendre Polynomials given by

(1—z%)% gntm
2np!  dgntm

P (z) = (2 — 1) (8)

Examples of SH shapes are represented on a unit sphere in Fig. 2. Using
the above definitions for RSH and ISH, the particular Green function for the
Laplacian, 1/|x — «’|, present in the formulas of scalar and vector magnetic
potentials in magneto-statics, can be expanded into (adapted from Jackson

(36]):

ZZ (2 — o) n—I—:;Li' Zile(COSG) " (cos ') cosm(p — ¢')
(9)

with 75 (r<) the larger (smaller) between |x| and |2'[; and d,,¢ the Kronecker

Y
|$ $| n=0m=0

delta.

2.2.1 Solid Harmonic Expansion of Sample Induced

Perturbation

To analyze the magnetic field generated by m,, inside the brain, it is convenient

to employ the magnetic scalar potential, given by:

D)= -T2y (10)

ir |x— x|
From B = —ugV®, the magnetic field in the z direction is

pomp 0% 1

B? = .
(@) 4 022 |x — x|

z

(11)
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Fig. 2: Examples of Spherical Harmonic functions of various degrees and
orders (cf. equation 7).

Substituting eq. 9 into eq. 11, according to the position of the point of interest

x relatively to x,, one obtains two possible expressions for the magnetic field.

Those are:
+oo n
_ oy — i+ 2)! Py (cos,)
B 47r7’§ Z 2 6m0 n+ m) rn nP:Ln(COS 0) COS m(‘P - ‘Pp)a
n=0m=0 p
(12)
inVl ={xeR?: |z| <r,}, and
,Ume “+o0 n—2 . m)' 7'”72
BY( P nz2mzo - + o 2) P ,(cos b)) TZH P (cos0) cosm(p — ¢p)
(13)

in V£ ={z e R?: |z| > r,}. Equation 12 was adapted from Romeo & Hoult,
1984 [21], and equation 13 can be derived in a similar fashion.
Therefore we notice that in V2 the magnetic field is composed exclusively

of RSH, while ISH describe the magnetic field in V2. Moreover, let V}, be the



brain region, the sample induced perturbations can produce both RSH and
ISH fields in its interior as long as the intersection of V, with sets V2 and V¥

is non-null.

2.2.2 Solid Harmonic Expansion of Correction Fields

With the inhomogeneous field described, we move our attention to the cor-
rection fields. The filament chosen as building-block for correction devices has

magnetic vector potential given by

polcdl 1
dA.(x) P P (14)
producing
dB{(x) =2 -(V x dA.(x)) (15)

as magnetic field in the z direction.
Substitution of eq. 9 into eq. 14 and subsequent calculation of eq. 15 leads

o (adapted from Romeo & Hoult, 1984 [21]):

dBC(T 0 ¢) OI SIHQ d(p f % m 'Pn:il(CObe ) 7(n7m+2)'Pn+1 (COS@C)
o == (ORI (nem)l e

x " P (cos @) cosm(p — @.).
(16)

nVe={xeR®: |z <r}

As the shimming system is positioned around the patient’s body or head, we
have V}, C V<; therefore, equation 16 is sufficient for describing the magnetic
field in the subject’s brain generated by shimming structures, and it is observed

that this magnetic field only generates RSH.
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2.2.3 Condition for Perfect SH Shimming

RSH and ISH functions are linearly independent. Therefore, any shimming
apparatus placed around the head can only zero-out the sample-induced inho-
mogeneity in the brain if V£ NV, = 0, i.e. there is no ISH term describing the
magnetic field inside the brain. Or, stated in a simpler form, a region within
an anatomy can be shimmed to a perfectly homogeneous magnetic field by an
external shimming apparatus if the smallest sphere enclosing said region does
not contain any source of magnetic field. Now one may wonder whether per-
fect SH shimming is also achievable in a source-free homogeneous ellipsoid, for
instance filled with water.

According to our demonstration above and earlier reported in [30], perfect
SH shimming is only possible if the smallest sphere enclosing the ellipsoid has
no interface with air. We can therefore predict the mere ellipsoid surrounded by
air cannot be perfectly shimmed with SH. As a support for such a statement,
shimming simulations on a half-sphere and on an ellipsoidal ROI with a dipole

in their vicinity are reported in Appendix.

3 Methods

We start by showing that the human brain does not satisfy the condition for
perfect By homogenization. Then, by performing RSH shimming in a large
database of d By fieldmaps, the minimal inhomogeneity theoretically achiev-
able gy, is estimated. In addition, we discuss how state-of-the-art shimming
systems compare to the best achievable inhomogeneity. Different ROIs are
explored in this phase to compare global, slice-by-slice and slab-specific shim-
ming. In addition, as the usual fieldmap standard deviation does not account

for much information about extreme values, we report the proportion of voxels
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whose field absolute value exceeds 100 Hz at 7T, as a complementary indica-
tor of how well shimming performs in all these ROIs. 100 Hz is arbitrary; yet
above this value, it is usually agreed that spectroscopic or imaging artefacts
may arise depending on the acquisition sequence.

Finally, the estimated ultimate inhomogeneity is compared to what could

be achieved by optimal shim coils under power constraints.

3.1 Source Localization in a 3D Head Model

First we used a 3D model of the human head [37], with magnetic susceptibilities
of air and tissues set to x, = 0.36 x 107% and y; = —9.03 x 1075, respectively.
Once py, is calculated from equation 2, the set X = {|x| : pm(x) # 0} can be
defined. Let B(inf X, O) be a ball! of radius inf X, centered at O, according to
our proposition, if BNV, # V, the brain cannot be perfectly shimmed by RSH.
Nevertheless, B(inf X, O) or any other ball inside the brain (not necessarily
centered at ), not enclosing magnetic field sources, could still be perfectly

shimmed.

3.2 Acquisition of a large reference brain field-map

database

To determine the best achievable homogeneity under the theoretical limits,
unconstrained RSH shimming simulations with increasing degree were per-
formed on a 100-subject database of three dimensional § By maps in the brain.
The database was built from fieldmaps acquired on a MAGNETOM Prisma
3T imager (Siemens Healthcare GmbH, Erlangen, Germany) with 1.7 mm
isotropic resolution, as already reported in [13]. Assuming no shimming of the

brain would affect the quality of some § By maps with regards to distortion and

LA ball B(R,c) of radius R centered at ¢ € R® is defined as the set of # € R® such that
& — c| < R.
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signal loss, the fieldmaps were acquired subsequent to 2nd-order shimming by
the Prisma scanner. This shim was based on the adjustment of a tilted bound-
ing box adjacent to the brain from the initial 3-axis localizer images. In fact,
the fieldmaps were obtained at the end of a 1-hour exam, provided there was
some time left and the volunteer approved this last-minute acquisition.

To gain in 6By precision, rather than using a double-echo gradient echo
sequence, we opted for a triple-echo fieldmap acquisition scheme. In each brain
voxel, potential temporal phase unwrapping between the second and third
echoes was guided by the phase evolution between the first and second echoes,
provided these were close enough such that no phase excursion could occur in-
between beyond +7. This explains why fieldmap acquisitions were performed
with two similar 3D gradient-echo sequences, one with 2 distant echoes TE; =
1.88ms and TE3 = 4.9 ms, and one with a single echo at TE; = TE; 4+ 0.7 ms.
The 0.7 ms interval was picked by assuming d By does not exceed +714 Hz in
the brain at 3 T. The sequences were played one after another and accelerated
to last less than 45 s each, so that the risk of motion in-between was minimized.
Then the slope of the phase evolution between TE; and TE, was extended for
phase unwrapping of the last echo, and a triple-point linear fit of the phase
evolution was performed for § By estimation.

Echoes are acquired with monopolar gradient lobes to minimize eddy cur-
rent effects. Moreover dephasing gradients prior to echoes are played so fast
that eddy currents induced by ascending and descending slopes tend to can-
cel each other out. However, a potential limitation of the protocol is that the
absence of impact of residual eddy currents was not checked.

The resulting 6 By maps were cleaned with an outlier filter to avoid singu-
larities, especially at the edge of the brain. A brain voxel was defined as an

outlier if its excursion from the median exceeded 3/4 of the median absolute
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deviation (mad), both median and mad estimated from the set constituted by
the voxel under investigation and its up-to-six closest neighboring voxels. Such
outlier values were then replaced with their neighboring median. A mask of
the brain was extracted from the magnitude image using FSL’s Brain Extrac-
tion Tool [38] to restrict our analysis solely to the human brain. The quality
of the brain masks and fieldmaps was checked visually in at least the three
orthogonal central slices for each subject.

8By maps shimmed to 2" degree presumably reflect magnetic susceptibil-
ity disparities in the head; they could be converted into ppm for the sake of
generality. However since the UHF community is the main target of this study,
we opted to report our simulation results at 7 T. So the § By maps, provided in
Hz, were all scaled up by 7/3 for investigation at 7T (more precisely, the exact
ratio used was 6.98/2.89 corresponding to our true scanner field values). Three
typical BO maps extracted from our 100-brain database are shown in Fig. 3 for
information. They were picked to show B0 offsets in excess of 1000 Hz (at 7T),
all located above the nasal sinus. Such values as well as the baseline average
68-Hz inhomogeneity may appear large compared to other values reported in
the literature; this is partly due to the relatively high 1.7-mm image resolu-
tion which captures more finely the high susceptibility gradients at the brain
interface.

Note the 100-brain B0 fieldmap database is available on request in Matlab

format, as well as the code used to simulate SH shimming.
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Fig. 3: Examples of brain BO maps from our 100-subject database (in Hz,
rescaled at 7T, with 1.7-mm isotropic resolution) showing excursions above
1000 Hz, always in the olfactory lobe. The displayed gray scales extend from the
minimum to the maximum BO0-offset in each whole brain. The three depicted
orthogonal slices (respectively sagittal, axial, coronal) are those going through
the maximum-value voxel in each case.
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3.3 Ultra-High-Degree Simulation of RSH Shimming

Going back to eq.4, the regular solid harmonics R]" are the basis functions we
are interested in for shimming with an external set of coils. For the shimming
simulations, given a target magnetic field b € R¥ across K voxels, the vector
a € RN*+2N+L of regular solid harmonic coefficients A™ for each degree n =
1,..., N, with N the RSH degree employed in the simulation, is computed such
that

a= argmin ||b—Rall3, (17)

acRN2Z+2N+1

with R € REN?+2N+1 f the form

[RY(z1) RiVa1) ROx) ... R7(a) ... R(a)

As seen, R is based on the associated Legendre polynomial P*(cos#@). For
increasing m, the interval on which these vary keeps increasing widely. So a
numerical weighting factor W™ = (n — m — 1)!!/(n + m — 1)!! is introduced
to force the product W™ P™(cosf) to oscillate in the range [-1, 1], so as to
stay away from rounding errors when summing contributions (cf. eqs. 18-19
in [39]). Thus the sought shimming coefficients A become in fact A7 /W".
The inverse problem is then solved using MATLAB’s (The Mathworks, Natick,
MA, USA) Isgminnorm. The tolerance for the rank computation in lsgminnorm
was set to 10790 to prevent Matlab from truncating the pseudo-inverse matrix,
giving the impression that no further improvement could be achieved after

15" SH degree.
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Fig. 4: Slab positioning for localized shimming simulations with RSH and
SO coil design. Targets from left to right: prefrontal cortex, temporal lobes
(bilateral) and temporal lobe (unilateral).

For each subject, RSH shimming was performed targeting different types
of brain regions: global, slice-by-slice and slab-specific. Slice-by-slice implies
dynamic shimming of 1.7 mm transverse slices covering the whole-brain.

Slab-specific shimming was performed considering three different slabs con-
taining notoriously challenging regions to shim, namely the PFC - because
of its proximity to nasal and frontal sinuses, and the temporal lobes (TLs) -
proximity to the inner ears. The choice of using slabs rather than employing
precise segmentation of the ROIs was made to account for common research
and clinical practices. The 3 selected regions of the brain correspond to slabs
that may be of interest when running high-resolution fMRI: suppose a 0.5 mm
resolution is targeted at UHF, then the whole brain cannot be acquired in less
than 3s even with multiband accelerated EPI. Only a third of the brain might
be achievable, which corresponds roughly to the size of the selected slabs. Neu-
roscientists may be interested solely in the PFC (e.g. to track decision-making
processes), the temporal + parietal lobes (e.g. to track the sense of spatial
orientation), or the left TL (e.g. for language). Thus TL shimming was sub-
divided into two slab types: bilateral (including parietal lobes) and unilateral.
Slab masks were created manually for each subject with approximate thickness
of 55 mm. Shimming is performed on the voxels in the intersection of the slab

with the brain mask. The targeted slab characteristics are shown in Fig. 4.
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3.4 Verification of the conditions for ultimate SH
shimming

As they support the theoretical demonstration that spherical regions of the
brain that contain no magnetic source can be ”perfectly” shimmed assuming
the brain is a homogeneous medium [30], hypothetical spherical ROIs were
defined in a single, randomly selected subject from the database, for proof-
of-principle. Thus a spherical region enclosing critical inhomogeneity zones
located in the ventral area of the prefrontal cortex, but not enclosing any
obvious magnetic field sources (air cavities) is first selected for validation of
the condition for perfect SH shimming. RSH shimming of increasing degree is
performed inside this ROI and it is compared to the achieved inhomogeneity
for the same subject under global shimming. The spherical ROI is then shifted
downward along the Head-Feet direction, and RSH shimming is applied on
the voxels in the intersection of the brain mask with the ROI (— truncated
sphere). If the proposed condition for ultimate SH shimming is consistent,
the sphere entirely located inside the brain should provide better homogeneity
than the subsequent truncated spheres. The spherical ROI has 38 mm radius

and is shown in Fig. 5.
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Fig. 5: Inhomogeneity assessment after shimming in four spherical ROIs, with
ROIs 3 and 4 non-enclosing magnetic field sources, and ROIs 1 and 2 virtu-
ally enclosing such sources. Inhomogeneity as RSH degree increases (a) and
fieldmap in a sagittal slice after 50" degree shimming (b) are shown. Inho-
mogeneity evolution inside ROI 4 is also compared under localized and global
shimming (c).
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3.5 Optimal cylindrical shim coil design

In order to explore practical aspects of coil design, and how realistic cylindrical
systems could perform relatively to the best achievable inhomogeneity, the
Dipole Boundary Method (DBM) [13] is applied to compute subject-optimal
stream-functions (SO-SFs) for each subject in the database under global and
slab-specific shimming techniques.

SO-SFs are computed under different power dissipation targets to assess
how performances relative to the best achievable homogeneity estimated from
RSH shimming simulations are impacted by engineering limitations.

Based on our previous work and on a home-made 27-cm diameter paral-
lel transmit head coil [13, 14], the SO-SFs are calculated over a cylindrical
coil former of 140 mm radius, 300 mm length, with a 4 mm discretization step.
Discretization into windings is performed with 2.4 mm minimum inter-wire
spacing and copper wire of 1.54mm? circular section. Power dissipation for
each coil is then calculated for the obtained winding pattern. Target power for
the designs are 3W, 7W, 15 W, 25 W, 50W, 75 W and 100 W. For informa-
tion, examples of SO-SF coil patterns already reported in our previous work
[13] are recalled in Fig. 6. Such patterns are used for simulations presented
herein, whereby inhomogeneity levels resulting from subject optimal designs

are assessed and compared to very-high-degree RSH shimming limits.
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Subject 32: Optimal Coil Subject 67: Optimal Coil Subject 86: Optimal Coil
P=10W;I=24A;n=394% P=10W;I=26A4;n=242% P=10W;I=24A;7=295%
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Subject 32: Optimal Coil Subject 67: Optimal Coil Suhjcfﬁ 86: Optimal C(’ﬂ‘ N
P=505W;1=21.0A;n=487% P=52TW ;I=210A4;7=361% P=544W ; I=188A;7n=375%
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Fig. 6: Wire geometric centers of subject-optimal coils for 3 subjects at two
different performances and power dissipation for each subject. The colormap
represent the Stream Function intensity around the cylindrical surface (red
is positive, blue is negative, which gives the sign of the current flow in the
depicted windings)[13].

4 Results and Discussion

4.1 Magnetic Field Perturbation Sources in the Human

Head

The disposition of points @ satisfying p,, () # 0 is shown in Fig. 7. A build-
up of susceptibility-induced field sources is observed on the interface between
the head and the surrounding air. Closer to the brain are the susceptibility-
induced sources caused by susceptibility gradients between air cavities in the
head (sinus and ear canals) and biological tissues. It is also apparent that,
under the displayed configuration, the condition for perfect SH shimming can-
not be fulfilled as the ball B(inf X', O) will not enclose the whole brain. Or,
alternatively, it is impossible to obtain any whole-brain-enclosing sphere that

does not enclose perturbation sources.
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Brain
I Magnetic Field Sources

.

Fig. 7: Magnetic field source disposition around the human brain as computed
from equation 2. The deep red color is representative of a large susceptibility
laplacian coming from the difference between air and tissue susceptibilities,
typically an order-of-magnitude above the inner tissue disparities. The asso-
ciated voxels are those in contact with air in head cavities (inner ear canals,
sinus. .. ). Amongst them, those close to or in contact with the brain contribute
to the main B0-field inhomogeneities therein.

The distribution of perturbation sources estimated from equation 2 is com-
patible with the strong inhomogeneous magnetic field commonly observed in
the temporal lobes and frontal lobe. These inhomogeneity hotspots are dis-
cussed throughout a vast literature, from simulated [34, 40, 41] to measured
data [42, 43]. Due to the proximity of the sources to the brain, intense mag-
netic field values appear in the brain cortex, reaching values as high as 800 Hz

at 7T, as gathered from the database.

4.2 Whole-brain BO Homogeneity Limits

The results for human brain shimming with very high RSH degree are shown
in Fig. 8. Baseline inhomogeneity across the database is 68.0 Hz (SD: 11.8 Hz).
As RSH degree increases, a steep inhomogeneity drop is observed up to 20"
degree, with the rate of improvement of 1.5 Hz per degree when around 10*"
degree and a contrasting slower improvement afterwards, with only 0.07 Hz

per degree around 70" degree. Due to limited computational resources, the
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Fig. 8: Average inhomogeneity and proportion of voxels over 100 Hz across
subjects in the database as RSH degree increases (reference field at 7T). Met-
rics for each subject are computed considering all voxels in the brain mask
after application of (a) global and (b) slice by slice shimming. Dotted lines
indicate standard deviation of the metric across subjects in the database.

maximum RSH degree was increased up to 90, presenting inhomogeneity of
16.5Hz (SD: 3.5Hz) in the brain, or an improvement of 75.7% relative to
baseline.

Consistent with theoretical developments, an asymptotic behavior, tending
to non-zero inhomogeneity, can be inferred from the inhomogeneity evolution.
The minimum inhomogeneity achievable in the database could be extrapo-

lated using MATLAB’s Curve Fitting Tool. The function used to fit the data
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convergence towards infinite RSH shimming is the rational function, i.e. the
ratio between polynomials of the same degree. In our case, setting this degree
to 4 gave the best goodness-of-fit and narrowest 95% confidence interval. The
4th-degree coefficient in the numerator then provided a 12.7-Hz bound for
the average brain B0 inhomogeneity, with a 95% confidence interval for such
a limit between 11.3 and 14.2 Hz. This value represents an 81.3 % improve-
ment in homogeneity in the human brain. In theory, this result indicates that
inhomogeneity at UHF of 7T and 11.7T could be reduced to the equivalent
of 1.4T and 2.4 T MRI systems, respectively, although the practical imple-
mentation of such a system is very unlikely. Here we hit a limitation of the
proposed approach when fitting our BO field maps with RSH, as solid har-
monics of high degree are rapidly oscillating polynomial functions, and the
final moderate range values are often found from a subtraction of relatively
large basis vector contributions. Machine precision is then reached. As a result,
when trying RSH shimming beyond the 90" degree, we started observing
increasing residual BO inhomogeneity, which does not make sense physically.
These numeric instabilities are a common source of inaccuracies when working
with high-order polynomials. So here, even though clean convergence seems to
occur in Fig.8a, numeric precision limitations may contribute to the reported
asymptotic shimming residual of 13 Hz.

From Fig. 8a, it can also be noticed that a 2nd-order simulated re-shim
improved the experimental baseline shim by roughly 10 %. Two factors may
explain this difference: first the brain is not masked by the scanner software,
so voxels in the bounding box outside the brain may contribute to sub-optimal
brain shimming. Second, potential patient motion between the shimming pro-
cedure and the BO map acquisition (1-hour delay) may modify the BO map and

deteriorate the shim. Thus our reference fieldmaps were not fully corrected for
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2nd-order SH, which explains why a post-exam theoretical 2nd-order re-shim
results in a better BO homogeneity.

Since our reference database is not flawless with respect to the 2"d-degree
baseline shim, the relative SH inhomogeneity improvements provided here
should be considered with caution. Nevertheless, our absolute inhomogeneity
results remain valid as they could be corroborated by experimental works (e.g.
[14, 15]); in particular, the ~ 13 Hz homogeneity limit should presumably be
invariant to the baseline. QSM and other methods have shown that gray /white
matter differences can easily account for 5 Hz of inhomogeneity, which would
account for ~ 15% of the stated limit (assuming quadratic contributions). Pre-
sumably, the remaining ~ 12 Hz contribution could then be explained by the
air-induced non-recoverable residuals.

Regarding the voxels presenting absolute field excursion superior to 100 Hz,
which account for stronger By related artifacts, an average of less than 0.5 % of
voxels over 100 Hz is achieved, following the trend of decreasing inhomogeneity.
This reduction is dramatic relatively to the initial proportion of 7.8 %, which
would cause information in a non-negligible portion of the brain to be lost in
an EPI scan, for instance.

A more detailed visualization of how increasing RSH degrees act to reduce
global inhomogeneity is provided in Fig. 9, where the evolution of the maxi-
mum |6By| for the 80, 90, 95and 98 % voxels with lowest absolute excursion
is shown. At relatively lower degrees, RSH functions act over all frequency
ranges. As the correction degree increases, RSH action seems to be localized,
as significant changes are mostly observed in the 95and 98 % ranges, thus on
a smaller amount of voxels.

Fig. 10 shows that strong inhomogeneity regions still remain even after

global shimming at very high degree. And although inhomogeneity values at
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Fig. 9: 100-subject database average of the absolute frequency range contain-
ing 80, 90, 95and 98 % of voxels in the brain after global shimming as RSH
degree increases.

very high degree present a significant drop from baseline inhomogeneity, most
shim systems presented in the literature have shown performances at most
equivalent to 6" degree RSH despite optimization of MCA loops placement
and geometry in some studies [11, 29, 44].

In slice-by-slice shimming (cf Fig. 8b), inhomogeneity reduction as RSH
degree increases is much greater. Inhomogeneity at 17" degree is 13.0Hz
(SD: 3.5 Hz), and already inferior to the inhomogeneity at 90" degree in global
shimming. Voxels over 100 Hz are reduced to 0.2% (SD: 0.1%). The greater
effectiveness of dynamic slice-by-slice shimming in mitigating By inhomogene-
ity when compared to global shimming is known [8, 45], and it is what makes
it appealing for 2D acquisition schemes. From the results, we see that such a
feature is linked to the lower RSH degree required, which indicates that less
rapid spatial field variation is needed. From a shim system design perspec-
tive, given some surface upon which wire patterns will be placed, being able

to generate rapidly spatially varying fields means putting as many loops as
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Fig. 10: Selected axial slices of brain fieldmap after RSH global shimming
of different degrees. The slices show zones of high inhomogeneity. 4" and
6'" degree fieldmaps are shown as examples of the maximum mitigation lev-
els achieved by shimming systems so far as reported in the literature when
performing global shimming. The best inhomogeneity obtained (90*" degree
shimming) in our unconstrained simulations is also shown.

possible covering the whole surface. These RSH simulations indicate that the
same spatial distribution of coils in a Multi-Coil Array will be able to per-
form better in slice-by-slice shimming compared to global shimming due to
the need of lower degree RSH. Although multi-slice imaging is an an efficient
technique for reducing field inhomogeneity, nowadays 2D protocols in fMRI
and DTT mostly rely on simultaneous multi-slice acquisitions, where typically

4 slices are excited at once across the covered brain. Then shimming such a
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set of slices gets close to whole-brain shimming, making dynamic slice-specific
shimming outdated in practice. Moreover if isotropic submillimeter resolution
is desired, 2D acquisition of very thin slices might not be feasible due to gra-
dient constraints. Three-dimensional acquisitions then become necessary, and

global shimming could be required.
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Fig. 11: Average inhomogeneity and proportion of voxels over 100 Hz across
subjects in the database after global and localized RSH shimming of increasing
degree. Metrics for each subject are computed considering the voxels inside
target slabs enclosing the: (a) prefrontal cortex, (b) both temporal lobes and
(c) a single temporal lobe. Dotted lines indicate standard deviation of the
metric across subjects in the database.
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4.3 Slab Shimming Limits

While slice-by-slice shimming might be unsuited for submillimeter resolution,
slab-specific acquisition can be a viable alternative if only a specific region of
the brain is of interest. Figs. 11 and 12 show that this shimming modality
could also improve homogeneity given a fixed degree of RSH components when
compared to what would be achieved in the same ROI under global shim-
ming. Fig. 12 shows that at 3" degree (which is available to limited order in
some UHF scanners), localized shimming in specific slabs could provide signif-
icant inhomogeneity reduction, with average drops of 8.0 Hz, 9.3 Hz and 8.3 Hz
in the PFC and TLs (bilateral and unilateral), respectively. Moreover, con-
sidering the TL bilateral slab, when applying global shimming, a 6" degree
RSH shim system would be required to provide the same homogeneity as a
3'4 degree system if localized shimming was employed. From a hardware per-
spective, going from 3" to 6" degree implies adding 33 coils. Therefore, great
economy of resources is possible by changing the shimming strategy, provided
whole-brain shimming is not an issue. It can also be noticed from the localized
shimming simulations that global shimming seems to naturally concentrate
efforts in mitigating inhomogeneity in the PFC, as there is a smaller gap in
performance and coil number when switching from global to localized shim-
ming. Such smaller relative improvements in the temporal lobes homogeneity
has been noticed in several works [11, 26, 46], but as can be seen, could be
overcome if localized shimming was employed.

None of the shimming schemes presented so far satisfies the condition for
ultimate SH shimming. In average, the residual inhomogeneity observed in the

shimmed ROIs is still superior to 10 Hz.
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One limitation of slab shimming (and, to a lesser extent, of slice-by-slice
shimming) is the unwanted selection of out-of-slab voxels, upon which no con-
trol of the B0 field has been imposed. These may indeed fold back into the
FOV if slab selection is not properly handled. Here we implicitly assume slab
selection is carefully handled by multidimensional tailored RF pulse/gradi-
ent design which would take such tricky voxels into account. Alternatively, in
the framework of a conventional slab selection, the shimming problem may
embed a constraint on out-of-slab voxels to ensure that the given slab selection

gradient would exclude them from the RF pulse bandwidth.
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Fig. 12: Zoomed depiction of average inhomogeneity across the database
in selected slabs for performance comparison between global and localized
shimming techniques.
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4.4 Towards Perfect SH Shimming in Spherical ROIs

To further study the validity and consequences of the perfect shimming con-
dition, RSH shimming simulations were performed in the four distinct ROIs
shown in Fig. 5. Note these ROIs only include brain voxels, so they are not
supposed to contain magnetic sources coming from air-tissue interface, since
the brain is not in direct contact with air. However, the spheres encapsulat-
ing ROIs 1 and 2 do contain air-tissue interface. What we observe here is the
effect of such external sources on the brain. We notice how RSH shimming in
ROIs 3 and 4, which presumably satisfy the perfect SH shimming condition,
converge faster to lower inhomogeneity values (8.3 Hz and 4.7 Hz, respectively)
as RSH degree is increased, and present a more localized residual inhomo-
geneity compared to ROIs 1 and 2 (with final inhomogeneity of 33.8 Hz and
23.8 Hz, respectively). Nevertheless, residual inhomogeneity in ROIs 3 and 4
still remains. With more harmonic terms and enough numerical precision to
compute them, the residual “stains” close to the nasal sinus air cavity are
expected to vanish in those ROIs. Nevertheless, in that case, smaller residu-
als reflecting internal brain susceptibility disparities would still remain, since
these cannot be compensated for by shimming.

Although ROI1 is the smallest ROI, it is the one with the largest field dis-
persion after shimming; this is likely due to its concave shape with presence
of sinus air in this concavity. Fig. 5¢ compares the inhomogeneity inside ROI
4 when applying global vs focused shimming: convergence to very low inho-

mogeneity is seen at 10" degree with localized shimming, versus 50"

degree
with global shimming.
In terms of the required RSH degree for optimally shimming some region,

presented results point to the need of fewer degrees of freedom when employing
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localized shimming, and these can be further reduced when the shimmed ROI

can be positioned inside a sphere non enclosing sources of magnetic field.

4.5 Optimal Global and Localized Shimming with Power

Constraints

The reduced number of degrees of freedom is a first practical aspect pointing
to the advantage of localized shimming. Moreover, by analyzing the inho-
mogeneity reduction brought by optimal, power-constrained coil designs, the
reduced need for RSH degrees in localized shimming translates into improved
homogeneity in the target under fixed power dissipation, as observed in Fig.
13. Remember such simulations are based on a 28-cm cylindrical diameter
optimized shimming coil, and may not be generalized to any geometry.
Inhomogeneity after global shimming with subject-optimal coils at the
initial power constraint of 3W is equivalent to 6'"" degree RSH shimming.
Improvement as power consumption is allowed to increase, however, is mild,
reaching an equivalent of a 9*" degree RSH shim system at 100 W. As inhomo-
geneous field distribution becomes more and more localized after mitigation
of slower spatially varying patterns, further improvement becomes harder. To
address such localized patterns when performing global shimming, small loops
with high electric current are needed, thus electric power drastically increases.
Such behavior is in accordance with [21], who demonstrates that pure higher
degree spherical harmonic patterns are generated by faster spatially varying,
thus shorter, winding patterns, at the cost of requiring higher currents.
Subject-optimal coil design for localized shimming, however, shows that a
significant 17 % drop in inhomogeneity can be achieved for the temporal lobes

under the same power dissipation constraints with a dedicated system. From
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the results discussed so far, this is not surprising; for a fixed RSH degree, local-
ized shimming improves the homogeneity in the target compared to global
shimming; and since power dissipation is linked to RSH content, employing
the same power dissipation to shim a localized target rather than the whole
brain is equivalent to using similar RSH degrees in localized versus global shim-
ming. From these results, one could also expect high performance shimming
in spherical ROIs satisfying the perfect SH shimming conditions to be achiev-
able with low power consumption, as the RSH content required to achieve the
lowest inhomogeneity in ROI 4, for instance, is of 10*" degree, with still very
low inhomogeneity at the 6 degree.

We emphasize that the coil design simulation and evaluation had the goal of
illustrating how RSH degree content relates to power dissipation. The designed
systems are not practical as they imply an optimal coil for each subject.
When designing a shim system capable of addressing inter-subject variability,
for a fixed power dissipation, performances tend to drop [13]. Nevertheless,
these simulations provided evaluation of how power capabilities can be better
redirected to improve homogeneity of specific ROIs.

We also note that, despite the low inhomogeneity theoretically achievable
in global shimming, in practice such levels of inhomogeneity are probably
not achievable since dedicated hardware might not be able to support cur-
rent and power levels required to generate the correcting magnetic fields. At
100 W, average inhomogeneity of 40.7 Hz obtained under global shimming is
only equivalent to what would be obtained with 9*" degree RSH shimming,
thus still very far from the estimated lower bound of 12.7 Hz.

Finally, the shimming needs will mainly depend on the robustness of the
acquisition sequence to By inhomogeneity. Acquisition schemes such as GRE,

MP-RAGE, FSE provide high quality results at 7T despite conditions that
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would be harsh for EPI; therefore for those sequences one would not need the
best achievable inhomogeneity. For EPI, however, even at 90" degree RSH
shimming, leftover inhomogeneity hotspots would still translate into artifacts if
no acceleration was used. Again for high-resolution and reduced FOV, localized

shimming will facilitate greater shimming performance.
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Fig. 13: Average inhomogeneity across our fieldmap database as a function of
power dissipation in subject-optimal coils when designed for (a) global shim-
ming, and (b) region-optimized shimming. In (a), note how small the 100-W
power range yields ability to shim the whole brain with respect to the 12.7-Hz
lower bound. RSH degree is also reported as a database-independent reference.
In (b), dotted lines represent the inhomogeneity obtained with region-specific
coils and the solid line represents the inhomogeneity within a specific region
after whole-brain shimming optimized coils.
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5 Conclusion

Mathematical fundamentals pointing to the impossibility of perfect shimming
of the human brain were shown. Unconstrained RSH shimming simulations
revealed reminiscent regions of high magnetic field excursion at 7T even at the
highest degree simulated: an asymptotic behavior suggests a 12.7 Hz remaining
inhomogeneity in average across our 100-subject database.

An optimized close-to-ideal cylindrical shim coil showed field inhomogene-
ity comparable to a 9" degree RSH shim system, with a nominal power
dissipation of 100 W. This result highlights the difficulty of obtaining high per-
formance shim systems with low power consumption, and sheds light on why,
despite efforts developed by many research teams, no system performing bet-
ter than 6'" degree has been prototyped so far [11, 14, 46, 47], yielding a 35%
inhomogeneity reduction with respect to standard scanner shimming. High-
power high-cost systems such as those presented in [13] may be built to reach
10*"-degree SH shimming, with a 10 % extra gain in inhomogeneity reduction;
but beyond 10*"-degree, the gain is probably not worth the effort, consider-
ing the amount of coils, maximum intensity and power that will be needed to
operate the system. This statement holds for the whole brain.

Yet localized shimming was shown to provide better homogeneity in a
target region than global shimming for fixed RSH degree and power dissipation.
Could the brain be approximated as a magnetic homogeneous medium, it
would be possible to almost perfectly shim spherical regions inside it with
rather low power budgets for ROI-dedicated systems. On the other hand, we
demonstrated that air cavities within concave regions of the brain make perfect

shimming impossible when the spherical ROI encapsulates such cavities.
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Appendix: Half-sphere and ellipsoidal ROI
SH-shimming

Here we intend to demonstrate numerically that a homogeneous spherical ROI
is a necessary condition for perfect SH shimming. In practice, we model two
examples of non-spherical convex ROIs in the vicinity of an infinitesimal dipole,
and try to shim them with Spherical Harmonics as far as possible. The first
ROI is a half-sphere, the other one is an ellipsoid.

First consider a 5-cm radius half-sphere ROI, with 1-mm isotropic resolu-
tion. Then an infinitesimal magnetic dipole is placed at a distance z below the
basis of the half-sphere, z varying between 1 and 10 cm, by steps of 1 cm. At
each step, we shim the half-sphere ROI with SH degrees up to 80. We use the
same optimization parameters as those explained in section 3.3. The results
of such simulations are depicted in Fig.14. Subfigures 14.a-b show the dipole
in red at 4 and 6 cm away from the half-sphere ROI (just inside and outside
the bounding sphere). Slc-d depict central slices of the BO maps in the ROI
before shimming, when the dipole is located at 4 and 6 cm, respectively . Note
the BO values are normalized to their standard deviation in the ROI (there-
fore unitless), and the colormap limits correspond to the B0 extreme values
found in the ROI. Fig.14.e-f depict the same slices after SH shimming up to
80tP-degree. Note that the dipole inside the bounding sphere leaves a non-
uniform B0 residual pattern that vanishes when the dipole is placed outside
the bounding sphere. In Fig.14.g, we further show the logarithm of the nor-
malized inhomogeneity as a function of the maximum SH degree with which
shimming was performed. The 10 colored plots from top to bottom correspond
to the dipole located 1 to 10 cm away from the ROI, respectively. As expected,
shimming is improved as the dipole is moved away from the ROI. Yet perfect

shimming, achieved when the dipole is outside the bounding sphere (bottom
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5 curves), here corresponds to a residual inhomogeneity of less than 107125,

probably due to numerical limitations (note the inhomogeneity curve increases
a bit after reaching its minimum, which suggests some numerical instabil-
ity upon reaching such limitations). For dipoles located inside the bounding
sphere, the ROI inhomogeneity increases by at least 2 orders of magnitude,
clearly showing perfect SH shimming is not achievable under such conditions.
So this tends to demonstrate numerically that a convex ROI (in this exam-
ple, the half-sphere) cannot be shimmed ‘perfectly’ in presence of a magnetic
dipole in its vicinity. By extension, we deduce that a convex ROI with an air-
tissue interface in its vicinity does not, in general, fulfill a sufficient condition
for perfect SH shimming.

We performed the same simulations as above by replacing the half-sphere
by a rugby-ball ellipsoid with a 5-cm large radius along y, and a 3-cm small
radius along x and z. We then placed the dipole 1 to 7 cm away from the
ROI, matching the same locations as the last seven configurations used in the
half-sphere simulations. Fig.15 then shows the equivalent inhomogeneity log
plot as in the half-sphere case. Again, notice how the dipole locations outside
the bounding sphere yield a gathering of final BO inhomogeneities around the
same order of magnitude (corresponding to the numerical limit of perfect SH
shimming in this ROI configuration). On the other hand, the dipole location in
the bounding sphere gives a final inhomogeneity 9 orders of magnitude above.
Like for half-spheres, this tends to show that homogeneous ellipsoid ROIs in
general cannot be shimmed perfectly when placed in the vicinity of magnetic
sources.

In conclusion, homogeneous spherical ROIs seem to be ‘necessary’ for
perfect SH shimming. However, any non-spherical ROI contained in such

homogeneous spheres can also be shimmed perfectly.
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Fig. 14: SH shimming simulation results of a half-sphere ROI located above
a magnetic dipole. (a-b) Location of the dipole (in red) with respect to a 5-cm
radius half-sphere: the dipole is away from the ROI by 4 and 6 cm, respec-
tively. (c-d) Central slices of the BO maps in the ROI before shimming in the
above configurations. BO values are normalized to their standard deviation in
the ROIL (e-f) Same slices after SH shimming up to 80*"-degree. Note that
the dipole inside the bounding sphere leaves a non-uniform B0 residual pat-
tern that vanishes when the dipole is placed outside the bounding sphere. (g)
Logarithm of the normalized inhomogeneity as a function of the maximum SH
degree with which shimming was performed. Each curve label corresponds to
the distance separating the dipole from the ROI. From the 6-cm curve onward,
SH shimming reaches its numerical limit (dipole outside the bounding sphere,
corresponding to perfect shimming). That limit is not reached when the dipole
is inside the bounding sphere.
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Fig. 15: SH shimming simulation results of an ellipsoidal ROI located above
a magnetic dipole. (a) Different locations of the dipole (in red) with respect to
the 3-cm small-radius ellipsoid: the dipole is away from the ROI by 1 to 7 cm.
(b) Logarithm of the normalized inhomogeneity as a function of the maximum
SH degree with which shimming was performed. The 7 curves correspond to
the above dipole locations: each curve label is the distance separating the
dipole from the ROI. From the 3-cm curve onward, SH shimming reaches its
numerical limit (dipole outside the bounding sphere, corresponding to perfect
shimming). That limit is far from being reached when the dipole is inside the
bounding sphere (1-cm curve).
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