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Abstract: The orbitofrontal cortex (OFC) area plays a critical role in human brain functions. However,
susceptibility differences between paranasal sinuses and nasal cavity tissues often cause local field
variations in the OFC during MRI, resulting in image distortions and signal loss. In this paper, we
introduce a subject-friendly neck passive shim solution aimed at enhancing field homogeneity in the
brain, specifically in the OFC region. Utilizing 3D gradient-echo pulse sequences, main magnetic
field (Bp) maps of four subjects’ brains were acquired at 4T MRI. Subsequently, these maps were
decomposed into spherical harmonic coefficients and averaged. Optimal positions for placing shim
elements on a semi-cylindrical surface, positioned slightly above the neck and below the chin, were
computed. The findings indicate a substantial enhancement in By homogeneity, particularly within
the OFC region, through the integration of this semi-cylindrical passive shim system in conjunction
with first and second-order active shimming.

Keywords: MRI; 4T MRI; brain; orbito-frontal cortex imaging; magnetic susceptibility; passive shim
development; passive shim placement

1. Introduction

The human brain is a complex and intricate organ responsible for a wide range of cognitive and
physiological functions [1-3]. It comprises different lobes, with the frontal lobe being a crucial region
associated with various higher cognitive processes, including decision-making, problem-solving, and
social behavior [4-7]. Nestled within the ventral aspect of the frontal lobe resides the orbitofrontal
cortex (OFC), a specialized sector of the prefrontal cortex [4,8]. Renowned for its pivotal role in
cognitive processing and decision-making, the OFC is integral to human brain functions [9-12].

Magnetic Resonance Imaging (MRI) stands out as a highly auspicious neuroimaging technique
employed in contemporary clinical environments [13,14]. It plays a pivotal tool in generating diagnostic
medical images of the human brain, showcasing its vital role in accurately identifying pathological
conditions in the central nervous system (CNS) [15-18]. However, susceptibility artifacts in MRI,
arising from varying magnetic susceptibilities of adjacent tissues or substances, can cause distortions
in images of the OFC. These artifacts manifest as signal voids or distortions in the generated images,
potentially impacting the interpretation of tissue structures [19-22]. Common sources of susceptibility
artifacts include air-tissue interfaces, metallic implants, and paramagnetic substances [20,23,24].
These variations in magnetic susceptibility result in local magnetic field inhomogeneities, causing
image artifacts that can compromise the overall quality and diagnostic accuracy of MRI scans [23].
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Understanding and mitigating susceptibility artifacts are crucial for ensuring the reliability and
precision of MRI-based clinical assessments.

The significant variation in magnetic susceptibility between the ethmoid, frontal, and sphenoid
sinuses and nasal cavities (air-filled cavities adjacent to the OFC) is attributed to susceptibility-induced
imaging artifacts in the OFC [25]. Localized passive shimming, as evidenced by previous studies,
reduces field deviations in the OFC. It’s beneficial to position shim elements away from the subject
for comfort [26-30]. In this study, we propose using a passive shim element positioned beneath the
subject’s chin to generate a specifically compensated passive shim field, localized to the OFC region.

2. Materials and Methods

The magnetic susceptibility variance between brain tissue, paranasal sinuses, and the nasal cavity
results in significant local susceptibility-induced field variations specifically within the OFC. Previous
efforts have focused on enhancing magnetic field homogeneity in key brain regions like the inferior
frontal cortex (IFC) and inferior temporal cortex (ITC) [28-30]. The following section outlines the
numerical analysis of the inhomogeneous magnetic field, along with the design and construction
details of the localized neck-passive shim system.

The methodology involves deriving average amplitudes of spherical harmonics for local dipole
passive shimming based on brain field maps (B) obtained from multiple subjects. This is followed
by simulations and measurements to verify the potential of the local dipole passive shim system in
enhancing field homogeneity within the OFC. The performance is evaluated through assessments
of its corresponding full width and half maximums (FWHMs). Subsequently, the determination of
required magnetic susceptibilities and dimensions is achieved based on the selected average amplitude
strengths and positions.

2.1. Design of the neck passive shim system

Figure 1 demonstrates spherical shim elements, comprising diamagnetic and/or
para/ferromagnetic material and with radius (a;) and susceptibility (X,(i)), placed on a
half-cylindrical surface at predefined positions of a passive shim system within the main
magnetic field (Bp). These elements generate a magnetic induction (AB;) outside the surface at a given
position (x, y, z), as shown in Equation 1 [31-34]. Here, the unit vector denotes the z-direction

)

i, @ (x1.)-Bo | (2(z—zq)? = (x — x01)® — (v — yor)?) ] -
AB:(x,y,z) = ! |-k
L3 ((z — z01)2 — (x — x01)2 — (y — yor)2)(2)

Here, x, y, and z are Cartesian coordinates describing 3D space and I represents the number of
shim pieces. The simplified version of Equation 1 is given below [26].

ABZ(x,y,z) = ZG (xiryjrzk) ¢ )
1

Here, G (x;, yj, z¢) and ¢; represent the spatial-dependent components and the amplitude of the
induced passive shim field, respectively. Furthermore, the symbols of x;, y;, zx and the subscript of i,
j» k represent the orientation and the matrix position of the Cartesian coordinates, respectively. The
amplitude ¢; depends on the magnetic susceptibility and the dimensions of each individual shim
insert. The least-squares optimal ¢; for the individual subjects are determined by Equation 3 below
(where n’ is the number of subjects in the group).

1
S = [G (xi,yj, Zk),f/ -G (%, v, Zk)n/] -G (xi/]/jzzk),f/ Afz (%0, Yj2k) 3)

Here, Af; (x;,yj, Zk)n’ represents the measured frequency shift due to field inhomogeneity at
voxel position x;, y;, and z; of the n’ t subject, and the -1 and T superscripts signify matrix inversion
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and transposition, respectively. The average amplitude of each spherical harmonic component ¢, is
given by Equation 4 below:

gav,l = Z 55,1 4)

!/
s=1

(Xg1 Yor>Zo1)

Figure 1. Spherical shim elements placed at point (xg;, Yo, Z,;) on a half-cylindrical surface that induces
the dipole passive shim field at position (x,y, z).

2.2. Data acquisition and field mapping

In this study, a 3D gradient-echo pulse sequence was employed. To acquire the magnetic field
maps of each subject’s brain, these maps were projected onto a spherical harmonic model (as per
Equation 1). This projection allowed for the extraction of the desired amplitudes of the induced passive
shim field tailored for each subject. Subsequently, these amplitudes were averaged (as described
in Equation 4) across all subjects to derive the final design. This averaging process ensured the
incorporation of the overall characteristics of the induced passive shim field across multiple subjects
for the ultimate system design.

2.3. Passive shim system design

For the fundamental geometry of the passive shim system, a semi-cylindrical shape was chosen. Its
parameters included an outside diameter of 20.5 cm, inside diameter of 20.0 cm, and a length of 4 cm.
The positions of the shim elements were thoroughly assessed and adapted to suit the requirements for
the passive shim design. Upon finalizing the positions and the average ¢,,,; values, this information was
utilized to determine the necessary susceptibilities ( Xi(+) ) , dimensions, and corresponding masses required
for the construction of the shim elements. This thorough evaluation and determination facilitated the precise
development of the passive shim system for the intended application.

2.4. Magnetic properties of the passive shim insert

Following the computed magnetic susceptibilities, two distinct materials were employed to
fabricate the localized dipole passive shim system. For this purpose, mu-metal (Ad-Vance Magnetics,
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Inc.), consisting of Ni (77%), Fe (16%), Cu (5%), and Cr (2%) by mass composition, was selected as
the ferromagnetic material. Additionally, bismuth (Chemical Store, Main Avenue, New Jersey) was
utilized as the diamagnetic material. The respective densities of mu-metal and bismuth are 8.75 g/ cc
and 9.78 g/cc. These material choices were made to best achieve the required magnetic properties
essential for the construction of the dipole passive shim system.

2.5. Construction of localized dipole passive shim system

The assembly process began by affixing the combined ferromagnetic and diamagnetic passive
shim inserts at designated positions on a paper sheet measuring 4.0 cm in length and 50.0 cm in width.
These positions were precisely marked at intervals of 0, 5, £10, £15, +20 cm along the x-axis and
10.0, 10.5, 11.0, 11.5, 12.0, 12.5, 13.0, and 13.5 cm along the z-axis within the Cartesian coordinate
system. Subsequently, the paper was meticulously wrapped around the exterior surface of the plastic
semi-cylinder, which served as the base for the dipole passive shim system. Special attention was given
to aligning the position of x = 0 with the vertical rod of the passive shim system, ensuring accurate
alignment relative to the magnet’s iso-center. The optimal mounting position of the semi-cylindrical
passive shim system was determined based on the y-z plane (sagittal plane). Upon completion, the
passive shim system was securely attached to the radio frequency (RF) coil, maintaining alignment
such that the y-z plane was in congruence with the movable vertical and horizontal rods of the dipole
passive shim system, as illustrated in Figure 2.

Figure 2. A subject-friendly passive shim system positioned onto the RF coil.

2.6. Both local dipole passive and active shimming in vivo

The investigation encompassed an assessment of field distributions within the human brain under
two distinct scenarios: the first involved solely active shimming utilizing Fast, automatic shimming by
mapping along projections (FASTMAP) [34-36]. In contrast, the second scenario encompassed a combined
approach integrating both active shimming and local dipole passive shimming. These assessments were
conducted through a modified 3D gradient-echo pulse sequence deployed on the 4T scanner. In the
comparison analysis, the variation in field strength within the OFC region was meticulously scrutinized and
compared between the field maps generated solely through active shimming and those resulting from the
amalgamation of local dipole passive and active shimming methodologies.


https://doi.org/10.20944/preprints202401.2024.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2024 doi:10.20944/preprints202401.2024.v1

50f13

3. Results

3.1. Local passive shim model for the human OFC at 4T.

The evolution of magnetic field homogeneity within the human brain, particularly targeting the
orbitofrontal cortex (OFC), is illustrated in Figure 3 subsequent to the incorporation of the localized
dipole magnetic passive shim field alongside active shimming. The figure exhibits: (A) measured
magnetic field maps of the brain following the active shimming; (B) simulated dipole magnetic field
induced by a passive shim element; (C) simulated residual By maps after optimization by the dipole
passive shim positioned in the subject’s mouth; and (D) simulated residual By maps after optimization
by combining the active and the dipole passive shim (equivalent to C condition). Comparing the
measured field map (Figure 3-A) with the simulated By map optimized by both active and localized
dipole passive shimming (Figure 3-D) demonstrates a notable improvement in field homogeneity
within the brain, especially within the OFC. Figure 3-B indicates a relatively small dipole field,
necessitating the shim piece’s proximity to the sinus region. However, placement of the shim piece
within the subject’s mouth poses discomfort. To address this, we propose employing a dipole passive
shim element positioned beneath the subject’s chin. This configuration induces a locally targeted
dipole field aimed at compensating for the field inhomogeneity within the OFC. Figure 4 depicts
the passive shim system comprising diamagnetic (green) and para/ferromagnetic (red) shim pieces
designed to induce an effective dipole passive shim field.

Axial Coronal Sagittal
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Figure 3. The measured and simulated By map of a human brain at 4T MRI. (A) The measured By map
for the axial, coronal, and sagittal slices of the 2" subject’s brain with first- and second-order active
shim. (B) A dipole magnetic induced by a magnetic passive shim element. (C) Simulated residual
Bp map optimized by a local dipole passive shim element inside the subject’s mouth. (D) Simulated
residual By map optimized by the first and second-order active shim as well as the localized dipole
passive shim element inside the subject’s mouth.
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The magnetic field distribution following active shimming (i.e. the first and second order) for
each subject was projected into the spherical harmonic function (Equation 3, resulting in individual
spherical harmonic amplitudes, ¢, ;. To finalize the shim set design, the average amplitudes were
computed using Equation 4. Figure 5 illustrates the magnitudes and variations of the spherical
harmonic coefficients for each subject, along with the average amplitudes across all subjects. Notably,
harmonics whose values oscillate between positive and negative fields pose a challenge. Creating
a magnetic field with positive amplitudes necessitates a paramagnetic or ferromagnetic material,
whereas generating a negative field requires a diamagnetic element.

To determine the optimal mounting positions of the dipole passive shim geometry, Figure 6
displays the Full Width and Half Maximum (FWHM) of the brain field distribution as a function of the
shim set within the y and z coordinates on the sagittal plane. The plot colorizes the regions based on
field variation, where blue regions indicate successful shimming (i.e., smaller field variation) while red
denotes inadequate shimming. As Figure 6 illustrates, the best mounting position along the y and z
axis lies approximately 5.5 - 7.0 cm and 11.5 — 13.0 cm, respectively.

‘%.

7
LY

e

Figure 4. Subject-friendly the passive shim system to be placed below the chin with predefined
positions at a half-cylindrical geometry support. The colors green and red represent diamagnetic and
para-/ferro-magnetic materials, respectively.
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Figure 5. Amplitudes of the spherical harmonic coefficients computed by Equation 3 for the first,
second, third, and fourth subjects as well as the average amplitudes of all subjects.
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Figure 6. Determination of best mounting positions of the half-cylindrical geometry (i.e. the dipole
passive shim geometry) position in the sagittal plane. Blue indicates a more effective shimming. Plot
of the FWHM of the field distribution of the third subject’s brain based on the y and z position of the
half-cylindrical passive shim system.

Figure 7 displays (A) the measured brain By map for the third subject across axial, coronal, and
sagittal planes following initial active shim, and (B) the optimized simulated By maps resulting from
the combined application of active and averaged local dipole passive shimming. The corresponding
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FWHM values representing the magnetic field variation across the entire brain volume for the subject
are presented in Figure 8.
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Figure 7. Comparison of measured and predicted magnetic field map of the third subject’s brain. (A)
By map of the subject’s brain following an initial active shimming. (B) The predicted By maps of the
third subject optimized by the first- and second-order active shimming and the local dipole passive

shimming.
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Figure 8. Histograms of magnetic field distribution within the brains of the third subject corresponding
to Figures 7 (A) and (B), respectively.

Comparing the uncorrected field map (Figure 7-A) with the simulated By map (Figure 7-B)
demonstrates a clear enhancement in the field homogeneity across the entire brain. Moreover, the
optimized simulated field maps achieved through combined active and dipole shimming methods
(Figure 7-B) show a notably greater improvement in field homogeneity, particularly within the OFC
and frontal regions, compared to the active shimming alone (Figure 7-A). These simulation results
underscore the potential effectiveness of the developed local dipole passive shim system in mitigating
field inhomogeneity in the human brain, specifically within the OFC. Additionally, the FWHM of the
field distribution after the initial active shimming consistently exceeds that of the simulated field map
that incorporates at least one passive shim (Figure 8). After implementing optimal active shimming,
the FWHM of the simulated field map (Figure 8-B) shows an approximate reduction of 42.3% for the


https://doi.org/10.20944/preprints202401.2024.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 January 2024 doi:10.20944/preprints202401.2024.v1

90f13

third subject, mirroring similar trends observed for the first, second, and fourth subjects within the
group. This trend in the simulation field maps (Figure 7) and the associated histograms (Figure 8)
strongly suggests the potential of this technique in enhancing field homogeneity, especially within the
OFC, across multiple subjects.

3.2. The local dipole passive shim field on the phantom at 4T.

Diamagnetic (bismuth) and ferromagnetic (mu-metal) passive shim pieces were used to generate
the local dipole field. A total of seven bismuth shim pieces with volumes of 0.2 cm? (3 pieces), 0.5
cm3 (2 pieces), 1.0cm? (1 piece), and 2.0 cm? (1 piece), as well as ten mu-metal pieces with volumes of
0.00002 cm? (2 pieces), 0.0001 cm? (2 pieces), 0.0003 cm? (2 pieces), 0.003 cm? (3 pieces), and 0.007 cm3 (1
piece) were strategically positioned on the surface of the half-cylindrical (Figure 4). The experimental
generation of the localized dipole magnetic field within the phantom was examined across the axial,
coronal, and sagittal planes (illustrated in Figure 9). Observations of the dipole passive shim field
maps within the phantom, especially in the axial and sagittal planes, depict the successful generation
of the desired dipole field by the passive shim system.

Axial Coronal Sagittal
e . "= 300
T
1
- w 0
./ i
" J mil-.

H -300

Figure 9. The generation of the localized dipole passive shim field within the phantom. Axial, coronal,
and sagittal slices of the magnetic field distribution within the phantom in the presence of local dipole
passive shim system.

3.3. The local dipole passive and active shimming on the human brain at 4T.

The enhancement of the magnetic field homogeneity within the human brain, following the
introduction of the averaged local dipole passive shim field along with the active shimming, is
depicted in Figure 10. The measured magnetic field distributions within the brain after (A) active
shimming alone and (B) combined active and local dipole passive shimming are demonstrated in
Figure 10. In Figure 10-A, residual inhomogeneity is observed in several brain regions even after active
shimming, notably in the frontal lobe, orbitofrontal cortex (OFC), parietal lobe, temporal lobe, upper
cerebellum, and sinus areas. Nevertheless, upon the addition of localized dipole passive shimming,
an improvement in field homogeneity is evident across various brain regions, particularly those
closer to the ethmoid and sphenoid sinuses and the parietal lobe (Figure 10-B). Additionally, a subtle
improvement in the By homogeneity within the frontal lobe is observed, as noticeable in the sagittal
and axial field maps depicted in Figures 10-A and 10-B.
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Figure 10. The field maps by active shimming only and by the combination of both active and local
dipole passive shimming of the 3™ subject’s orbitofrontal cortex region at 4T were compared. The
By field with (A) active shimming only, and (B) both active and local dipole passive shimming are
presented. The By field inhomogeneity over the OFC region remained after active shimming alone but
was reduced after the introduction of a local dipole passive shimming.

4. Discussion and Conclusion

Despite the adequacy of first- and second-order active shimming in some regions of the human
brain, our simulations reveal persistent limitations in improving field homogeneity across all areas.
Combining active shimming with averaged local dipole shimming appears to mitigate this limitation.
While our results demonstrate that existing active shimming can improve field homogeneity in
certain brain areas, challenges persist in regions proximal to sinuses. However, our simulations and
experimental data exhibit that the inclusion of a local dipole passive shim effectively overcomes these
challenges, particularly in enhancing field homogeneity over sinus regions, as seen in our simulated
field maps (Figure 3).

The efficacy of the induced localized dipole passive shim field is proportional to %3 Therefore,
the distance between passive shim inserts and the target shimming area should be short to be effective.
The proposed half-cylindrical passive shim system is placed below the chin, which is relative remote
to the OFC region. Due to the relatively long distance between the OFC and shim inserts, the required
amount and magnitude of the magnetic susceptibility of passive shim inserts are considerably large
in our design. In addition, to generate a strong dipole field, it is essential to use shim material with
highly negative magnetic susceptibility that is usually unavailable in nature, or to use a large quantity
of shim elements that may be limited by the dimension of the design.

Placement of the dipole passive shim system, specifically below the chin and slightly above the
neck, supported by a half-cylindrical geometry, may face challenges for subjects with varying neck
sizes or due to geometric limitations of the shim system. Consequently, this approach might not
universally accommodate all subjects.

5. Conclusions

Employing a local dipole passive shim field holds promise for enhancing field homogeneity
within localized brain regions. This study underscores the accuracy in placing appropriate diamagnetic
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and ferromagnetic materials on the half-cylinder’s surface to generate a localized dipole, effectively
mitigating By inhomogeneity in the OFC. Notably, this technique is operator and subject-friendly.
Equations 3 and 4 provide crucial tools to determine magnetic susceptibility and dimensions for
optimizing field homogeneity. However, incorrect estimations of these factors may potentially
compromise the final outcome.
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The following abbreviations are used in this manuscript:

OFC The orbitofrontal cortex

MRI Magnetic Resonance Imaging
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IFC Inferior Frontal Cortex

ITC Inferior Temporal Cortex

FASTMAP  Fast, Automatic Shimming by Mapping Along Projections
FWHM Full Width and Half Maximum
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