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Abstract: This study uses cutting-edge materials and additive manufacturing (3D printing) to improve MRI
technology. High-performance gradient coils are produced automatically by a 3D printing system and
software, allowing for high-resolution imaging (50 um) in a matter of seconds. A new multi-layer Litz wire
addresses overheating in high-frequency applications such as cardiac imaging by reducing resistive losses
by 80%. By using thin conductive layers, additive manufacturing also increases the MRI coils’ flexibility
and cooling. A 3D-printed tungsten collimator reduces eddy currents for SPECT/MRI integration,
improving compatibility. MRI artifacts are reduced by 10% with lightweight titanium implants, namely
those with a honeycomb cranioplasty design. Furthermore, ultra-short echo time (UTE) MRI provides a
safe substitute for medical 3D printing by producing radiation-free 3D medical models with small
deviations (<1.5 mm). These developments highlight the revolutionary potential of additive manufacturing
in medical imaging by improving MRI efficiency, accuracy, and patient safety.
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I. INTRODUCTION

Particularly in cardiac MRI, where quick pulse sequences are necessary to avoid image blurring from heart motion, the
high pulse frequencies employed in MRI gradient and RF coils necessitate specific design techniques. Skin effects at
frequencies higher than 10 kHz present problems for conventional wires, resulting in energy loss and overheating.
Although foil-based designs have been investigated as a potential remedy, their use is restricted to two-layer
configurations due to their inability to accommodate complex coil shapes and connecting problems. A viable substitute
that makes use of fine aerosol jets to create ultra-thin conductive layers is additive manufacturing. Furthermore, cooling
is still a crucial component of MRIs. By directly incorporating bioinspired fractal coolant channels into the coil
structure, additive manufacturing techniques can improve cooling efficiency. By placing these embedded cooling
channels microns away from heat-generating wires, thermal resistance may be considerably decreased, enhancing the
overall effectiveness and performance of MRIs.

Multimodal imaging techniques have grown in importance over the last ten years, especially the combination of
anatomical imaging techniques like Computed Tomography (CT) and Magnetic Resonance Imaging (MRI) with
functional imaging techniques like Positron Emission Tomography (PET) and Single Photon Emission Computed
Tomography (SPECT). With the advent of PET/MR hybrid imaging, it is now possible to combine the molecular and
quantitative imaging capabilities of PET with the high soft tissue contrast of MRI. Whole-body PET/MR systems have
changed from standalone imaging units to fully integrated platforms for simultaneous imaging since 2010. Likewise,
preclinical SPECT/MRI systems have been created to combine the superior soft tissue contrast and biochemical data
from MRI with the higher solution molecular imaging from SPECT. Clinical applications were made possible by early
advancements like the first sequential small-animal SPECT/MRI system (Goetz et al., 2008) and simultaneous
SPECT/MRI feasibility studies (Hamamura et al.). The goal of initiatives like INSERT is to combine SPECT and MRI
in preclinical and clinical contexts. There is currently no commercial simultanecous SPECT/MRI system available,
although Mediso has introduced a sequential preclinical SPECT/MRI system. Notwithstanding its promise, integrating
SPECT and MRI presents many technological difficulties, most notably the existence of eddy currents in the collimator
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brought on by pulsed magnetic field gradients. The quality of MRI images is impacted by these eddy currents because
they distort the linear gradient fields in the region of interest. According to studies, the induced magnetic field can
produce discernible distortions and reach up to 4.7% of the applied gradient field. This review investigates the use of
new manufacturing techniques, such as additive manufacturing, to optimize collimator design in order to minimize
these impacts.

Post-operative imaging issues have increased as a result of the growing usage of structural metal implants in
contemporary surgery. Because implant materials and surrounding tissues have different magnetic characteristics, MRI,
a crucial diagnostic technique, is susceptible to artifacts. These artifacts decrease the diagnostic accuracy for problems
like infections or hemorrhages by distorting imaging, especially in high-field MRI systems (>3T).Implants made of
titanium are frequently utilized because of their mechanical qualities and biocompatibility; they produce less artifacts
than other metals, although their weak paramagnetism still makes imaging difficult. To reduce artifacts, a number of
strategies have been investigated, such as implant coatings, alternate imaging sequences, and post-processing
techniques. According to recent research, these distortions can be considerably reduced by employing Additive
Manufacturing (AM) techniques to integrate porous materials and reduce implant mass. In order to enhance post-
operative imaging and early complication diagnosis, this study explores the possibility of using lightweight, porous Ti-
6Al-4V structures in implants to lessen MRI susceptibility artifacts.

In oral and maxillofacial surgery, the combination of additive manufacturing (AM) and virtual three-dimensional (3D)
surgical planning is progressing, with notable promise for procedures including dental implants, tumor resections,
reconstructions, and the restoration of mandibular fractures. By making it possible to create tailored implants, drill
guides, and saw guides with improved predicted, functional, and cosmetic outcomes, these procedures help patients
with anatomical restrictions, inadequate bone structure, or low bone density. Getting high-resolution 3D medical
images in DICOM format, transforming them into Standard Tessellation Language (STL) files with virtual planning
software, and creating constructs with computer-aided design (CAD) software are the three main phases in medical
AM. MRI has been investigated as an alternative to computed tomography (CT), which has historically been utilized
for implant design. However, because of the low proton density and quick T2 relaxation time of cortical bone,
traditional MRI sequences are best suited for soft-tissue imaging and have trouble visualizing bone. Ultrashort echo
time (UTE) MRI sequences were created to get around these restrictions, enabling quicker data collection and better
bone imaging. PET/MRI attenuation correction, radiation planning, and MR-guided surgery are just a few of the
sophisticated clinical uses for UTE MRI. Nevertheless, no research has examined UTE MRI's ability to produce
AMsuitable STL models. Comparing the geometric accuracy of STL models produced from UTE MRI with
morphological changes and flaws added throughout the AM process is the goal of this study.

II. FRACTAL COOLING IMPLEMENTED IN MRI GRADIENTCOIL

METHODS

Two additive manufacturing techniques were utilized for the construction of prototype coils. A unique fabrication
approach was developed using spray-coating to propel and dry nano-inks and insulators, allowing for the deposition of
layers 10-100 microns thick within seconds, exhibiting effective conductivity within and across interconnected layers.
A second technique evaluated thicker layer applications, presumed to expedite the fabrication of larger coils. This
system used a Fab@Home 3-D printer, designed with a computercontrolled gantry and a toolhead that extrudes
material from a syringe to create components. A syringe-based system is advantageous for high output operations,
especially when paired with precursor materials that possess a low solvent ratio. Such precursors are typically more
viscous than those that can be applied through spray coating. Each layer underwent rapid heat treatment (approximately
60 seconds) using radiant heat prior to the application of the subsequent layer. Thicknesses over 1 mm can be deposited
in a single pass with this technique, achieving resolutions between 0.1 - I mm based on the material used.
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RESULTS
A. Modified Spray-Coat Technology:

Litz wires with various patterns were created using the spray coating method, resulting in a structure composed of four
distinct metal layers and three insulator layers deposited on polycarbonate.

Cooling channel

=,

N

ructL

Image by “Goodbye Wires and Formers: 3-D Additive Manufacturing and Fractal Cooling Applied to Construction
of MRI Gradient Coils”[1]

B. Syringe-Delivered Materials (Fab@Home)

Structures comprising up to seven layers (four metal layers, three insulator layers) were fabricated using this technique.
A three-layer coil is illustrated in Fig.3, where two metal layers are separated by an insulating layer.

Typically, the resistances of coils with this configuration were below 200 m€, while the resistance between the top and
bottom metal layers (when disconnected at the via) exceeded 30 MQ. The typical resistivity for the metal layer
measured under 10 pQ-cm. Given the speed of operation for either method, it is feasible to build MRI gradient coils
(about 10 cm tall) suitable for animal systems in less than a day.

II1 . MINIMIZING EDDY CURRENTS GENERATED BY MRI GRADIENT COILS
METHODS
A. Simulation Platform:
Gradient coils and collimators were simulated using FEKO, a three dimensional electromagnetic simulation software.
FEKO employs the method of moments to deliver full-wave solutions to Maxwell's integral equations in the frequency
space. The platform's time analysis feature also enabled electromagnetic problems to be evaluated in the time domain.
Relevant computations were conducted in the frequency space, and fast Fourier transform algorithms were applied to
convert data into the time domain. Frequency components of the gradient pulse were extracted via fast Fourier
transform; a broadband simulation was then executed across the gradient shape frequency range. The simulation
encompassed frequencies from 0 to 10 kHz to encompass a sinusoidal pulse with a 0.25 ms ramp-down time.
Simulations were performed on x-, y-, and z-gradient coils for preclinical applications. The coils received currents of
167.24 A and 162.33 A for transverse and longitudinal gradient coils, respectively. The gradient strength was mT/m,
with the maximum gradient deviation determined to be 2.06% and 0.86% for transverse and longitudinal gradient coils,
correspondingly.
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Image by “Simulated Design Strategies for SPECT Collimators to Reduce the Eddy Currents Induced by MRI Gradient
Fields”[2]

B. Original Collimator

The newly designed collimator developed for a microSPECT system consists of seven identical collimators and digital
silicon photomultipliers arranged in a ring. This setup remains stationary, minimizing sensitivity to geometric
calibration challenges, making it more suitable for dynamic imaging and easier to integrate with MRI. Tungsten proves
to be a viable material for MR-compatible collimators, offering high electron count and high density (19.25 g/cm?).
However, pure tungsten is challenging to work with. It can be processed with tungsten alloys (comprising nickel, iron,
and/or copper), which facilitate processing but result in reduced MR compatibility due to added susceptibility. Additive
manufacturing addresses these challenges using selective laser melting techniques on pure tungsten powder. This
method also permits variations in material density. The collimator supplier can provide densities ranging from 80% to
99%, which is significant as tungsten with lower density exhibits reduced conductivity, leading to minimal eddy
currents. Yet, lower density also results in decreased attenuation coefficients. A density of 90% was chosen, and
according to the Beer-Lambert Law, 2 mm of this material suffices to effectively attenuate 99.85% of incoming gamma
rays at 140 keV.

C. System Optimization:

To lessen eddy currents in the collimator ring, modifications were made incrementally, examining the impact of each
alteration. The magnetic field generated by eddy currents was calculated by comparing the z-component of the
magnetic induction of the gradient coils without collimator to the z- component with the collimators. The focus on the
z-component is due to its significance as the primary component for the gradient field. Various designs were simulated
to diminish the magnetic field induced by eddy currents:

Smaller Flanges: Excess material was removed from the flanges on the edges of the collimator, which existed solely
for mounting purposes and did not function to attenuate photons. This initial design adjustment involved minimizing
the excess material in the flanges, where higher current densities would likely occur, while still ensuring proper
mounting of the collimator.

Horizontal Slits: It was anticipated that current density would peak near the collimator's surface due to the skin effect,
which could be reduced through surface slits. Spacing between the slits was maintained at 2 mm to avoid interference
with collimator functionality.
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Material Reduction in the Core: The collimator maintains a solid central tungsten core. Since photons are attenuated
prior to reaching the core, this unnecessary material could be eliminated. Although this could further reduce eddy
currents, it may complicate printing and necessitate a support structure.

Vertical Slit in the Middle: To diminish eddy currents without entirely eliminating core material, two vertical slits in
the center of the collimator can be utilized (Fig. 3(D))

Z-shaped Vertical Slit: To optimally reduce eddy currents, the previous solutions (sections C.3 and C.4) can be
merged (Fig. 3(E)). However, combining core material reduction with vertical slits may allow some photons to pass
through the slits and the thin wall of the loft hole. This issue can be addressed by employing a Z-shaped slit (Fig.

3(F) and Fig. 4) instead of the vertical slit depicted in Fig. 3(D).

-

Image by “Simulated Design Strategies for SPECT Collimators to Reduce the Eddy Currents Induced by MRI Gradient
Fields™[2]

D. RESULTS

Current Density on the Surface of the Collimator:

A comparison of the current density on the collimator surfaces across various modified designs shows a general
decrease relative to the original design.

Temporal Variation of the Induced Field for the Original and the Optimized Ring of Collimators:

This analysis examined the induced magnetic induction due to eddy currents as a percentage of the applied gradient
field for both longitudinal and transverse gradient coils (x- and y-gradient coils) for both the original and the optimized
collimator rings, averaged within a field of view of 3 c¢cm. The original collimator exhibited a maximum induced
magnetic field of 4.21% and 1.06% of the applied gradient for longitudinal and transverse gradient coils, respectively,
whereas the optimized ring displayed reduced values of 1.91% and 0.46% for the longitudinal and transverse gradient
coils, respectively. Transverse coils consequently produced fewer eddy currents than their longitudinal counterparts,
with maximum induced magnetic fields reduced to under 2% of the applied gradient field across both types.

IV .MINIMIZING MRI SUSCEPTIBILITYARTIFACTS IN IMPLANTS

METHODS

Specimen Manufacture: Specimens were crafted using a RenAMS500M selective laser melting system (Renishaw, UK)
located at the Centre for Custom Medical Devices. Samples comprised spherical Ti-6A1-4V (Grade 23 (RM1) from
Renishaw) powder within a size range of 15 to 53 pm. Layers were processed with a thickness of 30 um employing
either a contour-only laser scanning strategy for diamond and octahedral lattice designs or a hatch-and-contour
approach for honeycomb samples. The laser power and effective scanning speed for contour scanning were set to 100
W and 1125 mm/s, while 200 W and 1100 mm/s were allocated for hatched regimes.
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MRI Measurements: Custom 3D printed polymer lattices (Stratasys, Object) were assembled as supports for the
titanium samples and to establish geometric reference in the collected data. The metal lattices were placed upright in the
polymer framework, positioned approximately 6 mm deep. To facilitate filling and allow for sample swaps, pre-boiled
tap water was selected as the phantom medium to provide the MRI signal. The water was cooled to room temperature to
expel gas and minimize air bubble formation within the lattice. Two polymer lattice assemblies were affixed to the base
of each vessel, which were filled with water until the metal lattice was fully submerged several centimeters below the
water surface. The vessel was placed on a vibrating platform for several minutes until no further air bubbles emerged
from the metal lattice.

Statistical Methods: In instances where regression analysis occurred, the curve fitting and R* values are indicated in
the figure captions. Given that each image sequence only produced a single MRI dataset, error bars were estimated
based on variability associated with image resolution. For length measurements, error bars showed 0.5 pixels,
considering this linear interpolation. Consistent threshold values were utilized across specimens for volume
measurements, and error bars represented a range of 1 voxel over the entire surface area to accommodate noise.

RESULTS

Coronal images of diamond lattice structures obtained from the gradient echo sequence are displayed, showcasing (a)
magnitude and (b) phase data, along with (c) a spin echo image, and a (d) longitudinal gradient echo image illustrating a
vertical section of the specimen. Dark areas in the gradient echo magnitude images at the specimen edges indicate
complete signal loss due to the susceptibility artifact, increasing in extent as relative lattice density rises from 17% to
72%. Comparative images obtained through the spin echo sequence (Fig. 4(c)) do not exhibit the same regions of total
signal loss as seen in gradient echo sequences; however, both methods reveal distortion from field inconsistencies.
Figures (a) and (c) underscore the disparities between these imaging techniques.

- ) X (d) Gradient Echo:
(a) Gradient Echo:  (b) Gradient Echo: (c) Spin Echo: Magnitude
Magnitude Phase Magnitude (Longitudinal)

17% Density
(Diamond; 1 mm Unit;
250 pm Strut Dia.)

49% Density

(Diamond; 1 mm Unit;
350 pm Strut Dia.)

72% Density

(Diamond; 1 mm Unit;
450 pm Strut Dia.)

.

40 mm —
Image by “Reducing MRI susceptibility artefacts in implants using additively manufactured porous Ti-6Al-4V
structures”[3]
Phase images reveal the extent of disruption in the measured signal's phase. Banding in these images results from the
"phase-wrapping' effect, where the phase, representing the orientation of a vector, cycles from -x to n. The pixel values
fluctuate from minimum (black) to maximum (white) as the received signal crosses these limits. As with magnitude
data, these images (Fig. (b)) indicate a larger affected region correlating with increasing sample density from 17% to
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49% and 72%. The longitudinal gradient echo images (Fig. (d)) similarly portray ‘edge-plumes’ of artifacts above and
below the specimen, akin to those observed in the coronal plane.

Additionally, images from the gradient echo sequence for metal lattice samples showcasing relative densities (29.4% -
30.8%) across three different unit cell designs (octahedral, diamond, and honeycomb) depict typical characteristics of
the dataset without significant variations in artifact nature between the two designs (octahedral or diamond). In contrast,
honeycomb samples manifest ‘protrusions’ of artifact volume visible in gradient echo magnitude images (evident in the
detail of the honeycomb sample). These features relate to the honeycomb channels, appearing more prominent in larger
cell sizes (6 mm and 4 mm). Thus, honeycomb artifacts seem to be more critical than their lattice counterparts for
similar sample densities.

The volume of the signal loss region in gradient echo magnitude data was charted against sample relative density (Fig.
(a)). A linear trendline fitting yielded an R? = 0.97; however, honeycomb samples deviated from this trend, especially at
densities below 60% (noted as green squares in Fig. (a)). A trendline recalculated excluding honeycomb specimens
displayed improved correlation with R? = 0.99. The honeycomb specimens’ artifact volume is separately plotted in Fig.
(d) correlated to each unit cell size, indicating escalating artifact severity with increasing cell size. The 4 mm cells
displayed an average artifact volume increase of 3700 mm? while 6 mm cells showed a rise of 4300 mm?® compared to
the baseline lattice trend. The typical MRI gradient echo magnitude images for all specimens analyzed appear in
Supplemental Figure S1. An assessment of artifact displacement from expected positioning revealed a similar positive
correlation with density (Fig. (b)). Nonetheless, a second-order polynomial relationship was determined to optimally fit
this data (R? = 0.92), with no apparent outliers identified. Fig. (c) illustrates the distance between the outermost phase
wrap as an approximation of artifact extent. A transition in gradient was observed alongside a visible alteration in the
shape of the outer phase wrap boundary transitioning from a flattened to a rounded shape (as shown in the inset images
of Fig. (¢)). This transition occurred roughly at 45% relative density and corresponds to a distance about equal to the
specimen's width (42 mm).

(c) Gradient Echa:
Magnitude
{Longitudinal)

40 mm  —

(a) Gradient Echo: (b) Gradient Echo:
Magnitude Phase

Octahedral,
30.8% Density

1.5 mvmr Lindg,
450 g SErwt Dia.

Diamond,
30.5% Density

1.5 mvn Linde,
350 e Serut Dia.

Honeycomb,
29.4% Density

& mm UniE,
1 mm Waill

Image by “Reducing MRI susceptibility artefacts in implants using additively manufactured porous Ti-6Al-4V
structures”[3]
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V .THE ACCURACY OF ULTRASORT ECHO TIME MRI SEQUENCES FOR MEDICALADDITIVE
MANUFACTURING
METHODS

A MRI scanner were used to scan the three dry mandibles (Stepl), and an optical 3D scanner (Artec Spider; Artec
group, Moscow, Russia) was used to capture an optical scan of all three mandibles with a point accuracy of 0.05 mm.
The "goldstandard" STL models were the optical scans of the three mandibles. After that, the MRI scans were aligned
with the gold-standard STL models and converted to STL files (Step 2). The geometric differences between the gold-
standard models and the STL models obtained from MRI were then computed. In order to map additional geometric
deviations introduced during the AM process, the MRI and gold-standard STL model of one mandible were also
additively built (Step 3) and scanned again using an optical scanner (Step4).

(3 dry human mandib[es:}

[
+ * Y
Step 1 Multi slice CT MRI - UTE Optical scanner
v ¥
Step 2 Image processing
¥ y
( STL (MRI) ) @o!d standard STL)‘----- sy
! ¢ Calculate
deviations
Step 3 Additive manufacturing (AM) ;

3D model (CT) 3D model (MRI)

Step 4 Optical scanner

¥ v
(oo ) (Gwrmamemesn)

3D model
(gold standard)

(Figure 1) Outline of the study. STL, Standard Tessellation Language; UTE, ultrashort echo time.
Image by “The accuracy of ultrashort echo time MRI sequences for medical additive manufacturing’[4]

MRI:

Conventional spin or gradient echo sequences are too slow to pick up any bone signal because the mandibular cortical
bone has a very short T2 * of about 1.5 ms. UTE imaging produces an MR signal from the surrounding cortical bone by
directly sampling the free induction decay signal with an echo duration of less than one millisecond. A Philips
Achieva® 3-T MRI scanner (Philips Healthcare, Best, Netherlands) equipped with an eight-channel head radio-
frequency coil and a UTE single-echo sequence was used to scan all three mandibles. The scan parameters that were
employed were flip angle = 15°, echo timel = 0.14 ms, and repetition time = 4.8 ms. After stimulation with a non-
selective harsh radio-frequency pulse, the receive coil was tuned. Free induction decay sampling was then initiated
while the gradients ramped up. The time between excitation and readout as a result of this process was 0.14 ms. The 3D
k-space was regridded to a Cartesian coordinate system of isotropic 0.5 x 0.5 x 0.5-mm voxels after being radially
sampled.
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THE USE OF ADDITIVE MANUFACTURING:

GOM Inspect® software (GOM mbH, Braunschweig, Germany) was used to import the MRI-derived STL models of
Mandible 1 and smooth them with a surface tolerance of 1.0 mm in order to adjust for stair-step artifacts. A Z printer
250 inkjet powder printer (3D Systems Inc., Rock Hill, SC) was used to print the gold standard STL model of Mandible
1 acquired using the optical scanner as well as the smoothed MRI-derived STL model. In accordance with Steps 3 and
4, the final additively produced models were scanned once again using an optical scanner, aligned with the gold-

Visualization

itk

itk

aMeshLab

Toolkit

1) Segmentation
(thresholding)

3) Alignment with
gold standard STL

4) Calculation STL-
to-STL distances

standard STL model, and then submitted to STL deviation analysis in Figure 2.
Geometrical
deviafions

DICOM ; STL
((CT"MRI)} 2) STL conversion ’((CTIMRI)}

(Figure 2) Overview of image processing steps and software packages involved in the STL analysis.
Image by “The accuracy of ultrashort echo time MRI sequences for medical additive manufacturing”[4]

Gold standard STL
(optical scanner)

RESULTS

With the exception of Mandible 1 (1.69 mm), all geometric discrepancies between the MRI-derived STL models and
the optical scan goldstandard STL models were typically less than 2.0 mm, with 95th percentiles less than 1.5 mm. All
MRI-derived STL models displayed a greater spread of deviations in the mandibular condyles and a smaller spread in
the symphyseal area. The additively produced 3D models of Mandible 1 showed a few more minor geometric
aberrations (Figure A). Geometric variations of up to 0.5 mm were shown by the additively produced goldstandard 3D
model, particularly in thin components like the alveolar ridge and coronoid process.Deviations were noted in the
coronoid process, mandibular condyles, and alveolar ridge of the 3D model created using MRI data (Figure B).
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gsoooo
E 20000
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(Figure A) AM 3D Model Gold-Standard
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(Figure B) AM Model-MRI
Image by “The accuracy of ultrashort echo time MRI sequences for medical additive manufacturing’[4]

VI .CONCLUSION
This study has shown that additive manufacturing techniques can be effectively utilized to create macroscopic coils
without any technical constraints. We can fabricate coils of several centimeters in size using existing setups (like
Fab@home) or larger coils with slight adjustments. Importantly, the achieved conductivities are nearly equal to bulk
conductivity. As seen in other applications of computer-controlled numerical machining, we believe that our approach
aligns well with the simulations typically used to optimize gradient coil designs. We envision no other viable method
for implementing fractal cooling schemes that could greatly enhance duty cycles at the high power levels needed by
MRI gradient systems. This project encourages MRI designers to engage with the dynamic additive manufacturing
community.
We addressed and minimized the induced magnetic field resulting from eddy currents in a complete ring of collimators
designed for an MRI system. A numerical model was created to analyze the x-, y-, and z-gradient coils with various
collimator designs, focusing on the eddy currents produced in the tungsten collimators due to gradient fields in the MRI
system. Simulations were performed with a 3D electromagnetic simulator equipped with a time analysis tool.
Alterations were made to the collimator's surface and design, reducing the maximum induced magnetic field by 51%,
enhancing MR compatibility. The numerical model and simulation tool were validated accordingly. We conclude that
printed tungsten collimators are suitable for use in combined MRI systems.
For octahedral and diamond lattice structures, the artifact volume correlates linearly with relative density (R>=0.99). A
50% reduction in mass resulted in a 50% decrease in artifact volume. Conversely, honeycomb structures displayed a
slightly higher artifact volume than anticipated for their relative density when evaluating larger unit cell sizes (6 mm
yielding a 4300 mm? increase; 4 mm a 3700 mm? increase). Notably, artifact displacement strongly correlated with
sample density (R? = 0.92) due to B0 field distortion caused by the metal lattice, which led to skewed slice selection.
Phase imaging illustrated the extent of disruption caused by metal samples, with severity measurements confirming a
positive correlation with relative density similar to the magnitude data. The overall pattern of phase disruption seemed
influenced by both density and geometry, suggesting a fascinating area for future research. Importantly, relative density
emerged as a crucial factor driving artifact behavior around the lattice specimens, rather than unit cell type, size, or strut
diameter.
This research demonstrates that the use of UTE MRI for imaging bone is a viable alternative to CT for generating STL
models of mandibles with varied morphologies, making it suitable for surgical planning and additive manufacturing.
Both CT and MRI methods typically introduced geometric deviations of less than 1.0 mm and less than 1.5 mm,
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respectively, while the additive manufacturing process added minor deviations of less than 0.5 mm. Additional in vivo
studies are needed to evaluate the viability of the UTE MRI sequence in clinical scenarios.
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