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“Black Bone” MRI: a novel imaging technique for 3D printing
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Objectives: Three-dimensionally printed anatomical models are rapidly becoming an
integral part of pre-operative planning of complex surgical cases. We have previously
reported the “Black Bone” MRI technique as a non-ionizing alternative to CT. Segmentation
of bone becomes possible by minimizing soft tissue contrast to enhance the bone—soft tissue
boundary. The objectives of this study were to ascertain the potential of utilizing this
technique to produce three-dimensional (3D) printed models.

Methods: “Black Bone” MRI acquired from adult volunteers and infants with craniosy-
nostosis were 3D rendered and 3D printed. A custom phantom provided a surrogate marker
of accuracy permitting comparison between direct measurements and 3D printed models
created by segmenting both CT and “Black Bone” MRI data sets using two different software
packages.

Results: “Black Bone” MRI was successfully utilized to produce 3D models of the
craniofacial skeleton in both adults and an infant. Measurements of the cube phantom and
3D printed models demonstrated submillimetre discrepancy.

Conclusions: In this novel preliminary study exploring the potential of 3D printing from
“Black Bone” MRI data, the feasibility of producing anatomical 3D models has been
demonstrated, thus offering a potential non-ionizing alterative to CT for the craniofacial

skeleton.
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Introduction

The term rapid prototyping was coined in the 1980s
to describe new technologies that produced physical
models directly from a three-dimensional (3D)
computer-aided design of an object.' Within the surgical
community, maxillofacial and craniofacial surgeons
were among early adopters of this new technology,
which soon became routine clinical care.” * The benefits
were clear, with physical models providing superior vi-
sualization of complex anatomy over both axial and
static 3D rendered images, with better surgical planning
capabilities and resultant improvements in patient
outcomes.”® Evolving advancements in technology saw
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models produced using computer numerical control
milling being gradually replaced by stereolithography
and the additive layer processes that are in widespread
use today.

Over the past few years, there has been an explosion
of interest in 3D printing, fuelled by reduction in asso-
ciated costs. The range of potential applications is di-
verse, surpassing surgical planning to include custom-
made implantable prostheses and novel teaching and
training tools. Today, there are few departments around
the world without access to such facilities either in-
house or through a commercial company using data
transfer via the internet.

The fundamental principle underpinning all 3D
printing technology in medicine is cross-sectional image
acquisition and segmentation, for which radiologists
clearly play a vital role. Typically, the imaging modality
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of choice is CT in view of the small voxel size, ease of
segmentation and speed of image acquisition. The most
simple segmentation technique utilizes thresholding
which separates the components of the image according
to intensity, aided by the predefined CT numbers
(Hounsfield unit) of structures from bone (1000 HU) at
one end of the spectrum to air at the other (—1000 HU).
Although controversial, concern persists regarding the
potential long-term effects of ionizing radiation, par-
ticularly when repeated imaging is required in infants
and young children. However, whilst MRI offers a non-
ionizing alternative, the 3D visualization of complex
anatomy is limited. Thresholding-based segmentation is
more challenging with MRI since there are no pre-
defined pixel values such as CT, and overlap between
adjacent tissues is common. More complex segmenta-
tion techniques may be employed such as edge de-
tection, region growing and model-based techniques;
however, all these have specific challenges.

We previously reported the potential of an MRI
technique that minimizes soft tissue contrast to
enhance the bone-soft tissue boundary; hence, the
term “Black Bone”.”'! The novel concept of mini-
mizing soft tissue contrast and any signal returned
from bone, rather than using traditional processes to
increase signal intensity from bone [e.g. ultrashort
echo time (TE)], makes it possible to segment bone
from the surrounding soft tissues to produce 3D
reconstructed images. Early applications of this
technique have been particularly promising for the
craniofacial skeleton, with results approaching those
expected of 3D CT imaging, and in distinguishing
normal cranial sutures from those that are prematurely
fused (craniosynostosis).”

The “Black Bone” MRI technique utilizes a gradient
echo (GRE) sequence such as 3D fast GRE (GE
Medical Systems Ltd, Chalfont St Giles, UK), volu-
metric interpolated breath-hold examination (Siemens
Healthcare Ltd, Camberley, UK) or an equivalent T}
weighted GRE 3D volume sequence (Phillips Health-
care, Guildford, UK), with a short TE (4.2 ms)/
repetition time (8.6ms) and a flip angle of 5° with
a 1.5- or 3.0-T magnet. The main limitation of the
technique arises where air comes into contact with bone,
since both return little to no signal, and thus cannot
often be reliably distinguished.

The aim of this preliminary study was to explore the
potential of producing 3D printed anatomical models
from “Black Bone” MRI data sets.

Methods and materials

“Black Bone” MRI data sets utilized for this study were
previously acquired from infants and adult volunteers,
for which ethical approval had been granted from the
Oxfordshire Research Ethics Committee (09/H0606/2).”
All patient and volunteer imaging used in this study was
acquired on a 1.5-T magnet (GE Medical Systems Ltd,
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Chalfont St Giles, UK; or Phillips Healthcare Ltd,
Camberley, UK), with an average acquisition time of
4 min for the craniofacial skeleton.

A custom geometric cube phantom made from poly
methyl methacrylate (acrylic) was utilized as a surrogate
for dimensional assessment. No prior attempts have
ever been made to 3D print from “Black Bone” MRI
data, and whilst the phantom was unable to reflect the
complexities of the craniofacial skeleton, initial confir-
mation of the dimensional accuracy was required. The
cube phantom permitted direct comparison between 3D
models produced from CT and “Black Bone” MRI
data, in addition to measurements performed directly
on the phantom (gold standard). The cube was se-
quentially imaged with CT and “Black Bone” MRI with
both a 1.5- and 3.0-T magnet (GE Medical Systems Ltd,
Chalfont St Giles, UK). The parameters utilized in-
cluded a 3D fast GRE sequence with a TE of 4.2 ms,
repetition time of 8.6 ms, a flip angle of 5°, field of view
of 240 mm and matrix size of 512 X 512. To overcome
the inherent problem of air in direct contact with the
cube, the phantom was imaged submerged in a con-
tainer of gelatine.

All digital imaging and communications in medicine
data were imported into both Mimics v. 14.01 (Mate-
rialise, Leuven, Belgium) and Osirix v. 4.1.2 (Open
Source), and adapted thresholding techniques were used
to segment the 3D data sets. In Osirix, this involved
creating a region of interest (ROI) around the soft
tissue/gelatine edge and setting the pixel values outside
this ROI to a value that no longer coincided with bone.
An upper and lower threshold value was set to segment
the bone. To standardize the results, a smooth factor of
30 was used in Osirix for all of the cube data sets. In
Mimics, a “mask” was created by thresholding the
bone. The mask was cropped to remove as much ex-
ternal air as possible and was edited using the “multiple
slice edit” function and “edit mask in 3D.”

A stereolithographic (STL) file was created and
imported into ZPrint 7.6 software (3D Systems, Rock
Hill, SC) to communicate with the 3D printer. 3D
printing was completed with a Z-Printer 650 printer (3D
Systems, Rock Hill, SC), which utilizes an additive layer
process, adding binder to a powder layer by layer to
gradually build the model. The excess powder was re-
moved by dusting with a brush, and with the aid of
a fine high-powered jet of air, and the model coated in
cyanoacrylate (standard finishing processes for this
technology).

The distances which could be optimally measured on
the cube using Vernier callipers were selected, and each
distance measured 10 times on the acrylic cube and re-
sultant 3D printed models. As demonstrated in
Figure 1, each side of the cube phantom from edge to
edge and the diameter of the hole at the top of the cube
was measured. As the phantom was custom-made,
comparisons of all surfaces were made rather than
making the assumption that the sides of the cube were
dimensionally equal. Data were entered into Microsoft
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Excel, and analysis was performed using SPSS® v. 18.0
Statistical Package for the Social Sciences (IBM Corp.,
New York, NY; formerly SPSS Inc., Chicago, IL).
Comparisons were made between the phantom and the
CT and “Black Bone” produced models, using in-
dependent samples #-test. The discrepancy between the
two measurement sets was calculated.

The initial technical feasibility of producing
anatomical models from “Black Bone” MRI was
explored using an adult volunteer “Black Bone” data
set. The mandible was selected in view of the relative
simplicity in 3D rendering this region and its com-
paratively small size. The mandible was segmented
in Mimics by applying a threshold and manually
removing regions outside of the ROI using the 3D edit
functions. An STL file was created from the surface
of the 3D rendered image and was subsequently
3D printed.

Results

The first ever produced 3D printed “Black Bone” MRI
model of an adult mandible is shown in Figure 2.
Following the success of the mandible pilot, a 3D
printed model of the entire craniofacial skeleton was
produced from a further Black Bone MRI data set
(Figure 3). No technical problems were encountered in
3D printing these models.

The final anatomical model printed in this pre-
liminary feasibility study was from an infant with uni-
coronal synostosis (Figure 4). This model had some

Figure 1 Photograph of the custom-made acrylic cube phantom: this
demonstrates the 11 measurements (labelled a—j and hole) which were
completed on both the phantom cube and all resultant three-
dimensional printed models.
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technical difficulties in the production stage in view of
the particularly thin bone of the facial skeleton and
skull base. Since the model was printed on its side, there
was some difficulty in removing the contained excess
powder, and as a result the skull base broke owing to
this added weight when removing the model from the
build chamber.

All 3D printed models of the phantom cube from
both “Black Bone” MRI and CT data sets rendered
with both Osirix and Mimics were produced without
complication.

With regard to the 3D printed cube created from CT
data, independent samples z-test identified a significant
difference (p < 0.05) between the phantom and the 3D
model produced using Mimics for all distances, and
for all but two distances for the Osirix model. The
mean discrepancy between the model and the phantom
using Mimics was 0.86£0.19mm and 0.36 = 0.32 mm
for Osirix.

The mean * standard deviation difference between
the cube phantom and 3D models produced from both
CT and “Black Bone” MRI data sets using Mimics and
Osirix is shown in Table 1.

Independent samples z-test identified a significant
difference between the phantom and the model pro-
duced with: (1) 1.5-T data set on Mimics for all dis-
tances; (2) 1.5-T data set on Osirix for all but three
distances; (3) 3.0-T data set with Mimics for all dis-
tances; and (4) 3.0-T data set with Osirix for all but
three distances. However, the standard deviation was
<0.2mm for all measurements. The mean discrepancy
between the phantom and 3D model was 0.32+£0.19
mm for the 1.5-T data set on Mimics, 0.17 £0.11 mm
for the 1.5-T data set on Osirix, 0.49 = 0.30 mm for the
3.0-T data set on Mimics and 0.33 £ 0.24 mm for the
3.0-T data set on Osirix.

Overall, the 3D printed models produced from
“Black Bone” MRI data sets demonstrated reduced
discrepancy from the phantom cube measurements
than those produced from CT data rendered
with Mimics.

Discussion

We have demonstrated the novel feasibility of 3D
printing from “Black Bone” MRI data sets. To our
knowledge, this is the first time that 3D printing has
ever been successfully achieved from bone segmented on
MRI data. “Black Bone” MRI therefore potentially
fulfils the full range of image manipulation that cra-
niomaxillofacial surgeons have come to expect from
radiology, including orthogonal views, 3D recon-
structed imaging and physical models. The potential
ability to plan craniofacial surgical intervention in this
way not only provides a non-ionizing alternative to CT
in the younger more radiosensitive population, but may
also reduce the need for multimodality imaging in
a wider patient group.

birpublications.org/dmfr
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Figure 2 The first three-dimensional printed anatomical model ever produced from “Black Bone” MRI of the mandible of an adult volunteer.

Good-quality 3D printed models can be achieved
only if the cross-sectional imaging is also of high
quality.'? Ideally, thin slice thickness and isotropic
voxels are desired. Acquiring “Black Bone” MRI data
sets as a 3D volume is thus advantageous, but even as
a relatively rapid GRE acquisition technique, “Black
Bone” MRI cannot compete with the speed of CT
imaging. The typical acquisition time for the craniofa-
cial skeleton is 4 min compared with a matter of seconds
for CT. As a result, there is increased risk of movement
artefact, and potential reliance upon sedation or general
anaesthesia in young children. However, in those
patients already undergoing MRI, acquisition of “Black
Bone” MRI adds only a small amount of time to the
overall examination and may ultimately negate the

requirement for CT. “Black Bone” MRI is susceptible
to the same artefact as any standard GRE sequence.
Within the craniofacial skeleton, this is most problem-
atic when there is significant metal work, such as fixed
orthodontic appliances. However, the artefact seen with
dental amalgam for example is significantly lesser than
the streak artefact seen on CT.

Having acquired good-quality imaging, the next step
in the process is image manipulation and segmentation,
invariably the most time-intensive step in producing
anatomical models. Whilst this is a relatively straight-
forward process when pixel values of adjacent tissues do
not overlap or where there is a distinct boundary, this is
rarely the case with MRI. Success has previously been
reported with MRI for some soft tissue structures such

Figure 3 A three-dimensional printed model of the craniofacial skeleton of an adult volunteer from “Black Bone” MRI data.
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Figure 4 Frontal and superior views of a three-dimensional (3D) printed anatomical model from “Black Bone” MRI data set of an infant with unicoronal
synostosis: the technical limitations of the 3D printing technology and thin bone resulted in some regions of inaccuracy within the facial skeleton.

as the heart and brain;'*'> however, CT remains the
imaging modality of choice in the majority of 3D print-
ing examples in the literature. Whilst “Black Bone” MRI
goes some way to address the problem by enhancing the
soft tissue-bone boundary, at present it is not a perfect
solution. Both Mimics and Osirix used in this study are
largely reliant upon thresholding-based segmentation,
which requires manual adjustment in areas where there is
overlap in pixel values, and were more challenging in
infants owing to the thin cranial bone. We have pre-
viously worked with volume rendering software such as
High Definition Volume Rendering® software by Fovia,
Inc. (Palo Alto, CA), which provide superior 3D ren-
dered images with reduction in the time required for
image manipulation; however, at the time of this study,
an STL export function was not available.

As previously discussed, both air and bone result in
signal void on “Black Bone” MRI, resulting in inherent
difficulties whenever these come into direct contact. This
is seen on the model of the mandible where the upper
incisors were incompletely covered by soft tissues, and
these teeth required manual separation from air. Whilst
this can be potentially overcome by simply asking the
patient to maintain an adequate lip seal, areas such as
bone abutting the air sinuses or the external ear canal are

particularly problematic. This problem was addressed by
imaging the phantom cube submerged in gelatine, an
option clearly not possible when imaging patients.

A statistically significant difference was seen between
the measurements completed on the cube phantom and
the 3D printed models produced both from CT and
MRI data sets. This was deemed to be the result of a
combination of factors. The cube phantom is not per-
fectly uniform in size to the degree with which it was
being measured (0.01 mm), meaning that error may have
been introduced simply by selecting a site marginally
higher or lower than the previous measurements. Being
made of acrylic (cube phantom) or plaster/binder (3D
model), it is possible that some variation was introduced
as a result of the tightness with which the Vernier cal-
lipers were opposed owing to variability in the mechan-
ical properties of each measured object. However, the
discrepancy in measurements between the phantom
cube and the 3D printed models was <1 mm. Whilst
the cube phantom does not by any means provide an
accurate representation of the complexities of the
craniofacial skeleton, if comparable results were
achieved in patients, this would correlate to a level of
discrepancy unlikely to be of clinical relevance. These
findings in the cube phantom are particularly

Table 1 Mean * standard deviation direct measurement of the cube phantom, and the difference between Phantom and model using CT and
“Black Bone (BB)” data sets on Mimics (Materialise, Leuven, Belgium) and Osirix

Cube Direct phantom

Measurement — measurement (mm)  CT Mimics CT Osirix BB 1.5T Mimics BB 1.5 T Osirix BB 3.0 T Mimics BB 3.0 T Osirix
A 60.11 £0.03 0.96£0.08 0.85£0.04 0.07£0.03 0.10 £0.05 0.82£0.12 0.30£0.09
B 60.09 £ 0.02 0.73£0.07 047%0.15 0.13£0.07 0.26 £0.07 0.14£0.02 0.08 £0.06
C 20.07£0.03 0.82£0.05 0.17£0.08 0.34£0.05 0.24£0.15 0.42£0.07 0.41 £0.04
D 20.08 £0.03 0.76£0.04 0.07£0.07 0.24£0.08 0.26 £0.07 0.59 £0.05 0.31£0.04
E 60.11£0.03 0.86£0.04 0.03£0.02 0.66+0.06 0.17£0.07 0.14 £0.05 0.73£0.15
F 60.18 £0.25 0.94£0.09 0.69%£0.04 0.07£0.05 0.04 £0.05 0.89 £0.10 0.27£0.08
G 19.88 £0.03 0.73£0.03 0.13£0.08 0.42+0.08 0.11£0.11 0.30£0.04 0.55+£0.04
H 19.91 £0.03 0.71£0.03 0.17%£0.05 0.30x0.07 0.18 £0.09 0.34 £0.08 0.68 £0.05
I 49.89+0.03 1.18£0.18 091£0.15 0.29%+0.13 0.1 £0.07 0.70 £0.04 0.11£0.08
J 19.99 £0.02 0.65£0.03 0.13£0.02 0.46+0.02 0.26 £0.02 0.16 £0.03 0.02£0.03
Hole 5.84+0.04 1.16£0.16 0.29%£0.21 0.50%0.13 0.15%0.08 0.92+0.07 0.20x£0.12
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reassuring when consideration is given to the multiple
steps where error can arise, including segmentation,
the software package and segmentation tools used,
any smoothing factors applied and the printing pro-
cess itself. Visually, these early attempts at 3D
printing of the craniofacial skeleton from “Black
Bone” MRI are very encouraging, and the results
obtained from the adult volunteer approach those for
CT data from this type of 3D printing technology.
Difficulties were encountered with the model pro-
duced from an infant with craniosynostosis, owing to
a combination of the thin bone encountered at this
age and the limitations of the particular 3D printing
technology used in this study, problems that can be
encountered irrespective of the imaging modality
from which the data set was obtained. These diffi-
culties could be overcome most simply by utilizing 3D
printing technologies that do not rely on powder as
a support structure in cases where the bone is par-
ticularly thin.

Whilst the dimensional accuracy was confirmed with
a cube phantom, further investigation is required with
direct comparison between CT and “Black Bone” MRI of
the craniofacial skeleton. This is particularly of interest in
regions where air and bone come into close contact
resulting in difficulties with segmentation. Whether
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The segmentation techniques used for “Black Bone”
MRI are currently user dependent and as a result may
be labour intensive for the inexperienced. We continue
to further adapt our image segmentation techniques,
aiming for a fully automated process that will bring the
time required for image manipulation more in line with
that currently achieved with CT. Our ongoing research
utilizes a range of both commercial and open source
software. We also actively seek collaborators to help
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In conclusion, this preliminary feasibility study has
demonstrated that “Black Bone” MRI offers a potential
alternative to CT in the production of anatomical
models. Further confirmation of the accuracy of the
techniques is required in addition to the successful de-
velopment of automated “Black Bone” MRI segmen-
tation techniques required to permit incorporation into
routine clinical practice in the future.
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