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Hybrid computed tomography and magnetic resonance imaging
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Abstract: In the last decade, the clinical applications of three-dimensional (3D) printed models, in the
neurosurgery field among others, have expanded widely based on several technical improvements in 3D
printers, an increased variety of materials, but especially in postprocessing software. More commonly,
physical models are obtained from a unique imaging technique with potential utilization in presurgical
planning, generation/creation of patient-specific surgical material and personalized prosthesis or implants.
Using specific software solutions, it is possible to obtain a more accurate segmentation of different
anatomical and pathological structures and a more precise registration between different medical image
sources allowing generating hybrid computed tomography (CT) and magnetic resonance imaging (MRI) 3D
printed models. The need of neurosurgeons for a better understanding of the complex anatomy of central
nervous system (CNS) and spine is pushing the use of these hybrid models, which are able to combine
morphological information from CT and MRI, and also able to add physiological data from advanced MRI
sequences, such as diffusion-weighted imaging (DWI), diffusion tensor imaging (DTT), perfusion weighted
imaging (PWI) and functional MRI (fMRI). The inclusion of physiopathological data from advanced MRI
sequences enables neurosurgeons to identify those areas with increased biological aggressiveness within a
certain lesion prior to surgery or biopsy procedures. Preliminary data support the use of this more accurate
presurgical perspective, to select the better surgical approach, reduce the global length of surgery and
minimize the rate of intraoperative complications, morbidities or patient recovery times after surgery. The
use of 3D printed models in neurosurgery has also demonstrated to be a valid tool for surgeons training
and to improve communication between specialists and patients. Further studies are needed to test the
feasibility of this novel approach in common clinical practice and determine the degree of improvement the

neurosurgeons receive and the potential impact on patient outcome.
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Introduction

The first applications of three-dimensional (3D) printing
in medicine appeared in the nineties. In the last decade
the use of printed physical models is experimenting with
exponential growth, related to several internal and external
factors affecting all the steps of the 3D printing workflow
(1,2). The overall improvement in the spatial resolution
of radiological images enables the generation of high-
quality 3D reconstructions. New multidetector computed
tomography (CT) or magnetic resonance imaging (MRI)
equipment can provide morphological and functional
information within the same protocol. Recent advances in
imaging segmentation and post-processing software are
allowing the generation of 3D virtual and printable models
in a more accurate manner (3). Moreover, new engineering
developments in the field of 3D printers and materials are
enabling us to transform these virtual 3D models into real
physical designs. Besides, 3D printing software is beginning
to be introduced in the clinical imaging work-flow of
radiologists and other specialists working with imaging
making accessible for them to generate physical models.
Finally, another reason for this new wave in 3D printing is
a growing need, arising from physicians and especially from
surgeons, of going one step further in their patients’ care (4).
In this manner, the applications of 3D printing have
expanded from surgical planning and surgical simulation to
the generation of personalized surgical material (5,6).

The use of 3D printed models is allowing a better
understanding of patient’s anatomy and pathology.
Moreover, 3D models are changing the planning of surgical
procedures, with several direct benefits, such as increased
safety of surgical procedures with reduction of surgical time
and complications, which is also enhanced with the use of
personalized surgical material (6,7). Furthermore, physical
models improve communication between surgeons and
patients, providing them a better understanding of their
clinical case and need for surgery. The way how surgeons
acquire or train their skills is also improved with the
introduction of this technology (5).

In the field of neurosurgery, all of these items become even
more relevant due to the intrinsic complexity of brain and
spine anatomy, the variety of pathological conditions which
may need to be surgically treated and the not negligible risk
linked to these surgical procedures (8). For all these reasons,
the development of 3D printing models in neurosurgery
is becoming a reality in common practice. However, there
are some limitations in the generation process of additive
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manufactured models for neurosurgical applications.
Most of the time 3D printing models for common clinical
applications are created using CT as an imaging source, as
some anatomical structures are easily segmented, such as
bone (2). However, MRI provides a better tissue contrast
to discriminate with high accuracy between lesions and soft
tissues in the brain and spine (9). In this manner, merging
data from both imaging modalities permits to obtain the best
information from each one, permitting to generate more
realistic and accurate hybrid physical models. Moreover,
advanced MRI using sequences like functional MRI (fMRI)
based on blood oxygenation level dependent (BOLD)
imaging, diffusion-weighted imaging (DWI), diffusion tensor
imaging (DTI) or perfusion weighted imaging (PWI), offer
additional information about tissue physiopathology (10).
These advanced imaging techniques can provide
histopathological information beyond conventional anatomic
landmarks from morphological acquisitions. In this manner,
the cellularity or neoangiogenesis of central nervous system
(CNYS) or spine lesions can be estimated using DWI or PWI,
respectively. The combined use of these functional data with
structural information potentially enhances 3D models,
which can include all the information needed for a proper
planification of the different surgical options. This way has
been scarcely explored in clinical practice as the needs of
particular adjustments in acquisition protocols and specific
fusion software for achieving a proper registration of data
from different sources.

In this review, a brief analysis of the current state of
3D modeling and printing in neurosurgery is performed.
Technical tips to optimally perform hybrid physical
models using both structural and functional information
form CT and MRI and a resume of their potential clinical
applications are also detailed.

Current state of 3D printing in neurosurgery

Recent technological advances in the segmentation and
printing process have impulse the introduction of additive
manufactured models in neurosurgery. The development
of software based on artificial intelligence, particularly
machine learning and deep learning, is improving the
segmentation process of medical images (11). This
segmentation step is crucial for accurate discrimination
between different anatomical regions, tissues and most
importantly, to distinguish between normal and pathological
structures (2). Another important pillar that has supported
the hype of 3D printing is the development of new and
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Table 1 Main features of the current 3D printing technologies
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Features Material extrusion Vat photopolymerization = Material jetting Binder jetting Laser sintering
Brief It extrudes melted It solidifies photopolymer It jets It jets liquid adhesive onto It sinters thin layers of
description thermoplastics on  held in a vat by using a photopolymers a thin layer of material material powder by using

Technologies

a flat surface

Fused deposition
modeling (FDM),
fused filament
fabrication (FFF)

light source

Stereolithography (SLA),
digital light processing
(DLP)

and solidifies
them using UV
light

PolyJet, Multidet

powder

ColorJet, HP multi jet
fusion, metal binder
jetting

a high-power laser

Selective laser sintering
(SLS), direct metal
laser sintering (DMLS),
selective laser melting
(SLM)

Materials Thermoplastics Resins Resins Ceramic, polyamides, Polyamides, metals
metals

Print Monocolor, Monocolor, Multicolor, Multicolor, Monocolor,

properties mono-material mono-material multilateral mono-material mono-material

Cost N *x ok ek _kk .

Minimum Z 0.15 0.025 0.014 0.08 0.02

resolution

(mm)

The minimum resolutions are approximate, since they depend on each printer model. Asterisks provide a visual approach about the cost
of each technology group ranging from cheapest (*) to most expensive (****).

more advanced 3D printers and the wide diversity of
printing materials (12). These new materials are allowing
to print characteristics of human anatomy or pathology,
not only using different colors but also playing with diverse
texture, consistency and stiffness (13). Even now, new
materials are biocompatible (14), opening a door for new
applications, as the combination of stem cells with custom
scaffolds for personalized regenerative medicine (15,16).
Tuable 1 summarizes the main features of the current 3D
printing technologies.

The most common application of 3D printing is the
use of physical models for surgical planning and training.
Currently, the different types of material and 3D printers
enable to print neurosurgical models, with the opportunity
to assign different physical characteristics to each of the
different CNS or spine tissues (bone, brain tissue, spinal
cord, lesions...) or even represent the functional features
of lesions (hypercellularity, neoangiogenesis). The high
anatomical complexity of CNS and spine, together with the
wide range of possible pathologies that neurosurgeons face
every day, claims the development of new imaging-based
realistic approaches. Moreover, the existence of multiple
anatomical interindividual variations and the broad range of
possible manifestations of the same disease may condition
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substantial changes in the surgical procedure and what is
most important, in the patient outcome. In this manner, the
use of patient-customized 3D printed models for surgical
planning facilitates a truly individual and personalized
surgical treatment in the precision medicine era.

Several advantages have been described related to the use
of 3D printing models. 3D printing has demonstrated its
value as a complementary tool for evaluation of radiological
images allowing neurosurgeons to perform a global idea of
the internal and external references of a certain pathology
beyond conventional 3D multiplanar reconstructions (1,17).
Moreover, the use of 3D printing models is allowing better
communication and exchange of information between
neuroradiologists, neurosurgeons and neurologists (18).
The use of 3D printed models for training of surgeons,
residents, and medical students is increasing its popularity in
the last years (19,20). Therefore, their use in the academic
arena for educational purposes is being more and more
accepted and included in training programs (5) (Figure I).

Previous studies, and our own clinical experience, support
the idea that the more complex the evaluated anatomical
region or lesion is, the higher the benefit from the use of
a 3D printed model for surgical planning (18,21). In these
cases, the profit margin for the patient increases almost in
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Figure 1 Clival chordoma evaluation. A 45-year-old female that undergone MRI for migraine. (A) Axial T2-TSE sequence shows

hyperintense lesion within clivus within punctate hypointensities (arrow). (B) Sagittal reconstruction of CT confirms the presence of a
lytic lesion within clivus s with probably chondroid matrix inside (arrow). (C) Registration of both MRI and MCD'T information allows
delimitating brain tissue (magenta) using information from MRI and skull base structures (green) from CT. (D) The 3D virtual model and

(E) the 3D printed model enable neurosurgeon to properly identify the location of chordoma (white arrow) concerning the brainstem (black

arrow) and the rest of the skull base. This approach allows reduction of the risk of neurological complications before surgery or biopsy.

an exponential manner when 3D printed models are used.
Thus, interventions of skull-based, craniovertebral junction,
spine or spinal cord lesions will benefit more from the use
of physical models rather than other types of conventional
surgical procedures (22) (Figure 2). In the case of complex
lesions, 3D printing has demonstrated that can facilitate
the surgical approach planning, providing neurosurgeons
physical interaction with real patient anatomy determining
before surgery which is the best surgical option (23). This
circumstance will reduce the overall surgical procedure
duration.

Some certified centers are going one step further by
printing personalized surgical guides which reduction of
procedure times (24). These guides are designed using
specific software and fit perfectly into patient anatomy
providing a safer and more accurate manner to guide the
insertion of external devices, from neurostimulators to
spine screws (25-28). The use of these types of personalized
guides also contributes to the reduction of surgical times
compared with conventional approaches (29,30).

All of the items referred above benefit not only
neurosurgeons but also patients. The reduction of the
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operative time is linked to shorter anesthesia times
and less chance of surgical related complications (31).
Moreover, shorter post-surgical recovery times have been
described in patients when 3D printed models are used
before surgery (32). The use of physical models leads to
both, a patients’ better understanding of their pathology,
and a reduction in their possible doubts about the surgical
procedure with the consequent positive effect on patients
and relatives reducing the rate of refusal to sign the
informed consent form (33,34).

The range of clinical indications of 3D printing in the
field of neurosurgery is almost endless (32). Consensus
guidelines with recommendations for image acquisition
protocols and image data preparation, manipulation and
printing have been carried out by expert panels, which
can be used as a reference (35). Some clinical groups
are including in the physical models the information
provided by DTT and fMRI on advanced 3D physical
models for a better delimitation of white matter tracts
and eloquent cortical areas (36). Presurgical assessments
of craniosynostosis or skull defect implants are also being
addressed by using 3D printing techniques, based on CT
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Figure 2 Meningioma presurgical evaluation. An 81-year-old female with right frontal lobe meningioma. (A) Axial gadolinium-enhanced

T1w image shows a large right parasagittal frontal extra-axial lesion consistent with meningioma (arrow). (B) Axial b 1,000 s/mm’ DWI

identifies severe restriction of water diffusion within the meningioma which suggests hypercellular lesion (arrow). (C) The fusion of

functional information from DWI and morphological information form T1W images demonstrates proper correlation identifying areas

of higher hypercellularity within the posterior aspect of the meningioma (arrow). (D) 3D model merging anatomical information from

morphological MRI and functional information from DWT allows the evaluation of those areas with a higher restriction of water diffusion

within meningioma inside the whole brain anatomy (arrow).

segmentations (37,38). Neurovascular applications are
mainly focused on the presurgical planning of vascular
malformations and aneurysms, including hemodynamic
simulations, for the planification of both interventional
endovascular or open surgery approaches (32,39,40). Spine
surgery may also benefit from the use of 3D printed models
for the evaluation of scoliosis or other types of congenital
spine malformations as well as for complex vertebral bone
lesions, especially those which involve the spinal canal and/
or cord (18).

"To the best of our knowledge, scarce publications have
addressed the potential usefulness of hybrid CT and MRI

© Annals of Translational Medicine. All rights reserved.

3D modeling and printing in neurosurgery, or even less
the addition of information from advanced functional MRI
techniques to this process. The emergence of affordable
3D printing technologies has led to a significant increase in
the use of this approach in clinical practice. Nevertheless,
not all printers are capable of printing multi-color or multi-
material models (41,42). The most accessible printers are
limited to a single color and material per print. Another
current limitation of 3D printing is the time required
to create the model. The printing of a complex model,
including the post-processing time that each technology
requires, can take up to 4 days per model. These times can
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Flowchart for hybrid MRl and CT 3D printed models

2.MRI+CT
registration

1. Acquisition 3. Segmentation

4.3D STL 5. 3D printed 6. CT of printed model for

neuronavigation

modelling model

7. Registration: CT of
printed model + original MRI
acquisition

Figure 3 Flowchart for hybrid MRI and CT 3D printed model for epilepsy pre-surgical planning. A 25-year-old male with a drug-resistant

epilepsy candidate for focal thermocoagulative therapy. Neurosurgeons ask for the possibility of obtaining a 3D printed model of the whole

patient head including soft tissues, skull, and brain for proper planning of electrodes and guides positioning. Information from both (A)

axial 3D-T1W and (B) CT images were used for (C) registration and segmentation of (D) gray matter and (E) bone. (F) Hybrid 3D model

in STL format was generated and sent to 3D print obtaining a (G) 3D printed model which included information of both the brain, soft

tissues, and skull. (H) The printed brain model has undergone a CT scan which perfectly fitted with its source image form MRI (I). 3D

printed model enables neurosurgeons to plan electrodes positioning and surgical entry points before surgery.

be assumed for elective neurosurgical procedures as most of
neuro-oncology or congenital malformations cases, but it
makes it less practical for urgent CNS or spine pathologies,
such as brain or spinal trauma.

Technical tips for hybrid CT and MRI 3D printing

Image acquisition aside, the process of creating a 3D
printed model from multimodality images requires facing 4
main tasks: image registration, segmentation, 3D modeling
and 3D printing following a specific flowchart summarized
in Figure 3.

Image registration is the process of superimposing and
aligning two or more images so that they share a common
space. This process allows combining information from
different imaging series or acquisitions, including both
anatomical and functional information, enabling the
creation of more complex 3D models since anatomical
structures and lesions can be segmented in different images.

© Annals of Translational Medicine. All rights reserved.

In neurosurgery, this allows the extraction of bone tissue
and vessels from CT scans, gray and white matter volumes
from 3D T1-weighted MRI series, white matter tracts
from DTI, or adding other type of physiopathological
information provided from advanced MRI sequences and
to combine all this information in a single 3D model. To
register information from CT and MRI, the algorithms
based on mutual information (43,44) have proven their
effectiveness for CNS evaluation in the literature (45-47).
Regarding neurosurgical applications, rigid registration
approaches based on that mutual information have been
successfully used for the overlay of high-resolution T2-
weighted images and CT series of the head area (48,49).
One of the most used solutions to implement this type
of registration is the Elastix Framework® (50), which is
open-source software that allows to carry out both rigid
and deformable registration using a variety of metrics,
including normalized mutual information. There are other
commercial solutions, such as Philips IntelliSpace Portal®
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(v10.1, 15 June 2018, Koninklijke Philips Electronics N.V.),
that make rigid registrations and provide interactive tools to
fine-tune them.

After the registration process, each of the tissues (bone,
vessels, lesions, white matter tracts or brain volumes) to
be represented in the 3D model can be segmented into
a different image series, or even in more than one image
acquisition, to generate only one of the 3D models parts.
After this step, the previous registration process enables
joining all the different segmentation results to build
the final model. Nevertheless, not all the tissues can be
segmented using the same strategy. A valid algorithm
for bone segmentation from a CT will surely perform
inadequately in the gray matter segmentation using a 3D
T1-weighted MRI series; hence each segmentation goal
requires a different approach.

The segmentation of bone tissue, skull, and spine from
CT images is a process that has been widely addressed in
literature (51), and that can be solved using intensity-based
methods. The segmentation of vessels from CT" angiography
can be better performed using level sets (52). Gray and
white matter volumes can be automatically extracted from
non-contrast 3D T1-weighted MRI acquisitions using
FreeSurfer® or Brainsuite® (53,54). These softwares also
allow to automatically parcellate surfaces to identify different
areas. This parcellation permits the generation of models of
specific surface areas, or even, colored models delimiting each
area. The automatic segmentation of the spinal cord from
the T1-weighted or T2-weighted MRI series can be achieved
by using the Spinal Cord Toolbox (55). Brain tumors can be
automatically segmented from multiparametric MRI using
potential field-based methods (56) or convolutional neural
networks (CNN) (57). However, most of the time brain
tumors are finally manually segmented by neuroradiologists,
due to both the simplicity of the segmentation of this type of
tissues using semiautomatic tools and the need for a thorough
review of the segmentation results by the radiologist

Regarding the combination of functional and anatomical
information in additive manufacturing, it is almost an
unexplored field of research. White matter tracts extracted
from DTT can be included in the 3D model by previously
registering DTT to anatomical images, most commonly
using CT or 3D T1-weighted MRI series being as reference
(58,59). Using 3D Slicer® (version 4.10.1), fiber tracts can
be generated from DTT and exported as 3D models (60).
This procedure enables the combination of fiber tracts
together with the skull, brain surface, lesions or vessels
in the same 3D model. Another way of incorporating

© Annals of Translational Medicine. All rights reserved.
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functional information in a 3D model is to enhance lesions
previously segmented on an fMRI study (61) (Figure 4). An
approach that takes better advantage of the information
from the functional series is to display fMRI activation maps
on top of the brain surface in the 3D printed model. After
registering 3D T1-weighted and fMRI images, activation
maps can be derived from fMRI and then projected on the
brain surface by using FreeSurfer® (62).

Once tissues have been segmented and 3D models
have been generated, they need to be processed to obtain
printable 3D models. The most extended printable format
is STL (STereoLithography), although there are many
other types of files, which allows the implementation
of different textures or colors, and must be chosen
according to the final application of the physical model.
The printable model encloses a 3D surface defined by
several triangular facets to fit these surfaces, forming a
truly triangle mesh, which is formed by multiple edges,
faces, and connecting points. Firstly, it is necessary to
check that the 3D model is closed, it does not contain
duplicated faces and its normal vectors are properly
oriented. For example, if boundary edges are present, the
STL may show areas without information (holes) avoiding
a complete closure of its surface (63). Then, all the
different parts that compose the model must be artificially
connected to avoid that spatial references are lost after
printing, preserving the original design. Additionally, in
some cases, artificial sections are created to create a better
visualization of the inner parts of the 3D models. On the
other hand, it is important to control the error that is
made when generating and processing 3D models. For
that purpose, model contours can be superimposed on the
CT or MRI image to visually compare model boundaries.
In the planning of brain surgery with neuronavigation,
a CT scan of the physical model can be performed on
the printed model to optimize the procedure. This new
CT can be compared to the original MRI acquisition
of the real patient by previously registering them to
assess the error committed during the entire 3D printing
process (Figure 3). Finally, the 3D model is printed. The
printing technology is also chosen according to the colors
or materials required by the model and the size of the
smallest details that must be printed. Hybrid CT and MRI
3D models usually contain different tissues; therefore,
they require a multicolor technology such as Color]et.
In the case each tissue needs to have different material
properties, PolyJet or MultiJet are preferred for printing,
especially the models generated from fMRI data may
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Figure 4 Presurgical planning of focal epilepsy. A 37-year-old male, with a history of previous surgical left parieto-occipital resection

20 years ago, refers to occipital lobe seizures. Neurologists asked for a presurgical study to minimize the damage of both optical and

corticospinal pathways. (A) Axial T'1-weighted image shows a large left parieto-occipital area of encephalomalacia (arrow). (B) Color-coded

Fraction Anisotropy map, generated from DTT acquisition identifies the involvement of posterior tracts of left corona radiata (white arrow)

with apparent preservation of corticospinal tract (black arrow). (C) The fusion of morphological MRI and D'TT images allows evaluating the

relationships between white matter tracts (black arrow) and post-surgical cavity (white arrow). (D) 3D printed model enables neurosurgeons

to address physically the location of white matter tracts for a more secure surgical planning.

benefit from using these types of printers (42). Otherwise,
each tissue can be printed separately, and then all the
tissues can be joined manually to build the model. At the
expense of a higher cost per model, multi-color and multi-
material printers require less time to create models, since
the printing time is usually shorter and complex models
can be created in a single print, reducing post-processing
time (42). See Table 1 for further details on currently
available printing technologies.

© Annals of Translational Medicine. All rights reserved.

Clinical applications of hybrid CT and MRI 3D
models

The merging of information derived from CT and MRI
has not been fully exploited in neurosurgery and may help
to resolve several specific problems in the workflow of 3D
modeling and printing. In most neurosurgical patients,
there is a need for accurate identification of bone at the skull

or spine to establish basic anatomical references for surgical
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Figure 5 Presurgical planning of hypophyseal macroadenoma. A 54-year-old female that undergone MRI for headache and vision loss.

(A) Coronal T2 TSE shows a large sellar mass that seems to invade sphenoidal sinus (arrow). (B) Sagittal reconstruction of CT confirms the

presence of an enlarged sella turcica with disruption of its floor (arrow). (C) Registration of information of skull base structures from CT

(green) and data from MRI (magenta) enables an adequate tissue contrast for adenoma and even internal carotids segmentation. (D) Coronal

projection of the 3D combined model allows neurosurgeons to properly evaluate the relationship of the hypophyseal mass (codded in green)

with sphenoidal sinus, cavernous sinus and even both internal carotids (codded in red), demonstrating disruption of sella turcica floor (arrow).

(E) Zenithal view of 3D printed model shows proper correlation with radiological images and 3D virtual model demonstrating contact

between macroadenoma and left internal carotid (white arrow).

planning. For this aim, data provided by CT is optimal, as
it enables the best way to discriminate between bone and
soft tissues in a faster and accurate manner. However, soft-
tissue contrast, especially between gray or white matter and
brain lesions is suboptimal when CT information is used
to perform segmentation of CNS structures. Similarly, it
is hard to discriminate between cerebrospinal fluid (CSF)
and spinal cord using only the CT data. On the other hand,
while MRI provides a better contrast of soft tissues or brain
parenchyma, and nicely separates the spinal cord from CSEF,
especially using T2-weighted sequences. However, the
ability of MRI to evaluate skull, vertebral bodies and bone
cortex is still limited compared with CT (17).

Complex surgical procedures, which involve both soft
tissues, such as brain tumors, intracranial vessels or even
subcutaneous fat pad, and skull base or calvarium, may
benefit from the use of this combined approach. Posterior
fossa lesions, hypophyseal macroadenomas or tumors in
the vicinity of the sphenoidal plane or cribriform plate
may be printed using this hybrid approach to facilitate
surgical planning and minimize possible complications (64)
(Figure 5). 3D printing of craniovertebral junction has also
demonstrated to be useful for addressing this complex area,
permitting the conjoined assessment of both bony structures

© Annals of Translational Medicine. All rights reserved.

(clivus, odontoid process, atlas, and foramen magnum),
and brainstem/medulla (65). In the particular case of brain
vascular malformations and aneurysms, information from
3D-CT angiography (CTA), which provides high contrast
between vessels and brain parenchyma, results in an optimal
vascular definition for 3D modeling (66). This data can be
complemented with MR-angiography (MRA) approaches,
such as time-of-flight (T'OF), contrast-enhanced 3D MRA
and more recently 4D time-resolved MRA acquisitions,
which provide a wide range of different vascular phases
which allow neuroradiologists and neurosurgeons to have
all the information necessary for a comprehensive vascular
assessment avoiding the use of ionizing radiation (67,68).
If data from both angiographic imaging modalities are
combined, 3D models can be printed integrating truly
realistic anatomical and hemodynamic information about
vascular malformation behavior (Figure 6).

3D printing models have demonstrated their usefulness
in the presurgical assessment of the spine and spinal cord
lesions (18). Due to the complexity of this anatomical
region, the use of hybrid CT and MRI 3D printed models
may allow neurosurgeons to have at their disposal an
accurate physical representation that permits a safer guiding
of bone or spinal cord biopsies, or the improved planning of
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Figure 6 Brain arteriovenous malformation assessment. A 35-year-old male with left frontal AVM that undergone both CT-angiography

and MRI-angiography studies. Information obtained from (A) CT was used for the skull and both arteries and veins segmentation (B). (C)

MR-angiography using time of flight (TOF) technique with arterial velocity codification allows accurately segment high flow veins (arrows

at Figure 6D) that compose the AVM as well as differentiate them from the brain parenchyma and skull. Combined 3D modeling (E) and 3D

printed models (F) provide neurosurgeons and interventional radiologists a comprehensive assessment of AVM and its relationship with the

skull.

surgical procedures (61,69) (Figure 7). Moreover, it will be
recommended to use this type of hybrid approach in the 3D
design of surgical guides for proper identification of spinal
cord or other soft tissue structures. Thus, the risk of spinal
cord damage will be minimized thanks to the inclusion
of information about its relationship with surgical guides
and possible target (focal lesion biopsy or external device
implantation) (70).

Clinical applications of hybrid morphological and
functional MRI 3D printing

The combined use of information provided from
conventional anatomical and advanced MRI sequences is
very promising for applications of additive manufacturing
in neurosurgery. Most of the reported studies are focused
on the integration of data from fMRI into the 3D printed
model (36). This approach enables to visualize the activation
of those eloquent areas, facilitating the spatial relationship

© Annals of Translational Medicine. All rights reserved.

between normal brain gyrus and tumors. In the same line,
the inclusion in physical models of the information from
DTT studies, especially from tractographic reconstructions,
has also been proposed as a potential advantage for
oncological surgical planning allowing to visualize more
realistically their relationship with brain lesions (58,59).
These 3D printed models may help neurosurgeons to
evaluate all the possible surgical approaches and types of
resections to preserve patient functions and reduce tumoral
bulk, as much as possible (61). In the field of the electrodes
positioning for brain stimulation or radiofrequency
techniques, some authors have proposed the use of hybrid
CT and MRI models to confirm the correct location of
electrodes in deep brain stimulation such as in Parkinson
disease (48).

DWI and PWT are advanced sequences which have
been included as part of routine protocols for brain tumor
assessment by neuroradiologists. However, these sequences
have been uncommonly incorporated into 3D printed models.
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Figure 7 Spine and spinal cord evaluation. A 42-year-old female with a history of breast cancer is evaluated in an emergency room for

lumbar pain and lower limb paresis. (A) Sagittal reconstruction of CT shows L2 vertebral body collapse which seems to invade the spinal

canal (arrow). (B) Sagittal STIR sequence confirms the existence of a metastatic fracture with soft tissue component that invades spinal canal

conditioning severe stenosis. (C) Registration of information form axial T2-TSE with CT allows to segment vertebral bone (codded in

green) and also soft tissue mass (codded in blue) and spinal cord (codded in red). (D) The 3D model enables neurosurgeons to visualize in a

single view all the information form both CT and MRI and identify how the soft tissue component (codded in blue) invades the spinal canal

and displaces the spinal cord.

Information about brain tumor cellularity provided by DWI
has a recognize value for tumor grading and detection of
progression after chemo-radio or even surgical therapy (10).
PWI is also able to determine the presence of areas of
neoangiogenesis within brain lesions (71). Information about
lesions vascularization can also be obtained from non-
contrast MRI sequences, as arterial spin labelling (ASL).
ASL has demonstrated similar accuracy than conventional
contrast-enhanced PWI studies for CNS lesion detection
and characterization (72). Most commonly, presurgical
MRI scans for neuronavigation purposes only include
non-contrast anatomical sequences, the addition of non-
contrast advanced sequences such as DWI or ASL can
facilitate the inclusion of this physiologic information
into the 3D models (Figure §). In this manner, the
neurosurgeons can potentially have all the information to
perform a more targeted biopsy in a single physical model,
focused on the area of higher biological aggressiveness,
as identified on DWI or ASL sequences. Also, these 3D
printed models can facilitate a more efficient surgical
resection of both primary brain tumor or suspicious
tumor recurrence, due to a better knowledge of their local
extension and tumor heterogeneity.

© Annals of Translational Medicine. All rights reserved.

Conclusions

The use of 3D modeling, and particularly 3D printing,
is demonstrating several advantages in the field of
neurosurgery being its most extended use the surgical
planning. Physical models have shown to improve
communication between specialists and physicians and
patients, and their usefulness training neurosurgeons.
Nevertheless, there are specific clinical scenarios in
which conventional 3D printing approaches are not
enough for obtaining a sufficiently specific anatomical
or physiopathological detail of the structure or
pathology represented. In these cases, the use of hybrid
CT and MRI information, including advanced MRI
sequences, may help to integrate the different sources of
information in one single 3D printed model. This type of
hybrid 3D modeling requires specific technical
adjustments, segmentation and registering software,
and even more, sophisticated 3D printers and materials.
The following challenge is to demonstrate the potential
positive impact of these advanced 3D printed models
in neurosurgical procedures and patient outcomes with
multicenter trials.
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Figure 8 Multimodality assessment of a CNS tumor. A 73-year-old female with changes in behavior and cognitive impairment undergone (A)

contrast-enhanced CT that shows two large hyperenancing masses at right frontal lobe (white arrow) and within the corpus callosum (black

arrow). (B) MRI was performed using ASL technique for assessment of tumor blood flow before guide biopsy to avoid the administration

of gadolinium. The fusion of morphological MRI sequence (FLAIR) and functional MRI sequence (ASL) allows neuroradiologists to

characterize the right frontal lesion as a potentially higher grade compared with the corpus callosum lesion as the former shows higher blood

flow values (white arrow) compared with the latter (black arrow). (C) The register of morphological MRI and functional (ASL) MRI data

allows the generation of a 3D model in a single file with all the information needed for a proper planification of brain biopsy.
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