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3D printing of the brachial plexus and its @
osseous landmarks using magnetic resonance
neurography for thoracic outlet syndrome
evaluation
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Abstract

Background Patient-specific three-dimensional (3D) printed anatomic models are valuable clinical tools that
facilitate enhanced visualization of pertinent anatomic structures and have demonstrated benefits of reduced
surgical times, increased surgeon confidence, and improved operative results and subsequent patient outcomes.
Medical image-based 3D printed anatomic models are generally created from computed tomography (CT), however
magnetic resonance imaging (MRI), which offers exquisite soft tissue characterization and flexible contrast avoiding
the use of ionizing radiation, is an attractive alternative. Herein, the application of 3D printing incorporating both MR
neurography and zero-echo time (ZTE) MRI for visualization of the brachial plexus anatomy in a subject with thoracic
outlet syndrome (TOS) is described.

Methods A 28-year-old man presented with chronic right upper limb discomfort and paresthesias extending
from the shoulder region to the third and fourth digits. The subject underwent evaluation with a unilateral brachial
plexus MR neurography protocol at 3.0 Tesla for suspicion of TOS. The protocol included T2-weighted, 3D fast spin
echo short-tau inversion recovery (STIR-FSE) and 3D radial ZTE sequences for depiction of the nerves and bones,
respectively. The first rib and its synostosis impinged upon the inferior aspect of the T1 nerve root (TTNR), with
accompanying mild enlargement of the TTNR. A 3D printed anatomic model was created and included: (1) bone
(spine, ribs, clavicle, scapula, and humerus), (2) brachial plexus, and (3) costal cartilage.

Results The 3D printed model clearly demonstrated a TTNR impingement from the synostosis, confirming the
diagnosis of neurologic thoracic outlet syndrome (TOS) and guided the treatment approach in prescribing TOS-
specific physical therapy, which led to significant improvements in the patient’s condition.
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Conclusion To our knowledge, this is the first in-vivo human 3D printed case for TOS using MRI-only data. The 3D
printed model allowed for improved visualization and understanding of the spatial relationships between the nerves
of the brachial plexus and surrounding osseous structures responsible for the patient’s symptoms.

Clinical trial number Not applicable.
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Introduction

Patient-specific three-dimensional (3D) printed anatomic
models are valuable clinical tools that facilitate enhanced
visualization of pertinent anatomic structures, thereby
aiding surgeons in pre-operative planning and surgi-
cal simulation [1-3], enabling plate bending and device
contouring for bone surgeries [4—6], assisting in device
choice pre-operatively [7], and providing intraoperative
reference [8]. 3D printed anatomic models have demon-
strated benefits of reduced surgical times [9], increased
surgeon confidence [3], and improved operative results
and subsequent patient outcomes [9]. 3D printed ana-
tomic models can also be used to improve patient com-
munication [10] and facilitate medical education [11].
In orthopedic surgery, 3D printing has also been used
for patient-matched implants [12, 13], total joint arthro-
plasty templating [14], and corrective osteotomy and fix-
ation templating [15].

Medical image-based 3D printed anatomic models
are generally created from computed tomography (CT).
Anatomical regions of interest are segmented using
the Hounsfield Unit scale and converted to file formats
appropriate for 3D printing (e.g. STL, OBJ, VRML, etc.).
Magnetic resonance imaging (MRI) is an attractive alter-
native, since it offers exquisite soft tissue characteriza-
tion and flexible contrast avoiding the use of ionizing
radiation [16, 17]. Additionally, there are several clinical
scenarios for which MRI is used. For example, MRI may
serve as the primary data for cardiac, neurological, and
prostate 3D printing [16, 17]. In many other cases, even
though the primary data is CT, MRI is used as an adjunct.
For example, for patients with a superior sulcus (Pan-
coast) tumor, the location of the nerves in the brachial
plexus is critical, as are the vessels and bony anatomy.

Segmentation from MRI techniques can be challeng-
ing due to the inherent low signal to noise ratio and
noise in the raw images as well as the high similarities
of image intensities among adjacent pertinent anatomi-
cal structures [16, 17]. Consequently, manual segmenta-
tion, a tedious and time-consuming task, must often be
performed.

MR neurography techniques [18, 19] are being
employed more frequently for the evaluation of neu-
rologic disorders and nerve injury, including localiz-
ing pathologic nerve segments [20]. MR neurography
uses high-resolution, T2-weighted, fat suppression and

vascular suppression MRI techniques to visualize nerves
throughout the body. Challenges in identifying the
nerves, particularly those in the brachial plexus, can be
met with dedicated MR neurography; and for the bra-
chial plexus, MR neurography can significantly impact
diagnostic and therapeutic management [21, 16, 17]. In
particular, three-dimensional 3D MR neurography tech-
niques [18, 19] can provide excellent nerve visualization,
which with cinematic rendering, has been attempted to
provide realistic visualization of peripheral nerves along-
side nearby soft tissue structures [22]. Additionally, zero-
echo time (ZTE) MRI [23] can be used to visualize bony
structures accurately, due to its superior sensitivity to
differentiate between osseous structures and other short-
T2 soft tissue structures, compared to most other MRI
sequences. Hence, rendering MR neurography together
with ZTE-MRI can more accurately provide visualization
of nerves alongside osseous anatomical landmarks [24].

In this work, we describe the application of 3D print-
ing incorporating both MR neurography and ZTE MRI
for visualization of the brachial plexus anatomy in a sub-
ject with neurogenic thoracic outlet syndrome (TOS)
[25]. TOS refers to compression of the brachial plexus
and/or accompanying vasculature [26], sometimes due
to osseous anomalies, that lead to vascular and neuro-
logic symptoms that may necessitate surgical interven-
tion. As this syndrome involves the anatomic relationship
between nerves and adjacent bones, 3D printing of both
structures would provide the spatial context for the diag-
nosis and subsequent treatment and intervention.

Methods

A 28-year-old man presented with chronic right upper
limb discomfort and paresthesias extending from the
shoulder region to the third and fourth digits. After the
patient underwent cervical spine MRI and electrodiag-
nostic findings that were normal, the patient underwent
a unilateral brachial plexus MR neurography protocol at
3.0 Tesla (Signa Premier XT, GE HealthCare, Waukesha,
W1, USA) to confirm the clinical suspicion of thoracic
outlet syndrome.

The protocol included T2-weighted, 3D fast spin echo
short-tau inversion recovery (STIR-FSE), and 3D radial
zero-echo time (ZTE) sequences, both acquired at 1-mm-
isotropic spatial resolution, for depiction of the nerves
and bones, respectively. The patient was prospectively
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Fig. 1 (a) Coronal ZTE image demonstrating a first-second rib synostosis, (b) Coronal MR neurography image demonstrating impingement of the T1
nerve root (TTNR), as it combines with the C8 nerve root, to form the lower trunk by the first rib and its synostosis

Fig. 2 (a) A representative ZTE MRI axial slice shows the outlined bone segmentation (green) and (b) a representative MR neurography coronal slice

demonstrates the highlighted nerve segmentation (yellow)

recruited under an IRB-approved protocol, with writ-
ten informed consent. Deep learning reconstruction
(AIR Recon DL™, GE HealthCare, Waukesha, WI, USA)
was applied in both 3D sequences, to reduce noise and
enhance sharpness for optimal segmentation and 3D
visualization [19].

The ZTE contrast was inverted during default image
reconstruction to produce ‘CT-like’ images, showing a
non-osseous synostosis between the right first and sec-
ond ribs (Fig. 1a). The first rib and its synostosis impinged
upon the inferior aspect of the T1 nerve root (TINR),
with accompanying mild enlargement of the TINR
(Fig. 1b). As the patient was considered for surgery, 3D
rendering, segmentation, and multi-color 3D printing of
MR neurography and ZTE were also performed.

In this case, the initial segmentation of the ZTE and
the MR neurography images was performed on the
GE Advantage Workstation (GE HealthCare, Wauke-
sha, WI, USA) by an experienced radiologist (YL) and
took approximately 50 min total, with 35 min spent on
bone segmentation and 15 min on nerves. In addition, a

cloud-based artificial intelligence (AI) based segmenta-
tion platform (Axial Insight, Axial3D, Belfast, Ireland)
was utilized to generate the essential 3D data required
for creating the 3D printed model, using the radiolo-
gist’s segmentation for comparison. The DICOM MR
images were securely uploaded to Axial3D’s cloud-based
INSIGHT platform, where they underwent automated
quality assurance, PHI scrubbing, and initial review.
The bony structures were segmented from ZTE and the
nerves were segmented from MR neurography (Fig. 2);
and a certified biomedical engineer (SI) independently
validated the anatomical segmentation, using the initial
segmentation performed by the radiologist as a guide.
Next, segmentations from MR neurography were over-
laid on those from ZTE. Automatic image registration
was performed via optimization of quality function of the
matching between the two image sets (Amira, Thermo
Fisher Scientific, Waltham, MA, USA). Image registra-
tion and segmentations were checked for accuracy to
ensure anatomical landmarks in both datasets correctly
aligned. Segmentations from both scans were converted
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Fig. 3 (a) 3D representation of the anatomic model (Reproduced with permission from John Wiley and Sons, ref 25); (b) Photograph of the physical 3D
printed model, with arrows indicating the area of impingement from the first-second rib synostosis

from binary masks to meshes and were combined into a
single 3D model. For the anatomic model, three regions
of interest were included: (1) bone (spine, ribs, clavicle,
scapula, and humerus), (2) brachial plexus, and (3) cos-
tal cartilage. An initial 3D rendering of the model was
verified by a biomedical engineer (SI) and shared with
the radiologist (DBS) to ensure that all pertinent ana-
tomic structures were adequately included with accuracy.
The surgical team had access to review the 3D visualiza-
tion directly through the INSIGHT platform, ensuring a
seamless and efficient workflow. Multi-color 3D printing
of the model was performed (]850, Stratasys, Rehovot,
Israel).

Results

The final 3D printed model clearly demonstrated the
T1NR impingement from the synostosis, confirming the
diagnosis of neurologic TOS (Fig. 3). The model offered a
more immersive and interactive way to visualize the bra-
chial plexus and allowed for improved depth perception,
enabling a better understanding of the spatial relation-
ships between different anatomical structures.

While surgery was initially considered, it was not pur-
sued as the primary treatment option by the referring
surgeon. Instead, a specific TOS physical therapy regi-
men was initiated. After 2—3 weeks of therapy, the patient
reported significant symptomatic improvement. After six
months of therapy, the patient continued to improve and
transitioned to a home exercise program.

Conclusion

To our knowledge, this is the first in-vivo human 3D
printed case for TOS using MRI-only data. In this case,
the patient initially received physical therapy for a shoul-
der labral tear, which did not improve symptoms. While
the 3D printed model was not utilized for surgery, it
demonstrated the spatial relationships between the
nerves of the brachial plexus and surrounding osseous
structures responsible for the patient’s symptoms. The

3D printed model also demonstrated the potential for
guiding the treatment approach in prescribing TOS-spe-
cific physical therapy, which led to significant improve-
ments in the patient’s condition. Besides guiding physical
therapy, the 3D printed model can be used for patient
education, which allows the physician/physical therapist
to communicate the areas of nerve impingement that can
help guide the patient about specific movements or posi-
tions to avoid, particularly during their home exercise
program. This personalized approach, informed by the
3D model, may also enhance the effectiveness of a TOS-
directed physical therapy.

This case highlighted the potential uses of advanced 3D
modeling in personalized medicine for diagnostic evalua-
tion, for patient and provider education, and for therapy
and treatment planning. In the future, a quantitative clin-
ical outcomes or follow-up study to assess the long-term
impact of using 3D models in managing TOS would sub-
stantiate the clinical benefits discussed.
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