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Abstract

Background Accurate diagnosis and treatment of complex cardiac tumors poses challenges, particularly when
surgical resection is considered. 3D reconstruction and printing appear as a novel approach to allow heart teams for
optimal surgical and post operative care.

Methods We report two patients with uncommon masses including a cardiac angiosarcoma (CAS) and a IgG4-
related disease (IgG4-RD) with exclusive cardiac involvement. In both cases, three-dimensional (3D) reconstruction
and 3D-printed models were utilized to aid the surgical team achieve optimal pre-operative planning. Both patients
underwent ECG-gated cardiac computed tomography angiography (CCTA) imaging and, due to the complex
anatomy of the masses, their large dimensions, proximity to vital cardiac and vascular structures, and unclear etiology,
computational and 3D-printed models were created for surgical planning. An exploratory literature review of studies
using 3D-printed models in surgical planning was performed.

Results In case 1 (CAS), due to the size and extension of the mass to the right ventricular free wall, surgical
intervention was not considered curative and, during thoracotomy, an open biopsy confirmed the imaging suspicion
of CAS which guided the initiation of optimal medical treatment with chemotherapy and, after clear tumor retraction,
the patient underwent a second surgical intervention, and during the 18 months of follow-up showed no signs of
recurrence. In Case 2 (IgG4-RD), the patient underwent uncomplicated total surgical resection; this allowed directed
treatment and, at 12 months follow-up, there are no signs of recurrence. Computational and 3D-printed models were
used to plan the surgery and to confirm the findings. Limited studies have explored the use of 3D printing in the
surgical planning of tumors.

Conclusions We present two patients with uncommon cardiac tumors, highlighting the significant value of 3D
models in the anatomical characterization and assessment of their extension. These models may be essential in
surgical planning for complex cardiovascular cases and could provide more information than conventional imaging
modalities. Further studies are needed to demonstrate the impact of 3D technologies in studying cardiac tumors.
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Introduction

The 2021 WHO fifth edition classification of thoracic
tumors introduced a revised categorization of car-
diac tumors, dividing them into benign types, such as
myxomas or hemangiomas, and malignant types, such
as angiosarcomas [1]. Cardiac tumors are reported in
6—20% of autopsies, with primary malignant tumors rep-
resenting only 10% of all cardiac neoplasms [2].

A multimodal approach involving echocardiography,
cardiac computed tomography angiography (CCTA), and
cardiac magnetic resonance (CMR) is crucial for estab-
lishing the diagnosis and treatment of complex cardiac
tumors [3]. CT and CMR play a primary role in nar-
rowing down the etiological cause of cardiac masses, as
both can assess the tissue composition of cardiac masses,
particularly CMR due to its unique ability. Additionally,
the high spatial resolution of both techniques enables
accurate assessment of size, location, and distances con-
cerning adjacent cardiac and vascular structures [4, 5].
Despite the high accuracy of these techniques for iden-
tifying benign lesions, they have limitations for optimal
characterization of malignant masses [3].

Surgical resection remains the most effective approach
for diagnosing and treating primary cardiac malignancies
provided adequate resection margins can be achieved
[1, 2]. In cases where surgical resection is deemed nec-
essary, anatomical reconstruction of the structures
may be required. Although in 35% of surgical cases,
CCTA or CMR scans were crucial for defining the sur-
gical approach, adjustments are needed during surgery,
especially when the tumor’s edges and morphology are
unclear [3]. Three-dimensional (3D) reconstructions have
demonstrated higher precision for localization and vol-
ume assessment, leading to improved surgical planning,
compared to 2D images [4, 5]. 3D printing technologies,
including 3D digital reconstructions and printing, are
rapidly advancing and modern materials and increasingly
sophisticated software for segmentation and 3D recon-
struction are being utilized [3]. These advancements
within cardiac surgery have enabled a deeper under-
standing of complex cases, resulting in improved clinical
outcomes across various complex cardiac pathologies [6,
7]. There are a rising number of successful surgical treat-
ment of cardiac tumors due to by 3D models utilization
for surgical planning, particularly focusing on resection
[8-11].

We present two cases involving rare cardiac tumors
including a cardiac angiosarcoma (CAS) and immuno-
globulin-G4-related disease (IgG4-RD) with exclusive
cardiac involvement. In these cases, qualitative and quan-
titative evaluation of 3D technology aided in the surgical

process. Furthermore, we provide a comprehensive
review of 3D printing as a technique to support surgical
planning and interventions of cardiac masses.

Methods

Data and ethics statement

Patients’ primary and secondary demographic and medi-
cal data was collected by informed consents and proto-
cols were approved by the Institutional Review Board
and the Ethics Committee at Fundacién Cardioinfan-
til—Instituto de Cardiologia (LaCardio, Committee
act CEIC-0074-2022, Bogotd, Colombia). The research
was conducted in accordance with the Declaration of
Helsinki.

Clinical cases

Case 1-CAS

A 36-year-old woman presented with shortness of breath
and marked iron deficiency anemia to an outside hos-
pital. An incidental large mediastinal mass was found
during an abdominal CT scan to rule out malignancy as
the etiology of her anemia (Fig. 1a-c). Two percutaneous
attempts to biopsy the mediastinal mass resulted in acute
pericardial hemorrhagic tamponade, requiring emer-
gent drainage. Further evaluations such as trans-thoracic
echocardiogram -TTE- (showing a large 96x88 mm mass
located at the right atrio-ventricular groove compressing
both the right atria and ventricle), CMR (hypo-intensity
in T1W, hyperintensity in T2W, no fat saturation, highly
vascularized during first pass perfusion and with scat-
tered heterogenous late gadolinium enhancement. After
two unsuccessful biopsy attempts, during our multidis-
ciplinary Heart-Team meeting decided to proceed with
either partial or complete (if possible) surgical resection
to obtain sufficient tissue sample for an accurate histo-
logical diagnosis and treatment. To support the surgical
approach, a CCTA 3D-printed model was generated.

Case 2 (IgG4-RD)

A 66-year-old male patient with a history of prolonged
orotracheal intubation due to Coronavirus-19 infec-
tion underwent a chest CT scan for regular follow-up
that demonstrated a solid paracardiac mass close to the
aortic root and pulmonary trunk, seemingly involving
the left coronary artery (Fig. 1d-e). A TTE showed nor-
mal biventricular function without significant valvular
regurgitation. The CMR confirmed a 28x31 mm mass
sorrounding the left main coronary artery (LMCA)
involving its branches (27 mm extension), displaying spe-
cific characteristics: isointensity in T1 and hypointensity
in T2W (central early first pass perfusion) with minimal
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Fig. 1 CCTA images of the two clinical cases to evaluate the contours of the cardiac masses (white arrows) and their relationship to cardiac structures.
Patient with angiosarcoma (axial, in a, axial, in b and coronal, in ), where an intense heterogeneous enhancement of the mass is seen (asterisks in b and
), and the patient with the paracardiac mass (axial, in d and coronal, in e), where compression of the left coronary artery is seen

peripheral late gadolinium enhancement. Gated CCTA
scans revealed distinct contours, mixed density, and focal
enhancement, hinting at calcification or hemorrhage.
Invasive coronary angiography (ICA) showed left main
and proximal descending anterior coronary artery ectasia
without occlusion. PET-scan identified heightened meta-
bolic activity within the mass and nearby lymph nodes,
suggesting a probable malignancy. The differential diag-
nosis included Lymphoma, Ormond’s disease, or Para-
ganglioma. Extensive body imaging and blood tests ruled
out metastasis, lymphoma, and paraganglioma. Given the
uncertainty of the diagnosis and to direct therapy, com-
plete surgical resection was suggested. Due to the com-
plexity of its location near critical cardiac and vascular
structures, a 3D-printed model of the heart and the adja-
cent mass was created for better anatomical assessment.

Image processing and 3D reconstruction

In both cases, to create the patient-specific 3D model
reconstruction, an ECG-gated CCTA scan protocol (Sie-
mens SOMATOM-EDGE) was followed to obtain an
image size of 512x512 pixels, slice thickness of 0.75 mm,
and a slice increment of 0.5 mm, ensuring adequate qual-
ity for segmentation. The 3D reconstruction of the anat-
omy of interest was generated via Mimics Innovation
Suite software (Materialise, Inc., Leuven, Belgium).

In case 1 (CAS), the axial venous phase offered the best
contrast to delineate the boundaries of the cardiac tumor
against the myocardium. A threshold segmentation
method based on Hounsfield Units (HU) was employed.
Two different thresholds were used to segment the car-
diac tissue and the tumor based on the intensities of each
structure. Given the similar radiodensity of the tumor
to cardiac tissue, the next step involved individually
outlining the tumors edges from the left ventricle, right
atrium, right ventricle, superior vena cava, and ascending
aorta with the aid of the radiology specialist to contrast
the threshold segmentation with the imaging expert,
acknowledging that using only a threshold system might
not be completely reproducible if not guided by an imag-
ing expert. Additionally, to examine tumor vascular-
ity, the arterial phase of the ECG-gated cardiac CCTA
scan was used to segment the blood pool of left-sided
structures.

For case 2 (IgG4-RD), the left ventricular outflow tract
and aorta were isolated. A threshold-based segmentation
method was used, and region growth and seed-splitting
algorithms were used to separate the structures, con-
sidering that the segmentation was a blood pool type.
Similarly, to isolate the paracardiac mass, a lower HU
threshold was used than that of the cardiac structures,
because its radiodensity allowed it. For the coronary
arteries, an automatic method was used through the
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Coronary tool of the software in which the initial and
final landmarks of the arteries in the images were set as
input to the algorithm.

After segmentation of the structures of interest, the
contours of the 2D images were reconstructed into a
3D stereolithographic file (STL) to generate a 3D digital
model, see Fig. 2. In addition, in case 2, further imaging
analysis was performed to evaluate the change in com-
pression of the left coronary artery surrounded by the
mass. Using the dataset, at 40% of the cardiac cycle (best-
systole) and 70% of the cardiac cycle (best-diastole), a
45° cut-in sagittal plane was performed in the LMCA in
the 3D models to determine if there were changes in the
diameters and area of the transverse section during these
two periods of the cycle to analyze by imaging whether
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the paracardiac mass compromised the blood flow or if
revascularization would be required.

3D printing of anatomical models

The anatomical models generated from medical image
segmentation in both cases were exported as 3D recon-
structions in STL files, which were then imported into
3D printing software to produce the physical models. For
case 1 (CAS), the 3D model was printed (1:2 scale) using
polyJet technology on an Objet500/350 Connex3 3D
printer (Stratasys, Ltd., MN, USA). Flexible transparent
resin (Agilus30, Stratasys, Ltd., MN, USA) was used for
the cardiac tissue, and hard magenta resin (VeroMagenta,
Stratasys, Ltd., MN, USA) was used for the CAS. For case
2 (IgG4-RD), a two-part model (assembly) was designed
to observe the coronary artery within the tumor, and the

STL file

3D Printing

. 3D Printing |
. (uses STLfile) |

Paracardiac Mass

Fig. 2 Method to obtain 3D models of patient-specific anatomy from medical images. (upper row: angiosarcoma and lower row: IgG4-RD paracardiac
mass). Segmentation: select the DICOM study dataset from the CT scan and identify and isolate important anatomical structures. 3D reconstruction: the
segmented anatomical structures are converted into 3D reconstructions or STL stereolithography files. 3D Printing: The STL files are exported to 3D print-
ing software, in which the material, size and other parameters of the physical models to be highlighted must be selected. In our case we highlight critical

cardiac masses, helping in preoperative planning and visualization
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entire model was 3D printed (1:1 scale) using PolyJet 3D
printing technology with an Objet260 Connexl printer
(Stratasys, Ltd., MN, USA). All model parts were printed
with rigid opaque resin (VeroBlue, Stratasys, Ltd., MN,
USA).

Review of 3D printing in cardiac tumors

A comprehensive review has been summarized in Table 1
and the study selection process is shown in Fig. 3. The
search criterion was set as the earliest date (1985) until
January 2024 in cases of tumors and masses in which
3D printing was used for surgical planning. Articles that
used only multimodality techniques and 3D reconstruc-
tion in CCTA or CMR were discarded since the objective
was to study the contribution that new 3D technologies
can have in complex cases.

Results

The surgical cases presented here were used to study
the role and impact of using 3D models in the clinical
workflow. In Case 1, the 3D digital reconstruction and
3D-printed model were delivered to the Heart Team for
preoperative planning purposes, and then for postopera-
tive validation of the findings. However, for Case 2, the
urgency of the surgery required the early delivery of the
3D digital reconstruction only. The 3D printed model for
Case 2 was used postoperatively in a meeting with the
surgeon to validate its congruence and relationship with
the anatomical findings during surgery.

In case 1, the 3D-printed model was presented to the
heart team (Fig. 2). With the model, the surgical team
considered there was a clear anatomical correlation
between the imaging findings and the macroscopic char-
acteristics of the heart and the tumor tissue on the model.
First, the size of the tumor was close to the size of the
right ventricle as noticed intra-operatively. Second, the
translucid material permitted visualization of the limit
of the mass to the collapsed RA posteriorly, the superior
vena cava, the AV groove, the ascending aorta and finally,
the right ventricle. The biopsy samples collected dur-
ing the procedure for case 1 used immunohistochemi-
cal studies that showed intense and diffuse reactivity in
tumor cells were CD31, CD34 and factor VIII and Ki67
index was 10%. Morphologically, the tissue had high
fibrous and fibro-adipose components without evidence
of cardiac muscle. There was a pattern of an epithelioid
neoplasm with many vascular structures lined with endo-
thelial atypical cells due to hyperchromasia with nuclear
pleomorphism and focal formation of pseudopapillary
and pseudostratified structures (Fig. 4a-d). The morpho-
logical characteristics as well as the immunohistochemi-
cal pattern were compatible with CAS. Considering the
prognosis and the size (9883 mm) and extension of the
mass into the free wall of the right ventricle, the decision
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was to not attempt complete surgical resection and
rather a partial resection with supportive neoadjuvant
chemotherapy (complete cycle of paclitaxel), hoping for
cytoreduction and consideration for resection complete
if response to therapy. In the follow-up, there was a clear
reduction of the mass and no signs of disease extension,
the patient underwent a second tumor resection surgery
a year later with excellent results and with no immediate
perioperative complications; at follow-up at 18 months,
the patient continued to have no readmissions and no
signs of recurrence.

For case 2 (IgG4-RD), intraoperative findings con-
firmed the accuracy of the 3D digital reconstruction
(Fig. 2), showing the mass surrounding the LMCA and
extending to the proximal segments of the left anterior
descending (LAD) and left circumflex (LCx) arteries. To
ensure complete excision, transection of the ascending
aorta, main pulmonary artery, and LMCA was necessary
to provide better visualization of the mass. This allowed
for the separation of the mass from the aorta, the roof of
the left atrium, and the pulmonary artery. The mass exci-
sion was completed without complications. Following the
removal of the mass, coronary artery bypass surgery was
performed using saphenous venous grafts to revascular-
ize the LAD and LCx. Considering the extension of the
mass and the compromise of the bifurcation, complete
excision of the mass could not be performed without
compromising coronary flow. Given the extension of the
mass compromise to the LMCA-LAD-LCx, reimplanta-
tion was not possible, and bypass grafting was performed
to ensure distal coronary flow. It was considered a saphe-
nous vein graft to preserve the possibility of future
revascularizations with left internal thoracic artery, con-
sidering the absence of coronary artery disease, relatively
young age and lifespan of patient. The anatomical infor-
mation provided by the 3D model to evaluate the con-
gruence of the 3D-printed model and the real mass was
fully validated during the surgical procedure. The size of
the mass and relationship with the coronary arteries and
major vessels were confirmed. As seen in Fig. 5, the dif-
ference in the cross-sectional measurement of the real
mass (29.88 mm) and the 3D reconstruction (31.90 mm)
was 6.76%. There were no perioperative complications
and the postoperative period was uneventful, resulting in
an early discharge.

The 3D systolic and diastolic reconstructions showed
absence of LMCA compression, confirming the results
of the ICA (coronary ectasia without significant coronary
compression). The diameter and area of the transverse
section measured in diastole (4.50x4.04 mm and 14.29
mm?) was greater than the diameter measured in systole
(2.91x2.98 mm 6.82 mm?), showing a change in diameter
of 45.08%. 3D technologies ensured the coronary artery
morphology remained intact, even though the artery was
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Table 1 Type of tumor or cardiac mass (2021 WHO classification), location, technology, and material for 3D printing in different studies
of cardiac surgery

First Year Imaging Typeoftumoror Tumor Technology and material of the 3D-print-  Clinical outcome
Author diagnosis cardiac mass or mass ed model
location
1 Stephan 2008 CTand Classification: Rightven-  Technology: ColorJet Printing Postoperatively the
Jacobs CMR Malignant tumor tricular wall  Material: Elastic/Flexible Multicolor echocardiography
[22] Coding Heart and the Technique: full heart model to assemble showed properly the size of
Tumors: 9120/3 tricuspid with myocardium, with echocardiographic the right ventricle with
Angiosarcoma valve section for evaluation of the right ventricle, no obstruction of the Right
tumor and great vessels in different color. Ventricular Outflow Tract. No
They used a single material apparently. follow-up reported later.
2 Schmauss 2013  Ultraso- Classification: Right Technology: Fusion Deposition Modeling No patient outcome reported.
Daniel nography, Malignant tumor ventricular  Material: Rigid Multicolor
[23] CTand Coding Heart wall Technique: full heart hollow model model
CMR Tumors: 8310/0 with myocardium, and the fibroma was
Fibroma printed in a different color. They used a single
material apparently.
3 KukHui 2015 Trans- Clasification: Interatrial ~ Technology: Fusion Deposition Modeling The postoperative coronary
Son [19] thoracic Benign tumor septum Material: Rigid Multicolor artery CT showed clear resec-
echocar-  Coding Heart Technique: full heart model model of the tion margin. The patient was
diography, Tumors: 8310/0 type of blood-pool, with the mass in a discharged without complica-
CTand *Neurofibroma different color. They used a single material tion. No follow-up reported
CMR apparently. later.
4 QOdeaaAl 2016 CTand Patient 1: Patient 1:  Technology: White Jet Process (similar to P1&P2:
Jabbari CMR Classification: Leftatrium  PolyJet) After surgery, pathology
[24] Malignant tumor and mitral  Material: Elastic/Flexible and rigid Multicolor  report showed negative surgi-
*Mesenchymal Tu-  valve Technique: for both cases, models were cal margins. At six-month
mors of the Thorax ~ Patient2:  printed only of the structure related to the follow-up, the patients do not
— Osteosarcoma Right tumor (atriums i.e.). Hollow wall model and present tumor recurrence.
Patient 2: atriumand  with a cross-sectional view. The cardiac
Classification: the inferior  masses were printed in a different color. They
Malignant tumor venacava  used elastic material for the wall and rigid
*Post-renal cell material for the tumors apparently.

carcinoma - encap-
sulated mass

5 KyleW 2018 Echocar-  Patient 1: Patient 1:  Technology: PolyJet P1:The patient was dis-
Riggs [18] diography, Classification: Right Coro- Material: Elastic/Flexible and rigid Multicolor  charged without complica-
CT and Benign tumor nary Artery  Technique: full heart model model of the tion. CMR performed at 6
CMR Coding Heart and Right  type of blood-pool, with the cardiac mass months postoperatively
Tumors: 8840/0 Ventricle in a different color and material. They used revealed that the remaining
Myxoma Patient 2:  elastic material for the hollowed tumorand ~ tumor was necrosing and
Patient 2: Left Coro-  rigid material for the cardiac structures. regressing in size. At 2 years,
Classification: nary Artery there were no echocardio-
Benign tumor and Left graphic or CMR findings of
Coding Heart ventricle left ventricular wall motion
Tumors: 8900/0 abnormality.
Rhabdomyoma P2: No tumor was resected in

the mitral valve annulus. The
patient remained on ECMO
and developed a lung infec-
tion. After 2 weeks, the patient
died of multi-organ failure.

6 Men- 2019 Echocar-  Classification: Left atrium  Technology: Not specified Complete tumor resection
egazzo diography  Malignant tumor Material: Not specified was accomplished. At one-
Willian R. and CT Coding Heart Technique: structure related to the tumor year follow-up, he remains
[25] Tumors: 9120/3 (left atrium i.e.). The tumor was printed in a functionally well and free of

Angiosarcoma different color. They used elastic material for  local recurrence.

the solid model (left atrium) and rigid mate-
rial for the tumor apparently.
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Table 1 (continued)

First Year Imaging Typeoftumoror Tumor Technology and material of the 3D-print-  Clinical outcome
Author diagnosis cardiac mass or mass ed model
location
7 Mojahid 2020 Trans- Classification: Superior Technology: stereolithography The patient was discharged
Ali thoracic Benign tumor venacava  Material: Rigid Multicolor without complication except
[26] echocar-  Coding Heart Technique: full heart model of the type of for the development of sick
diography, Tumors: 8840/0 blood-pool to assemble, with the left sidein  sinus syndrome that required
CTand Myxoma red, right side in blue and the tumor inyel-  a pacemaker. At one-year fol-
CMR low. They used a single material apparently.  low-up, a cardiac CT showed
no tumor recurrent.
8 Zhou 2021 Trans- Classification: Leftatrium  Technology: stereolithography The patient was discharged
Yang-zhao thoracic Benign tumor Material: Rigid Multicolor without complication. At
[27] echocar-  Coding Heart Technique: full heart solid model of the type  one-year follow-up, no recur-
diography  Tumors: 8840/0 blood-pool, with each structure in different ~ rent tumor was found or any
and CT Myxoma color (including the tumor). They used a arthymias.

single material apparently.

*Not classified as a cardiac tumor or mass.

[ Reports ] [ Excluded ]

Reports
identified from
Pubmed (n=116)

v

Reviews (n=15)

Identification

Reports excluded:
Not cardiac anatomy and pathology (n=32)
Not tumor or mass (n=14)
Not 3D printing (n=20)
Related to dosimetry (n=27)

v

Reports screened (n=101)

Screening

Included

Fig. 3 Selection of studies for inclusion of the review by January 2024

surrounded by the mass at all phases of the cardiac cycle and abundant plasmatic cells, all embedded in a fibrotic
(Fig. 6). stroma with a focally storiform arrangement (Fig. 4e-

The anatomopathological specimen revealed a mono-  f). Immunohistochemical studies showed reactivity in a
nuclear cell infiltrate with lymphocytes, macrophages, plasma cell population for both IgG and I1gG4, with a 50%
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Fig. 4 Biopsy results (upper rows: angiosarcoma and lower row: paracardiac mass). (a) Immunohistochemical studies show reactivity to CD31, (b) CD34
and (c) factor VIll, and (d) view of the tumor, endothelial cells, vascular structures, and cellular atypia (arrow shows formation of pseudopapillary structure),
(e) 10x histopathological visualization of the resected paracardiac mass and (f) 40X augmented visualization

IgG4+/IgG +ratio, and focal areas contained over 100
IgG4-positive plasma cells per high-power field, indica-
tive of a dense infiltrate of IgG4-positive plasma cells,
confirming the diagnosis of IgG4-related disease (IG4-
RD). Treatment, based on prednisolone and methotrex-
ate, was initiated with good short- and mid-term results.
At 12 months follow-up there were no signs of IgG4-RD
extension and TTE revealed normal biventricular func-
tion with no regional wall motion abnormalities and a
post-operative CCTA showed no recurrence of cardiac
or mediastinal lesions, peritoneal extension and absence
paratracheal or hilar nodes.

Review results

The review showed 8 studies in which 3D-printed models
were used for surgical planning (Table 1). The mean age
of the adult patients was 47+15 years; 75% were female,
and two patients were pediatric: a 2-month-old female
and a 12-day-old male. 70% of the patients had cardiac
tumors (classification 2021WHO), mostly myxomas
(Cardiac Tumor Coding: 8840/0), followed by angiosar-
comas (Cardiac Tumor Coding: 9120/3), and 30% of the
remaining tumors originated in adjacent extracardiac
structures and involved the heart. However, they are not
classified as primary cardiac tumors. The 3D-printed
models were used in cases in which there was not
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Fig. 5 (a) 3D Reconstruction of the angiosarcoma and (b) surgical finding, and (c) 3D reconstruction of case 2, IgG4-RD, showing the path and center
line of the left coronary artery and (d) resected mass specimen with the respective coronary involvement

complete certainty or clarity of the resection margins or
in cases in which other cardiac structures were involved.

Discussion

We present two cases of paracardiac tumors involving
a CAS (case 1) and an IgG4-RD (case 2), with the latter
being the sole manifestation of the disease. Despite utiliz-
ing a multimodal imaging approach, and given the com-
plexity of the cases, a multidisciplinary team planned the
surgical procedures utilizing 3D models. The 3D mod-
els provided extensive information about the margins
between the masses and cardiac tissue, aiding in directed
treatment in case 1 and resection in case 2.

Cardiac tumors are rarely encountered in day-to-
day cardiology practice, with an incidence of 1,380 per
100 million individuals [12]. Tumors can be categorized
as either neoplastic or non-neoplastic. Among neoplastic
tumors, secondary tumors or metastases are significantly
more common, being up to 132 times more frequent
than primary tumors [8]. Furthermore, primary cardiac
tumors are predominantly benign (90%), with only a
small proportion being malignant (10%) [13, 14].

The approach requires a multimodal imaging evalu-
ation, including echocardiography, CCTA, and CMR.
However, a biopsy is mandatory for proper diagnosis
chambers and to the right coronary artery, due to its

habitual location, resection is often impossible [15].
Therefore and treatment in many cases, especially in sus-
pected malignant lesions, with complete surgical resec-
tion recommended in certain cases. Alongside CMR,
CCTA presents a favorable diagnostic option for iden-
tifying calcified masses and examining thoracic mor-
phology and associated vascular structures [6]. The
clinical approach requires a multimodal imaging evalu-
ation, including echocardiography, CCTA, and CMR,
although in some cases more is needed, and the use of
new technologies is required [7].

Cardiac sarcomas, particularly cardiac angiosarcomas
(CAS), constitute the majority of primary malignant
tumors of the heart, with around 40% of cases reported in
case series [9, 10]. They are typically located at the right
atrium in 75% of cases [7]. Surgical resection confers the
best long-term outcomes; however, considering the high
likelihood of metastasis at presentation and infiltration
to right sided chambers and to the right coronary artery,
due to its habitual location, resection is often impossible
[15]. Therefore, neoadjuvant chemotherapy with deb-
ulking may often be the treatment of choice. For case 1,
macroscopic evaluation confirmed the 3D model find-
ings. It allowed the surgical to approach a sequential
surgical resection with partial tumor excision aided with
neoadjuvant chemotherapy, this due to the evidence of
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D1: 2.91 mm
D2: 2.98 mm
A: 6.82 mm2
DA: 2.95 mm

Fig. 6 Dimensional change analysis of the left coronary artery in the 3D model compromised by the IgG4RD paracardiac mass, showing no significant

left main coronary artery compression by this simulation

large size and extent of the tumor infiltrating the right
ventricular free wall, in which a complete excision in the
first attempt was deemed impossible without safely pre-
serving vital structures (Fig. 5a) with a high risk of vascu-
lar complications and ventricle laceration. At follow-up,
one year after therapy, it was decided to resect the tumor
and 18 months later the patient has no local recurrence
or related symptoms.

IgG4-RD is known to cause fibroinflammatory lesions
in nearly any organ system. However, diagnostic crite-
ria established by the American and European League
Against Rheumatism do not include cardiac involvement
as a criterion its diagnosis [11]. Cardiac manifestations
can vary widely, including pericarditis, myocarditis, val-
vular heart disease, cardiac masses, and coronary involve-
ment [16]. Early recognition of cardiac manifestations
is crucial for initiating directed management and treat-
ment, potentially reducing disease extension, as cardiac
involvement may precede systemic manifestations when
detected early [17]. Coronary involvement, characterized
by the “mistletoe sign,” is reported in up to 15.4% of cases

and can present with coronary stenosis or aneurysms
in 65% and 40% of cases, respectively, often leading to
symptomatic presentations such as coronary syndromes
[16]. The “mistletoe sign” is characterized by a perivas-
cular mass surrounding the coronary artery (See Fig. 4),
resembling the mistletoe plant attached to the three
branches, albeit rare its clinical utility lies that it serves
as a characteristic of IgG4-RD, and therefore aid diagno-
sis of this rare condition directing treatment [18]. More-
over, it might serve as a follow-up marker as reports have
shown remission of this sign with directed treatment
[18].

In case 2, the mass was found to be incidental, with
no involvement of other organs, despite extensive evalu-
ation. Considering its broad differential diagnosis and
close relationship to vital structures, we generated a 3D
model in printed and digital forms to corroborate the
surgical approach. A 3D-printed model was created, sep-
arating the vital structures with the mass cut in half to
demonstrate LMCA involvement; this approach helps to
show the typical “mistletoe sign” coronary involvement
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as shown in Fig. 2. Finally, a dynamic simulation revealed
that the mass did not compromise this vessel, as pre-
dicted by the 3D digital assessment and as shown by ICA
(Fig. 4).

In recent years, alongside the described multimodal
approach, 3D printing technologies have been widely
employed in complex cardiovascular scenarios [19]. The
3D models allow the Heart-Team to explore the location,
size, and relationship between critical structures and sur-
rounding tissues. Moreover, selecting the 3D printing
materials is important and, in our cases, it depends on
the surgeon’s requirements. For the two cases, two dif-
ferent 3D printing techniques were used; in the first case,
the CAS was printed using color and flexibility to distin-
guish between the tumor (rigid magenta) from the other
cardiac structures (flexible translucent). For the second
case, the entire heart (cardiac structures and mass) was
printed in the same material and color (light blue). How-
ever, for case 2 the model was designed and printed as an
assembly to observe possible compression of LMCA and
the typical characteristic of cardiac involvement in IgG4-
RD. The approach used for both cases was to highlight
the mass or tumor, with color, elasticity, or as a separate
part. From the surgeon’s perspective, in both cases, dif-
ferentiating the region of interest (tumor or mass) with
color visually aids in evaluation and planning, as other
studies have also reported [13, 14].

The 3D models generated from patient-specific data
provide our surgical team with insight into real anatomi-
cal dispositions and relationships, helping to identify
potential complications and develop a unique treatment
strategy prior to the operation [20]. However, only a few
reports have provided insights into 3D printing and mod-
eling in cardiac tumors. According to search results, in
2008, the first 3D-printed case of a cardiac tumor for sur-
gical planning was reported. After 2015, an incremental
trend was seen in the reported studies, presumably due
to the use of 3D printing in other surgical practices and
easier access to 3D printers [10, 11, 13, 14, 19-22].

Out of the 8 studies identified in the literature search,
three did not report patient follow-up beyond 6 months
or local tumor recurrence, while four studies (6/10
patients) provided follow-up data beyond 6 months or
1 year, showing no local recurrence. In only one of the
reviewed papers the patient died, which was considered
related to the severity of the disease [23]. Most reports
utilized 3D models to assess tumor limits, extension,
and involvement with cardiac vital structures [19, 21,
22]. Moreover, in some cases, there could be a contra-
indication to surgery due to an estimated 50% mortality
rate based on 2D images [10]. Additionally, the models
confirmed the surgical approach and procedure (resec-
tion and auto-transplantation), while others indicated a
change in the access site [24, 25], or the initial surgical
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plan [26]. Each study emphasizes a specific variable in the
planning process elucidated by using 3D models, such
as tumor access site, anatomical position and relation-
ship, unique identification of cardiac structures, or tumor
invasion and involvement of surrounding vital structures.
It is essential to relate these variables associated with the
model, such as the color of structures to highlight tumor
extent or to use flexible materials for resection and sutur-
ing, as experimented in some reports [22, 27]. As seen in
case 2, in scenarios involving tumors and cardiovascular
surgery, the focus is not only on generating 3D recon-
structed image models but also on guiding the medical
team to facilitate optimal decision-making.

Although most studies highlight the positive impact of
3D models on understanding tumor anatomy and surgical
planning, the lack of data on model accuracy and direct
surgical outcomes limits objective evaluation. Some
studies suggest improvements in surgical outcomes, but
conclusive evidence of clinical benefits remains sparse.
Additionally, the accuracy of 3D-printed models com-
pared to surgical findings relies heavily on the segmen-
tation process. In case 2, we aimed for a more objective
approach by measuring the cross-sectional area of the
paracardiac mass in the 3D reconstruction and compar-
ing it to the extracted mass (see Fig. 5). Recognizing the
limitations of the segmentation process and the paucity
of data on the accuracy of 3D models in comparison with
surgical findings, as shown in our literature review, there
is a clear need for prospective studies with standardized
evaluation criteria to accurately assess the efficacy and
clinical impact of 3D printed models in cardiac surgery.

Regarding the segmentation software, Interestingly,
all studies utilizing 3D-printed models for preoperative
planning of tumors or cardiac masses employed special-
ized software for 3D segmentation and reconstruction,
particularly the Mimics Innovation Suite software (Mate-
rialise, Inc., Leuven, Belgium). However, more clini-
cal studies are needed to contrast the impact of printed
models with control groups, comparing intraoperative
variables (e.g., surgery time, medical devices used) and
postoperative outcome variables (e.g., mortality, hospital-
ization, follow-up longer than 1 year), which can also be
utilized for cost-effectiveness studies.

The use of 3D printing and/or new technologies for
preoperative planning of cardiac tumors is increasing
in the literature. However, there is still a tendency to
report only case studies, presumably because a prospec-
tive study of uncommon cases can be time-consuming.
However, more studies with significant samples and their
associated clinical and economic impact are anticipated.
Finally, we employed the WHO classification for cardiac
tumors to standardize the nomenclature of cases, facili-
tating comparison and exchange of information in for
further investigations [27].
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Conclusions

We present two cases where 3D printing and modeling
contributed to decision-making and surgical planning for
rare cardiac tumors. Given the rarity of each disease pre-
sentation and their close anatomical relationship to vital
structures, a comprehensive resection attempt was made
with the assistance of 3D models. These models may offer
additional information regarding the boundaries between
cardiac tumors and vital cardiac and vascular structures,
insights that 2D images may not provide. Further studies
are necessary to fully understand the role of 3D printing
in studying and improving surgical outcomes for cardiac
tumors.
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