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abstract

Introduction 

Three-dimensional (3D) printing is an additive manufacturing 
process to turn digital files into graspable 3-dimentional physical 
objects [1]. 3D printing from medical imaging data has been gaining 
wider clinical applications in surgical planning, clinical training, and 
imaging research [1-3]. With the advancement of medical imaging, 
the 3D computed tomography (CT) and magnetic resonance imaging 
(MRI) can be obtained in high resolution within a reasonable 
breath-hold time window [2,4]. However, the visualization of the 3D 
medical imaging source data is still largely limited to 2-dimentional 
(2D) multiplanar display, which makes diagnosis and surgical 
planning challenging. 3D printing can overcome this barrier by 
turning the multiplanar imaging data into anatomically accurate 3D 
models, to train new surgeons in controlled environment without 
risking patient safety, to aid radiologists for better diagnosis [5], and 
to facilitate patient-specific pre-surgical planning [2,4,6]. The rapid 
prototyping of the heart by 3D printing from medical imaging data 
is particularly transformative for managing the congenital heart  

 
disease (CHD), because the presentation of the complex CHD is 
highly variable among individuals [3,7-10]. 

Wide spectrum of anomalies in great vessels, valves, and 
intracardiac chambers can co-exist or be missing in multiple 
locations in a single CHD patient, which can make surgical planning 
very challenging. The individualized structurally accurate physical 
model of the heart and vessels for each CHD patient can allow 
individualized comprehensive diagnosis, optimizing planning 
for surgical intervention, and allowing rehearsals of the surgical 
procedures to improve precision; consequently, to improve patient 
outcome. Small animal models, particularly mouse models, of 
human diseases are indispensable tools for biomedical research. 
Genetically engineered transgenic mice and mutant mouse models 
generated by forward genetic screening with N-ethyl-N-nitrosourea 
(ENU) chemical mutagenesis are essential in understanding human 
CHD because mice and human share similar physiology and 
anatomy, including the 4-chambered hearts, vascular systems, and 
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similar structure and function of visceral organs. More importantly, 
many genes, gene modifiers, as well as biological processes and 
molecular pathways are conserved between mice and humans. 
Detailed phenotypic characterization by imaging [11-14] is crucial 
in the development of animal models, mechanistic studies into 
disease pathogenesis and testing the efficacy of experimental 
therapeutics. With the advancement of modern transgenic 
technology, including CRISPR-Cas9 gene targeting, as well as several 
national and international programs, such as IMPC, KOMP, IPAD-
MD, MGD, and EMMA, systematically knocking out every single 
gene in the mouse genome, generating unprecedented numbers of 
mutant mice, it is now possible to pursue detail mapping of genetic 
functions and pathways in CHD. 

Detailed characterization of the structural cardiac and vascular 
presentation of these genetic mutants can help mapping genetic 
networks governing heart development [15,16] and their effects 
on topological manifestation of CHD. We have utilized micro-CT, 
micro-MRI, and episcopic confocal microscopy (ECM) extensively 
for ultra-high-resolution imaging and phenotyping of CHD mutant 
mice [11, 12,17-19], especially in fetal and neonatal mice with CHD.  
However, the micro-CT, micro-MRI, and ECM images of fetal and 
neonatal mice are drastically different from human medical imaging 
in spatial resolution, voxel dimensions, voxel numbers, dynamic 
ranges, imaging contrast and texture, as well as source imaging data 
format, because of the minuscule sizes of mouse fetuses.  As a result, 
the routine 3D printing tools developed for human medical imaging 

are not directly applicable for mouse micro-CT, micro-MRI, and 
ECM.  In this work, we introduce a practical work flow for converting 
micro-imaging data to 3D printed physical models. We will discuss 
this practical guide in three sections: imaging acquisition, image 
post-processing for 3D modeling, and 3D printing.   

Imaging Acquisition

Micro-CT

Micro-CT is a powerful imaging modality that utilizes x-ray 
attenuation to acquire high-resolution three-dimensional images 
from radio-opaque tissues, such as bones. Iodine-based contrast 
agents can enhance X-ray attenuation in soft tissues, enabling 
micro-CT imaging with high accuracy [12,19-21]. Formalin fixed 
mouse embryos or newborn pups stained with iodine (Figure 
1A) by simple immersion in 0.025 N potassium tri-iodide (Lugol) 
solution can provide excellent contrast, enabling micro-CT scans to 
be used for performing virtual necropsies [22-24]. A typical scan 
takes approximately 25 minutes, during which four to eight fixed 
embryos (embryonic day 12-16) or 12 fixed newborn mouse pups 
can be scanned at a resolution of 15μm or 45μm, respectively. The 
imaging data collected in this manner (Figure 1B) can provide 
remarkably accurate visualization of fetal and newborn mouse 
anatomy [12,18,19,25]. With the ability to simultaneously image 
8-12 fetuses/pups per scan, mutant mice can be readily identified 
from an entire litter with just a single scan, greatly accelerating the 
diagnosis of CHD and other structural birth defects.

Figure 1:  An example of ex vivo 3D micro-CT of formalin-fixed mouse pups imaged at 46 m X 46 m X 46 m spatial 
resolution. (A) 3D surface rendering of iodine-stained mouse pups, and (B) a plane from the multi-planar 3D imaging data 
stack.  Abbreviations: AoArc: aortic arch; LV: left ventricles; RV: right ventricle.

Micro-MRI

MRI is based on the detection of protons utilizing low-ener-
gy radio-frequency (RF) waves in magnetic fields to form images 
without ionizing radiation. MRI has excellent intrinsic soft tissue 
contrast because the relaxation characteristics of water protons are 
governed by the micro-environment of each tissue [11].  With the 
development of small-board high-field magnets and small micro-RF 
coils, micro-MRI is capable of very high-resolution 3D imaging of 
mouse embryos with excellent contrast [26-29], thus termed “MR 

Microscopy” [30]. Hence, micro-MRI is a suitable imaging modali-
ty for “digital pathology” or “virtual histology” [11, 28, 31, 32] for 
phenotyping and characterizing mouse embryos without tissue 
sectioning as conventional histology. Formalin fixed mouse em-
bryos or newborn pups can be soaked in 0.05 % gadolinium (Gd) 
solution for one to a few days for contrast enhancement prior to 
imaging. Figure 2 shows multiple mouse embryos harvested on the 
embryonic day E16.5 imaged by micro-MRI with 33 m X 46 m 
X 46 m spatial resolution. Congenital structural birth defects can 
be identified (Figures 2C-2E).  
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Figure 2:  An example of ex vivo 3D micro-MRI of formalin-fixed E16.5 mouse embryos imaged at 33 m X 46 m X 46 m 
spatial resolution. (A) 5 fetuses can be imaged at the same time;  (B, D)  normal embryos;  (C)  mutant with right aortic arch; (E) 
mutant with right stomach. Abbreviations: AoArc: aortic arch; LV: left ventricles; RV: right ventricle; The arrowheads indicate 
body axis: A-anterior; P: posterior; L: left; R-right. 

ECM

Histopathological imaging with episcopic confocal microscopy 
(ECM) is the ultimate gold standard for validating the diagnosis 
of birth defects in mouse embryos and neonatal pups.  With ECM 
imaging [12, 17, 19], the paraffin embedded specimen is sectioned 
using a sliding microtome with a fixed photoposition, and the 
block face is serially imaged after each cut using a laser scanning 
confocal macroscope mounted over the microtome (Figure 3). In 
this manner, the 2D serial image stack collected of the specimen is 
in registration, allowing rapid 3D reconstructions to be generated 
and it is possible to digitally re-slice the serial 2D image stack in 
any imaging plane. In this manner, it is possible to make a complete 
assessment of any structural cardiac anomaly, regardless of the 
embedding plane of the specimen.  This ECM histopathology has all 

the conveniences of micro-CT or micro-MRI data, but with the much 
higher resolution (5 m) achieved by histology. 

On the other hand, micro-CT and micro-MRI allow simultaneous 
whole-body imaging for multiple mouse embryos or neonatal 
mouse pups, whereas the ECM can only section and image much 
smaller sample sizes, only 1 organ/tissue from 1 single embryo at 
a time. Figure 3 shows a single imaging plane out of the 3D multi-
planar ECM imaging stacks of embryonic mouse hearts from a 
normal wild-type embryo (Figure 3A), a mutant embryonic heart 
with hypoplastic left heart syndrome (HLHS) (Figure 3B), a mutant 
embryonic heart with double outlet right ventricle (DORV) (Figure 
3C), and a mutant embryonic heart with atrioventricular septal 
defect (AVSD) (Figure 3D). 

Figure 3:  ECM images of (A) a normal wild-type; (B) mutant embryonic heart with hypoplastic left heart syndrome (HLHS); 
(C) mutant embryonic heart with double outlet right ventricle (DORV) (D) mutant embryonic heart with atrioventricular 
septal defect (AVSD).   LV: left ventricle; RV: right ventricle; LA: left atrium; RA: right atrium; Ao: aorta; PA: pulmonary artery.   

Image Post-processing for 3D Modeling

Three-dimensional multiplanar images are reconstructed to 
form 3D lattice, followed by 3D sculpting, surface lasso, contouring, 
meshing to generate 3D models for 3D printing and quantification. 
3D processing and printing software is normally designed to process 
Digital Imaging and Communications in Medicine (DICOM) imaging 

format commonly used in medical imaging. Most of the micro-CT 
and micro-MRI vendors provide DICOM data format conversion; 
however, ECM platform does not have the DICOM format option, 
therefore, imaging format conversion is required for 3D imaging 
processing for 3D printing.  Although micro-CT and micro-MRI 
source data files can be converted to DICOM format, preclinical 
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imaging modalities generate imaging stacks with different textures 
and contrast from standard medical imaging.  Micro-CT of the Iodine-
stained mouse embryos usually exhibit a very different Hounsfield 
unit (HU) range than regular human CT without contrast agents; 
thus, usually micro-CT images are not directly recognizable by the 
commonly used 3D processing and printing software designed for 
clinical CT, re-scaling is usually required.  In addition, micro-CT 
and micro-MRI allow high-throughput simultaneous whole-body 
imaging of multiple mouse embryos or pups; whereas commonly 
used 3D printing software is designed to process 1 object at a time; 
therefore, segmentation for individual embryos is required to 
define the subject of interest one-at-a-time from the large 3D data 
source files.  

Two open source software programs were used to establish this 
pipeline and a workflow established. Horos [33], a 3D segmentation, 
visualization, and reconstruction software; and Meshmixer [34], 
a 3D model editing software, were used in this project develop 
the model. A method in Horos was developed to overcome the 
difference in textures between human and preclinical imaging 
modalities, ultimately resulting in a 3D surface rendering of genetic 
mouse model heart and brain defects. Meshmixer was then used 
to edit said models to correct file sizes and prepare models for 3D 
printing. Here we outline the work flow for 3D imaging processing 
of 3D modeling for micro-CT, micro-MRI, and ECM for 3D printing 

into three steps: (1) segmentation, (2) surface rendering, and (3) 
optimization (Figure 4). Each step is essential to creating a final 
product, being a 3D printed model that accurately displays the 
phenotype of a given genetic mouse model, that can then be used to 
gain a deeper understanding of defects present in genetic models. 

Segmentation

Segmentation (Figure 4) is to be carried out in the Horos 
software and is arguably the most important step of the process 
with regards to creating an accurate model. It is also where the 
largest deviation from human and preclinical modality conversion 
methods manifests. Human modalities have a much better contrast 
present than that of preclinical modalities, hence the segmentation 
process is more complicated. Instead of just thresholding and using 
simple tools to select regions, unwanted areas need to be cropped 
out by the segmentor. Essentially, it is more difficult to signify to the 
computer which pixels in the image stack are to be converted into 
a model (tissue) and which pixels are to be left out (grey space and 
cavities) and so extra measures must be taken. Hence, a process for 
segmentation and conversion was developed for ECM data. The ECM 
scan data which is in .tiff format is loaded into the Horos software 
using the import data function in Horos. This automatically loads 
the data in three planes. Interpolation, cropping, and thresholding 
were used to achieve accurate segmentation in this process. This 
segmentation process can be ordered into three different steps

Figure 4:  A diagram of the conversion process for ECM modality. (1) is a screenshot of one segmented image from a .tiff image 
stack. (2) is an unoptimized model immediately post surface rendering highlighting how many errors can be present in a 
model. (3) is a final optimized model with slicing to show internal cavities and exterior. The region of the image circled in red 
shows the HLHS deformity in the model. Versatility of slicing can be seen through the arrows present on the image, showing 
that the plane slicing the model can be easily moved in any direction.  

Should be

a) Cropping exterior of organ using interpolation

b) Deletion of cavities using interpolation

c) Thresholding

**Missing point a

First, any data outside of the organ in question must be deleted 
so that the software does not render it later on in the process. To 
account for this, regions of interest can be drawn every five to ten 
slides around the organ as closely as possible without losing any 
relevant data. Then, the interpolation tool can be used to fill in the 
missing slides via computer algorithm. This was determined to be 
the best method as drawing regions of interest on every slide was 
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too time consuming and this process does not sacrifice accuracy if 
double checked by the segmenter. Following this, all pixels outside 
of the region of interest can be set to a value of zero essentially 
cropping the image. For ECM data, the interior cavities of the organ 
most likely have particles in them that will hinder the accuracy of 
the final model if not accounted for. To deal with this, the process 
outlined above can be applied again to interior cavities. This 
process should be iteratively carried out until the only pixels left in 
the image stack with any value greater than zero are the walls and 
tissue of the organ. 

It is important to note that this is the most sensitive step in 
regard to accuracy because careless region selection most likely 
will result in loss of relevant data. Region selection must be very 
meticulous by the segmentor for the model to be accurate. Hence, 
this step is the most time consuming of the entire project. Finally, 
once the only pixels remaining with value in the image stack are 
those of the organ tissue thresholding can be carried out. Using 
the thresholding tool, set a lower bound pixel value ranging from 
one to twenty (arbitrary values that are of a greater value than the 

cropped region) and use the thresholding tool. All tissue should 
become highlighted thus completing segmentation. At this point, 
set all regions created from thresholding to a pixel value of 3024 
(pure white) to enable surface rendering. 

Surface Rendering

Surface rendering (Figure 5) is to be carried out in Horos post 
segmentation. It can be initiated through the surface rendering 
tool in the Horos software. Upon initiating the software, a window 
will appear asking for pixel value. A pixel value of 3024 should be 
entered into the box as all relevant segmentation regions should 
now have a pixel value of 3024 as per the previous step. The 
segmentations are assembled together by the program and a 3D 
mesh is created. If there are any holes present in the segmentation, 
a surface rendering will still be created, however will not be 
printable. Simple examination of the model created should show 
if it is sufficient to proceed. If it looks destroyed and incorrect, 
segmentation needs to be re-checked. Once this task is complete, 
the software will output a file in the filetype of .stl which is then 
compatible with 3D editing software. 

Figure 5:  3D surface rendering (A) 3D rendering of a mouse pup from micro-CT data with excessive mesh showing, highlighting 
the importance of optimization to reduce file weight  (B, C) Examples of model slicing of a 3D rendering of a mouse heart from 
ECM source data file. (D) Exterior view of a 3D rendering of a mouse model heart with DORV.    

Optimization

Upon rendering and exporting a .stl filetype, the model can be 
opened in the Meshmixer software. Optimizing the model (Figure 
4) reduces file size by removing countless overlaps in data and 
unneeded pixels stemming from the original image stack that 
manifest in the mesh. Here, tools are available to repair holes in 
the mesh, fix overlapping edges in the data, and make it compatible 
with printing. This step is integral to printing because without it, 
the print would most likely fail if it would print at all. The tools that 
were used in this process were 

a. Inspector tool

b. Make solid tool

c. Reduce tool

The inspector tool should be used at the beginning of the process 
on the “flat fill” setting. This tool identifies and fills all microscopic 
errors in the model. Note that texture of the original image stack is 
preserved through this step. Microscopic errors are altered through 
repair. If any large holes are present, the segmentor must go back 
and fix these issues in the segmentation step of the pipeline. If 
repaired using Meshmixer, the model will not correspond to the 
actual organ and accuracy will be lost. Following this step, the 
make solid tool should be used. This tool takes all space between 
cavities inside the model and makes them solid, removing errors 
and reducing file size to approximately a quarter of the original size 
in the process. Note that cavities will remain open and accuracy of 
the model is not affected in this step whatsoever. The final tool that 
is useful here is the reduce tool which simply reduces file size. If 
reduced too much, accuracy will be lost. However, some use of the 
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tool is helpful in making the file more versatile and transferable 
between computers. These three tools can be used iteratively until 
a satisfactory and error free model is present. 

There are countless other tools that can be used to edit the 
model if necessary, however these three are integral in optimizing 
the model. It was also observed that image stacks from ECM had 
dimensions on the scale of five to ten meters. This is an example 
of another incompatibility between preclinical imaging modalities 
and human modalities and can be fixed using the resize tool 
available in the Meshmixer software. It is a simple tool to manually 
resize the model by dragging the cursor. Ultimately, reducing 

the file size of the model gives it much more versatility, reducing 
time taken to view and edit the file, increasing compatibility with 
weaker computers, and increasing ease of file sharing with other 
computers. This final file can also be saved and used for digital 
phenotyping, as it is an accurate representation of the genetic model 
in 3D form. It can be sliced in any direction using the place cut tool 
to view internal cavities and deformities making it a very versatile 
model. In addition to printing physical models, the segmentation 
and rendering models can provide volumetric information.  Figure 
6 shows 3D rendering and segmentation outcomes from various 
mutant mouse brains from micro-MRI source data.  

Figure 6:  3D surface rendering and segmentation for mouse brains from micro-MRI source data files. (A) volumetric analysis 
of ventricles and hippocampi of various mutant mouse brains.  (B) 3D rendering and segmentation of the cerebrum (gray), 
ventricles (red), and hippocampus (brown) from various mutant mice.  

3D Printing

The final step in the process is 3D printing. Once a file is suffi-
ciently prepared in Meshmixer and accuracy is ensured, it can be 
sent to 3D printer for production. The resultant model should be 
the exact same as what is viewable on the screen and can be used 
to better understand the phenotype of a given genetic model. This 
process generally takes 16-24 hours to complete. We utilized a sin-
gle-color resin printer that utilizes SLA technology to solidify resin 
into the print. The models were enlarged to satisfactory dimension 
to visualize the details and were then printed in transparent resin 
which was then painted to further highlight the anatomic details. 

Upon completing several segmentations, mouse heart models were 
printed depicting hypoplastic left heart syndrome (HLHS) (Figure 
7). These files were also kept in database to use for future pheno-
typing of deformities. These saved files and printed models pro-
vided further insight into the phenotype of each deformity present 
in the genetic mouse models. Before this method was developed, 
specifically for ECM scans, there was no way to create a model that 
would accurately depict deformities in three dimensions. With this 
new method, it is now possible to go from an image stack to a 3D 
model that accurately depicts phenotype, providing further insight 
into deformities shown in genetic mouse models. 
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Figure 7:  3D printing of mutant mouse heart from ECM source files with the hypoplastic left heart syndrome (HLHS) (A,B) 
Completed 3D processed digital model of a HLHS heart; (C, D) photographs of the 3D physical model of the HLHS heart. Red: 
left heart; blue: right heart.

Conclusion and Future Work
We have introduced a practical workflow that can be used to 

generate 3D printed models of mouse embryonic and neonatal 
hearts from the ultra-high-resolution ECM, micro-CT, and micro-
MRI source data files, to facilitate genetic mapping and deep 
phenotyping of mutant mouse models for CHD.  This pipeline 
in application for other organ and model systems. Time spent 
is segmentation is the most limiting factor hampering the high-
throughput of the prototyping with 3D printing. Automatic or 
semi-automatic segmentation algorithm would greatly reduce 
the application barrier to allow rapid and effective phenotyping. 
In addition, the development of a “scripting” module can further 
speed up and automate the workflow. 
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