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ABSTRACT

Background: The optimal length of saphenous vein grafts 
can be challenging in surgical coronary revascularization. It 
is the cornerstone for graft patency. In this study, we tried to 
demonstrate the value of 3D printing in determining optimal 
saphenous graft length.

Methods: Sixteen patients who underwent bypass surgery 
with only vein grafts were examined. Patients' measurements 
of graft lengths were obtained from postoperative CT images 
and from both 3D print models manually with plastic tubes 
and via 3D print digital images of Mimics software during 
segmentation. Another measurement was done using the Fit 
Centerline tool in the analysis module of Mimics software 
after segmentation. These 3 measurements were compared.

Results: There was a statistically significant difference 
between 3 measurement methods for each graft length  
(P < .001). Measurements of actual grafts were longer than 
measurements of 3D printed models manually and segmenta-
tion images from software were similar (P > .05).

Conclusion: 3D printing models and their software may 
be used to determine optimal saphenous graft length and 
the anastomosis site to decrease operation time. It can be 
deducted from these results that 3D printing is a promising 
method for reducing operator dependent variables in adjust-
ing graft size and finding optimal anastomosis sites.

INTRODUCTION

Patients with multiple native coronary artery lesions 
need multiple grafts, during coronary artery bypass grafting 
(CABG) [El Bardies 2012]. Multiple arterial grafts are used 
in approximately 5% to 10% of patients undergoing CABG. 
Yet, saphenous vein graft (SVG) still is the preferred main 
conduit [El Bardies 2012; Hess 2014]. It usually is available 
at the desired length that is roughly measured and adjusted 
by the surgeon during operation [Bourassa 1985]. Saphenous 

graft failure may be as high as 25% in the first 12 to 18 
months. Late failure also is a concern and can reach up to 
50% [Lopes 2012; Halabi 2005]. It also was documented that 
SVG failure is correlated with unfavorable outcomes [Halabi 
2005; Harskamp 2013]. The main cause of acute SVG failure 
is acute graft thrombosis, during the first month. Focal neo-
intimal hyperplasia may cause failure at the anastomotic sites 
in between 1 month and 2 years. Atherosclerotic degenera-
tion with neointimal hyperplasia is the main reason after 2 
years [Harskamp 2013; Sabik 2011].

Accurate SVG length adjustment is crucial, since both 
a too short and a too long graft affect patency unfavorably 
[Goor 2007; Milo 1982]. The slightest mismatch of SVG 
length can cause systolic kinking or slight tension that 
requires readjustment of length [Milo 1982; Bonchek 1978]. 
In a living human, surgeons use a combination of the coro-
nary angiogram, visual inspection, and palpation to deter-
mine the ideal location of grafts and several techniques have 
been reported to overcome graft length misjudgment. One 
of these is the Goor’s technique that is employed to optimize 
saphenous vein graft length [Milo 1982; Bonchek 1978]. 
Despite these techniques and operator experience, SVG 
length and anastomosis site location still depend on opera-
tor's subjective estimation.

Three-dimensional printing first was described by 
Charles Hull in 1986 [Vukicevic 2017]. It is a fabrication 
technique used to transform digital images into physical 
objects [Anwar 2018; Maragiannis 2015]. It consists of sev-
eral steps, which begin with using the "Digital Imaging and 
Communication in Medicine" (DICOM) files from the volu-
metric images data of computed tomography (CT), magnetic 
resonance imaging (MRI), and ultrasound [Gosnell 2016; 
Firouzian 2016]. These data images are processed using 
segmentation and mesh generation with special software 
followed by conversion to a standard tessellation language 
file (STL) for printing [Sodian 2007; Greil 2007]. Stereo 
lithography, selective laser sintering, inkjet, and fused-
deposition modeling are different options of medical 3D 
printing technologies with different printers [Binder 2000;  
Byrne 2016].

The software packages approved by FDA for medical pur-
poses and measurements used for segmentation and further 
digital processing are superior to different radio-diagnostic 
tool software in making real measurements [Vukicevic 2017; 
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Gosnell 2016]. The software enables more accurate "surface 
to surface" virtual measurements without printing physical 
models. But there is no current study in this area on CABG 
surgery, especially in terms of virtual and manual estimation 
of graft structure, length and also planning of surgical tech-
nique [Vukicevic 2017; Byrne 2016].

Cardiovascular applications of 3D printing still are a 
relatively new area and can be used for complex proce-
dural planning in congenital or acquired cardiovascular 
disease, creating and refining of anatomic teaching tools 
and intra-cardiac devices, developing functional models 
to investigate intracardiac flows and non-sterile practic-
ing before operations in patient-specific models [Goor 
2007; Milo 1982; Bonchek 1978; Vukicevic 2017; Anwar 
2018; Maragiannis 2015; Gosnell 2016; Firouzian 2016; 
Sodian 2007; Greil 2007; Binder 2000; Byrne 2016;  
Hadeed 2018].

We hypothesized that a preoperative 3D print model of 
the heart, native coronary vessels, and aortic root can play an 
important role in adjusting graft length. To show the accuracy 
of this hypothesis, we evaluated postoperative CT images of 
16 patients who underwent CABG with multiple SVGs, ret-
rospectively. We measured optimal graft length on 3D print 
models both manually and on digital images via Materialise 
software and compared these measurements and calculations 
with actual patients' postoperative CT graft lengths and anas-
tomosis sites.

METHODS

This retrospective study was conducted in Izmir Medical 
Park Hospital and Middle East Technical University, using 
BTECH 3D printing company in November 2018. The study 
was approved by the ethical committee of the hospital waiving 
informed consent due to retrospective nature of the study.

Sixteen patients who previously had undergone CABG 
in the same institution by the same surgeon were included. 
Patients who only had SVGs particularly were selected in 
this retrospective study because the aim to evaluate SVGs. 
In these patients, the left internal mammary artery was not 
used for different reasons, including severe terminal aortic 
disease, severe chronic obstructive pulmonary disease, left 
subclavian artery stenosis, and poor flow. Excluded were 
redo cases, patients who had thoracic surgery, and those with 
thoracic deformity. All patients had 4 SVGs and were oper-
ated on pump. Saphenous graft distal anastomosis sites were 
left anterior descending (LAD), circumflex posterolateral 
branch, first diagonal artery, and right posterior descending 
artery. The proximal anastomosis site was ascending aorta 
for all patients. Contrast CT images were obtained for dif-
ferent reasons within 30 days following surgery. A Toshiba  
Aquiline One Vision Edition 640 slice Dynamic volume tomog-
raphy was used for contrast CT images of the heart, native 
vessels, myocardium, aorta, and saphenous grafts. Mimics  
Innovation Suite 21 software (Materialise, Leuven, Belgium, 

Figure 1. A, 3-D Printed model of heart, aorta and coronary arteries; 
B, Manual estimation of optimal location and length of Ao-saphenous 
graft-LAD/D1 via plastic tube; C, Manual estimation of optimal loca-
tion and length of Ao-saphenous graft-RCA/PDA via plastic tube; D, 
Manual measurements of estimated optimal Ao-saphenous graft-LAD/
D1 length via ruler.

Figure 2. A, Segmentation of heart, myocardium, coronary arter-
ies and saphenous grafts (region of interest) via Mimics software; B,  
Segmentation of saphenous grafts and marking optimal anastomosis 
sites via Mimics software; C, Centerline command of Mimics software in 
measuring graft length; D, Volumetric images of coronary arteries and 
grafts via computerized tomography angiography.
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and CE 0120 Certification) was used in this study, during seg-
mentation design, modeling and making measurements.

General steps of the software and printing in this study: 
First, the DICOM files of diagnostic CTs were imported 
to Mimics software followed by the creation of three-
dimensional models of the aorta, myocardium, SVGs, 
coronary arteries, and anastomosis sites by the software. 
The length of the saphenous grafts in between the proxi-
mal and distal anastomosis sites was measured with soft-
ware. The model created in Mimics was exported to the 
design module of 3-matic and the command of smooth, 
wrap, and fix was used to design. Last state of the design in 
final STL file format was exported to software (preform) of 
the resin based laser technology (SLA) 3D printer (Form-
labs Form 2, Formlabs Inc. Massachusetts, USA, and Laser  
Specifications:  EN 60825-1:2007certified, Class 1 laser 
product 405 nm violet laser, 250 mW laser). After ori-
entation and support procedures, the production of the 
model was made from standard resin and white resin. 
Support points were then detached after washing and a  
curing process.

Using the aforementioned physical model and software, 
we evaluated graft length via 2 methods, where proximal and 
distal anastomoses sites were same as the actual.  One method 
was manual measurement of the gap between the distal and 
proximal optimal anastomosis sites with plastic tubes having 
similar structure to SVGs like serum sets by 2 experienced 
cardiovascular surgeons, one of whom performed CABG 
(Figure 1). The second measurement method was per-
formed by a mechanical engineer with 2 cardiac surgeons and  
2 cardiologists, who are experienced in 3D printing and soft-
ware on 3D-constructed images of digital printing models 
with Materialise software (Figure 2). Data from both tech-
niques and actual postoperative CT image measurements 
were compared.

Statistical analysis was performed using SPSS software 
for Windows version 17.0 (Statistical Package for the Social 
Sciences Inc, Chicago, IL, USA). All parametric results are 
expressed as the mean ± standard error except for demographic 
characteristics given as Mean ± SD. Univariate analysis was 
performed using Two Way Variance Analysis (ANOVA).

RESULTS

The mean age of the patients was 64.5 ± 2.15. Their pre-
operative echocardiographic left ventricular ejection fraction 
and body mass index were 54.69 ± 1.16% and 27.75 ± 0.75 kg/
m2 at admission, respectively.

When 3 measurement methods were compared, the actual 
SVG length measurements were longer than measurements 
made on the 3D print model and digital model for each graft 
(P < .001 for each) (Table 1). In Table 2, each measurement 
method was compared for every graft. Actual SVG length 
was longer than 3D print model measurement (P < .001) and 
software measurement (P < .001) for each graft. When the 
measurements obtained from 3D printed models manually 
and measurements of segmentation images from Materialise 
software were compared, the measurements were similar for 
each graft (P > .05).

DISCUSSION

3D printing is a novel technology and widely is used in 
the industry. Medical applications have gained acceptance 
in oncology, orthopedics, cardiology, anatomy, and vascular 
surgery [Vukicevic 2017]. It is used for planning treatment 
strategy and operations, educational purposes, and perform-
ing interventions in non-sterile environments preoperatively 
[Maragiannis 2015; Mahmood 2015; Vukicevic 2017].

3D printing technology continuously is develop-
ing, especially in the field of printer's software and frame-
work, printing material structure, and processing software.  
Segmentation is the main step of 3D printing [Vukicevic 
2017]. You can convert diagnostic DICOM files to printing 
files (STL) and measure and calculate actual distance, vol-
umes, and mass during segmentation. Also, these measure-
ments are superior to conventional imaging tools (CT, MRI, 
and 3D echocardiography) [Vukicevic 2017; Gosnell 2016; 
Binder 2000; Byrne 2016].

After segmentation, files are sent to the printer, and the print-
ing process begins. Special laser printers commonly are used. We 
also employed this standard procedure as the method.

Table 1. Comparison of SVG length measurements with three methods

SVG Location

Actual and estimated SVG 
length measurements 

Mean ± Std. Error

Manually from 3-D Printing 
Models 

Mean ± Std. Error

Postoperative actual CT 
images 

Mean ± Std. Error

Segmentation images  
(Mimics software) 
F statistics P value

Ao-LAD (cm) 11.13 ± 0.31 19,69 ± 0.52 11.06 ± 0.34 F(2,30) = 179.64 P < .001

Ao-LAD-D1 (cm) 10.24 ± 0.30 17,12 ± 0.34 10,10 ± 0.29 F(2,30) = 170.99 P < .001

Ao-RCA-PDA (cm) 15.08 ± 0.45 21,05 ± 0.40 15.06 ± 0.35 F(2,30) = 70.06 P < .001

Ao-Cx-PL (cm) 17.05 ± 0.33 25.59 ± 0.52 17.03 ± 0.32 F(2,30) = 121.07 P < .001

SVG: saphenous vein graft, CT: computerized tomography, LAD: left anterior descending artery, D1: first diagonal artery, RCA-PDA: posterior descending 
artery branch of right coronary artery, Cx-PL: posterolateral branch of circumflex coronary artery
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Standard resin and white resin are widely used materials 
for printing. They are cost effective and easy to form. When 
you have an actual 3D printed model, you can make a practice 
plan and more accurate measurements manually may be per-
formed. This gains operator self-confidence and speed during 
real operation [Kappanayil 2017].

3D printing frequently is used in the field of cardiol-
ogy. However, cardiovascular surgeons have begun to pay 
more attention, especially in planning procedures, practic-
ing medical instruments, and developing medical devices.  
Cardiovascular surgeons may be able to solve problems in 
complex cases by the advancements in printing materials 
(more soft elastomeric polymers) and printer technology 
(combine different structure with more realism). This gives 
the opportunity to make more realistic complex combined 
models [Kappanayil 2017]. Coronary segmentation and 
printing in coronary anomalies were done [Lee 2019], but 
native arteriosclerotic coronary segmentation and planning 
procedures on coronary arteries have not been performed. To 
the best of our knowledge, this is the first study to segment 
and print native coronary arteries for planning surgical revas-
cularization. This gave us the opportunity to evaluate length 
of grafts via printed models and software. In our study, we 
tried to demonstrate the importance of predetermining SVG 
length. This issue still is debatable. Spatial geometry is vari-
able during surgery, and graft length continues to be relevant 
for long-term graft patency. Surgeons still use their experi-
ence and knowledge, when finding the optimal anastomosis 
site and determining graft length. This results in dependency 
on the operator's skills and personal variability. Our results 
show that predetermination of graft length with modules of 

segmentation software before printing, and manually on 3D 
printed models after printing are valuable methods that may 
provide better long-term graft patency by preventing possible 
kinking and tension. Therefore, predetermination of optimal 
SVG length may decrease operation time, and assuming pro-
vision of better graft patency, may decrease morbidity and 
mortality. We used Mimics Innovation Suite 21 Software 
(Materialise, Leuven, Belgium, and CE 0120 Certification) 
for segmentation and measurements. This software is the 
only approved and certified software for medical designs and 
producing medical products from the FDA and CE. Also, we 
used 3D printer (Formlabs Form 2, Formlasbs Inc. Massachu-
setts, USA, and Laser Specifications:  EN 60825-1:2007certi-
fied, Class 1 laser product 405 nm violet laser, 250 mW laser). 
This printer is FDA certified for production of medical prod-
ucts. Furthermore, our printing materials (standard resin and 
white resin) also are FDA certified.

This hypothesis must be evaluated with further prospective 
big studies. Also, engineering and medical collaboration must 
be provided. Some big hospitals recently have established 3D 
printing labs. These labs are cost effective, but need support 
from the medical and technological community. This tech-
nology may offer important additional perspective to develop 
technologies of cardiac imaging, image processing software, 
a combined dual-material 3D printing, and several patient- 
specific models [Vukicevic 2017]. Patient-specific 3D real-time 
moving models via virtual reality may directly impact our abil-
ity to select appropriate patients for structural heart therapy, 
anticipate procedural complications, and potentially revise and 
improve cardiac therapeutic devices in CABG surgery besides 
congenital structural heart disease [Binder 2000; Byrne 2016].

Table 2. Comparison of SVG length with three measurement methods: Post-Hoc analysis

Ao-LAD (cm) Manual CT Software constructed

Manual -

CT P < .001 -

Software NS P < .001 -

Ao-LAD-D1 (cm) Manual CT Software

Manual -

CT P < .001 -

Software NS P < .001 -

Ao-RCA-PDA (cm) Manual CT Software

Manual -

CT P < .001 -

Software NS P < .001 -

Ao-Cx-PL (cm) Manual CT Software

Manual -

CT P < .001 -

Software NS P < .001 -

SVG: saphenous vein graft, CT: computerized tomography, LAD: left anterior descending artery, D1: first diagonal artery, RCA, PDA: posterior descending 
artery branch of right coronary artery, Cx-PL: posterolateral branch of circumflex coronary artery, NS: non-significant
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Limitations: Our study has some drawbacks. Due to the 
retrospective nature and small scale, our hypothesis like reduc-
ing mortality, morbidity, and operation time, graft patency 
must be tested further in prospective big studies. The models 
are not dynamic, so we solely evaluated end systolic dimen-
sions. 3D printing technology still is developing in parallel 
to radiological imaging techniques that are sources for 3D 
printing. In the future, the printing process may be shortened 
and costs may be reduced. Moreover, left internal mammary 
artery grafts could be evaluated with more comprehensive 
models in large-scale studies. Our study only retrospectively 
tested SVGs. Each model cost about 300 €s and took 6 hours 
to print in this study. The expenses and manufacturing time 
must be reduced with advanced and separate technology, so 
this particular technology can be used in real life.

CONCLUSION

The technology represented here may be effective in pre-
operative determination of SVG length. This may decrease 
operative time and increase graft patency.
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