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Abstract

Background—3D printing is a promising technique that may have applications in medicine, and
there is expanding interest in the use of patient-specific 3D models to guide surgical interventions.

Objective—To determine the feasibility of using cardiac CT to print individual models of the
aortic root complex for transcatheter aortic valve replacement (TAVR) planning as well as to
determine the ability to predict paravalvular aortic regurgitation (PAR).

Methods—This retrospective study included 16 patients (9 with PAR identified on blinded
interpretation of post-procedure trans-thoracic echocardiography and 7 age, sex, and valve size-
matched controls with no PAR). 3D printed models of the aortic root were created from pre-TAVR
cardiac computed tomography data. These models were fitted with printed valves and predictions
regarding post-implant PAR were made using a light transmission test.

Results—Aortic root 3D models were highly accurate, with excellent agreement between
annulus measurements made on 3D models and those made on corresponding 2D data (mean
difference of —0.34 mm, 95% limits of agreement: £ 1.3 mm). The 3D printed valve models were
within 0.1 mm of their designed dimensions. Examination of the fit of valves within patient-
specific aortic root models correctly predicted PAR in 6 of 9 patients (6 true positive, 3 false
negative) and absence of PAR in 5 of 7 patients (5 true negative, 2 false positive).
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Conclusions—Pre-TAVR 3D-printing based on cardiac CT provides a unique patient-specific
method to assess the physical interplay of the aortic root and implanted valves. With additional
optimization, 3D models may complement traditional techniques used for predicting which
patients are more likely to develop PAR.

Keywords

3D printing; 3-D printing; 3-dimensional; additive manufacturing; TAVR; aortic valve;
paravalvular leak; paraoartic regurgitation

Introduction

Transcatheter aortic valve replacement (TAVR) utilizes a catheter-based delivery system to
deliver a prosthetic valve mounted within a stent into a diseased aortic valve. While TAVR is
a safe alternative to surgery in appropriately selected patients with aortic stenosis, there are
known limitations. For instance, there is no direct access to the patient’s anatomy to provide
precise prosthesis sizing and the complex 3-dimensional anatomy of the aortic root makes it
difficult to predict how the prosthetic valve will adapt in situ. 2 Moreover, the prosthetic
valve is secured at the annular plane in a sutureless fashion and failure to achieve a
circumferential seal can result in paravalvular aortic regurgitation (PAR). 3 PAR is the most
frequent complication after TAVR and carries increased morbidity and mortality. 4 °
Therefore, meticulous pre-procedural imaging with transthoracic echocardiography (TTE),
transesophageal echocardiography (TEE), and/or cardiac computed tomography (cardiac
CT) is required to ensure the most optimal fit.

Three-dimensional (3D) printing can provide personalized models of patient- specific
anatomy for pre-surgical planning and surgical device design. To date, 3D printing has been
used for pre-procedural planning in a small number of cardiovascular cases involving
coronary arteries 6, intracardiac defects /-9, mitral 10-14 and pulmonic valves 1% 16, To our
knowledge, however, there is no published data regarding the utility of 3D printing to guide
TAVR.

In this proof-of-concept study, we aimed to determine whether patient-specific 3D printed
models could be used to visualize the fit between the native aortic valve complex and TAVR
prosthetic valves, and thus predict the occurrence of post- procedural PAR.

METHODS

Study Population

In a retrospective fashion, we examined 16 patients in whom pre-TAVR cardiac CT and
post-TAVR TTE were available (Table 1). Eight patients with clinically documented PAR
were initially selected from a larger database based on the following criteria: (1) patients had
an ECG-gated pre-procedure CCT with multiphase acquisition to ensure coverage during the
systolic phase of the cardiac cycle and (2) they had a follow-up transthoracic echo (TTE)
within 1 month of the procedure that demonstrated at least mild PAR. Subsequently, 8 TAVR
patients without PAR were matched for age, sex and size of implanted valve.
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The presence or absence of PAR on the post-procedure TTE was confirmed by two
experienced cardiologists with level 11 training in echocardiography (M.C. and A.G.),
blinded to all patient data. This review led to the reassignment of one control patient (patient
3) to the PAR group based on consensus from both readers, resulting in a final count of 9
patients with PAR and 7 control patients.

All patients in the study received balloon-expandable Edwards Sapien valves (7 Sapien, 4
Sapien XT and 5 Sapien-3; Edwards Life Sciences, Irvine, CA). Prosthesis size was selected
based on the annulus diameter, as measured by cardiac CT according to published
recommendations 17, and all valves were maximally expanded. Re-ballooning of valves at
the time of placement was done at the discretion of the interventionalist.

The study was approved by the Partners Healthcare Institutional Review Board and was
conducted in accordance with institutional guidelines.

Pre-Procedural Cardiac CT

All cardiac CT scans were performed by volumetric prospective electrocardiogram-gated
acquisition through the heart over a complete R-R interval (0-95% phase), followed by non-
gated images of the abdomen and pelvis using a 320x0.5 mm detector row scanner with a
gantry rotation time of 350 milliseconds (Toshiba Aquilion One Dynamic Volume CT,
Tochigi-ken, Japan). Patients received 50-100 mL of iodinated contrast, followed by 40 mL
of normal saline, at a rate of 5-6 mL per second. Contrast bolus tracking was performed in
all patients with a region of interest in the descending aorta using a 200 Hounsfield unit
threshold. No medications were administered prior to the scan.

Post-Procedural TTE

PAR was evaluated on post-procedural TTE studies using the different parameters indicated
in the VARC-2 recommendations and graded based on the Unifying Grading Scheme
Proposal. 18 All TTE studies were examined by a consensus read of 2 experienced
cardiologists, blinded to all patient data.

Creation of 3D Models and Valves

For each patient, multiphase data sets were reconstructed at 5% intervals across one R-R
interval (0-95%) at 0.5 mm slice thickness with 0.25 mm overlap using a medium smooth
kernel. The peak systolic phase interval (determined by maximal opening of the aortic valve)
was identified and was used for creating the 3D model. The blood pool of the aortic root,
annulus and left ventricular outflow tract was segmented using manually determined
threshold values adjusted for each patient to include contrast but exclude eccentric calcium.
Segmentation was then manually edited to exclude the left atrium and left ventricle (Figure
1) using 3D visualization software (Vitrea 6.7, Vital Images) by a radiologist (B.R.) blinded
to TTE findings. Segmented data sets were then converted to a 3D printable standard
tessellation language (STL) file and exported into computer aided design software (3-matic,
Materialise) for further post-processing. A 2 mm thick wall was added to the outside of the
blood pool in all models; this strategy was necessary because the true aortic wall was too
thin to segment and printer capabilities required a 2 mm minimum wall thickness. Annular
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calcium was accounted for in the models by indentations in the segmented blood pool at the
sites of calcium (allowing incorporation of solid material into the model at these sites, figure
1). Valve leaflets were not included in the model since non-calcified portions were too thin
to accurately segment and print.

Aortic models were 3D printed using a stereolithography 3D printer (Form 1 plus, Formlabs,
Cambridge, MA) and flexible material (clear flexible resin, Formlabs). Valve models
meeting Sapien size specifications (23, 26 & 29 mm) but with a modified closed base were
designed in 3-matic and printed on a material extrusion 3D printer in hard plastic (Printrbot
Metal, Printrbot) (Figure 2).

Accuracy of 3D Models

To confirm that 3D models accurately depicted annulus size, we compared maximum and
minimum diameter measurements made on models with calipers to standard annulus
measurements made on cardiac CT by two experienced observers. Agreement between the
two measurement methods was quantified by Bland Altman plot.

PAR Prediction Test

We devised a simple light test in order to predict PAR (Figure 2). The valve model
corresponding in size to each patient’s actual implanted prosthesis (23, 26 or 29 mm) was
carefully positioned in the individual aortic model at the level of the aortic annulus. The
presence of PAR was then determined via projection of light through the left ventricular
outflow tract onto a thin film and captured with a digital camera (Figure 2). In cases where
the prosthetic valve was well circumscribed by the aortic valve complex, the majority of
light was blocked by the closed valve and only faint background light in the shape of the
annulus and proximal LVOT was projected onto the thin film. In cases where gaps existed
between the aortic wall and the valve, transmitted light was projected onto a thin film in a
bright crescent. The presence of PAR (binary decision defined as any paravalvular light
transmission) was made by consensus of 2 readers blinded to TTE results (B.R. and D.M.).
The position of PAR was recorded based on the clock face position, as described by
Goncalves et al. 19

Quantification of Predicted PAR

Images were thresholded using ImageJ 2 to allow for quantification of the predicted leak
(Figure 2). First, images were converted to greyscale 8 bit images and the level of
background light (light transmitted through the annulus that was not blocked by the closed
valve and aortic walls) was quantified. The threshold level was set at 130% of the
background light level so that only unimpeded light passing between the aortic wall and
closed valve (predicted PAR) was selected (Figure 2). Predicted extent of PAR was
quantified as a percentage of the number of pixels within the thresholded leak divided by the
number of pixels within the background projected annulus.

Analysis of Multiplanar Reformatted Images

Pre-procedure multiphase CT data sets were reconstructed at peak systolic phase (as detailed
above) and loaded into dedicated cardiac image viewing software (Vitrea 6.7, Vital Images).
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Multiplanar images were manipulated so that the annular plane -defined as the plane
containing all three aortic cusp hinge points- was in the transverse plane, as previously
reported. 17 The maximal diameter and orthogonal minimal diameter of the annulus were
measured at this level.

The chi squared test was used for comparisons of nominal data from the patient groups with
and without PAR and results were reported as mean + SD. A two-tailed p value of < 0.05
was considered to be statistically significant. Correlation between annulus measurements
made on 2D data sets and 3D printed models was calculated using the Pearson correlation
coefficient. The mean difference between the methods was calculated and plotted using a
Bland Altman plot and 95% limits of agreement were reported (+/— 1.96 SD). Statistical
analysis was performed using Prism 6 (Graph Pad, San Diego, CA).

RESULTS
Feasibility and Accuracy of 3D Printed Models

Segmentation time was approximately 10-30 minutes per model (Figure 1). Post-processing
time using CAD software was approximately 10-30 minutes. Estimated printing time was
3.5 hours, and 3-4 aortic root models could be printed at one time. Post-print processing
(removing support materials) took approximately 15-30 minutes Total production time from
DICOM analysis to a final printed model was approximately 5 hours.

Patient-specific anatomy was preserved in the models as determined by visual assessment
(Figure 3). This included overall size and shape of the annulus and LVVOT and relationship of
the coronary artery ostia to the annular plane. In addition, measurements of annulus
minimum and maximum diameter made on printed 3D models were highly correlated with
annulus measurements made from corresponding 2D image sets (Pearson correlation
coefficient of 0.867). Measurements made on models closely agreed with traditional 2D
measurements (mean difference of —0.34 mm, 95% limits of agreement + 1.3 mm). (Figure
4)

3D printed models of valve prostheses were also highly accurate to within 0.1 mm of their
designed dimensions (e.g within 0.1 mm of 23, 26 or 29 mm diameter) (Figure 2).

Light transmission test to predict paravalvular leaks

Using a light transmission test, 3D models correctly identified PAR in 6 of 9 patients and
correctly excluded PAR in 5 of 7 patients (P=0.13 by Chi Square analysis) (Figure 5). The
location of anticipated PAR (defined by clock-face position) was accurate, as 5 out of 6 were
correctly anticipated within 2 clock face positions (Figure 6).

The 3 false-negative patients and 2 false-positive patients did not have obvious features that
differentiated them from the correctly predicted cases, including valve size, valve type and
whether re-ballooning was performed during placement (Table 1).

J Cardfovasc Comput Tomogr. Author manuscript; available in PMC 2017 August 28.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ripley et al.

Page 6

The predicted size of PAR was quantified as a percentage of total annulus area, but did not
appear to correspond with the severity of PAR as detected on TTE. In the 2 false positive
cases (no PAR), area of predicted PAR was 0.8 and 1.3%. In the 5 cases of mild PAR,
predicted area ranged from 0.8-4.7%. In 1 case of moderate PAR, the predicted size was
1.0%.

DISCUSSION

The main findings of this study are: (i) 3D printed models provide a feasible, noninvasive
technique to assist 3D visualization of patient-specific aortic root anatomy, and (ii) 3D
modeling presents a novel opportunity to plan TAVR device placement /n situ, and may
complement traditional techniques used to predict and potentially avoid complications such
as PAR.

A thorough understanding of a patient’s aortic root anatomy is essential for appropriate
device selection. Current imaging techniques convert a patient’s 3D anatomy into a series of
2D images. 3D renderings can be created from this data and projected onto a 2D screen, but
studies demonstrate that information is still lost to the observer in this format 21. The
creation of a physical 3D model may recapture some of this lost information and offers the
opportunity to better visualize how complex patient anatomy will physically interact with

implanted medical devices such as stents 8, occlusion devices 9, or prosthetic
valves 6. 13,15, 16

Although most TAVR valves are round, the annulus is often more ellipse, and radial forces
from the deployed valve can alter the resulting annulus shape. 22 In turn, variable forces
from surrounding structures such as the septum and the left ventricular wall (in cases of LV
hypertrophy) may affect the shape a deployed prosthetic valve ultimately takes. Different
types of valves (e.g. the Edwards Sapien valve versus the Core valve) exert varying radial
forces on the aortic root. 22 These physical interactions cannot be inferred from 2D images
and are difficult to model in a virtual 3D space. Testing valves of different sizes and designs
in a flexible 3D printed model may help to refine predictions of shape/ size mismatches by
accounting for these physical interactions. Indeed, we were able to predict the presence of
PAR in 6 of 9 patients by testing the fit of a valve model into aortic root models. Further, we
were able to identify the location of PAR in 5 of 6 cases, suggesting that 3D models fitted
with prosthetic valve models may help simulate how these structures interact with one
another.

While promising, the prediction of PAR based on 3D models was far from optimal in this
initial feasibility study. This is likely due, in part, to the fact that our current modeling
technique did not incorporate important elements of the valvular complex (Table 2). For
example, leaflets and leaflet calcium were not included in our models. Further, while we
used flexible material to print the aortic root, this material does not match the true elastic
modulus of the aortic wall—defined as the amount that a material will stretch or deform in
response to force or stress.23 Our printed 3D models were created from image data at peak
systole, and therefore the dynamic nature of PAR across the cardiac cycle was not accounted
for. For instance, it is possible that models created during diastole may enhance the ability to
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visualize PAR. Finally, we used a 3D printed valve meeting the size specifications of the
actual prosthetic valve, but our valve was made of hard plastic and was fixed in an expanded
configuration. It is unknown whether the radial forces exerted by our valve model
adequately mimicked that of the true valve prosthesis. Potential solutions to these design
challenges are presented in Table 2.

Another possible source of error between predictions based on 3D models and actual PAR is
an unforeseen procedural challenge, in particular valve positioning. In addition, because we
used a valve in a fixed expanded position, we did not account for the ability to slightly under
or over-distend the valve at placement, a technique that may allow for more precise sizing.
However, a physical model does provide an opportunity to rehearse valve placement in a
specific patient’s aortic root and, in theory, may help operators anticipate some potential
challenges.

The size of predicted PAR did not correlate with the actual severity of PAR. This may be
partly due to the fact that the dynamic nature of a regurgitant jet across the cardiac cycle can
lead to changes in overall size of PAR over time. Additionally, the size discrepancy could be
due to inaccuracies of the light transmission test, where light reflected or refracted from the
inner surface of the aortic model could change the shape of light recorded on film Despite
this drawback, the light transmission test was a more robust assay in our hands than initial
attempts to use water or sand with variable grain size to detect PAR.

The 2 false positive cases did not have any distinguishing features to explain why PAR was
incorrectly predicted. In fact, it is noteworthy that there were not more false positives given
the fact that valve leaflets were not included in our models. Calcifications on leaflets may, in
some instances, seal gaps between the annulus and prosthesis as they are pushed out of the
way by an expanding valve. It may be that loss of a portion of transmitted light due to
reflection/refraction off the aortic wall during the light transmission test was helpful in
compensating for the lack of displaced leaflets in the models.

In an era of precision and personalized medicine, physicians are increasingly tasked with
considering each patient based on their unique anatomy. A major goal of this pilot study was
to explore whether 3D printed models could predict PAR on an individual basis. Predictors
of PAR such as annular and leaflet calcification and annulus shape perform well in larger
studies 2427, but may be less predictive for an individual patient than they are in a larger
cohort. 3D printed models, while imperfect, were modestly accurate in predicting PAR on an
individual basis. Understanding how to combine predictive information from both 2D and
3D data will likely lead to future improvements.

CONCLUSION

The use of pre-TAVR 3D printing provides a unique method to assess the physical interplay
of the aortic root and implanted valves. With future optimization, including development of
material that better reflects the mechanical properties of the aorta and associated calcium,
this developing technology may help aid prediction of which patients are more likely to
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develop PAR. Given these initial results, further studies focusing on both clinical application
and 3D-printed model optimization are needed.
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PAR paraaortic regurgitation

TAVR transcatheter aortic valve replacement
3D three-dimensional

STL standard tessellation language

CCT cardiac CT
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. 3D printing can provide graspable models of patient-specific anatomy for
TAVR planning.

. 3D aortic root models were successfully printed from preoperative CCT and
were highly accurate.

. A light transmission test was designed to assess fit of valves within 3D
printed aortic root models.

. Paravalvular regurgitation was correctly predicted in 6 of 9 patients and ruled
out in 5 of 7 patients.

. With optimization, 3D models may one day complement traditional
techniques used for predicting PAR.
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Figure 1. Creation of STL files from DICOM Images
A. STL files were created from standard CT DICOM image data sets. Note annular

calcification (black arrow) extending from the mitral annulus. B. The blood pool was
segmented using a combination of threshold and manual segmentation. In this example, the
contrast opacification is not ideal, but was still adequate for printing. Again, note the annular
calcification which is excluded in the segmentation based on its higher Hounsfield unit
value. C. Segmentation data was converted to an STL file and exported into CAD software
for further processing. At this point, the model is simply the segmented blood pool. Note the
indentation from the excluded calcification (white arrow). D. To create a lumen, a2 mm
thick wall was extruded outwards in all directions from the blood pool. This preserved the
integrity of the inner lumen data and allowed for a wall thickness suitable for printing. E.
After extrusion, the blood pool was subtracted, leaving just the wall. Note that the
calcification is now represented as a positive shape (black arrow). G. Visualization of the
triangular mesh that defines the printable object. H. Close up view allows more detailed
depiction of the triangle mesh. LVOT = Left ventricular outflow track. LA = Left Atrium
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Figure 2. A simple light transmission experiment designed to predict paravalvular leaks
A. lllustration depicting experimental set-up. A valve was placed into the 3D printed aortic

valve complex at the level of the annulus and a light was focused on the left ventricular side
of the printed valve. Light was almost completely blocked by the opaque closed bottom of
the valve, allowing a very faint light in the shape of the annulus and proximal LVOT to
project onto the thin film. However, unimpeded light was able to pass through any gaps
between the aortic annulus and the valve and was detected by a digital camera positioned on
the aortic side of the valve. B. 3D printed valve designed to the specifications of the
Edwards Sapien Valve. C. Upper left panel: 3D printed valve situated in a 3D printed aortic
root. Upper right panel: Light focused on the LVOT side of the valve passes through cracks
between an ill-fitting 26 mm valve. Bottom left panel: example of light projected onto a thin
film. The grey color reflects the shadow of the annulus and proximal LVOT. The bright
white crescent reflects unimpeded light hitting the thin film. Bottom right panel:
Thresholded image for quantification purposes.
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Figure 3. 3D printed models of the aortic root accurately depict morphology
A-C. 3D printed aortic valve complexes from two different patients demonstrating anatomy

included in the models. RCA: right coronary artery. LM: left main artery. D-E. 3D printed
model from an individual patient (E) reproduces the geometry of the annulus as seen on CT
(D). F-G. 3D printed model from another patient (G) reproduces the geometry of the sinuses
of Valsalva and coronary artery take-offs as seen on CT (F). H-1. 3D models were printed in
flexible material to mimic the elastic properties of the aorta.
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Figure 4. 3D models accurately depict annulus size
A. Bland-Altman plot of annulus measurements made on 2D and physical 3D data sets. The

difference between measurements made on 2D CT and 3D printed models is plotted against
an average of the 2 measurements. The fact that the points lie around the 0 line demonstrates
that there is no inherent bias between the two methods. B. CT multiplanar reformat at the
annular plane. Maximum and minimum diameter are stylistically depicted with white lines,
with actual data reported below the image (average from 2 separate readers). C. Maximum
diameter of the same patient as in B was measured with calipers. A separate set of models
was printed with a cut made at the annular plane to facilitate physical measurements without
manipulating or deforming the flexible models. D. Minimum diameter measured in the same
patient.
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Figure 5. Predicted PAR vs. Actual PAR Demonstrated by TTE

A. Example of correctly predicted PAR. Top panel: Threshold image demonstrates PAR

predicted by the light transmission test. Bottom panel: Post-procedure TTE data

demonstrates PAR. B. Example of a false positive prediction. Top panel: PAR is predicted at
the 11:00 position. Bottom panel: TTE confirms absence of PAR. C. Example of a true
negative. Top panel: no PAR is predicted by the light transmission test. Bottom panel: TTE
confirms absence of PAR. D. Example of a false negative prediction. Top panel: no PAR is
predicted by the light transmission test. Bottom panel: TTE confirms the presence of PAR.
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Figure 6. Predicted vs. actual clock face position of PAR
A. Clock face scheme for describing position of PAR, adapted from Goncalves et al.19 B-E.

Left-hand panels demonstrate the predicted PAR position based on the 3D printed models
and light transmission experiment. Right-hand panels are representative post-procedure TTE
images demonstrating actual position of PAR. All predicted and actual TTE data are oriented
according to the clock face scheme demonstrated in A. F. The left-hand panel demonstrates
the most incorrect prediction in the group, off by roughly 6 clock face positions.
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Table 2

“Wish List” For 3D Models of the Aortic Root Used for TAVR Planning

Page 19

Wanted Feature

Current Challenge

Potential Solution

Valve leaflets

Motion causes leaflet blurring.

Leaflets are often too thin to accurately
segment.

Improved temporal resolution will result
in less motion.

Obtaining imaging during diastole
minimizes leaflet motion.

If valves are calcified, the calcification
can be segmented and the leaflet shape
inferred.

Calcification hardness similar
to actual calcium

Many printers currently do not have the
capability to print multiple materials, and
those that do tend to be more expensive.

Wider availability of more affordable
printers with multi-material capability.

Material matching the
properties of the aortic wall,
such as deformability
secondary to external forces
(elastic modulus)

The elastic modulus of the aorta varies based
on wall thickness, disease state and
aneurysmal dilation, making it difficult to
predict on an individual basis; however, it is
roughly between 3-9 MPa %,

Many widely available materials do not
match the elastic modulus of the aorta, with
ABS in the 1400-3100 MPa range and PLA
in the 4000 MPa range 2.

Many printing materials have a published
elastic modulus.

Rubber materials are in the general range
of the aorta (0.1-10 MPa)

Ongoing development of new materials.

Actual prosthetic valves

Prosthetic valves are expensive; it is not
feasible to use actual valves for routine pre-
surgical planning.

A stand-in mock up of a valve that has the
same dimensions and elastic modulus and
which applies the same radial forces as
the true valve.

Abbreviations. ABS: Acrylonitrile butadiene styrene. PLA: polylactic acid. MPa: megapascal, units for elastic modulus.
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