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Objective: The goal of this study was to assess the utility and accuracy of solid
anatomic models constructed with rapid prototyping technology for surgical plan-
ning in patients with pulmonary atresia with ventricular septal defect and major
aortopulmonary collateral arteries.

Methods: In 6 patients with pulmonary atresia with ventricular septal defect and
major aortopulmonary collateral arteries, anatomic models of the pulmonary vas-
culature were rapid prototyped from computed tomographic angiographic data. The
surgeons used the models for preoperative and intraoperative planning. The models’
accuracy and utility were assessed with a postoperative questionnaire completed by
the surgeons. An independent cardiac radiologist also assessed each model for
accuracy of major aortopulmonary collateral artery origin, course, and caliber
relative to conventional angiography.

Results: Of the major aortopulmonary collateral arteries identified during surgery
and conventional angiography, 96% and 93%, respectively, were accurately repre-
sented by the models. The surgeons found the models to be very useful in visual-
izing the vascular anatomy.

Conclusion: This study presents the novel vascular application of rapid prototyping
to pediatric congenital heart disease. Anatomic models are an intuitive means of
communicating complex imaging data, such as the pulmonary vascular tree, which
can be referenced intraoperatively.

ulmonary atresia with ventricular septal defect (VSD) and major aortopul-
monary collateral arteries (MAPCAS) is an uncommon form of cyanotic
congenital heart disease in which the native pulmonary arteries are very
hypoplastic or absent. To provide blood supply to the lungs, MAPCAs form during
embryogenesis, probably from the splanchnic vascular plexus.! These MAPCAs, which
frequently have stenotic origins, arise from the aorta or one of its branches, and vary
from patient to patient in number, origin, size, and course.”* For any given segment of
lung, the blood supply may come from the native pulmonary artery, MAPCAs, or both.?
The goal of corrective surgery is to repair the intracardiac defects, establish right
ventricular to pulmonary arterial continuity, and connect the MAPCAs to the
pulmonary arterial system.*” This process may require a single operation (single-
stage unifocalization and complete intracardiac repair) or multiple operations (se-
quential unifocalization with subsequent intracardiac repair).*’ One critical com-
ponent of this surgery is the identification and isolation of the MAPCAs, a process
made difficult by the patient-specific variations in anatomy. Adequate unifocaliza-
tion of the MAPCAs is the key to successful surgery.
In more complex cases, the preoperative workup includes conventional angiog-
raphy, computed tomographic (CT) angiography, or magnetic resonance (MR)

264 The Journal of Thoracic and Cardiovascular Surgery « August 2006



Ngan et al

Surgery for Congenital Heart Disease

Abbreviations and Acronyms
3D = 3-dimensional
CT = computed tomography
MAPCA = major aortopulmonary collateral artery
MR = magnetic resonance
VSD = ventricular septal defect

angiography to map out the pulmonary vascular supply.®'?

The precise 3-dimensional (3D) relationship of MAPCAs to
the aorta and native pulmonary arteries is significant and
should be rendered into a useful, intuitively graspable for-
mat that is easily referenced intraoperatively. Rapid proto-
typing provides a potential solution to this problem.

Rapid prototyping is the fabrication of solid models from
computer-generated virtual 3D surface models. The virtual
model is first broken down into thin slices or layers. A rapid
prototyping machine then builds the solid model layer upon
layer, resulting in a physical replica of the virtual model."* In
medical applications of this technology, the virtual models
are typically constructed from CT or MR imaging data sets.

The most extensive medical applications of rapid proto-
typing technology are in head and neck, oral, and crani-
omaxillofacial surgery.'*'® Models of the bony anatomy of
the head and neck are used to help guide surgery and recon-
struction. Relatively limited numbers of vascular applications
of this technology have also been developed. These vascular
applications include models of heart valves,'’® aortic an-
eurysms,”' intracranial aneurysms,?* carotid arteries,”> and
embryonic hearts.>**3

Methods

Patient Selection

Six consecutive patients, aged 6 months to 2 years 6 months at the
time of surgery, with pulmonary atresia with VSD and MAPCAs
presenting to the Stollery Children’s Hospital in Edmonton, Al-
berta, Canada were studied. The operations took place between
May 2004 and June 2005. Additional patients in whom the imag-
ing was not performed sufficiently in advance of the surgery to
allow model construction were excluded from the study. This
study was approved by the Health Research Ethics Board at the
University of Alberta Hospital. A parent or guardian of each
patient gave informed consent.

Imaging Studies

All patients underwent both conventional angiography and CT
angiography of the aorta and pulmonary arterial vasculature. Be-
cause of the complexity of this type of congenital anomaly, CT
angiography was considered part of the standard preoperative
evaluation. No additional CT angiography was performed for the
purpose of this study. The CT angiograms were obtained with
0.625-mm or 1.25-mm thickness slices with 0.625-mm reconstruc-
tion and a slice overlap of 50% on a 16 slice General Electric Light
Speed CT scanner (GE Medical Systems, Milwaukee, Wis). The
patients were under general anesthesia, and positive-pressure

breath-hold technique was used during image acquisition. Intrave-
nous contrast was administered at a dose of 2 mL/kg over 10 to 15
seconds. The patients were 4 months 6 days to 2 years 4 months
old at the time of CT angiography, with 5 of the 6 patients 6
months old or younger. The CT was performed at least 2 weeks
before the operation, which allowed time for the model to be built.

Model Construction
The models of the CT data sets were created with Mimics 8.11
software (Materialise, Leuven, Belgium) and a rapid prototyping
machine. In Mimics, a virtual 3D model was created of the pulmo-
nary arterial vasculature and aorta by a radiology resident and a
pediatric cardiac radiologist. Smoothing of the model was per-
formed with Magics 8.01 software (Materialise) or haptic model-
ing software and hardware (FreeForm Modeling System, version
7.0 and PHANTOM Desktop Haptic Device; SensAble Technol-
ogies, Woburn, Mass). This virtual model was converted into a
solid acrylic or plastic anatomic model with a rapid prototyping
machine, either the Stratasys Prodigy Plus (Stratasys Inc, Eden
Prairie, Minn) or the InVision si2 3-D printer (3D Systems, Valencia,
Calif). The image manipulation and rapid prototyping were carried
out in the Medical Modeling Research Laboratory, COMPRU, Cari-
tas Health Group, Edmonton, Alberta, Canada. The models were
sterilized and used within the operative field at the time of surgery.
To study the accuracy of this construction technique, several
test objects containing both flat and cylindric surfaces were imaged
and then modeled in the same manner as the patient data. The
objects and the models were then measured with digital calipers
(Absolute Digimatic calipers; Mitutoyo, MTI Canada Ltd, Missis-
sauga, Ontario, Canada).

Model Evaluation

The assessment of the models was 2-fold. First, after each opera-
tion, the surgeons completed a short questionnaire to rate the
model’s overall usefulness and accuracy. The surgeons rated utility
and accuracy on 3-point scales (very useful, somewhat useful, or
not useful, and very accurate, minor inaccuracies, or major inac-
curacies, respectively). MAPCAs identified at the time of surgery
were also quantified. Each MAPCA on the models was also rated
on a 3-point scale (accurate, minor inaccuracy, or inaccurate).

Second, an independent pediatric cardiac radiologist compared
the models with the angiograms. The cardiac radiologist compared
the number of MAPCAs on the model with the number demon-
strated on the corresponding angiogram. The accuracy of the
origin, course, and caliber of each MAPCA on the model was rated
on a 3-point scale (accurate, minor inaccuracy, or major inaccu-
racy). Minor inaccuracy was defined as acceptable accuracy with
a minimal and clinically irrelevant discrepancy between the model
and angiogram. Major inaccuracy was defined as unacceptable
accuracy, potentially misleading to the surgeon and not reflecting
the angiographic findings. The models were therefore compared to
the absolute standard, surgery, and to the imaging standard, con-
ventional angiography.

The funding organizations, Caritas Health Group and the Gov-
ernment of Canada through Western Economic Diversification
Canada, had no role in the study design; in data collection, anal-
ysis, and interpretation; in writing this report; or in the decision to
publish the results.
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Figure 1. Comparison of angio-
gram (A) with model (B) of tho-
racic aorta and MAPCAs in pa-
tient with pulmonary atresia,
native left pulmonary artery,
and MAPCAs (case 4).

Results

Six patients were studied, with intraoperative results avail-
able in 5 cases. In case 4, the patient was referred to another
center for surgery because of an earlier available operating
date, so no intraoperative results are available. Figures 1 and 2
are photographs of models with the accompanying angio-
graphic images.

Figure 3 and Table 1 compare the numbers of MAPCASs
identified with each of the modalities: model based on CT
angiography, conventional angiography, and intraoperative
results. Of 25 MAPCAs identified at the time of surgery, 24
(96%) were accurately represented by the models. Of 30
MAPCAs identified on angiography, 28 (93%) were also
accurately depicted on the models. One MAPCA was iden-
tified during surgery and on the angiogram but not on the
model (case 3). This small (approximately 3 mm diameter)
vessel was not identified as a MAPCA on the CT data
because of its small caliber, its close proximity to the true
pulmonary arteries, and table motion artifact affecting this

particular CT study. This case demonstrates the limitations
of CT angiography. Conversely, | MAPCA identified at
surgery was found on the CT study and model but not the
angiogram (case 2). This vessel was probably not identified
by conventional angiography because of overlapping ves-
sels on the initial two projections obtained, so selective
catheterization of this MAPCA was not pursued. In addi-
tion, 1 MAPCA less than approximately 2 mm in diameter
identified on angiography was not identifiable even in ret-
rospect from the CT angiographic data (case 4). This vessel
may have become occluded between the time of the angiog-
raphy and the time of the CT (5 months 7 days), or its
caliber may have been below the threshold of CT. In this
case, intraoperative results are not available for confirma-
tion of either interpretation. In this limited series, the mod-
els based on CT angiography rivaled conventional angiog-
raphy in the identification of MAPCAs.

The surgeons’ assessments of the overall utility and
accuracy of the models are presented in Figure 4. The

Figure 2. Comparison of angio-
gram (A) with model (B) of tho-
racic aorta and MAPCAs in pa-
tient with pulmonary atresia
and MAPCAs (case 1).
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Figure 3. Percentage of MAPCAs identified on angiograms and
during surgery included on models.

models were all deemed to be very useful, and most were
considered very accurate. The only model not receiving a
very accurate rating was the model in which 1 of the
MAPCASs was not identified. Each MAPCA was also rated
by the surgeons for overall accuracy of position. Only the
previously mentioned unidentified MAPCA was not rated
by the surgeons as accurately representing the intraoperative
findings. The subjective impressions of one of the surgeons
were that the models aided in surgical planning, allowed
rapid isolation of the MAPCAs, and decreased operating
room time.

The initial impression of one of the surgeons was that the
models were somewhat smaller than the actual blood ves-
sels. To confirm the accuracy of our modeling techniques,
several cylindric test objects were scanned and modeled.

TABLE 1. Identification of MAPCAs in the model, on an-
giography, and at the time of surgery

MAPCAs in MAPCAs on
Case model angiogram

MAPCAs during
surgery

4 4 4
4
6

NA
5
6

25

(S I R

6
Total 2

NA, Not applicable.

o o ool o &
o ool o) O W

w

The test models all had diameters slightly larger than the
original objects, from 0.26 mm (2.0%) to 0.85 mm (13.2%)
larger. In no case was the model’s diameter smaller than that
of the original. The apparent size discrepancy between the
blood vessels and the model is thus unlikely to be due to the
technique used to build the model. Other possible explana-
tions include the growth of the child in the interval between
the CT and the surgery (as long as 4 months 29 days) and the
fact that the model is of the vascular space within the blood
vessel, not the external surface of the vessel as viewed by
the surgeon.

A total of 31 MAPCAs were identified on the models or
on the angiograms. Figure 5 summarizes the findings of the
independent pediatric cardiac radiologist who compared each
of the models with the angiograms, rating the origin, course,
and caliber of each model MAPCA for accuracy. Of the
MAPCA origins, 93% were rated as having acceptable accu-
racy, and 97% of the MAPCAs received an acceptable accu-
racy rating for course and caliber. The MAPCA in case 4
not identifiable on CT was rated as having unacceptable
accuracy in all categories. The MAPCA in case 3 that was
not identified as a MAPCA but rather included on the model
as a branch of the right pulmonary artery received an
inaccurate origin rating. Only 2 MAPCAs were rated as
having minor inaccuracies. In both cases, the inaccuracy
was in the caliber of a stenosis. Although it was not part of
the questionnaire completed by the cardiac radiologist, he
also noted several cases in which the models were superior
to the angiograms. The most obvious example of this is the
MAPCA that was not identified on the angiogram but was
accurately included on the model, matching the operative
findings (case 2).

Discussion
This study provides an initial assessment of the applica-
tion of rapid prototyping technology to pediatric congen-

100

80

accurate very useful

60

Models (%)

40

20

minor

inaccuracy

Accuracy Usefulness

Figure 4. Surgeons’ ratings of model utility and accuracy.
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Figure 5. Cardiac radiologist's ratings of model accuracy relative
to conventional angiography.

ital heart disease, specifically pulmonary atresia with VSD
and MAPCAs. Previous imaging studies of pulmonary atre-
sia with VSD and MAPCAs focused on conventional im-
aging modalities such as angiography, CT angiography,
and MR angiography.®'? Rapid prototyping technology
takes imaging data a step beyond 2-dimensional computer
displays to solid anatomic models. This study adds to the
limited number of reported soft tissue and vascular appli-
cations of this technology.

Technical Considerations

Models of soft tissue structures are more difficult to con-
struct than models of bony structures because of the much
smaller variation in Hounsfield units, which is significant.
Obviously, contrast administration greatly helps in model-
ing vascular structures. In this particular application, careful
attention to anatomy is required to separate the pulmonary
arteries from the pulmonary veins. As a result, virtual model
construction cannot be automated and should be performed
by a clinical specialist. One technical limitation of the
models is their fragility, particularly at stenoses. As a result,
the models must be handled with care. The techniques
presented in this article represent a starting point in opti-
mizing the model construction of congenital heart disease.

Clinical Implications

Of MAPCAs identified during surgery and conventional
angiography, 96% and 93%, respectively, were accurately
represented by the models. These values are in line with
previous accuracy reports of CT angiography and MR an-
giography of this condition.'"'? The accuracy of the models
is limited by the data set on which they are based, CT

angiography. Two MAPCAs found either during surgery or
by conventional angiography were not included on the
models. In both cases, when the CT data were retrospec-
tively assessed, it was either impossible or difficult to iden-
tify the missed MAPCAs. Contributing factors to these
MAPCASs being missed were degraded images from table
motion artifact and probable occlusion of a small vessel in
the interval between the conventional angiogram and the CT
angiogram. However, 1 MAPCA identified on the CT study
and so included on the model was missed at angiography.
This demonstrates the complementary nature of CT angiog-
raphy with rapid prototyping and conventional angiography
in identifying as many MAPCAs as possible before surgery.
Because of the need for maximum accuracy of imaging, we
believe that CT angiography with rapid prototyping pro-
vides useful supplemental information in addition to con-
ventional angiography. In this study, all MAPCAs were
identified either on the CT or the angiogram before surgery.

However, simple identification of vessels is not ade-
quate. This study extends the utility of CT angiography by
presenting the data in a more useful format, a solid anatomic
model showing the course, caliber, and origin of each
MAPCA. Solid models communicate information in both
visual and tactile formats; however, it is difficult to quan-
titatively evaluate the conveyance of information, particu-
larly tactile information. The surgeons’ overall impression
of the ability of the anatomic models to communicate the
necessary spatial information was quantified as usefulness
in this study. The surgeons rated all the models as very
useful for preoperative and intraoperative planning, allow-
ing rapid isolation of MAPCAs during the surgery. One
surgeon’s impression was that the models decreased oper-
ating room time, although this study did not measure oper-
ating room time as an outcome variable.

The surgeons had available to them a virtual model on a
workstation preoperatively and the solid model both preop-
eratively and intraoperatively. We view the models as an
addition to rather than a replacement for a conventional
workstation display. On the basis of this limited experience,
the 2-dimensional workstation screens did not convey the
information as intuitively as the solid models.

Study Limitations

The number of patients is one of the limiting factors in this
study. In a larger study, variables such as operating room time
and patient outcome could be examined. Because of the
small number of patients, accounting for anatomic varia-
tions and comorbidities that affect prognosis would be dif-
ficult. Because pulmonary atresia with VSD and MAPCAs
is a relatively rare condition, time is required to assess a
larger number of patients. The creation of virtual models
was relatively labor intensive and required expert knowl-
edge of the pulmonary vasculature. Automated virtual model
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construction was not possible with the current software used
(Mimics).

Conclusion

This study represents a starting point in the investigation of
rapid prototyping technology as it applies to complex pedi-
atric congenital heart disease. The 3D anatomic models
produced were found to be useful in operative planning for
pulmonary atresia with MAPCAs. Further optimization of
the imaging and virtual model construction techniques is
planned. In addition, this technology has the potential to aid
in the preoperative assessment of a broader range of condi-
tions in congenital heart disease. The utility and application
of rapid prototyping in other forms of congenital heart
disease need to be assessed.
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