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Abstract

A fetal cardiology consultation involves using two-dimensional drawings to explain the cardiac anatomy which can result in
inherent variation in how the congenital heart disease (CHD) is conveyed. In this pilot study, we incorporated three-dimen-
sional printed (3DP) models into fetal counseling to demonstrate feasibility and evaluate the impact on parental knowledge,
understanding, and anxiety. Parents with a prenatal diagnosis of a muscular ventricular septal defect (VSD) and/or coarctation
of aorta were enrolled. Providers were randomized into a Model or Drawing Group and crossed after six months. Parents
completed a survey after the consultation which evaluated knowledge of the CHD lesion, expectant surgical management,
self-rated understanding, attitude towards the visualization tool, and anxiety. Twenty-nine patients enrolled over a 12 month
period. Twelve consultations were done for coarctation of aorta, 13 for VSD, and four for coarctation with a VSD. Both
Model and Drawing groups scored similarly in self-reported understanding and confidence, helpfulness of and improve-
ment in communication with the visualization tool. The Model group had higher scores on questions related to the CHD
anatomy and surgical intervention [5 [4-5] versus 4 [3.5-5]], p =0.23 although this didn’t reach statistical significance. For
the majority (83%) of consultations, the cardiologist agreed that the 3D model improved communication. In this pilot study,
we demonstrate the use of 3DP cardiac models during prenatal CHD counseling is feasible and produces results related to
parental understanding and knowledge that are equal to and possibly better than the current standard of care.
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Abbreviations Introduction

CHD Congenital heart disease

3DP Three-dimensional printing Congenital heart disease (CHD) affects approximately 1 in
2D Two-dimensional every 100 live births in the US [1]. Up to 75% of complex
VSD  Ventricular septal defect lesions are diagnosed prenatally [2]. A prenatal diagnosis of

CHD typically involves multiple visits with the family prior
to their child’s birth. Each prenatal visit offers the opportu-
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serve as visualization tools which are standardized between
providers. The utility of 3DP cardiac models in pediatric
cardiology has been demonstrated in preprocedural planning
and in medical education [4-12]. Although there is some
literature on the utility of 3DP cardiac models as an aid in
physician—patient communication, no studies have specifi-
cally focused on fetal counseling [13-16].

Literature demonstrates that a prenatal diagnosis of CHD
is associated with parental stress, depression, and anxiety
[17-22]. In this study, we aimed to investigate the feasibil-
ity and effectiveness of incorporating 3DP cardiac models
of CHD lesions into fetal counseling. We also evaluated
the impact of 3DP cardiac models on parental knowledge,
understanding, and anxiety.

Materials and Methods
Model Creation

This study was approved by the Columbia University Irving
Medical Center Institutional Review Board. We selected
coarctation of the aorta and muscular ventricular septal
defect (VSD) as the two congenital lesions to be included
in our study, given that these are two of the most common
lesions for which we provide fetal CHD counseling. Repre-
sentative cardiac computed tomography (CT) scans done in
older children were chosen to create the generic 3D models
of these two lesions. Cardiac CT images for both lesions
were loaded into Mimics software (Materialise, Belgium)
and post processed to isolate the area of interest by segmen-
tation using a previously established technique [23]. After
segmentation, a preliminary 3D virtual model was cre-
ated, which was edited to exclude extra-cardiac structures.
A 1 mm-thick layer was created onto the 3D object which
represented the blood pool. The 3D object was then “hol-
lowed” internally, excluding the 1 mm layer, allowing for the
intra-cardiac anatomy to be represented [24]. The myocar-
dium was also segmented for the VSD model. This object
was cropped to best demonstrate the relevant anatomic rela-
tionships and subsequently stored as a stereolithography
file (STL). The STL files were processed on a Uprint SE
printer (Stratasys, Eden Prairie, MN) to create a 3D physical
model. The approximate cost of the cardiac model creation
and printing was $55. The models used are shown in Fig. 1.

Study Cohort and Design

Parents with a child with the prenatal diagnosis of suspected
coarctation of the aorta and/or muscular VSD who under-
went an initial fetal echocardiogram at New York-Presbyte-
rian Morgan Stanley Children’s Hospital were approached
to enroll over a 12 month period. Parents who were able to

understand surveys in English or Spanish were included.
Counseling sessions for Spanish speaking patients were
completed using an in-person interpreter. There are eight
fetal cardiologists who participated. To account for differ-
ences in provider practice and counseling style, we rand-
omized half of the providers to a ‘Model group’ while the
other half were assigned to a ‘Drawing group’. The providers
crossed over to the other group halfway through study enroll-
ment. This prospective cross-over model study design is rep-
resented in Fig. 2. The patient assignments to the ‘Model
group’ and ‘Drawing group’ were made when a fetus with
the inclusion diagnoses was seen. The group assignments
were subject to the nature of random scheduling and to the
provider that was engaging in fetal counselling that day.
Parents in the ‘Drawing group’ were counseled with
only a standardized 2D drawing while the ‘Model group’
was counseled using a standardized 2D drawing and a 3DP
model. When patients were enrolled in the study, the provid-
ers engaging in counseling used the same standardized 2D
drawings in their sessions, which were printed ahead of time
and provided by the study team. In cases where the cardiac
anatomy differed minimally from the 2D drawing or 3DP
model such as overall size of the ventricular septal defect,
this was verbally explained to the parents by the provider.

Survey

After the fetal echocardiogram and parental counseling
were complete, the parent was asked to complete the survey.
The parental response was completed by one parent, either
mother or partner. In our cohort, the parental response ended
up being only from mothers due to majority of patient enroll-
ment taking place during the COVID-19 pandemic. The
survey contained three sections. The first section focused
on parental knowledge and included five questions regard-
ing the CHD lesion and potential surgical interventions
needed postnatally. The questions related to understanding
on our survey tool were modified from a validated survey
tool previously utilized in a study assessing medical student
understanding after exposure to 3D-printed models [10].
This section was given a total score that ranged from O to 5
based on the number of questions answered correctly. The
second section was comprised of questions whereby parents
self-rated their own level of understanding of the CHD, con-
fidence in ability to explain the CHD, helpfulness of the 2D
diagram and 3DP model, and improvement in communica-
tion using these visualization tools on a Likert scale (1-10)
from least to most agreement. The third section included
a standardized anxiety screening tool comprised of the
7-item Generalized Anxiety Disorder module (GAD-7) to
assess parental anxiety [25]. GAD-7 total score ranges from
0 to 21. A score <5 indicates minimal anxiety, 5—10 mild
anxiety, 10-15 moderate anxiety, and > 15 severe anxiety.
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Fig. 1 Three dimensional printed models used in the study. A Repre-
sentative two dimensional (left) and color Doppler image (center) of a
ventricular septal defect (red circle) from a fetal echocardiogram. The
cropped 3D printed printed model is on the right, with the site of a
midmuscular defect indicated by the red arrow. B Representative two

Fetal provider group 1
3D model + 2D

Fetal provider group 2
3D model + 2D

Fetal provider group 1
2D diagrams only

Study midway
point

Fetal provider group 2
2D diagrams only

Study start Study end

Fig.2 Study design schematic. Cross over study design used in our
study

Parental demographics including age, gender, race, educa-
tion level, marital status, household income, living environ-
ment, history of prior pregnancies/children, prior experience

@ Springer

dimensional (left) and color Doppler image (center) of coarctation
of the aorta (red circle) from a fetal echocardiogram. The 3D printed
model is on the right, with the site of the coarctation indicated by the
red circle. Ao Aorta, PA pulmonary artery, LV left ventricle, RV right
ventricle

with CHD, and prior work in the medical field were also
collected. A short six question survey was also administrated
to the cardiologist after consultations done with the Model
to gauge perceptions of counselling with addition of a 3D
model. All surveys were either administered in person on
paper or electronically using Qualtrics, an electronic survey
program, which allows each survey to be securely distributed
by QR code or by email.

Data Analysis

Parental demographics were reported as frequencies with
percentages and compared between groups using Fisher’s
exact test. Cardiologist survey results were reported as
mean scores with standard deviations and percentages of
total observations. Comparison of survey results between
the Model and Drawing groups was assessed using
Kruskal-Wallis tests with median scores and first and third
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quartiles reported. Analyses were performed in R (version
4.2.0, The R Foundation, Vienna, Austria).

Results

Twenty-nine subjects were enrolled over a 12 month period.
Eleven subjects were in the Drawing group and eighteen
were in the Model group. The study cohort breakdown by
group and diagnosis is shown in Fig. 3.

A summary of parental demographics in the Model and
Drawing groups is shown in Table 1. Both the Model and
Drawing groups had similar distributions in terms of age,
race, household environment and income, education level
and relationship status.

Results from the parental survey are summarized in
Table 2. Parents in both groups scored well in the CHD
knowledge section of the survey. A slightly higher, but not
statistically significant improvement in parental knowledge
was noted in the Model group (median score of 5 vs. 4,
p=0.23). Both groups scored similarly in self-reported
understanding, self-reported confidence, helpfulness of the
visualization tool, and improvement of communication expe-
rienced with the visualization tool. Lastly, the Model group
had a lower median score on GAD-7 anxiety screening tool
(3.5 vs. 6, p=0.24) which is indicative of lower level of
parental anxiety after consultation.

Eight fetal cardiology providers participated in the
study. Results from the providers survey are summarized in
Table 3. The cardiologists who counseled with the Model
reported feeling satisfied with their consultation with a mean
score of 8.9/10 and found the model useful to explain the
CHD with a mean score of 8.7/10. A majority of them also
felt that it improved their communication (83.3%). Two
thirds of the cardiologists felt that it would be useful for

Study Cohort

n=29

Model Group Drawing Group

n=18 n=11

I e
[ 6 coarc ] [1OVSDJ [ZVSchoarc] [6c0arc] lsvso] [ZVSD/coach

Fig. 3 Patients allocated to drawing or model groups. VSD ventricular
septal defect, coarc coarctation of the aorta

parents to have models to take home with them (66.7%) and
none felt that the model substantially lengthened the visit.

Discussion

Our study demonstrates that the routine use of 3DP cardiac
models of CHD in fetal counseling sessions is feasible. The
use of 3DP models to counsel families resulted in patient
responses regarding knowledge and understanding which
were not significantly different from current standard of care.
In addition, although not found to be statistically signifi-
cant with this number of participants, our data suggests that
there were potential benefits for parents who were counseled
with the 3DP model as they demonstrated higher knowledge-
based scores and lower anxiety scale scores. Cardiologists
did not report utilization of the models lengthened their visit
compared to typical or average counseling sessions although
this was a subjective measure and length of visit time was
not measured quantitatively.

Our assessment of parental understanding was accom-
plished using two categories of questions. The first category
consisted of knowledge-based questions about the CHD
lesion with the expectant surgical management. The second
category included subjective questions, allowing the parents
to rate their own understanding, report on their confidence
in ability to explain the CHD, and their attitude toward the
visual aid used. Although not statistically significant poten-
tially due to small sample size, parents in the model group
did have slightly higher score in the first category of the
parental assessment. Additionally, the Drawing group did
have a higher proportion of parents with at least a college
degree level of education although this demographic differ-
ence was not statistically significant and therefore unclear
if impacted these results. A larger cohort would be useful to
determine if these differences between the Model and Draw-
ing groups are truly substantial.

The cardiologists’ assessment of parental understanding
was well rated (mean score of 8.6/10) and for the majority
of counseling sessions, the providers agreed that the model
improved communication (83%) (Table 3). The “discrep-
ancy” between the providers’ rating and the parental subjec-
tive rating of their own understanding (Table 2) could be due
to the new exposure of learning the basics of CHD for the
parents compared to the providers’ level of familiarity with
CHD. It is possible that because the cardiologists were at a
different level of baseline understanding, that they rated the
additive value the models could provide differently. It would
be interesting to evaluate the sequential use of 3DP models
at follow-up counseling visits to assess if parental ratings of
the benefit of the models changes over time.

Biglino et al. assessed the use of patient-specific 3DP
cardiac models during outpatient cardiology consultation
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Table 1 Maternal demographics

Demographic Model group (n=18) Drawing group  p value
(n=11)

Age 0.481
18-29 years 6 (33.3%) 2 (18.2%)
> 29 years 12 (66.7%) 9 (81.8%)

Race: (n=15 for model group) 0.832
White 9 (60%) 7 (63.6%)
Black/African-American 2 (13.3%) 1(9.1%)

Asian 1(6.7%) 1(9.1%)
Pacific Islander 0 (0%) 1(9.1%)
Mixed/Other 3 (20%) 1(9.1%)

Relationship status 0.489

Married or living together 13 (72.2%) 8 (72.7%)
Committed partner 1(5.6%) 2 (18.2%)
Single, never married 3(16.7%) 0 (0%)

Other 1(5.6%) 19.1%)

Education level 0.532
High school degree or lower 7 (38.9%) 2 (18.2%)

College degree or higher 11 (61.1%) 9 (81.8%)

Household income (n=16 for model group) 0.187
<$25,000 4(25%) 2 (18.2%)
$25,001-50,000 2 (12.5%) 4 (36.4%)
$50,001-100,000 3 (18.8%) 0 (0%)
$100,001-200,000 531.2%) 19.1%)
> $200,000 2 (12.5%) 4 (36.4%)

Household type (n=17 for model group): 0.240
House/apartment, owned 7 (41.2%) 3(27.3%)

Apartment, rented 6 (35.3%) 8 (72.7%)
Doubled up, living with family/friends 2 (11.8%) 0 (0%)
Other 2 (11.8%) 0 (0%)

First pregnancy 6 (33.3%) 4 (36.4%) 0.999

Prior experience with CHD 2 (11.1%) 3(27.3%) 0.339

Experience in the medical field 2(11.1%) 4 (36.4%) 0.164

*(Total n=29; n=18 for Model group unless noted, n=11 for Drawing group). Frequencies with percent-
ages were reported. Fisher’s exact test was performed for comparison between groups

Table2 Summary of maternal survey results

Variable Model group (n=18) Drawing group (n=11) p-value
Parental knowledge (Maximum score=15) 5[4, 5] 41[3.5,5] 0.232
Parental self-reported understanding (Score range 0—10) 9 [6.25, 10] 98, 10] 0.467
Parental self-reported confidence (Score range 0-10) 9[6, 10] 9[7.5, 10] 0.609
Helpfulness of visualization tool (Score range 0—10) 10 [8.25, 10] 10 [9.5, 10] 0.577
Improvement of communication with visualization tool (Score 10 [8.25, 10] 10 [9.5, 10] 0.204
range 0-10)
Parental anxiety (GAD Score range 0-21)* 3.5[1.25,5.75] 6[3.5, 13] 0.241

Median with first and third quartile was reported. Kruskal-Wallis test was performed for comparison between groups

*GAD-7 total score ranges from 0 to 21. A score<5 indicates minimal anxiety, 5-10 mild anxiety, 10—15 moderate anxiety, and> 15 severe
anxiety

@ Springer
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Table 3 Summary of cardiologist survey results

Cardiologist survey (Mean scores + SD or frequencies)

Satisfaction level with consultation (Score range 89+1.0
0-10)

Usefulness of the model (Score range 0-10) 8.7+13

Cardiologist assessed parental understanding 8.6+1.2

Agreement that the model improved communication  15/18 (83.3%)

Agreement that the model would be helpful to take 12/18 (66.7%)
home

Agreement that model would lengthen visit 0/18 (0%)

and found that the majority of parents reported the model
to be useful during discussion with a cardiologist and rated
the helpfulness of the 3DP model highly [15, 16]. These
authors noted that many of the parents who participated in
their study explicitly asked to keep the model. This was con-
sidered qualitative evidence that the models were well liked
by families. In feedback provided by study participants, they
reported that some of the traditional medical images and
sketches were difficult to relate to. Cheuk et al. [26] surveyed
parents of children with CHD in an outpatient clinic setting
with a questionnaire that included components targeted at
parental understanding of the nature and treatment of their
child’s CHD. In this study, only 28.8% of their study cohort
were able to correctly indicate their child’s heart lesion(s)
diagrammatically. Awori et al. who examined the use of dis-
ease specific cardiac models in an outpatient setting found
parents rated their understanding highest with physical 3DP
models when compared to 2D drawings and 3D digital mod-
els [14]. Again, parents in this cohort were able to take the
models home.

Models for this pilot study were all printed in a white
thermoplastic. However, it would be interesting to explore
multicolored models as they may result in more intuitive
representations of the cardiac structures as well as oxygen-
ated versus deoxygenated blood. These factors may impact
overall parental understanding of the anatomy and hemo-
dynamic impact of the CHD. It may also allow improved
parental engagement with the model. The models used in
our study were created from cardiac CT images. There is
emerging literature related to the creation of 3D fetal car-
diac models from spatiotemporal image correlation (STIC)
volume-rendered echocardiogram data [27-29]. The poten-
tial of this technology could allow creation of patient and
disease-specific fetal cardiac models increasing the potential
for models which would better resemble individual cardiac
anatomy.

Lastly, we sought to evaluate if there was any effect on
counseling with a 3DP cardiac model on parental anxiety.
There has been literature which demonstrated that a prena-
tal diagnosis of CHD is associated with inherent distress

leading to parental stress [17—19] that can persist and result
in greater postnatal anxiety [20-22]. The inherent dis-
tress from receiving a new prenatal diagnosis may hinder
the exchange of knowledge during the prenatal visits. We
theorized that the use of this educational tool may ease the
emotional component of distress and anxiety inherent in
receiving a prenatal diagnosis of CHD. The Model group
did have an overall lower anxiety score categorized as mini-
mal anxiety when compared to the drawing group whose
scores were categorized as mild to moderate anxiety lev-
els (median of 3.5 vs. 6). There were a greater proportion
of patients with muscular ventricular septal defects in the
Model group (10/18; 56% vs. the drawing group 3/11; 27%)
which could potentially contribute to the lower anxiety scale
scores seen in the Model group given the lower complexity
of this lesion. The lack of statistical significance again may
be due to the small cohort size. In addition, it may be helpful
to utilize a pregnancy-specific scale as opposed to a general-
ized anxiety scale in order to have more tailored components
to a population of expectant mothers.

Limitations of this pilot study include the small sample
size, the evaluation of limited CHD lesions, and the partially
subjective nature of the parental assessment tool used. Addi-
tionally, providers were asked to use a standardized drawing
which may deviate from their typical practice. Many fetal
cardiologists choose to draw the cardiac anatomy them-
selves. Therefore, the utilization of the standardized draw-
ings may not accurately reflect the current practice for all
fetal cardiology providers. The evaluation of a larger cohort
could help better examine the trends seen in this pilot study.
It may also allow for a meaningful sub-group analyses to
better determine if certain populations or patient characteris-
tics, such as education level, would benefit more from com-
munication with a 3DP model. As a future step, it would be
interesting to evaluate the use of a 3DP model in fetal coun-
seling for more complex CHD lesions. For this pilot study,
the use of simple, more common CHD lesions like VSD and
coarctation of the aorta were chosen given that they are two
of the lesions for which we most commonly counsel.

Conclusion

Use of a 3DP cardiac model during prenatal counseling is
feasible and produces results related to parental understand-
ing and knowledge that are at least similar to the current
standard of care. This pilot study demonstrates routine use
of 3DP models in fetal counseling were not detrimental to
the transfer of information that occurs between fetal provider
and parent and could even improve families’ learning and
understanding of their child’s congenital heart lesion. Future
directions include evaluation of a larger cohort and incor-
poration of models with more complex CHD which may
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increase the ability to detect the areas in which the models
best facilitate fetal counseling.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00246-023-03177-y.
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