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Abstract

Background: 3D printed models are becoming increasingly popular in healthcare as visual and tactile tools to
enhance understanding of anatomy and pathology in medical trainee education, provide procedural simulation
training, and guide surgical procedures. Patient-specific 3D models are currently being used preoperatively for trainee
medical education in planning surgical approaches and intraoperatively to guide decision-making in several spe-
cialties. Our study group utilized a modified Delphi process to create a standardized assessment for trainees using
patient-specific 3D models as a tool in medical education during pre-surgical planning.

Methods: A literature review was conducted to identify survey questions administered to clinicians in published
surgical planning studies regarding the use of patient-specific 3D models. A core study team reviewed these ques-
tions, removed duplicates, categorized them, mapped them to overarching themes, and, where applicable, modified
individual questions into a form generalizable across surgical specialties. The core study panel included a physician,
physician-scientist, social scientist, engineer/medical student, and 3D printing lab manager. A modified Delphi pro-
cess was then used to solicit feedback on the clarity and relevance of the individual questions from an expert panel
consisting of 12 physicians from specialties including anesthesiology, emergency medicine, radiology, urology, otolar-
yngology, and obstetrics/gynecology. When the Radiological Society of North America (RSNA)/American College of
Radiology (ACR) 3D Printing Registry Data Dictionary was released, additional survey questions were reviewed. A final
cross-disciplinary survey of the utility of 3D printed models in surgical planning medical education was developed.

Results: The literature review identified 100 questions previously published in surveys assessing patient-specific 3D
models for surgical planning. Following the review, generalization, and mapping of survey questions from these stud-
ies, a list of 24 questions was generated for review by the expert study team. Five additional questions were identified
in the RSNA/ACR 3D Printing Registry Data Dictionary and included for review. A final questionnaire consisting of 20
questions was developed.

Conclusions: As 3D printed models become more common in medical education, the need for standardized assess-
ment is increasingly essential. The standardized questionnaire developed in this study reflects the interests of a variety
of stakeholders in patient-specific 3D models across disciplines.
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Background

The utilization of three-dimensional (3D) printing has
grown dramatically in recent years, bringing new tech-
niques to the healthcare industry. Unlike traditional
manufacturing methods (e.g. molding, casting, and sub-
traction from bulk material blocks), this form of additive
manufacturing offers a low-cost, rapid method to gener-
ate objects from a digital model or computer-aided design
(CAD) file into physical shapes. Moreover, patient-spe-
cific data (CT/MRI imaging) can now be processed and
printed into 3D form. Applications of 3D printed prod-
ucts in healthcare include tissue and organ fabrication
and the creation of customized prosthetics and implants
[1]. In addition, 3D printing is being used increasingly
to augment medical trainee education, procedural skill
acquisition, and treatment planning and decision making
in both medicine and surgery. While studies are expo-
nentially increasing, reported measures vary and there
exists no simplified, gold standard approach for captur-
ing feedback regarding model features, user experience,
and overall utility.

Within graduate medical education and residency
training, 3D printing has been used to enhance knowl-
edge and skill acquisition. The ability to rapidly produce
detailed mimetic models can be beneficial for visual-
izing complex anatomy and structural relationships. 3D
models have shown benefits to students and trainees in
anatomy education and procedure simulation [2, 3]. A
meta-analysis done in 2020 of randomized control tri-
als comparing traditional two-dimensional images to 3D
printed models found that use of 3D printed models in
learning opportunities was associated with higher anat-
omy exam scores (p<0.05) in post-interventional assess-
ments for medical students [4]. Smerling et al. studied
the effect 3D models had on medical students learning
complex congenital heart conditions [5]. The students
reported increased confidence in understanding complex
conditions due to the 3D models and recommended the
models for future sessions [5].

The use of patient-specific 3D models for pre-procedure
planning has been reported in a variety of surgical and
medical specialties. Within cardiology, 3D models have
been utilized to visualize the complex, variable pathol-
ogy of congenital heart diseases and to size implantable
devices for left atrial appendage closure, among other
uses [6, 7]. Uses in neurosurgery include determining the
surgical approach and intraoperative guidance for skull-
base tumors and cerebrovascular aneurysms [8—11]. For
orthopedic cases, which often involve reconstruction and

hardware, 3D models have been used to visualize anat-
omy, select implant size, and determine drilling trajecto-
ries for surgeries treating acetabular defects and scoliosis
[12, 13]. Similarly, in otolaryngology and craniomaxillofa-
cial surgery, 3D models have been used to simulate sur-
gery and prebend reconstruction plates for mandibular,
orbital, and other craniofacial reconstructions [14—16]. In
a 2017 study Marconi et al. reported 3D printed models
facilitate a more rapid and clearer understanding of sur-
gical anatomy helping medical students, surgeons, and
radiologists spend less time assessing 3D printed models
than they would two-dimensional CT scans and 3D vir-
tual reconstructions [17].

In research reporting the uses of 3D models, various
measures have been reported to assess the utility of 3D
printed models for education and procedure simulation.
In a review conducted in 2017 of 93 studies on the use
of 3D models for surgical training and simulation, it was
found that subjective and objective measures were used
in 74 and 61% of studies, respectively [18]. Commonly
reported subjective measures include the usefulness of
the model, educational value, satisfaction with the model,
and confidence [8, 10, 14]. Objective measures reported
in studies include procedure time, anesthesia time, oper-
ating room time, estimated blood loss, the accuracy of the
model, and the correlation between planned and post-
operative values [7-9, 12, 13, 15, 19]. Similarly, varied
measures have been reported to assess the utility of 3D
printed models for surgical planning [20-22]. Yet, there
is no consensus on how to measure anatomical accuracy,
utility, or user experience with 3D printed models.

We propose the use of a modified Delphi process to
review prior measures across specialties to generate a
concise, generalizable survey to serve as a gold standard
for feedback on the use of 3D printing in surgical plan-
ning. The Delphi method is a structured and anonymous
process used to collect opinions on a specific topic. It has
previously been used in healthcare for a variety of pur-
poses ranging from developing a curriculum for general
surgery robotic education to creating a guideline for
clinical trial protocol content [23, 24]. The Delphi process
consists of the expert evaluation of a questionnaire with
variable rounds of review and modification built upon
feedback. Here, we modified the Delphi process with
categorization/mapping and expert consensus to cre-
ate a survey containing key questions and language that
is broadly applicable across surgical specialties. Though
the Radiological Society of North America (RSNA)/
American College of Radiology (ACR) recently provided
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a lengthy, expert consensus-based series of questions to
capture multiple elements of 3D printing workflows, no
group has created a succinct survey specifically used to
assess model fidelity, utility, and trainee experience with
3D models specifically for surgical planning. Moreover,
published surveys in this field have not been based on
questions developed from systemic analysis of a broad
selection of surveys evaluating 3D printed models for
surgical planning.

As the use of 3D models for surgical planning expands,
there exists a need to more consistently assess the value
of such models in trainee development and surgeon
experience. Our aim was to provide a standardized sur-
vey tool for evaluating the use of 3D models in surgical
planning across specialties.

Methods

Study team

The core study team consisted of five individuals repre-
senting a diversity of professions with experience in the
subject matter including a physician, physician-scientist,
social scientist, engineer/medical student, and 3D print-
ing lab manager/innovation director. A medical expert
panel of 12 individuals was formed representing physi-
cians in anesthesiology, emergency medicine, radiology,
urology, otolaryngology, and obstetrics/gynecology. All
members of the panel had previous experience working
with patient-specific 3D printed models as part of clini-
cal care at the study team’s institution. Participants were
recruited through email.

Literature search

A literature search was conducted in 2019 using the elec-
tronic databases Pubmed, Ovid, and SCOPUS. The fol-
lowing keywords were searched in the title and abstract:
model OR planning OR training OR education OR teach-
ing OR assessment OR skills OR simulation AND “3D
print” OR “3D printing” OR “3D Printed” OR “three-
dimensional print” OR “three-dimensional printing”
OR “three-dimensional printed” Articles were screened
by reviewing the title and abstract to determine if they
met inclusion criteria. Inclusion criteria included 1)
published in the English language, 2) primary research
(i.e., non-review papers), 3) use of patient-specific 3D
printed models for surgical planning, and 4) a question-
naire that assessed surgeon and/or trainee experience.
Articles that initially passed inclusion criteria under-
went full-text review. Reasons for exclusion after full-text
review included: if the literature was a secondary report
of the data, non-English, validation study of previously
published survey, or solely discussed specific steps of a
surgery.

Page 3 of 10

Data extraction

Articles that met the inclusion criteria were examined
and data was extracted from them into a structured tabu-
lar form to ensure articles were reviewed consistently.
Data extracted included study year, specialty, total survey
questions administered, use of objective and subjective
questions, type of survey response rating scale used, and
each full-text survey question.

Categorization

To categorize the scope of questions found in the litera-
ture extraction, the full-text questions were assigned to
one of six categories (anatomy, communication, diag-
nosis, planning, surgery, or general experience) based
on the focus of the question, as determined by the core
study team through consensus. Each question was fur-
ther assigned a construct based on the question’s focus
(feasibility, utility, or fidelity). Using the assigned catego-
ries and constructs, similar questions were then grouped.
Duplicate questions were merged into a single question
by consensus of at least two members of the study team.
All questions, including both unique and merged ques-
tions, were modified into generalized forms that retained
the given category and construct but removed references
to specific diagnoses or procedures. An example of this
categorization process is diagrammed in Table 1.

Mapping

The core study team reviewed each resultant question
from the categorization process. Questions that were too
narrow in focus to be applied broadly across surgical spe-
cialties and cases as determined by the core study group
consensus were removed. Questions too vague to allow
consensus in interpretation were also removed. Domi-
nant themes (anatomy, utility, etc.) were determined from
the remaining questions, which were then grouped and
mapped accordingly until all questions were exhausted
(Fig. 1). Each mapped endpoint was then converted into
a unique question. The core study team reviewed these
questions in the context of known features and clinical
use of patient-specific 3D models and considered survey
question supplementation if necessary.

Modified Delphi process

A modified Delphi process was undertaken involving one
round of expert feedback and one round of consensus
from the core study group to evaluate the question list
created by the study team from the literature extraction,
categorization, and content mapping process. Questions
were evaluated on a 5-point Likert scale for relevance
to 3D printing use in presurgical planning and question
clarity. Experts were also asked to select whether each
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Table 1 Example categorization process
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Study Original Question Category Construct Type Generic Question
Chen 2018 Usefulness of 3D prototype for communicat- ~ Communication  Utility Merged How much did the 3D model help you with
[25] ing with patients communicating with patients?
Zheng 2018  How much does the 3D-printing model help  Communication  Utility
[19] you communicate with patients?
Lou 2017 How critical is the 3D printing model in help-  Communication  Utility
[26] ing your communication with patients
Aluwee 2017  Positional relationship between the uterus Anatomy Fidelity Merged How accurate was the region of interest to
27 and the tumor surrounding structures?
George 2017 Understand the relationship to vessels Anatomy Fidelity
[28]
Wang 2018  The guides were helpful for precise osteotomy  Surgery Utility Unique  How helpful was the 3D model for precise
[29] and reduction during surgery surgical maneuvers?
Color Desirability Recommendation Simulation de?gr?r:(i)naact?on
Tactile
Shape feedback
. Decrease
Planning
resources
Overall Experience
Size Fidelity — Guide
/ Surgical ——— Intra-op Ease of use
Dynamic Decrease
Clinician fime
Intra-op
Pathology
ROI relationship — Post-op Outcomes
Dynamic to other e Utility
structures
Model Communication — Colleagues —— Teaching
features |
Segmentation Patient Planning
Time | procedure
Complications
Fig. 1 Diagram of mapping process

question should be retained as-is, reviewed, or removed
and to provide free-text comments to explain their rec-
ommendations. Individual questions were removed from
the question list without further review if they received
an average score below 4.0 for relevance (i.e., average
expert score was neutral, disagree, or strongly disagree).
An example of this process is shown in Table 2.
Questions with an average score of 4.0 or above for rel-
evance (i.e., experts answered agree or strongly agree)
underwent a second round of review and discussion
by the core study team. Questions below 4.0 for clarity
were reworded by two members of the study team and
required consensus from the entire core study team to
be included. The review included evaluating relevance
and clarity through examination of the expert panel

comments. Questions that were determined to be irrel-
evant or unclear through commentary feedback were
removed. Questions where experts noted difficulty inter-
preting the meaning were reworded by a subgroup of the
core study team and sent back to the remainder of the
study team for final approval. Once 80% or greater con-
sensus was reached on the new wording of the question,
it was finalized.

Concurrently with the development of our survey
tool, the 3D Printing Data Dictionary (3DPDD) was
released by the RSNA/ACR [30, 31]. This document
was developed by expert consensus from members of
both professional organizations. The 3DPDD aims to
standardize data collection of medical 3D printing out-
comes to support efficacy claims and requisite insurance
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Table 2 Example evolution of a question through the Delphi process
Original survey question The model reflects the region of interest’s relationship to other structures (Strongly disagree = 1, Disagree =

2, Neutral = 3, Agree = 4, Strongly agree = 5)

Feedback questions

This question is clear (Strongly disagree = 1, Disagree = 2, Neutral = 3, Agree = 4, Strongly agree = 5)

- This question is relevant (Strongly disagree = 1, Disagree = 2, Neutral = 3, Agree = 4, Strongly agree = 5)
This question should be... (Retained as-is, Reviewed, Removed)

- Comments
Feedback results -

This question is clear — 42% of experts strongly agreed the question was clear (average = 4.2)

This question is relevant — 50% of experts strongly agreed the question was relevant (average = 4.0)
- This question should be ... - majority of experts (75%) believed the question should be retained as-is (75%)

Feedback comments

“perhaps reword: The model reflects anatomic structures’ relationships with each other”

- “if the model is made without any of those structures, you won't have any information about surrounding structures”

Outcome

Original survey question edited to clarify keywords and address comments

reimbursement for medical 3D printing. This data is
being collected by the ACR National Radiology Data Reg-
istry (NRDR), 3D Printing Registry. The core study team
reviewed all questions in the data registry and selected
only those relevant to clinician use of patient-specific 3D
models. These questions were then compared against the
question list generated after the mapping process. Dupli-
cates and/or questions not generalizable across special-
ties were removed. The remaining questions from the
RSNA/ACR list were modified for brevity and added to
our survey.

After the final survey was developed, readability was
measured using both the Flesch-Kincaid Grade Level and
FORCAST grade level [32-34]. The length of the survey
was calculated to ensure appropriate brevity [35]. After
preliminary data was collected, Cronbach’s alpha was
used to measure reliability in each category of the survey
(anatomy, utility, and experience).

Results

Literature search

The literature review of Pubmed, Ovid, and SCOPUS
identified 7141 total studies of which 3705 studies
remained after duplicates were removed. After screen-
ing titles and abstracts for face validity, 116 studies were
selected for full-text review to determine which met
the inclusion criteria. Following a full-text review, 100
articles were excluded including 18 that were focused
on surgical simulation and 65 that did not administer
a questionnaire or survey. Additional causes for exclu-
sion were if the paper was not the primary report of the
data, if it was not written in English, if it was related to
the validation of a surgical tool, or if it was related to
learning the specific steps of a surgery. As a result, 16
articles were included in the final dataset for question
extraction. The studies used in the survey were pub-
lished between 2012 and 2019. Within the 16 articles,
five surgical specialties were represented. The most

represented surgical specialty was orthopedics (1 =9),
whereas other specialties were represented singly or at
maximum in duplicate (Table 3).

Of the research studies included in the dataset, none
noted the completion of a validation process in the
study methods to develop the survey questionnaire
administered. Two studies utilized surveys that were
previously published. The median number of questions
per individual survey among the dataset was 5 (range
1-11). A total of 100 full-text questions were extracted
from the articles. Half of the studies (# =8) reported
on both subjective and objective measures while the
other half (n = 8) reported on subjective measures only.
There were no studies that reported on objective meas-
ures only. Rating scales for survey responses varied
among the 16 articles and included 10 point (n =8), 6
point (n =1), 5 point (n =2), 5 point Likert (n =2), and
4 point scales (n =1).

Nine studies (56%) administered questions evaluating
the anatomic accuracy of the 3D models. Five studies
(31%) assessed whether the 3D model helped the sur-
geon communicate in general with patients, whereas
two studies (12.5%) asked specifically whether the 3D
models helped explain the procedure to patients. Of the
included studies, nine (56%) asked users to rate whether
the model was helpful for preoperative planning.

Table 3 Represented specialties in included journal articles

Obstetrics-Gynecology

Specialty Number
of
Articles
Orthopedics 9
General Surgery 2
Urology 2
Cardiology 1
1
1

Otolaryngology
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The most commonly asked questions were whether
the 3D model accurately reflected the region of interest
(ROI) anatomy (56%) and whether the model was help-
ful in preoperative planning (56%). While each of these
questions was asked by over half of the included studies,
only six (37.5%) studies asked both questions.

Categorization

Of the 100 full-text survey questions extracted, 33 ques-
tions were categorized as pertaining to anatomy, 24
relating to surgery, 18 concerning planning, 12 assessing
general experience, 11 exploring communication, and
two representing diagnosis. Following the sorting and
categorization of each question, 55 questions were noted
to substantively duplicate at least one other question
within its category. Duplicate questions were reviewed,
merged, and re-written in generic form yielding 45
unique representative questions in the dataset (Table 4).

Mapping

After a review of unique questions and discussion by the
study team, tactile feedback was the only model feature
not captured in the dataset, prompting the addition of a
question addressing it, using language derived from pre-
vious studies for model features. A set of 24 questions
was thus generated (Appendix). These questions were re-
categorized (anatomy, utility, and experience) to reflect
the themes present across the questions.

Modified Delphi process

For the modified Delphi process, 15 clinicians with pre-
vious experience in 3D printed models for clinical care
were recruited through email. Twelve experts (80%
response rate) participated in a review of the 24 ques-
tions generated during the previous mapping session.
Of the 10 initial anatomy questions, three questions
received an average score below 4.0 for relevancy and
were removed. Seven questions scored 4.0 or above for
relevancy and underwent further review. Of these seven
questions, four questions were mentioned to address

Table 4 Questions in the dataset by category pre and post
duplicate question merging

Category Assigned Number of Number of Questions
Questions (merging duplicates)

Anatomy 33 15

Communication 11 5

Diagnosis 2 1

Experience 12 4

Planning 18 7

Surgery 24 13
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similar concepts in feedback and were combined into two
questions. The core study team added one question from
the 3DPDD and another to reflect feedback from the Del-
phi process, yielding a total of seven anatomy questions
in the final survey.

A total of 12 questions related to the utility of patient-
specific 3D models were reviewed by the experts and
none scored below 4.0 for relevancy. After review, five
questions were removed from the utility question pool,
four for redundancy and one was moved for considera-
tion in the experience section. One question was noted
to be similar to a question in the 3DPDD and a modified
version of the latter was used. After review of the expert
feedback by the core study team, there were a total of
seven utility questions.

Three questions relating to the experience of using
patient-specific 3D models were reviewed by the experts
as all scored above 4.0 for relevancy. All three of these
were kept. Additionally, there were three questions from
the 3DPDD that were added to this section in a modified
succinct format agreed upon by consensus of the core
study team. The final survey is listed in Table 5 and each
question should be evaluated on a Likert scale.

Initial evaluation of final survey

After the final survey was developed, readability was
measured. The Flesch-Kincaid Grade Level was found to
be 8.3 and the FORCAST grade was 12.3. The length of
the survey was calculated to be around 4 min. Prelimi-
nary data suggests a response rate of 74% across 38 cases
in which 107 surveys were sent out. Cronbach’s alpha was
calculated for each category within the survey and found
to show good internal consistency (anatomy, a=0.725;
utility a=0.736; experience a=0.779). However, more
data is necessary to fully validate the survey.

Discussion

We have described a multi-disciplinary approach to cre-
ating a survey that quantifies the experience of using a
patient-specific 3D model for medical education in sur-
gical planning. In the literature review performed by the
study team, the majority of studies selected for full-text
review were excluded for not administering a question-
naire [36-38]. This suggests the need for a standard-
ized assessment tool to help produce robust 3D printing
research. Of the included studies, the most common
types of unique questions were related to anatomy and
surgical planning, while questions relating to communi-
cation and experience using 3D models were less com-
mon. The results of our Delphi process also reflected
the preference towards surveying the anatomy and util-
ity of 3D printing models. However, there is significant
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Table 5 Final survey questions

Page 7 of 10

Anatomy

1.The quality of the model was adequate*

2.The resolution of the model was adequate

3.The model coloring helped identify relevant structures

4.The model accurately reflected the patient’s anatomy in size
5.The model accurately reflected the patient’s anatomy in shape

6. The model features reflected the region of interest’s relationship to other relevant structures

7.The model helped identify pathology

Utility

1. The model was useful for trainee education

2.The model was useful for procedure planning

3. The model was useful during the procedure

4.The model was useful for communication with patients

5. Use of the model saved me time*

6. Use of the model decreased overall supplies related to the procedure
7. Use of the model revised the patient’s treatment plan*

Experience

1.The model was easy for me to use*

2.The model met my needs

3.The model was important in this case*

4.1 would use a patient-specific 3D model in the future

5.1 would recommend use of a patient-specific 3D model in the future

6. After using the 3D printed model, I was more confident in the treatment plan*

" questions derived from 3DPDD

heterogeneity between studies when assessing 3D model
performance.

Our approach builds on previous literature, employ-
ing both quantitative and qualitative methodology in the
Delphi process. By utilizing the results of an extensive lit-
erature review, this method provides data already evalu-
ated by those with experience in 3D printing. The use of
an anonymous feedback technique to develop a survey
to assess 3D printing has not been reported previously.
The Delphi method has been used and validated in sev-
eral fields, including healthcare [24, 39-41]. Given the
role of user feedback, the output of the Delphi method
is dependent on the selection of expert participants. Our
team of 3D printing experts consisted of clinicians with
previous experience utilizing patient-specific 3D models
for clinical care. Feedback from this expert group is likely
biased towards experienced users and therefore does not
incorporate the thoughts of inexperienced users. Poten-
tial users who are new to 3D printing may have differ-
ent questions and needs for patient-specific 3D models.
Additionally, our study was limited to a core study team
and expert panel practicing at a single institution utiliz-
ing the same core 3D printing technologies. Users with
different equipment and resources may have distinct
needs.

Compared to other survey development methods, the
Delphi process utilizes the feedback from an expert panel.
An expert is generally considered someone with experi-
ence and knowledge of the field who is well-respected
[40]. Our study was conducted at an academic hospital

and consisted of physicians and administrators with
experience in medical 3D printing. As a result, the results
reflect aspects of 3D printing and models that may not
be as relevant to community hospitals, such as teaching
and simulation. To allow for these differences, the option
of “not applicable” was included as a possible response.
While we recognize not all facilities utilizing 3D models
have trainees, these questions were reported frequently
in the literature. Thus, we felt questions related to trainee
education were relevant to include, with the option to not
answer.

To create a more manageable survey for the modi-
fied Delphi process, the study team reviewed, catego-
rized, and mapped the generalized survey questions
found through the literature search that were used in
previously published research of 3D printed models.
Through the mapping process the number of potential
questions decreased from 45 to 24 and created shorter,
clearer questions. In keeping with the goal of the study
to develop a generalizable survey tool to standard-
ize 3D printing model feedback, questions found to be
too specific, long, or vague were removed or reworded.
Another reason this was done was to eliminate survey
fatigue - a common problem in survey data collection.
Survey length, along with question complexity and
question type, are known to influence survey response
[42]. Given these factors, our goal was to create a sur-
vey that takes less than 5 min. The study team worked
to limit the number of questions in the final question-
naire, arriving at an estimated survey length of about
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4 min. We aimed to develop a survey that was eas-
ily understandable even if the respondents are highly
educated and readability will not likely be a deterrent.
Scoring a Flesch-Kincaid Grade Level of 8.3 speaks to
the ease of reading and while the FORCAST grade was
12.3, which is above the recommendation for the gen-
eral public, we accepted this score as all of our readers
are physicians who complete at least 8 years post-high
school education. Additionally, we chose the Likert
scale as a way to create semi-quantitative data that
could be compared across multiple studies.

The release of the 3DPDD during the study period,
after the Delphi feedback from our expert panel, influ-
enced the final survey development. The Data Diction-
ary is composed of ten sections (Patient, Order, Digital
Modeling, Printer, 3D Printed Model, Procedure, Effort,
User Assessments, Outcome Assessments, and Out-
comes) with a total of 112 questions. The User Assess-
ments section is directed towards clinical users of 3D
models and consists of eight questions with Likert
scale responses. In reviewing these questions, the core
study team found that five were different from ques-
tions developed through the Delphi process, of which
three related to the experience of using patient-specific
3D models. While these five questions did not undergo
separate Delphi review by the expert panel, the core
study team determined these questions were impor-
tant to add by consensus, given that the 3DPDD and 3D
Printing Registry were developed through expert agree-
ment and leadership within these organizations. By
including these questions in our survey, we hope it will
promote the contribution of data into the 3D Printing
Registry. Additionally, including the RSNA/ACR data
in the final survey has improved the balance of empha-
sis between anatomy, utility, and experience.

The 3DPDD is both comprehensive and generalizable,
however, it is not designed as an off-the-shelf survey tool
and does not include some questions that we found valu-
able for collecting information for the understanding
of subjective claims of satisfaction and efficacy relating
to both surgical planning and patient communication.
Therefore, we found it important to continue generating
this survey tool to be a readily deployable asset that aug-
ments the efforts of the RSNA/ACR and fills a need gap.

In the initial review of the survey, a response rate of
74% was achieved across the 107 surveys sent out to a
population of academic physicians indicating a posi-
tive majority response. Additionally, good reliability
was noted across all categories of the survey with each
category scoring above 0.700 for Cronbach’s alpha. Our
future work will continue the collection of data to further
validate the survey and report on data captured by the
survey questions.
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Conclusion

This study illustrates how a literature review-based
Delphi method can be used to produce a generalized
survey to quantify the experience of using a patient-
specific 3D model for surgical planning and trainee
education. Through this anonymous feedback process,
the study team engaged a variety of stakeholders across
an institution to create a survey that can be used to
track the use of 3D models. The strength of this survey
tool is in that it allows for the comparison of 3D model
features and utility in pre-surgical planning across
institutions, practices, and specialties.

The study team has generated a survey informed by
quantitative and qualitative data collection that reflects
the diverse needs and experiences of clinicians across
healthcare specialties when utilizing patient-specific
3D models. As a valuable educational tool, 3D printed
models are utilized and studied for surgical planning
at an increasing rate. In the future, data from surveys
will contribute evidence to the medical community in
a standardized fashion to inform the design, utility, and
experience of patient-specific 3D models in surgical
planning.

Abbreviations

RSNA: Radiological Society of North America; ACR: American College of Radiol-
ogy; 3DPDD: 3D Printing Data Dictionary; NRDR: National Radiology Data
Registry.

Supplementary Information

The online version contains supplementary material available at https://doi.
org/10.1186/512909-022-03581-7.

[ Additional file 1. }

Acknowledgments

The authors would like to acknowledge Dr. Bon Ku and the Jefferson Health
Design Lab for guidance throughout this study. We would like to thank the
PA MED innovation division for the financial support to allow this study. We
would like to acknowledge the Jefferson Library, specifically Daniel Verbit for
assistance with the literature review. We would like to thank our expert panel
for their participation in the Delphi process and MaryEllen Daley for helping to
coordinate this study. We would like to thank the RSNA, ACR, and those that
contributed to the development of the 3DPDD in addition to the authors of
the studies used to generate our survey for lending their expertise and bring-
ing to light questions of interest for the field.

Authors’ contributions

L.S. contributed to writing and editing of the manuscript. M.H. contributed

to study design, data collection and analysis, and writing of the manuscript.
JMF. contributed to study design and data collection. E.B. contributed to data
collection and analysis. R.S.P. contributed to study design and data collection.
K.S. contributed to study design, data collection and analysis, and writing

and editing of the manuscript. The author(s) read and approved the final
manuscript.

Funding
Funding: This work was supported by Pennsylvania Medical Society Innova-
tion Grant [U22701].


https://doi.org/10.1186/s12909-022-03581-7
https://doi.org/10.1186/s12909-022-03581-7

Schlegel et al. BMC Medical Education (2022) 22:614

Availability of data and materials
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details

! Jefferson Health Design Lab, 925 Chestnut Street Basement Level, Philadel-
phia, PA 19107, USA. 2Sidney Kimmel Medical College of Thomas Jefferson
University, 1025 Walnut Street, College Building, Suite 100, Philadelphia, PA
19107, USA. >Department of Medicine, Pennsylvania Hospital, University

of Pennsylvania Health System, 800 Spruce Street, Philadelphia, PA 19107, USA.

“Department of Emergency Medicine, Thomas Jefferson University Hospitals,
1020 Sansom Street, Thompson Building, Suite 239, Philadelphia, PA 19107,
USA. *Innovation Pillar, Thomas Jefferson University Hospitals, 925 Chestnut
Street, Suite 110, Philadelphia, PA 19107, USA.

Received: 1 April 2022 Accepted: 22 June 2022
Published online: 12 August 2022

References

1. Ventola CL. Medical applications for 3D printing: current and projected
uses. PT. 2014;39:704-11.

2. Lupulescu C, Sun Z. A systematic review of the clinical value and applica-
tions of three-dimensional printing in renal surgery. J Clin Med. 2019;8.

3. Smith CF, Tollemache N, Covill D, Johnston M. Take away body parts! An
investigation into the use of 3D-printed anatomical models in under-
graduate anatomy education. Anat Sci Educ. 2018;11:44-53.

4. Fleming C, Sadaghiani MS, Stellon MA, Javan R. Effectiveness of three-
dimensionally printed models in anatomy education for medical
students and resident physicians: systematic review and Meta-analysis. J
Am Coll Radiol. 2020;17:1220-9.

5. Smerling J, Marboe CC, Lefkowitch JH, Pavlicova M, Bacha E, Einstein AJ,
et al. Utility of 3D printed cardiac models for medical student education
in congenital heart disease: across a spectrum of disease severity. Pediatr
Cardiol. 2019;40:1258-65.

6. Ngan EM, Rebeyka IM, Ross DB, Hirji M, Wolfaardt JF, Seelaus R, et al. The
rapid prototyping of anatomic models in pulmonary atresia. J Thorac
Cardiovasc Surg. 2006;132:264-9.

7. Obasare E, Mainigi SK, Morris DL, Slipczuk L, Goykhman |, Friend E, et al.
CT based 3D printing is superior to transesophageal echocardiography
for pre-procedure planning in left atrial appendage device closure. Int J
Cardiovasc Imag. 2018;34:821-31.

8. LinJ, Zhou Z, Guan J, Zhu'Y, Liu Y, Yang Z, et al. Using three-dimensional
printing to create individualized cranial nerve models for Skull Base
tumor surgery. World Neurosurg. 2018;120:e142-52.

9. Faraj MK, Hoz SS, Mohammad AJ. The use of three-dimensional anatomi-
cal patient-specific printed models in surgical clipping of intracranial
aneurysm: a pilot study. Surg Neurol Int. 2020;11:381.

10. Weinstock P, Prabhu SP, Flynn K, Orbach DB, Smith E. Optimizing cerebro-
vascular surgical and endovascular procedures in children via personal-
ized 3D printing. J Neurosurg Pediatr. 2015:1-6.

11. Leal A, Souza M, Nohama P. Additive manufacturing of 3D biomodels as
adjuvant in intracranial aneurysm clipping. Artif Organs. 2019;43:E9-15.

12. LiQ,Chen X, Lin B, MaY, Liao JX, Zheng Q. Three-dimensional technology
assisted trabecular metal cup and augments positioning in revision total
hip arthroplasty with complex acetabular defects. J Orthop Surg Res.
2019;14:431.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

Page 9 of 10

Wu Z-X, Huang LY, Sang H-X, Ma Z-S, Wan S-Y, Cui G, et al. Accuracy and
safety assessment of pedicle screw placement using the rapid proto-
typing technique in severe congenital scoliosis. J Spinal Disord Tech.
2011;24:444-50.

Jacek B, Maciej P, Tomasz P, Agata B, Wiestaw K, Radostaw W, et al. 3D
printed models in mandibular reconstruction with bony free flaps. J
Mater Sci Mater Med. 2018;29:23.

Louvrier A, Marty P, Barrabé A, Euvrard E, Chatelain B, Weber E, et al. How
useful is 3D printing in maxillofacial surgery? J Stomatol Oral Maxillofac
Surg. 2017;118:206-12.

Ballard DH, Mills P, Duszak R, Weisman JA, Rybicki FJ, Woodard PK. Medical
3D printing cost-Savings in Orthopedic and Maxillofacial Surgery: cost
analysis of operating room time saved with 3D printed anatomic models
and surgical guides. Acad Radiol. 2020;27:1103-13.

Marconi S, Pugliese L, Botti M, Peri A, Cavazzi E, Latteri S, et al. Value of
3D printing for the comprehension of surgical anatomy. Surg Endosc.
2017;31:4102-10.

Kostusiak M, Hart M, Barone DG, Hofmann R, Kirollos R, Santarius T,

et al. Methodological shortcomings in the literature evaluating the

role and applications of 3D training for surgical trainees. Med Teach.
2017;39:1168-73.

Zheng W, Tao Z, Lou Y, Feng Z, Li H, Cheng L, et al. Comparison of the
conventional surgery and the surgery assisted by 3d printing technology
in the treatment of calcaneal fractures. J Investig Surg. 2018;31:557-67.
Bizzotto N, Tami |, Tami A, Spiegel A, Romani D, Corain M, et al. 3D printed
models of distal radius fractures. Injury. 2016;47:976-8.

Zhang Y, Ge H, Li N, Yu C, Guo H, Jin S, et al. Evaluation of three-dimen-
sional printing for laparoscopic partial nephrectomy of renal tumors: a
preliminary report. World J Urol. 2016;34:533-7.

Valverde |, Gomez-Ciriza G, Hussain T, Suarez-Mejias C, Velasco-Forte MN,
Byrne N, et al. Three-dimensional printed models for surgical planning of
complex congenital heart defects: an international multicentre study. Eur
J Cardiothorac Surg. 2017;52:1139-48.

Tetzlaff JM, Moher D, Chan A-W. Developing a guideline for clinical trial
protocol content: Delphi consensus survey. Trials. 2012;13:176.
Schmiederer S|, Torices-Dardon A, Ferrari-Light MD, Charbel Abboud E,
Villani V, Lau NJ, et al. Developing a robotic general surgery training cur-
riculum: identifying key elements through a delphi process. J Surg Educ.
2021;78:¢129-36.

Chen C, Cai L, Zhang C, Wang J, Guo X, Zhou Y. Treatment of Die-Punch
Fractures with 3D Printing Technology. J Invest Surg. 2018;31:385-92.
LouY, Cai L, Wang C,Tang Q, Pan T, Guo X, et al. Comparison of traditional
surgery and surgery assisted by three dimensional printing technology in
the treatment of tibial plateau fractures. Int Orthop. 2017;41:1875-80.
Sayed Aluwee SAZB, Zhou X, Kato H, Makino H, Muramatsu C, Hara

T, et al. Evaluation of pre-surgical models for uterine surgery by use

of three-dimensional printing and mold casting. Radiol Phys Technol.
2017;10:279-85.

George E, Barile M, Tang A, Wiesel O, Coppolino A, Giannopoulos A, et al.
Utility and reproducibility of 3-dimensional printed models in pre-opera-
tive planning of complex thoracic tumors. J Surg Oncol. 2017;116:407-15.
Wang H, Newman S, Wang J, Wang Q Wang Q. Corrective Osteotomies
for Complex Intra-Articular Tibial Plateau Malunions using Three-Dimen-
sional Virtual Planning and Novel Patient-Specific Guides. J Knee Surg.
2018;31:642-8.

RSNA. Registry protocol. Discussion Board 2020. https://communities.
rsna.org/viewdocument/registry-protocol?CommunityKey=8c783f45-
fd43-4c50-9cbd-ad7955ecee73&tab=librarydocuments. Accessed 13 Jan
2022.

3D Printing Data Dictionary : NRDR - National Radiology Data Registry
Support. https://nrdrsupport.acr.org/support/solutions/articles/11000
073770-3d-printing-data-dictionary. Accessed 13 Dec 2021.

Readable. Readability score | readability test | Reading level calculator |
Readable. Readable. 2011. https://readable.com/. Accessed 31 May 2021.
Kincaid JP, Fishburne Jr, Robert PR, Richard LC, Brad S. Derivation of new
readability formulas (automated readability index, fog count and flesch
reading ease formula) for navy enlisted personnel. US Dept of the Navy;
1975.

Caylor JS, Others A. Methodologies for determining Reading require-
ments of. Military Occupational Specialties. 1973.


https://communities.rsna.org/viewdocument/registry-protocol?CommunityKey=8c783f45-fd43-4c50-9cbd-ad7955ecee73&tab=librarydocuments
https://communities.rsna.org/viewdocument/registry-protocol?CommunityKey=8c783f45-fd43-4c50-9cbd-ad7955ecee73&tab=librarydocuments
https://communities.rsna.org/viewdocument/registry-protocol?CommunityKey=8c783f45-fd43-4c50-9cbd-ad7955ecee73&tab=librarydocuments
https://nrdrsupport.acr.org/support/solutions/articles/11000073770-3d-printing-data-dictionary
https://nrdrsupport.acr.org/support/solutions/articles/11000073770-3d-printing-data-dictionary
https://readable.com/

Schlegel et al. BMC Medical Education

35.

36.

37.

38.

39.

40.

(2022) 22:614

Survey Design Services | Survey Method & Survey Format. https://natio
nalpublicresearch.com/services/survey-design-services/. Accessed 31
Mar 2022.

Bizzotto N, Sandri A, Regis D, Romani D, Tami |, Magnan B. Three-
dimensional printing of bone fractures: a new tangible realistic way for
preoperative planning and education. Surg Innov. 2015;22:548-51.
Chandak P, Byrne N, Lynch H, Allen C, Rottenberg G, Chandra A, et al.
Three-dimensional printing in robot-assisted radical prostatectomy - an
idea, development, exploration, assessment, long-term follow-up (IDEAL)
phase 2a study. BJU Int. 2018;122:360-1.

Cabalag MS, Chae MP, Miller GS, Rozen WM, Hunter-Smith DJ. Use of
three-dimensional printed “haptic” models for preoperative planning in
an Australian plastic surgery unit. ANZ J Surg. 2015.

Jorm AF. Using the Delphi expert consensus method in mental health
research. Aust N Z J Psychiatr. 2015,49:887-97.

de Villiers MR, de Villiers PJT, Kent AP. The Delphi technique in health sci-
ences education research. Med Teach. 2005;27:639-43.

41. Boulkedid R, Abdoul H, Loustau M, Sibony O, Alberti C. Using and report-
ing the Delphi method for selecting healthcare quality indicators: a
systematic review. PLoS One. 2011;6:e20476.

42. O'Reilly-Shah VN. Factors influencing healthcare provider respond-
ent fatigue answering a globally administered in-app survey. PeerJ.
2017,5:€3785.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Page 10 of 10

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://nationalpublicresearch.com/services/survey-design-services/
https://nationalpublicresearch.com/services/survey-design-services/

	Standardizing evaluation of patient-specific 3D printed models in surgical planning: development of a cross-disciplinary survey tool for physician and trainee feedback
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Study team
	Literature search
	Data extraction
	Categorization
	Mapping
	Modified Delphi process

	Results
	Literature search
	Categorization
	Mapping
	Modified Delphi process
	Initial evaluation of final survey


	Discussion
	Conclusion
	Acknowledgments
	References


