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Abstract

Background Approximately one-third of reduced pedi-
atric distal radius fractures redisplace, resulting in further
treatment. Two major modifiable risk factors for loss of
reduction are reduction adequacy and cast quality. Closed
reduction and immobilization of distal radius fractures is an
Accreditation Council for Graduate Medical Education
residency milestone. Teaching and assessing competency
could be improved with a life-like simulation training tool.
Questions/purposes Our goal was to develop and validate
a realistic distal radius fracture reduction and casting
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simulator as determined by (1) a questionnaire regarding
the “realism” of the model and (2) the quantitative
assessments of reduction time, residual angulation, and
displacement.

Methods A distal radius fracture model was created with
radiopaque bony segments and articulating elbows and
shoulders. Simulated periosteum and internal deforming
forces required proper reduction and casting techniques to
achieve and maintain reduction. The forces required were
estimated through an iterative process through feedback
from experienced clinicians. Embedded monofilaments
allowed for quantitative assessment of residual displace-
ment and angulation through the use of fluoroscopy.
Subjects were asked to perform closed reduction and apply
a long arm fiberglass cast. Primary performance variables
assessed included reduction time, residual angulation, and
displacement. Secondary performance variables consisted
of number of fluoroscopic images, casting time, and cast
index (defined as the ratio of the internal width of the
forearm cast in the sagittal plane to the internal width in the
coronal plane at the fracture site). Subject grading was
performed by two blinded reviewers. Interrater reliability
was nearly perfect across all measurements (intraclass
correlation coefficient range, 0.94-0.99), thus disagree-
ments in measurements were handled by averaging the
assessed values. After completion the participants
answered a Likert-based questionnaire regarding the real-
ism of simulation. Eighteen participants consented to
participate in the study (eight attending pediatric ortho-
paedic surgeons, six junior residents, four senior residents).
The performances of junior residents (Postgraduate Year
[PGY] 1-2), senior residents (PGY 3-5), and attending
surgeons were compared using one-way ANOVA with
Tukey’s-adjusted pairwise comparisons.
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Results The majority of participants (15 of 18) felt that
the model looked, felt, and moved like a human forearm.
All participants strongly agreed that the model taught the
basic steps of fracture reduction and should be imple-
mented in orthopaedic training. Attending surgeons
reduced fractures in less time than junior residents (60 £
27 seconds versus 460 £ 62 seconds; mean difference, 400
seconds; 95% CI, 335465 seconds; p < 0.001). Residual
angulation was greater for junior residents when compared
with attending surgeons on AP (7° & 5° versus 0.7° 4 0.9%;
mean difference, 6.3°; 95% CI, 3°-11°; p = 0.003) and
lateral (27° £ 7° versus 7° + 5°; mean difference, 20°;
95% CI, 13°-27° p = 0.001) radiographs. Similarly,
residual displacement was greater for junior residents than
either senior residents (mean difference, 16 mm; 95% CI,
2-34 mm; p = 0.05) or attending surgeons (mean differ-
ence, 15 mm; 95% CI, 3-27 mm; p = 0.02) on lateral
images. There were no differences identified in secondary
performance variables (number of fluoroscopic images,
casting time, and cast index) between groups.
Conclusions This is the first distal radius fracture reduc-
tion model to incorporate an elbow and shoulder and allow
quantitative assessment of the fracture reduction. This
simulator may be useful in an orthopaedic resident training
program to help them reach a defined minimum level of
competency. This simulator also could easily be integrated
in other accreditation and training programs, including
emergency medicine.

Level of Evidence Level 11, therapeutic study.

Introduction

Nonoperative management through closed reduction and
immobilization is the mainstay of treatment for the
majority of distal radius fractures in the pediatric and
adolescent population [3, 4, 14, 16, 17, 19, 21]. Unfortu-
nately, approximately 5 of the reduced distal radius
fractures will redisplace, with approximately 7% requiring
additional treatment [2-4, 12, 18-20, 22]. The conse-
quences of redisplacement are profound, yet the majority of
the front-line treatment of these fractures is left with some
of the most inexperienced providers. Distal radius fractures
requiring manipulation and immobilization require not
only sound reduction techniques but also sound casting
fundamentals. In the past, fracture reduction and cast
molding have been taught didactically covering general
concepts and demonstrating basic techniques. After the
institution of work-hour limitations and with increasing
concerns for patient safety, orthopaedic training is facing a
paradigm shift in how clinical skills are being taught.
Teaching methods are favoring simulated hands-on

training rather than didactic lectures because it provides an
opportunity for repetition and objective feedback [1, 7, 23].

Loss of reduction can be related to the fracture pattern.
However, for simple fracture patterns, the major risk fac-
tors for redisplacement appear to be modifiable factors,
namely inadequate reduction, poor cast molding, and
inexperience of the provider [2, 4, 12, 18, 19, 21, 24, 25].
Previous authors have developed distal radius reduction
models [9, 13, 15]. These models are anchored at the
forearm through a table clamp and focus on manipulation
of the fracture fragments [9, 13, 15]. Although the face
validity (realism of simulation) has been rated high among
participants in noncomparative studies [9, 13], some of
these models lack real-time objective feedback making
quality assessment difficult and cannot simulate all aspects
of the care delivery process likely to be encountered by the
resident. Fracture reduction and cast placement are core
orthopaedic principles. Teaching and assessing technical
competency of these skills while minimizing patient risk
are challenging but essential components of residency
training [10]. This task has been hampered by the lack of a
training tool.

The purpose of this study was to develop and validate a
simple yet realistic distal radius fracture reduction and
casting simulator as determined by (1) a questionnaire
regarding the “realism” of the model, and (2) the quanti-
tative assessments of reduction time, residual angulation,
and displacement.

Materials and Methods

This prospective observational study was reviewed and
approved by the institutional review board of Children’s
Hospital of Philadelphia and consent was obtained from all
participants. The study was performed at a single institu-
tion during a course of 4 months. All residents from the
single home institution on their pediatric orthopaedic
rotation participated. All participants completed a reduc-
tion questionnaire with only seven participants having prior
simulation training in other procedures. The life-like model
of the upper extremity was developed by one of the authors
(JTRL) and the Surgical Simulation Program at Children’s
Hospital of Philadelphia with engineering assistance and
model production performed by Pacific Research Labora-
tories Inc (Sawbones®, Vashon Island, WA, USA). Pilot
testing was performed with a separate cohort to refine all
aspects of model design, materials, and tension before
study initiation. The model was designed to mimic the
usual periosteal restraints and deforming muscular forces at
work in a simple transverse distal radius fracture. Multiple
prototypes were trialed with tension and location of the
straps being varied to balance the qualitatively desired
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biomechanical effect with the engineering and material
limitations. Iterative feedback on design and tensioning
was received from a volunteer panel of experienced
orthopaedic surgeons who provided a qualitatively based
consensus final decision on the design.

The internal skeleton of the model was constructed of
synthetic radius and ulna bones mounted to an articulating
hinge to simulate elbow flexion and extension. The bones
were coated with radiopaque paint to allow for observation
with standard fluoroscopy. The arm was attached to a
table clamp that allowed three planes of shoulder motion
(flexion-extension, abduction-adduction, and internal-ex-
ternal rotation) and simulated the position of a patient who
has been placed at the edge of the table with the shoulder
just off the edge of the bed (Fig. 1).

The internal model construction included a nylon strap
secured to the dorsal aspect of the distal radius to simulate
periosteum. This strapping continued across the wrist to
simulate the dorsal and volar wrist ligaments (Fig. 2).
Attachment points on the nylon strap were fashioned to
simulate apex-volar fracture displacement and block
reduction if the reduction was not adequately performed.
The reduction required sequential steps: recreation of
dorsal angulation followed by length acquisition, then
displacement correction, and finally angulation correction.
An additional dynamically tensioned nylon cord was
attached to the dorsal radial aspect of the distal radial
fragment to simulate deforming forces (Fig. 2). The
inflection point of this dynamic displacing force was
designed to allow for stable reduction with little force if the
fracture was reduced anatomically. However, release of

this minimal force on an anatomically reduced fracture
caused fracture angulation and displacement (Fig. 3).
Monofilament radiopaque markers were embedded in the
distal radius. A simple extraarticular transverse distal
radius fracture was created using an extrafine rotary bit.
The radiopaque markers allowed for quantification of dis-
placement and angulation during assessment (Fig. 4). The
model was covered with a polyurethane foam and silicone-
based skin to allow for normal cast application (Figs. 1, 3).
The bones and overall size of the limb were sized to be that
of the average late adolescent with distal-forearm and mid-
forearm circumferences measuring 18 cm and 22 cm,
respectively.

Participants (junior residents [postgraduate year (PGY)
1-2], senior residents (PGY 3-5), and attending surgeons)
were recruited for the study and asked to reduce and cast a
100% displaced and angulated distal radius fracture on the
model as if they were in the emergency department or
operating room setting. Attending surgeons were eligible if
they were pediatric fellowship trained. Eighteen partici-
pants consented to participate in the study (eight attending
pediatric orthopaedic surgeons, six junior orthopaedic
residents, four senior orthopaedic residents). For the pur-
poses of the current study, the participants were not given
parameters of acceptable reductions nor were they told
when they had an acceptable reduction. They simply were
asked to do the best that they could with a single “at-
tempt.” Participants were allowed as much time as needed
to obtain the reduction and place a cast. Final assessment
was performed after application of the fiberglass cast. The
simulation took place in the operating room setting

Fig. 1A-B The distal radius reduction model consisted of a synthetic
radius and ulna mounted to (A) an articulating hinge to simulate an
elbow allowing flexion and extension. The simulated (B) shoulder
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equipped for surgical simulations with the appropriate
personnel (C-arm operator) and supplies (large C-arm,
protective lead garments, traction/finger traps if desired,

Fig. 2A-B (A) The internal model construction included a nylon
strap secured to the dorsal aspect of the distal radius to simulate
periosteum. (B) This strapping continued across the wrist to simulate
the dorsal and volar wrist ligaments. Attachment points on the nylon
strap were fashioned to simulate apex-volar fracture displacement and
block reduction if the reduction was not adequately performed.

Fig. 3A-B (A) The simulated
periosteum was fashioned to
redisplace if inadequate traction
was applied before attempting
reduction of the dorsal angula-
tion, an incorrect reduction
maneuver, or improper casting
technique was performed. (B)
Proper reduction technique was
required to reduce the fracture
and maintain the reduction dur-
ing the simulation.

and casting materials) as would be expected for delivering
usual clinical care. Primary performance variables included
total reduction time, residual angulation, and displacement.
Secondary variables consisted of number of fluoroscopic
images required to obtain reduction, casting time, and cast
index. Cast index was defined as the ratio of the internal
width of the forearm cast in the sagittal plane to the internal
width in the coronal plane at the fracture site.

At the conclusion of the simulation, standardized AP
and lateral fluoroscopic views were obtained. Measure-
ments of angulation and displacement were made on the
best AP and lateral images after the cast had been applied.
The fluoroscopy machine prevented measurements in mil-
limeters; therefore, all measurements were made as a
proportion of the voxels measured at the designated area
normalized to the width of the radial shaft (Fig. 4). The
radiopaque monofilaments allowed for displacement and
angulation to be judged at the level of the fracture site.
Displacement was measured as a percentage of displace-
ment in relation to the distal fragment piece on the AP
image. On the lateral image, lines were subtended from the
monofilaments and the area between the lines at the level
of the fracture site was measured. Measurement of residual
angulation at the fracture site was performed on AP and
lateral images and reported as absolute values (Fig. 4).

A questionnaire modeled after that of Egan et al. [9] was
constructed to assess participant opinion of model charac-
teristics, which included appearance, tactile feel, and
ability to manipulate (Appendix 1. Supplemental material
is available with the online version of CORR™.). These
data were collected using a five-level Likert scale with the
scaling format ranging from: strongly disagree (1);
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Fig. 4A-B (A) Lateral and (B)
AP fluoroscopic images show
postreduction  and  casting.
Radiopaque monofilaments
allow for accurate assessment
of angulation and displacement.

disagree (2); neither agree nor disagree (3); agree (4); and
strongly agree (5). Participants also were asked to rate their
experience and overall usefulness of the simulation.

Statistical Analysis

Descriptive summaries and statistical testing was per-
formed using IBM SPSS Statistics Version 22.0 software
(IBM Corporation, Armonk, NY, USA). Construct validity
was achieved by stratifying the results of the primary and
secondary performance variables by level of training. The
performances of junior residents, senior residents, and
attending surgeons were compared with each other using
one-way ANOVA with Tukey’s adjusted pairwise com-
parisons. Subject grading was performed by two blinded
reviewers (MAS, JTL) and interrater reliability was as-
sessed using the intraclass correlation coefficient (ICC [2,
1]). Disagreements in measurements were handled by
averaging the values. Probability values less than 0.05 were
considered statistically significant, and all comparative
analyses were two-tailed.

Results

The majority of participants (15 of 18) thought that the model
looked, felt, and moved like a human forearm. All participants
agreed that the fracture model provided tactile feedback dur-
ing the reduction (Appendix 1. Supplemental material is
available with the online version of C 0RR®.). In addition, all
participants strongly agreed that the model taught the basic
steps of fracture reduction and should be implemented in
orthopaedic training (Appendix 1. Supplemental material is
available with the online version of CORR®.).

Attending surgeons and senior residents completed the
fracture reduction faster and more accurately than junior
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residents, supporting the construct validity of this model.
Attending surgeons were faster than junior residents with
reduction before casting (60 £ 27 seconds versus 460 + 62
seconds; mean difference, 400 seconds; 95% CI, 335-465
seconds; p < 0.001). Residual angulation was greater for
junior residents when compared with attending surgeons on
AP (7° £ 5° versus 0.7° £ 0.9°, respectively; mean dif-
ference, 6.3°; 95% CI, 3°-11°; p = 0.003) and lateral (27°
4 7° versus 7° £ 5°, respectively; mean difference, 20°;
95% CI, 13°-27°; p = 0.001) radiographs (Table 1).
Greater residual angulation also was more likely for junior
residents than for senior residents on AP (7° 4+ 5° versus
2.1° £ 1.3° mean difference, 5% 95% CI, 0.2°-11°; p =
0.05) and lateral (27° £ 7° versus 11° £ 4°; mean differ-
ence, 16% 95% CI, 7°-26° p = 0.001) radiographs
(Table 1). In addition, greater displacement was more
likely with junior residents than either senior residents
(mean difference, 16 mm; 95% CI, 2-34 mm; p = 0.05) or
attending surgeons (mean difference, 15 mm; 95% CI, 3—
27 mm; p = 0.02) on lateral images (Table 1).

Analysis of secondary performance variables revealed
that junior residents required a longer time to place the cast
after the reduction than attending surgeons (803 =+ 152
seconds versus 451 &+ 125 seconds; mean difference, 352
seconds; 95% CI, 106-599 seconds; p = 0.01). However,
no difference in cast index was identified between groups
(junior residents, 0.76 £ 0.08; senior residents, 0.70 =+
0.04; attending surgeons, 0.67 £ 0.09; ANOVA p=0.2). In
the study cohort, there was no difference in the quantity of
fluoroscopic images taken between junior residents and
attending surgeons (p = 0.38).

Discussion

Currently, the majority of distal radius reduction models
use fractured synthetic bones; however, the lack of soft
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Table 1. Residual angulation and displacement stratified by year in training

Performance variables Junior resident Senior resident Attending surgeon p value, ANOVA p value, comparisons Tukey-adjusted pairwise

Residual angulation (degrees)

AP 7° £ 5° 2° £ 1° 1°£1°

Lateral 27° + 7° 11° £ 4° 7° £ 5°
Residual displacement (percent)

AP 7% + 5% 2% + 1% 27% + 1%

Lateral 18% + 14% 4% £ 1% 4% + 2%

< 0.001* Junior/senior: 0.05*
Junior/attending: 0.001*
Senior/attending: 0.76
< 0.001%* Junior/senior: 0.001*
Junior/attending: 0.00*
Senior/attending: 0.59
0.04* Junior/senior: 0.03*
Junior/attending: 0.03*
Senior/attending: 0.88
0.01* Junior/senior: 0.05*
Junior/attending: 0.01%*

Senior/attending: 0.98

Values are mean + SD; *p < 0.05.

tissue can lower the fidelity of the simulation causing poor
discriminative abilities between individuals of different
experience levels [9, 13, 15]. When soft tissues are incor-
porated in the model to increase haptic feedback, the outer
shell of the model makes it difficult to accurately assess the
adequacy of the reduction. Thus, although these models
can provide biofeedback to develop a feel for the process of
fracture reduction, they cannot truly simulate the process of
fracture reduction and casting. We thus sought to create a
model that requires the learner to master all of the steps of
the process to achieve a good final result. When combined
with fluoroscopy, the fracture reduction model described
here can simulate the entire process of distal radius fracture
reduction and the learner can receive haptic and visual
feedback on their reduction and casting performance in real
time. The quantitative nature of the radiopaque monofila-
ments at the end of the distal radius fracture also allows for
accurate and reproducible measurement of residual dis-
placement and angulation at the fracture site, potentially
allowing for its use as an assessment tool. In addition to the
noted educational value reported by the resident and
attending surgeon participants, the current study showed
that the performance metrics are reliable and valid when
stratified across level of training and expertise.

This study should be viewed in the context of its limi-
tations. Although the model simulates shoulder motion in
three planes, the elbow is a hinged articulation not allowing
participants to take into account forearm rotation during
fracture reduction. Furthermore, a simple transverse
extraarticular fracture was simulated in the model, thereby
affecting the participant’s ability to learn the nuances
required to reduce and cast different fracture patterns. The

simulated periosteum and internal deforming forces of this
simple fracture pattern were refined over several prototypes
and did not incorporate pretesting cadaveric or biome-
chanical analysis of the forces required to reduce a distal
radius. Future research of the biomechanical analysis of
distal radius reduction and how this can be translated to
synthetic bone models will help improve simulation
training.

In addition, during the assessment, reviewers were not
blinded to the participant’s year in training. However,
objective measures were used with excellent interrater
reliability. Residents were not randomly selected to par-
ticipate in the study, but rather represented a convenience
sample of those rotating on the pediatric orthopaedic ser-
vice. Although this has the potential to introduce selection
bias, all testing was done in two consecutive resident
rotations thereby eliminating variation in training that
would be introduced by testing all residents at different
times during the academic year. Similarly, questionnaire
information was potentially subjected to bias because study
subjects were not blinded to the identity of the investiga-
tors. However, because tactile simulation is very
subjective, and no validated instruments exist that are able
to quantify model “realness,” we thought that asking par-
ticipants’ subjective opinions regarding the model would
be the best way to understand its “authenticity”. In the
assessment of the model, there was lack of discrimination
between groups regarding the secondary performance
variables. These nonsignificant findings may have been
secondary to insufficient power. Future research should
involve larger sample sizes stratified across various resi-
dency programs to help define the educational effect the
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model imparts in training. Finally, fluoroscopy is required
to get detailed objective feedback on the model. Although
participants can feel the fracture and gauge their reduction
clinically, to truly see how much displacement and angu-
lation are left at the fracture site, radiographs are needed
and may not be available for training at all sites. The
required use of fluoroscopy potentially exposes participants
to increased radiation in the short term. However, the goal
of the simulator is to decrease participant and patient
radiation exposure by minimizing the learning curve. All
institutional radiation safety precautions were followed
throughout the course of this study, and trained radiology
technologists were present to enforce such regulations.
Future comparison studies assessing “on-the-job” training
versus simulation training will help clarify the effective-
ness of this model in residents’ learning. Despite these
limitations, we believe that the model used for the current
study is a large improvement over existing training models
and may serve as a basis for further improvements going
forward. These are areas of continuing research and design
to help provide a fully encompassing simulation
experience.

The acquisition of fracture reduction skills has been
evaluated by several authors through the use of bench-top
table models [9, 15]. Both studies showed that simulation
improves technical clinical skills. Egan et al. [9] developed
a bench-top model for distal radius fracture treatment with
the primary objective to assess how much the simulation
resembles the situation in the clinical setting. A five-point
Likert scale was used to assess the participant’s opinion
regarding the realism of the model. The study consisted of
55 total participants with a wide range of levels of training.
The reported success rate in obtaining a reduction was
93%, and 64% of participants felt that the simulator
reflected real-life fracture reduction scenarios. The limita-
tions of their model surrounded the lack of formal
assessment of participant performance and accuracy of the
reduction. To assess the reduction, a zipper on the volar
aspect of the fracture needed to be opened which increased
the risk for loss of reduction.

Mayne et al. [15] improved on this bench-top model by
imbedding two intramedullary stainless steel rods in the
radius and ulna proximal to the osteotomy site, and two
ball markers in the distal radial fragment. Radiographs
were taken after the reduction to assess palmar tilt, and a
formative assessment of the residents’ fracture reduction
and cast application was performed through Objective
Structured Assessment of Technical Skills and global rat-
ing scale [16]. Ninety-five percent of the residents were
able to successfully reduce the fracture. In their model,
palmar tilt was the only radiographic parameter that could
be reliably measured, and was not found to be significantly
different between junior and senior residents. In addition,
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there was no correlation between reduction adequacy and
the Objective Structured Assessment of Technical Skills
and global rating scale scores. They theorized that their
lack of discrimination between year of training may have
been secondary to the lack of difficulty with the fracture
reduction model.

Our model attempts to increase the difficulty of the
simulation by requiring the participant to navigate the
difficulties of manipulating an entire mobile extremity
during the fracture reduction. Similar to the other models,
the participant is required to use proper reduction princi-
ples and to apply a cast while maintaining this reduction. If
an improper technique is used during fracture reduction or
cast molding, the tension of the simulated periosteum will
malreduce the fracture, which will be evident either clini-
cally or during radiographic examination. Unlike previous
models, our model requires the participant to have the
forethought of fracture reduction setup, C-arm positioning,
and available cast supplies mimicking real-life scenarios.
The resident can practice long and short arm casting. In
either circumstance, they need to control the entire upper
extremity limb during cast application. This can be done
through finger traps or an assistant. This is in contrast to
available fracture reduction and casting models that use a
tabletop clamp to secure the forearm during the procedure.

In addition to the fracture reduction and casting con-
siderations, the simulated elbow and shoulder motion
planes imitate real-life issues that can arise while trying to
incorporate imaging in the reduction. To obtain appropriate
imaging during the simulation, the resident needs to posi-
tion the arm in the appropriate plane or maneuver the
fluoroscopy machine to obtain the correct images. Impro-
per positioning leads to malrotated views requiring further
fluoroscopy and increased radiation exposure to the patient
and personnel in the room. It also greatly increases the time
required to complete the task if the learner has not antici-
pated these challenges. Learning to master the subtle
techniques of obtaining the appropriate imaging will
decrease fluoroscopy use and radiation exposure during
these manipulations when performed in real-life situations.

The Accreditation Council for Graduate Medical Edu-
cation has highlighted distal radius fracture reduction as
one of the essential concepts to be learned during the first
year of orthopaedic residency [8, 11]. Similarly, the
American College of Emergency Room Physicians has
made distal radius fracture reduction an important proce-
dure in their learning curriculum [5, 6]. An education
curriculum built around this simulation model may hasten
the learning curve and improve patient outcomes early on
during the junior residents’ training.

We described the development of a fracture reduction
simulator for which performance metrics are reliable and
valid when stratified across level of training and expertise.
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The model requires the participant to use proper reduction
and cast molding principles while also realistically
manipulating the shoulders and elbows to obtain the
appropriate images. Future directions will include refining
the model to incorporate more-difficult fracture patterns,
and developing models that are capable of capturing the
accuracy of the reduction that are not reliant on radio-
graphic feedback, but not at the price of the simulation.
The goal is to optimize resident education before patient
interactions. A fracture reduction and casting curriculum
built around this model may maximize learning opportu-
nities while minimizing patient risk.
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