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Abstract
Three-dimensional (3-D) prototyping, based on high-
quality axial images, may allow for more accurate and
extensive preoperative planning and may even allow
surgeons to perform procedures as part of preopera-
tive preparation.

In this article, we describe 7 cases of complex or-
thopedic disorders that were surgically treated after
preoperative planning that was based on both i
provided models and use of our in-house 3

Commercially available 3-D printers allow for raj o\
in-office production of a high-quality realistic prototype
at relatively low per-case cost. Using this technique,
the accuracy of t i

potential issues that may arise.

hree-dimensional (3-D) printing is a rapidly evolv-

ing technology with both medical and nonmedical

applications."” Rapid prototyping involves creating
a physical model of human tissue from a 3-D computer-
generated rendering.’ The method relies on export of Digital
Imaging and Communications in Medicine (DICOM)—-based
computed tomography (CT) or magnetic resonance imaging
(MRI) data into standard triangular language (STL) format.
Reducing CT or MRI slice thickness increases resolution of
the final model.” Five types of rapid prototyping exist: STL,
selective laser sintering, fused deposition modeling, multijet
modeling, and 3-D printing.

Most implant manufacturers can produce a 3-D model
based on surgeon-provided DICOM images. The ability to
produce anatomical models in an office-based setting is a
more recent development. Three-dimensional modeling may

allow for more accurate and extensive preoperative planning
than radiographic examination alone does, and may even al-
low surgeons to perform procedures as part of preoperative
preparation. This can allow for early recognition of unan-
ticipated intraoperative problems or of the need for special
techniques and implants that would not have been otherwise
available, all of which may ultimately reduce operative time.

The breadth of applications for office-based 3-D prototyp-
ing is not well described in the orthopedic surgery literature.
In this article, we describe 7 cases of complex orthopedic
disorders thatwere surgically treated after preoperative plan-
ning in which use of a 3-D printer allowed for “mock” sur-
gery before the actual procedures. In 3 of the cases, the mod-
els were'made by the implant manufacturers. Working with
these models prompted us to buy a 3-D printer (Fortus 250;
Stratasys, Eden Prairie, Minnesota) for in-office use. In the
other 4 cases,.weused thisprinter to ¢reaterour own models.
As indicated in the manufacturer’s literature, the printer uses
fused deposition modeling, which builds®a model layer by
layer by heating thermoplastic material to a semi-liquid state
and extruding it according to computer-controlled pathways.

We present preoperative images, preoperative 3-D model-
ing, and intraoperative and postoperative images along with
brief case descriptions (Table). The patients provided writ-
ten informed consent for print and electronic publication of
these case reports.

Case Reports

Case 1
A 28-year-old woman with a history of spondyloepiphy-
seal dysplasia presented to our clinic with bilateral hip pain.
About 8 years earlier, she had undergone bilateral proximal
and distal femoral osteotomies. Her function had initially
improved, but over the 2 to 3 years before presentation she
began having more pain and stiffness with activity. At time
of initial evaluation, she was able to walk only 1 to 2 blocks
and had difficulty getting in and out of a car and up out of
a seated position.

On physical examination, the patient was 3 feet 10 inches
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Table. Clinical Utility of Preoperative 3-Dimensional Prototyping in 7 Cases

Case Age, y Sex Diagnosis Procedure Performed
1 28 F Spondyloepiphyseal dysplasia Complex THA, femoral osteotomy using custom femoral
component

2 8 F  Developmental hip dysplasa | Revision THA with modified revision tantalum shell
3 57 M Posttraumatic knee DJD with varus malunion  Correctve tibial osteotomy and staged TKA
. 73 M Severe glenohumeral DJD with glenoid erosion  Complex TSA with glenoid bone grafting
5 64 M Failed THA with severe acetabular bone loss | Revision THA using custom acetabular component
6 23 M  Mulple hereditary exostoses ~~ Osteochondromaexcison
7 71 M Neuropathic cavovarus foot deformity  Corrective osteotomy

Abbreviations: DJD, degenerative joint disease; THA, total hip arthroplasty; TKA, total knee arthroplasty; TSA, total shoulder arthroplasty.

Figure 1. Case 1. (A) Anteroposterior radiograph shows bilateral
hip dysplasia with severe proximal femoral deformities.

(B) Three-dimensional computer-generated rendering of bilateral
hips based on preoperative computed tomography. (C) True-to-
size 3-dimensional prototype of patient’s hemipelvis and femur.
The model was created by the same implant manufacturer

that produced the final components (Depuy, Warsaw, Indiana).
(D) Reaming of acetabular prototype confirmed ability to use
44-mm hemispherical socket. (E) Subtrochanteric osteotomy of
femoral prototype was performed to correct proximal femoral
valgus deformity. (F) Placement of broach to bypass osteotomy
site. (G) Radiographs 2 years after surgery show intact bilateral
hip arthroplasty components with healing at subtrochanteric
osteotomy site and correction of proximal femoral deformity with
restoration of hip center.

tall and weighed 77 pounds. She ambulated with decreased
stance phase on both lower extremities and had developed
a significant amount of increased forward pelvic inclination
and increased lumbar lordosis. Both hips and thighs had mul-
tiple healed scars from prior surgeries and pin tracts. Range of
motion (ROM) on both sides was restricted to 85° of flexion,
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10%ofinternalrotation, 15%ofexternal rotation,
and 15° of abduction.

Plain radiographs showed-advanced degenera-
tive joint'disease (DJD) of both hips with dysplas-
tic acetabuli and evidence of healed osteotomies
(Figure 1). Femoral deformities, noted bilaterally, consisted
of marked valgus proximally and varus distally. Preoperative
CT was used to create a 3-D model of the pelvis and femur.
The model was created by the same implant manufacturer
that produced the final components (Depuy, Warsaw, Indi-
ana). Corrective femoral osteotomy was performed on the
model to allow for design and use of a custom implant, while
the modeled pelvis confirmed the ability to reproduce the
normal hip center with a 44-mm conventional hemispheri-
cal socket.

After surgery, the patient was able to ambulate without a
limp and return to work. Her hip ROM was pain-free pas-
sively and actively with flexion to 100°, internal rotation to
35°, external rotation to 20°, and abduction to 30°.

Case 2

A 48-year-old woman with a history of Crowe IV hip dyspla-
sia presented to our clinic with a chronically dislocated right
total hip arthroplasty (THA) (Figure 2). Her initial THA was
revised 1 year later because of acetabular component failure.
Two years later, she was diagnosed with a deep peripros-
thetic infection, which was ultimately treated with 2-stage

www.amjorthopedics.com



reimplantation. She subsequently dislocated and underwent
re-revision of the S-ROM body and stem (DePuy Synthes,
Warsaw, Indiana). At a visit after that revision, she was noted
to be chronically dislocated, and was sent to our clinic for
further management.

Preoperative radiographs showed a right uncemented THA
with the femoral head dislocated toward the false acetabu-
lum, retained hardware, and an old ununited trochanteric
fragment. Both the femoral and acetabular components ap-
peared well-fixed, though the acetabular component was
positioned inferior, toward the obturator foramen.

Preoperative CT with metal artifact subtraction was used
to create a 3-D model of the residual bony pelvis. The model
was made by an implant manufacturer (Zimmer, Warsaw,
Indiana). The shape of the superior defect was amenable to
reconstruction using a modified revision trabecular metal
socket. The pelvic model was reamed to accept a conven-
tional hemispherical socket. The defect was reamed to accept
amodified revision trabecular metal socket. The real implant
was fashioned before surgery and was sterilized to avoid the
need for intraoperative modification. Use of the preoperative
model significantly reduced the time that would have been
needed to modify the implant during actual surgery.

The patient’s right THA was revised. At time/of surgery,
the modified revision trabecular metal acetabular compo-
nent was noted to seat appropriately in the superior defect.
The true acetabulum was reestablished, and a hemispherical
socket was placed with multiple screws. The 2 components
were then unitized using cement in the same manner as
wouldrbe,done with7an, off-the-shelf augment.

Case 3

A 57-year-0ld man presénted with a 10-year history of right
knee pain. About 30 years before presentation at our clinic,
he was treated for an open right tibia fracture sustained in
a motorcycle accident. He had been treated nonsurgically,

Figure 2. Case 2. (A) Anteroposterior radiograph of pelvis shows
chronic dislocation of right total hip arthroplasty with creation of
pseudoacetabulum superior to acetabular component. Acetabu-
lar component appears to be placed in excessively inferior
position within obturator foramen. (B) Three-dimensional model
of right pelvis allowed for preoperative mock surgery. Revision
trabecular metal (Zimmer, Warsaw, Indiana) was modified in of-
fice to fill defect. Sixty-millimeter acetabular reamer was used to
recreate patient’s normal hip center with appropriate abduction
and anteversion. The modified implant was sterilized and used
at the time of the reconstruction.
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with injections, but they failed to provide sustained relief.

Preoperative radiographs showed severe advanced DJD
in conjunction with an extra-articular posttraumatic varus
tibial shaft deformity (Figure 3). An implant manufacturer
(Zimmer) used a CT scan to create a model of the deformity.
The resultant center of rotation angle was calculated using
preoperative images and conventional techniques for defor-
mity correction, and a lateral closing-wedge osteotomy was
performed on the CT-based model. The initial attempt at
deformity correction was slightly excessive, and the amount
of resected bone slightly thicker than the calculated wedge,
resulting in a valgus deformity. This error was noted, and
the decision was made to recut a new model with a slight
amount of residual varus that could be corrected during the
final knee arthroplasty procedure.

Corrective osteotomy was performed with a lateral plate.
Six months later, the patient had no residual pain, and CT
confirmed union at the osteotomy site and a slight amount
of residual varus. The patient then underwent routine total
knee arthroplasty (TKA) using an abbreviated keel to avoid
the need for removal of the previously placed hardware. The
varus deformity was completely corrected.

Case 4

A 73-year-old man had a history of shoulder pain dating
back to his childhood. Despite treatment with nonsteroidal
anti-inflammatory drugs, physical therapy, and injections,
his debilitating pain persisted. Physical examination revealed
limited ROM and an intact rotator cuff.

Plain radiographs showedssevere DjDiof the glenohumeral
joint (Figure 4). Severe ferosions of the glenoid were noted,
prompting further workup with CT, which showed signifi-
cant bone loss; particularly.along the posterior margin of the
glenoid. We used our 3-D printer to create a model of the
scapula from CT images. The model was then reamed in the
usual fashion to accept a 3-pegged glenoid component. On

Figure 3. Case 3. (A) Full-length standing view shows severely
arthritic right knee with varus deformity resulting from both
medial compartment disease and tibial malunion. (B) Center of
rotation angle was calculated and templated before surgery, and
corrective osteotomy was performed on 3-dimensional model.
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placement of a trial implant, a large deficiency was seen pos-
teriorly. We thought the size and location of the defect made

Figure 4. Case 4. (A) Anteroposterior radiograph of right shoul-
der shows degenerative joint disease of glenohumeral joint with
severe glenoid erosion. (B) Computed tomography and in-office
3-dimensional printer were used to create an ABS (acrylonitrile
butadiene styrene) model. Mock surgery confirmed need to
bulk-graft glenoid.

Figure 5. Case 5. (A) Anteroposterior radiograph shows loose
McKee=Farrar hip arthroplasty with superior migrationyand
severe acetabular and femoral bone loss. (B) In-office 3-dimen-
sional modeling machine was used to create true-to-size pro-
totype of patient’s hemipelvis within 4 days of initial office visit.
Mock surgery was performed. With conventional hemispherical
socket and superior augment, hip center was restored, though
we thought excessive amount of cement would be needed to
couple augment with acetabular component. There was concern
that the anterior bone would fragment during surgery, thus los-
ing a significant point of fixation. Mock surgery led to decision
to create custom acetabular triflange device with improved fill of
superior acetabular defect.

Figure 6. Case 6. (A) Anteroposterior scout view of left proximal
tibia shows large sessile osteochondroma of posterior tibia. (B)
Three-dimensional ABS (acrylonitrile butadiene styrene) proto-
type of proximal tibia created with in-house modeling machine
allowed for preoperative mock resection and was available to
aid in orientation during resection.
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it amenable to grafting using the patient’s humeral head.

The patient elected to undergo right total shoulder arthro-
plasty. During the procedure, the glenoid defect was found
to be identical to what was encountered with the model
before surgery. A portion of the patient’s humeral head was
then fashioned to fit the defect, and was secured with three
2.7-mm screws, after provisional fixation using 2.0-mm
Kirschner wires. The screws were countersunk, and the graft
was contoured by hand to match the previous reaming. A
3-pegged 52-mm glenoid component was then cemented
into position with excellent stability.

Case 5
A 64-year-old man presented to our clinic with left hip pain
40 years after THA. The original procedure was performed
for resolved proximal femoral osteomyelitis. Plain radio-
graphs showed a loose cemented McKee-Farrar hip arthro-
plasty (Figure 5). Because of the elevated position of the
acetabular component relative to the native hip center, CT
was used to determine the amount of femoral bone loss.

We used our 3-D printer to create a model and tried to
recreate the native hip center with conventional off-the-shelf
implants. A 50-mm hemispherical socket trial was placed
in the appropriate location, along with a trabecular metal
augment trial to provide extended coverage over the supero-
lateral portion of the socket. Noted between the socket and
the augment was a large gap; a substantial amount of ce-
ment would have been needed to unitize the construct. We
thought a custom acetabular component would avoid the
need for cementrIn additionyigiven thespatient’sismall stat-
ure, the conventional acetabular component would allow a
head only 32 mm in diameter. With a‘eustom implant, the
head could be.enlarged to.36 mm, providing improved ROM
and stability.

The patient underwent revision left hip arthroplasty using
a custom acetabular component. A 3-D model available at
time of surgery was used to aid implant placement.

Case 6

A 23-year-old man with multiple hereditary exostoses pre-
sented to our clinic with a painful mass in the left calf. Plain
radiographs showed extensive osteochondromatosis involv-
ing the left proximal tibiofibular joint (Figure 6). The exosto-
sis extended posteromedially, displacing the arterial trifurca-
tion. MRI showed a small cartilage cap without evidence of
malignant transformation.

CT angiogram allowed the vasculature to be modeled
along with the deformity. A 3-D model was fabricated. The
model included the entire proximal tibiofibular joint, as well
as the anterior tibial, peroneal, and posterior tibial arteries.
Cautious intralesional resection was recommended because
of the proximity to all 3 vessels.

The patient underwent tumor resection through a longi-
tudinal posterior approach. The interval between the medial
and lateral heads of the gastrocnemius muscles was developed
to expose the underlying soleus muscle. The soleus was split
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longitudinally from its hiatus to the inferior portion of the
exostosis. This allowed for identification of the trifurcation
and the tibial nerve, which were protected. Osteotomes were
used to resect the mass at its base, the edges were carefully
trimmed, and bone wax was placed over the defect. Anterior
and lateral to this mass was another large mass (under the so-
leus muscle), which was also transected using an osteotome.
The gastrocnemius and soleus muscles were then reflected
off the fibula in order to remove 2 other exostoses, beneath
the neck and head of the fibula.

Case 7

A 71-year-old man with a history of idiopathic lymphedema
and peripheral neuropathy presented to our clinic with a left
cavovarus foot deformity and a history of recurrent neuro-
pathic foot ulcers (Figure 7). Physical examination revealed a
callus over the lateral aspect of the base of the fifth metatarsal.
Preoperative radiograph showed evidence of prior triple ar-
throdesis with a cavovarus foot deformity. CT scan was used
to create a 3-D model of the foot. The model was then used
to identify an appropriate location for lateral midtarsal and
calcaneal closing-wedge osteotomies.

The patient underwent midfoot and hindfoot surgical
correction. At surgery, the lateral closing-wedgeosteoto-
mies were performed according to the preoperative model.
Radiographs 1 year after surgery showed correction of the
forefoot varus.

Discussion
Three=dimensionalsprinting for medical applicationsrof ana=
tomical modeling is not'a new concept."*#* Its use has been
reported for a variety of applications 1m orthopedic surgery,
includingthe printing of porous and metallic surfaces® and
bone-tissue engineering.®” Rapid prototyping for medical ap-
plication was first reported in 1990 when a CT-based model was
used to create a cranial bone."” Reports of using the technique
are becoming more widespread, particularly in the dental and
maxillofacial literature, which includes reports on a variety of
applications, including patient-specific drill guides, splints, and
implants."""* The ability to perform mock surgery in advance
of an actual procedure provides an invaluable opportunity to
anticipate potential intraoperative problems, reduce operative
time, and improve the accuracy of reconstruction.
Office-based rapid prototyping that uses an in-house 3-D
printer is a novel application of this technology. It allows for
creation of a patient-specific model for preoperative planning
purposes. We are unaware of any other reports demonstrat-
ing the breadth and utility of office-based rapid prototyp-
ing in orthopedic surgery. For general reference, a printer
similar to ours requires an initial investment of $52,000 to
$56,000. This cost generally covers the printer, printer base
cabinet, installation, training, and printer software (different
from the 3-D modeling software), plus a 1-year warranty. A
service agreement costs about $4000 annually. Printer and
model supply expenses depend on the material used for the
model (eg, ABS [acrylonitrile butadiene styrene]) and on
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Figure 7. Case 7. (A) Oblique radiograph of left foot shows com-
plex cavovarus foot deformity. (B) In office, patient’s preopera-
tive computed tomography scan was used to create 3-dimen-
sional model of foot to aid in planning for corrective osteotomy,
and mock surgery was performed.

the size and complexity of the 3-D models created. Average
time to generate an appropriately formatted 3-D printing
file is about'} hour, though times can vary largely, accord-
ing to amount of metal artifact subtraction necessary and
the ‘experience of the software user. For the rare, extremely
complex deformities that require a significant amount of
metal artifact subtraction, file preparation times can exceed
3 or 4 hours. We think these preparation times will decrease
asrcommunicatiombetweenradiologyfilerexportformatand
modeling software ultimately allows for metal artifact sub-
traction images to funcdtion within thesmedeling software
environment,Once@n appropriately formatted file has been
created, typical printing times vary according to the size of
the to-be-modeled bone. For a hemipelvis, printing time is
30 to 40 hours; printing that is started on a Friday afternoon
will be complete by Monday morning.

There are few reports of rapid prototyping in orthopedic
surgery. In 2003, Minns and colleagues' used a 3-D model
in the planning of a tibial resection for TKA. They found
the model to be accurate at time of surgery, resulting in ap-
propriate tibial coverage by a conventional meniscal-bearing
implant. Munjal and colleagues'® reported on 10 complex
failed hip arthroplasty cases in which patients had revision
surgery after preoperative planning using 3-D modeling
techniques. The authors found that, in 8 of the 10 cases,
conventional classification systems of bone loss were inac-
curate in comparison with the prototype. Four cases required
reconstruction with a custom triflange when conventional
implants were not deemed reasonable based on the pelvic
model. Tam and colleagues' reported using a 3-D prototype
as an aid in surgical planning for resection of a scapular
osteochondroma in a 6-year-old patient. They found the
rapid prototype to be useful at time of resection—similar
to what we found with 1 patient (case 6). Adding contrast
media to our patient’s scan allowed for 3-D visualization of
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the lesion and the encased vasculature. Fu and colleagues'®
reported using a patient-specific drill template to insert an-
terior transpedicular screws. They constructed 24 prototypes
of a formalin-preserved cervical vertebra to create a patient-
specific biocompatible drill template for use in correcting
multilevel cervical instability. They found the technique to
be highly reproducible and accurate. Zein and colleagues'
used a rapid prototype of 3 consecutive human livers to pre-
operatively identify the vascular and biliary tract anatomy.
They reported a high degree of accuracy—mean dimensional
errors of less than 4 mm for the entire model and 1.3 mm
for the vascular diameter.

The models created by implant manufacturers in this se-
ries were used to perform “mock” surgery before the actual
procedures. Working with these models prompted us to
buy our own 3-D printer. The learning curve can be steep,
but commercially available 3-D printers allow for prompt
in-office production of high-quality realistic prototypes at
relatively low per-case cost (Figure 8). Three-dimensional
modeling allows surgeons to assess the accuracy of their
original surgical plans and, if necessary, correct them be-
fore surgery. Although computer-aided design models are
useful, the ability to “perform surgery preoperatively” adds
another element to surgeons’ understanding of'the poten-

Figure 8. Our in-office 3-dimensional printer sits in corner
adjacent to clinical workstation. Relatively little office space is
required for machine’s 33x29-in footprint.
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tial issues that may arise. Also, an in-office printer can help
improve surgeons’ understanding and control over the pro-
cess by which images are translated from radiographic file
to 3-D model. Disadvantages of an in-office system include
start-up and maintenance costs, office space requirements,
and a significant learning curve for software and hardware
applications. In addition, creation of 3-D models requires
close interaction with radiologists who can provide appropri-
ately formatted DICOM images, as metal artifact subtraction
can be challenging. We think that, as image formatting and
software capabilities are continually refined, this technology
will become an invaluable part of multiple subspecialties
across orthopedic surgery, with potentially infinite clinical,
educational, and research applications.
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