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INTRODUCTION
Periarticular osseous defects pose a significant challenge
when considering arthrodesis in foot and ankle surgery for
limb or ray salvage. Resection of large amounts of bone
is often necessary during revision procedures or treatment
of certain pathologies. Clinical scenarios in which these
defects might be encountered include avascular necrosis,
osteomyelitis, non-union, post-traumatic deformity, and
Charcot neuroarthropathy. Osseous defects may also
be encountered when a joint prosthesis is removed and
arthrodesis is being performed as a salvage procedure (1-8).
These defects often require some type of structural support
to restore length, cubic content of bone, and alignment.
Failure to restore anatomic length and alignment transfers
pressures to adjacent joints, altering biomechanics, which
causes compensatory gait disturbances, placing stresses on
proximal joints such as the hip, knee, and spine (9-13).
Options for surgical management of these clinical
scenarios include end-to-end arthrodesis, arthrodesis with
interpositional autogenous or allogenic bone graft, bone
transport utilizing an external fixator, Masquelet’s induced
membrane technique, osteomyocutaneous flaps of the
fibula, or amputation (1,8,14-20). Each of these techniques
has their disadvantages, including high nonunion rates
and an increased incidence of revision surgery, as well as
prolonged requirement for external fixation (21).
The process of 3-dimensional (3-D) printing is based
on the concept of additive manufacturing, or manufacturing
structures by depositing materials in a layer by layer fashion.
This concept is in contrast to customary techniques, which
produce constructs by cutting, molding, or manipulating
raw materials (22). The use of 3-D printing, or any technique
utilized to manufacture physical objects from graphic
computer data, has revolutionized musculoskeletal surgery
(23). For example, custom total arthroplasty components
are now manufactured based on the patient’s preoperative
computed tomography (CT) scans (24). Additional uses
of 3-D printing are virtual surgical planning and training
purposes (23). The use of 3-D printed titanium implants
has the potential benefits of unlimited geometry, increased
size options over allografts and autografts, and no donor
site morbidity (22). Furthermore, these implants maintain

structure, limiting concerns such as graft collapse or bone
resorption (21).
So et al published a case series of 3 patients who
underwent implantation of custom titanium trusses after
failed elective surgery with 100% success rate for limb or ray
salvage (8). In another case series, Dekker et al retrospectively
reviewed 15 patients who underwent tibia, ankle or hindfoot
reconstructive procedures with a patient-specific 3-D printed
titanium truss, with an 87% success rate (21). Aside from
these case series and single patient case reports, the use of
titanium trusses has not been widely studied in the literature.
None of the case series examined the use of off-label
prefabricated, manufacturer trusses. The primary objective
of this study was to report the rates of limb and ray salvage
utilizing customized, patient-specific 3-D printed and
prefabricated titanium trusses for arthrodesis procedures in
cases of osseous defects or malalignment involving the foot
and ankle. The secondary objective of this study was to report
the incidence of radiographic union based on postoperative
CT and weight-bearing plain film radiographs.

PATIENTS AND METHODS
A total 12 consecutive patients who underwent revision
arthrodesis or arthrodesis for a severe underlying deformity
with 3-D printed patient-specific or prefabricated titanium
trusses were retrospectively reviewed at our institution
between 2016 and 2019 by a single surgeon. A minimum
follow-up of 6 months was required to be included in this
case series. The mean follow-up was 14 months (range 6
to 22 months). A total of 10 females and 2 males were
included in the study, with an average age of 49.3 years
(range 33 to 61 years). Patient demographics, initial failed
index procedures (if applicable), revision procedures, ray/
limb salvage, complications, postoperative CT time frame
and interpretation, and type of truss are listed in Table 1.
The primary objective of this study was successful limb
or ray salvage. Successful limb salvage was determined by
whether or not a proximal amputation was performed
(below-knee amputation or above knee amputation).
Successful ray salvage was determined by whether or not
a digital amputation or ray resection was performed. The
secondary objective of this study was to determine whether
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Table 1. Patient demographics, failed index procedure, revision procedure, follow-up, limb/
ray salvage, complications, postoperative computed tomography scan, fixation construct,
and truss type.
Failed Index
Procedure

Revision
Procedure

Male

Tibiotalocalcaneal
arthrodesis

Tibiotalocalcaneal
arthrodesis

33

Female

First metatarsal
phalangeal joint
arthrodesis

Patient 3

53

Female

Patient 4

49

Patient 5

Age

Sex

Patient 1

48

Patient 2

Follow-up
(months)

Limb/Ray
Salvage

Complications

Post
operative
CT scan
(read)

Postoperative
CT scan
(months status
post-surgery)

Fixation

Truss

22

No

-Non-union of ankle
and subtalar joints,
hardware failure with
break-down of Truss
(14 months status
post-surgery)
-BKA (25 months
status post-surgery)

First:
First: 3.5 months
Complete
Second: 14
union of
months
ankle and
subtalar
joints
Second:
Non-union of
ankle and
subtalar
joints,
hardware
failure with
break-down
of Truss

11 x 200-mm
retrograde IM
nail

4WEB custom
rectangular truss

First metatarsal
phalangeal joint
arthrodesis

21.5

Yes

None

Partial fusion 1 month
of first
metatarsal
phalangeal
joint

Locking plate

4WEB custom
peg in hold
shaped truss

None

First tarsal
metatarsal joint
arthrodesis

14

Yes

None

None

Locking plate

4WEB
prefabricated 8
mm wedge truss

Female

Tibiotalocalcaneal
arthrodesis

Tibiotalocalcaneal
arthrodesis

21.5

Yes

-Midfoot osteotomy for
malalignment with
plantarflexed forefoot
on hindfoot (14
months status postsurgery)

Complete
2 months
fusion of the
ankle and
subtalar
joints

11.5 x 250-mm 4WEB custom
retrograde IM spherical truss
nail

46

Female

Total ankle
arthroplasty

Tibiotalocalcaneal
arthrodesis

14

Yes

None

75% fusion 2 months
of tibia-truss
interface ,
50% fusion
talus-truss
interface

10 x 150-mm
retrograde IM
nail

4WEB custom
rectangular truss

Patient 6

60

Male

Treated
conservatively with
cast immobilization

Subtalar joint
arthrodesis

19

Yes

None

None

7.3 mm
partially
threaded
compression
screws x 2

4WEB
prefabricated 12
mm wedge

Patient 7

49

Female

Subtalar joint
arthrodesis

Subtalar joint
arthrodesis

15

Yes

None

Complete
3 months
fusion of
subtalar joint

7.3 mm
partially
threaded
compression
screws x 2

4WEB
prefabricated 12
mm wedge

Patient 8

55

Female

First tarsal
metatarsal joint
arthrodesis

First tarsal
metatarsal joint
arthrodesis

9.5

Yes

None

Complete
2 months
fusion of first
tarsal
metatarsal
joint

Locking plate

4WEB
prefabricated 12
mm wedge

Patient 9

57

Female

First metatarsal
phalangeal joint
implant

First metatarsal
phalangeal joint
arthrodesis

8

Yes

None

None

Locking plate

4WEB
prefabricated 14
mm wedge truss

Patient 10

45

Female

First metatarsal
phalangeal joint
arthrodesis

First metatarsal
phalangeal joint
arthrodesis

12.5

Yes

None

Partial fusion 4 months
of first
metatarsal
phalangeal
joint

4-hole claw
plate

4WEB custom
peg in hold
shaped truss

Patient 11

61

Female

First metatarsal
phalangeal joint
implant

First metatarsal
phalangeal joint
arthrodesis

8

Yes

None

None

N/A

Locking plate

Restore custom
peg in hole
shaped truss

Patient 12

35

Female

First tarsal
metatarsal joint
arthrodesis

First tarsal
metatarsal joint
arthrodesis

6

Yes

None

None

N/A

Locking plate

Restore custom
tarsal metatarsal
truss

N/A

N/A

N/A
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successful radiographic union was demonstrated by CT
or plain film radiographs. Radiographic consolidation was
determined on CT by an independent fellowship-trained
musculoskeletal radiologist and confirmed by the surgeon.
Radiographic consolidation was determined on plain film
radiographs by >50% osseous bridging at all boney-truss
interfaces by the surgeon.
All patients had previously undergone an elective
procedure resulting in malalignment, malunion, or
nonunion, or had a severe acquired deformity that required
arthrodesis. The authors considered these cases complex
since failure would likely result in limb loss or ray resection.
All 12 patients were counseled preoperatively regarding
their reconstructive options. They were given the choice
of structural bone graft, below-knee amputation or ray
resection, or titanium trusses as surgical alternatives. If
infection was suspected prior to the definitive procedures,
the hardware was removed, affected bone was debrided and
bone cultures were obtained prior to the definitive operation.
Patients were placed on culture-directed antibiotics when
indicated and antibiotic loaded spacers were placed in the
interim until the definitive procedure was performed.
A total of 7 of 12 patients (Patients 1,2,4,5,10,11,
and 12) underwent implantation of a customized, patientspecific titanium trusses (Table 1). The preoperative
CT scans were provided to the manufacturer where
a customized titanium truss was then developed and
fabricated based on CT scan results, incorporating surgeon
input. The surgeon communicated with an engineer and
discussed factors such as desired amount of correction,
acceptable amount of shortening, and fixation options.
Additionally, the surgeon took into account factors unique
to the patient such as the quality of soft tissue envelope
and biomechanic issues that could affect the design of the
implant. Schematic illustrations were sent to the surgeon
for final approval. After final approval was obtained and
manufacturing complete, the titanium implant as well as
ancillary materials such as trial-sizing implants and guides,
were sent to the healthcare institution. The remaining 5 of
the 12 patients (Patients 3,6,7,8,9) underwent implantation
of a prefabricated titanium truss. The prefabricated trusses
are available in a wide range of shapes and sizes. The decision
to use a prefabricated versus customized truss was based
on the patient’s specific needs. A prefabricated truss was
selected when the available shapes and sizes were suitable
to address the specific anatomic considerations. Due to the
relatively high cost of customized implants, a prefabricated,
manufacturer truss was utilized instead of a customized
truss whenever feasible.
The preoperative diagnoses included 1 patient with a
non-union and failed tibiotalocalcaneal (TTC) arthrodesis
with avascular necrosis of the talus (Patient 1), 2 patients
who had undergone previous first metatarsophalangeal
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(MTP) fusions with subsequent malunion and shortening
(Patients 2 and 9), 1 patient with a shortened and elevated
first metatarsal with advanced osteoarthritis of the first
tarsometatarsal (TMT) joint (Patient 3), 1 patient with
combined nonunion and malunion of a TTC arthrodesis
resulting in a plantarflexed and varus malalignment (Patient
4), 1 patient with stiffness following total ankle arthroplasty
in a fixed plantarflexed position (Patient 5), 1 patient with
a nonunion after 2 previous attempts at isolated subtalar
arthrodesis with a subsequent horizontal talus resulting in
equinus with anterior impingement of the ankle (Patient 6),
1 patient with a horizontal talus and severe posttraumatic
osteoarthritis involving the subtalar joint following
nonoperative treatment of a joint depression fracture of
the calcaneus (Patient 7), 2 patients with nonunion and
malunion of the first TMT joint after arthrodesis for hallux
valgus reconstruction (Patients 8 and 12), 1 patient with
a failed first MTP joint prosthesis (Patient 10), and 1
patient with necrosis and shortening of the metatarsal head
secondary to a giant cell tumor (Patient 11).
All patients received preoperative antibiotics prior to the
procedure in accordance with SCIP protocol. The patients
were brought to the operating room and positioned on the
operating table in a supine fashion. All patients underwent
general anesthesia. The surgical extremity was prepped and
scrubbed in the typical sterile manner.
Three patients (Patient 1, Patient 4, and Patient 5)
underwent implantation of a custom, patient-specific
titanium truss at the level of the ankle joint (Figure 1,
Figure 2, and Figure 3). Preoperative diagnoses included 1
patient with a non-union and failed TTC arthrodesis with
avascular necrosis of the talus (Patient 1), 1 patient with
combined nonunion and malunion of a TTC arthrodesis
resulting in a plantarflexed and varus malalignment (Patient
4), and 1 patient with stiffness following total ankle
arthroplasty in a plantarflexed position (Patient 5). Prior to
the procedure, bone marrow aspirate harvested from the
ipsilateral tibial tuberosity was spun down and later mixed
with either stem cells or bone morphogenic protein (BMP)
and autogenous bone harvested from the fibula. A lateral
incisional approach overlying the fibula was used in these
3 cases. The distal fibula was osteotomized to access the

Figure 1. Patient 1. (A) sagittal (B) coronal and (C) axial views of
preoperative computed tomography scan of patient with nonunion of
tibiotalocalcaneal arthrodesis 4 months following the index procedure.
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Figure 2. Patient 5. (A) Preoperative anteroposterior (B) lateral (C) and
oblique ankle radiographs demonstrating previous ankle implant in a
fixed plantarflexed position. (D) (E) Schematics of custom rectangular
truss. (F) Coronal and (G) sagittal computed tomography scans
demonstrating consolidation 3 months following surgery.

Figure 4. Patient 6. (A) Preoperative calcaneal axial radiograph
demonstrating residual hindfoot varus. (B) Intraoperative image
of prefabricated titanium truss providing restoration of height. (C)
Distraction of subtalar joint prior to placement of truss. (D) Preoperative
lateral radiograph showing loss of talar declination (E) Preoperative sagittal
magnetic resonance image demonstrating subchondral sclerosis of the
posterior facet of the subtalar joint. (F) Postoperative lateral radiograph at
6-months postoperative.

ankle and subtalar joints for resection and preparation. The
fibula was morselized in a bone mill and mixed with bone
marrow aspirate, stem cells or BMA, and 0.5 milligrams of
vancomycin powder, which was then packed into the truss.
If greater volume was necessary, more bone was harvested
from the remaining portion of fibula or frozen allograft
bone was utilized. Joint surfaces were then resected or
remodeled based on the deformity and a healthy cancellous
substrate was developed for arthrodesis. In cases requiring
a customized truss, the manufacturer provided 3 sizes of
trusses, based on preoperative CT scans and discussions
with the surgeon. Customized sizers were placed and
evaluated under image intensification to ascertain the most
appropriate size truss. The selected truss was then packed
with the bone graft material and delivered into the defect.

Figure 3. Patient 4. (A) Preoperative lateral radiograph demonstrating
the ankle in a rigid plantarflexed position. (B) Schematic of custom
spherical titanium truss. (C) Sagittal computed tomography scan showing
consolidation at 3 months postoperative. (D) Ankle radiograph at 10
months postoperative. (E) Schematic of custom spherical titanium truss.
(F) Intraoperative image of spherical truss with intramedullary rod fixation.
(G) Schematic of custom spherical titanium truss. (H) Intraoperative
photographs of spherical reamer.

An intramedullary nail was used for fixation through the
truss in all 3 cases, which was incorporated into the design
during the preoperative design process. The intramedullary
nail was delivered through the plantar aspect of the heel
and fixated in standard fashion. Patients were immobilized
in a short-leg cast and kept non-weightbearing for 8-16
weeks. They were transitioned from a short-leg cast to a
weight-bearing fracture brace and eventually into standard
footwear. The decision to transition to weigh bearing was
based on radiographs and CT scans.
Two patients (Patient 6 and Patient 7) had standard
prefabricated titanium trusses implanted for posttraumatic
osteoarthritis and malunion of the subtalar joint.
Preoperative diagnoses included 1 patient with a nonunion
after 2 previous attempts at isolated subtalar arthrodesis
(Patient 6) (Figure 4) and 1 patient with severe posttraumatic osteoarthritis involving the subtalar joint following
a joint depression fracture of the calcaneus (Patient 7). Both
patients had a horizontal talus with anterior impingement at
the ankle during gait. Autogenous bone graft was obtained
from the distal tibial metaphysis in both cases. A standard
posterolateral incision was utilized between the Achilles
tendon and the fibula. The subtalar joint was prepared for
arthrodesis by removing articular cartilage, subchondral
drilling, and fish scaling, until a healthy cancellous substrate
was developed. Prefabricated trapezoid wedges were
implanted into the subtalar joint. The appropriate size
titanium truss was determined by using a lamina spreader
to distract the subtalar joint under image intensification.
Different sized implants were trialed. Restoration of calcaneal
height and reduction of Bohler’s angle were evaluated under
fluoroscopy on lateral radiographs to determine the degree
of correction and size of implant that was most appropriate.
Autogenous bone graft and allograft stem cells were packed
into the titanium truss. Prior to insertion of the truss, bone
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graft was packed into the anterior aspect of the subtalar
joint. The prefabricated titanium truss was then placed into
the posterior aspect of the subtalar joint. The subtalar joint
was then fixated using 7.3 mm partial-threaded cancellous
screws placed in a lag fashion adjacent to the implant.
Patients were immobilized in a short leg cast for 8-12 weeks
and thereafter transitioned into a weight-bearing fracture
brace. The decision to transition to weightbearing was
based on radiographs and CT scans.
Four patients underwent implantation of titanium trusses
at the first MTP joint. Preoperative diagnoses included 2
patients who had undergone previous first MTP fusions with
subsequent nonunion, malunion, and shortening (Patient
2 and Patient 9), 1 patient with pain and lateral forefoot
overload following first MTP joint prosthesis (Patient 10),
and 1 patient with necrosis and shortening of the metatarsal
head secondary to a giant cell tumor (Patient 11). A patientspecific, customized titanium truss was used in 2 patients
(Patient 2 and Patient 10) (Figure 5). A patient-specific,
customized titanium truss was used in 1 patient. One patient
(Patient 9) underwent conversion from a joint prosthesis
to first MTP arthrodesis with a prefabricated titanium
truss. Dorsal extensile incisions were used in all patients. A
lengthening of the extensor hallucis longus was performed
to address the contracted tendon and permit access to the
joint. Bone graft was harvested from the proximal tibial
metaphysis or calcaneus. All retained hardware was removed.
Devitalized bone from the base of the proximal phalanx and
the first metatarsal head was resected. The joint surfaces were
remodeled based on the customized or prefabricated truss
sizes. Optimal sizing and position were confirmed under
image intensification. The custom titanium truss was packed
with autogenous bone graft and allograft with stem cells or
BMP. The truss was placed into the defect and secured using
a dorsal locking plate.
One patient (Patient 3) underwent a first TMT
arthrodesis for a shortened and elevated first ray, with endstage arthritis (Figure 6). One patient (Patient 8) underwent
the same procedure for a nonunion after an attempted first

Figure 5. Patient 2. (A) Preoperative anteroposterior radiograph. (B)
Schematic of a custom 1st metatarsal phalangeal joint titanium truss. (C)
Intraoperative titanium truss with packed bone graft. (D) Intraoperative
1st metatarsal phalangeal joint truss with plate. (E) Postoperative
anteroposterior radiograph at 9-months postoperative.

13

TMT joint arthrodesis procedure as part of hallux valgus
reconstruction. Both patients underwent implantation of
prefabricated trusses into the first TMT articulation. One
patient underwent implantation of a customized titanium
truss for shortening and nonunion following 2 previous
attempts at a first TMT joint arthrodesis. A linear incision
was performed along the medial aspect of the midfoot.
The joints were then prepared in standard fashion until a
healthy cancellous substrate was developed. Trial sizers
were evaluated under image intensification to ascertain
the appropriate size. The trusses were then packed with
autogenous bone graft harvested from the ipsilateral
calcaneus, frozen cancellous allograft, and stem cells.
The titanium trusses were then placed, and fixation was
accomplished with a medially placed locking plate. Fullythreaded cortical screws were delivered from the base of
the first metatarsal to the base of the second metatarsal and
from the medial to lateral cuneiforms to impart stability.

RESULTS
Successful limb or ray salvage was achieved in 11 of the 12
patients (91.7%). One patient (Patient 1) did not achieve
successful limb salvage (Figure 7). A CT was performed
3.5 months status post revision TTC arthrodesis using
a customized titanium truss. The CT demonstrated
near complete consolidation at both the tibial-truss and
the calcaneal-truss interfaces. The patient began partial
weightbearing in a CAM boot at that time, and gradually
transitioned to supportive footwear with a customized
gauntlet brace. At 14 months after surgery, a CT scan
demonstrated non-union of both the tibial-truss and
the calcaneal-truss interfaces, with lucency and collapse

Figure 6. Patient 3. (A) Preoperative anteroposterior radiograph
demonstrating shortened first metatarsal. (B) Anteroposterior radiograph
at 3 months postoperative.
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Figure 7. Patient 1. (A) Sagittal and (B) Coronal views of computed
tomography scan performed 3.5 months after revision surgery using
a custom rectangular titanium truss demonstrates near complete
consolidation of the ankle and subtalar joints at the truss-interface. (C)
Sagittal and (D) Coronal views of computed tomography scan performed
14 months postoperative demonstrating hardware failure, truss collapse,
and nonunions of both the ankle and subtalar joints at the truss-interface.

surrounding the intramedullary nail, metallic truss, and
distal interlocking screws. The patient eventually developed
a hardware infection and elected to have a below-knee
amputation performed. Another patient (Patient 4)
developed difficulty getting her heel to the ground, as the
patient’s forefoot was rigidly plantarflexed in relation to the
hindfoot. She underwent a dorsally based midfoot wedge
osteotomy with complete alleviation of her symptoms.
Six of the 7 patients (85.7%) who had a postoperative
CT scan performed went on to complete radiographic
consolidation across the arthrodesis sites, as determined by
an independently trained musculoskeletal radiologist. The
remaining 5 patients showed complete consolidation across
the arthrodesis sites on radiographs as demonstrated by
>50% osseous bridging across all boney-truss interfaces, as
determined by the senior author.

DISCUSSION
Traditional surgical treatments for large osseous defects
and deformities include end-to-end arthrodesis, arthrodesis
with interpositional autogenous or allogenic bone grafts,
bone transport utilizing an external fixator, Masquelet’s
induced membrane technique, osteomyocutaneous flaps of
the fibula, and amputation.
End-to-end arthrodesis procedures have higher
documented fusion rates compared to arthrodesis with
interpositional autogenous or allogenic bone graft, as it
has fewer bone interfaces required to heal. However, it
does not restore anatomic length, causing indirect effects
such as decreased skin tension and destruction of normal
musculotendinous function (1). An average limb length
discrepancy of 1.5 to 3.5 cm has been reported following
tibiocalcaneal arthrodesis after talectomy without structural
interpostional grafts (1). Substantial shortening can alter gait
mechanics, and place stresses upon proximal joints (9-13).
Additionally, studies have shown that there is an increase in
oxygen consumption, along with patient perceived exertion
with limb length discrepancies greater than 2.0 cm in adults
(25,26).

In contrast, arthrodesis procedures with interpositional
structural bone grafts restore anatomic length. However,
disadvantages include variable fusion rates ranging from
58% to 93%, additional bone interfaces necessary to heal,
slow graft incorporation, and the potential for delayed graft
collapse (1,14,27,28). Both autograft and allograft bone
have been utilized for interpositional structural grafting and
each has distinct advantages and disadvantages.
Autogenous structural bone graft is considered to
be the gold standard in bone substitution as it is both
osteoinductive and osteoconductive, containing growth
factors and osteogenic cells, making it ideal for arthrodesis
procedures (29-31). Autogenous bone graft is most
commonly harvested from the iliac crest (32). A study by
Takemoto et al demonstrated that autogenous bone graft
taken from the iliac crest showed increased expression of
BMPs, BMP receptors, and other growth factors when
compared to the proximal tibia or humerus (33,34).
Autograft is also considered to be both histocompatible and
nonimmunogenic, diminishing the chances of host rejection
and disease transmission (29,32). However, it is associated
with increased donor site morbidity and complications,
especially in cases where a large volume of bone is required
(29,31,32,34-36). The most common complications include
infection, hematoma, fracture, nerve and vascular injuries,
and donor site pain (31,33,34). In a systematic review by
Dimitriou et al, 1,249 of 6,449 patients who underwent
autologous bone graft harvesting from the iliac crest noted
complications, with an overall morbidity rate of 19.37%
(32). Along with patient morbidity, studies have shown that
autografts lead to increased time in the operating room, and
increased hospital stay (34,37,38).
While allograft eliminates donor site morbidity, it is
only weakly osteoinductive and possesses the risk of disease
transmission (29,32,33). Compared to autogenous bone,
allografts have been found to have a higher incidence of nonunion, with slower incorporation and re-vascularization,
along with the potential for late structural collapse (1,14).
In a study by McGarvey et al, 37 patients underwent 41
arthrodesis procedures of a single or multiple joints of the
tritarsal complex with use of either structural autograft or
allograft. They encountered 4 nonunions, 3 of which utilized
allograft bone substitute (39). Slow incorporation and revascularization are also an issue with interpositional allografts
(28). In a study by Delloye et al, allograft incorporation for
ankle fusions following tumor resection was studied. Graft
incorporation was evaluated utilizing bone scintimetry
with isotope uptake superior to controls 15 years after the
initial surgery by microradiographic analysis. However, slow
revascularization with creeping substitution was noted, with
incomplete osteons noted at 2-3 years after surgery (28).
Clifford et al studied 32 patients who underwent a TTC
arthrodesis with bulk femoral head allograft with complete
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consolidation at the fusion site noted in 16 of the 32 patients
(50%) (1). The authors also noted an average height loss
of 3.6 mm over the average 41-month follow-up period
(1). Additionally, 19% of the patients went on to require a
below-knee amputation (1).
Bone transport employing external fixation, or distraction
osteogenesis, has proven to be effective, as it utilizes the
body’s intrinsic healing potential inducing de novo bone and
soft tissue formation to lengthen bone without the need for
interpositional grafts (40-43). However, complications have
been reported throughout the literature, including nonunion, stress reaction and re-fracture at the docking site,
pin-tract infection, and osteopenia secondary to extended
periods of non-weightbearing (40-44). In a study by Paley
et al, the authors found that 1 cm of regenerated bone
takes approximately 1 month to consolidate, with distal
consolidation occurring after 6 months between the distal
and transported fragments (44). In addition, patients often
find it cumbersome to maintain an external fixator for the
required time frame often necessitated by bone transport,
which may be a limiting factor in patient compliance (44).
Masquelet’s induced membrane technique is a staged
technique that utilizes the surrounding soft tissues and their
membrane as a biologic chamber. In the first stage, radical
debridement is performed, with insertion of a cement spacer
into the defect, and soft tissue repair by flaps if needed. The
second stage is performed 6-8 weeks later after the soft tissues
have healed. At that time, the spacer is removed, but the
membrane induced by the cement is left in place. The defect
is then filled with cancellous bone. The membrane prevents
resorption of the cancellous bone placed in a richly vascular
muscular environment, which promotes vascularization and
corticalization of the cancellous bone (20,45-47). However,
similar to bone transport or distraction osteogenesis, an
external fixator must be used for prolonged periods of time,
making it a burdensome option for the patient, and limiting
compliance. The induced membrane technique has had
mixed results and complications associated with it. In a study
by Barakat et al, 17 patients underwent induced membrane
technique of the tibia and femur, with a mean osseous defect
of 7 cm secondary to infected non-union (12 cases) and
osteomyelitis (5 cases). Osseous union occurred in 14 of
the 17 patients. However, further complications that were
encountered included, graft non-union (5 cases), failure of
graft maturation (2 cases) reactivation of infection (2 cases),
and refracture after removal of the frame (1 case) (47).
Osteomyocutaneous free vascularized fibular flaps
were first described by Yoshimura et al (48). They allow
for concurrent reconstruction of osseous and soft tissue
defects (48). This technique has been utilized successfully
in maxillofacial surgery for mandibular reconstruction
following tumors and trauma (49,50). Osteomyocutaneous
free vascularized fibular flaps have also been used for
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posttraumatic defects of the foot. However, it has been
limited to several case series, which have been localized to
the metatarsal and pre-tibial regions (50). The harvesting of
an osteomyocutaneous free vascularized flap is technically
challenging and must be performed by a plastic surgeon
with microvascular training (10,48-51).
Proximal amputations remain a treatment option for
severe deformities, infections, chronic pain, and congenital
defects. However, studies have demonstrated that lifetime
costs associated with amputation compared to limb salvage
are significant. A study by MacKenzie et al demonstrated
that the mean lifetime cost associated with amputation is
$500,000 compared to limb salvage, which is approximately
$160,000 (52).
This study demonstrates the use of 3-D printed titanium
trusses for patients who had previously undergone an
elective procedure resulting in malalignment, malunion,
nonunion, a large osseous defect or had a severe acquired
deformity that required arthrodesis. The technique of 3-D
printing is different from typical manufacturing techniques
and has been applied in the medical community for greater
than 10 years. It is founded on the principle of additive
manufacturing, or depositing materials layer by layer based
on the 3-D reconstruction of the patient’s MRI and CT
scans (24). This has been applied in orthopedic surgery for
surgical planning, manufacturing of patient specific surgical
guides and implants, and the production of bioscaffolds
(24). The technique of 3-D printing has been utilized for
surgical planning in complicated cases. Based on patients’
preoperative imaging, 3-D printing provides accurate
anatomic models, to assist in surgical planning and diagnosis,
and can provide a surgical simulation. This can theoretically
reduce the risk of intra-operative complications, along with
decreasing operating times (53,54). Another use of 3-D
printing in orthopedic surgery is in the manufacturing
of patient-specific implants. For example, patient-specific
guides and implants have been utilized during total joint
arthroplasty (24). Additionally, 3-D printing can be used
for bioscaffold production, providing a structural scaffold,
which also allows for cell attachment and proliferation with
subsequent bone formation in vivo (24,53). By the customnature of 3-D printing, surgeons can tailor the fabrication to
an individual patient’s patho-anatomy, theoretically restoring
joint congruity with concomitant structural integrity,
promoting successful osseous consolidation (55,56).
The principle of a structural scaffold has been applied to
titanium inter-body spinal trusses packed with bone graft,
which is considered to be the gold standard for treatment
of severe spinal degenerative disc disease, functioning by
restoring anatomic alignment and disc height (56). This
same principle can be applied to surgical treatment of the
foot and ankle by using standard or custom titanium trusses
to fill voids of large segmental osseous defects. From a
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biomechanical or engineering standpoint, the configurations
of trusses provide the most strength with the least mass (23).
When considering the shape of a patient-specific customized
truss, mechanical, anatomical, and functional criteria must
be considered, as well as potential fixation options. The
general shape, size, and contours must closely match the
original bone, to allow stability and osseous consolidation
to occur (23). The anatomy and previous implants must also
be taken into consideration to allow for adequate surgical
exposure. The implant must be designed with holes and voids
incorporated into the construct to accommodate traversing
hardware and fixation (23). Mechanically, inherent stability
is provided by the titanium struts, which are rough and aid
in resisting torsional forces (23). To increase the rotational
stability, trusses can be augmented with miniature spikes or
cleats added to the struts (23).
Prior to use of titanium trusses, several case studies
evaluated tantalum in foot and ankle surgery for large
osseous defects. Tantalum is a trabecular metal that
resembles bone in its microstructure (56-59). It is
osteoconductive and is considered biocompatible. Tantalum
also possesses a compressive strength and elasticity similar to
bone, which prevents stress shielding in adjacent bone in
structural orthopedic applications (56-59). Sagherian et al
documented a case series of 25 patients, who underwent
arthrodesis of the foot and ankle using a tantalum in place
of a structural autograft or allograft; 4 in the ankle, 17 in the
hindfoot, and 6 in the midfoot (59). The clinical indications
for use of tantalum included failed total ankle arthroplasty,
post-traumatic ankle arthritis, a giant cell tumor in the distal
tibia, post-traumatic hindfoot arthritis, hindfoot arthritis
secondary to posterior tibial tendon dysfunction, subtalar
arthritis secondary to rheumatoid arthritis, and midfoot
arthritis (59). The mean American Orthopedic Foot and
Ankle Society (AOFAS) hindfoot/midfoot scores improved
from 40.6 preoperatively to 86.3 postoperatively (59). The
authors found tantalum to be a viable alternative to structural
allograft or autograft (59). Frigg et al retrospectively
reviewed 9 patients who underwent arthrodesis of the foot
and ankle using a tantalum spacer. Indications included a
failed total ankle replacement, osteonecrosis of the talus,
a subtalar joint nonunion after pantalar arthrodesis, severe
flatfoot deformities on chronic prednisone, and patients
with morbid obesity used to prevent loss of correction (57).
At 1 and 2-year follow-up, all 9 patients had consolidated
at the arthrodesis site, with no loss of correction (57).
While tantalum spacers can be manufactured to a patient’s
specific anatomy using preoperative CT scans, it cannot be
customized to accommodate traversing hardware (4).
There have been several reports describing use of
titanium trusses in foot and ankle surgery. Dekker et al
published a case series of 15 patients with osseous defects and
severe deformity that required arthrodesis procedures who

underwent reconstruction of the ankle or tibia with custom
3-D printed titanium trusses. Procedures included 11 TTC
fusions, 2 tibial osteotomies, 1 ankle fusion, and 1 tibial
spanning procedure. Consolidation across the arthrodesis
sites was demonstrated on CT scan in 13 of 15 patients (87%),
with an average time to arthrodesis of 5 months. There were
2 failures, which resulted in 2 trans-tibial amputations. The
mean AOFAS and Foot and Ankle Ability Measure Activities
of Daily Living scores improved from 28.4 to 64.8 and 23.5
to 62.8, respectively. The authors concluded that 3-D printed
titanium trusses can be utilized in complex ankle and tibial
deformities and osseous defects (21). So et al published a case
study of 3 patients, who underwent implantation of custom
titanium trusses for failed elective procedures of the foot and
ankle. Preoperative diagnoses included 1 failed total ankle
replacement, 1 septic nonunion of Lapidus bunionectomy,
and 1 nonunion of an Evans calcaneal osteotomy. Successful
limb and ray salvage occurred in all 3 patients. Radiographic
union was achieved in all 3 patients, as demonstrated by
>50% osseous bridging across all boney-truss interfaces at 6
months postoperatively (8).
This case series showed successful limb or ray salvage
using either custom 3-D printed, or prefabricated
manufacturer trusses for arthrodesis. Our results were
consistent with previous case series that demonstrated
successful limb and ray salvage utilizing custom, 3-D printed
titanium trusses. However, this case series also demonstrated
successful consolidation and ray or limb salvage using
prefabricated manufacturer titanium trusses. There appears
to be potential to produce prefabricated trusses made for
specific joints such as the first MTP joint, first tarsal TMT
joint, and subtalar joint.
Our study had several limitations. First, the number of
patients included in the study was small. A larger sample
size is necessary to determine the long-term efficacy of
titanium trusses as a viable treatment alternative compared
to traditional techniques for osseous defects. Second,
postoperative CT scans were only utilized in 7 of the 12
patients included in the study. While 5 of the patients
demonstrated consolidation as seen on radiographs, CT scans
would have been ideal to determine union at the arthrodesis
site. Also, the quality of images on the postoperative CT
scans was somewhat obscured by artifact. Third, as patient
follow-up was limited, the long-term results are unknown.
Comparative trials are needed to assess the value of titanium
trusses versus traditional techniques such as end-to-end
arthrodesis, arthrodesis with interpositional autogenous or
allogenic bone graft, bone transport utilizing an external
fixator, Masquelet’s induced membrane technique,
osteomyocutaneous flaps of the fibula, or amputation.
In conclusion, 91.7% of the patients in this review
demonstrated successful arthrodesis with use of both
customized, patient-specific 3-D printed and prefabricated
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titanium trusses. This technology offers an alternative
to traditional methods of arthrodesis for large osseous
defects. Additionally, this study shows the successful use of
prefabricated trusses. This appears to be a reasonable option
for patients at risk for limb loss or ray amputation.
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