
ORGINAL ARTICLE

Repair of Tibial Nonunions and Bone Defects with
the Taylor Spatial Frame

S. Robert Rozbruch, MD, Jacob S. Pugsley, MD, Austin T. Fragomen, MD, and Svetlana Ilizarov, MD

Objective: To investigate the outcomes of tibial nonunions and

bone defects treated with the Taylor Spatial Frame (TSF) using the

Ilizarov method.

Design: Retrospective.

Setting: Limb Lengthening and Deformity Service at an academic

medical center.

Patients: Thirty-eight consecutive patients with 38 tibial nonunions

were treated with the TSF. There were 23 patients with bone defects

(average 5.9 cm) and 22 patients with leg-length discrepancy (LLD)

(average 3.1 cm) resulting in an average longitudinal deficiency (sum

of bone defect and LLD) of 6.5 cm in 31 patients (1–16). The average

number of previous surgeries was 4 (0–20). At the time of surgery, 19

(50%) nonunions were diagnosed as infected.

Intervention: All patients underwent repair of the nonunion and

application of a TSF. Patients with bone loss were additionally treated

with lengthening. Infected nonunions were treated with 6 weeks of

culture-specific antibiotics.

Main Outcome Measurements: Bony union, time in frame,

eradication of infection, leg-length discrepancy, deformity, Short

Form-36 (SF-36) scores, American Academy of Orthopaedic

Surgeons (AAOS) lower-limb scores, and Association for the Study

of the Method of Ilizarov (ASAMI) bone and functional results.

Results: Bony union was achieved after the initial treatment in 27

(71%) patients. The presence of bone infection correlated with initial

failure and persistent nonunion (P = 0.03). The 11 persistent nonunions

were re-treated with TSF reapplication in 4, intramedullary rodding in

3, plate fixation in 2, and amputation in 2 patients. This resulted in

final bony union in 36 (95%) patients. The average LLD was 1.8 cm

(0–6.8) (SD 2). Alignment with deformity less than 5� was achieved
in 32 patients and alignment between 6� and 10� was achieved in

4 patients. Significant improvement of Short Form-36 (SF-36) scores

was noted in physical role (P = 0.03) and physical function (P =

0.001). AAOS lower-limb module scores significantly improved from

56 to 82 (P , 0.001). ASAMI bone and functional outcomes were

excellent or good in 36 and 34 patients, respectively. The number of

previous surgeries correlated inversely with the ASAMI bone (P =

0.003) and functional (P = 0.001) scores.

Conclusions: One can comprehensively approach tibial nonunions

with the TSF. This is particularly useful in the setting of stiff

hypertrophic nonunion, infection, bone loss, LLD, and poor soft-

tissue envelope. Infected nonunions have a higher risk of failure than

noninfected cases. Treatment after fewer failed surgeries will lead to

a better outcome. Internal fixation can be used to salvage initial

failures.
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INTRODUCTION
Tibial nonunions have been treated with a variety of

surgical methods including plate osteosynthesis with bone
graft,1–3 intramedullary nailing,4–7 and external fixation.8–16

The complexity of a tibial nonunion can be variable and
depends on several factors. The ‘‘personality of a fracture’’ is
a term and concept introduced by Schatzker17 and its use
underscores the complexity of a particular problem and helps
organize a treatment approach. We have found it helpful to
apply this concept to nonunion. The personality of a tibial
nonunion is determined by a number of factors including bone
loss; radiographic appearance and stiffness as they relate to
the nonunion biology; deformity; leg-length discrepancy
(LLD); presence or history of infection; soft-tissue envelope;
retained hardware; and patient factors including diabetes,
smoking, and neuropathy. Although the use of internal fixation
is effective in the treatment of selected tibial nonunions, these
techniques have their limitations.

The Ilizarov method has gained many advocates for the
treatment of tibial nonunions over the last 2 decades,
particularly hypertrophic nonunions8,12,13,15,16,18,19 and nonun-
ions associated with bone loss,9,12,20–23 infection,9,24,25 and
a poor soft-tissue envelope.12,20,26 The classic Ilizarov frame
has been used to correct all deformity,10,18,27–30 including
lengthening and bone transport.20,22,26 However, deformity
correction with components of angulation, translation, and
rotation requires a staged correction and frame modifications.

The TSF (Smith and Nephew, Inc., Memphis, Tennes-
see) is an evolution of the original Ilizarov frame and uses the
same concepts of distraction osteogenesis as the classic frame.
However, it uses a virtual hinge and a computer program to
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simultaneously correct length and all aspects of deformity
including angulation, translation, and rotation.10,15,31

We have used the TSF and the Ilizarov method to
comprehensively approach these complicated and in many
cases limb-salvage situations. The purpose of this study was to
review the results of our experience with a consecutive series
of complex tibial nonunions and bone defects. Although our
initial intention was not to use internal fixation, we did use it to
successfully salvage some initial failures.

PATIENTS AND METHODS
After obtaining Institutional Review Board approval, our

registry was used to identify the study population. Between
1999 and 2003, 38 consecutive patients with 38 tibial nonunions
were treated with the TSF. There were 30 men and 8 women
with an average age of 43 years (8–72). Our study population
contained a wide range of conditions, which made this a
challenging group of patients. There were 10 patients who
smoked and 4 people with diabetes including 1 who was status
post-kidney transplant with blindness and neuropathy, 1 with
psoriasis, and 1 with asthma and hypertension. One patient had
rheumatoid arthritis. One patient had 15 degrees of equinus
contracture of the ankle. One patient had prostate cancer. One
patient was addicted to heroin and crack cocaine. Five patients
had asthma (including the patient with diabetes described
earlier), including 1 with emphysema. One patient had hemo-
chromatosis and testicular cancer.

The nonunions were the outcome of closed fractures in
10, open fractures in 26, bone defect following failed tumor
reconstruction in 1, and osteomyelitis and bone defect fol-
lowing a snake bite in 1 patient. Ten patients had previous
flaps and 17 patients presented with drainage. There were 18
atrophic, 14 normotrophic, and 6 hypertrophic nonunions. The
tibial location of the nonunion was proximal in 6, middle in 12,
and distal in 20. There were 23 patients with bone defects with
an average size of 5.9 cm (1.5–16). LLD was present in
22 patients with an average of 3.1 cm (1–5.7). This resulted in
an average longitudinal deficiency (sum of bone defect and
LLD) of 6.5 cm in 31 patients (1–16).

There was a history of infection in 23 patients treated
previously with antibiotics. At the time of surgery, 19 (50%)
nonunions were diagnosed as infected, and these patients
were treated with 6 weeks of culture-specific antibiotics. Organ-
isms cultured at the time of surgery included Pseudomonas
aeruginosa, Staphylococcus epidermidis, Staphylococcus
aureus, methicillin-resistant Staphylococcus aureus (MRSA),
Enterococcus faecalis, Citrobacter freundii, Serratia marces-
cens, Streptococcus viridans, group B streptococcus, and
Staphylococcus maltophia. Four patients grew multiple
organisms.

The average number of previous surgeries was 4 (0–20).
Nine patients were previously treated with plates. Ten patients
were previously treated with rods. Nineteen patients were
previously treated with external fixation. Five patients were pre-
viously treated with bone grafts. Ten patients were previously
treated with flaps. Fifteen of the patients in our study had been
unsuccessfully treated with 2 or more of these modalities. During

our treatment, 2 patients underwent free flaps and 2 patients
underwent simultaneous bone and soft-tissue transport.

Bone grafting with demineralized bone matrix (DBM)
was performed in 25 (66%) patients. Distraction osteogenesis
for bone transport or lengthening was performed in 20 (53%)
patients with an average of 6.7-cm length (2.5–16) (SD 3.3).
This was achieved at the proximal tibia in 13, distal tibia in 2,
both locations (trifocal technique) in 3, and femur in 2. To
enhance bone healing, external electrical stimulation was used
in 22 patients, internal electrical stimulation was used in
1 patient, and ultrasound was used in 8 patients.

Clinical follow-up was obtained consisting of physical
examination, radiographs, SF-36 scores, AAOS lower limb
module scores, and ASAMI classification of results (which
scores a separate bone and functional outcome).22,23

The outcomes of different subgroups and variables were
evaluated for differences. These included infection, size of
bone defect, nonunion location, nonunion type, and previous
treatment.

Our approach to the nonunions was based on presence of
infection, nonunion type, soft-tissue situation, bone loss, and
LLD. All nonunions were treated with the TSF and Ilizarov
method. However, different strategies were used, including
acute or gradual correction, open or closed approach to the
nonunion, simultaneous or staged lengthening, insertion of
antibiotic beads, application of flap, or soft-tissue transport.
This is further elaborated in the Discussion section.

Initial bony union failures were re-treated with use of
internal fixation, external fixation, or amputation based on the
individual situation.

STATISTICAL METHODS
Because this study has a small sample and multiple

comparisons, unadjusted P values have been quoted.
Statistical analysis was performed using the Fisher’s exact
test, Pearson’s correlation, Spearman’s rank correlation, Mann-
Whitney test, paired Wilcoxen test, and paired t-tests as was
felt to be most appropriate by the statistician.

RESULTS
The average follow-up after frame removal was 37

months (15–63; SD 13). The frame was used dynamically in
distraction and/or compression for a duration of 132 days (15–
480; SD 161). The total time in the frame averaged 289 days
(119–715). The presence of preoperative bone infection cor-
related with increased time in the frame (P = 0.02, Mann-
Whitney test). The subgroup without bone infection wore the
frame for a mean of 216 days (SD 102), and the subgroup with
bone infection wore the frame for a mean of 344 days (SD
172). The size of bone defect correlated with longer time in
frame (P , 0.001, Pearson’s correlation).

Bony union was achieved after the initial treatment in
27/38 (71%) patients. Nine of these 11 initial failures were in
the infected nonunion group. The presence of bone infection
correlated with initial failure and persistent nonunion (P =
0.03, Fisher’s exact test). We did not find any correlation
between outcome of nonunion and associated conditions of
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diabetes or smoking. No correlations between bony union and
previous treatment, nonunion location, nonunion type,
presence or size of bone defect, and specific organism of
infection were found.

The 11 persistent nonunions were re-treated with TSF
reapplication in 4, intramedullary rodding in 3, plate fixation
in 2, and amputation in 2 patients. This resulted in final bony
union and absence of infection in 36/38 (95%) patients. Two
patients with persistent nonunion and infection were treated
with amputation. One patient was treated with a transtibial
amputation, and 1 patient with a very proximal infected tibial
nonunion was treated with a transfemoral amputation. The
average final LLD was 1.8 cm (0–6.8; SD 2). Alignment with
deformity less than 5�was achieved in 32 patients and between
6� and 10� was achieved in 4 patients.

SF-36 scores improved in 6 of 8 categories including
physical role, physical function, general health vitality, social
function, and mental health. Significant improvement was
noted in 2 categories of the SF-36. Physical function improved
from a mean of 19 to 51 (P = 0.001), and physical role
improved from a mean of 21 to 51 (P = 0.03) (paired Wilcoxen
test). Mean AAOS lower limb module scores significantly
improved from 56 to 82 (P , 0.001) (paired Wilcoxen test).

According to the ASAMI classification of results, there
were 24 excellent, 12 good, and 2 poor bone outcomes and
20 excellent, 14 good, 2 fair, and 2 poor functional outcomes.
The number of surgeries performed prior to our treatment cor-
related inversely with the ASAMI bone (P = 0.003) and
functional scores (P = 0.001; Spearman’s rank correlation).

DISCUSSION
Although bone grafting or noninvasive stimulation32,33

can be effective in certain situations, these modalities used
exclusively do not address instability or deformity at the
nonunion. Whereas the use of plates1–3,21,34 and intramedullary
nails4–7,21,35 are effective in the treatment of selected tibial
nonunions, these techniques have their limitations. Their use
requires acute correction, so large deformity cannot be
addressed safely. Additionally, bone lengthening or transport
for LLD and bony defects cannot be performed with these
tools. Of 33 tibia fractures previously treated with reamed
intramedullary nailing studied by Court-Brown et al4 that did
not unite, exchange to another reamed nail provided good
results, with the exception of fractures with significant bone
loss (50% cortical diameter of tibia spanning 1 cm or more).
Also, in the setting of infection, or previous treatment with
external fixation,35 or a poor soft-tissue envelope, internal
fixation may be less desirable.

Gradual correction with a specialized frame is useful for
large deformity correction, associated limb lengthening, bone
transport to treat segmental defects,9,12,20,22,23,26,36,37and stiff
hypertrophic nonunion repair.8,10,12,13,15,16 Gradual correction
uses the principle of distraction osteogenesis.12,18 Bone and
soft tissue is gradually distracted at a rate of approximately
1 mm per day in divided increments. In the present series of
nonunions with deformity and bone loss, the TSF was used
dynamically in distraction and/or compression for a duration
of 132 days (15–480). Dynamic use of the TSF included

correction of deformity, bone transport for bone defects, and
gradual compression of the nonunion.

Deformity corrections were performed either acutely or
gradually with the TSF. Acute corrections were reserved for
modest deformities. Acute correction of large deformity was
avoided because of a concern regarding stretch injury to the
neurovascular structures and skin.10,15,31 We used the TSF to
correct primary deformities such as in stiff nonunions and
secondary deformities that occurred during lengthening and
bone transport.

Consideration of the biology of the nonunion helped us
plan our treatment. There were 6 stiff nonunions (noted after
osteotomy of the fibula) in the current series. Thesewere noted to
be hypertrophic nonunions on x-ray. Ilizarov8,12 introduced the
approach for treating stiff hypertrophic nonunions using an
external fixator to stimulate osteogenesis by distraction of the
fibrocartilage at the nonunion site. Gradual distraction to achieve
normal alignment results in bone formation. Several studies
have confirmed Ilizarov’s success with this technique.8,13,15,16,19

The principal advantages are not having to open the nonunion
site in the face of poor skin and widened callus and gaining
length through an opening wedge correction (Fig. 1).

Eighteen atrophic nonunions were mobile after fibula
osteotomy in the current series. Treatment was directed toward
improving both the biology and the mechanical environment to
achieve bony union. The 14 normotrophic nonunions were
noted to be somewhere between atrophic and hypertrophic in
terms of stability and radiographic appearance. Atrophic and
some normotrophic nonunions were exposed, fibrous tissue was
removed, bone ends were contoured so there was healthy bleed-
ing bone on both sides with good contact, and intramedullary
canals were opened. Stripping of soft tissue was kept to a min-
imum. Acute correction of deformity was followed by bone
grafting and stable fixation with compression.

A helpful feature of the TSF was that in addition to the
ability to acutely compress the nonunion in surgery, we could
add more compression during the postoperative period even
when the rings were not parallel. Partial correction of the defor-
mity could also be done with the remainder of the correction
performed gradually if the soft-tissue situation mandated this.

Some of the normotrophic nonunions in the current
series were alternatively approached with the use of gradual
correction. The nonunion was approached in a minimally
invasive fashion through 1–2 cm incisions. With the aid of
intraoperative fluoroscopy, the nonunion was mobilized with an
osteotome and the intramedullary canals were opened by using
a cannulated drill and curettes. Bone graft then was inserted
through a small diameter tube. The frame was then applied and
used to gradually correct the deformity and achieve optimal
bone contact. Once this was accomplished, axial compression
was performed. Full weightbearing was allowed immediately
after surgery. If additional length was needed, an osteotomy for
gradual lengthening was performed at a different site.

For the infected nonunions, the patients had been off all
antibiotics for several weeks and multiple intraoperative
cultures and pathology specimens were sent to the laboratory
at the time of surgery. Seventeen of our patients presented with
drainage. There were 19 (50%) in the current series with
positive intraoperative cultures. Infected nonunions were
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approached in an open fashion. The goals of surgery were to
remove all dead bone, open the intramedullary canals, oppose
bleeding bone surfaces, and correct the deformity. The
nonunion was then mechanically stabilized. With the help
of an infectious disease consultant, treatment for chronic
osteomyelitis was rendered. This usually consisted of culture-
specific intravenous antibiotics for 6 weeks followed by an oral
regimen. Bone graft was not used at the primary surgery.
Antibiotic beads were used for dead space management and
local antibiotic delivery only in the setting of a purulent
infection. When debridement of the nonunion resulted in

a bone defect, the frame was used for bone transport (Fig. 2) or
acute shortening and gradual lengthening.9,20,22–24,26,36

When bone transport was used to treat a bone defect, the
docking site was prepared when there was about 1 cm of gap.
Preparation of the docking site included debridement of
fibrous tissue, realignment of bone ends to maximize bony
contact and minimize deformity, and addition of bone graft
(DBM). This approach has been reported to improve the rate of
bony union.20,22 The site was also cultured to confirm erad-
ication of infection. In some cases, we chose not to bone graft
the docking site. Reasons included poor skin and concern of

FIGURE 1. A, B, C, Preoperative front view, anteroposterior (AP), and lateral radiographs showing a hypertrophic tibia nonunion
with deformity and shortening. D, Immediate postoperative front view showing Ilizarov/Taylor Spatial Frame in place matching the
deformity. E, AP radiograph 5 weeks after surgery and distraction of the nonunion. Note that neither osteotomy nor open approach
was performed. F, G, AP, lateral radiograph, and front clinical view at 6 months after surgery showing bony union and correction of
deformity.
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wound problems or a short transport where bone contact was
achieved quickly.

The soft-tissue envelope was a critical consideration in
treatment. Ten of our patients presented with previous flaps.
In the current series, there were 4 large soft-tissue defects. For
these, 2 free muscle flaps were performed and 2 patients had
gradual bone and soft-tissue transport26 without a flap. We
successfully used the vacuum-assisted closure device to help
the open wound granulate during bone transport in 1 of these
2 cases.38 Acute shortening with or without temporary deformity
can also be used to close a wound.36 It is a matter of philosophy
whether the acute or gradual shortening technique should be
used as a last resort only when flap coverage is not an option or if
it should be used as a first resort to avoid the need for a flap. Flap

coverage works well39,40 with bone transport under a healthy
soft-tissue envelope. Acute36 or gradual20,26 shortening can be
successful and avoid the need for a flap. The final choice will
depend on the surgeon’s preference, patient factors, and avail-
ability of plastic surgery expertise. We are more likely to choose
a flap for a patient with a large soft-tissue defect and to choose
acute shortening with angulation for patient with a smaller soft-
tissue defect. Other factors such as vascular anatomy and
medical comorbidities will also be considerations.

In the current series, bony union was achieved after the
initial treatment in 27 (71%) patients. Initial failure was
correlated with infection. The lack of correlation with diabetes
and smoking is likely related to a small sample of patients. The
11 persistent nonunions were re-treated with TSF reapplication

FIGURE 2. A, B, Preoperative AP and lateral radiograph of an infected distal tibia nonunion. C, Intraoperative lateral radiograph
after 9-cm excision of necrotic bone. The ankle was preserved with a small segment of distal tibia. D, Lateral radiographs of the
mounted TSF showing the proximal tibia lengthening site and the distal tibia docking site at the end of distraction. The TSF was set
up to lengthen proximally and compress distally. E, F, AP and lateral radiograph showing the healed proximal tibia lengthening and
the distal tibia nonunion (1 year after frame removal). G, AP radiograph showing the healed distal tibia nonunion with preservation
of the ankle joint (1 year after frame removal). H, Back view of the patient (1 year after frame removal).
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in 4, intramedullary rodding in 3, plate fixation in 2 (Fig. 3),
and amputation in 2 patients. Only the 2 patients who were
treated with amputation had persistent infection. This resulted
in final bony union in 36 (95%) patients. The use of internal

fixation to salvage initial failures in 5 patients was not planned.
In these patients, complex nonunions were converted
into more simple nonunions that could be successfully treated
with intramedullary rods or plates. Two patients who had

FIGURE 3. A, AP radiograph of an infected nonunion of distal tibia in a patient who is insulin dependent. Note the shortening of the
medial column of the ankle. B, AP radiograph after lengthening of the tibia relative to the fibula to restore malleolar relationship. Six
weeks of intravenous antibiotics had been administered. C, AP radiograph that shows a stiff nonunion with medial bone loss after
frame removal. Infection was eradicated. D, E, AP and lateral radiographs 2 years after percutaneous plating and bone grafting of
the tibia showing bony union.
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undergone bone transport and had persistent nonunions at the
mid-diaphyseal docking site were successfully treated with
closed intramedullary rodding. One patient who had a stiff
nonunion at the proximal metaphyseal docking site was
successfully treated with a locked plate. One patient (Fig. 3)
with an infected distal tibial nonunion with deformity was left
with incomplete bony union but with correction of deformity
and eradication of infection. Percutaneous plating was effec-
tive to help achieve bony union. Although a concern, none of
these patients developed infection after insertion of internal
fixation. Kocaoglu et al37 even used bone transport over an
intramedullary nail for infected nonunions. They noted de-
creased time in frame but did report recurrent infection in 2 of
7 (29%) of tibial cases.

The current series is a relatively large group of
consecutive nonunions treated with the Ilizarov method and
the TSF. The outcomes were similar to other series reported in
the literature.8–10,13,15,20–26,41 This is the largest series in the
English language orthopaedic literature of tibial nonunions
treated with the TSF. Feldman et al10 reported their experience
with the TSF for 18 nonunions and malunions. There were 7
tibial nonunions in their series. They achieved bony union in
17 of 18 patients.

Infected nonunions have a higher risk of failure than
noninfected cases. Dendrinos et al24 reported on their expe-
rience with the Ilizarov technique and frame for treatment of
nonunion of the tibia associated with infection in 28 patients.
Of the patients, 11% had a problem with union that required
bone graft. One patient had a refracture and was ultimately
treated with an amputation. Cattaneo et al9 also reported on
28 patients with infected nonunions and segmental defects
treated with the Ilizarov frame. They achieved bony union in
all patients. Good to excellent functional results were noted in
21 patients.

LLD and deformity were addressed in all patients. The
average final LLD was 1.8 cm. Alignment with deformity less
than 5� was achieved in 32 patients and between 6� to 10� was
achieved in 4 patients. Our impression is that use of the TSF
gives the surgeon better and easier control of bony position
than the traditional frame. Also, when dealing with staged defor-
mity correction or need for secondary deformity correction, the
TSF modifications are easier and quicker than with the classic
Ilizarov frame. Once contact and compression at the nonunion
site were achieved, additional stabilization of the TSF was
accomplished by adding rods or additional struts to lock the
frame. Precise deformity correction41–45 and ease of use43,44,46

have been cited by other authors as advantages of the TSF.
Kristiansen et al46 showed that the external fixation index was
comparable between the TSF and the classic Ilizarov frame.

This study’s limitations include its retrospective nature
and small numbers of patients. A randomized prospective
study with large numbers of tibial nonunions would help clar-
ify when to choose the TSF versus the classic Ilizarov frame.

One can comprehensively approach tibial nonunions
with the TSF. This is particularly useful in the setting of
hypertrophic nonunion, infection, bone loss, LLD, and poor
soft-tissue envelope. The Ilizarov method is particularly useful
for addressing the spectrum of tibial nonunion pathology. The
TSF saves time when dealing with complex deformity.
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