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Joseph R. Hsu, MD?, and Skeletal Trauma Research Consortium (STReC)'*

Abstract

Background: Customized foot plates attached to the foot ring of an ankle-spanning circular external fixator present a
unique opportunity for patients undergoing complex lower-extremity limb salvage to participate in highly advanced weight-
bearing physical therapy. The purpose of this study was to identify the rehabilitation capabilities afforded by this external
fixator modification.

Methods: Surgical logs and radiographs were reviewed to identify all lower-extremity limb salvage patients from February
2008 to December 2010 treated with an ankle-spanning circular external fixator and a customized foot plate treated by the
same orthopedic surgeon and enrolled in our institution’s Return To Run clinical pathway. Medical records were reviewed
to identify a series of exercises that each patient was able to perform.

Results: Eleven patients were identified. All patients were treated by the same physical therapist. All || patients were
able to bear full weight on their foot plates and perform regular and split squats. Six of | | patients were able to ambulate
unassisted, and 5 patients required a cane. All || patients could navigate stairs and use an elliptical and stair-stepping
machine. Six of || patients could perform single-leg hack squats. Eight of || patients were able to perform double-leg
shuttle jumps, although only 5 of || patients could perform single-leg shuttle jumps. Five of || patients were able to
perform a single-leg balance. Only | patient was able to run on the foot plate.

Conclusions: Patients undergoing lower-extremity limb salvage with an ankle-spanning circular external fixator and a
customized foot plate were able to participate in highly advanced weight-bearing physical therapy exercises during the
osseous and soft-tissue healing process.

Level of Evidence: Level |V, retrospective case series.

Keywords: Taylor spatial frame, llizarov, foot plate, limb salvage, Return To Run

Throughout the United States’ current overseas conflicts in
Iraq and Afghanistan, wounded service members are sus-
taining devastating injuries, mostly due to explosive mech-
anisms.'” Recent advances in battlefield medicine have
increased the survival rate of these injuries’ but leave the
wounded service members with highly complex extremity
injuries. While many of these injuries go on to amputation,
a large number have been treated with various limb salvage
techniques, most notably with circular external fixation.
While ankle-spanning circular external fixation is a
treatment option for distal tibia fractures as well as for
maintaining a neutral foot in the setting of a neurologic
injury,»>*'*"” multiple studies’™ have suggested that
weight bearing in an ankle-spanning circular external fix-
ator must be delayed until the patient has radiographic evi-
dence of healing. In the past, many limb salvage patients at
our institution witnessed their amputee counterparts
achieve seemingly higher levels of function at a faster

pace. These patients demanded a better way to rehabilitate
while undergoing osseous and soft-tissue healing. Thus, in
partnership with our institution’s physical therapy depart-
ment and the Center For the Intrepid, the Return To Run
clinical pathway (RTR)'' was developed.
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Figure |. A lateral (A) and anterior (B) view of a Taylor spatial frame with the described foot plate modification attached.

The RTR involves intense rehabilitation both in and out
of circular external fixation. While in circular external fixa-
tion, we employ a customized footplate and allow our
patients undergoing limb salvage with an ankle-spanning
circular external fixator to bear weight immediately
(Figure 1). Lower-extremity strength training in the form of
squats and lunges begins as soon as the patient is able to
tolerate weight bearing on the injured extremity. Plyometric
exercises are introduced once the patient is able to leg press
or squat 80% of his body weight. After plyometrics are tol-
erated without an increase in pain while in circular external
fixation, agility training commences in the form of foot-
work, cutting, and deceleration drills.

The purpose of this study was to investigate the func-
tional capabilities in the initial cohort of consecutive
patients undergoing lower-extremity limb salvage in an
ankle-spanning circular external fixator using the previ-
ously described foot plate attachment and participating in
the RTR. To our knowledge, the rehabilitation capacity of
these patients with this type of circular external fixation in
place while participating in intense physical therapy has yet
to be described in the literature.

Methods

A retrospective chart analysis identified 11 consecutive
active-duty military patients undergoing lower-extremity
limb salvage with an ankle-spanning Taylor spatial frame
(TSF) and our foot plate modification from February 2008
to May 2010. February 2008 was chosen as the start point

for this study as it marked our first use of the described foot
plate modification. All 11 patients were treated by the same
orthopedic surgeon and physical therapist using the RTR."
Only 1 patient (patient 7) was initially treated with a hinged
TSF that spanned the knee. The knee-spanning portion of
this patient’s TSF was removed the same day the ankle-
spanning TSF with the foot plate modification was applied.
Outpatient, inpatient, and physical therapy records were
reviewed to identify specific rehabilitation exercises each
patient was able to perform. The exercises investigated spe-
cifically included weight bearing, ambulation, squats, split
squats, single-leg hack squats, double- and single-leg shut-
tle jumps, elliptical and stair-stepping machine use, single-
leg balance, and running.

Our foot plate modification (Figure 2) was constructed
with an aluminum H-plate that was approximately 6-mm
thick, which was bolted to the circular external fixator frame.
A carbon fiber footplate was glued to a piece of Y4-inch ortho-
pedic crepe. The crepe and the carbon fiber footplate were
then riveted to the H-plate with 3 copper rivets centered on
the carbon footplate. The crepe side faced the surface of the
H-plate with the carbon fiber exposed at the bottom. A cus-
tomized rocker bottom crepe sole was glued to the bottom of
the assembly. Once finishing work was complete, the rocker
bottom sole was fitted with a nonslip soling cap.

For our study purposes, we defined a squat as being able to
achieve a crouched position with both knees bent to 90 degrees
with the back straight from a standing position (Figure 3). Split
squats require the patient to take a half step forward on the
affected limb and allow the contralateral knee to flex toward
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Figure 2. From left to right: rubber rocker bottom sole tread,
rocker bottom sole, H-plate with a riveted carbon fiber shank
attached.

Figure 3. A lower-extremity limb salvage patient performing a
modified split squat.

the floor while maintaining the front knee and ankle in a
straight vertical plane. Single-leg hack squats and shuttle
jumps were performed on a Shuttle MVP Pro supine squat
machine (Shuttle Systems Inc, Glacier, WA; Figure 4). Single-
leg hack squats were performed with the patient lying supine in
the squat machine and allowing the affected hip and knee to
flex to 90 degrees from neutral and then return to the starting
position. Double- and single-leg shuttle jumps required the

Figure 4. Shuttle MVP Pro supine squat machine. Photo
courtesy of Shuttle Systems Inc (Glacier, WA).

Figure 5. A lower-extremity limb salvage patient performing a
single-leg shuttle jump.

patient to perform a plyometric jump while lying supine in the
squat machine. The starting position was with the hips and
knees flexed at 90 degrees. The patient then performed simul-
taneous isometric knee and hip extension, allowing the foot to
come off the base plate of the squat machine (a modified
jump). The patient jumped and landed with both lower extrem-
ities during a double-leg shuttle jump but only the affected
extremity in a single-leg shuttle jump (Figure 5). Finally, a
patient was given credit for a single-leg balance if he could
maintain balance unassisted on his foot plate for 10 seconds.
All 11 patients were men, with an average age of
27.6 years (range, 19-45 years). The average length of foot
plate use was 245 days (range, 70-518 days). The mecha-
nism of injury for 4 patients was a blast injury, either by an
improvised explosive device or rocket-propelled grenade.
Four patients sustained gunshot wounds, 2 patients were
involved in a motorcycle crash, and 1 patient was involved
in a rollover motor vehicle accident. Patient demographic
data can be found in Table 1. A description of the cohort’s
osseous injuries may be found in Table 2. One patient
underwent bilateral lower-extremity limb salvage in TSFs;
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Table I. Patient demographics.

Length of Foot

Patient Gender Age,y MOI Plate Utilization, d
| M 24 MCC 87
2 M 20 IED 226
3 M 30 GSW 226
4 M 29 MVA 83
5 M 29 GSW 334
6 M 20 RPG 384
7 M 26 RPG 175
8 M 43 GSW 518
9 M 19 GSW 177

10 M 45 MCC 415

I M 21 IED 70

Abbreviations: GSW, gunshot wound; IED, improvised explosive device;
MCC, motorcycle collision; MOI, mechanism of injury; RPG, rocket-
propelled grenade.

Table 2. Patient injuries.’.

Patient Osseous Injury
| G/A 1lIB tibial shaft fracture, closed fracture/
dislocation, multiple MT fractures
2 G/A IlIB tibial shaft fracture
3 G/A IIIC tibial shaft fracture
4 G/A lIB distal fibula fracture
5 Closed tibial pilon fracture
6 G/A 1lIB tibial shaft fracture
7 G/A lIB tibial plateau fracture, IlIB tibial shaft
fracture
8 Closed tibial pilon fracture, talus fracture
9 G/A 1IIB tibial pilon fracture
10 G/A 1lIB tibial shaft fracture

Il G/A IlIB tibial shaft fracture, calcaneus fracture

Abbreviations: G/A, Gustilo-Anderson; MT, metatarsal.
*Multiple injuries refer to the same extremity.

however, only 1 circular frame had a foot plate attached. By
December 2010, all 11 patients had undergone removal of
their circular external fixator. All fractures were united at
the time of TSF removal.

Results

A graphical representation of patient achievements can be
found in Table 3. At the conclusion of the study period, all
11 patients were able to bear full weight on their foot plate.
More than half of the patients (6 of 11) were able to ambu-
late without the need for assistive devices, while the remain-
ing 5 patients required the use of a cane. Every patient was
able to ascend and descend stairs. Only 5 of 11 patients
could perform a single-leg balance on their affected extrem-
ity. Only 1 patient was able to truly run in his circular exter-
nal fixator.

There were multiple complications documented that hin-
dered the rehabilitation for a few of the patients (Table 4).
Four patients developed knee contractures of their affected
limb during the healing process. Of these 4 patients, 1 patient
had initially sustained a direct injury to his knee requiring a
knee-spanning TSF prior to his ankle-spanning TSF with
foot plate modification application, while another patient
underwent a marked proximal tibial bone transport. The
third patient developed a knee contracture secondary to full-
thickness 5% total body surface area burns sustained to his
affected limb. The fourth patient developed a knee contrac-
ture from an unknown cause. All 4 knee contractures
resolved prior to foot plate removal after emphasized knee
extension therapy. Patient 8 also broke his circular foot ring.
Five patients had significant concomitant injuries that
slowed their rehabilitation, including a lumbar spine fracture
without neurologic injury (1 patient), burns not to the lower
extremities (1 patient), and bilateral lower-extremity injuries
(3 patients). Of the 3 patients with bilateral lower-extremity
injuries, only 1 patient had bilateral TSFs, of which only 1
was ankle spanning. Five patients underwent additional sur-
gical procedures after the frame was removed (Table 4). Two
patients (patients 2 and 5) underwent a delayed elective
transtibial amputation for refractory nerve pain. Only 1
patient (patient 8) required a repeat circular external fixator
application after the initial removal, which was to correct an
intolerable residual limb length discrepancy.

Table 5 provides a description of each patient’s final
outcome as of December 2011. Seven of the 9 patients
with salvaged limbs were able to run with appropriate
bracing."

Discussion

This study assessed the rehabilitation capacity of patients
who are actively undergoing lower-extremity limb salvage
in a TSF over a 34-month period of time using a novel
rehabilitation protocol. The foot plate modification
described has been the crucial element that has allowed
patients with ankle-spanning circular fixation to participate
in the RTR. Prior to the inception of this modification, limb
salvage patients had to wait until their circular fixation was
revised to the tibia only or until the entire frame was
removed, which would result in an absence of weight-bear-
ing physical therapy for more than a year in some instances.
We designed multiple foot plate modifications, and the one
we currently use has been the most durable and preferable
to our patients. As detailed above, the RTR was created, in
part, because of patient request for more core and lower-
extremity strengthening and conditioning while undergo-
ing osseous and soft-tissue healing in circular external
fixation. We believed this pathway would help propel a
patient’s rehabilitation once the external fixator was
removed and allow the patient to return to running and
sport participation sooner.'"'*'> A number of studies have
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Table 4. In-frame complications and additional surgical procedures.

Patient Complication (in Frame) Additional Procedures After Frame Removal
2 Knee flexion contracture due to burns Transtibial amputation due to refractory
pain
5 Transtibial amputation
6 Knee traumatic osteoarthritis and
flexion contracture
7 Knee flexion contracture after massive
proximal tibial bone transport
8 Knee flexion contracture Circular external fixator reapplication for
residual limb length discrepancy
10 Broken foot ring® (Figure 6) Operative debridement and irrigation due to

osteomyelitis at a former pin tract

*Patient required a revision Taylor spatial frame application.

Table 5. Final rehabilitation outcomes.

Patient Final Functional Outcome

| Back on active duty in the Army, able to run
short distances in an IDEO

2 Underwent a transtibial amputation for refractory
nerve pain, able to run in prosthesis

3 Back on active duty in the Army, able to run in
an IDEO

4 Returned to full active duty in the Army, able
to run and skydive in an IDEO, redeployed
overseas

5 Able to ambulate with a cane in an IDEQO,
underwent an elective transtibial amputation

6 Able to run in an IDEO, separated from the
Army, full-time college student

7 Able to run in an IDEO, released without
limitations, participated in a mini-triathalon

8 Able to walk without assistive devices in an
IDEO, unable to run secondary to pain

9 Able to walk without assistive devices in an
IDEO, unable to run, separated from the Army

10 Able to run in an IDEO, completed a |50-mile

cycling race at an Olympic training facility

|1 Able to ambulate without assistive devices,
unable to run secondary to back pain, separated
from the Army

Abbreviation: IDEO, intrepid dynamic extraskeletal orthosis."

measured a functional assessment after treatment in a
TSEZ*81213.1718 oither after infectious or traumatic condi-
tions. However, this study differs significantly in that our
patients are still in a TSF and actively undergoing osseous
and soft-tissue healing.

Recent literature has documented the initial successes of
the RTR. Participation in the RTR has allowed service mem-
bers sustaining limb-threatening injuries in the current con-
flicts in Iraq and Afghanistan to return to many athletic
activities, including running, cycling, basketball, and softball."

Figure 6. The white arrow demonstrates a break in the
circular distal foot ring.

Similarly, injured service members who have participated in
the pathway have experienced increased voluntary deploy-
ment rates.”” Current ongoing research is investigating seem-
ingly increased overall return-to-duty rates in service members
participating in the RTR and using a novel custom orthosis.
This may ultimately translate into higher return-to-work rates
in the civilian population.

Multiple studies suggest there should be a delay in
weight bearing when treating a patient with an ankle-span-
ning circular external fixator.>>'> In Kapoor and colleagues’
study’ of 17 patients being treated with an ankle-spanning
Ilizarov fixator for high-energy pilon fractures, weight
bearing was delayed for an average of 13.1 weeks. Similarly,
in the description by Bozkurt et al’ of a closed reduction and
circular external fixator placement for closed pilon frac-
tures, the authors detailed a delay in weight bearing for
5 weeks. While others'? suggest delaying weight bearing
until wound healing has occurred, the presented work is
comparable to work done by Bacon et al' in their study of
14 patients with comminuted tibial pilon fractures treated
with an ankle-spanning Ilizarov fixator in which they
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allowed patients to bear full weight in the immediate post-
operative period with a resulting time to fracture union of
24.5 weeks. It is difficult to determine whether advanced
rehabilitation in a circular external fixator promotes or pro-
longs healing as there was no control cohort in this prelimi-
nary data set. The case with foot ring breakage required a
return trip to the operating room for a frame revision,
although this did not seem to impede rehabilitation prog-
ress. The trend that the less severe injuries predictably took
less time to heal, and vice versa, allows us to theorize that
this form of aggressive rehabilitation likely does not pro-
hibit osseous and soft-tissue healing.

The current study helps demonstrate that not only can
immediate postoperative weight bearing occur in patients
treated with ankle-spanning circular external fixators, but
aggressive weight-bearing rehabilitation can be tolerated in
motivated patients. The broken TSF components (Figure 6)
suggest that we are able to rehabilitate these patients to the
point of fatigue failure of the metal and concomitant com-
ponents of the circular fixator. We consider this to be a
proof of concept that high-energy lower-extremity limb sal-
vage patients can undergo intense weight-bearing rehabili-
tation while undergoing bone transport, bone docking, and
soft-tissue healing. Fixator breakage may be a future manu-
facturing and construction consideration as more high-
intensity limb salvage patients demand higher performance
out of their circular external fixators. The authors do not
believe that this aggressive rehabilitation decreased the
time to osseous union while in circular external fixation,
although it is believed that it did not delay union either. The
general consensus of our patients was that aggressive reha-
bilitation while in their frames helped to accelerate their
rehabilitation once the external fixator was removed.

The retrospective nature of this study is a limitation, and
the small sample size limits the ability to make statistical
interpretations. However, our most significant limitation in
this study is the relatively homogenous patient population,
although with differing injuries. Because of the nature of
many military patients, these patients are, in essence, moder-
ate to high performance athletes. They are in an ideal social
setting with an equal and essentially unlimited access to very
specialized health care, world-class rehabilitation, and social
work support. This is in stark contrast to the average high-
energy lower-extremity trauma patient as described by
MacKenzie et al.” A wide range in the time each patient had
a foot plate may alter what the cohort of patients could do as
a whole; however, 2 of our highest-performing patients were
on cither end of the time range spectrum. Unfortunately, an
injury-matched cohort who had not participated in aggres-
sive rehabilitation while in circular external fixation is not
available for comparison of rehabilitation effectiveness and
osseous healing rates. The use of a validated outcome mea-
sure rather than dichotomous data may have improved the
quality of the data interpretation. Major strengths of the

study include consecutive patient enrollment and use of the
same clinical device and rehabilitation pathway.

In conclusion, we have determined that despite a wide
variety of devastating injuries, patients undergoing lower-
extremity limb salvage with a foot plate modification
attached to an ankle-spanning circular external fixator were
able to participate in highly advanced physical therapy and
had increased functional independence. Aggressive lower-
extremity physical therapy could be performed while in an
ankle-spanning circular external fixator. Continued investi-
gation of these patients may show a faster return to prein-
jury activities.
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