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Abstract

Musculoskeletal injury is the most common type of injury among survivors of combat
trauma, and combat-related trauma is challenging for an orthopaedic surgeon to treat.
Methods of treatment are evolving, but significant gaps remain as knowledge of civilian

trauma is extrapolated to combat trauma.
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More than 32,000 members of the
US Armed Forces have been
wounded during the ongoing wars
in Iraq and Afghanistan, and most of
them have a musculoskeletal inju-
ry."? The most common cause of
these injuries is a mortar, rocket, im-
provised explosive device, or other
potentially lethal explosive weapon.®
Approximately 90% of wounded
service members currently survive
their injuries.' In contrast, survival
rates during the war in Vietnam, the
war in Korea, and World War II were

86.5%, 75.4%, and 69.8%, respec-

tively.* Improved personal protec-
tion equipment and training are
partly responsible for the higher sur-
vival rate. Tactical surgical interven-
tion and rapid evacuation also are in-
creasing the number of patients with
devastating musculoskeletal injuries
who survive the immediate postin-
jury period. The improved survival
rate is accompanied by a corre-
sponding increase in the initial and
late treatment of complex musculo-
skeletal war injuries. In response,
treatment strategies are evolving and
further research is being conducted.

This material is based on work supported (or supported in part) by the Office of Research and Development, Re-
habilitation R & D Service (122P), Department of Veterans Affairs 3772C.

The opinions or assertions contained herein are the private views of the authors and are not to be construed as offi-
cial or reflecting the views of the Department of Defense of US government.
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Intramedullary Flexible
Nailing of War-Related
Diaphyseal Radial Fractures
Many injuries incurred during Op-
eration Iraqi Freedom and Opera-
tion Enduring Freedom have result-
ed from a high-energy mechanism
and include an open, comminuted,
or segmental fracture with a large
zone of injury and significant soft-
tissue loss. Open reduction and in-
ternal fixation with compression
plate osteosynthesis is the most
common method of treating an
adult forcarm shaft fracture. How-
ever, this technique can require ex-
tensive surgical exposure and peri-
stripping, and
occurs after plate removal in 3% to
22% of patients.”® Plate fixation
may not be the optimal mode of
treating some patients with an open
diaphyseal radial fracture, as the
soft-tissue dissection required for
plate placement may complicate
wound stabilization and healing by
disturbing the periosteum over long
comminuted segments. In addition,

osteal refracture
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plate fixation requires adequate soft-
tissue coverage over the plate.

Intramedullary fixation of fore-
arm shaft fractures was introduced
in 1913 by Georg Schéne, who used
flexible silver pins.” More recently
used devices for intramedullary fixa-
tion of an adult forearm shaft
fracture include Kirschner wires,
Steinmann  pins, Rush rods,
Kiintscher nails, Hackenthal bundle
nails, Street square nails, Sage pre-
bent triangular nails, and interlock-
ing intramedullary nails.*'* All of
these devices are intended to limit
soft-tissue dissection, preserve the
periosteum, minimize the length of
incisions and scars, and decrease the
refracture rate. Flexible titanium
nails have been extensively used; re-
sults in pediatric trauma patients
have been reported,''* but few data
are available to guide the use of these
nails in adult patients.

Walter Reed Army Medical
Center Study

During the period from March 2003
to January 2008, 145 combat-related
open diaphyseal radial fractures were
treated at Walter Reed Army Medical
Center (Washington, DC). Ten of
these patients (mean age, 25.4 years;
range, 20 to 39 years) were treated
with flexible titanium nails. All
10 patients had a Gustilo-Anderson
type III radial shaft fracture (nine
type IIIA fractures and one type I1IB
fracture), with concomitant severe
soft-tissue trauma. Seven patients
had a both-bone forearm fracture,
and three had an isolated radial shaft
fracture. Seven had been injured as
the result of an explosive blast; two
had received a military-velocity gun-
shot wound, and one had been in-
jured in a motor vehicle crash. Six
patients had multisystem trauma.
The fracture initially had been im-
mobilized using a plaster splint in six
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patients and external fixation in four.
The mean elapsed time from injury
to definitive fixation was 9.8 days
(range, 4 to 18 days), and the patients
received a mean of 4.1 débridement
procedures (range, 2 to 6 procedures)
before the definitive fixation. None
of the patients received immediate or
delayed bone grafting.

In the seven patients with a both-
bone forearm fracture, the ulnar frac-
ture was treated first, using plate fixa-
tion to restore adequate length. The
technique used for flexible titanium
nail stabilization of the diaphyseal
radial fractures was similar to the
technique described for pediatric
patients.'®> For directional control
during insertion, a nail with a pre-
bent tip is used, or the nail is slightly
bent at the tip before use. The nail is
placed retrograde through a starting
point at the radial styloid between
the first and second dorsal compart-
ments, after the tendons and super-
ficial branch of the radial nerve have
been identified and protected. A
push-and-oscillate technique is used
during insertion to provide better
control and accuracy than malleting
into position. If possible, two flexi-
ble nails are inserted as the surgeon
attempts to divergently position
them into the radial head for better
rotational stability. The nail is cut
close to the bone surface using a
smooth cutter to minimize irritation
of the overlying soft tissue.

The 10 patients had radiographic
and clinical
23.7 weeks after surgery (range,
12 to 48 weeks). The final follow-up
time was 30.5 months (range, 13 to
58 months). Forearm synostosis re-
quired excision in three patients
(two with a both-bone forearm frac-
ture and one with an isolated radial
fracture) at a mean 5 months after
surgery (range, 4 to 6 months), and
pain required nail removal in 1 pa-

union at a mean

tient. There were no postsurgical in-
fections.

One of the patients was a 27-
year-old US serviceman with a
type IIIA comminuted diaphyseal
left radial fracture at the junction of
the proximal and middle thirds, as
well as a posterior interosseous
nerve neurapraxia and an 11-cm
overlying dorsal soft-tissue injury
(Figure 1, A). Despite the relatively
benign appearance of the skin injury,
débridement procedures revealed
marked soft-tissue contusion and
muscle necrosis (Figure 1, B). After
five débridement procedures, the ra-
dial fracture was treated using flexi-
ble titanium nail fixation and de-
layed primary closure (Figure 1, C).
The fracture had united 14 wecks
after surgery, and at 31-month
follow-up the patient had almost-
symmetric forearm rotation com-
pared with the contralateral limb
(Figure 1, D and E). There was
gradual spontaneous resolution of
the neurapraxia.

Other Studies

Open reduction and internal fixation
with compression plating is the most
common method of treating an adult
diaphyseal forearm fracture, and ex-
cellent union rates have been re-
ported with this technique. In a ret-
rospective study of 330 diaphyseal
forearm fractures treated with com-
pression plating, Anderson and asso-
ciates'® found a 97% overall union
rate, with minimal complications.
Hadden and associates,'” in a retro-
spective study of 177 adult forearm
shaft fractures in 108 patients, also
found a 97% union rate after com-
pression plating; the complications
included surgical nerve injury in
seven patients, deep infection in six,
and synostosis in six. Although
union of a diaphyseal forearm frac-
ture can be reliably obtained with

AAOS Instructional Course Lectures, Volume 58, 2009



Orthopaedic War Injuries: Recent Developments in Treatment and Research

Chapter 12

Figure 1

A, AP and lateral radiographs of a 27-year-old man injured by an explosive detonation, showing a type IlIA open dia-
physeal radial fracture and numerous retained metallic fragments. B, Clinical photograph showing an 11-cm dorsal forearm
wound partially approximated with vessel loops. C, AP and lateral radiographs of the forearm after reduction and internal fixation
of the radial fracture with two flexible titanium intramedullary nails. D, AP and lateral radiographs taken at 14-week follow-up
showing a bridging callus across the fracture. E, Magnified lateral radiograph of the proximal forearm showing bony healing of
the fracture.

compression plate fixation, strength
in the forearm, wrist, and hand is
not as reliably restored. Droll and
associates'® evaluated the final range
of motion and strength after plate
fixation of forearm fractures at a
mean 5.4-year follow-up and found
that plate fixation of both-bone frac-
ture restored almost-normal anat-
omy and motion. Compared with
the contralateral forearm, however,
the injured forearm had moderately
reduced strength in pronation (70%
of normal), supination (68% of nor-
mal), wrist flexion (84% of normal),

wrist extension (63% of normal),
and grip (75% of normal) that were
highly significant (all P < 0.0011).
The reported frequency of post-
traumatic radioulnar synostosis is 1%
to 6% after plate fixation of a diaphy-
seal forearm fracture.'®'”'? In
theory, intramedullary nailing of a
forearm fracture causes less soft-
tissue disruption, especially along the
interosseous space, and therefore de-
creases the likelihood of synostosis.
However, flexible nailing did not ap-
pear to limit the formation of fore-
arm synostosis in war-related open
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radial fractures; 3 of the 10 patients
required excision of synostosis to al-
low forearm rotation. Synostosis for-
mation may be related to the exten-
sive soft-tissue damage that results
from a high-energy injury as well as
the traumatic brain injury sustained
by two of the three patients who de-
veloped forearm synostosis.

Brachial Plexus Injuries

The protection provided by military
body armor is limited by the service
member’s mobility needs. As a re-
sult, injuries to the extremities, in-
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Figure 2 A, The normal relationship of the spinal cord, the nerve root, and the dor-
sal root ganglion. B, Preganglionic injury (proximal to the dorsal root ganglion).
C and D, Postganglionic injury (distal to the dorsal root ganglion). (Reproduced with

permission from the Mayo Foundation.)

cluding brachial plexus injuries, ac-
count for a disproportionately high
number of the current wartime in-
juries caused by blasts and missiles.
During World War I, neurovascular
injuries to the upper limb also were
relatively common. The prevailing
treatment was limb amputation with
no attempt to repair the vessels
or nerves, although Carrel® and
Guthrie®' had described techniques
for vascular repair. In 1934, Stevens
stated, “The presumption should be
against operating in cases of tension
or traction injuries. The chance of
suture of a ruptured nerve trunk is a
forlorn hope.”* The large number
of penetrating injuries during World
War II again brought brachial plexus
injury to the attention of surgeons
and led to the development of cervi-
cal myelography, electromyogra-
phy,** nerve action potential record-
ing,”® and the histamine test.** The
British government commissioned
Herbert Seddon to study peripheral
nerve lesions in the hope of improv-
ing patient functioning; Seddon’s
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rescarch continued for several de-
cades and greatly contributed to
knowledge of this devastating
injury.>’~? The outcome of surgical
treatment for brachial plexus injury
nevertheless remained poor, and in
1966 the International Society of
Orthopaedic Surgery and Trauma-
tology concluded that surgical ex-
ploration of the plexus, especially at
the infraclavicular level, had no real
benefit and that surgical repair of le-
sions was generally impossible.*” By
1969, above-elbow amputation with
shoulder arthrodesis and prosthesis
fitting was frequently recommend-
ed

The advent of microsurgery dur-
ing the late 1960s improved the un-
derstanding of nerve injuries and
physiology and increased interest
in the repair of brachial plexus inju-
ry. Improved microsurgical tech-
niques and novel methods of nerve
repair and reconstruction were in-
troduced. During the past two de-
cades, the use of free-functioning
muscle transfers and novel nerve

transfers, as well as an improved un-
derstanding of nerve physiology, has
improved the outcomes of recon-
struction. However, general knowl-
edge of the treatments available for
adult brachial plexus injury is inade-
quate, and many orthopaedic sur-
geons still believe that the best treat-
ment 1s amputation and shoulder
arthrodesis.

Treatment Decisions

Important factors in determining
the treatment of a brachial plexus in-
jury include the appropriateness of
surgery, the timing of surgery, and
the priorities for restoring upper
arm function.”® The appropriate-
ness and timing decisions are among
the most difficult in peripheral
nerve surgery, despite improve-
ments in electrodiagnostic and im-
aging studies. In general, surgery is
indicated when there is no clinical
or clectrical evidence of recovery or
no hope of spontancous recovery,
but it also is dependent on the
mechanism of injury and associated
injuries. Nerve injuries can be
broadly categorized as preganglionic
(avulsion of the nerve rootlets from
the spinal cord) or postganglionic
(rupture of the nerve distal to the
dorsal root ganglion; Figure 2).
Preganglionic nerve injury cannot
be treated by reinsertion of the
nerve rootlets back into the spinal
cord, and alternative means of repair
such as nerve transfer or neurotiza-
tion should be considered. Postgan-
glionic injury, which can include
missile injuries, sharp lacerations, or
ruptures, can be repaired using in-
terpositional nerve grafts. All con-
comitant injuries must be consid-

ered, as they may affect the
reconstruction of the brachial
plexus.

The timing of surgical interven-
tion depends on the type and mech-
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anism of injury. After a sharp, open
injury, immediate exploration and
primary repair of the injured portion
of the brachial plexus can facilitate
end-to-end repair of the injured
nerves. If the open injury is second-
ary to blunt trauma with nerve avul-
sion, the ends of the lacerated nerve
should be tagged, and repair should
be delayed for 3 to 4 weeks; at that
time, the injured nerve ends will be
demarcated, and the zone of nerve
injury can be better identified. A
low-velocity gunshot wound should
be observed because most such inju-
ries are neurapraxic. However, high-
velocity gunshot wounds are associ-
ated with significant soft-tissue
damage and usually require surgical
exploration.

The timing of surgery for a stretch
injury is controversial; however,
most authors agree that a period of
observation along with serial clinical
and electrodiagnostic examination
may be helpful in determining the
type of surgical treatment required.
Early surgical intervention may not
allow sufficient time for spontaneous
reinnervation, but an overly long de-
lay may lead to unnecessary motor
end plate and reinnervation failure.
Early exploration and reconstruction
(3 to 6 weeks after injury) are re-
commended when there is a high
suspicion of root avulsion. Routine
exploration is recommended 3 to
6 months after the injury and allows
for serial examination to determine if
spontaneous recovery will occur in
proximal muscles. Delayed surgery
(6 to 12 months after injury) or late
surgery (more than 12 months after
injury) portends poorer outcomes
because the time required for the
nerve to regenerate to the target
muscles is greater than the survival
time of the motor end plate after
denervation. In late surgical recon-
structions, options other than nerve

transfers/grafting should be consid-
ered. These options include the use
of free functioning muscle transfers
or tendon transfers.

When surgical treatment of an
acute brachial plexus injury is per-
formed, ideally it should be under-
taken within 6 months of injury.*®
Nerve grafting or nerve transfer
is less successful between 6 to
9 months because of the time-
dependent degradation at the motor
end plate of the end organ. After 1
year has elapsed, alternatives to
nerve grafting and neurotization
usually should be considered.

The treatment priorities for a
brachial plexus injury include resto-
ration of elbow flexion and shoulder
stability. Additional function, in-
cluding rudimentary grasping and
elbow extension, frequently can also
be restored. In restoring function to
a flail extremity, elbow flexion usu-
ally is considered the highest priori-
ty;>> in descending order of impor-
tance, other priorities are shoulder
abduction and stability, hand sensi-
bility, wrist extension and finger
flexion, wrist flexion and finger ex-
tension, and intrinsic hand function.

Surgical Treatment

Brachial plexus reconstruction is
considered either primary or sec-
ondary. Primary reconstruction is
the initial surgical treatment. It can
include direct nerve surgery (direct
repair, neurolysis, nerve grafting,
nerve transfer), soft-tissue surgery
(free-functioning muscle transfer),
or both. Secondary reconstruction
may be necessary to augment partial
recovery or obtain function. It can
include soft-tissue reconstruction
(tendon or muscle transfer, free
muscle transfer) or bony procedures
(arthrodesis, osteotomy) but typi-
cally not nerve surgery. Often, a
combination of techniques is used.
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Interpositional nerve grafting still
has a significant role in the treat-
ment of brachial plexus injury and
often is used with newer techniques.

Nerve Transfers (Neurotization)

In a nerve transfer, a functioning but
relatively unimportant nerve is
transferred to a distal but more im-
portant denervated nerve. A nerve
transfer may be preferable to inter-
positional grafting because the
transferred nerve can be placed close
to the donor nerve’s entrance into a
muscle, which in turn would de-
crease the time to reinnervation.

Several nerves can be used as a
source for neurotization. The com-
monly used donor nerves include
the spinal accessory nerve (cranial
nerve XI), motor and sensory inter-
costal nerves, and the medial pecto-
ral nerve. The intercostal nerves are
among the most common extraplex-
al sources for neurotization (Fig-
ure 3) and have been used with ex-
cellent results for both motor and
sensory nerve transfers.

More than a decade ago, several
surgeons in Asia began using the
phrenic nerve and contralateral C7 (or
hemicontralateral C7) nerve in an ef-
fort to expand the pool of extraplexal
donor nerves and improve outcomes.
This type of nerve transfer now is
used in several centers around the
world.*>*? The deep cervical plexus
and hypoglossal nerve (cranial nerve
XII) have also been used for motor
recovery, although the reported re-
sults have been poor.**

Neurotization for shoulder ab-
duction can easily be obtained by
transferring the spinal accessory
nerve or phrenic nerve to the su-
prascapular two
transfers have the benefit of requir-
ing no additional interpositional
nerve grafts and allowing a direct co-
aptation of the nerves. If additional

nerve.>* These
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nerve sources are available, neurot-
ization of the axillary nerve or nerve
grafting from C5 is recommended
to provide additional shoulder sta-
bility and abduction.

Two popular options are available
for restoring elbow flexion in a pa-

tient with an upper trunk avulsion in-
jury: transfer of the medial pectoral
nerve to the musculocutaneous nerve
or the biceps branch and transfer of a
fascicle from the ulnar nerve to the
motor branch of the biceps, which is
known as the Oberlin transfer*

Intercostal motor nerves

Motor branch of
musculocutaneous nerve

Figure 3

Intercostal motor nerve transfer for neurotization of the biceps branch of the

musculocutaneous nerve. (Reproduced with permission from the Mayo Foundation.)

Motor branch of
musculocutaneous nerve

Ulnar nerve

Figure 4 A portion of the functioning ulnar nerve can be transferred to the biceps
motor branch to restore elbow flexion in an upper trunk injury. (Reproduced with

permission from the Mayo Foundation.)
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(Figure 4). In addition, deltoid func-
tion can be restored by transfer of a
branch of the triceps to the posterior
axillary nerve*®*’(Figure 5).

The contralateral C7 or hemi-
contralateral C7 nerve can be used
with a vascularized ulnar nerve graft
(for a complete plexus avulsion in-
jury) or with a sural nerve graft to
bring a large number of motor axons
to the injured side.*”***® When
used with a vascularized ulnar nerve
graft, the contralateral or hemicon-
tralateral C7 nerve can be used to in-
nervate the median nerve in the
hope of obtaining useful finger flex-
ion and protective sensation in the
median nerve distribution.

Free Muscle Transfer
Advances in microsurgical tech-
nique have led to innovations in sur-
gical reconstruction of the upper ex-
tremity after brachial plexus injury.
A free-functioning muscle transfer
is the transplantation of a muscle
and its neurovascular pedicle to a
new location where it will be rein-
nervated by a donor nerve and pro-
vide a new function. The muscle is
powered by neurotizing the motor
nerve to the flap, and the circulation
of the transferred muscle is restored
with microsurgical anastomosis of
the donor and recipient vessels.
Reinnervation of the transferred
muscle by the donor nerve begins
within several months, and eventu-
ally the muscle begins to contract
and gains independent function.
Free-functioning muscle transter
was first used for injuries that were
more than 12 months old. Free-
functioning muscle transfer also has
been used as a salvage procedure af-
ter unsuccessful nerve reconstruct-
ion.***?  Because free muscle
transfer was successful in late sur-
gery, it has been incorporated into
early reconstruction.
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Figure 5 A through C, When the triceps is spared and restoration of axillary nerve function is needed, a branch of the triceps
can be transferred to the posterior axillary nerve. A, Via a posterior approach, the deltoid is identified and elevated. The quadri-
lateral space and triangular interval are identified. B, The axiallary nerve and a triceps branch are identified. The axillary nerve is
divided as far anterior as possible, and the triceps branch is divided as distal as possible. C, The two nerves are then coapted un-

der the operative microscope. (Reproduced with permission from the Mayo Foundation.)

Free muscle transfers are most
commonly used to provide reliable
elbow flexion.>**">* The gracilis
has a proximally based neurovascu-
lar pedicle, which allows relatively
early reinnervation, and a long ten-
don, which reaches into the forearm
for hand reanimation; as a result, the
gracilis is one of the most common-
ly used muscles for brachial plexus
reconstruction. The gracilis can be
used for restoration of biceps func-
tion (Figure 6), wrist extension, and
finger flexion or for a double-
muscle transfer in the two-stage Doi
procedure,” in which both gracilis
muscles are transferred to restore el-
bow flexion and extension, wrist ex-
tension, and finger flexion.

A single-stage gracilis muscle
transfer can be used in a complete
acute brachial plexus injury to restore
elbow flexion and extension, shoul-
der abduction and external rotation,
and rudimentary grasp. The brachial
plexus is first explored, and any us-
able nerve roots are used to target the

shoulder. If no nerve roots are avail-
able, a hemicontralateral C7 nerve is
used to motor the axillary and su-
prascapular nerves through nerve
grafts. Elbow flexion is restored by
the transfer of two intercostal motor
nerves. A free-functioning muscle
transfer is used to obtain finger flex-
ion and is motored by an additional
two intercostal nerves. Triceps func-
tion 1s restored by using the spinal
accessory nerve with a nerve graft to
the radial nerve. Finally, sensation is
restored with an intercostal sensory
nerve transfer to the lateral cord con-
tribution of the median nerve.

Regenerative and Restorative
Treatment of Severe Limb
Trauma

The need for increased medical at-
tention to limb loss was heightened
by the return from Operation Iraqi
Freedom and Operation Enduring
Freedom of service members with
devastating extremity injuries. Al-
though body armor often preserves
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Figure 6 A free gracilis muscle transfer
can be used for elbow flexion. The prox-
imal end of the gracilis is secured to the
clavicle. Vascular inflow and outflow are
via the thoracoacromial trunk, and the
muscle is powered by the spinal acces-
sory or intercostal motor nerves. Distally,
the gracilis tendon is woven into the bi-
ceps tendon. (Reproduced with permis-
sion from the Mayo Foundation.)
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Figure 7 A, A prototype ankle-foot prosthesis requiring connection to a computer.
B, The current ankle-foot prototype with self-contained battery pack and micropro-

cessors (weight, 3.8 Ib).

life by protecting the head, chest, and
abdomen, survivors can suffer from
mutilating upper or lower extremity
injury or limb amputation. The Cen-
ter for Restorative and Regenerative
Medicine at Brown University and
the Providence Veterans Affairs
Medical Center (Providence, RI) is
investigating  technologically — ad-
vanced solutions for the restoration
of limb function after traumatic in-
jury, with funding from the US De-
partment of Veterans Affairs Reha-
bilitation Research and Development
Service. The center’s multidisci-
plinary approach to prosthesis design,
tissue engineering, biomaterials, neu-
rotechnology, and rehabilitation con-
verges in the concept of a composite
or biohybrid limb that is composed of
both biologic and synthetic materials;
the limitations of each type of mate-
rial theoretically can be overcome by
integrating them. The center’s long-
term goals are to develop biomimetic
prostheses, optimize the human-
prosthesis interface with neurocon-
trol devices, improve osscointegrated
fixation, and lengthen short residual
limbs. Research also is focused on
techniques for tissue restoration
through tissue engineering and re-
generative medicine. Success will de-
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pend in part on the development of
rehabilitation  strategies  using
computer-based virtual technology
and other modalities.

Biomimetic Prosthetics

Currently available prostheses are
not responsive to the intent of the
user. The stiffness of human lower
extremity joints varies with walking
speed, and the joints store return
energy at a predictable level. In con-
trast, a conventional prosthesis has
fixed mechanical properties,
quires a significant increase in meta-
bolic energy use, and does not readi-
ly accommodate changes in walking
speed. The patient may be forced to
accommodate an asymmetric gait
pattern and may have difficulty in
changing direction and maintaining
balance. The goal of current re-
search is to develop joints that use
biomimetic control, musclelike ac-
tuation, and neurosensors to achieve
greater responsiveness to the user’s
actions and wishes. A system de-
signed to mimic the normal stiffness
and damping of a joint (joint imped-
ance) will be coupled with a me-
chanical power source to improve
peak power, torque, and velocity
during walking.

re-

Research has led to an ankle-foot
prosthesis that better mimics the
biomechanics of the normal limb
during walking. By using a con-
trolled dorsiflexion spring supple-
mented with additional energy, the
patient can add power to the joint
during plantar flexion. Sensors and
microprocessors allow stiffness to
change and joint position to be con-
trolled within each phase of the gait.
The current system has four pri-
mary mechanical elements: a motor,
transmission, series springs, and
leaf-spring foot. Figure 7, A, shows a
prototype ankle-foot prosthesis that
required connection to a computer.
The most recent model, shown in
Figure 7, B, has microprocessors
and a self-contained battery pack,
and it weighs only 3.8 lIb. The pa-
tient uses a graphic interface to se-
lect both the spring stiftness and the
power generated during specific
phases of gait. Pilot studies found
that the system improves shock ab-
sorption during heel strike and al-
lows a relatively smooth transition
from controlled plantar flexion to
controlled dorsiflexion. This system
also appears to allow a more natural
gait than a conventional passive
prosthesis.>?

Neurotechnology

The possibility of linkages between
a robotic prosthesis and nerve tissue
has emerged with advances in mi-
croelectronics and the understand-
ing of neural plasticity. Mathemati-
cal algorithms can be wused in
conjunction with microelectronic
sensors to allow complex patterns of
neural activity to be translated into
control outputs for a prosthetic de-
vice. The technology is based on
neural spiking, a source of
information-rich, rapid, and com-
plex control signals from the ner-
vous system, which can be decoded
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into movement
commands. The ability to read and
translate these brain wave patterns

and transformed

has led to the emergence of closed-
loop neuromotor prosthesis (NMP)
technology. NMP research com-
bines the disciplines of biomedicine,
neuroscience, mathematics, com-
puter science, and engineering to
develop bidirectional interaction be-
tween the human nervous system
and external devices. The applica-
tion of NMP technology has the po-
tential to restore lost neurologic
function and provide relatively pre-
cise control of physical devices, in-
cluding prosthetic limbs and semi-
autonomous robots.

The NMP system consists of a
platform the size of a match head,
with 100 thread-thin electrodes that
barely penetrate the surface of the
motor cortex (from which com-
mands to move the hand emanate;
Figure 8). The pattern of neuronal
signals is decoded by a computer
and transformed into the motion of
a cursor on a computer Mmonitor.
The user can move the computer
mouse by thinking. This neural

command signal has been used by
patients with tetraplegia to control
computer software or a television
remote control device.”*>°

Current research is focused on de-
veloping advanced NMP technology
with integrated microscale signal pro-
cessors, innovative broadband optical
telemetry and powering, and minia-
turized processors. The long-term
goal is to create a closed-loop system
that would provide a feedback signal
from the effector to the brain.
Research also is underway to develop
a fully implantable wireless multi-
necuron sensor that could be used as
a platform for whole-body pros-
thetic networking through cortical
interfaces. These technologies ulti-
mately may enable direct brain con-
trol of an artificial limb or paralyzed

muscles.>®

Regenerative Medicine

Research in regenerative medicine
focuses on the use of engineered bi-
ologic tissue to restore function lost
to trauma or disease. Tissue-
engineering strategies use a combi-
nation of cell-based approaches in-
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cluding delivery of the growth-
that guide the

differentiation of stem cells into ma-

factor proteins
ture cells capable of forming carti-
lage, bone, and nerve. In addition,
structural biomaterials using nano-
technology are being developed.
Synovial fibroblasts for enriching
cartilage repair in a pig model are
produced by harvesting synovial
membrane, enzymatically digesting
it, and isolating the primary synovial
cells. The isolate consists of mesen-
chymal stem cells and synovial fibro-
blast stem cells, which are separated
as shown in Figure 9; the fibroblast

Figure 8 Match head-size NMP plat-
form with 100 thread-thin electrodes.

Synovial Joint

Synovial membrane

Articular cartilage

Fibrous joint capsule

Joint cavity filled
with synovial fluid

Ligaments

Negative Isolation

CD14 + dynabeads

Mixed synovial
cell population

Dynabeads attach
to type A
synoviocytes

Type A
synoviocytes
and dynabeads

5%

Purified synovial
fibroblasts

Figure 9  Enrichment of synovial fibroblasts for cartilage repair can be produced by harvesting synovial membrane, enzymati-
cally digesting it, and isolating the primary synovial cells.
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Figure 10  Bioerodable polymer micro-
spheres made of polylactic or polygly-
colic acids become part of a scaffold that
supports and enhances cell growth.

stem cell line is differentiated into
cartilage cells by exposure to specific
sequences of growth factors. Fibro-
blast growth factor-2, transforming
growth factor-B-1, and insulinlike
growth factor-1 are released to
mimic the developmental sequences
for proliferation, differentiation, and
cartilage matrix synthesis. These se-
quencing growth factors can be en-
capsulated into bioerodable polymer
microspheres with greater than 90%
bioactivity. The microspheres are
made of polylactic or polyglycolic
acids and become part of a scaffold
that supports and enhances cell
growth (Figure 10).

Nanomaterials, with one dimen-
sion less than 100 nm, have unique,
tailorable surface energy properties
that control the cell interactions lead-
ing to tissuec growth and repair.
Nanostructured  materials  hold
promise for many tissue engineering
applications, including the manipula-
tion of traditional implant materials
so they will possess biologically in-
spired nanometer surface features
that can increase tissue growth.

Tissue engineering and biomate-
rials are combined in transcutaneous
osseointegrated device research. Di-
rect attachment of the prosthesis to
bone could allow a user to experi-
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ence enhanced feedback, called os-
seoperception,  because  contact
through the body would not be
buffered by the skin-muscle inter-
face. Pain could be decreased by
avoiding direct skin contact and
pressure. However, breakdown of
the skin-prosthesis interface can
lead to infection and metal corro-
sion, and this difficulty must be re-
solved before an effective osseointe-
grated device can be developed.
Research continues into the devel-
opment of an environmental seal
that will integrate the epidermis and
dermis with the metal implant by
promoting adhesion or growth into
a porous prosthetic surface.

Rehabilitation

The application of advanced tech-
nologies to rechabilitation of a pa-
tient’s physical and emotional injury
requires a holistic approach. The use
of virtual immersive environments
and motion analysis is being re-
searched. Virtual reality and motion
analysis can be integrated to explore
the patient’s reaction to stress, simu-
late a vocational environment, or en-
hance high-performance training
(especially as related to spatial naviga-
tion and mobility). Virtual reality
can be used to diagnose and treat
physical and emotional injury
through patient exposure to chal-
lenging visual, auditory, vestibular,
tactile, and other sensory experiences
in a safe, structured setting. In par-
ticular, posttraumatic stress disorder
can be diagnosed and treated using
virtual reality immersive environ-
ments. These virtual reality systems
are designed to re-create an experi-
ence representative of combat the
components include a computer-
based program; a head-mounted dis-
play or high-resolution wall display
with three-dimensional spatial-audio
head-and-limb tracking systems; a

vibration platform; and a scent ma-
chine. Advanced feedback using
wireless sensors can measure psy-
chophysiologic arousal following
acute stress.

New tools are being developed to
measure functional outcomes and
assess the effectiveness of current
interventions in clinical practice. For
patients with a lower extremity am-
putation and an advanced prosthesis,
these assessment tools also allow
quality-of-life and mobility testing.
Self-reporting and physical perfor-
mance testing are being used to re-
fine the ability to measure improved
physical function.

The Status of War-Related
Extremity Injury Research
Modern body armor, forward place-
ment of surgical resources, rapid
movement of patients from the
point of injury to medical care, and a
robust medical evacuation system
capable of providing intensive care
are being used in the current Iraq
and Afghanistan conflicts. As a re-
sult, the likelihood that a service
member will survive a battlefield in-
jury is greater than in any other war
in history. The reconstructive chal-
lenges also are unlike those encoun-
tered in earlier wars.

The American Academy of Or-
thopaedic Surgeons (AAOS), the
Orthopaedic Trauma Association,
and the Society of Military Ortho-
paedic Surgeons recognized that
knowledge of civilian blunt trauma
and low-velocity gunshot wounds
cannot be simply extrapolated to
combat trauma produced by explo-
sive munitions and high-velocity
bullets. In response, AAOS orga-
nized a series of symposia on ex-
tremity war injuries (EWI). The first
EWI symposium, “State of the Art
and Future Directions,” was held in
2006 and summarized in a supple-
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ment to Journal of the American Acade-
my of Orthopaedic Surgeons.”” Sympo-
sium sessions dealt with prehospital
care and patient transportation relat-
ed to extremity injury, wound care,
musculoskeletal infection, stabiliza-
tion of long-bone injury, treatment
of segmental bone defects, and post-
amputation care. The organizers
recommended establishment of a
joint military and civilian advisory
board aswellas improvements in pre-
deployment training for the treat-
ment of extremity injuries. Research
objectives and priorities were estab-
lished for improving the clinical
care of wounded service members
(Table 1).

The 2007 EWI symposium pri-
marily dealt with issues related to
the battlefield care of extremity in-
jury and its effect on functional out-
come. Best practice guidelines were
established as a result of the meet-
ing. The 2008 symposium focused
on definitive care and attempted to
identify the available evidence for
the treatment of complex condi-
tions, including massive bone loss,
soft-tissue defect, and heterotopic
ossification.

Congress established the Ortho-
paedic Trauma Research Program
(OTRP) largely because of the ef-
forts of AAOS and the high visibility
of the EWI symposia. The OTRP is
intended to complement, expand,
and broaden the orthopaedic trauma
research funded by the US Depart-
ment of Defense, the National Insti-
tutes of Health, and private indus-
try.>® This program, which funds
grants for up to 5 years, is run by the
US Army Institute of Surgical Re-
search to advance military and civil-
ian research into treatments, prod-
ucts, and guidelines for the care of
battlefield-injured  patients. The
OTRP research priorities closely re-
semble those established during the

Table 1
EWI Research Priorities
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Table 2
OTRP-Funded Reseach Topics

Reliable data collection system
Treatment timing

Débridement techniques
Patient transport

Wound coverage

Antibiotic treatment

Treatment management of segmental
bone defects

Development of an animal model to
simulate blast injury

Postamputation issues

Treatment and prevention of heterotopic
ossification

first EWI symposium (Table 2). The
number of grant proposals submit-
ted to OTRP grew from 60 in 2006
to 96 in 2007 (J. Wenke, US Army
Institute of Surgical Research, per-
sonal communication, 2008). How-
ever, the program is limited by its
level of funding by the Department
of Defense, which fell from $7.5
million in fiscal year 2006 to $6.8
million in 2007 and $4.9 million in
2008.%7°7

Summary

The care of patients who sustain or-
thopaedic war injuries continues to
evolve. New techniques for the fixa-
tion of open, comminuted, battle-
field fractures having large zones of
injury and soft-tissue loss are being
developed. Recent advances in sur-
gery for brachial plexus injuries have
improved the previously poor prog-
nosis for those sustaining combat-
related brachial plexus wounds. The
use of free-functioning muscle trans-
fers and novel nerve transfers, as well
as an improved understanding of
nerve physiology, has improved the
outcomes of reconstruction. Ad-
vances in restorative and regenerative
medicine include the development
of biomimetic prostheses, optimiza-
tion of the human-prosthesis inter-
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Healing of segmental bone defects
Wound infection

Prevention of heterotopic ossification
Healing of massive soft-tissue defects

Tissue viability assessment and
technologies for wound irrigation and
débridement

Translation of research into practice

face with neurocontrol devices, im-
proved osseointegrated fixation, and
lengthening of short residual limbs.
Lessons learned from earlier conflicts
have been instrumental in shaping
important aspects of current ortho-
paedic practice, and the current war
will also stimulate advances in the
treatment of high-energy, complex
musculoskeletal trauma.
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