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Significance: Military service members are susceptible to traumatic extremity
injuries that often result in limb loss. Tremendous efforts have been made to
improve medical treatment that supports residual limb function and health.
Despite recent improvements in treatment and novel prosthetic devices, many
patients experience a wide range of clinical problems within residual limbs
that can negatively impact the progress of rehabilitation programs while also
impairing functional capacity and overall quality of life.

Recent Advances: In addition to existing standard imaging modalities that are
used for clinical evaluation of patients suffering from traumatic extremity
injury, novel noninvasive imaging techniques are in development that may
facilitate rapid and sensitive assessment of various aspects of traumatic ex-
tremity injuries and residual limb health.

Critical Issues: Despite recent advances, there remains a clinical need for
noninvasive quantitative imaging techniques that are capable of providing
rapid objective assessments of residual limb health at the time of initial pre-
sentation as well as after various forms of medical treatment.

Future Directions: Ongoing development of imaging techniques that allow for
assessment of anatomical and physiological characteristics of extremities ex-
posed to traumatic injury should greatly enhance the quality of patient care
and assist in optimizing clinical outcomes.
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SCOPE AND SIGNIFICANCE

THE FOLLOWING REVIEW discusses
a variety of imaging modalities that
are currently available and used clini-
cally for assessing traumatic extremity
injuries, while also addressing rela-
tive benefits and limitations associated
with each modality. In addition, sev-
eral imaging modalities that have been
more recently developed and are in the
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process of validation are discussed in
the context of evaluating patients with
traumatic extremity injuries.

TRANSLATIONAL RELEVANCE

A variety of noninvasive imaging
techniques that could have poten-
tial application in the assessment
of traumatic extremity injuries con-
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tinue to be developed and validated in the pre-
clinical setting. Numerous animal models of limb
ischemia and skeletal muscle tissue injury are
available for initial testing; however, before obtain-
ing FDA approval and widespread clinical applica-
tion, these imaging modalities must undergo
rigorous testing and validation. Ongoing efforts by
imaging scientists should facilitate the development
of noninvasive quantitative indices that will one day
assist clinicians with improved assessment and
tracking of medical treatments in patients suffering
from traumatic extremity injuries.

CLINICAL RELEVANCE

Advances in protective body armor, vehicles, and
medical treatment have improved combat survival
rates; however, survivors often suffer traumatic ex-
tremity injuries.»? As of October 1, 2016, there are
1,703 service members who have sustained trau-
matic limb loss due to Operations: Enduring Free-
dom, Iraqi Freedom, New Dawn, Inherent Resolve,
and Freedom’s Sentinel (Source: Extremity Trauma
and Amputation Center of Excellence, Walter Reed
National Military Medical Center). Though less
apparent, the civilian population also suffers from
traumatic extremity injuries; an estimated 185,000
Americans undergo limb amputation annually,® and
an estimated 900,000 will be living with traumatic
limb loss in 2020.*

BACKGROUND

The integrity of the vasculature, nerves, and soft
tissue within the extremities is of high importance,
as an impairment or deficiency to any of these tissues
in isolation or combination can lead to issues with
residual limb pain, impair the progress of rehabili-
tation programs, and/or result in prosthesis aban-
donment, thus reducing mobility, function, and
overall quality of life for patients.” Residual limb
pain, in particular, may occur due to numerous rea-
sons, such as neuroma, chronic inflammation, infec-
tion, retained foreign bodies, heterotrophic bone
formation, and vascular abnormalities.® Therefore,
effective diagnosis can be critical in directing the
medical treatment of patients. Standard noninva-
sive imaging modalities such as ultrasound, X-ray
computed tomography (CT) imaging, magnetic
resonance (MR) imaging, single photon emission
computed tomography (SPECT), and positron emis-
sion tomography (PET) are currently available for
assessing various aspects of extremity health. Spe-
cifically, X-rays, CT, and MR are used for imaging
suspected anatomical complications associated with
extremity trauma, such as vascular (e.g., pseudoa-

neurysm, vascular stenosis or occlusion, hematoma)
and nonvascular injuries (e.g., bone fracture, soft
tissue defect or trauma). Alternatively, SPECT and
PET are the primary modalities for physiological
imaging of molecular and cellular processes (e.g.,
inflammation, metabolism, angiogenesis). However,
with the development of hybrid systems such as
SPECT/CT, PET/CT, and PET/MR, clinicians can
now co-register anatomical images with functional
images. Despite the breadth of currently available
modalities, all clinical imaging modalities possess
relative benefits and limitations related to their
ability to provide comprehensive noninvasive as-
sessment of extremity health (Table 1). Other im-
aging modalities are still in developmental stages
and have yet to be validated as clinically useful tools;
however, recently, there has been an increased focus
on the development of noninvasive imaging ap-
proaches that are capable of assessing tissue viabil-
ity in patients with limb loss. The ability to assess
tissue viability through the evaluation of vascular
supply as well as tissue blood flow, perfusion, and/
or oxygenation within residual limbs could provide
novel insight into physiological changes that occur
after surgical or medical treatment while also al-
lowing for improved assessment of next-generation
prosthetic devices. Therefore, sensitive, quantitative
imaging approaches that could provide an objective
assessment of residual limb health should have in-
creased roles in the future and advance the standard
of care for patients suffering from traumatic ex-
tremity injuries and extremity amputation.

ULTRASOUND

Within the clinical setting, ultrasound is one of
the most frequently used imaging modalities due
to its relatively low cost and easy portability. Ultra-
sound systems utilize the principle of wave reflec-
tion and echo from oscillating sound waves in
tissues to produce two-dimensional (2D) and three-
dimensional (3D) real-time images of structure,
function, and blood flow, thus making this modality
particularly relevant and valuable as a tool for

Table 1. Characteristics of imaging modalities available
for assessing extremity trauma

Modality Sensitivity Penetration Depth Spatial Resolution
Ultrasound Moderate Low 1mm

CT imaging Limited No limit <1 mm®

MR imaging Moderate No limit <1-3mm*
SPECT High No limit ~5-8mm°
PET High No limit ~3-5mm°

Modified from Stacy and Sinusas.”
CT, computed tomography; MR, magnetic resonance; PET, positron
emission tomography; SPECT, single photon emission computed tomography.



IMAGING OF TRAUMATIC EXTREMITY INJURIES 243

quick, noninvasive assessment of a variety of in-
juries associated with extremity trauma.’

In patients who have experienced traumatic
lower extremity injuries and undergone amputa-
tion, ultrasound imaging has been shown to be a
valuable tool for assessing nerve-related compli-
cations.®® 1% Specifically, ultrasound has been
shown to be useful for visualizing sciatic nerves
and residual limb neuromas, which are caused by
growing proximal axons from the amputated nerve
that lead to the formation of painful bulbous over-
growths.” Neuromas represent a frequent cause of
residual limb pain after amputation and appear on
ultrasound images as oval, hypoechoic masses that
are in contact with the nerve.!! Due to the rela-
tionship between the nerve and neuroma, ultra-
sound imaging along the path of the nerve can be
used to localize the source of pain for guidance
of fine needle aspiration or biopsy. In addition, ul-
trasound imaging of neuromas has been shown
to allow for real-time guidance of various treat-
ments, including local anesthetic injections with
and without steroids, neurolytic injections, radio-
frequency ablation, and surgical revision.%%?
Figure 1 demonstrates the value of ultrasound
imaging of a neuroma before and after treatment
with a steroid anesthetic mixture, where the needle
placement is visualized in real time for guidance
of the therapeutic injection.® In addition to image
guidance for treatment of neuromas, color flow
Doppler ultrasound has also been shown to be
useful for visualization of vascularity around the
site of neuroma formation, thus adding further
value to ultrasound by allowing clinicians to avoid
specific vascular structures during therapeutic

injections, as well as permitting evaluation of the
relationship between various therapies and asso-
ciated changes in neuroma blood flow and pain.®
Along with assessing residual limb neuromas,
ultrasound imaging has been found to be a useful
tool for evaluating structural changes that occur
in the patellar tendon of patients with traumatic
transtibial amputations.'? Since the patellar ten-
don can be a significant weight-bearing structure
for prosthetic use in individuals with transtibial
limb loss, ultrasound can possess significant value
for designing prosthetic devices that allow for op-
timal load transfer between the prosthesis and
residual limb. Indeed, prior work has already
demonstrated that ultrasound is capable of assist-
ing in the development of prosthetic sockets
through the measurement and modeling of the
residual limb-to-prosthetic socket interface.'®
Improved assessment and understanding of the
complex biomechanical interactions between the
residual limb and prosthetic socket should allow for
improved next-generation designs that facilitate
optimal pressure distribution over the residual
limb. Research in the field of finite element analy-
sis has shown that ultrasound imaging can be
useful for modeling of the limb-to-socket interface
by developing quantitative indices to predict the
quality of prosthetic fit. This finite element mod-
eling of the limb-to-socket interface is critical not
only at the time of prosthetic development but also
over time, as residual limbs can undergo serial
changes due to muscle atrophy, edema, and weight
gain or loss, among others.'® Any of these changes
in residual limb structure and health can contrib-
ute to the future development of limb pain or skin
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Figure 1. Ultrasound imaging of a neuroma with the needle in position (A) before and (B) after anesthetic steroid injection (arrowheads represent location of
neuroma; arrow denotes location of needle). (B) After the injection, increased echogenicity is noticed within the neuroma, demonstrating effective delivery of

the steroid anesthetic. Reprinted with permission from Ernberg et al® N, needle.
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damage. Therefore, the use of ultrasound imaging
to precisely model and predict changes in residual
limb characteristics should facilitate future efforts
that are directed at optimizing limb-to-socket fit-
ting while also improving the long-term outlook for
patients with lower extremity limb loss.

In addition to being a useful noninvasive tool for
assessing the lower extremities, ultrasound imaging
has been extensively applied in the evaluation of
traumatic upper extremity injuries. In the setting
of traumatic extremity injury, ultrasound has been
utilized to assess tendons, peripheral nerves, vascu-
lar structures, bone fractures, and foreign bodies.
For tendon-specific injuries, ultrasound can identify
partial or full tendon rupture, swelling, and effusion
in the tendon sheath. In addition, ultrasound imag-
ing can be applied to noninvasively assess superficial
peripheral nerves and identify damage to their nor-
mal fasicular pattern, nerve swelling or thickening,
loss of nerve bundle integrity, and development of
neuromas. Due to the superficial location of some
upper extremity peripheral nerves, ultrasound can
be applied for quick noninvasive assessment after
traumatic injury, therefore assisting in diagnosis of
nerve injuries that necessitate immediate surgical
repair. Along with nerves, vessels of the upper ex-
tremities are susceptible to traumatic injury due to
their tendency to be superficial and/or close to the
bone,'® with penetrating trauma being the most
frequent cause of traumatic upper extremity vas-
cular injury.'® In instances of traumatic vascular
injury, ultrasound can be extremely useful for
evaluating the patency of the affected artery or
vein as well as the integrity of the vascular wall.'*
Although potential bone fractures are commonly
assessed and identified by using standard radiog-
raphy, CT imaging, or MR imaging, superficial
bones of the upper extremities can also be identi-
fied by using ultrasound imaging and can provide
an alternative approach for quick assessment of
traumatic bone and joint injuries.'’

One of the most relevant applications of ultra-
sound for military medicine can be in the identifi-
cation of foreign bodies following instances of
penetrating wounds, which can result in pain and
tissue infection. Since ultrasound allows for iden-
tification of both opaque and radiolucent foreign
bodies, this modality offers some advantages over
standard radiography, which can only identify ra-
diopaque materials.'® Fast and accurate identifi-
cation of foreign bodies can be critical for directing
surgical removal and can provide the anatomical
location of the foreign body in relation to tendons,
nerves, and vessels.' In addition to providing the
location of the foreign body, ultrasound imaging

can also assist in characterizing wound tracts after
traumatic extremity injuries such as soft tissue
gunshot wounds.*®

X-RAY AND CT IMAGING

In the setting of traumatic extremity injury,
digital subtraction angiography (DSA) and CT an-
giography have been the imaging modalities of
choice for evaluating patients with possible vas-
cular injuries. Traditionally, DSA was the primary
imaging approach for evaluating vascular integrity
after traumatic extremity injury; however, the de-
velopment of modern-day CT scanners has resulted
in rapid image acquisition times and whole-body
imaging that possesses high accuracy and excellent
penetration depth at sub-millimeter isovolumetric
voxels, therefore offering high spatial resolution
of vascular anatomy, bone, and surrounding soft
tissue.?®2! Although CT imaging requires the use
of X-rays and exposes patients to ionizing radia-
tion,’ many CT scanners now possess the ability to
modulate radiation exposure to patients through
various attenuation-based techniques.?’ CT imag-
ing has become such a vital component of clinical
care for patients with traumatic injuries that we
have now reached an era where almost every
emergency department has at least one CT scanner
available at any given time.??

In the evaluation of patients exposed to blast
injuries, both X-ray and CT imaging are fast and
effective imaging techniques that are capable of
detecting bone fractures. In addition, metallic and/
or glass fragments, which possess a higher relative
density than soft tissue, can be identified as radi-
opaque objects in the extremities after traumatic
injury.?® No matter the cause of traumatic injury
(e.g., blast injury, stab wound, or gunshot wound),
CT imaging on 16- and 64-slice scanners offer un-
ique opportunities to have the combination of high
spatial and temporal resolution, along with fast
image reconstruction and data processing tech-
niques, all of which are critical in the emergency
diagnosis and surgical planning for patients suf-
fering from traumatic injury.??

Although CT imaging provides value in the
noninvasive assessment of bone, soft tissue defects,
and fragments in soft tissue after extremity trau-
ma (Fig. 2), an important capability of CT imaging
remains the rapid assessment of vascular struc-
tures, since vascular injuries significantly con-
tribute to morbidity and mortality associated with
traumatic injuries.?’ In patients with suspected
vascular injuries, CT angiography is the initial
modality of choice and has been shown to have high
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Figure 2. CT imaging in a patient after primary and secondary blast injuries to the lower extremities and an emergency below-the-knee amputation of the left
limb. (A) Radiography postamputation identified the presence of a metallic foreign body (black arrow), surgical staple (white arrow), and distal femoral fracture
(arrowhead) in the left limb. (B) A maximum intensity projection (MIP) of CT angiography revealed a pseudoaneurysm (black arrow) in the immediate proximity
of shrapnel (white arrow). (C) A sagittal MIP of a CT angiogram of the right limb identified the presence of a second pseudoaneurysm (black arrow) that is also
apparent in the (D) axial view, in combination with a prominent soft tissue defect on the posterior aspect of the limb (arrowheads). Reprinted with permission

from Guermazi et a/®® CT, computed tomography; F, femur.

sensitivity and specificity for diagnosis of extrem-
ity vascular injuries.?*?® Specifically, Soto et al.?®
demonstrated a sensitivity of 95.1% and specificity
of 98.7% when applying CT angiography for the de-
tection of focal arterial injuries in patients suffering
from penetrating and blunt traumatic injuries,
whereas Rieger et al.?! found that CT angiography
had 95% sensitivity and 87% specificity for detection
of peripheral vascular lesions. Recent research also
suggests that CT angiography predicts limb salvage
rates in patients suffering from lower extremity
vascular injury, where the need for surgical inter-
vention and amputations was found to increase as
the number of patent vessels to the lower extremity
decreased.?” Direct evidence of vascular injury on
CT angiography can be indicated by extravasation of
the intravenous iodinated contrast agent, localiza-
tion of extraluminal contrast (suggestive of pseu-
doaneurysm), vascular stenosis or occlusion, or
arteriovenous fistulae, whereas more indirect evi-
dence of vascular injury may appear as a perivas-
cular hematoma or a projectile in close proximity
to an artery.?® In instances when CT angiography
findings are inconclusive, as in cases of potential
vascular dissection, patients may require conven-
tional DSA under fluoroscopic guidance to assist
with diagnosis and guidance of endovascular treat-
ment or surgical planning.?® Specific vascular in-
juries that may be better identified by secondary
inspection on DSA include vascular dissection, oc-
clusion, and spasm. Aside from instances when sig-
nificant CT image artifacts are anticipated due to
metallic shrapnel from blast injuries or gunshot
wounds, DSA remains a second-line tool to CT an-
giography for the noninvasive assessment of vascu-
lar injuries at a majority of trauma centers.?’

Despite the numerous advantages that CT an-
giography and DSA provide in the noninvasive
evaluation of extremity trauma, there are also
limitations that exist for both modalities. Two pri-
mary limitations of DSA and CT imaging unrelated
toimage quality include the use of X-rays that emit
ionizing radiation that is capable of damaging
DNA, and the use of iodinated contrast agents that
can be nephrotoxic for patients with impaired renal
function.” Additional pitfalls associated with CT
image quality in trauma patients include metal
fragments and other foreign objects associated
with trauma that can produce high attenuation
image artifacts that prevent visualization of spe-
cific vessel segments.?? Therefore, radiologists
should carefully review cross-sectional images to
optimize evaluation of vascular injuries that are
not be as readily detected on 3D-rendered images
due to metallic streak artifacts, motion artifacts,
and nonenhanced vascular segments.?®

MR IMAGING

MR imaging utilizes magnetic fields of varying
strengths (1.5-9.4 Tesla for human use and greater
than 10 Tesla for research purposes) to send and
receive radio frequency pulse sequences that pro-
duce high-resolution images that are capable of
assessing anatomy and physiology without the
need for ionizing radiation. Since MR possesses
good penetration depth, superior soft tissue con-
trast, and does not require ionizing radiation, this
imaging modality has been widely applied for
evaluating anatomical and functional characteris-
tics of the extremities.” However, despite the rec-
ognized advantages of MR imaging, MR is not
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indicated in the acute stages of trauma after blast
injury due to the likelihood of metallic foreign
bodies being present in the body, as well as the
length of time required for acquisition of MR im-
ages compared to CT imaging. In addition, MR
imaging is more expensive than ultrasound and
CT imaging and, therefore, not always as readily
available as an initial tool for diagnosing compli-
cations associated with blast trauma.?®

In instances of extremity trauma not associated
with blast injury, MR imaging is becoming a pre-
ferred modality for assessing injuries to extremity
soft tissue. In particular, MR imaging is a valuable
noninvasive tool for identifying and characterizing
the extent of neural injuries and nerve impairment,
as well as associated issues such as muscle edema
and denervation (Fig. 3).3° Extremity trauma can
result in neuropathy due to direct injury to nerves,
or from injury to adjacent anatomical structures.
High-resolution 2D fast spin echo sequences are
one MR-based approach that can be utilized to de-
tect numerous nerve-related injuries in the ex-
tremities, such as traumatic or iatrogenic injuries,
nerve entrapment, inflammation, and tumor-like
lesions.®® In addition, volumetric MR imaging has
been shown to be a useful tool for quantifying sen-
sory neuron loss within dorsal root ganglia after
nerve transection.>! A more recent emerging tool
for assessment of peripheral nerves is 3D diffusion
tensor imaging (DTI) with MR tractography, which
allows for visualization of nerve orientation and
course.?? DTT permits visualization of nerve trac-
tography and microstructural characteristics by
utilizing the anisotropic diffusion of water mole-
cules through axons, thereby producing quantifi-
able parameters (e.g., fractional anisotropy, mean

diffusivity, eigenvalues) that offer insight into
characteristics such as axon density and myelin
thickness.?*** DTI-derived measures of fractional
anisotropy have been shown to correlate well with
histological analyses of axons and myelin®® while
also demonstrating the ability to noninvasively
identify serial changes in nerve characteristics af-
ter peripheral nerve injury in patients®® and animal
models 34353738 (Collectively, MR-based imaging
of peripheral nerves possesses significant clinical
potential as a tool for quantitatively assessing the
effects of microsurgical repair of nerves as well as
neuroprotective therapies after extremity trauma.

Along with established techniques for assessing
extremity nerves, MR imaging has also demon-
strated utility in characterizing numerous other
extremity complications, including neuromas, bur-
sitis, soft tissue inflammation, abscesses, osteomye-
litis, stress fractures, bone bruises, cutaneous
lesions, and neoplastic recurrences.?® In patients
who undergo amputation of a limb, MR imaging is
particularly useful for identifying bursitis, adventi-
tious bursae, and regions of localized soft tissue in-
flammation, resulting from an improper interaction
between the residual limb stump and prosthetic
device. In the noninvasive diagnosis of residual limb
stump bursitis, MR assists in differentiating in-
flammation between cutaneous and subcutaneous
tissue, as well as identifies differences between bone
and muscle inflammation caused by abnormal levels
of mechanical stress on the residual limb.*’ In ad-
dition to an evaluation of structural and inflamma-
tory consequences associated with improper socket
fitting, nuclear MR spectroscopy has also been ap-
plied in patients with lower extremity amputation to
assess exercise-induced changes in skeletal muscle

Figure 3. (A) Coronal views of inversion recovery and (B) fast spin echo, as well as (C) axial view of fast spin echo MR images after traumatic injury to the
lower extremities reveal the presence of a large hematoma (white arrow) that is responsible for compression of the left sciatic nerve (white arrowheads).

Reprinted with permission from Burge et a/3® MR, magnetic resonance.
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metabolism, demonstrating further applicability
and relevance of MR-based approaches in the as-
sessment of patients after traumatic extremity in-
jury and limb loss.*!

In the assessment of vascular abnormalities in
the extremities, multiple MR angiography ap-
proaches are available that do not require the use
of iodinated or gadolinium-based contrast agents,
which is particularly valuable in assessing patients
with renal insufficiency. Specifically, time-of-flight
and phase-contrast imaging are capable of produc-
ing dynamic images of blood vessels, but are limited
in their application in extremity trauma due to long
acquisition times and their tendency to overesti-
mate vessel stenosis.*?> More recent MR techniques
such as quiescent-interval single-shot MR angiog-
raphy, cardiac-gated 3D-fast spin echo MR angiog-
raphy, and flow-sensitive dephasing sequences have
been developed that allow for relatively faster ac-
quisition times, and they are capable of producing
diagnostic-level images that possess similar sensi-
tivity as contrast-enhanced MR angiography.*3**
In addition to noncontrast approaches, contrast-
enhanced MR angiography with gadolinium-based
contrast agents remains a viable option that pro-
duces fast, dynamic, and high-temporal resolution
angiographic images, which is valuable in the setting
of extremity trauma by allowing for differentiation
of high-flow and low-flow vascular abnormalities.?®

Aside from assisting with diagnosis of complica-
tions associated with extremity trauma, MR imag-
ing has also proved to be a useful tool for evaluating
the prosthesis-to-residual limb interface and has
been utilized to identify extremity characteristics
for modification and optimization of prosthetic de-
vice fit. Specifically, Douglas et al.*® previously de-
veloped algorithms that allow for the automatic
extraction of the skin and bone boundaries from MR
images of individuals with lower extremity limb
loss to facilitate biomechanical modeling (i.e., finite
element analysis) of the residual limb-to-prosthetic
interactions, whereas additional work by Buis
et al.*® has used MR images to establish a reference
grid of residual limbs to quantify differences in
volume and shape of soft tissues. Taken together,
this information related to the residual limb could
provide valuable information to guide individual-
ized design of prosthetic devices that allow for ideal
comfort and optimize patient mobility.

RADIOTRACER IMAGING

SPECT and PET imaging are the standard clini-
cal imaging modalities for radiotracer-based imag-
ing that allows for high-sensitivity 3D assessment of

a wide range of physiological processes via detec-
tion of gamma rays and photons emitted from the
radioactive decay of isotopes. Though SPECT and
PET provide high-sensitivity functional images,
both offer low spatial resolution and are, therefore,
typically paired with high-resolution anatomical
images produced by CT or MR systems for accurate
radiotracer localization and quantification. In ad-
dition, both SPECT and PET imaging expose pa-
tients toionizing radiation due to the use of isotopes
that possess varying half-lives.”

SPECT/CT imaging has been applied in the clini-
cal environment for many years for the assessment of
myocardial perfusion in patients with coronary ar-
tery disease; however, SPECT/CT may also have va-
lue in the assessment of extremity trauma through its
ability to evaluate skeletal muscle perfusion under
conditions of rest or stress.*” In addition, SPECT/CT
imaging has already demonstrated potential for as-
sessing a wide range of other physiological processes,
such as bone and tissue infection,*®*°! heterotro-
phic ossification,”® and skeletal muscle angiogen-
esis,?” which could be useful in the evaluation of
extremity trauma and tracking the response to
medical treatment. In the assessment of infec-
tion, multiple technetium-99 m (°*™T¢)-labeled ra-
diotracers have been applied in the extremities.
Specifically, Filippi and Schillaci®® utilized **™Tec-
hexamethylpropylene amine oxime-labeled leuko-
cytes to localize and define the extent of infection
in patients with suspected osteomyelitis and joint
infections, whereas Erdman et al.’! have applied
99mme_labeled white blood cells to assess infections
and developed a standardized scoring system for
rating the severity of wound infections. In addition,
99mme_hydroxydiphosphonate SPECT/CT imaging
has been utilized to evaluate painful knee pros-
theses and has demonstrated the ability to identify
instances of prosthesis loosening or associated tis-
sue infection.*® Aside from SPECT/CT imaging of
infection, **™Tc-methyl diphosphonate (MDP)*® as
well as gallium-67 (57Ga) citrate® have been applied
in instances of suspected osteomyelitis of the ex-
tremities, and %°™Tc-MDP has been used for the
additional noninvasive identification of heterotro-
phic ossification at the site of residual limb stumps.>?

In addition to potential clinical applications of
SPECT/CT imaging in the noninvasive assessment
of extremity trauma, PET/CT imaging also pos-
sesses capabilities that could have considerable
value in patients. Specifically, a frequently used
PET tracer, fluorine-18 (*®F)-fluorodeoxyglucose
(FDG), has been applied in the assessment of sus-
pected osteomyelitis and demonstrated excellent
sensitivity (100%), specificity (93%), and accuracy
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(96%) in a lesion-based analysis.’* ®F-FDG PET/
CT imaging has also shown value for assessing
exercising skeletal muscle metabolism in the lower
extremities of patients with transfemoral ampu-
tation by characterizing variations in metabolic
activity between specific muscle groups of the lower
extremities, indicating potential utility of FDG
imaging in the evaluation of patients undergoing
exercise rehabilitation programs.®® Along with
imaging of muscle metabolism, FDG PET imaging
has also been paired with high-resolution ana-
tomical MR imaging to noninvasively assess met-
abolic activity within peripheral nerves and has
demonstrated increased radiotracer uptake within
injured sciatic nerves (Fig. 4).%¢ In addition to FDG
PET/CT imaging, PET imaging with oxygen-15
(*0)-water has proved to be useful for quantifying
muscle blood flow and identifying areas of tissue
ischemia with sensitivity and specificity levels
similar to those of laser Doppler imaging and
transcutaneous oxygen (TcPO,) measurements,
leading the authors to suggest that quantitative
PET imaging could be useful for future assessment
of lower extremity tissue viability and in deter-
mining the appropriate level of amputation before
surgical intervention.?”

Although both SPECT and PET imaging have
demonstrated efficacy for evaluating skeletal
muscle perfusion and blood flow, both imaging ap-
proaches have relative benefits and limitations,
and thus one modality may be more favorable de-
pending on the clinical scenario. For example,
SPECT is performed by using radioisotopes that
possess longer half-lives, which can be beneficial
when combining lower extremity perfusion imag-
ing with clinically indicated myocardial perfusion
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imaging. However, longer half-life tracers can be
unfavorable due to the resultant higher doses of
ionizing radiation for patients. SPECT imaging is
more widely available than PET due to higher costs
associated with PET imaging, which remains
costly for medical centers due to the need for more
expensive instrumentation, including an onsite
cyclotron or portable generator for isotope produc-
tion. PET scanners already have tools in place for
quantitative assessment of skeletal muscle blood
flow, though, whereas conventional SPECT sys-
tems are limited to evaluation of relative perfusion.
Therefore, both SPECT and PET possess relative
benefits and limitations that should be taken into
account during evaluation of extremity trauma.

SUMMARY

Along with the more established clinical imaging
modalities already discussed, additional noninva-
sive approaches continue to emerge that could one
day reach widespread application for the assess-
ment of extremity trauma. Specifically, ultrasound
systems continue to evolve and can now be incorpo-
rated with other imaging approaches such as near-
infrared spectroscopy and photoacoustic imaging,
thus creating hybrid systems that may lead to ad-
ditional applications for ultrasound systems in the
future. Additional progress in the field of ultrasound
contrast agents and nanoparticles may also facilitate
targeted molecular imaging for the evaluation of
various regenerative medicine treatments for ex-
tremity trauma. Other modalities such as TcPO,,%
laser Doppler imaging,®® laser speckle flowmetry,®°
and hyperspectral imaging®® are also available and
could possess potential utility in the evaluation of

Right

Control

Figure 4. PET/MR imaging in a rat model of unilateral spared-nerve injury of the left sciatic nerve (A, top row) compared with a control uninjured animal (A,
bottom row) demonstrates increased '®F-FDG uptake in the limb (left) with nerve injury. Autoradiography of the excised sciatic nerves from injured (B, top row)
and uninjured (B, bottom row) animals reveals dramatically higher radiotracer uptake in the injured (left) sciatic nerve compared with control sciatic nerves.
This research was originally published in J Nucl Med.®® © by the Society of Nuclear Medicine and Molecular Imaging, Inc. FDG, fluorodeoxyglucose; PET,
positron emission tomography; SNI, spared-nerve injury.
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residual limb tissue health; however, these
approaches are traditionally limited by their
ability to assess measures of tissue per-
fusion and blood flow at a superficial level
and may present issues with regard to a
reproducible serial assessment of specific
anatomical sites due to their limited field
of views.

Currently, a variety of imaging modali-
ties are available that offer a wide range of
diagnostic information on patients who
have suffered extremity trauma. Although
many modalities exist, all of these imaging
approaches still come with relative
strengths and limitations. Therefore, clini-
cians who are responsible for the noninva-
sive assessment and fast care of patients
and military service members after trau-
matic extremity injury should give careful
consideration of the pros and cons associ-
ated with each modality to facilitate and
optimize evaluation and medical treatment
that will lead to the most favorable clinical
outcomes.
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