INTRODUCTION

“Given the fact that patients with longstanding diabetes are
often fraught with coincident neuropathy and an impaired im-
‘mune system, they prove challenging in all facets of medical
management and imaging is no exception. In the face of clini-
cally significant neuropathy with or without autonomic dys-
functon, the patient with diabetes is at high risk for occult
trauma. Given this fact, it is not unusual for these patients to
suffer from injury that results in infection or wound healing
complications that increases their morbidity and mortality rate.
When nuclear medicine imaging (NMI) is used early in the di-
agnostic workup, significant clinical and physiologic informa-
tion can be verified. With the most commonly used techniques,
important physical details can be documented, such as blood
flow to an organ or limb, bone reactions such as arthropathy,
contusion, or fracture, as well as the discrete white blood cell
accumulations seen in infection. Although the science behind
NMI is the same regardless of the patient type, it is particularly
asefud in padent populations that present with combinations of
structural abnormalities, acute arthropathy, and infections.

HISTORICAL REVIEW

The discovery of radioactivity is attributed to Henri Becquerel
in 1896. His findings inspired his assistant, Madame Curie, to
pursue research and analyses of uranium and its by-products
leading to the isolation of pojonium and radium. The Nobel
Prize for physics in this research was shared by Becquerel and
Marie and Pierre Curie in 1903. In 1911, Marie Curie received
a second Nobel Prize in chemistry for her work in the radicac-
tivity associated with uraninm and it decay products.
Therapeutic properties were discovered from the study of ra-
dium, and this remains the basis for the host of NMI used in
clinical medicine and therapeutics today.

Although the imaging technology behind nuclear medicine
dates back to the early 1900s, the first scanner used for isotope
imaging, the rectilinear scanner, was developed in 1951 by
-Benedict Cassen. In 1952, Hal Anger developed the first scintil-
lation camera, the Anger camera, which has served as the
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prowotype for present day camera systems. Over time, its use in
musculoskeletal imaging has been researched and developed
for specific categories of pathology. By the 1980s, computed
tomography advanced nuclear medicine into the world of
cross-sectional imaging and single photon emission computed
tomography (SPECT) systems moved to the forefront of NMIL
This sectional imaging technique was first used for research in
cerebral and cardiac imaging, although today SPECT can be
applied o all organ systems. Examples of this imaging tech-
nique are provided later in this chapter.

Although any organ system can be studied with the benefit
of nuclear medicine techniques, perhaps one of its greatest
strengths is in musculoskeletal imaging. Nuclear medicine im-
aging has facilitated the study of lower extremity neoplasms
(soft tissue and bone), hypercoagulabie states such as sickle-cell
anemia and deep vein thrombosis, fractures, contusions, and
the spectrum of arthroparthy to include bone and joint infec-
tions. Nuclear medicine technology includes radiolabeled
leukocyte and antibody imaging, which has become a very pow-
cerful too] for diagnosing infection and is particularly useful in
imaging acute and chronic inflammatory conditions of the
lower extremities. Repeating NMI after clinical cure can con-
firm or refute the absence of indolent or subclinical infection.
Complex foot and ankle deformities such as the combination
of the Charcot foot with concomitant ulceration and infection
pose an arduous challenge to the surgeon and as such ancillary
imaging techniques such as NMI help to shed light on these
limb-threatening conditions. An academic review of the nature
of this imaging modality and illustrations of common radiola-
beled imaging techniques will underline the clinical utility of
NMI in identifying and discriminating between the various
complications of diabetes in the lower extremity, including the
Charcot foot and infections of soft tissue or bone.

ACADEMIC FUNDAMENTALS

The clinical value of NMI lies in the visual data it produces.
Radiolabeled compounds emit energy from radionuclide
(radioisorope) decay, and that is what puts an image on the
filim. Much like a radiograph exposes film with electron energy,
radionuctides expose film using gamma, alpha, or beta ray
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emissions in the very same way. Although a radiograph pro-
duces a positive image on the film (white image on black back-
ground), a radicisotope emits energy that produce negative im-
ages {black on white). The mechanics of this can be discussed
very simply. In a radiograph, a structure is placed in front of the
film. The radiographs emitted shed all of their energy, exposing
the film to black or they penetrate structures that absorb energy
allowing less energy to expose the film. The structures that ab-
sorb energy, such as bone, muscle, and tendon, allow a smaller
percentage of energy to be delivered onto the film, ereating a
spectrum of shades ranging from white to very dark gray. The
soft tissues of muscle, tendon, fat, and skin absorb much less en-
ergy and block a smaller fraction of x-ray energy, allowing vari-
ous shades of gray to be imaged on film. When a radicisotope
produces an image, the energy is emitted from inside a struc
ture, and as it leaves (the limb or organ) it loses energy and ex-
poses the film accordingly. The trick to NMI is getting the iso-
tope to the structure or region of interest, For this, an isotope
must be linked to a chemical that will take it to the target organ
or structure. A radiochemical (radiolabeled compound) is an
isotope linked to a chemical; the chemical takes the isotope to
the target, where the majority of the isotope’s energy is im-
parted; hence, the term radiolabeling of a chemical. It is intu-
itive then that a compound that has a natural affinity to bone
would be able to localize an isotope and produce images of that
structure. A good example of this is the routine bone scan
that uses technetium methylene diphosphonate (Tc-MDP).
Methvlene diphosphonate is taken up by the hydroxyapatite
crystal of bone, where it becomes fixed within the crystalline
structure. The isotope technetium is bound there, emitting its
energy for the duration of its physiologic halfife. Different im-
aging protocols involve deliberate combinadons of chemicals
and isotopes depending on the desired target organ. Each ra-
diochemical localizes at a predictable rate; therefore, imaging
schedules vary. Since isotopes vary depending on their energy of
emission and physical balflife, they are used in differing quanti-
tes to minimize radiation exposure to the patient accordingly.

BONE AND SOFT TISSUE IMAGING

From a practical perspective, musculoskeletal imaging tech-
niques primarily use technetium. Technetium (*Te¢) has a
short half-ife of 6 hours, and is readily available labeled to chem-
icals that are physiologic in nature. These compounds are essen-
tially inert and there is virtually no incidence of allergic reaction
to them, which is a great advantage over other imaging modali-
ties that use iodine or other conirast matertals. Technetium-99m
is a metastable isotope; therefore, it has a short physical half-ife.
{(The m in **T¢ indicates that the isotope is metastable and
therefore decays quickly, resulting in a short physical halflife.) It
emits a low-energy gamina ray emission of 140 kV that imposes a
minimum of radiation exposure to the patient, These properties
make technetium a readily available isotope with excelient im-
aging characteristics. Technetium imaging in particular is per-
formed for the identification of arthritic changes, avascular
necrosis, avulsion fractures, diseases resulting in marrow expan-
sion of bone (e.g., sickle cell disease and intraosseous mmars),
diabetic gangrene, fibrous dysplasia, reflex sympathetic dystro-
phy, hypertrophic osteoarthropathy (HOA), neoplasms, and
metabolic abnormalities. Any region of hyperemia in soft tissue
or bone will exhibit an increased area of uptake on a technetium

scan. Osseous injury resulting from hone fracture (surgically in-
duced or traumatic}, hypertrophic nonunion of bone, or os-
teomyelitis treated to cure will continue to reveal hyperernia
from continued bone remodeling for more than 1 year after the
initial insult (Fig. 3.1). Therefore, a thorough history is integral
to appropriate interpretation of these studies. Technetium-99m
alone localizes in multiple organ systems of the body; therefore,
to achieve specific target localization, the isotope is labeled 1o a
chemicat. The chemical action determines what tissue or organ
system is visualized. In short, the chemical localizes the isotope
in the rarget tissue/organ and the isotope emits the radiation
energy that produces the image. Remember that these chernical
compounds are distributed via the intravascular compartment
and many are eliminated by the renal system (tubular filtration
or glomerular filtration). For this reason, a bone scan using tech-
netium requires increased hydration to clear background activity
and improve the arget-to-background ratio. To accomplish this,
the patient is instructed to drink 32 oz of fluid after the injection
and returns in approximately 2 hours for third phase scanning.
In cases of severe peripheral vascular disease or renal vascular
impairment, the delivery of the radiochemical will be delayed
and may compromise the target to background ratio seen upon
imaging. Figure 8.1 illustrates 2 healthy 38year-old patient with
normal renal vascular status. Contrast that to images seen in
Figures 3.2B and 3.5B, in which diabetic patients with multisys-
tem compromise (including chronic renal failure) increase the
background radiation and reduce image resolution in third
phase bone scan imaging.

The triphasic bone scan, using 99mreMDP, is helpful in dis-
criminating ameng cellulitis, zbscess, and osteomyelitis by com-
paring their respective imaging patterns. Cellulitis shows an
increased intensity in the inidal phase and then diminishes
throughout the second and third phases of the study. A soft tis-
sue abscess will reveal intense localized uptake throughout the
first two phases of the study, but will wash out in the third phase
if there is no bone involvement in the pathology. The third
phase of a triphase scan reveals bone uptake of the isotope and
facilitates the differentiation between soft tissue and bone
pathology. Oblique positioning during the second and third

POST ANKLE LaT FEET:

Figure 3.1 ¥"TcMDP scan demonstrates svnovitis 1 year s/p firse
metatarsophalangeal silicone implant. Three phases confirm localized
hyperemia about the implant; however, this is not enough to confirm

or refute the presence of infection. Notice that the small bones of the
forefoot are readily identified and can be imaged in multiple orthogo-
nal planes to beter separate bone from adjacent soft tissue structures.
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- phases is usually sufficient to provide separation of the soft tissue
. structures from. bone delineating abscess formation that exists
tangential to bone stuctures. In contrast, osteomyelitis shows an
increased localized uptake in all three phases of imaging. It is im-
‘ portant (¢ note that the diagnosis of osteomyelitis cannot be
. made from a third phase “™Tc-MDP bone scan as it illuminates
areas of hyperemia without clarifying its etiology. Definitive diag-
- nosis of infection requires further imaging to identify an appro-
priate location for bone biopsy when it is warranted. Although
the bone scan is sensitive for many processes associated with hy-
peremia, this study kacks specificity; as a consequence, itis only to
be used as a screening tool.

The differentiation in appearance between osteomyelitis
and septic arthritis in routine bone scanning is not commonly
discussed. However, it is understood that these two conditions
are distinct clinical entities and demonstrate different behav-
ior patterns in NML In the face of septic arthritis, it is possible
tw identify the articutations invelved as being separate and dis-
tinct from soft tissue structures outside or even adjacent to
the joint periphery. Although the initial pattern of uptake on
these images is identical to that seen in osteomyelitis, follow-
up imaging patterns for these two entities are decidedly diffex-
ent. In the case of osteomyelitis, the affected bone will yield an
Increased uptake on a **™Tc-MDP scan long after clinical cure.
Experience has shown that this uptake can be demonstrated a
year or more after clinical cure because of ongoing remodel-
ing of bone (MSJ). In contrast, once clinical cure has been

Te-HMPAO

Figure 3.2 This case represents a diabetic patient with longstanding ulceration and acute onset of
redness, warmth, swelling, and tenderness in a bunion deformity. The side-by-side comparison of the
Te-MDP third phase and T¢-HMPAQ imaging depicts septic arthrids, A, A positive Te-MDP third phase
scan in the region of the first metatarsal phalangeal joint (MTP]) shows increased activity in the region
of the proximal phalanx base and the first metatarsal head before surgical débridement and antibiotic
therapy. The obliquity of this view throws the first MTPJ away from that of the second MTP] ruling out
associated joint involvement. The “photogenic” character of *™Te-MDP allows resolution sufficient to
separate out the small bones of the lesser tarsus here. B, ™ Tce-MDP after treatment confirming that
there is no residuzl bone remodeling supporting the clinical cure of septic arthritis. C. ¥ Tc-HMPAC
before surgical débridement and antibiotic therapy. The region of interest is outlined to delineate a
smaller focus of activity versus that identified on the ***Tc-MDP scan suggesting only localized medial
eminence involvernent. This illustrates the lower target-to-background ratio of Tc-HMPAO as com-
pared with Te-MDP. D. T HMPAO 3 weeks after completion of 4 weeks of oral antibiotic therapy.
Cultures obtained before a delayed primary closure coenfirmed the absence of infection in the first

achieved for a septic joint, long-term follow-up studies will
return to baseline without third phase isotope uptake as there
is no residual hyperermia in either soft tissue or bone once a
septic joint is resolved (Fig. 3.2A-D).

The triphasic bone scan is also useful in studying the spec-
trum of bone healing. Any condition that includes remodeling
of bone will produce an increased region of uptake on all
three phases of the triphase scan. Injury to bone such as frac-
ture (iatrogenic, pathologic, or traurnatic}, contusion, or dis-
location will elicit three phases of uptake because of associated
hyperemia. The **™Tc¢-MDP scan in particular is helpful in
sorting out conditions such as delayed union and nonunion of
bone and will reveal distinct patterns of uptake in cases of hy-
pertrophic or atrophic nonunions.

INFECTION IMAGING

It is important (o gain a general understanding of the physical
properties of the more commonly used isotopes in nuclear
medicine leukocyte imaging as they determine the imaging
characteristics of each radiolabeled compound. An overview
of the most commonly used isotopes in infection imaging is
provided in Table 3.1. The following is an academic review of
commeonly used isotopes and their respective roles in infection
imaging.

Nuclear medicine imaging techniques for the identification
and isolation of infection have been in use since the 1950s.
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Galliom is one of the first isotopes used (o localize infections
and other pathologic processes. This agent binds with transfer-
rin, which is an iron bound protein found within the cytoplasm
of white blocd cells (WBCs). An intravenous mjection of gal-
lium citrate provides an in vivo labeling of leukocytes and bacte
rial organisms allowing for the identification of inflammatory
processes (Fig. 3.3A,B) (2). Notice from Figure 3.3 that this
agent has a normal distribution within sofl tissue structures of
the entire bady and includes delineation of glandular structures
within the head and neck region. It has heen primarily used in
the study of fever of unknown origin and is still used today.
Since the introduction of gallium imaging for infecton, re-
search has brought about the development of alternate radiola-
beled WBC studies to enhance the specificity and imaging qual-
ity of these exams.

In 1976, indium-oxine-feukocyte imaging (*"'n-oxine-WBC
imaging} came to the forefront and since that time has enjoyed
alarge degree of clinical usage. Indium delineates leukocyte ac-
currulation, providing a faithful mirror of WBC activity within

Figure 3.3 Toul body image of a gallium citrate scan for ruling
out accuit infection. Notice thar this is primarily a soft tissue imaging
agent with normal areas of uptake, including the lacrimal and salivary
glands. Itis commonly used in the search for occult infection in cases
of fever of unknawn origin, Gallium can isolate and differentiate
among & spectrum of pathologies, including inflammatory bowel
disease, cyst, and abscess and tumor formation,

24 hours, Over time, this imaging technique has earned its place
in the study of both acute and chronic infectious processes
(3-18). Indium imaging, like gallium, suffers from inherentl)r
Poor imaging characteristics, as it emits dial high-energy alpha
rays to produce its images. This results in poor spatial resolution
and a low target-to-background ratio. This technique often re-
quires & minimum of 24 hours to localize within an area of WBC
accumulation. Depending on the differential diagnosis, imag-
Ing may be obtained in series at 6, 24, 48, and 72 hours. In cases
of positive uptake, the region of isotope localization becomes
more discrete as time progresses because of the combined effect
of the physical and biologic halflife of the compound.
Improved localization occurs over time as a result of lowered
background radiation and an improvement in arget-to-back-
ground rato. At the time this was the best Imaging agent avail-
able for the noninvasive nvestigation of infection. Indium
leukocyte imaging has remained a primary imaging agent for
the localization of infectious processes despite its poor imaging
characteristics and low spatiat resolution (Fig. 3.4).

Figure 3.4 Positive indium leukacyte studies appear very grainy,
with lecalized while cell accumulation demonstrated as clusters of
small, black, often pinpoint regions of intensity. In this image the “1”
indicares the direction of the toes, and the reader’s right and left cor-
respond to the medial and lateral aspect of the foot, respectvely,
Notice that there is no anatomic information to specifically identify
the location of the leukocyte accumulation in this image, which is an
inherent pidfall of the indium-leukocyte technique.
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In the late 1980s interest would be rejuvenated inn NMI as a
dew and improved radiclabeled white cell technique came 1o
ihe forefront. In 1986 technetium —99m-d,] hexamethyl propy-
jene amine oxime aka Tc-HMPAO (CERETEC) would be devel-
.foped for cerebral perfusion imaging using the isotope tech-
etium, hence the trade.name CERETEC. The excellent
imaging characteristics of the isotope #mT¢ enhanced nuclear
‘medicine tomography in cerebral imaging immensely. Since
HMPAO has a high affinity and avidity in labeling to WBCGs, it
was later suggested for imaging in cases of infection.
echnetium is a very “photogenic” isotope because of its low en-
‘ergy of emission and short halflife. That is to say, technetium
“has favorable imaging characteristics providing improved spatial
“resolution in imaging that is not achievable using either indinm
“or gallium. By combining technetium with HMPAO, the result-
‘ing compound has both high affinity and avidity to leukocytes
{because of the HMPAQ) and produces images with improved
“structural resolution (because of the technetivm) (Fig. 3.5C).
Improvement in spatial resolution is best appreciated when
ompared directly with other infection imaging agents such as
allium citrate and indium-oxineleukocyte compounds. The
enefit of improved imaging resolution using technetium in-
creased the specificity of radiolabeled WBC imaging and there-
fore improved the technique. Tc-HMPAQ imaging has proved
to have great utility in some of the most complicated and chai-
‘lenging of infectious conditions (19-47). This includes hoth
the evaluation and management of postoperative mfection
“and differentiating osteomyelitis from adjacent soft tissue
infection (1}. Like indium-leukocyte imaging, phlebotomy is
required and a physical labeling of WBCs is performed in vitro.
- This compound is then reinjected into the patient and imaging
with #"Te-HMPAO- leukocytes is generally performed at 6, 18,
“and 24 hours after injection, which may vary with the institu-

Figure 3.5 The third phase of a bone scan is belpful in identfying
regions of hyperemia. In €his diabetic patient (A) suffering from
chronic renal failure (CRF), it is easy to appreciate a large region of
increased radiotracer uptake in the region of the fourth and fifth
metatarsal bases and distal cuboid (B). Given the presence of CRF

the target-to-background ratio is poor, resulting in a loss of contrast
between the soft tissues and bane. (C). In this " Tc-HMPAO leuko-
<yte image there is a well-localized focus of radictracer activity that
best defines the extent of infection. This serves as a useful guide in
determining the site for bone débridement and biopsy.

tion performing the study. This technique is used for the eval-
uation of clinical conditons suspicious for infection and the
management of postoperative infection, and for differentiat-
ing osteomyelitis from adjacent soft tissue infection. Although
a bone scan in the third phase is helpful in identifying regions
of hyperemia, the HMPAQ study elucidates weli-localized
areas of white cell accumulaton or infection and can be very
helpful when determining discrete sights for bone débride-
ment or bone biopsy procurement (Fig 3.5A,B). It is important
to understand that a diagnosis of osteomyelitis cannot be made
from a routine bone scan using any NMI agent. Definitive diag-
nosis of osteomyelitis requires the gold standard of bone
biopsy.

The current literature suggests using **"Tc- sulfur colloid as
an imaging alternative for the diagnosis of osteomyelitis (7.15).
Sulfur cofloid is an albumin of sufficient pariicle size to perme-
ate the reticuloendothelial system (RES), which includes the
liver, spleen, and bone marrow. When combined with the iso-
tope 90T the colioid can localize within the RES organs and
iHuminate the target of interest. **™Tc-sulfur colloid deposition
in bone marrow provides information about the intracssecus
compartment by identifying space-occupying lesions, as it is
truly a marrow-imaging agent. The colloid will not permeate a
nidus of infection, malignancy or other neoplastic entity rather
it delineates the pathology as a dead space or void, resulting in
an area of photopenia (lack of isotope uptake). In the author’s
experience using this technique in the lower extremity, the
small bones of the tarsus have been poorly demonstrated. It is
likely that larger bones with a greater cubic content of marrow
will be more easily visualized using this rechnique (Fig. 3.6D).
This image illustrates the lack of structural detail and failure 10
delineate skeletal contours when using ™ Tc-sulfur colloid in
the small bones of the foot and ankle. This case underscores
the complexity of diabetic foot ulceration in an amputee.
Despite the fact that a transmetatarsal amputation was per-
formed 1 year ago, the region of bone resections remain in-
tense on the *™TcMDP bone scan. Even in the absence of
infection, these regions should exhibit intensity on the routine
bone scan because of continued bone remodeling, but the
question remains as to whether there is an infection associated
with the bone underlying a region of nonhealing ulceration.
One can consider MRI in this event; however, there are likely
to be postsurgical changes in bone and soft tissue changes
because of active ulceration that confound its interpretation
(Fig. 3.6A-E). Hypertrophic bone formation shows local radio-
tracer uptake the same as any other remodeling bone, which is
well iliustrated in Figure 3.6B,C.

All imaging techniques used for the identification of infec-
tion are judged based on their respective sensitivity and speci-
ficity. Depending on the author and the research protocol used,
these data vary dramatically for NMI in the current literature
(48). Many argue that magnetic resonance imaging (MRI) is the
best modality for the diagnostic challenge of identifying os-
teomyelitis as it will predictably show a decreased signal in T1
images and increased signat on T2 images in the face of a de-
generative inflammatory process in bone (49-57). The sensitiv-
ity and specificity of MRI for infection is commonly reported as
94% 1o 100% and 69% to 96%, respectively. Unfortunately,
other conditions that distort normal anatomy will confound the
reading of an MRI; such as the case of postsurgical changes or
the coincidence of Charcot neurcarthropathy and infection
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Figure 3.6 A. Clinical photo 1 year post-left ransmetararsal amputation. Ulceration develops in the distaf
stump and is persistent despite 6 weeks of local wound care and offloading. B, The left DP radiograph reveals
evidence of hypertrophic bone formation about the lesser metatarsal stumps as well as penciling of the fifth

continues to show evidence of bone remodeling ever: at 1 year after surgery. This study is interpreted as
suggestive of infection and clinical correlation is suggested. I This marrow scan using "™ Tesulfur colioid
illustrates a Jack of structural detail and failure to delineate skeletal contours in foot and ankle imaging.
Sulur colloid fails to provide meaningful structural derail given the small cubic content of the MaArrow cavities
in residual metatarsal shafis, E. The indium leukocyte study reveals accumulaton of radiotracer within the
distal soft tissue structures without evidence of discrete bone infection. F. Surgical débridement and bone
recontouring is required to achieve healing. This clinical photo is taken 8 months postoperatively.
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Figure 3.7 A Nonhealing wound just
eeks after fifth digit amputation and
Biopsy of fifth metatarsa heacl. \f\m con-
imed negative for osteomyelitis by both
ierobiology and histology. Emergency
iom referral for an MRI was interpreted
ssstrongly suggestive of osteomyel.iﬁis
across the entre mid foot warranting am-
}Qu_taﬁon. As the padent is known to have a
irmed out Charcot process, the case
came complicated regarding the extent
oEpoten tial infection and coincidence of
nfection. B. The **™T¢-MDP bone scan
eveals hyperemia in the fifth ray becausc
posisurgical change as weil as hyperemia
of 4 burned out Charcot process across the
sfranc joint. C. MRI revealing decreased
s_x_gﬁ'al intensity within the distal one third
the fifth metatarsal on T1 imaging.
D MRI revealing increased signal within
the majority of the fifth metatarsal
segment, indicating that the inflamnyatory
process invades the majority of this fong
me. E. There is ne localized accumula-
t:on of indium leukocytes anywhere in the
a6t or ankle. The diagnosis is then
confirmed as a chronic ulceration without -
evidence of soft tissue or bone infection,
éulting in b salvage.

=

(Fig. 3.7A,B). 1t is extremely important to note that, in its active
ite, Charcot neuroarthropathy will show a very similar MRI
tern to osteomyelitis. The mixed lytic and resorptive destruc-
n that occurs in bone because of infection is indistinguish-
ble from the destruction that is seen in actively progressive
nevropathic disease demonstrated on MRI (11,49,560,58).
Differentiating between Charcot joint and infection is among
“the most important diagnostic challenges in lower exiremity
- pathology and NMI is ofien a helpful tool in discerning the two
‘onditions as separate and distinct (Fig. 3.7B,E).

COMBINATION IMAGING TECHNIQUES
(MIN-WBC/*MTC-MDP)

When an 'lindium-oxine-WBC study identifies a focus of infec-
ti@n, it becomes apparent that there i1s no structural detail to
these images. As seen in Figure 3.4, an accumulation of WBCUs
is'easily appreciated; however, the specific location of the accu-
mulation cannot be determined using this image alone. The
combination of an indium-WBC image and a routine bone scan
("™ Tc-MDP) provides more specific identification of leukocyte
accumulation. The combination imaging technique uses the
structural information provided by ***Tc-MDP for plotting out
regions of leukocyte accumulation as identified by the *'In-

oxine-WBC scan (1,11,12-15,48,59-62) (Fig. 3.8A-D). An
overlay or side-fo-side comparison of these studies optimizes
interpretation of the data set. In general, the e MDP hone
scan, specifically the third phase bone image, is used to provide
structural information that allows mapping of the precise loca-
tion of WBC accumulation when compared with an * ¥In-oxine-
WBC scan. It is felt that correlation in two or more erthogonal
planes is important when attempting to differentate infectious
processes that occur in or adjacent to areas of sterile inflamma-
tion as occurs in active arthropathy or acute neuropathic dis-
ease states (10). Using grid markings, it is possible to express
the location of isotope uptake via X-Y coordinates. By using the
same field of view without moving the patient, the technetium
and jndium images are obtained and the anatomic landmarks
can be cross-correlated for comparison. This cutline of the foot
makes it easy to compare foot positioning between these two
studies. Multiple orthogonal planes of imaging are helpful in
clarifying the localization of infection when it exists. To obtain
markings and orthogonal views such as these, specific commu-
nications between the ordering physician and nuclear medi-
cine technologist are required and in the author’s (MS]) opin-
ion are well worth the additional effort.

Combination imaging to differentiate soft tissue infection
from osteomvelitis has been repeatedly suggested in the liter-
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Figure 3.8 This illustrates the combination imaging technique
using *“TeMDP and indium-WBC. A, This elinical photo demon.-
strates an area of ulceration with localized erythema, warmth, and
edema 3 years after an acute Charcot breakdawn, B. This Iateral
radiograph shows the end result of neuropathic breakdown; a
rocker botiom foot with a plantar flexed cuboid bone creating a
pressure point and ulceradon. C. This " TeMDP study iltustrates
the study’s high sensitivity for areas of hyperemia as is seen in a
Charcot foot. Hyperemia suggests an inflammatory and or infec-
tious process exists; therefore, this study alone does not recaonciie

[Indium - wec]

| Tc-MDP |

cD

the issue of Charcot versus osteomyelitis, D. This indium leukocyte
study hias the oatiine of the extremity drawn on the image using
the indium syringe. This oudine of the foor makes it easy o com-
pare foot positioning between these two studies. To obtain mark-
ings such as these, specific communications between the ordering
physician and the nuclear medicine technologist are required.
The combination of indium leukoeyte imaging and ***Te-MDP
delineates the region of an infectious process within the cuboid
bone while at the same time ruling cut the exisience of infection
elsewhere within the degenerated Chopart joint. Using a grid
coordinate system, seen here as a large dotted line, discrete areas
of infection on the indium scan can be cross-correlated with the

anatomic outline on the MDP scan in preparing for bone biopsy

and débridement.

ature to enhance the specificity and sensitivity of nuclear med-
icine leukocyte studies. The overall sensitivity and specificity of
NMT has been reported ranging from 75% to 100% and 70% to
100%, respectively (11,15,48,63). These statistics vary from
author to author as their protocels often compare numerous
nuclear medicine techniques of differing sensitivities and
specificities,

INTERPRETATION OF RADIONUCLIDE
LEUROCYTE IMAGING

The interpretation of NMI studies is chiefly the responsibility of
the radiologist; however, the ordering physician should have a
good working knowledge of the goals of the study and how im-
ages are to be interpreted and clinically correlated. This should
include a thorough understanding of conditions that are asso-
ciated with an increased leukocyte accumulation and those that
are not. With this understanding, the clinician can better pre-
dict when a false-positive or -negative result is possible. This al-
lows better prognostication for the patient and an improved
clinical approach to the pathology.

Specific recommendations regarding how to interpret the
combination of *"Te-MDP and M in-oxine or ¥ Te leukocyte
images include grading the intensi{y of uptake, congruence of
intensity, and congruence of the size of the region of leukocyte
uptake in comparison with that of the unaffected contralateral
limb. Combination imaging allows for cross-comparison that
further delineates the specific location of pathology and pro-

Figare 3.9 A Glinjeal photo of a recurrent right posterior heel
decubitus in the face of diabetes and end stage peripheral vascular
disease. The longstanding nature of this wound, periodic over

1.25 year, prompts the investigation for underlying osteomyelids.
B. Third phase Te-MDP fails 1o identify localized radionuclide uptake
in the heel bone. C. Combination imaging here is effective in identify-
ing soft tissue infection using ' Indium-WBC. These images identify
leukocyte accumulation in the Pposterior aspect of the heel consistent
with soft tissue infection and support the pursuit of soft tissue
débridement. A care biopsy of the postierior heel is guided by the
findings in this image and fails to identify organisms of infection or
histiologic change in bone suggestive of infection.
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mapping of white cell accumulation that is help-

des skeletal : .
= ing for bone biopsy procurement (Fig. 3.8CD)

ful in prepar
11,15,62). : L
To appropz“iately interpret.radmlabeled lezkocyte s_tudles, it
ia:lpf)!'lam to understand dxsea_se states other than infection
A prompi teukocyte accumulation to predict xlvhen a false-pos-
;;wé image may result. Alternately, understanding those condi-
snis that do not prompt leukocyte accurmmujation will help to
Ciher NATFOW the differentizl diagnosis in the face of a negative
Jeukocyte scan. The radionuclide Eeukocyte. study w.illi rerain
egative i0 the presence o.f severe dfagenerauve arthljms, migr'a—
oy pcl}rarthritis, metastatic bone disease, an_d aseptic necrosis.
+nild increased uptake has been reported in the presence of
{osed fracture, delayed or nonunion of bone, and total jointim-
smt arthroplasty {9,10}. Clinical conditions that may prompt
(erile inflammatory reactions may result in false-positive studies
Seluding heterotopic bone formation, myositis ossificans, and
fyfminant rheumatoid arthritis or active neuropathic disease.

NUCLEAR MEDICINE IMAGING IN
NEUROPATHIC JOINT DISEASE:
THE CHARCOT FOOT

INTRODUCTION

The diagnosis of neuropathic joint disease is reliant on a com-
ination of radiographic and clinical findings. The earliest
eports of neuroarthropathy, also known as Charcot joint, con-
isted of isolated case reports and small group studies with little
or no long-term follow-up. These reports were of little value in
attempting to study the natural history of progression of this
conditon and consequently did not aid i prognostication.
Over time, increasing awareness of the link between some sys-
“temic diseases and neuroarthropathy has paved the way for
tesearch and follow-up of patients demonstrating signs of neu-
‘‘Topathic joint disease and dysfunction. When complex condi-
Hons ensue and a combinatdon of lower extremity infection,
“ulceration, acute edema, and/or neuropathic joint disease de-
“velop, especially in diabetic patients, there shouid he a high
degree of suspicion for an impending Charcot foot.
. One of the largest retrospective reviews of Charcot foot to
date identified this condition as being associated with a host of
systemic diseases with or without associated neuropathy. The epi-
~ demiologic data of 101 patients in that study describes patients
within their fifth and sixth decades of life with longstanding in-
sulin-dependent diabetes mellitus (>>15 year duration) affecting
“men and women with essentially the same prevalence. Nearly
one third of these patients suffered with triopathy-—the combina-
- tion of peripheral neuropathy, nephropathy, and retinopathy—a
combination of pathologies that increase the incidence of occult
~trauma and impaired wound healing capacity. In this series of
patients the tarsometatarsal joint, metatarsophalangeal joints,
- and ankle were affected in descending order of prevalence with
. >20% demonstrating bilateral disease (64). Typically, patients
“present because of structural deformity, whereas ulcerations
- and joint swelling are among the alternate presenting com-
. plaints. Bone prominences may exist in any anatomic plane;
- however, dorsal and plantar prominences with or without ker-
" atoses and rocker bottom foot types seem to be discussed most
. commonly in the literature. It is when these clinical scenarios

are compounded by erythema, edema, and calor with or with-
out deep pain that merits a more detailed examination, as they
may well be complicated by infection. The presence of an open
ulceration further complicates the clinical presentation. In
obtaining a definitive diagnosis, the first priority is to elimi-
nate that diagnosis associated with the highest degree of mor-
bidity, while in the interim developing a treatment strategy to
ensure that further arthropathy is prevented; that is, the part
is immobilized.

In the face of active Charcot neuroarthropathy, an increased
area of uptake in the 4hour "'indium-oxine-WBC image will
correlate with plain radiographic changes consistent with the
acute Charcot flare {11). A subsequent “washout” phenomenon
has been identified in these patients occurring between the 4
and 24hour images that Schauwecker described (Fig. 3.10)
{58}, In the absence of infection, this abnormal uptake and
subsequent washout phenomenon in active neuroarthropathy
is presumably because of the development of hematopoietically
active bone marrow that accompanies active Charcot arthropa-
thy (15,48). This active marrow is thought to be the result of the
fracture repair process that accompanies the destructive
changes and remodeling typified in the Charcot joint. The con-
version of fatty marrow to hematopoietically active marrow may
be because of increased cytokine activity. When there is a con-
comitant area of infection, the washout phenomenon is not
seen and an area of persistent increased intensity delineates the
focus of white celt activity and infection in delayed imaging.
This is a scintigraphic finding that helps differentiate active
Charcot neurcarthropathy from  osteomyelitis (58}, The
washout phenomenon can be subtle and is important w discern
when planning for a bone biopsy procedure. Understanding
this phenomenon is integral to an accurate interpretadon of

19 HR POST INJ. IN WBC

‘Te-$9m MDP 4 hr.
Flantar

In-111 Piar

48 hr' delay’.
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Figure 3.10 A Ao indium scan fails to elucidate any evidence of
localized leukocyte accumulation. However, there is a generalized
increase in intensity throughout the left limb with neuropathic
fracture. B. This illustrates side by side the increased intensity of the
cuboid bone fracture on the Te-MDP scan with the complete washout
of activity at 24 hours in the indium scan. This is felt to corroborate
Schauwecker’s findings regarding acute phase uptake of neuropathic
bone followed by washout in the 24 hour scan.
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BRI IAT' A LEOSTE D
Figure 3.11 A. Clinical of decubitus ulceration in a patent with a
burned out Charcot foot. B. After 1 month of local wound care the decubi-
tus appears deeper with outward signs of change suggesting infection; red-
ness, warmth, and serosanguineous drainage. Successful reatment via hemi-
calcanectomy and short-term antibiotic therapy was supported by the
department of infectious disease. C. One year after surgical reselution a
small region of ulceration proves recalcitrant to aggressive offloading and
local wound care. D. Te-MDP third phase scan is most suggestive of postsur-
gical changes; however, it is not specific enough to rule out indolent infec-
tion in bone. The intensity noted here is considered mild and diffuse and is
most suggestive of bone remodeling because of previous surgery. This does
not support or refute the ahsence of infection. Notice the increased uptake
of the right knee on the ¥ Tc-MDP scan due to compensatory biomechanics
in a rocker Charcot foot. E. The indium 4- and 24-hour scans fail to reveal
localized uptake, suggestive of infection. The shightly increased activity in
the left extremity in comparison with the right may reflect increased perfu-
sion because of continued neuropathic activity in the fimb.

leukocyte imaging in clinical conditions that involve Charcot
neuroarthropathy and the risk of coincident infection. In the
face of a *burned out” Charcot arthropathy affected Jjoints are
expected to have an increased area of intensity on **"TeMDP
bone scan but do not prompt leukocyte accumulation on the
NMI exam (Figs. 3.7B.E and 8.11D,E). In the case of active
Charcot neuroarthropathy and coincident infection, when it ex-

ists, will be clearly delineated by a positive lenkocyte scan that
will persist in serial imaging bevond 24 hours,

Combination imaging is helpful when a chronic nonhealing
diabetic ulceration exists with or without concomitant neuro-
pathic joint destruction. Here it is vital to identify whether an
underlying infection is present, as a wound will not heal over
infected soft tissue or bomne. In these cases, it is most important
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4 discriminate between an infected ulceration and an underiy-
.mg asteomyelitis (.Flg. S.EI{Q—E) ('14,48,63,65)‘ .

# When performng a radionuclide leukocyte scan in the face
“SF ulceration, it is important to note extravasations of wound
©eyudates into dressing materials containing isotope-labeled
jeukocytes. This distorts the area of interest, as the radioactivity
present in wound dr?.mage can a_mphfy the c_legree c.>f uptake
seen in the region of interest. Avoidance of this technical error
“¢an be accomplished by having the patient perform a dressing
change immediately prior to imaging. This minimizes the accu-
mutaton of radionuclide within dressing materials and avoids
“nisinterpretation of the image data. The negative impact that
3 draining ulcer has on such imaging has been documented
and previously reported in the literature (63). In the case of
septic joint, serial NMI should be completed at approximately 2
‘weeks after the compietion of antibiotic therapy, as this will
“eonfirm the absence of residual infectious activity. A bone scan
'per[ormed after treatment of a septic joint becomes negative as
there is no residual bone remodeling or hyperemia as opposed
:to that seen after treatment for bone infection (Fig. 3.2A-D).
: After treatment for osteomyelitis, bone remodeling and hyper-
“emiz can seen on a bone scan for >1 year in many cases.
Therefore, a negative ***Tc-MDP scan after treatment of a sep-
tie joint rules out the presence of an indolent inflammatory
“-process, providing a sound basis for prognostication of the pa-
tient’s cutcome.

Technical errors in performing radionuclide leukocyte la-
‘beling procedures may occur at every step of the process; there-
fore, it is important to understand the methods and statistical
strategies involved in such work. In general, a radiolabeled
leukocyte compound is considered viable for use when a 90%
tag or greater is confirmed by the nuclear pharmacy. This is
then logged on the patient’s prescription=for the isotope. An
insufficient label is apt to provide a poor quality exam, as the
target-to-background ratio is severely hindered by an increased
background radiation or low percentage label. This increase in
background radiation is because of the large amount of un-
bound isotope circulating free within the vascular compart
ment. When a negative study is encountered, it is prudent to
check the prescription log to ensure that the test was per-
formed properly, that is, >90% labeling efficiency of isotopes
and leukocytes for imaging. Another source of error in imaging
is infiltration of the isotope at the sight of injection (Fig. 3.12).
Because extremely small concentrations of isotope are used,
even a partial infiltration of an injected dose wili compromise
the data set, as such imaging of the injection sight can be per-
formed to rule out false-negative studies.

DIFFERENTIATION OF INFECTED VERSUS
NONINFECTED NEUROPATHIC (CHARCOT)
JOINT DESTRUCTION

Newman discussed six different noninfective bone and joint
conditions that occwr in the neuropathic foot of diabetic pa-
tients {66). Among the 67 patients reviewed in that study 6 con-
ditions were identified listed here in a descending order of
incidence: osteoarthropathy, bone loss, new bone formation,
ostecporosis, spontanecus subluxations, and dislocations and
pathologic fracture. Of these noninfective conditions, only
pathologic fracture would be considered as a possible source of
a false-positive on a radiolabeled leukocyte stady. That is to say

Figure 3.12 Since extremely small concentrations of isotope are
used in NMJ, even a partial infiltration of an injected dose will
compromise the data set. As such, imaging of the injection site should
be performed routinely. Here you can see the silhouette of the rib
cage area and the right ante cubital area with significant infiftration of
the radionuclide dose. Negative studies should always be scrutinized

to rule out such technical errors before interpretation is rendered.

that most noninfectious conditions of the neuropathic foot in
patients with diabetes should remain silent (without localized
arez of uptake) on NMI studies. The hallmark in treatment for
these conditions is early identification and stabilization of the
affected part; consequendly, reliable imaging techniques be-
come a staple in proactive therapies.

Important chinical challenges arise when faced with con-
ditions involving actively progressive neuroarthropathy, the
presence of open ulceration and clinical signs of infection in
the extremity (calor, edema, erythema with or without pain).
Negotiating this “Charcot triad” is perhaps the most daunting
of clinical challenges. In the absence of ulceration, the differ-
ential diagnosis often includes deep vein thrombosis, cellulitis,
gout, active neuroarthropathy, or deep space abscess. When ul-
ceration is present, the suspicion for osteomnyelitis or deep
space abscess increases. Without frank evidence of abscess for-
mation even MRI is unable to discern between the destruction
of progressive neuroarthropathy and osteomyelitis. In some pa-
tients, there is history of previous ulceration, infection, surgery,
or trauma that may confound the interpretation of some nu-
clear medicine imaging scans (Fig. 3.13A-C). This clinical sce-
nario merits special attention and becomes a matter of Himb
salvage in populations that suffer from neuroarthropathy. With
the incidence of diabetes at epidemic proportions across the
country, the clinical combination of peripheral neuropathy
and diabetes is on the rise, further underlining the importance
of the Charcot foot in management of patients with diabetes.

Combination imaging with the henefit of "Inleukocytes
and ¥ Te-MDP is often helpfut in distinguishing between infec-
tion and other noninfectious etiologies. Using indium as an im-
aging agent, itis important to understand noninfectious reasons
for its uptake to ensurc an accurate interpretation of the imag-
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Figure 3.13 A. Patient with a burned out Charcot process in a clinically stable rocker bottom foot free
of ulceration for 3 years. The patient presents after a I-month history of increasing swelling, warmth, and
tenderness in the right foot. Systemic signs of infection

preclude imaging delays and surgical intervention is

pursued emergently. B, This indium scan reveals the superficial nature of a localized abscess. Notice that
muhiple orthogonal views are required to illustrate the superficial location of this infection in the plantar

midfoot. C. Surgical intervention for deep incision and drainage in the patient presenting with signs of foot

abscess and septicemia. Necrotic and degenerative changes o the soft tssue structures of the sole are extensive
and permeate two layers of the sole of the foot, seen here after frrigation, The aberrant morphiclogy of the soft

tissues and bone structures of the Charcot foot further

complicate identification of local anatomic structures.

Given the complex nature of the sole of the foo, this intraoperative photo illustrates why it is difficult to ob-
@in infection imaging that can discriminate besween infectious changes of soft tissue and/or boge. D. Limb
salvage is achieved with surgical débridement, complete offloading and custom-molded ankle foot erthosis for
leng-term therapy. Just I month after surgery the entire sole is healed and ready for slow advancement to
weight bearing in protective gear. Follow-up NMI was performed to confirm the absence of infection prior to

releasing the patient for routine follow-up.

ing set. Table 3.2 lists some of the more common noninfectious
conditions that may produce an increased uptake of isotope in
an indium scan. In light of the rate of white blood cell migration
in the presence of an acute infection, it seems intaitive that any
radiolabeled leukocyte agent would rapidly accumulate there, In
the case of the diabetic with a foot infection, one must consider
that the patient’s baseline hrematology profile may include neu-
tropenia, thereby reducing the potential to mount an intense

leukocyte response. In fact, in many cases, the foot infection is
longstanding and leukocyte margination in that event is pre-
dictably slower. This slower cellular response is a chronic process
involving monocytes and mast cells rather than acute phase reac
tants. This is the primary reason that indium is preferred in cases
of chronic infection as the use of any 9™ compound (Tc-
WBC, Te-monoclonal antibody, or Tesulfur colloid) is fimited
by its short halflife (Table 3.13. Indium is available to be imaged
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or a longer period of time given its protracied physical halflife
:(2.8 days). To further complicate the picture, from a clinica
perspective, it is all oo common for & patient with a Charcot
oint to present months after the inciting event. Longstanding
“or. burned out neuroarthrepathy often yields deformity that is
ess flexible or even rigid. These cases are more prone to the
development of a rocker bottom foot deformity with plantar
prominences at high risk for ulceration. Plain radiographs
oftenr exhibit profound fractures and dislocations in otherwise
sclerotic bone. If neurcarthropathy, acute fracture, and post-
“fraumatic osteoarthropathy can produce a false-positive in an
ndium-labeled-leukocyte study, what is the value of combina-
fion imaging in these complex cases? In 1990, Seabold suggested
hat this clinical quandary may not be reconcilable using the
ombination NMI technique or even MRI. Of the 14 cases retro-
pectively reviewed, two Charcot patients demonstrated true-
positive indiumn leukocyte exams, confirming osteomyelitis,
‘Interestingly, there was no evidence of accumulation in their
‘contralateral limbs despite the presence of chronic Charcot
joint destruction. This is an important finding as it confirms that
‘a burred out Charcot joint, despite the presence of what looks
like post-traumatic osteoarthritis, does not necessarily accumu-
ate In‘WBCs (7,11). This phenomenocn is demonstrated in
Figure 5.7B,E in which we see a patient who has had a fifth digit
.amputation and biopsy of the fifth metatarsal head in addition
“to a chronic, burned out Charcot joint. Despite the active soft tis-
sue and bone inflammation resufting from postsurgical change,
- the In-WBC scan remains negative. In 1988 and most recently in
1997, Schauwecker published his findings based on his experi-
“ence as a nuclear medicine radiologist. These articles discuss the
use of combination imaging of T MDP and ' In-WBC scan-
' ning in neuroarthropathy. These articles discuss findings in se-
lect cases as he describes leukocyte margination in active
~ Charcot joint disease with a delayed washout. This phenomenon
.. was seen i the 4-hour indiam scan in which a generalized area
of increased uptake was identified in the area of neuropathic de-
struction followed by a washout of that activity occugring by the
24-hour scan (58). This documented the leukocyte activity that
takes place in the face of active, noninfectious neuroarthropa-
thy. Consequently, the current procedure guidelines for NMI
using the combination of In-WBC and *™Tc-MDP scanning sug-
gest imaging at two intervals. Depending on the pathology to be
studied, indinm-WBC images should be obtained at 4 hours and
again at 16 to 30 hours after injection (13). The washout phe-
nomenon seen in the presence of a recent neuropathic fracture
W an early stage of Charcot foot is demonstrated in Figure

3.10A,B. This is very different from what we see in the case of
Charcot foot with an active infection and ulceration (Fig.
3.8A-1). There are two reasons that the indium-WBC imaging
technique performs well in the foot. First, there are more bones
in the foot than soft tissue. This means there is less background
uptake of indium obscuring the region of interest, that is, the
hone to soft tissue ratio is very high. Second, there is no active
bone marrow in the appendicular skeleton; therefore, leuko-
cytes do not normally accumulate there. That is to say the Lest
has an increased sensitivity in the extremities as compared with
the axial skeleton, which has active bone marrow (7). What is of
particular value is being able to identify the zone of transition
between an infection front and the benign inflammatory change
that precedes an active infection as it migrates in tissue or bone.
Nuclear medicine techniques take this challenge head-on and
are able to identify the extent of inflammation that represents
infection better than any other imaging technique available.
This is particularly important when studying pathologic changes
associated with a Charcot foot complicated by infection. The
NMI scan can also be used as an anatomic guide for biopsy plan-
ning. Ultimately, the diagnosis of osteomyelitis should be con-
firmed by bone biopsy for adequate identification of the offend-
ing organism and determination of antibiotic sensitivity.

From a cdlinical perspective, combination imaging tech-
niques using the technetium/indium protocols are routinely
available; however, their use is often discouraged in favor of
P Te-hexamethylene  propylene amine oxime (HMPAO,
Ceretec) imaging. This recommendation is often made blindiy
by technologists and radiologists for two reasons. First, because
Te-HMPAQ imaging is a same-day imaging modality, it is the fa-
vored technique, requiring only a single set of images at a fixed
interval after injection depending on the facility’s preferred
protocol. Second, imaging with a Technetium compound al-
lows use of a general all purpose collimator in contrast to
Indium that requires a high energy collimator which requires
extra time and cffort on the part of the technologist to prepare
for. Unfortunately, the Te-HMPAO study has a much lower tar-
get-to-background ratio than indium, and as such the resolu-
ton suffers when using the technetium agent. In fact, in the
small bones of the foot Te-HMPAQO scan can result in a false-
negative purely because of this imaging characteristic. In some
cases of acute infection, it is reasonable to choose this agent de-
spite the lower resolution in favor of a more expeditous surgi-
cal intervention. Certainly, this is perhaps the most important
decision when dealing with a diabetic foot infection. In some in-
stances, if surgical interventon must be performed, obtain the
MRI study as soon as possible (28,67-69). This must be done
with the understanding that surgical intervention will always be
considered a confounding factor in interpreting any ancillary
imaging technique performed after the fact. This is an impor-
tant mistake that is often made when it seems easier to take a
look in surgery than to completely document the location and
extent of the infectious process in advance. It is not unusual to
see a clinical infection evident in the heel that later develops
into a process that involves the intrinsic musculature of the foot
or even the Achilles tendon (Fig. 3.14A-E).

The differential diagnosis of infection in association with
a complicated past medical history is an important clinical chal-
lenge commonly encountered by physicians and surgeons
specializing in the lower extremity. Often, recurrent infection
presents after treatment for cellulids with ulceration, amputa-
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Figure 3.14 A, Clinical photo of posterior right heel
the management of a wound care center where ancillary
appearance after surgical débridement and 1 month of .
images reveal increased uptake in the plantar heel consis
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decubitus with stable appeari ng eschar while under
imaging was refused in favor of local care. B. Clinical
egative pressure therapy. C. ®™Te-MDP bicod pool
tentwith the ulceration present, Notice the outline

RT LATERAL

of the vascular tree of the calf as anticipated in the second phase venous blood poot study. D. " T MDP

third phase scan identifies a large well-localized centroid

of uptake within the entire caleaneal body.

E. Indium-labeled-leukocyte study re
Achilles tendon extending beyond t

veals accumulation within the calcaneus as well as up the length of the
he myotendinous junction. Mild erythema within the distal one third of

the leg was previously suspected to be cellulitis associated

with caleaneal osteomyelitis. This underfines the

value of combination NM1 techniques, as the Te-MDP study alone failed to elucidate the gravity of this
condition. Uldmately, limb salvage failed despite the team approach (e.g., internal medicine, infectious dis-
ease, vascular surgery, and nephrology) and ultimately an above-knee amputation was required.

tion, or other bone and joint disease in the face of chronic
illness. Plain radiography often shows soft tissue edema withourt
significant evidence of infection until 50% to 75% of the
bone mineral density is lost (70). The earliest definitive signs of
infection take approximately 7 to 10 days to manifest (71).
Although the concept of a stage 0 neurcarthropathy has been
described as the harbinger for fractures and dislocations, only
increased soft tissue density on x-ray has heen correlated with

the clinical manifestation of the process (72). The time for
such changes to develop on plain radiographs remains unde-
termined. Commonly, leukocyte counts, erythrocyte sedimen-
tation rate, and blood cultures are of little value in these cases
(71). As stated, the current literature clearly illustrates that
NMI is clinically useful in identifying and differentiating infec-
tons of soft tissue and bone. Through clinical practice, it has
been found that NMT is helpful in delineating or differentiat-
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o onditions that }nimic b.olne ini:"ec.tion, such as septic ar_thr‘ir
at, rheumatoid arthrigis, certain bone tumors, psoriatic
and Charcot neuroarthropathy.
A1 has many clinical applications as in the case of vascular
. complicated by the presence of infection. A routine
e scan 1may reveal only trace or n_lilfl hy'per?mia in this sce-
Latio given 2 reduced perfusion. This is a finding tha.t may be
Ganterpreted and more importantly undertreated if in fact
_.+js infected. Another scenario exists when a positive NMI
5 epresenf‘? a sof_t tissue infection (F}g. 3.9.A-—C) mthg;: o
¢ bone infection. Here, a negative third phase ™" Tc-
3P hone scan cdn be associated with a positve Hn-oxine-
ican, a manifestation of infection in a calcaneal decubirus
 face of severe peripheral vascular disease. In this case,
‘dium study isolates soft tissue infection and by combina-
on imaging rules out osteomyelitis, Without the benefit of the
ctirral information provided by the "™ Te-MDP bone scan,
sitivity of the indium study could easily be misinterpreted
as 'steomyéliﬂs. Combination imaging in multiple orthogonal
s mapped out the region for bone biopsy and was nega-
or infection from both a microbiological and histologic
staridpoint.
The interpretation of NMI studies is chiefly the responsibil-
of the radiologist; however, the ordering physician should
have a good working knowledge of the goals of the study and
images are to be interpreted and clinically correlated. This
sould include a thorough understanding of conditions that
are associated with an inereased leukocyte accumulation and
se that are not. With this understanding, the clinician can
ét_f:_er predict when a false-positive or -negative result is possi-
1 This allows better prognostication for the patient and an
miproved clinical approach to the pathology.
. Systemic diseases often manifest with pathology in the lower
xiremity, Complicated medical conditions sach as diabetes,
ironie renal failure, coronary artery disease, peripheral vascu-
disease, and others are compounded by the threat of infec-
n and are among the most challenging clinical scenarios.
Vheen these perplexing cases present, there should be a meet-
ing' of minds among the surgical specialist, infectious disease
specialists, radiofogists, and general practitioners as to an ap-
ropriate method for obtaining & definitive diagnosis. In gen-
ral, we safeguard patents by focusing on ruling out the diag-
osis that carries with it the highest visk of morbidity. The
onsensus is that infection of soft tissue and bone carries a high
-degree of morbidity and merits prompt identification and treat-
ient. In the event that infection is ruled out, the differential di-
gnosis can be modified and the differential list prioritized
‘based on the clinical severity. When NMI studies are negative
and serclogic values remain at or retarn to normal, an vnevent-
ful clinical recovery is anticipated.
An obvious weakness in protocols requiring radioisotope la-
eling of WBCs presents in the face of patients who suffer from
‘generalized neutropenia. Neutropenia directly impacts the
{fotal number of cells available for labeling and as such this con-
-dition diminishes the overall quality of the exam in a propor-
ton that is consistent with the degree of neutropenia. This
'hysiologic manifestation occurs in various disease states, in-
luding diabetes. Antibiotic therapy can be initiated immedi-
dtely hefore imaging in these cases without affecting leukocyte
Tabeling or interfering with imaging leukocyte aceurnulation.
“However, long-term antibiotic management prior to imaging

may compromise the quatity and interpretation of the NMI imn-
aging set.

IN VIVO RADIOLABELED INFECTION
IMAGING AGENTS

Research in nuclear medicine techniology has focused on arriv-
ing at an ideal infection imaging agent for decades. The ideal in-
fection imaging agent would use a low-energy isotope with a
short halflife that would create an in vivo label to leukocytes, al-
fowing for prompt imaging of infection. This would minimize
radiation exposure to the patient, facilitate expeditious imaging
decreasing technologist time and increase the number of
patients that could be imaged in a given day. In short, the
ideal agent would provide safe, fast, accurate, and inexpensive
imaging of infection. To date this imaging agent does not exist.
Developing such an agent is a difficult challenge. Monoclonal
aniitbody imaging studies in animals has been going on for many
years atteropting to develop a technique that will be readily func-
tional for human stady. Although there are 2 number of in vivo
radiolabeled compounds used for infection, imaging most of
these techniques remain available for research purposes only
(28,35,41,42,67-69,73-77). One such agent, 2 murine ant-CD
15 IgM monoclonal antibody, was labeled o "™ technetium for
infection imaging with successful phase H clinical trials reported
in 1998. The CD 15 antigen is expressed at the surface of poly-
morphonuclear leukocytes (PMNs), monocytes, and eosinophils
and so predictably aggregates in regions of infection. The agent
was FDA approved in 2004 for use in imaging acute and chronic
appendicitis, ischemic bowel, postsurgical infection, and nosoco-
mial infection. The targetto-background ratio using this tech-
nique is similar to that seen in other infection imaging studies
such as indium (Fig. 3.15A—C}. The sensitivity and specificity in
extremity imaging are similar between antibody imaging 91%
and 69% and indium lenkocyte imaging 91% and 62%. When
interpreted with bone scans, the sensitivity reached 100% for
both antibody and indium, whereas specificity was increased to
85% and 77%, respectively (73). Personal experience using this
agent in a number of infection cases was very promising, and the
technique has proved beneficial for complex cases such as the
development of a Charcot ankle 6 months after treatment for a
complex ankle fracture, It was noted that the neuropathic de-
struction fails to prompt accumulation of monoclonal antihod-
ies known to aggregate in regions of infection. This documents
the absence of infection in the ankle and confirms the presence
of antibody uptake in a region of prior osteomyelitis resection
(Fig. 3.16A-E). Chronjc nonhealing ulceratdon in the face of
longstanding diabetes and peripheral vascular disease remains
suspicious for osteomyelitis of the posterior tuber until proved
otherwise {Fig. 3.17A-C). Charcot ankle and chronic neuro-
pathic fracture dislocation of the entire ankle and rear foot
shoutd have documentation that there is no evidence of deep
bone infection prior to surgical reconstruction {Fig. 3.18A-H).
Of note is that this form of NMI is very useful even in the small
bones of the distal forefoot while this cannot be said of Te-
sulfur colleid. This is easily iliustrated in the case of chronic
soft tissue infection of a spider bite in the great toe. Ancillary
imaging with the benefit of the NMI monoclonal antibody tech-
nique elucidated the presence of osteomyelitis in the hallux
interphalangeal joint of the great toe (Fig. 3.19A-D). Similarly,
chronic sesamoiditis complicated by longstanding ulceration
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Figure 3.15 Toul body scans illustrating the respective farget 1o background ratios in normal subjects
for (A} " Te-monocional antibody study, (B) ““Te-HMPAQ, and (€) indium leukocyte imaging.

and infection in the face of peripheral vascular disease and dia-
betes mellitus can be sorted our, The benefit of NMT provides
distine: delineation of radiotracer uptake to confirm a welf lo-
calized focus of infection despite prolonged treatment with var-
ious oral antibiotic agents and remote surgical intervention,
This condition proved amenable 16 surgical débridement and
antibiotic therapy without further bone loss (Fig. 3.20A-C).
Unfortunately, because of severe adverse reactions in patients
with severe underlying cardiopulmonary compromise, sales
and distribution of the agent were voluntarily suspended by the
end of 2005. As of the time of this printing, it is uncertain
whether this agent will return for clinical applications.

PET/CT IMAGING: TECHN ICAL CONSIDERATIONS
IN NUCLEAR MEDICINE IMAGING OF INFECTION

Nuclear medicine imaging illuminates the distribution of ra-
dionuclide compounds by using regional, whole body, single
emission computed tomography (SPECT), or positron emis-
sion tomography (PET). These techniques are ail considered

noninvasive, are available in area hospitals or outpatient cen-
ters, and are performed on an outpatient basis. These studies
help in the diagnosis of 2 wide variety of pathologies beyond os-
teomyelitis and musculoskeletal pathology. Fungal infection,
portal hypertension, appendicitis, Crohn disease, mmflammatory
bowel disease, and tamor imaging are but a few of the clin.
cal conditions that NMI has been useiul for over the past few
decades {40-47,66-69),

Advances in nuclear medicine technology include the wide
spread use of PET (72). Positron emission tomography uses a flu-
orine compound (F-18) labeled to the chemical ﬂuoro—?-deoxy—
d-glucose {FDG) as the basis for imaging. The energy of emission
available for imaging is a 511 kv photon that is produced by the
annihilation of an electron by a positron; hence, the term
positron emission tomography. Original research and develop-
ment of this technique focused on cerebral and cardiovascular
imaging because of is ability to provide perfusion imaging.
Although MRI and computed tomography (CT) are excellent
tools for studying anatomic details, the PET scan is & physiologic
imaging rechnique that reveals metabolic information about

{text continues o page 34)
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Figure 3.16 A. Relased caicaneal stance position reveals the right foot is
dislocated beneath the ankle mortise. B. Clinical frontal view reveals the residual
swelling in this ankle dislocation despite aggressive offloading and Jones compression
dressing. The second digit remmains retracted 1 vear after partial ray resection
(performed elsewhere) for a presumptive diagnosis of osteomyelits, C. Plain radi-
ograph ankle mortise 6 manths after treatmenr elsewhere for a complex ankle fracture
in a neuropathic dizbetic patient. D. Plain radiograph, dorsal plantar right foot docu-
ments the prior ray resection and the residual “sucked candy” appearance of the resid-
ual second metatarsal stump. The third metatarsal head deviation and phalangeal base
degeneration noted here are consistent with the clinical presentation of chroric
swelling within that region. E. A monoclonal antibody study fails to reveal evidence of
uptake in the ankle dislocation. Isolated uptake in the region of the second digit and
third metatarsophalangeal joint is suggestive of an indolent inflammatory process. F. A
lateral radiograph 1 vear postreconstructive ankle surgery. Follow-up clinical and radi-
ographic correlation failed to reveal evidence of progressive infectiorn: in the foot or
ankle after 1 vear.
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Figure 3.17 A. Clinical appearance of a longstanding ul-
ceration in & diabetic patient with a Charcot foot and renal
disease. B, " Tc-monociona) antibody imaging reveals a very
discrete small localization of intensity consistent with soft tis-
sue infection. This study in additien to serologic testing con-
firmed the zbsence of bone infection and allowed purely
medical management of this condition. €. Clinical appear-
ance after 4 months of offloading and local wound care.

Figure 3.18 A. Clinical photo of left Charcot ankle dislocation demonstrating the chronic swelling and
inereased temperature gradient that is consistent with the Charcot process. B, The Charcot ankle developed
subsequent to a poorly treated ankle fracture. This patient continued to walk on the limb despite the foot and
ankle disiocation and extreme limb length discrepancy. (continued)
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Figute 3.18 (Continued; G, Ankle views; anterios-posterior and lateral views revealing the dislocation
and profound destrucdon of the Charcot process. Infection imaging is performed after detailed MRI exami-
nation fails to discriminate between the destruction of Charcot joint and osteormyelitis. E. #mTe-MDP SPECT
study suggests hyperemia within the bones of the ankle mortise and subtalar joint. Notice that the large ankle
joint effusion makes it easier to distinguish the individual bones of the ankle mortise. F. "™ Te-monoclonal
antibody image reveals diffuse localization within the ankle mortise. This diffuse uptake is felt to represent the
florid synavial respanse to dead and degenerative bone fragments in and about the ankle. Subsequent bone
biopsy confirmss the absence of infection in the tibial plafond and the calcaneus. Both histology and microbi-
ology were in agreement. G. Clinical condition 1.5 years after surgery. Surgical stabilization was pursued only
after sufficient biopsy and serologic testing confirmed the absence of infection. Notice indentation markings
along the right limb, indicative of prophylactic bracing. H. Lateral radiograph demonstrating stable consoli-
dated tibiocalcaneal fusion, without evidence of infection lyear postoperatively.
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Figure 3.19 This series documenss a diabetic patient who susiained a spider bite that was treated with
many weeks of oral antibiotic therapy. Because of continned erythema, swelling, and pain infection imaging
was pursued. A. Clinical evaination reveals a tender, warm, swollen, and ervthematous great toe, B, Xray
dorsal-plantar hallux reveals a fracture of the distal aspect of the proximal phalanx of the great 1oe, Arthritic
changes in these regions can confound plain film interpretation and these subtle findings were overlooked
upon initial presentation in the emergency room. G. **™Te-MDP third phase suggests hyperemia within

the hallux extending into the first metatarsal head. D. *™Tc-monoclonal antibody imaging performed at

60 minutes and 3 hours reveals the cubic morphology of the proximal phalanx consistent with osteomyelitis.
Notice that the region of intensity found in this image set is more localized than that seen in the ¥ Te-MDP
scan. Partial débridement of the hallux proved curative, and indivm leukocyte imaging confirmed absence of
infection at long-term follow-up.
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Figure 3.20 A, This series documents a diabetic suffering from the cini-
cal triad of neuropathy, ulceration, and clinical evidence of infection. The
challenge is discerning the extent of infecrion if it exists and whether this af
fects the degenerative joints affected by the Charcot process. A, Clinical ap-
pearance after long-term treatment for sesamoiditis in a neuropathic patient
reated elsewhere. B. Radiograph illustrating previous surgical resection of
the phalangeal hase and neuropathic destruction at the level of the second
metatarsal phalangeal joint (MTP}). C. BT monocional antibody imaging
isolates accumulation immediately beneath the first metatarsal head. There is
no evidence of uptake in the region of the neuropathic destruction of the
second MTFY or ¢lsewhere in this Charcot foer. I. Clinical photo after con-
servative surgical débridement that included an isolated sesamoid resection,
avoiding further more significant bone loss. Follow-up indivm leukocyte im-
aging failed to identify evidence of indolent infection at the tme of this clini-
cal photo 5 months after surgery.
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organs before they undergo significant morphologic change.
This has proved invaluable for the early identification, localiza-
tion, and staging of malignancy throughout the body. This tech-
rique can be used for the follow-up of surgical resection or
chemotherapy without distortion—a quality that CT and MRI do
notshare (78-81). In cermin complex regions of interest, such as
the bowel, it may be difficult to identify the anatomic location of
increased radioisotope uptake of a PET scan; in these instances,
the anatomic detail of a CT is required as a complement. When
the metabolic information of PET is combined with the sguc
tural information of computed axial tomography, the sensitivity
and specificity of this technique is markedly increased and so has
moved to the forefront in diagnostic imaging. Beyer is credited
with developing the first combination PET/CT scanner, which
revolutionized the utility of this technique, allowing for virtually
simultaneous imaging without moving the patient (82).
Malignant cells naturaily have high giucose uptake, a
process called facilitated transport, because of upregulated
hexokinase activity. With this glucose, the tamor is able to un-
dergo glycolysis to provide nutrients necessary for further
growth. Glucose uptake is increased after the tumor has
reached a threshold of 2 mm growth in diameter, This is the
maximum distance that capillary permeability and diffusion
can provide oxygen and nutrients for further growth. The
tumor cannot grow beyond this 2mm diamerer without the up-
regulation of glucose 1o support the angiogenesis and neovas-
cularization needed for the production of new tumor tissue. In
necrotic tumors, there is an anaerohic pathway to facilitate glu-
cose uptake for growth, Fluoro-2-deoxy-D-glucose {¥DG) is an
analog of glucose that is taken up by metabolically active tumor
cells the same as glucose. The rate of 2 tumors metabolic activ-
ity is dependent upon its growth. The difference between the
analog and glucose is that glucose is further broken down into
by-products, whereas FDG does not. The FDG molecule be-
comes trapped within the metabolically active cell and remains
there throughout its physiologic halflife, which allows for
imaging. This metabolic imaging has many beneficial charac-
teristics; however, anatomic resolution is not one of them. As
such, additional imaging with the benefit of computed tomog-
raphy is used to provide the anatomy to distinguish normal iso-
tope uptake from the abnormal uptake of pathologic tissues.
Preparation for PET-CT imaging includes fasting for 4 to
6 hours prior 1o imaging, avoidance of caffeine or alcohol in-
gestion (although water is allowed), and abstaining from exer-
cise activity before and after injection of the radioisotope.
Immediately after injection, speaking and activity are limited to
reduce muscular uptake of the FDG, The fasting is meant to en-
hance the FDG uptake and reduce cardiac uptake. Because
FDG uptake is competitive with the patient’s serum ghucose, a
preinjection glucose is drawn prior to injection and blood
glucose of <150 mg/dL is desirable. Elevated blood glicose,
reduces uptake of the radioisotope, thereby reducing the reso-
lution of the image set. The use of insulin to reduce serum
glucose during the time of imaging has been debated because
insulin increases glucose transport into muscles, fat, and other
tissues, and would exaggerate radioisotope uptake in these re-
gions, potentially creating a false-positive exam. From a practi-
cal standpoint, in certain cases, it may be helpful to limit the
use of regular insufin to 2 hours prior to the exam without in-
terrupting long-acting insulin usage. The brain and tiver tissues
are an exception to this rule, as they do not require insulin for

glucose uptake, For the CT image, 125 m¥. of a low—osrnolarity
iodine contrast medium is delivered intravenously via an injec-
tor system. Imaging is performed approximately 60 minutes
after injection. The CT component of the study rakes approxi-
mately 60 to 70 seconds and the PET scan approximately 30 to
45 minutes for a total body scan. The maximum patient length
that can be imaged using the combination PET-CT system is
145 cm. The PET field of view is 58.8 cm with a spatial resolu-
tion of 5 mm in images processed to a thickness of 2.4 mm
before fusing with the GT image. These tmages can be inter-
preted in various ways to include visuaf inspection, standard-
ized uptake value (SUV), and glucose metabolism. Visual in-
spection of data individually from the PET and CT exam as well
as fused data overlaying the two data sets is common, Standard
calculations for the SUV and glucose metabolic rate have been
described (83). The SUV equals trace actvity in tdssue (mi-
crocuries) divided by the injected radiotracer dose (milli-
curies) /patient body weight (kg}.

Many tissues normally uptake FDG, such as the brain, heart
muscle, genitourinary tract, and thymic tissue, especiafly in
children. Sites of variable distribution inctude the bone mar-
row, gastric, and bowel tissues, Normal tissue of the liver, lung,
and bone marrow range from 0.5 1o 2.5 SUV, whereas malig-
nant tumors generally have an SUV >2.5 to 3.0 (72). The liver
and spleen uptake is considered low grade and diffuse; how-
ever, in the face of infection, the spleen appears hyperintense,
From a pracical standpoint, it is important 1o be consistent in
timing the PET scan after injection as the isotope’s halfiife
Plays a significant role in the interpretation of the image.
Similarly, it is important to grade a tumor’s SUV before begin-
ning therapy to ensure accurate interpretation of subsequent
PET-CT images after therapy has been implemented.

The question remains as to whether there is a definite utility
of PET-CT imaging in the diabetic foot complicated by infec-
tion, neuropathic disease, or both. Given the fundamental he-
havior of the radioisotope compound I8F-FDG, there may well
be a place for identifying areas of increased raetabolic activity of
active neuropathic disease, active osteomyelitis, and other mus-
culoskeletal indications. To date the literature is scant for PET-
CT imaging in the extremities, atthough it is encouraged in the
hunt for metastatic disease as well as foliow-up of both benign
and malignant neoplasm (84-87}. To date, the literature using
PET-CT imaging in the diabetic foot in particular is anermic and
80 requires much more study. Keider reported on 14 diaberic pa-
tients suspected of having foot infection {involving 18 sites).
Keider used this technique and concluded that PET.CT can clar-
iy soft tissue infection from osteomyelitis in the diabetic foor.
Findings of osteomyelitis were based on histopathology and mi-
crobiology reports from biopsy specimens. Although increased
uptake was seen on PET-CT imaging in both soft tissue infection
and bone, this imaging set allowed exclusion of four cases that
showed no abnormality, five patients with soft tissiie infections
only, and another site of mild intensity in osteoarthropathy asso-
clated with diabetes, Ultimately, PET-CT identified osteomyelitis
In four patients localizing eight sites of infection that were con-
firmed by microbiology (88). Given the research that has been
compieted in nuclear medicine infection imaging it is intuitive
that the natare of an infection exhibited in NMI scanming is
more closely related to the cellular activity of the affected tissue
than whether the condition is acute or chronic in nature.
Therefore, it stands to reason that PET-CT should be affective in
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ftifving both acute and chronic conditions of infection while
oliicidating important structural informatdon. Mochizaki et al

1ttes an& Paik et al suggested that the cellular uptake of FDG in the
roxi-: Plés'ence of inflammation and infection is ultimately because of
30 ta: < actvity of various cytokines and growth factors that increase

the number of glucose transporters and their affinity to FDG
(89,90). As of the date of this writing, PET-CT imaging has
r.no‘\"ed to the forefront in three-dimensional imaging; however,

mm &:date it only has FDA approval for indications within the realm
ater ofoncology (72,78-91}). Although it is understood that physi-
lard- “ans have used this technique for off-label indications such as

Afection imaging, the technique remains a modality 1o which
Aiost clinicians have only limited access.

CONCLUSION

Nuclear medicine leukocyte imaging (NMLI} for the diagnosis
of infection has been discussed and used by the medical com-
unity for decades. Although these studies have withstood the

Leart
y in

mar- est of time, this imaging techunique has a specificity that is less
ung, than desirable. The use of combination imaging, "indium or
alig- 990 chnetium leukocyte images in combination with a ™ TC-

MDP bone scan, can afford greater anatomic information and
elucidate discrete areas of infection, thereby increasing the
pecificity of NMI

The use of nuclear medicine imaging for infection and com-
bination imaging techniques (*"'Tn-WBC and **Tc-WBC/ ¥ Tc-
MDP} has wemendous wtility for the surgical physician, as it not

liver
how-
nse.
1t in

flife

\age. :
sgin- - only identifies the presence of disease but also provides a mech-
uent anism for monitoring therapy and ultimately confisming when

the disease has been successfully eradicated. This has been

Ality .demonstrated and discussed in the current literature extensively
2fec- {2-38,48,49,52-63,65,92-94). Specifically, the leukocyte imaging
1 be- echnique can be repeated weeks or months after trearment,

well
ty of
mus-
PET-
1 the

“confirming the eradication of infection. Most importantly, in
cases of immunocompromise and history of exacerbations and
missions of infection these studies can rale out the presence of
ndolent infection residual of prior therapy. This allows for bet-
€r prognostication in patient management and prevents insuffi-
ient treatment of infection and recurrence. In addition, serial

nign
1sing maging techniques can be employed in a manner that can help
and minimize or reduce the duration of antibiotic therapy. This

¢ pa- educes morbidity secondary 1o the renal toxicity that many an-

tes). tibiotics impose.
clar- Further work in nuclear medicine technology should include
foot. “Improving strategies to delineate regions of interest within the

i mi-
ased
tion
that
Hons
asso-
elitis
COT}-
Jeen
litive
1g is
issue -
ture,
ve in

:small bones of the foot. This may be possible using combination
NMTI with tomography and digital subtraction protocols for isola-
» tion of individual bones within the tarsus and lesser tarsal bones.
Perhaps the greatest strength in nuclear medicine imaging
or the lower extremity is its ability to identify and isolate infec-
_Hous processes, ditferentiating them from other more benign
~clinical conditions.
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