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uclear Medicine and Diabetic Foot Infections
hristopher J. Palestro, MD,*,† and Charito Love, MD*

Up to 25% of the diabetic population is at risk for developing a pedal ulcer. These ulcers serve
as a portal of entry for osteomyelitis and overlie more than 90% of diabetic pedal osteomyelitis
cases. The diagnosis of osteomyelitis often is overlooked, and imaging studies are an essential
part of the evaluation. The most commonly performed radionuclide tests are bone and labeled
leukocyte imaging. Focal hyperperfusion, focal hyperemia, and focal bony uptake on the
3-phase bone scan comprise the usual presentation of osteomyelitis. Many conditions to which
the diabetic population with foot problems is prone, however, mimic osteomyelitis, and the test
is sensitive but not specific. Consequently, the bone scan often is used as a screening test or
to facilitate localization of activity on labeled leukocyte images. Because of its high sensitivity
and prevalence of positive results, its value as a screening test is questionable. Investigations
comparing labeled leukocyte imaging alone to labeled leukocyte plus bone imaging, demon-
strate only marginal improvement for the combined study. Thus, it is time to reevaluate the role
of the bone scan in diabetic foot infections. Labeled leukocyte imaging is the radionuclide
procedure of choice for evaluating diabetic pedal osteomyelitis. Sensitivity and specificity
range between 72% and 100%, and 67% and 98%, respectively. Although intraindividual
comparisons are few, the accuracy of the test is similar, whether the leukocytes are labeled
with 99mTc or 111In. Labeled leukocytes accumulate in uninfected neuropathic joints, and
marrow scintigraphy may be needed to determine whether infection is present. Alternatives to
labeled leukocyte imaging include in vivo methods of labeling leukocytes, radiolabeled poly-
clonal IgG, and radiolabeled antibiotics. The results obtained have been variable and none of
these agents is available in the United States. There are few data available on single-photon
emission computed tomography/computed tomography. It probably will be useful in the mid
and hind foot; in the distal forefoot, given the small size of the structures, its value is less
certain. Data on 18F-fluorodeoxyglucose positron emission tomography and positron emission
tomography/computed tomography are limited and inconclusive, and further investigation is
needed.
Semin Nucl Med 39:52-65 © 2009 Elsevier Inc. All rights reserved.
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he worldwide prevalence of diabetes now exceeds 200
million and is expected to exceed 300 million in the next

0 years. Approximately 7% of the American population has
iabetes. With increasing life expectancy, the incidence of
iabetic-related complications also is increasing. It is esti-
ated that up to 25% of the diabetic population is at risk of
eveloping a pedal ulcer, the most common risk factor for
ubsequent amputation. More than 1 million amputations
re performed annually for diabetes-related foot problems,
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nd diabetes is the most common cause of amputations in the
nited States.1

The most important underlying condition leading to dia-
etic foot problems is a neuropathy that involves sensory,
otor, and autonomic nerves. Sensory neuropathy results in
loss of protective sensation. With loss of protective sensa-

ion, foot trauma is not recognized and leads to ulcer forma-
ion. The ulcer often is the portal of entry for bacteria, leading
o cellulitis and/or abscess formation. Motor neuropathy re-
ults in muscle atrophy, foot deformity, and altered biome-
hanics. This leads to areas of high pressure during standing
r walking and repeated trauma that may go unrecognized
ecause of sensory deficits. Autonomic neuropathy results in
ry skin, leading to cracks and fissures, which serve as sites of
ntry for bacteria. Autonomic neuropathy also leads to an
lteration of the neurogenic regulation of cutaneous blood
upply that can contribute to ulcer formation and altered

esponse to infection.1
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Nuclear medicine and diabetic foot infections 53
Any breach in the cutaneous integument of the foot in a
erson with diabetes can lead to severe soft-tissue and/or osse-
us infection. Osteomyelitis should be considered in any patient
ith a chronic non-healing wound, especially if it is deeper than

he dermis layer. A simple, reasonably accurate bedside clinical
est for osteomyelitis underlying an open wound is the “probe to
one test.”2,3 Unfortunately, diabetic patients can have a signif-

cant foot infection and lack pain and not mount a systemic
nflammatory response, and the diagnosis of osteomyelitis often
s overlooked.1 Imaging studies are therefore, an essential part of
he diagnostic evaluation of these individuals.

There are a myriad of imaging studies, both morphological
nd functional, from which to choose. Relatively inexpensive

igure 1 Osteomyelitis right fifth toe. There is soft-tissue swelling
nd cortical destruction of the phalanges (arrows), characteristic of
steomyelitis. Radiographs, readily available and relatively inexpen-
ive, should be the initial imaging procedure performed because
hey may provide the diagnosis and avoid the ordering of additional,
ore costly tests.

Figure 2 Osteomyelitis right great toe. There is focal h

activity on the three phase bone scan.
nd readily available, radiographs should be the initial imag-
ng procedure performed because they may provide the di-
gnosis and obviate the need for additional, more costly tests
Fig. 1). Even when they are not diagnostic, radiographs are
seful. They provide an anatomic overview of the region of

nterest and any pre-existing conditions that could poten-
ially influence both the selection and interpretation of sub-
equent procedures.4 The most commonly performed radio-
uclide, or functional, studies for the evaluation of diabetic
oot infections, are bone scintigraphy and labeled leukocyte
maging.

one Scintigraphy
he presence of focal hyperperfusion, focal hyperemia, and

ocal bony uptake on the 3-phase bone scan once was
hought to be virtually diagnostic of osteomyelitis (Fig. 2).

any of the conditions to which the diabetic patient with
oot problems is prone, however, mimic osteomyelitis. Frac-
ure, the neuropathic joint, and even the pedal ulcer, all can
ield positive 3-phase bone scans (Fig. 3).5 In a review of 77
iabetic patients with suspected pedal osteomyelitis, Keenan
nd coworkers6 reported a sensitivity of 100% and a speci-
city of 38% for the 3-phase bone scan. Larcos and cowork-
rs7 studied 51 diabetic patients with suspected pedal osteomy-
litis and reported a sensitivity of 93% and a specificity of 43%
or the test. Maurer and coworkers8 reported a sensitivity and
pecificity of 75% and 59% for 3-phase bone imaging. More
ecent investigations have yielded similar results. Johnson and
oworkers,9 in a prospective investigation of 22 diabetic pa-
ients, reported a sensitivity of 100% and a specificity of 10% for
he 3-phase bone scan. Devillers and coworkers10 prospectively
valuated 3-phase bone scintigraphy in 42 diabetic patients with
6 foot ulcers and found the test to be 100% sensitive and 30%
pecific. Harvey and coworkers,11 in a study of 31 diabetic pa-
ients with pedal ulcers, reported that the 3-phase bone scan was
1% sensitive but only 40% specific for diagnosing pedal osteo-
yelitis in their population. In a prospective investigation of 27
atients with suspected pedal osteomyelitis, Blume and cowork-
rs12 reported that the sensitivity and specificity of 3-phase bone
cintigraphy were 75% and 29%, respectively. In a recent mul-
icenter study, Palestro and coworkers13 reported similar results.

rfusion, focal hyperemia, and focally increased bone
yperpe
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54 C.J. Palestro and C. Love
Attempts at improving the specificity of the bone scan have
ad mixed results. Seldin and coworkers14 evaluated the first,
r angiographic, phase of the study. Hyperperfusion, which
as present at the same time as, or before, the appearance of

ctivity in surrounding tissues, was defined as arterial. Hy-
erperfusion that developed only after activity appeared in
urrounding tissues was defined as venous. These investiga-
ors found that arterial hyperperfusion was associated with
steomyelitis, while venous hyperperfusion was associated
ith soft tissue infection. Classifying the study as positive for
steomyelitis only when arterial hyperperfusion was present,
he sensitivity and specificity of the 3-phase bone scan were
4% and 79%, respectively. Newman and coworkers,15 how-
ver, were not able to duplicate these results. These investi-
ators found that, using arterial hyperperfusion as a criterion
or a positive study, the bone scan was neither sensitive
69%) nor specific (39%).

Another attempt at enhancing the specificity of bone im-
ging is the 4-phase bone scan. In contrast to normal bone, in
hich tracer accumulation ceases about 3 to 4 hours after

njection, tracer accumulation in woven, or immature bone,
hich is present in osteomyelitis, continues for several hours
ore, resulting in greater lesion-to-background ratios on the

ourth-phase than on the third-phase images. Alazraki and
oworkers,16 using visual image interpretation, reported an

Figure 3 Reactive bone right great toe. There is focal h
activity on the three phase bone scan. The appearance i

Figure 4 Osteomyelitis left great toe. There is focally incr

(left) and dorsal (right) images which were obtained about 24
ccuracy of 80% for the 3-phase bone scan and an accuracy of
5% for the 4-phase study. The 4-phase procedure was more
pecific (87% versus 73%) but less sensitive (80% versus
00%) than the 3-phase study. Israel and coworkers,17 using
emiquantitative image analysis, also reported an accuracy of
bout 85% for the 4-phase study. Woven bone is not unique
o osteomyelitis; it also is present in fractures, degenerative
hanges, and other conditions present in the foot of the dia-
etic patient; in these circumstances, 4-phase bone scintigra-
hy is less useful.

n Vitro Labeled
eukocyte Imaging

he role of in vitro labeled leukocyte scintigraphy in the diag-
osis of diabetic pedal osteomyelitis has been extensively inves-
igated. The sensitivity of the test, when 111In-labeled leukocytes
re used, has ranged from 72% to 100% and the specificity from
7% to 100% (Fig. 4).6-9,13,15 In one of the earliest investigations
f the technique, Maurer and coworkers8 reported that the sen-
itivity and specificity of labeled leukocyte imaging for diagnos-
ng osteomyelitis in 13 patients with diabetic osteoarthropathy
ere 75% and 89%, respectively. These investigators reported

hat the study was most useful for excluding infection. Poor

erfusion, focal hyperemia, and focally increased bone
tinguishable from that of osteomyelitis (see Fig. 2).

ccumulation of 111In-labeled leukocytes on the plantar
yperp
eased a

hours after injection of labeled leukocytes.
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Nuclear medicine and diabetic foot infections 55
patial resolution and lack of bony landmarks made differenti-
tion of soft tissue from bone infection difficult. Schauwecker
nd coworkers,18 by using the bone scan as an anatomic refer-
nce, reported a sensitivity of 100% and a specificity of 83% for
abeled leukocyte imaging in 35 patients, including 25 with
iabetes. False-positive results included 3 cases of extraosseous
hite cell accumulation mistakenly attributed to bone. Keenan

nd coworkers6 retrospectively analyzed 111In-labeled leukocyte
cintigraphy in 77 diabetic patients with suspected osteomyelitis
f the foot and reported a sensitivity and specificity of 100% and
8%, respectively. Larcos and coworkers7 retrospectively re-
iewed labeled leukocyte imaging in 51 diabetic patients with
uspected pedal osteomyelitis and found a sensitivity of 79%
nd a specificity of 78% for the test. Among the 35 patients with
oft tissue ulcers, the sensitivity and specificity of the test were
5% and 77% respectively. The accuracy was not affected by the
resence of neuropathy, coexistent soft tissue infection, or prior
dministration of antibiotics.

Newman and coworkers,15 in perhaps the largest prospec-
ive investigation reported to date, evaluated 41 foot ulcers in
5 diabetic patients. No patient was on antibiotic therapy for
ore than 7 days before entry into the study, and bone spec-

mens for histological analysis and culture were obtained
rom all 41 sites. Patients underwent both 4- and 24-hour
abeled leukocyte imaging. Osteomyelitis was present in 28
68%) of 41 diabetic foot ulcers. Focally increased activity of
pproximately the same intensity on the dorsal and plantar
iews was the criterion for osteomyelitis (Fig. 4). The sensi-
ivity and specificity of four hour leukocyte imaging both
ere 77%; the sensitivity of 24-hour leukocyte imaging was
9% and the specificity was 69%. The 24-hour labeled leu-
ocyte scan was the most accurate test for diagnosing pedal
steomyelitis in this population (82%). It was more sensitive
89% versus 69%) and more specific (69% versus 39%) than
one scintigraphy.
Johnson and coworkers9 studied 22 diabetic patients and

ound that labeled leukocyte imaging was 100% sensitive and
0% specific for diagnosing pedal osteomyelitis. In a recent
rospective investigation of 25 diabetic patients with pedal

Figure 5 Osteomyelitis right first metatarsal. Plantar ima
injection of 99mTc-labeled leukocytes. Compare the qua
lcers, when the criteria of Newman and coworkers15 were (
sed, the sensitivity and specificity of the test were 80%, and
7%, respectively.13

The reported sensitivities and specificities of 99mTc-exam-
tazime-labeled leukocyte imaging for diagnosing diabetic
edal osteomyelitis have ranged from 86% to 93% and from
0% to 98%, respectively (Fig. 5).10-12,19 Devillers and co-
orkers10 prospectively evaluated 4-hour 99mTc-labeled leu-
ocyte imaging in 42 diabetic patients with 56 foot ulcers.
abeled leukocyte images were interpreted in conjunction
ith bone scans and studies in which the distribution of

bnormal uptake was spatially congruent on both studies
ere considered positive for osteomyelitis. When these cri-

eria were used, the sensitivity and specificity of labeled leu-
ocyte imaging were 88% and 97%, respectively. Blume and
oworkers12 prospectively evaluated the utility of 99mTc-ex-
metazime-labeled leukocytes for diagnosing pedal osteomy-
litis in 27 patients, including 20 with diabetes. Fifteen pa-
ients had frank ulcers at the time of imaging. Images,
cquired 3 to 4 hours after injection, were classified as posi-
ive for osteomyelitis when focally increased bony uptake at
he site of suspected infection was greater than surrounding
oft tissue uptake. The sensitivity and specificity of the test
ere 90% and 80%, respectively. Poirer and coworkers19

valuated 99mTc-labeled leukocytes in 83 sites of suspected
iabetic pedal osteomyelitis. Images were acquired 4 to 5
ours after injection and interpreted together with the bone
can by using criteria similar to those of Devilliers and co-
orkers.10 These investigators reported a sensitivity and

pecificity of 92.6% and 97.6%. Harvey and coworkers11

nvestigated 52 diabetic patients, with non healing ulcers,
ho were suspected of having pedal osteomyelitis and re-
orted a sensitivity of 86% and a specificity of 90%. Neither
he criteria for image interpretation, nor the time interval
etween injection and imaging, however, were specified.

he Neuropathic Joint
ost diabetic patients who undergo radionuclide imaging for

edal osteomyelitis present with an ulcer in the distal forefoot

re obtained about four (left) and 24 (right) hours after
detail of these images to those in Fig. 4.
ges we
metatarsal/toe) region. A less-frequent complication that
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56 C.J. Palestro and C. Love
sually develops in the diabetic mid- or hind-foot is the neu-
opathic, or Charcot, joint. At least 35% of all diabetic pa-
ients develop a neuropathy and approximately 5% of them,
fter long-standing diabetes, eventually develop a neuro-
athic joint, usually in the fifth to seventh decades of life. The
arsal and tarsometatarsal or Lisfranc joints are affected in
0%, the metatarsophalangeal joint in 30% and the tibiotalar

oint in about 10% of cases. Repetitive stress on an insensitive
oot leads to bone and joint disruption, deformity, and insta-
ility, which lead to degeneration, subluxation, and eventu-
lly destruction of the joint. The endless cycle of injury, de-
truction, incomplete healing, and partial repair results in a
rossly deformed foot. The longitudinal arch of the foot col-
apses, producing the “rocker bottom” appearance. Clini-
ally, the neuropathic joint usually presents with swelling
hat can be massive, crepitus (due to destruction of bone and
artilage), instability (due to loss of the longitudinal arch),
alpable loose bodies, and large osteophytes. Pain often is
bsent, but when present it is typically not proportional to
he gross appearance of the foot. Synovial effusions usually

Figure 6 (A) Neuropathic joint. Radiograph demonstrat
marked soft-tissue swelling. The fifth toe and distal me

strikingly positive.
re noninflammatory or hemorrhagic and are composed pre-
ominantly of mononuclear cells.20

Although infection is a relatively uncommon complication
f the neuropathic joint, differentiating between the 2 or
iagnosing infection superimposed on the neuropathic joint

s challenging. Not surprisingly, with such extensive bony
hanges, 3-phase bone scintigraphy usually is positive,
hether or not infection is present (Fig. 6).21-23 It also is

mportant to be cognizant of the fact that labeled leukocytes
ccumulate in both the infected and the uninfected neuro-
athic joint. In the past, such uptake was attributed to the

nflammation, fractures, and reparative process that are part
f the disease. It is now known, however, that labeled leuko-
yte accumulation in the uninfected neuropathic joint is
aused, at least in part, by hematopoietically active marrow.21

he explanation for the presence of hematopoietically active
arrow in the neuropathic joint is uncertain. It may be at-

ributable to the arthropathy itself. The conversion of fatty
nto hematopoietically active marrow in induced arthritis of
he lower extremities is well documented in animal models

nsive tarsal metatarsal (Lisfranc) joint destruction and
l were amputated previously. (B) 3-phase bone scan is
es exte
tatarsa
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Nuclear medicine and diabetic foot infections 57
nd a similar process may take place in the neuropathic joint.
ractures are an integral part of the neuropathic joint, and
one marrow is intimately involved in fracture repair.20,21

his too may account for the presence of bone marrow in the
europathic joint. Regardless of the explanation, labeled leu-
ocyte accumulation in the uninfected neuropathic joint
oes occur. As with other sites in the skeleton, performing
omplementary marrow imaging facilitates the differentia-
ion of labeled leukocyte uptake due to bone marrow from
hat due to infection (Fig. 7).21

ther Tracers
n Vivo Leukocyte Labeling Agents
here are significant limitations to the in vitro labeled leuko-
yte procedure and considerable effort has been devoted to
eveloping in vivo methods of labeling leukocytes, including

igure 7 (A) Neuropathic joint. 111In-labeled leukocyte images dem-
nstrate activity in the neuropathic joint of the right foot. (B) 99mTc
ulfur colloid bone marrow image also demonstrates activity in the
europathic joint, in a distribution similar to that on the labeled

eukocyte study, which confirms that the labeled leukocyte activity
s due to marrow, not to infection. Combined leukocyte/marrow
maging accurately differentiates the neuropathic joint from infec-
wion.
eptides and antigranulocyte antibodies/antibody fragments.
ne such agent is a murine monoclonal G1 immunoglobu-

in, BW 250/183, which binds to Nonspecific Cross-reactive
ntigen-95 present on neutrophils. Studies generally become
ositive by 6 hours after injection; delayed imaging at 24
ours may increase lesion detection.24 In an investigation of
5 diabetic patients Dominguez-Gadea and coworkers25 re-
orted that this agent was 93% sensitive, 78% specific, and
4% accurate for diagnosing pedal osteomyelitis. Imaging
as performed at 4 to 6, and again at 24 hours after injection,
ut these investigators found that the delayed imaging did
ot improve the accuracy of the test.
Fanolesomab is a monoclonal murine M class immuno-

lobulin binds to CD15 receptors present on leukocytes. This
gent presumably binds both to circulating neutrophils that
ventually migrate to the focus of infection, as well as to
eutrophils, or neutrophil debris containing CD15 receptors,
lready sequestered in the area of infection.26 Palestro and
oworkers13 prospectively investigated 25 diabetic patients
ith pedal ulcers, with 99mTc-fanolesomab, 111In-labeled leu-
ocytes, and 3-phase bone imaging. The sensitivity, specific-

ty, and accuracy of the antibody were 90%, 67%, and 76%,
espectively, not significantly different from those obtained
ith labeled leukocyte imaging: 80%, 67%, and 72%. The

ntibody was as sensitive as, and significantly more specific
P � 0.004) than, 3-phase bone imaging (67% versus 27%;
ig. 8).
Antibody fragments are appealing because, unlike the

hole antibody, they do not induce a HAMA response. Sule-
omab is a murine monoclonal antibody fragment of the IgG1
lass that binds to normal cross-reactive antigen-90 present
n leukocytes. The mechanisms of uptake include binding to
irculating neutrophils and crossing permeable capillary
embranes and binding of the fragment to leukocytes al-

eady present at the site of infection.24 Harwood and cowork-
rs27 performed sulesomab imaging on 122 diabetic patients
ith foot ulcers. Imaging was performed 1 to 2 hours after

njection. Sulesomab had 91% sensitivity, 56% specificity,
nd an accuracy of 80%, which was comparable with that of
n vitro-labeled leukocyte imaging (81% versus 75%). It was
ignificantly more sensitive (92% versus 79%; P � 0.05), and
lightly less specific (58% versus 67%) than labeled leuko-
yte imaging and was significantly more specific than bone
cintigraphy (50% versus 21%; P � 0.05; Fig. 9). Delcourt
nd coworkers28 prospectively compared combined sule-
omab/bone to combined bone/gallium imaging in 25 dia-
etic patients with 31 sites of suspected pedal osteomyelitis.
he sensitivity, specificity, and accuracy of sulesomab/bone
ere 67%, 85%, and 74%. The sensitivity, specificity, and

ccuracy of bone/gallium were 44%, 77%, and 58%, respec-
ively.

adiolabeled Antibiotics
he concept of using radiolabeled antibiotics for diagnosing

nfection was introduced about 15 years ago. The presumption

as that the labeled antibiotic would be incorporated and me-
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58 C.J. Palestro and C. Love
abolized by bacteria present in the infectious focus and, assum-
ng that the uptake was proportional to the number of micro-
rganism present, the measured radioactivity would accurately
nd specifically localize infection. One of the first, and certainly
he most extensively investigated, of these compounds is the

Figure 8 (A) Osteomyelitis right great toe. Radiograph w
(B) Plantar and dorsal images obtained approximately 1
99mTc-fanolesomab, demonstrate focally increased upt
leukocyte images also demonstrate focally intense uptak

Figure 9 Osteomyelitis distal left second metatarsal. Plan

the antigranulocyte antibody fragment, 99mTc-sulesomab.
-fluoroquinolone antibiotic, ciprofloxacin, labeled with 99mTc.4

ublished results, however, have been variable.29-32 Palestro and
oworkers33 foundthat radiolabeledciprofloxacinwas lessaccurate
han labeled leukocyte imaging for diagnosing diabetic pedal osteo-
yelitis (Fig. 10).

rpreted as suspicious for right great toe osteomyelitis.
after injection of the murine antigranulocyte antibody,
the distal right great toe. (C) 24-hour 111In-labeled
e distal right great toe.

dorsal images obtained about 2 hours after injection of
as inte
hour

ake in
tar and
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Nuclear medicine and diabetic foot infections 59
olyclonal IgG
adiolabeled human nonspecific lgG has been used to image

nfection and inflammation. Accumulation of this tracer is
rimarily related to increased capillary permeability, locally

ncreased extracellular space, and macromolecular entrap-
ent in the area of inflammation.20 Oyen and coworkers34

eported on the results of 111In-labeled IgG scintigraphy in 16
iabetic patients. Images were obtained at 4, 24, and 48
ours after injection and were interpreted in conjunction
ith bone scans for localization purposes. The sensitivity of

he test was 86% and the specificity 84%. Advantages of IgG
nclude elimination of in vitro leukocyte labeling and an ab-
ence of side effects. Disadvantages include the need to per-
orm 2 radionuclide studies, multiple imaging sessions over 2
ays, and accumulation in the uninfected neuropathic joint.

anocolloid
9mTc nanocolloid, a bone marrow imaging agent, has been
sed for diagnosing bone and joint infection. Uptake of the
racer is presumably caused by extravasation through the
apillary basement membrane, followed by phagocytosis or
dsorption of the particles by granulocytes and macrophages.
n a series of 9 patients, the sensitivity and specificity of this
gent for diagnosing osteomyelitis in diabetic patients with
europathic foot disease were 100% and 60% respectively.35

one of these agents, at the present time, are available in the
nited States; fanolesomab is not available anywhere.

ingle-Photon
mission Computed
omography/Computed
omography (SPECT/CT)

stablishing the diagnosis of pedal osteomyelitis in the set-
ing of contiguous soft-tissue infection or altered bony anat-
my, situations frequently encountered in the diabetic pa-

Figure 10 (A) Osteomyelitis right fourth and fifth toes. T
normal. (B) 24-hour 111In-labeled leukocyte image sho
aspect of the right foot. Interestingly the organisms cu
sensitive to ciprofloxacin.
ient, is a challenge. The current radionuclide gold standard 1
or this purpose is labeled leukocyte imaging. Labeled leuko-
yte images, however, are relatively count poor, especially
hen 111In is the radiolabel, with few or no anatomic land-
arks, making it difficult, even in the larger bones of the mid

nd hind foot, to differentiate soft tissue from bone infection.
Recent publications confirm the incremental value of

PECT/CT in patients being evaluated for musculoskeletal in-
ection.36-39 Bar-Shalom and coworkers,36 as part of a larger in-
estigation, reviewed the results of 111In-labeled leukocyte
PECT/CT in 11 patients with suspected osteomyelitis. They
ound that SPECT/CT was contributory in 6 (55%) of the 11
atients. Filippi and coworkers37 evaluated 99mTc-exametazime

abeled leukocyte scintigraphy with, and without, SPECT/CT in
8 patients suspected of having musculoskeletal infection. They
eported an accuracy of 64% for planar plus SPECT imaging and
n accuracy of 100% for SPECT/CT. SPECT/CT significantly
hanged the interpretation of the study in 10 (36%) patients. As
result of improved labeled leukocyte localization provided by

he CT component, osteomyelitis was excluded in seven pa-
ients and was more precisely delineated in three patients.
orger and coworkers,38 by using a 99mTc-labeled antigranulo-

yte antibody, evaluated SPECT/CT in 27 patients with a history
f trauma and superimposed bone infection. The accuracy
f planar plus SPECT imaging was 59%; the accuracy of
PECT/CT was 97%. These investigators found that SPECT/CT
as particularly useful for distinguishing soft tissue infection

rom osteomyelitis in the appendicular skeleton. Interobserver
greement was stronger for SPECT/CT (k � 1.0) than for scin-
igraphy alone (k � 0.68).

Although these data indicate that SPECT/CT improves the
ccuracy of the radionuclide diagnosis of osteomyelitis, the
ajority of the investigations conducted to date have focused

n relatively large structures. Whether or not these results
an be duplicated in the diabetic foot remains a matter of
onjecture. The osseous structures of the mid and hind foot
re relatively large, with a fair amount of adjacent soft tissue,
o it is likely that SPECT/CT will be useful in this region (Fig.

ft) and 24-hour (right) 99mTc-ciprofloxacin images are
ense uptake of labeled leukocytes in the distal lateral
(Staphylococcus aureus and Citrobacter diversus) were
wo- (le
ws int
ltured
1). Unfortunately, in the majority of diabetics referred to
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60 C.J. Palestro and C. Love
uclear medicine, the area of concern involves the distal
etatarsal or toe. These structures are so small that differen-

iating soft tissue infection from that of bone is likely to re-
ain a challenge, even with SPECT/CT (Fig. 12).

ositron Emission
omography (PET) and PET/CT

ata on the role of PET and PET/CT in the evaluation of diabetic
oot infections are just emerging and are, as of yet, inconclusive.
eidar and coworkers40 evaluated 18F-fluorodeoxyglucose (FDG)-
ET/CT in 14 patients with 18 clinically suspected sites of infec-
ion. They reported increased FDG uptake in 14 of the18 sites,

Figure 11 (A) Osteomyelitis right calcaneus. 24-hour p
activity along the posterior aspect of the right heel. It is n
or is confined to the soft tissues. (B) On the axial and sa
extends into the bone.
ut found that PET alone could not differentiate soft tissue from E
one uptake. PET/CT localized uptake to bone in nine of the 14
ites, including eight sites of osteomyelitis. One site of mildly
ncreased FDG uptake occurred at a focus of diabetic osteoar-
hropathy. PET/CT correctly localized FDG uptake to the soft
issues in five cases. The overall accuracy of FDG-PET/CT in this
nvestigation was about 94% (17 of 18; Fig. 13). The mean
UVmax in infectious foci was 5.7, and ranged from 1.7 to 11.1,
or both osseous and soft tissue sites of infection. In the study
opulation, blood glucose levels exceeded 200 mg/dL in 7 of the
4 patients, including 5 with positive PET findings. The inves-
igators found no relationship between the patients’ glycemic
tate and the presence or absence of FDG uptake. Though en-
ouraging, these results need to be placed in proper perspective.

11In-labeled leukocyte image shows focally increased
sible to determine whether this focus extends into bone
PECT/CT images, the labeled leukocyte activity clearly
lanar 1

ot pos
gittal S
leven of the 18 sites were located in the mid/hind foot or ankle,
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nd open wounds or ulcers were present in only 12 of the 18
ites. The usual diabetic patient referred for radionuclide imag-
ng of suspected osteomyelitis presents with a pedal ulcer lo-
ated in the distal metatarsal and or toe region where the very
mall size of the structures tests even the highest resolution PET
ystems. Histopathological confirmation was available for only
wo of the 18 sites. While biopsy proof of the final diagnosis may
ot be the norm for clinical care, it still is the standard of refer-
nce for diagnosis.1

Schwegeler and coworkers41 prospectively compared FDG-
ET and a 99mTc-labeled antigranulocyte antibody to magnetic
esonance imaging (MRI) for diagnosing clinically unsuspected
steomyelitis in 20 diabetic patients with persistent pedal ulcers.
lcers were present for at least 8 weeks in all patients, and none
ad received antibiotic treatment before imaging. Eighteen of
he 20 ulcers were in the distal forefoot, and 2 were in the hind
oot. Biopsy was performed when at least one of the imaging
tudies was positive for osteomyelitis. Studies were analyzed
isually, SUVs were not reported. Blood glucose levels at the
ime of FDG-PET studies were not reported. Seven patients in
his series had osteomyelitis. MRI was positive in 6 of 7, whereas

Figure 12 (A) Reactive bone right fifth metatarsal. There
24-hour plantar 111In-labeled leukocyte image. (B) O
appears to involve bone. The patient underwent left fifth
reactive bone and bone cultures revealed no growth.
resolution of the radionuclide component of the study,
DG-PET and the antigranulocyte antibody were positive in 2 of p
. The accuracies of FDG-PET, antibody, and MRI were 70%,
5%, and 90%, respectively. The poor sensitivities of the radio-
uclide studies are somewhat surprising, given the generally
igh sensitivities for diabetic pedal osteomyelitis that have been
eported previously for both in vitro and in vivo labeled leuko-
yte imaging and the high sensitivity for osteomyelitis in general
hat has been reported previously for FDG-PET. The authors
uggested that the low sensitivities may have been the result of a
ower level of inflammatory response in their population. There
re some data that suggest that bone uptake of glucose is at least
artly dependent on insulin, and the authors speculated that
erhaps insulin resistance in their population may have limited
DG uptake in infected bone. The authors also noted that their
DG-PET studies were hampered by motion artifacts and lim-

ted spatial resolution.
Basu and coworkers42 evaluated the usefulness of FDG-

ET for differentiating osteomyelitis and soft tissue infection
rom the uncomplicated neuropathic joint in diabetics. The
3 patients in their study population were divided into 4
roups: 20 nondiabetic control patients, 21 diabetic patients
ith uncomplicated feet, 17 diabetic patients with a neuro-

nse activity in the right fifth metatarsal and toe on the
nal SPECT/CT images, the labeled leukocyte activity
arsal and toe amputation. Histopathology revealed only
mall size of the structures, together with the limited
e utility of SPECT/CT in the forefoot.
is inte
n coro
metat
The s
athic joint, and 5 diabetic patients with pedal osteomyelitis.
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62 C.J. Palestro and C. Love
t the time of imaging, the blood glucose level was less than
00 mg/dL in 62 patients; it was 233 mg/dL in 1 patient. All
atients also underwent MRI. Five patients had foot ulcers.
istopathological proof of final diagnoses was available in 10
atients. These investigators found that the mean SUVmax in
he mid-foot of control patients, 0.42 � 0.12, was similar to
hat in the uncomplicated diabetic mid foot, 0.5 � 0.16,
hereas the mean SUVmax in uninfected neuropathic joints
as 1.3 � 0.4. The mean SUVmax for diabetic pedal osteo-
yelitis was 4.38 � 1.39; the SUVmax in the one case of

steomyelitis superimposed on a neuropathic joint was 6.5.
hese investigators reported that the sensitivity and accuracy
f FDG-PET for diagnosing the neuropathic foot were 100%
nd 94% compared with 77% and 75% for MRI. They con-
luded that the uptake pattern of FDG in the neuropathic
oint was distinct from that in osteomyelitis and that FDG-
ET had a high negative predictive value for excluding osteo-
yelitis in the setting of the neuropathic joint, although only
patient in this series had osteomyelitis superimposed on the
europathic joint.
Hopfner and coworkers43 performed preoperative FDG-

ET imaging in 16 diabetic patients with neuropathic joints.
his investigation was performed, not to diagnose osteomy-
litis, but to determine the value of the test in the preopera-
ive evaluation of these patients and to compare FDG-PET to

RI for this purpose. All patients subsequently went to sur-
ery. Blood glucose levels ranged from 92 to 254 mg/dL.
hirty-nine lesions consistent with Charcot neuropathy were

dentified at surgery; 24 were osseous and 15 involved joints
r soft tissues. FDG-PET identified 95% (37/39) of the le-
ions, including 22/24 bone lesions and all 15 joint/soft tis-
ue lesions. Mean SUV max in these lesions was 1.8 (range
.5-4.1). Although image quality was superior in patients
ith normal blood glucose concentrations compared with

hose with concentrations �200 mg/dL, the sensitivity of the
est was not affected by blood glucose levels. MRI correctly
dentified 79% (31/39) of the neuropathic lesions. When 3

Figure 13 Osteomyelitis left second toe. FDG-PET imag
digit. CT component (middle) shows cortical destructio
abnormal FDG accumulation involves bone. The SUV
imaging was 138 mg/dL. (Courtesy of Z. Kedar.)
atients with metallic implants were excluded from analysis p
he sensitivity of MRI, 94% (31/33), was comparable to that
f FDG-PET, 97% (32/33). These investigators concluded
hat FDG-PET is comparable, and should be considered as an
djunct, to MRI for the preoperative evaluation of Charcot
europathy, being especially useful in the setting of metallic

mplants. The investigators also suggested that, even though
one of the patients in the investigation had osteomyelitis,
ecause of the relatively low uptake in the uninfected neuro-
athic joint, FDG-PET can reliably differentiate osteomyelitis
rom neuropathic lesions.

adionuclide Diagnosis
f Diabetic Foot Infections

t the present time, the standard radionuclide approach to
he diabetic patient with a foot infection is bone scintigraphy
nd/or labeled leukocyte imaging. There is, however, no con-
ensus on the optimum approach to these patients. An im-
ortant issue concerns the role of the bone scan in the eval-
ation of diabetic foot infections. It can be argued that,
ecause of its exquisite sensitivity, the bone scan is useful as
screening test to identify those individuals who should

ndergo labeled leukocyte imaging. Given the very high
revalence of positive results, and low specificity of the test,
owever, its value as a screening test is questionable. In a
rospective investigation of 25 diabetic patients, for example,
he 3-phase bone scan was positive in 20 patients, including
of 10 with, and 11 of 15 without, osteomyelitis.13 Using the
one scan as a screening test in this investigation, 20 of the 25
atients would still have had to undergo labeled leukocyte

maging.
Labeled leukocyte images lack anatomic detail, and it has

een suggested that the addition of bone scintigraphy facili-
ates the differentiation of soft tissue and bone infection. Pub-
ished data, however, suggest that any improvement is mar-
inal. Keenan and coworkers6 reported that for diagnosing

demonstrates focally increased activity in the second
e bone. Fused PET/CT image (right) confirms that the
as 3.6. The patient’s blood glucose level at the time of
e (left)
n of th

max w
edal osteomyelitis, the accuracies of labeled leukocyte im-
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Nuclear medicine and diabetic foot infections 63
ging alone or in combination with bone scintigraphy were
dentical: 87%. Johnson and coworkers9 reported that the
ccuracy of labeled leukocyte imaging rose from 86% (19/
2), when interpreted alone, to 91% (20/22) when inter-

Figure 14 (A) Osteomyelitis of the right great toe is shown. Th
true positive. (C) Reactive bone (same patient illustrated in Fi
study is false positive. In these 2 cases, the bone scan did not
reted together with the bone scan. In a prospective investi- g
ation of 25 diabetic patients, Palestro and coworkers13

eported that labeled leukocyte imaging alone was correct in
8 (72% accuracy). When combined with bone imaging the
est was correct in 20 (80% accuracy). In 2 patients with

ase bone scan is true positive. (B) Labeled leukocyte study is
hree-phase bone scan is false positive. (D) Labeled leukocyte
interpretation of the labeled leukocyte scan.
ree-ph
angrene, leukocyte imaging was false positive when inter-
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64 C.J. Palestro and C. Love
reted alone and true negative when interpreted with the
one scan. In the remaining 23 patients, the addition of bone

maging did not change the study interpretation (Fig. 14).
Jay and coworkers44 retrospectively evaluated the role of the

-phase bone scan in the management of the diabetic foot ulcer.
hey found that management (amputation versus local wound
are) of these ulcers was based on clinical, radiographic, and
aboratory findings of infection and/or gangrene, not on bone
can findings. They concluded that since the bone scan did not
nfluence patient management, its use could not be justified. We
ave not found the bone scan to be useful in the evaluation of
iabetic foot infections, and we stopped performing this test
ome years ago.

Another concern often raised is whether 99mTc- or 111In-
abeled leukocytes are the preferred agent. Advantages of
9mTc-labeled leukocytes include a photon energy ideally
uited for imaging using current instrumentation, superior
mage quality, and the ability to detect abnormalities within a
ew hours after injection. Disadvantages include instability of
he label and the short half-life of 99mTc which limits delayed
maging. When marrow scintigraphy is necessary, as in the
ase of the neuropathic joint, an interval of least 48, and
referably 72, hours is required between the white cell and
arrow scans.5

Advantages of 111In-labeled leukocytes include stability of
he label, and the physical half-life of 111In, which is long
nough for delayed imaging. Marrow scintigraphy can be
erformed while the patient’s cells are being labeled, or as
imultaneous dual isotope acquisitions, or immediately after
ompletion of the labeled leukocyte study. Disadvantages
nclude less than ideal photon energies, poor image qual-
ty and the 24-hour interval between injection and imag-
ng.5

There are few intraindividual comparisons of 99mTc- and
11In-labeled leukocytes for imaging diabetic foot infections.
n an investigation of 14 patients, all with histopathologically
nd microbiologically proved diagnoses, Love and cowork-
rs45 found that 4- and 24-hour 99mTc imaging both were
orrect in 13 of 14 patients, whereas 111In-labeled leukocyte

Figure 15 (A) Osteomyelitis right first metatarsal (same pa
99mTc-labeled leukocyte images. (B) 24-hour 111In-labele
image is clearly superior to that of the 24-hour image an
maging was correct in 12 of 14 (Fig. 15). A review of the
ublished literature, even allowing for differences in study
opulations, image interpretations, etc, also suggests that
he accuracies of the two tests are similar. Thus, the choice
f the radiolabel is a matter of personal preference and
vailability.

At the present time, labeled leukocyte imaging is the nu-
lear medicine procedure of choice for investigation of dia-
etic foot infections. The overall accuracy of the test is about
0-85%, and either 99mTc- or 111In-labeled leukocytes can be
sed. In the presence of the neuropathic joint it may be
ecessary to perform complementary marrow imaging. The
alue of the conventional bone scan, either as a screening test,
r as anatomical reference is questionable, and its use in most
ases probably is not warranted. It is likely that SPECT/CT
ill improve diagnostic accuracy, especially in the mid and
ind foot; its incremental value in the forefoot, where the
tructures are considerably smaller, will likely be less. Data
n FDG-PET and PET/CT are limited and inconclusive, and
wait further investigation.
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