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ABSTRACT

Despite significant advances in our understanding of microorganisms and an
increased availability of antimicrobial therapy, infection remains a major
cause of morbidity and mortality. The diagnosis is not always clearcut and
imaging studies often are used for confirmation and localization. For nearly
sixty years, molecular imaging has played a significant role in the diagnosis
of infection. Bone scintigraphy, for musculoskeletal infections, and gallium-
67 (’Ga) scintigraphy were the first molecular imaging agents used for
diagnosing and localizing infection. There are significant drawbacks to both
tests. Bone scintigraphy, though sensitive, lacks specificity, and its role is
limited to that of a screening test. Poor imaging characteristics, together with
lack of specificity, the 48-72 hour interval between administration and
imaging, and limited availability, are significant disadvantages to ¢’Ga.
Presently ¢’Ga is used primarily for differentiating acute tubular necrosis from
interstitial nephritis and as an alternative to fluorine-18 fluorodeoxyglucose
('8F-FDG) for some indications, i.e. sarcoid, spondylodiscitis, and fever of
unknown origin, when this agent is not available. The development of a
technique to radiolabel leukocytes in vitro and image their accumulation in
infection was a watershed event in molecular imaging of infection. In-vitro
labeled autologous leukocyte imaging replaced ¢Ga as the molecular
imaging test of choice for most infections in immunocompetent individuals
and, nearly forty years after its approval in the United States, remains a
valuable diagnostic test. Although developed for tumor imaging, ®F-FDG
also accumulates in infection and inflammation. Over the past twenty-five
years '®F-FDG has established itself as a valuable imaging agent for
musculoskeletal and cardiovascular infections and as the molecular imaging
agent of choice for fever of unknown origin, sarcoid, tuberculosis and
spondylodiscitis and has shown promise for monitoring treatment response.
Despite their utility, the uptake of these agents depends on the host
response to infection, not infection itself. These agents are not infection
specific, and investigators have, for many years, sought to develop infection
specific agents. Initial attempts such as radiolabeled antibiotics and vitamins
met with limited success. More recent investigations with radiolabeled
nucleoside analogs, peptides, sugars, and amino acids, are encouraging and
hold great promise for the future.
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Introduction

Nearly one hundred years after the discovery of
penicillin in 1928, infection still is a major threat to
humankind, first in morbidity and third in mortality
among all human diseases. As recently as 2017,
infection accounted for more than eight million
deaths and 400,000 years of life lost'. The
diagnosis of infection is not always straightforward
and imaging studies are frequently included in the
diagnostic workup. Radiological studies, like
ultrasonography, computed tomography (CT), and
(MRI), identify

structural changes produced by a combination of

magnetic resonance imaging
the infection and the host's response to the
infection. Functional, or molecular, imaging tests
use small quantities, or tracer amounts, of
radioactive materials that reflect the physiological
changes that are part of the inflammatory process
that precede the appearance of structural changes.
These agents can be taken up directly by cells,
tissues and organs or can be attached to native
substances that subsequently migrate to the region
of interest. Technetium-99m diphosphonates, for
musculoskeletal infections, and gallium-67 citrate,
once the mainstays of molecular imaging of
infection have largely been replaced by in-vitro
labeled

fluorodeoxyglucose. Although useful, these agents

leukocytes and fluorine-18
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reflect the host response to infection, not the
infection itself. Initial attempts at developing infection
specific, or at least more specific, molecular
imaging agents included radiolabeled antibiotics,
antimicrobial peptides and vitamins. More recent
investigations have focused on radiolabeled amino
acids, nucleoside analogues, sugars, and PET
compounds. This manuscript reviews the history of
molecular imaging in inflammation and infection
and highlights new developments in the field, both

for diagnosis and monitoring treatment response.

The Past

TECHNETIUM-99M DIPHOSPHONATES
Technetium-99m (""Tc) labeled diphosphonates,

typically
diphosphonate, are bone seeking agents whose

methylene  or  hydroxymethylene
uptake depends on blood flow and rate of new
bone formation. Bone scintigraphy, ubiquitously
available, relatively inexpensive, and easy to
perform, can become positive within two days after
the onset of symptoms. The three-phase bone
scan, which consists of a perfusion, or flow, phase,
blood pool, or tissue, phase and skeletal, or
delayed, phase was, for many years, the molecular
imaging test of choice for osteomyelitis (Figure 1)2.

Delayed

L4

Figure 1.0steomyelitis 5" metatarsal right
foot. Classic presentation of focal
hyperperfusion, hyperemia,and bony

uptake (arrows)

The test is extremely accurate in virgin, unviolated
bone with sensitivity and specificity more than
90%°. Uptake of bone agents, however, is
independent of the cause of increased new bone
formation, and in the setting of violated bone,

specificity decreases. In a review of patients with

underlying bony abnormalities, the 3-phase bone
scan was 95% sensitive but only 33% specific®. With
the advent of advanced imaging tests such as CT,
MRI, and labeled leukocytes, the majority of
patients referred for bone scintigraphy have

underlying osseous abnormalities, i.e. fractures,
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orthopedic hardware, etc., and the examination is
used primarily as a screening test. While a negative
result excludes osteomyelitis with a high degree of

certainty, a positive result requires further workup.

GALLIUM-67 CITRATE

The first reports about the use of gallium-67 citrate
(“’Ga) for diagnosing and localizing infection
appeared in the early 1970's*. Although the
mechanisms have never been fully elucidated. “’Ga
uptake in infection likely is due to a combination of
factors; all of them, however, need not be present
for uptake to occur. About 90% of circulating, “’Ga
is transferrin bound in the plasma. Increased blood
flow and vascular membrane permeability lead to
increased “Ga delivery and accumulation at

)
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infectious foci. This radiopharmaceutical is avidly
bound to lactoferrin, which is present in sites of
infection. Direct bacterial uptake, complexing with
siderophores and transport by leukocytes also
likely contribute to the uptake of this
radiopharmaceutical in infection. Even though
some “Ga is transported via leukocytes, it is worth
mentioning that this agent can detect infection in
patients with few or no circulating white cells.
Imaging usually is performed 48-72 hours after
¢Ga administration. The normal distribution
includes liver, skeleton, gastrointestinal and urinary
tracts, and soft tissues, although this is variable and
is affected by transfusions, recent surgery and

hyperprolactinemic states (Figure 2)°.
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Figure 2. Normal gallium-67 scan (48 hours post injection)

For nearly twenty years, through the late 1980’s,
¢”Ga was the principal molecular imaging agent for
infection and was especially valuable in the initial
phase of the HIV/AIDS epidemic. By analyzing
pulmonary uptake patterns it was possible to
predict with a high degree of certainty whether or
not the patient had pneumocystis pneumonia®. As
clinicians became more familiar with AIDS associated
diseases and with the increased sophistication of
other imaging modalities, the need for, and use of,

¢Ga imaging in this population all but disappeared.

¢Ga accumulates in tumors, fractures and normally

healing surgical incisions in addition to infection.

This lack of specificity along with unfavorable
imaging characteristics, the long interval between
administration and imaging and the advent of
labeled
fluorine-18 fluorodeoxyglucose (**F-FDG), hastened

leukocyte imaging and subsequently

its demise. At the present time ¢Ga is used
primarily for differentiating acute tubular necrosis
from interstitial nephritis in patients with acute
renal failure (Figure 3). It also can substitute for "8F-
FDG when the latter is not available, for fever of

unknown origin, sarcoid, and spinal infections’?.
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Figure 3. Interstitial nephritis. Compare the renal activity (arrows)
in this patientto the renal activity in figure 2 patient.

The Present

IN-VITRO LABELED LEUKOCYTES

The development of a technique to radiolabel
leukocytes in vitro and image their migration was a
watershed event in molecular imaging of infection’.
In-vitro labeled autologous leukocyte (WBC)
imaging, which rapidly replaced ¢Ga as the
molecular imaging test of choice for most
infections in immunocompetent individuals,
remains a valuable diagnostic procedure nearly

four decades after its approval in the USA.

Besides intact chemotaxis, WBC uptake depends
on the number and types of leukocytes labeled, as
well as the cellular response to the infection. A total
circulating white blood cell count of at least
2000/uL is needed to obtain satisfactory images. In
the usual clinical milieu, most leukocytes labeled
are neutrophils, so the test is most sensitive for
inflammatory

detecting  neutrophil-mediated

processes, such as bacterial infections. Labeled

{
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leukocyte imaging is less sensitive for detecting
inflammatory processes in which the predominant
cellular response is not neutrophilic, such as
tuberculosis, sarcoid and opportunistic infections™.
Itis important to be cognizant of the fact that although
WBC imaging is not specific for infection, it is specific
for leukocyte mediated inflammatory processes,
and will be positive in any neutrophil mediated
inflammatory process, e.g, rheumatoid arthritis'®.

The in-vitro labeling of leukocytes, which takes
about 3 hours, can be performed with either
indium-111  oxine ("In) or technetium-99m
exametazime (""Tc). Each of these radionuclides
has certain advantages, but ultimately the choice
of which one to use is based on availability and
personal preference. When cells are labeled with
"Mn, imaging is performed 18-30 hours after
infusion of labeled leukocytes, at which time the
normal distribution of activity is limited to the liver,
spleen and bone marrow (Figure 4)™°.

20

Posterior

Figure 4. Normal indium-111 labeled leukocyte
scan (24 hours post injection). Activity is confined
to liver, spleen, and bone marrow.
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When the cells are labeled with *"Tc, imaging
usually is performed within a few hours after
labeled leukocyte reinfusion, although next day
imaging is sometimes performed. The normal
distribution of *"Tc-WBC's is more variable than

that of """In-WBC's, because the bond between the

_>~

Anterior

cell and the radionuclide is not as strong and
consequently “"Tc elutes out of the cells. In
addition to the reticuloendothelial system, activity
usually is present in the urinary tract, large bowel
(by four hours after reinfusion) and occasionally the
gall bladder (Figure 5)'°.

s
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Figure 5. Normal technetium-99m labeled
leukocyte scan (4 hours post injection). In
addition to activity in the liver, spleen, and bone
marrow, activity is present in the colon, urinary
bladder and gall bladder (arrow).

Labeled leukocytes do not usually accumulate in
tumors or in normally healing surgical incisions,
which is an advantage over ¢’Ga and "®F-FDG'°.

The role of WBC imaging in musculoskeletal
infection has been extensively investigated. In one
meta-analysis '''In-WBC imaging had a pooled
sensitivity of 74% and a pooled specificity of 68%
for diabetic pedal osteomyelitis''. In another meta-
analysis the pooled sensitivities of "Tc-WBC and
"Mn-WBC scintigraphy were similar 91% versus
92%, respectively, but the pooled specificity of
7"m"Tc-WBC scintigraphy was higher, 92% vs. 75%'2.

Initial reports of WBC imaging for lower extremity
periprosthetic joint infections (PJI) were variable,
with some investigations finding that the test was
sensitive but not specific and others finding that it
was specific but not sensitive. Poor sensitivity was
hypothesized to be due to the chronicity of the
infection i.e., neutrophilic migration had waned by
the time the patient was imaged. However,
neutrophils are invariably present in PJI, regardless
of the duration. Poor specificity was attributed to
nonspecific inflammation. Neutrophils typically are
not part of the cellular response in aseptic

periprosthetic joint inflammation, so inflammation

was not a good explanation for lack of specificity™.
found that the
inconsistent results reported were due to the

Subsequent investigations
variable distribution of the labeled leukocytes in
the bone marrow. Leukocytes normally accumulate
in the active reticuloendothelial component of the
bone marrow, which in adults is assumed to be
limited to the axial skeleton and proximal humeri
and femurs. The distribution of active bone marrow
is very variable and is affected by numerous
conditions, both systemic and local, leading to
generalized and focal bone marrow expansion,
altering the “normal” distribution of the marrow,
and making it difficult to differentiate labeled
leukocyte  accumulation in infection from
accumulation in unusually located, but otherwise
normal marrow. Differentiating labeled leukocyte
accumulation in aberrant but otherwise normal,
infection is

marrow from accumulation in

accomplished by performing bone marrow
imaging with *"Tc-sulfur colloid. Leukocytes and
sulfur  colloid both  accumulate in the
reticuloendothelial cells of the bone marrow. The
distribution of activity on labeled leukocyte and
bone marrow images is similar in normal individuals

and in individuals with underlying marrow

© 2024 European Society of Medicine 5



abnormalities, except for osteomyelitis, which
stimulates uptake of leukocytes and suppresses
uptake of sulfur colloid. In other words, in
osteomyelitis the distribution of activity on the
WBC and bone marrow images is different (Figure
6)'". In a systematic review that included 351 hip
arthroplasties the pooled sensitivity of WBC/bone
marrow imaging was 69%, 95% Cl: 58%- 79%, and

'

AP Radiograph
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Anterior labeled
leukocyte image

the specificity was 96%, 95% Cl: 93%-98%". In a
144 knee
arthroplasties pooled sensitivity was 80%, 95% Cl:
66%-91%, and pooled specificity was 93%, 95% Cl:
86%- 97%'°. It should be noted that WBC/ marrow
imaging is useful in virtually any condition that

systematic review that included

alters the distribution of bone marrow".
AT

Anterior technetium 99m
sulfur colloid image

Figure 6. Uninfected fracture right femur. There is irregularly increased labeled
leukocyte accumulation in the right femur, which could be interpreted as
osteomyelitis. The distribution of activity on the bone marrow image (right) is
virtually identical. The activity on the labeled leukocyte image is due to marrow,
not infection. Note that the distribution of activity around the left hip replacement
is similar on both images, again reflecting marrow not infection.

Labeled leukocyte imaging is not useful for
diagnosing spondylodiscitis. For reasons that have
yet to be elucidated, in 50% or more of the cases,
spinal infection presents as nonspecific decreased,
rather than increased uptake, which can be seen in
numerous conditions besides infection®.

Labeled leukocyte imaging also is wuseful in
cardiovascular infections. This test is a useful

adjunct in patients with suspected infective
endocarditis, especially those involving prosthetic
valves (Figure 7)"'® In one investigation WBC
SPECT/CT was 90% sensitive and 100% specific for
infective endocarditis and was particularly useful in
patients who were classified as possible infective
endocarditis by the Dukes Criteria'’.

Figure 7. Infected prosthetic aortic valve with aortic root abscess.
Axial SPECT/CT demonstrates intense uptake of indium-111
labeled leukocytes around the valve extending into the aortic root
(arrow). Transesophageal echocardiogram performed 5 days

earlier was negative.

When performed as SPECT/CT, WBC imaging is
useful for confirming the presence of cardiac
implantable device infection, defining extent of
infection, and detecting complications. A negative
study excludes infection with a high degree of

certainty. Imaging the whole body, rather than just

the chest detects distant foci of infection and can

identify alternative causes of infection'%,

The sensitivity of WBC imaging for prosthetic
vascular graft infection exceeds 90% in most

investigations and is not affected by antibiotic

© 2024 European Society of Medicine 6



therapy or duration of symptoms. Specificity is
more variable, ranging from about 50% to100%'°.
The accuracy of the test is improved by performing
SPECT/CT. In one investigation SPECT/CT was

100% accurate for diagnosing infection and was
useful for detecting, localizing, and defining the
extent of infection (Figure 8)?".

Figure 8. Infected aortic graft. Note the increased labeled leukocyte
uptake in the left chest (arrow) on the maximum intensity projection
(left). On the coronal SPECT/CT image (right), this activity is within the

aortic graft (arrowheads).

Although CT is the imaging test of choice in the
diagnostic workup of intrabdominal infections,
WBC imaging has an important, adjunctive role in
the workup of these infections. The test is sensitive
and specific for intraabdominal infections such as

22-24

abscesses and urinary tract infections?*?. In one

investigation, both positive and negative results

provided  useful information for  patient
management®. Furthermore labeled leukocytes do
not accumulate in normally healing incisions or in
uninfected tumors, which are important advantages

over both “’Ga and "*F-FDG (Figure 9)°.

Figure 9. Endometritis. On the anteriorindium-111 labeled leukocyte image (left)

there is faintlyincreased labeled leukocyte activity in the pelvis (arrow). On the axial
SPECT/CT image (right) there is increased activity throughout much of the uterus (arrow).
An infected uterus with abscess formation was removed at surgery. The patienthad
undergone Caesarean section two weeks previously. CT scan (not shown) was

inconclusive.

To capitalize on the advantages of positron
emission tomography (PET), labeling leukocytes
with PET compounds has been investigated.
Leukocytes have been labeled in-vitro with '8F-
FDG, copper-64, and zirconium-89>%8. There are
limitations inherent to all these agents, however,
and it is not certain that any of them will become
commercially available. It is also important to
remember that, regardless of the radiolabel used,
although WBC imaging is specific for leukocyte
mediated inflammation, it is not specific for

infection.

There are disadvantages to the in-vitro labeling
procedure, regardless of the radiolabel used. The
process is labor intensive, not always available, and
requires direct contact with blood products.
Labeling  enough  leukocytes to  obtain
diagnostically useful images in severely leukopenic
individuals and in young children may not be
possible. In-vivo methods of labeling leukocytes,
primarily with antigranulocyte antibodies and
antibody fragments, have been investigated. At
the present time only one of these agents is still

commercially available, a murine monoclonal G1

© 2024 European Society of Medicine 7



immunoglobulin, #"Tc-besilesomab, which binds
to Nonspecific Cross-reactive Antigen-95 present
on neutrophils. The high incidence of dose-
dependent human antimurine antibody response is
a significant disadvantage to this agent because
patients must be prescreened for the antibody and
should not undergo repeat administration?’.

"BF-FDG

With the rapid proliferation of clinical PET around
the turn of the century, interest in positron emitting
radiopharmaceuticals for diagnosing infection
soon developed. PET provides high-resolution
three-dimensional images of the whole body,
localization  of

which  facilitates  precise

radiopharmaceutical uptake, especially when
performed as PET/CT. Semiquantitative analysis
potentially could differentiate infectious from non-
infectious conditions and be used to monitor

response to treatment.

The first and most extensively investigated PET
compound for imaging infection was "F-FDG.
Although developed and used primarily for tumor
imaging, uptake of this radiopharmaceutical in
well-known

inflammatory  conditions was a

phenomenon that could confound study
interpretation in patients with known or suspected
malignancy. While this could be a disadvantage in
patients with malignant disease, the potential of
"F-FDG for imaging inflammation and infection

was exploited®.

>

There are three principal mechanisms that govern
uptake cellular uptake of "F-FDG: passive
diffusion, active transport by a Nal-dependent
glucose transporter (GLUT) and via GLUT-1
through GLUT-13 transporters. It is trapped
intracellularly and does not diffuse back into the
extracellular space®. Uptake of ™F-FDG in
infection is related to leukocyte activation caused
by the inflammatory process. The number and
expression of glucose transporters and their affinity
for  deoxyglucose increase in  activated
inflammatory cells®2. The "®F-FDG molecule is small
and enters poorly perfused areas rapidly, so
imaging can be performed within one to two hours
after administration. Skeletal uptake usually
normalizes within three to four months after trauma
or surgery and degenerative bone changes usually
show only mildly increased uptake, which are

advantages in musculoskeletal infections®.

Imaging is performed one-two hours after
radiopharmaceutical administration. The normal
distribution of 'F-FDG includes the brain,
myocardium, and urinary tract. Thymic uptake is
sometimes seen, especially in children. Gastric and
bowel activity are variable. Liver, spleen and bone
marrow uptake generally are low-grade (Figure 10)*.

o~

Figure 10. Normal 8F-FDG maximum intensity projection
image. There is brain, myocardial, urinary tract, and
colonic activity. Faint bone marrow activity also is present.

© 2024 European Society of Medicine



"®F-FDG has become a valuable addition to
molecular imaging in musculoskeletal infection,
especially infections of the spine (Figure 11). In one
meta-analysis, pooled sensitivity and specificity of
"F-FDG PET/PET-CT were 97% and 88%,
respectively®®. In another, pooled sensitivity and
specificity were 94.8% and 91.4%, respectively®. In

investigations,'8F-FDG has
36,37

comparative

outperformed bone and ¢’Ga scintigraphy

In a meta-analysis of "F-FDG for diagnosing
postoperative spinal infection, the summary AUC
was 0.92 in patients with versus 0.98 in patients
without spinal hardware. False positives were more
frequent in patients with than in patients without
hardware, 12.8% vs. 7%. Performing PET/CT rather
than PET alone and analyzing uptake patterns can

decrease hardware-associated

34,38

false-positive

results

Figure 11. Spondylodiscitis. There is focally increased 8F-
FDG uptake in the mid thoracic spine (arrow) on the

coronal PET/CT image.

This radiopharmaceutical is also useful in the
diagnosis of diabetic foot osteomyelitis. In one
meta-analysis the pooled sensitivity and specificity
of ®F-FDG were 74% and 91%, respectively®. In
another meta-analysis the pooled sensitivity and
specificity ~ for  diagnosing  diabetic  foot
osteomyelitis were 89% and 92% respectively,
similar to what was reported for “"Tc-WBC
scintigraphy: 91% and 92%, respectively*®. These
data suggest that, although the results of both
tests are comparable, given its advantages, '°F-

FDG, if available, is preferable.

The role of 8F-FDG for diagnosing lower extremity
periprosthetic joint infection has been extensively
investigated. In one meta-analysis, pooled
sensitivity and specificity of '8F-FDG-PET for
diagnosing periprosthetic hip infection were 86%
and 93%, respectively. The test was significantly
more specific than bone scintigraphy and
significantly more sensitive than combined

WBC/bone marrow imaging.” In another meta-

analysis, pooled sensitivity and specificity were
both 88%. In yet another meta-analysis, pooled
sensitivity and specificity were 83% and 90%,
respectively®’.

In a meta-analysis of periprosthetic knee infection,
the pooled sensitivity and specificity of "®F-FDG
were 70% and 84%, respectively’. In another,
pooled sensitivity and specificity were 72% and
80% respectively®. In a third meta-analysis, pooled
sensitivity and specificity were 90% and 75%,
respectively®’. In spite of these results, the role of
F-FDG for diagnosing periprosthetic infection
remains to be established™. Different test
consistently

probabilities, an inability, to

discriminate between infection and aseptic
inflammation, and an absence of standardized
interpretative  criteria  remain  obstacles to
incorporating "®F-FDG into the routine diagnostic
imaging workup for periprosthetic joint infection.

(Figure 12)%.

© 2024 European Society of Medicine 9



Figure 12. Uninfected bilateral knee replacements. There is intense periprosthetic
uptake around the right knee prosthesis and to a lesser extent, around the left knee

replacement on the coronal ¥8F-FDG PET/CT image.

Published data indicate that "®F-FDG is of value for
diagnosing cardiovascular infections. The test is a
useful adjunct for diagnosing infective endocarditis

with a pooled sensitivity and specificity of 61% and
88%, respectively. It is especially useful in patients
with prosthetic heart valves (Figure 13).

Figure 13. Infected prosthetic aortic valve (arrow). Note the 18F-FDG
accumulationin the right upper lung (arrowhead), which was
unsuspected pneumonia. This would not have been diagnosed on

echocardiography.

False negative studies are associated with lesions
below the limits of resolution of current systems
and antibiotic treatment for more than one week
prior to imaging. Postoperative inflammation during
the first two months after implantation as well as
prosthetic valve thrombosis are associated with
false positive results. Compared to WBC imaging,
"8F-FDG is more sensitive but less specific. It has
been suggested that WBC imaging be reserved for
situations in which "®F-FDG is inconclusive and

during the first two months after surgery***.

Published data confirm that ®F-FDG is useful for
diagnosing cardiac implantable device infections.
This test accurately diagnoses and determines the
extent of left ventricular assist device infections and
improves the diagnostic accuracy of the modified
Dukes Criteria (Figure 14)%47,

© 2024 European Society of Medicine 10



activity is confined to the pocket (arrow). The device and leads
were removed, and the infection was confined to the pocket;
the leads were not involved.

In a meta-analysis of nearly five hundred patients,
the pooled sensitivity and specificity of "®F-FDG
PET/CT for diagnosing these infections were 83%
and 89%, respectively. Pooled sensitivity and
specificity were 96% and 97%, respectively for
pocket infection. The test was less sensitive for lead
infection and cardiac implantable device infection
with infective endocarditis with pooled sensitivity
and specificity of 76% and 83%, respectively®. Ina
metanalysis comparing "®F-FDG PET/CT and WBC
SPECT/CT, pooled sensitivity and specificity of "8F-
FDG PET-CT were 87% and 94%, respectively.
There were insufficient data to perform a

metanalysis for WBC SPECT/CT, but in the studies
included, sensitivity exceeded 90% and specificity
was 100%>".

The sensitivity and specificity of "F-FDG for
prosthetic vascular graft infection range from 88-
100%°2%3. Like any foreign body, prosthetic vascular
grafts can incite an inflammatory reaction, which
can lead to increased "8F-FDG activity, even in the
absence of infection. Familiarity with normal '8F-
FDG uptake patterns around these grafts and those
associated with foreign body reaction and infection

improves the accuracy of test (Figure 15)>**.

Figure 15. Infected abdominal aortic endovascular
stent. Note the irregular, intense ¥F-FDG uptake

in the stent (arrow).

Data indicate that WBC SPECT/CT is superior to
"®F-FDG for diagnosing prosthetic vascular graft
infections. In a metanalysis the pooled sensitivities
of "®F-FDG PET/CT and WBC SPECT/CT were 95%
and 99%, respectively. The pooled specificities
were 80% and 82%, respectively. WBC SPECT/CT
had a positive post-test probability of 6% and "®F-
FDG PET/CT had a positive post-test probability of
83%%. In a prospective investigation of 39 patients,

with suspected infection of 96 prosthetic vascular
grafts, the sensitivity, specificity, and accuracy of
BE_.FDG PET/CT were 85%, 68.4% and 71.9%,
respectively. Sensitivity, specificity, and accuracy of
WBC SPECT/CT scan were 89.5%, 90.9%, and
90.6%, respectively. Interobserver agreement was
good for "®F-FDG PET/CT: kappa value of 0.76, and
excellent for WBC SPECT/CT: kappa value of
0.97°.

© 2024 European Society of Medicine 11
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In a brief period of time, "®F-FDG has become the
molecular imaging study of choice for sarcoid, with
an overall sensitivity of 89%-100% (Figure 16). It is
more sensitive than the ACE and Soluble

interleukin-2 receptor test. Whole-body imaging
facilitates identification of unsuspected sites of

disease, guiding patient management®®*'.

Figure 16. There is bilateral upperlung
and mediastinal nodal uptake of 18F-FDG
in a patientwith active sarcoid.

This test is useful for monitoring treatment
response (Figure 17). Decreasing "8F-FDG lesion

avidity after initiating treatment correlates with

Figure 17. Follow up 18F-FDG after

clinical improvement, while persistent activity is

present in non-responders®?43,

B

treatment shows complete resolution of
the parenchymal and nodal abnormalities.
(compare with figure 16)

Pulmonary parenchymal uptake correlates with
active pulmonary disease and predicts response to
anti-inflammatory treatment®. The differentiation
between pure fibrosis and fibrosis plus inflammation
is facilitated with "®F-FDG, which is superior to high
resolution CT and serological evaluation for this
purpose®®. This is an important distinction,

“a

#mTc-sestamibi

because the presence of active inflammation might

necessitate changes in therapy.

In patients with sarcoid, "®F-FDG has emerged as
an important modality, with a sensitivity and
specificity of 89% and 78%, respectively, for
diagnosis (Figure 18)’.

18F-FDG

Figure 18. Cardiacsarcoid. On the myocardial perfusionimage (left),
there is a defect (arrow) in the mid anterior wall of the left ventricle.
On the 8F-FDG image (right), there is increased activity (arrow) in the
same region. This pattern is virtually diagnostic of cardiac sarcoid.

© 2024 European Society of Medicine 12



Quantification of myocardial "F-FDG uptake is useful
for assessing the severity of myocardial inflammation,
and monitoring response to therapy®®. A decrease
in myocardial uptake on serial studies correlates
with improved left ventricular ejection fraction®. A
lack of decreased uptake on serial scans correlates
with a significant increase in death, hospitalization
for heart failure, heart transplantation, and ICD
therapies’™. Serial studies are useful for guiding

immuno-suppressive therapy’".

In patients with tuberculosis, "®F-FDG is useful for
identifying both pulmonary and extrapulmonary
disease, measuring disease activity, identifying
individuals with latent tuberculous infection at risk
of developing active infection, and monitoring
response to treatment’?. Lesion activity correlates
with disease activity. Using dual time-point
imaging at one and two hours, it may be possible
to distinguish active from inactive disease’®. Even
when radiological features may remain unchanged,
early treatment response can be assessed with "8F-

FDG, significantly affecting patient management.
In one investigation, "®F-FDG-PET/CT performed
after two months of treatment, was the best
method for early prediction of treatment results

and long-term outcome’.

The workup of the patient with fever of unknown
origin, or FUO, consists of first line investigations
including history and physical examination,
laboratory tests, chest x-ray, and echocardiography.
When these investigations fail to yield a diagnosis,
second-line tests including CT, MRI, and molecular
imaging studies are performed. At one time the
mainstays of molecular imaging for FUO, ¢’Ga and
WBC imaging have been replaced by "®F-FDG as
the molecular imaging test of choice for this entity
in both adults and children (Figure 19).

Figure 19. Vasculitis. There is diffusely increased 18F-FDG activity
throughout the aorta (arrows). Vasculitisis a well-recognized
cause of fever of unknown origin in the elderly. 18F-FDG is very
sensitive for detecting large-vessel vasculitisand has shown
promise for monitoring treatment response

A positive result contributes useful information by
identifying the etiology of the fever and/or guiding
further management, while a negative result
excludes focal disease as the cause of the fever. A
negative result also is a good predictor of a
favorable prognosis. Performed early in the FUO
workup, "®F-FDG PET/CT is cost effective by reducing
the number of diagnostic procedures performed,
obtaining a diagnosis sooner, and decreasing the
number of undiagnosed cases’. A recent consensus
panel recommended that "FDG-PET/CT is an
important diagnostic test after a patient fulfills FUO

criteria with few or no diagnostic clues’®.

The Future

INFECTION SPECIFIC AGENTS

Molecular imaging of infection has made great
strides over the past five decades, beginning with
7""Te-labeled diphosphonates and ¢’Ga, followed
by labeled leukocytes and, more recently "®F-FDG,
all of which contribute to detection of infection and
help guide treatment. They have one limitation in
common: they reflect the host response to
infection, not the infection itself and therefore
none of them are specific for infection. They cannot

consistently differentiate infections from other

© 2024 European Society of Medicine 13



diseases and considerable effort has been devoted

to developing infection specific imaging probes.

One of the earliest attempts to develop an
infection specific molecular imaging agent was
radiolabeled ciprofloxacin. The concept was that
the radiolabeled antibiotic would be incorporated
into bacteria, and foci of uptake on images would
reflect infection. Although early data suggested
that radiolabeled ciprofloxacin was sensitive and
specific for infection, later investigations failed to
confirm specificity and, at least briefly, enthusiasm
for radiolabeled antibiotics as infection specific
imaging agents faded®”. Accumulation of '8F-
fluoropropyl-trimethoprim in S. aureus, E. coli and
P. aeruginosa in-vitro has been demonstrated and
in a murine myositis model, this agent localized
sites of bacterial infection with E. coliand S. aureus
and differentiated  infection from  sterile
inflammation and tumor’’. More recent data, using
carbon-11 labeled trimethoprim, demonstrated
the feasibility of imaging sensitive and drug

resistant bacterial infections in humans’.

Antimicrobial  peptides are an important
component of the natural defenses of most living
organisms. Most are small, cationic and
amphipathic and have broad-spectrum activity
against Gram-positive and  Gram-negative
bacteria, yeasts, fungi and viruses. They also have
a role in apoptosis, wound healing, and immune
modulation. Their expression may be constant or
induced on contact with microbes and they may be
transported by leukocytes to foci of infection. An
important feature of antimicrobial peptides is that
while they destroy microbes, they are not harmful
to mammalian cells’’. Radiolabeled synthetic
fragments of a murine antimicrobial peptide
ubiquicidin  (UBI), have been investigated as
infection  specific Several
investigations have reported that “"Tc- UBI-29-41

is both sensitive and specific for infection and is

imaging agents.

potentially useful for monitoring response to
treatment®. A meta-analysis reported that pooled
sensitivity, specificity and accuracy were 94.5%,
92.7%, and 93.7%8".

More recent investigations have used UBI
fragments labeled with the PET agent, gallium-68.
The results of preclinical investigations demonstrated
sufficient-high  target-to-background ratios to
support further clinical development. Initial results
in humans, though encouraging, are extremely
limited®. No large-scale clinical trials of any
radiolabeled antimicrobial peptides have ever

been conducted.

The potential of radiolabeled sugars, other than
8F-FDG, as infection specific molecular imaging
agents has been studied. Radiolabeled trehalose
analogs show potential as mycobacteria-specific
imaging agents®. Preliminary data suggest that
'®F- |abeled maltohexose is sensitive and specific
for bacterial infection and can identify drug

resistance in bacteria in vivo®.

Sorbitol, which is a sugar alcohol, is a metabolic
substrate for Enterobacteriaceae. Radiolabeled
sorbitol has been investigated as a bacteria specific
molecular imaging agent®. In a murine model, "8F-
flurodeoxysorbitol ("®F-FDS). rapidly differentiated
infection from sterile inflammation. "®F-FDS also
monitored the efficacy of antimicrobial treatment®.
In an investigation that included 26 subjects '8F-
FDS PET/CT detected
enterobacterales

multiple  sites  of
infections. There was no
correlation between the peripheral white blood cell
or neutrophil counts and "®F-FDS uptake in infected
patients, which suggests that the uptake of this
radiopharmaceutical does not depend on host
inflammatory cells. In contrast to the intense
uptake in foci of infection uptake in aseptic
inflammation and tumors was minimal. Thirteen of
the subjects with infection underwent repeat imaging
after completion of treatment. In subjects who
demonstrated clinical improvement, there was a
significant decrease in uptake, while in subjects who
failed to demonstrate clinical improvement, uptake
did not decrease, suggesting that "®F-FDS potentially

could be used to monitor treatment response®’.

Fungal infections have become a significant public
health challenge because of increasing numbers of

immunocompromised individuals. Although positive
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cultures are the gold standard for diagnosis, the
procedures for obtaining samples are invasive and
are hampered by poor sensitivity and long
turnaround  times®®.  Noninvasive  diagnostic
procedures that are both sensitive and specific for
fungal infection would be particularly useful. Even
though "F-FDG cannot differentiate fungal from
other infections or tumor, it has been used to
monitor treatment response in patients with
invasive fungal infections®”. Radiolabeled monoclonal
antibodies have also been investigated. The
potential of copper-64-hJF5 for diagnosing invasive
pulmonary aspergillosis has been investigated in
patients with acute myeloid leukemia. In patients
with infection, increased pulmonary uptake was
observed, while in patients without infection, there
was no pulmonary uptake of the agent™. Other agents
under investigation include radiolabeled peptides
and small proteins, chitin, which is a component of

the fungal cell wall, and antifungal drugs®.

Monitoring Treatment Response

Although treatment response is critical to the
successful management of infectious diseases, there
are controversies about reliable biomarkers for
noninvasively gauging treatment response. The
success, or failure, of treatment is usually based on
a patient’s subjective clinical response. Molecular
imaging permits in vivo, noninvasive, quantitative
assessment of biologic processes and has the
potential to provide objective measurement of a
patient’s response to treatment. The history of
monitoring treatment response with molecular
imaging can be traced back to AIDS patients, when
¢Ga was used for monitoring treatment response
and served as a prognosticator: a normal scan of
the chestin an AIDS patient presenting with clinical
progression of respiratory disease portended a grave
prognosis. The significance of this was not fully
appreciated at the time and until recently there were
few investigations on the role of molecular imaging

for monitoring treatment response and prognosis.

There is a growing body of evidence indicating that
"F-FDG is useful for monitoring treatment

response and can provide prognostic information.

In one study, 90 sarcoidosis patients with persistent
symptoms underwent 8F-FDG PET/CT. The
investigators found that "®F-FDG PET/CT is a useful
adjunct to other diagnostic methods for detecting
active inflammatory sites, especially in patients
with normal ACE levels. The test was advantageous
for determining the extent of disease and
influencing changes in therapy®. In a prospective
study 27 sarcoidosis patients underwent two '8F-
FDG PET/CT scans one before and another at the
end of therapy. Fourteen of the 27 patients were
"F-FDG responders and 13 patients were non-
responders. Although there was no difference in
the clinical remission rates among responders, the
relapse rate was significantly higher in non-
responders than responders: 61.5% vs. 14.2%,
p=0.018%. In another investigation, thirty patients
with chronic sarcoidosis and active inflammation on
baseline "F-FDG PET/CT underwent follow-up
studies 12 months after treatment to evaluate
response to treatment. Changes in uptake correlated
with patients” own perceived changes in clinical
symptoms. The authors concluded that "F-FDG
PET/CT detects clinically meaningful changes in
inflammatory activity in patients being treated for
active chronic sarcoidosis and is a valuable adjunct

to clinical evaluation for monitoring treatment”".

In  patients with cardiac sarcoid, decreasing
myocardial uptake on serial studies correlates with
improved left ventricular ejection fraction, while a
lack of decreased uptake correlates with a significant
increase in deaths, hospitalizations for heart failure,
heart transplantations, and ICD therapies® . Serial
studies are useful for guiding immuno-suppressive
therapy. In one study, 128 "®F-FDG-PET scans were
performed on thirty-four patients. Ninety-four
scans, 73%, led to a change in therapy, including
42 that were instrumental for tapering prednisone.
Over a median follow-up of 2.3 years, 48% of
patients were  successfully weaned from
prednisone completely, and 20% were weaned to

a maintenance dosage of 5-10mg/day’".

In patients with tuberculosis, "®F-FDG can assess

early treatment response when radiological

© 2024 European Society of Medicine 15



features may remain unchanged, significantly
affecting patient management. In one series, 'F-
FDG-PET/CT performed after two months of
treatment, was the best method for early prediction

of treatment results and long-term outcome’®.

In patients with FUO, a negative "*FDG result has
prognostic value. In one investigation, 15 of 21
patients with FUO and a negative "®F-FDG PET/CT
had spontaneous resolution of fever, with no
evidence of an inflammatory, infectious, or
malignant process during follow-up of up to three
years”. In a meta-analysis, patients with negative
"F-FDG PET/CT results had a significantly higher
likelihood of spontaneous remission than those
with positive results, p<.001%.

Data on "®F-FDG imaging for monitoring treatment
response in musculoskeletal infections has been
limited almost exclusively to patients with spinal
infections. In a prospective investigation 30
patients with spinal infection underwent "®F-FDG
PET/CT before and after treatment. The change in
SUVmax between the initial and follow up studies
was the best predictor of residual infection™. In
another prospective investigation, '®F-FDG PET/CT
was used for early evaluation of response to
antibiotic  therapy in 34 patients  with
hematogenous spinal infection. Baseline study
activity was compared to activity on the follow up
study which was performed two to four weeks after
the start of treatment. In responders "*F-FDG
uptake was significantly less than on the baseline
study”™. In a retrospective investigation "®F-FDG-
PET/CT scans were performed on 34 patients
before and after at least 2 weeks of antibiotic
therapy. Uptake decreased significantly in patients
with clinical improvement, but in patients with

disease progression”.

Some investigators report that "F-FDG uptake
patterns can be used to differentiate patients with
active infection from those without active infection
and patients who had a successful response to
therapy. In 28 patients with spinal infection,
non/poor responders had persistent 'F-FDG
uptake in bone and soft tissue, while uptake

confined to the margins of a destroyed disc after
treatment most likely represented mechanically

induced inflammation rather than infection”.

Conclusions

Molecular imaging of infection and inflammation
has come a long way over the past fifty years,
starting with “"Tc diphosphonates and ¢Ga,
progressing to labeled leukocytes and more
recently, '"F-FDG. These agents have made
significant contributions to detection of infection,
and in some cases, helped guide treatment. Future
investigations should focus on the development of
specific probes for imaging infections, delineating
the extent of the infection and monitoring
treatment response.
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