INVITED COMMENTARY

When Is Too Much Too Much and Yet Not
Enough? Alas, a Plethora of Opportunities but
Where’s the Beef?

Inﬂammation is common to many
diseases and should be regarded as a
nonspecific common pathway. There
are major roles for imaging in both
noninfectious and infectious inflamma-
tion. In the former, detection and local-
ization of disease are important, and
there is an opportunity to monitor inter-
ventions during the development of a
new therapy and during the use of an
established therapy in the management
of an individual patient. In these in-
stances, sensitivity is essential and can
be achieved at the expense of specific-
ity. On the other hand, 2 general indica-
tions for infection imaging exist: detec-
tion and localization of infection in
patients with fever of unknown origin,
and diagnosis of infection in patients
with preexisting localization. In these
instances, sensitivity and, importantly,
specificity for infection are required.
Indeed, in some instances specificity at
the level of the infectious agent could
be the ultimate goal, as, for example, in
the case of the patient with an abscess
in whom culture material is not readily
available. Among many, Becker (1),
and Weiner and Thakur (2) have pro-
vided excellent reviews on the topic of
radiopharmaceuticals for inflammatory
and infectious diseases.

The article by van der Laken et al.
(3) in this issue of The Journal of
Nuclear Medicine represents another
effort to develop an ideal radiopharma-
ceutical for imaging inflammation. Ma-
jor categories of radiopharmaceuticals
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for inflammation and infection imaging
are as follows: $’Ga-citrate transferrin
receptor or lactoferritin; labeled white
blood cells (WBCs); labeled human
polyclonal immunoglobulin G (IgG);
labeled antigranulocyte monoclonal an-
tibodies (MAbs); labeled nanocolloids;
labeled chemotactic peptide analogs
(fMet-Leu-Phe); labeled cytokines (in-
terleukin-1 [IL-1], interleukin-2 [IL-2],
and interleukin-8 [IL-8]); labeled recep-
tor ligands (somatostatin); and labeled
antibiotics against infection (ciprofloxa-
cin).

Despite enthusiasm for the opportu-
nities that exist to use tracer methodol-
ogy to understand, and then apply,
cytokines in medicine, I believe there
are more critical needs than yet another
radiopharmaceutical, if scintigraphy is
to fulfill its potential in inflammation
and infection. The potential of labeled
IL-8 for imaging infection and inflam-
mation was investigated by van der
Laken in a rabbit model of infection.
High accumulation in the infection
within a few hours after injection and
rapid clearance from the background
characterized the biodistribution of
IL-8. Accumulation of '2I-IL-8 in the
abscess was most likely related to bind-
ing of IL-8 to its receptor on neutro-
phils in the infectious tissue or, alterna-
tively, in the circulation followed by
migration of the neutrophils to the site
of infection. These characteristics ap-
proximate the profile of a radiopharma-
ceutical that is interesting for applica-
tion in inflammation. Immediately after
injection, IL-8 induced transient leuko-
penia that was followed by leukocyto-
sis; the leukopenia and leukocytosis
were caused mainly by changes in
granulocyte counts. The neutropenia
has been shown to be caused by cell

stiffening that results in transient trap-
ping of activated neutrophils in capillar-
ies (4), in particular in the microvessels
of the lungs (5). A major drawback of
IL-8 in the context of diagnosis is its
biologic activity. IL-8, and other cyto-
kines, must be labeled at very high
specific activities to reduce the likeli-
hood of side effects from these potent
“hormones.” IL-8 is a peptide with
chemotactic and activating effects on
neutrophils. It is recognized today as
the prototype of a class of tissue-
derived, inflammatory, chemotactic cy-
tokine mediators. IL-8 is a member of a
family of proinflammatory cytokines
that were identified on the basis of their
stimulation of neutrophil chemotactic
activity. Intracutaneous application of
IL-8 induced local exudation and a
massive, long-lasting accumulation of
neutrophils (6). High concentrations of
IL-8 have been observed and corre-
lated with tissue neutrophils in diseases
such as rheumatoid arthritis (7), adult
respiratory distress syndrome (8), and
ulcerative colitis (9). IL-8 targets in-
flammatory tissue, where massive infil-
tration of neutrophils is present, by
specific receptor binding to these cells.
IL-8 and related chemotactic cytokines
share properties with C5a, fMet-Leu-
Phe, platelet-activating factor (PAF),
and leukotriene B4 (LTB,), indicating
that they qualify as classical chemotac-
tic agonists.

Labeled cytokines are an interesting
class of peptide radiopharmaceuticals.
Cytokines act through an interaction
with specific cell-surface receptors ex-
pressed on known cell populations.
Cytokine receptors, usually of high
affinity, are generally expressed at low
levels on resting cells but their expres-
sion can be upregulated during activa-
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tion. Cytokines have low molecular
weight, rapid half-life and blood clear-
ance, and high-affinity binding to a
specific receptor. Only a few have been
studied so far for the diagnosis of
inflammation and tumors. Biologic ac-
tivities of potent cytokines may lead to
toxicities, even when the cytokine is
labeled at high specific activities.

Recently, labeled IL-la has been
shown to accumulate in sterile inflam-
mations and focal infections in mice at
high target-to-background ratios through
interaction with its receptor (/0). Sys-
temic side effects of IL-1 limited its
clinical application (10). As a conse-
quence of activation, infiltrating cells
express the receptor for IL-2 on their
surface membrane (I/7); labeled IL-2
accumulates at sites of WBC infiltra-
tion after binding to IL-2 receptor-
expressing cells, particularly activated
T-lymphocytes. Studies in humans have
shown that '2I-IL-2 can be used for the
in vivo detection of activated lympho-
cytes. Labeled IL-2 might have a role
in the management of patients with
autoimmune diseases and other chronic
diseases characterized by mononuclear
cell infiltration. Lymphocytic infiltra-
tion has been visualized with labeled
IL-2 in patients with thyroiditis (/2). In
general, cytokines mediate specific bio-
logic activities, most frequently at very
low amounts, so that their use for
diagnostic purposes in patients is often
not possible. In addition, some cyto-
kine receptors are practically ubiqui-
tous.

When tissue damage occurs or a
microorganism invades the body,
mechanisms are activated to remove
the noxious stimulus. Soluble media-
tors are released and amplify the local
response by recruitment from the blood
of cells, often granulocytes, and plasma
components. Vasodilatation and in-
creased endothelial permeability are
induced, which facilitate further ex-
travasation of cells and proteins. More-
over, the expression of adhesion
molecules on endothelial cells and
leukocytes is stimulated. The process
starts within minutes of the injury and
usually resolves in hours or days. If the
inflammatory agent persists, the infil-

trate becomes predominantly mono-
nuclear, consisting of lymphocytes and
cells of the monocyte-macrophage se-
ries. When microorganisms infect a
tissue, they are sensed by neutrophils
through chemoattractants released by
the microorganisms or arising from the
inflammatory reaction of the infected
tissue. Several chemotactic agonists
have been identified, including CSa
(13) and N-formylmethionyl oligopep-
tides of bacterial origin, such as fMet-
Leu-Phe (14), PAF, and LTB, (I5).
Despite major differences in structure
and origin, these agonists have similar
biologic activities. They stimulate neu-
trophils through distinct receptors and
elicit the functions necessary for antimi-
crobial defense. In 1991, Fischman et
al. (16) first reported the potential of
]n-labeled chemotactic peptide ana-
logs of fMet-Leu-Phe (437 Da) for
imaging infection. Subsequently, Bab-
ich et al. (17) reported that *mTc-
labeled chemotactic peptides also local-
ized at the site of infection in the same
rat model. Although these reports docu-
mented the uptake of labeled peptides
at the infection site, early imaging was
not optimal. Their specificity for infec-
tion and the mechanisms of localiza-
tion have not been thoroughly docu-
mented. fMet-Leu-Phe is produced by
bacteria and binds to a specific receptor
on the surface membrane of granulo-
cytes; it is rather toxic. Although prom-
ising, further studies on their specific-
ity for infection and their toxicity are
needed.

Twenty-five years ago, $’Ga-citrate
was first introduced to image tumor
and inflammatory or infectious lesions.
Many mechanisms of localization have
been documented. Leukocytes at the
site of inflammation or infection ex-
crete some of their intracellular lactofer-
rin, which remains localized and bound
to macrophages. ’Ga-citrate may leak
through the vascular epithelium at the
site of infection, where it is then bound
to the lactoferrin (/8). Despite a lack of
specificity, ’Ga-citrate is still widely
used clinically for the detection of
infections (19,20). $'Ga-citrate is char-
acterized by good sensitivity but poor
specificity; it accumulates in tumors
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and acute, chronic, septic, and sterile
inflammatory lesions (21). ’Ga deliv-
ers a high absorbed radiation dose and
has unfavorable characteristics for im-
aging.

WBCs, labeled with "'In or *"Tc,
remain the reference method for inflam-
mation and infection imaging, in spite
of disadvantages. After injection, the
labeled WBCs specifically migrate into
inflamed tissues. The diagnostic accu-
racy of labeled WBCs has been es-
tablished in patients with chronic in-
flammatory bowel disease, osteomyelitis,
infected vascular prostheses, kidney
diseases, lung infection, and fever of
unknown origin (/). The technique
shows high diagnostic accuracy for the
detection of acute inflammation (7).
Although labeled WBCs have had un-
disputed success in detecting infections
and inflammations, there are significant
limitations. WBC labeling is a time-
consuming process that requires spe-
cial facilities and technical expertise.
Because of these limitations, attempts
to develop new radiopharmaceuticals
continue.

More recently, the use of labeled
nonspecific human immunoglobulins
(IgG) has been introduced for inflam-
mation and infection imaging; their use
is safe and simple. The mechanism of
action is associated in part with in-
creased vascular permeability and in
part with binding to the Fc receptor
expressed by infiltrating cells (22). They
have been labeled with ™Tc and !!!In.
Higher target-to-background ratios have
been observed with !!'In-IgG than with
9mTc-IgG; for this reason, '''In-IgG is
preferred for the study of chronic in-
flammation (23). ''In-IgG can be used
for many diseases with a diagnostic
accuracy comparable with that of
WBCs. !In-IgG appears to be useful
in the detection of Pneumocystis cari-
nii pneumonia and other pulmonary
infections (24).

Labeled MAbs directed against sur-
face leukocyte antigens or endothelial
adhesion molecules have been used for
the detection of inflammatory pro-
cesses. Four MAbs—CEA-47, BW250/
183, IMMU-NN3, and MCA-480—
have been examined extensively for
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abscess or infection detection in pa-
tients. The most widely used labeled
MAD is the commercially available
BW250/183, an IgGl, provided as a
ready-to-label kit for ®™Tc labeling.
Localization in infection is thought to
be mediated in part by migration of
antibody-labeled circulating labeled
granulocytes and in part by nonspecific
extravasation. Noncellular inflamma-
tion is also visualized. A novel ap-
proach to the detection of inflammation
is based on the use of labeled MAbs
directed against adhesion molecules.
Adhesion molecules, such as intercellu-
lar adhesion molecule 1, vascular cell
adhesion molecule, and E-selectin (en-
dothelial leukocyte adhesion molecule),
are hyperexpressed and promote the
migration of WBCs into inflamed tis-
sue. The use of MAbs has several
advantages. They are easy to use. They
also show good specificity and sensitiv-
ity. MAb imaging directed against a
specific microorganism has been de-
scribed for P. carinii, with a reported
sensitivity of 86% and a specificity of
87% (25). Although impressive, this
MAD approach can be used only in a
patient population with a high likeli-
hood of having the specific infectious
agent. %’Ga-citrate or radiolabeled
WBCs, IgG, and whole antibodies re-
quire 12-24 h before a diagnosis can be
established (26). Radiopharmaceuti-
cals providing a same-day answer are
desirable. The advantage of MAD frag-
ments, compared with the whole MAb,
is their smaller molecular weight. They
penetrate better into tissue, are less
immunogenic, clear from the blood
more rapidly, and permit earlier diagno-
sis (27).

Other radiopharmaceuticals provide
new possibilities for earlier diagnosis.
Nanocolloids—small particles, 30 nm
in diameter, produced from albumin—
are taken up by the cells of the reticulo-
endothelial system and are rapidly
cleared from the circulation. They leak
into inflamed tissues because of in-
creased vascular permeability and accu-
mulate after phagocytosis by macro-
phages (28). Somatostatin receptors
(SSRs) exist on human lymphoid tis-
sue; SSR ligands, such as commer-
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cially available Octreoscan (Mallinc-
krodt Inc., St. Louis, MO), hold prom-
ise for autoimmune and chronic inflam-
matory diseases.

Many diseases are characterized by
neutrophil infiltrates without infection.
Labeled autologous WBCs migrate into
the site of inflammation by diapedesis;
in contrast, most radiopharmaceuticals,
such as nanocolloids and nonspecific
human immunoglobulin, accumulate
in the inflammation after nonspecific
extravasation. The diagnosis of acute
inflammation can be achieved with
most currently available radiopharma-
ceuticals. With most radiopharmaceuti-
cals, it is not possible to distinguish
between sterile and infected acute in-
flammation. Bacterial infection can pose
a substantial diagnostic dilemma. Most
radiopharmaceuticals pinpoint the site
of inflammation but do not distinguish
between infection and inflammation.
Criteria for radiopharmaceuticals for
infection imaging include the follow-
ing: specific for infection; differentiate
infection from inflammation, tumor,
and so forth; early localization in and
detection of infection; provide high-
contrast images; and inexpensive,
readily and widely available, and safe.

A new approach for the specific
detection of infection is the use of
labeled broad-spectrum antibiotics,
which accumulate in the target microor-
ganism where they are metabolized. It
should not be assumed that an antibi-
otic must preferentially target infection
to be therapeutic! Interesting results
have been obtained using a %™Tc-
labeled quinolone, Infecton, which is
based on the antibiotic ciprofloxacin.
The site of infection could be detected,
even before migration of labeled WBCs
was evident (29). When the results
were compared with those from a la-
beled WBC study, the concordance rate
was 68%. Of 18 discordant results,
99mTc-Infecton was correctly positive
in 8 of 9 positive studies and correctly
negative in 4 of 9 negative studies.
Four of 5 falsely negative studies were
in patients who had taken antibiotics.
9mTc-Infecton gave better imaging re-
sults than did labeled WBCs. Compari-
son between ™Tc-Infecton and WBC

imaging gave sensitivities of 84% and
81% and specificities of 96% and 77%,
respectively.

Recent advances in our understand-
ing of the pathophysiology of inflam-
matory and infectious processes at the
molecular level, combined with pro-
gress in radiopharmaceutical sciences,
have provided a plethora of radiophar-
maceuticals for the diagnosis of inflam-
mation and infection. Labeled WBCs
remain the reference method, but, in
the future, alternative approaches may
improve the specificity and the ease of
using these techniques. A radiopharma-
ceutical that distinguishes between ster-
ile and septic inflammation is clearly
desirable and feasible.

Why are not radiopharmaceuticals
more basic to the management of pa-
tients with infection and inflammation?
Very simply, it is a failure to conduct
focused, prospective, outcome-oriented,
multicenter trials. This is a failure
shared by individuals and organiza-
tions and, hopefully, one soon to be
addressed. Until such time, an alterna-
tive is equally urgent. As small, single-
institution published trials continue,
systematic syntheses of the results are
needed. Meta-analysis is a technique for
combining study results to strengthen
conclusions about the individual stud-
ies when taken as a whole (30). The
approach allows determination of the
diagnostic efficacy of the modality un-
der study, including overall estimates
of accuracy, and the proportion of
patient management changes. Meta-
analyses of published data for specific
radiopharmaceuticals and specific in-
flammation or infection indications are
urgently needed to provide data for
decision models. As additional studies
become available, these meta-analyses
can be updated.

Gerald L. DeNardo
University of California
Davis Medical Center
Sacramento, California
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