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The accumulation of nonspecific polycional human immunoglobulin (IgG) radiolabeled with '#|
or ""'In was compared to that of [*Ga]citrate and [®"Tc]albumin in rats with deep thigh
inflammation due to Escherichia coli infection. Serial scintigrams were acquired at 1, 3, 24,
and in some cases, 48 hr after injection. As early as 3 hr postinjection, ['''In]igG showed
greater accumulation at the lesion than [*®"Tc]HSA (p < 0.01). Both ['*I]igG and ['''In]igG
showed greater accumulation than [’ Gal]citrate (p < 0.01). At 24 hr, IgG image definition
increased, while HSA image definition decreased, and the intensity of accumulation of both
IgG preparations was greater than that of [*’Galcitrate or [*®*"Tc]HSA (p < 0.01). At all
imaging times, [*’Ga]citrate accumulation was surprisingly low. In inflammation produced by
Pseudomonas aeruginosa, Staphylococcus aureus, Klebsiella pneumoniae, Candida albicans,
or turpentine, ['"'In]igG accumulation was similar to the results obtained with Escherichia coli.
These studies suggest that focal sites of inflammation can be detected with radiolabeled

nonspecific human polycional IgG.
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An integral part of the evaluation of febrile patients
is the prompt identification of focal sites of infection.
In many instances, demonstration of the anatomic site
of the process is more important than identifying the
microbial content of the abscess (/). While conven-
tional radiography, computed tomography (CT), or ul-
trasonic scanning (US) can localize these lesions in most
patients, these anatomic techniques usually require for-
mation of an abscess before definitive radiographic
findings are present. Radionuclide imaging with gal-
lium-67 (’Ga)citrate or labeled leukocytes can usually
detect lesions of infectious etiology prior to formation
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of an abscess, but typically require 24 hr between injec-
tion and imaging to detect sites of inflammation. This
interval may be too long for managing acutely ill pa-
tients with multisystem disease.

In the course of studies of deep soft-tissue Pseudo-
monas aeruginosa infections in a rat model, two poten-
tial new approaches for detecting focal infections were
suggested (2). First, specific immune imaging of an
infectious process using a monoclonal antibody specific
for a unique microbial antigen, in this case the Pseudo-
monas Type I specific polysaccharide, was shown to be
possible. In addition, a second approach appeared pos-
sible: nonspecific radiolabeled IgG localized at the le-
sion site to an extent sufficient to provide clear deline-
ation of the process. This raised the possibility that a
generic inflammation scan may be practical, based on

385



the accumulation of nonspecific IgG at the site. This
report documents the feasibility of the nonspecific ap-
proach, comparing the localization of radiolabeled IgG,
[*’Ga]citrate and [*™Tc]albumin at sites of acute in-
flammation in a rat model.

MATERIALS AND METHODS

Radiopharmaceuticals

Human, nonspecific, polyclonal immunoglobulin (Sando-
globulin, Sandoz, Inc., East Hanover, NJ) modified for intra-
venous use (/) was radiolabeled with either iodine-125 (')
or indium-111 (*''In) (Amersham, Arlington Heights, IL).
Radioiodinated antibodies were prepared by the iodogen
method (3). Antibodies were radiolabeled with '''In (/) via
the diethylenetriaminepentaacetic acid (DTPA) antibody che-
late method as originally described by Krecjarek and Tucker
(4) and modified by Khaw et al. (5). After labeling, the
immunoglobulin preparations were chromatographed on a
Sephadex G-25 column to remove unbound radiolabel.

In some experiments, either or both [€’Ga]citrate (DuPont
Company, No. Billerica, MA) (1) and technetium-99m-
(**™Tc) labeled human serum albumin (Medi-Physics, Rich-
mond, CA) (I) were co-injected with radiolabeled IgG.

Overview of Experiments

Groups of rats (Charles River Breeding Laboratories, Bur-
lington, MA) with focal inflammation in the thigh were im-
aged following injection of: (a) IgG alone; (b) IgG and [¢’Ga]
citrate; and (c) IgG, [*’Ga]citrate and [*™Tc]HSA.

These experiments were performed both to confirm the
utility of nonspecific IgG for localizing focal sites of inflam-
mation and to compare two different nonspecific methods,
i.e., [*Ga]citrate and [*™Tc]JHSA to the immunoglobulin
approach for the detection of acute bacterial infection.

Phantom Studies

To determine if data recorded from animals injected si-
multaneously with more than one radionuclide required cor-
rection for crossover of activity from one tracer to the window
of the others, sources of ™ Tc, '"'In, ’Ga, and '*I were placed
in petri dishes (2 X 10 cm) and imaged in all windows. The
amount of activity in each dish was approximately equal to
the amount proposed for the animal experiments. The sources
were imaged with a medium-energy collimator, using center-
line and window settings described below. The results were
expressed as percent crossover into each window. Phantom
imaging was performed immediately after preparation of the
sources and 24 hr later (to simulate the conditions of the
animal studies).

Animal Model

Single clinical isolates of Escherichia coli, Pseudomonas
aeruginosa, Staphylococcus aureus, Candida albicans, or
Klebsiella pneumoniae were employed. The appropriate mi-
crobial strain was incubated overnight on trypticase soy agar
plates at 37°C. Individual colonies were diluted with sterile
normal saline to produce a turbid suspension containing
~2 X 10° organisms/ml.

Male Sprague-Dawley rats, weighing ~150 g (/) were an-
esthetized with ether and the lateral aspect of one of their
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thighs traumatized by pinching with a hemostat. Then 0.1 ml
of a suspension containing ~2 X 10® organisms (0.1 ml of the
turbid suspension in 50% autologous blood/normal saline)
was injected into the traumatized thigh muscle. In an addi-
tional group of animals, sterile inflammation was created by
injection of 0.1 ml of turpentine instead of bacteria. Twenty-
four hours later, when gross swelling was apparent in the
infected thigh, the radiolabeled reagents were injected intra-
venously via the tail vein. The animals were reanesthetized
with ether and imaged at 1, 3, 24, and 48 hr following injection
of the radiopharmaceuticals as described below. At the con-
clusion of imaging, the anesthetized animals were killed and
the infected thigh examined and recultured.

Radiopharmaceutical Dose

IgG: 50 pg (0.25 mg/kg) of IgG labeled with 100-150 xCi
of either !"'In or '*I; [’Ga]citrate: 200-300 xCi of *’Ga; and
™ TcJalbumin: 300-500 xCi of **™Tc. Experiments in which
IgG, [*’Ga) and [**™Tc]HSA co-injected were performed with
a fixed ratio of radiolabeled-IgG: ’Ga: *™Tc of 1:2:4.

Imaging

Following injection of the appropriate radiopharmaceuti-
cal(s), the anesthetized animals were placed prone on the
medium-energy, parallel hole collimator of a standard field-
of-view scintillation camera (Ohio Nuclear 100, Solon, OH).
Images were recorded for a preset time of 10 min at the
following windows (depending on the nuclide): '*I: 30 keV
with a 20% window; ’Ga: 90 keV with a 20% window; ™ Tc:
140 keV with a 20% window; and '''In: 247 keV with a 20%
window.

Crossover ratios were determined by imaging pure sources
at each window. The crossover values are summarized in
Table 1.

Data Analysis

The images were analyzed by placing a region of interest
over the infected thigh (target), over a comparable zone of the
contralateral thigh (background), and over the entire animal
(total residual activity). All data were corrected for crossover
prior to calculation. Two values were calculated from this
data: (1) The figure of merit [FOM = (target-background)/
background]; and (2) the percent residual activity/lesion
(PRA). The PRA was calculated by correcting the lesion region
of interest counts for background activity (contralateral thigh),
to provide the “net counts” in the lesion. The “net counts”

TABLE 1
Percent Crossover
Radionuclide window

b [ "in Ga 128)
®mTe 0 he' —_ 04 9.0 0.5
24 hr —_ 0.1 43 0.0
"InOhr 16.4 —_ 5.2 22.7
24 hr 16.5 — 5.6 24.2
Ga 0 hr 73 6.2 —_ 19
24 hr 8.0 6.1 —_ 2.0
250 hr 0.0 0.0 0.0 —
24 hr 0.0 0.0 0.0 —

* Measurements were performed immediately after preparation of

the sources and 24 hr later.
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were divided by the residual total body activity for that radio-
pharmaceutical to give the percent residual activity/lesion.
The formula used to calculate this data is shown below:

. ... _ TLC{BKG*NPL)
% Residual activity = TBC

where

TLC = total lesion counts;

BKG = background cts/number of pixels in background;

NPL = number of pixels in lesion; and

TBC = counts in the total body of the animal
Statistical Methods

The relationship of figure of merit [(target-background)/
background] and % residual activity for each radiopharma-
ceutical was compared at each time point by analysis of
variance followed by Duncans new multiple range test (6).
The results are presented as mean + s.e.m. unless indicated
otherwise.

RESULTS

Phantom Studies

The results of these studies are summarized in Table
1. Both '"'In and $’Ga caused significant crossover in
all the other windows. In contrast, the *™Tc¢ source had
a significant amount of crossover in the ’Ga window
and much lower amounts in the other windows. The
1251 source did not show significant crossover in any of
the other windows. With the *™Tc source, significantly
less crossover into the ’Ga window was detected 24 hr
after preparation of the source.

Infection Experiments

A total of 164 animals were studied in 24 separate
experiments. In the rat model of deep thigh Escherichia
coli (96 animals) infection, focal localization of radio-
labeled immunoglobulin (['**I]IgG and ['''In]IgG) was
seen as early as 3 hr postinjection, with the target-to-
background ratio of the image continuing to increase
until 24 hr after injection (Fig. 1). With other types of
bacteria including Klebsiella pneumonia (six animals),
Pseudomonas aeruginosa (24 animals), or; a yeast, Can-
dida albicans (ten animals); or the chemical irritant
turpentine (15 animals), similar results were obtained
24 hr after injection of ['''In]IgG (Fig. 2). Nearly iden-
tical results were obtained with Staphylococcus aureus
infections (15 animals, not shown).

The animals with E. coli deep thigh infections that
were simultaneously injected with '''In- or '*I-labeled
immunoglobulin, [*’Ga]citrate, and *™Tc-labeled HSA
provide an excellent model for comparing the imaging
properties of the different agents. Serial scintigrams of
each isotope acquired at 1, 3, 24, and in some cases,
48 hr after injection revealed the following (Figs. 3 and
4): Figure 3 shows the FOM ratio of deep thigh infec-
tions after injection of [¢’Ga]citrate, [*™Tc]HSA, ['*I]
IgG and ['"'In]IgG. Analysis of variance demonstrated
a significant main effect of protein preparation; F; 143 =
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FIGURE 1

Gamma camera images of rats with E. coli deep thigh
infections imaged at 3, 24, and 48 hr after injection of
['"'In]igG, [*Galcitrate or [*"Tc]HSA. These images rep-
resent a subset of the data presented in Figure 3.

63.81, p < 0.0001 and time after injection; F; 43 =
2.69, p < 0.05. At the various imaging times, the
following general pattern of FOM ratio was observed:
['"'In]IgG > ['*1]IgG > [*™Tc]HSA > [*’Ga]citrate. At
3 hr, the FOM ratio for ['!'In]IgG was significantly
greater than for ['*I]IgG (p < 0.05), [®™Tc]HSA (p <
0.01) and ¢’Ga (p < 0.01); and the ratio for ['*I]IgG
was significantly greater than for ’Ga (p < 0.05). At
24 hr, the FOM ratios for both IgG preparations was
significantly greater (p < 0.01) than for [*’Ga] or [*™Tc]
HSA. At 48 hr the FOM ratio for ['!'In]IgG was signif-
icantly greater than for °Ga (p < 0.01). At 1 hr, a
similar trend was detected, but the differences were not
statistically significant.

For the radiolabeled immunoglobulin preparations,
the maximum FOM ratio was detected at 24 hr after
injection, while for ¥ ’Ga and [*™Tc]HSA, the maxi-
mum ratio occurred at 3 hr. The FOM ratio for indium
labeled IgG at 24 hr was significantly greater than at all
other times; 3 hr (p < 0.05), 48 hr (p < 0.01); and, the
ratio at 3 hr was significantly greater than 48 hr (p <
0.05). For ['*I]IgG, the ratio at 24 hr was significantly
greater than at 1 hr (p < 0.01). For [*™Tc]HSA, the
ratio was significantly greater at 1 hr (p < 0.05) and
3 hr (p < 0.01) than at 24 hr. For *’Ga, a significant
effect of time on FOM ratio was not detected.

When the data were evaluated as PRA, the difference
in behavior of these agents was more striking. Figure 4
shows the percent residual activity of deep thigh infec-
tions after injection of [*’Gal]citrate, [*™Tc]HSA, ['*I]
IgG and ['"'In]IgG. Analysis of variance demonstrated
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FIGURE 2

Gamma camera images of rats with deep thigh inflamma-
tion produced by turpentine (upper left), Klebsiella pneu-
monia (upper right), Candida albicans (lower left) and Pseu-
domonas aeruginosa (lower right), images 24 hr after injec-
tion of ['"In)igG. Similar results were obtained with
Staphlococcus aureus infections. Arrows indicate the area
of infection.

significant main effects of protein preparation; Fs 143 =
30.92, p < 0.0001 and time after injection; F; 43 =
6.26, p < 0.001. At 3, 24, and 48 hr, PRA for ['*I]IgG
was significantly greater (p < 0.01) than for the other
agents. The PRA for ['!'In])IgG was greater (p < 0.01)
than %’Ga (24 and 48 hr) and [*™Tc]HSA (24 hr). At 1
hr, a similar general trend was detected, but the differ-
ences were not statistically significant. With the radio-
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FIGURE 3 L
Figure of merit (see Methods) for rats
with E. coli deep thigh infections im-
aged at 3, 24, and 48 hr after injec-
tion of ['"In)igG, [*’Ga]citrate or 0.0

labeled immunoglobulin preparations, maximal PRA
was detected at 24 hr. For ['*’I]IgG, PRA at 24 hr was
significantly greater (p < 0.01) than at 1 or 3 hr. With
['"'In]IgG, PRA at 24 hr was greater (p < 0.05) than at
3 hr. PRA for *’Ga at 48 hr was greater (p < 0.05) than
at 1 or 3 hr. For [®™Tc]HSA, a significant effect of time
on PRA was not detected.

DISCUSSION

Radiolabeled human polyclonal IgG reliably accu-
mulates at focal sites of inflammation to an extent
sufficient to permit imaging of the inflammatory proc-
ess. The nonspecificity of this agent, and the possibility
that it could be clinically useful as a generic inflam-
mation scan, are suggested by two types of observations.
First, a wide variety of inflammatory processes, ranging
from infections as a result of both gram negative and
gram positive bacteria as well as an infection due to a
yeast or a nonmicrobial chemical irritant were imaged
equally well. It is highly unlikely that this IgG prepara-
tion would contain sufficient specific antibody to each
of these agents to produce specific images. Rather, it
seems reasonable to suggest that the images obtained
with labeled IgG are due to nonspecific accumulation
at the inflammatory sites.

Inflammation is a stereotyped set of complicated
functional and cellular adjustments involving the mi-
crocirculation, fluid shifts, and inflammatory cells. The
experiments in which animals with focal infection were
simultaneously injected with '*I- or '"'In-labeled IgG,
[®™Tc]HSA, and [*'Ga]citrate offer considerable insight
into these events. One hour after injection of these
agents, the nonspecific leak of serum proteins as a result
of increased vascular permeability of the capillary bed
at the site of inflammation is identified by exudation of
HSA, globulins, and the proteins to which gallium is
bound (7-11). Previous studies have used the leak of
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either small molecules or proteins as an indication of
the degree of injury in tissue (12,13). However, follow-
ing this initial exudation of serum proteins, one of two
events occurs. In the case of albumin, for which there
are no receptors at the site of inflammation, egress from
the inflammatory site, presumably by way of local
lymphatic drainage, occurs as easily as ingress into the
site. Evidence for this phenomenon comes from the
initial increase in activity with relatively rapid loss. In
contrast, ’Ga activity at the lesion persists, suggesting
some binding at the site of inflammation. However, the
degree of ©’Ga localization is modest compared to that
of IgG. Since all of the experiments were performed
with multiple tracers, it is possible that the apparent
low level of ’Ga accumulation is due to greater cross-
over of $’Ga photons into the other windows compared
to crossover of non-5’Ga photons into the *’Ga window.
The crossover studies, summarized in Table 1, indicate
this is not the case. In fact, since only the 90 keV
photopeak of °’Ga was imaged, crossover was greatest
into the 9’Ga window (except for Cd x-rays of '''In in
the '®I window) and may have falsely elevated the
apparent *’Ga uptake. The relative concentration of
radiolabeled IgG, expressed either as the FOM (impor-
tant from the perspective of lesion detection in images)
or PRA (important from the perspective of overall
count rate at the lesion site) is far higher than that of
either [*™Tc]HSA or [*’Ga]citrate. It would seem rea-
sonable to hypothesize that at least part of the retention
of IgG at the inflammatory site could occur via Fc
receptors on inflammatory cells.

These results suggest that an inflammation scan
based on nonspecific IgG accumulation is possible.
Polyclonal human IgG, modified for intravenous use,
was selected for these trials with a view towards early
application to imaging of human subjects with focal
inflammation.
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corrected for crossover prior to cal-
culation of PRA; **p < 0.01.
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