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Radiolabeled autologous leukocytes are the gold standard for
imaging infectious foci in patients. Good results have also been
reported for radiolabeled heterologous leukocytes from nonin-
fected donors. Until now, the 2 methods have not been directly
compared. In this study, we compared the infection-imaging
potential of ¥mTc-hexamethylpropyleneamine oxime (HMPAO)-
labeled autologous granulocytes with that of %9mTc-HMPAO-
labeled granulocytes from either infected or noninfected donors
in rabbits with Escherichia coli infection. Methods: The radio-
labeled granulocyte preparations were studied in rabbits with an
E. coli infection in the left calf muscle. The soft-tissue infections
were scintigraphically visualized after injection of 18 MBq of
either *¥mTc-HMPAO purified autologous granulocytes or radio-
labeled purified heterologous granulocytes from infected or
noninfected donor rabbits. Gamma camera images were ac-
quired at 2 min and at 1, 2, and 4 h after injection. After the last
image, the rabbits were killed and uptake of the radiolabel in the
dissected tissues was determined. Results: The ®mTc-HMPAO
autologous granulocytes and heterologous granulocytes from
infected donors accurately revealed the infectious focus in the
calf muscle at 2 h after injection. At 4 h after injection, a signif-
icantly better (P < 0.05) delineation of the infection was estab-
lished with the °mTc-HMPAOQO autologous granulocytes and
99mTc-HMPAO heterologous granulocytes from the infected rab-
bits than with the heterologous granulocytes from noninfected
donors. With both cell preparations, the intensity of uptake in
the infected calf muscle continuously increased until 4 h after
injection. The %*mTc-HMPAO heterologous granulocytes from
noninfected donors showed no significant increase in contrast
after 2 h after injection. Absolute uptake in the infected calf
muscle was much higher for *mTc-HMPAO autologous granu-
locytes (7.81 = 1.21 percentage injected dose [%ID]) and %™ Tc-
HMPAO heterologous infected granulocytes (8.91 = 1.92 %ID)
than for the radiolabeled heterologous noninfected granulo-
cytes (2.32 = 0.75 %ID) (P < 0.04) at 4 h after injection. The
ratio of infected muscle to noninfected contralateral muscle was
significantly higher for ®®mTc-HMPAO autologous granulocytes
and **mTc-HMPAO heterologous granulocytes from infected do-
nors than for ®°mTc-HMPAO heterologous granulocytes from
noninfected donors (5.53 * 1.09, 3.86 = 0.75, and 1.86 + 0.31,
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respectively; P < 0.05). Conclusion: For nuclear medicine im-
aging of infection, purified granulocytes derived from infected
rabbits are superior to purified granulocytes derived from non-
infected donor rabbits. In addition, autologous granulocytes
gave similar results to heterologous granulocytes from infected
donor rabbits, suggesting the need for intrinsic cell activation for
specific granulocyte migration.
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Thakur et al. {-3) were the first to describe the success-
ful use of!*lin-labeled autologous purified granulocytes for
the localization of abscesses in febrile patients. Since then,
this method has become the gold standard for imaging of
infection in nuclear medicine. Radiolabeled autologous
granulocytes allow rapid visualization of infected and in-
flamed foci within 1-4 h after intravenous reinjection. In
other studies!in-labeled purified granulocytes were com-
pared with *ln-labeled mixed leukocytes. The results
showed that the detection of acute infection with these
preparations was equivalend)( Various clinical trials
showed that''ln-labeled (pure or mixed) leukocytes al-
lowed accurate evaluation of patients suspected of having
inflammatory disease. In these studies, the sensitivity of
1n-leukocytes for detecting infectious foci was 84%—
96%, and the specificity exceeded 965). (

In patients with neutropenia, the situation is more com-
plicated. The small number of circulating leukocytes does
not allow isolation of enough labeled cells for reinjection. In
these patients, the use of radiolabeled granulocytes derived
from noninfected donors6(9) for imaging infection has
been shown to be feasible. The method relied simply on
ABO/Rh blood group matching between donor and recipi-
ent. The investigators indicated that this approach had the
advantages of not affecting the functionality of the donor
leukocytes, as would chemotherap®);(of eliminating the
need to perform a large venesection on the patient to harvest
sufficient neutrophils9); and of lacking a definite risk of
contamination to personnel who perform the labeling or

THE JOURNAL OF NUCLEAR MEDICINE ¢ Vol. 43 ¢ No. 7 « July 2002



even inadvertent cross-contamination between patients (10—
12). In the patients who received the donor cells, no adverse
reactions were observed.

M n-labeled donor-leukocyte scans have successfully
been used in various clinica trids (6-9). So far, it is
unknown how 11In-labeled donor leukocytes and radiola-
beled autologous leukocytes compare for imaging infection.
The aim of this study wasto compare theimaging performance
of 9mTc-hexamethylpropyleneamine oxime (HMPAO)-—
labeled autologous granulocytes with that of %mTc-
HMPAO-abeled heterologous granulocytes derived from
infected and noninfected donor rabbits.

MATERIALS AND METHODS

Animal Model

Abscesses were induced in the left thigh muscle of 16 female
New Zealand rabbits (body weight range, 2.4-2.7 kg) with 0.5 mL
of asuspension of Escherichia coli (2 X 10 colony forming units
per milliliter). During the procedure, the rabbits were anesthetized
with a 0.6-mL subcutaneous injection of a mixture of 0.315
mg/mL fentanyl and 10 mg/mL fluanisone (Hypnorm; Janssen-
Cilag Ltd., Buckinghamshire, U.K.). After 24 h, when swelling of
the muscle was apparent, 3 groups of 5 animals (groups A, B, and
C) were formed. The experiments were performed in accordance
with the guidelines of the local animal welfare committee.

Granulocyte Isolation

Granulocytes were isolated according to the method of Lill-
evang et al. (13), with minor modifications (14). Briefly, the blood
was mixed with a one-tenth volume of 6% dextran (267 kDa) +
acid-citrate-dextrose solution in 0.9% NaCl and alowed to settle
for 1 h at room temperature. The leukocyte-rich supernatant was
layered carefully on a one-third volume of density medium (Ny-
coprep; Nycomed, Oslo, Norway [14.1% Nycodenz (Nycomed),
0.3% NaCl, 5 mmol/L tricine/NaOH, pH 7.2, density = 1.077
g/mL, osmoldity = 265 mosm]) and centrifuged for 15 min at
600g. The plasma above the mononuclear cells, the mononuclear
band, and the density medium above the granulocyte pellet were
carefully removed. The pellet was washed with 5 mL Hanks
balanced salt solution with 10% autologous plasma and centri-
fuged for 10 min at 50g. The cell pellet was resuspended in 1.5 mL
Hanks' balanced salt solution, 10% rabbit plasma. After this pu-
rification procedure, the granulocyte purity exceeded 95% for each
preparation.

Cell Labeling

Between 81 and 83 MBq freshly prepared **"Tc-HMPAO were
added to each of the autologous (n = 5) and heterologous infected
(n = 5) or noninfected (n = 5) cell suspensions. The cells were
incubated at room temperature for 30 min and centrifuged for 10
min at 50g. The pellet was resuspended in 5 mL cell-free autolo-
gous plasma. Labeling efficiency (cell-associated activity/total ac-
tivity added) was 40%-50% for the different granulocyte prepa-
rations. The functional integrity of labeled granulocytes was
evaluated by their in vivo performance, including transit through
the lungs and uptake into the liver and spleen. A dose of 18 MBq
99mT - abel ed granul ocytes was administered intravenously to each
rabbit.

The right-ear artery of each rabbit was cannulated, and 20 mL
blood were drawn from each rabbit into an acid-citrate-dextrose

tube (containing 2.5 mL 6% dextran [267 kmol; Sigma-Aldrich,
Zwijndrecht, The Netherlands] + 4 mL acid-citrate-dextrose so-
lution [NPBI-Biotrans GmbH, Dreieich, Germany] per 20 mL
blood). The leukocyte count in the full blood of the rabbits ranged
from 7.7 to 8.2 X 10%L, with approximately 70% granulocytes.
After granulocyte isolation, the cell count ranged from 8.2 to
10.0 X 10%L (measured in the same volume), with >95% gran-
ulocytes.

FACS Analysis

For cell counting by fluorescence-activated cell sorter (FACS)
analysis, an H3* RTX hematology analyzer (Bayer Diagnostics,
Tarrytown, NY) was used. This FACS analyzer screens 2 param-
eters: the peroxidase channel, for measurement of the peroxidase
activity in the cells as a measure of cell diameter, and the baso-
philic method, for measurement of cell granularity.

To differentiate the rabbit blood cells, a FACS analyzer that had
been tuned for the evaluation of human blood was tuned for the
evaluation of rabbit blood using a different set of gain factors. The
final estimate of blood count was made through comparison of the
FACS results with the results of manual counting. Consequently,
the total number of white blood cells was evaluated using the
basophilic method, whereas the differentia blood count was
roughly estimated using peroxidase channel measurements. Micro-
scopic evaluation of blood smears was used for final confirmation.

Gamma Camera Imaging and Data Analysis

For imaging, rabbits were immobilized in a mold and placed
prone on the gamma camera. Five rabbits of group A were injected
with 18 MBq *“™Tc-HMPAO autologous purified granulocytes
through the ear vein. Ten rabbits were injected with 18 MBq
9mTc-HMPAO heterologous purified granulocytes, which were
derived from infected donor rabbits (group B, n = 5) or from
noninfected donor rabbits (group C, n = 5). Three rabbits of each
group were used for gamma cameraimaging. At 2 minand at 1, 2,
and 4 h after injection, images were recorded with a single-head
gamma camera (Orbiter; Siemens Medical Systems, Inc., Hoffman
Estates, IL) equipped with a parallel-hole low-energy all-purpose
collimator. Images were obtained with a 15% symmetric window
over the 140-keV energy peak of %mTc. After acquisition of
300,000 counts, the images were digitally stored in a 256 X 256
matrix.

For quantitative analysis of the scintigraphic images, regions of
interest were drawn over the abscess and the noninfected contral at-
eral thigh muscle (background). Abscess-to-background ratios,
lung-to-liver ratios, and uptake measurements for kidney, liver,
and spleen were calculated.

After the final images had been acquired, the rabbits were killed
with an overdose of sodium phenobarbital and the biodistribution
of the radiolabeled tracers was determined. Blood was obtained by
cardiac puncture. Tissues (lung, liver, spleen, kidney, small intes-
tine, colon, infected left calf muscle, and noninfected contral ateral
muscle) were dissected and weighed, and the radioactivity was
measured in a shielded well scintillation y-counter (Wizard; Phar-
macia-LKB, Uppsala, Sweden). To correct for decay and to permit
calculation of uptake of the radiolabeled leukocyte preparation in
each organ as a fraction of the injected dose, aliquots of the
injected dose (1%) were counted simultaneously. The uptake re-
sults were expressed as percentage injected dose per gram (%I D/g)
or, for the abscess, percentage injected dose (%I D).
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Statistical Analysis

All uptake values are given as mean = 1 SEM. One-way
ANOVA was used to compare uptake in the infected calf muscle
with uptake in the noninfected contralateral muscle, using the
InStat software package (version 3.00; GraphPad Software, San
Diego, CA). The level of significance was set at P < 0.05.

RESULTS

A soft-tissue infection developed in the left thigh muscle
of al rabbits (n = 16; 15 for imaging, 1 for granulocyte
preparation) within 24 h after bacterial inoculation. Swell-
ing of the left thigh muscle and redness of the skin were
grossly apparent in all rabbits. Cross-sections of the abscess
sample macroscopically showed encapsulated purulent ma-
terial. Scintigraphic images of the radiolabeled granulocyte
preparations at 2 min and at 1, 2, and 4 h after injection are
shown in Figure 1.

FIGURE 1. Scintigrams of rabbits with Escherichia coli infec-
tion in left calf muscle imaged at (from left to right) 2 min and at
1, 2, and 4 h after injection of ®*mTc-HMPAO autologous purified
granulocytes (A) and ®mTc-HMPAO-purified granulocytes de-
rived from infected (B) and noninfected (C) donor rabbits.

920

Quantitative analysis of the scintigrams of %mTc-
HMPAO autologous granulocytes and of #®"Tc-HMPAO
heterologous granulocytes from infected and noninfected
donors showed a rapid initial lung transit and low liver and
spleen uptake, indicating that the %™Tc-labeling procedure
did not harm granulocyte function (Fig. 2).

®mTc-HMPAO autologous granulocytes and %mTc-
HMPAO heterologous granulocytes from infected donors
nicely showed the infection as early as 2 h after injection.
Contrast between abscess and background improved on the
subsequent scintigrams with both preparations. Uptake in
the abscess was equal for ®"Tc-HMPAO autologous gran-
ulocytes (0.19 = 0.08 %ID/g at 4 h after injection) and
9mTc-HMPAO heterologous granulocytes from infected
donors (0.19 = 0.04 %ID/g at 4 h after injection) and led to
good scintigraphic delineation of the infected thigh muscle.
In contrast, ®"Tc-HMPAO heterologous granulocytes from
noninfected donors showed low uptake in the infected mus-
cleat 1-2 h after injection, and no further increase in uptake
was observed on the later scintigrams.

The kinetics of abscess uptake derived from region-of-
interest analysis of the 3 granulocyte preparations at various
times are summarized in Figure 3. ®"Tc-HMPAO autolo-
gous granulocytes and *"Tc-HMPAO heterologous granu-
locytes from infected donors continuously increased with
time and reached a maximum at 4 h after injection (7.81 =
1.21 %ID and 891 *= 1.92 %ID, respectively), whereas
9mTc-HMPAO heterologous granulocytes from noninfected
donors reached a maximum between 2 and 4 h after injec-
tion (2.32 = 0.75 %ID) and then decreased. The abscess-
to-background ratios for ®*™Tc-HMPAO autologous granu-
locytes and ®°™Tc-HMPAO heterologous granulocytes from
infected donors were highest at 4 h after injection, at 5.53 =
1.09 and 3.86 = 0.75, respectively. For ®"Tc-HMPAO
heterologous granulocytes from noninfected donors, the tu-
mor-to-background ratio did not change with time, at
1.16 + 0.14,1.50 = 0.27,and 1.86 = 0.31 at 1, 2, and 4 h,
respectively, after injection (Fig. 4).

The biodistribution data for the 3 radiolabeled granulo-
cyte preparations at 4 h after injection are given in Table 1.
In accordance with the scintigraphic results, ®"Tc-HMPAO
autologous granulocytes and *"Tc-HMPAQO heterologous
granulocytes from infected donors showed significantly
higher uptake in the infectious focus at 4 h after injection
than did ®"Tc-HMPAO heterologous granulocytes from
noninfected donors (0.19 = 0.08, 0.19 = 0.04, and 0.06 =
0.04 %I D/g, respectively; P < 0.05). Uptake of all 3 radio-
labels was comparatively low in norma muscle tissue.
Consequently, the abscess-to-muscle ratio for %MTc-
HMPAO autologous granulocytes (108 + 62) was as high
as that for ®"Tc-HMPAO heterologous granulocytes from
infected donors (108 *+ 53) and significantly higher than
that for *"Tc-HMPAO heterologous granulocytes from
noninfected donors (39 = 22) (P < 0.05). Each of the 3
preparations showed comparably high uptake in the spleen
(between 1.36 £ 0.47 and 1.59 = 0.26 %ID/g). Liver
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a 25 FIGURE 2. Quantitative analysis (mean =
= i SD) of scintigrams of rabbits shows clear-
;’ 20§ ance from lungs (top set of 3 lines), liver
< (middle set of 3 lines), and spleen (bottom
2 45 set of 3 lines). Top line of each set is data
> : - for injection of %¥mTc-HMPAQO autologous
10 o granulocytes, middle line of each set is
data for injection of 9¥mTc-HMPAO heterol-
ogous granulocytes from infected donors,
5 . and bottom line of each set is data for
e =3 injection of %mTc-HMPAO heterologous
00 ] 3 3 ) granulocytes from noninfected donors.

Whole-body activity measured at 2 min af-
ter injection was set at 100%; error bars
represent SD.

uptake was similar for al 3 preparations (Table 1). The 3
preparations showed comparably low blood levels, resulting
in low uptake in background tissues (muscle and small
intestine). Localization in most other tissue samples was
remarkably similar. Based on regions of interest, an over-
time increase in renal ®™Tc activity with all 3 labeled
granulocyte preparations was noted (from 1.5 to 3.0 %ID
for autologous granulocytes, from 2.0 to 3.1 %ID for het-
erologous infected granulocytes, and from 2.7 to 4.1 %ID
for heterologous noninfected granulocytes; P < 0.17), re-
flecting excretion of ®"Tc-HMPAO complexes eluted from
labeled cells. Kidney uptake was similar for the 3 prepara-
tions.

DISCUSSION

The paucity of diagnostic cluesin febrile patients and the
limitations of current radiopharmaceuticals stimulate a

search for agents that can rapidly and effectively revea
infectious foci. Especialy in granulocytopenic patients, the
lack of such an agent may cause clinical problems. In-
labeled leukocytes represent the gold standard for specifi-
cally locating abscess formations (1,4,15,16). In most pa-
tients, autologous purified granulocytes or autologous
mixed leukocyte populations have been used as cellular
compounds for radiolabeling. In obtaining images using
radiolabeled white blood cells, the feasibility of isolating
purified granulocytes or mixed leukocyte populations de-
pends on the patient’s leukocyte count or immune status.
Alternative methods to detect infection include the use of
6’Ga-citrate (17—20), ®°mTc-labeled granulocyte-specific an-
tibodies (21), and radiolabeled donor leukocytes (6-9).
6’Ga-citrate has proven to be highly sensitive in detecting
infectious tissue aterations, with a positive predictive value
of 93% (20), but has shown low specificity, mainly because
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this agent does not alow differentiation between infection
and malignancy. Prvulovich et al. (21) prospectively studied
the value of immunoscintigraphy with %mTc-labeled anti-
granulocyte monoclonal antibody (BW250/183) in HIV
(type 1) antibody—positive patients presenting with fever but
no localizing symptoms or signs. *™Tc-antigranulocyte an-
tibody imaging correctly identified the sites of infection in
only 5 (22%) of 23 patients. Sixteen foci of infection were
not localized by %mTc-antigranulocyte immunoscintigraphy
(false-negative findings). Problems also have been noticed
in immunodeficient patients when imaged with donor radio-
labeled leukocytes (6—9), and the overall results were me-
diocre compared with those for healthy volunteers imaged
with autologous radiolabeled leukocytes (22). Anstall et al.
(6) described 8 patients who were receiving chemotherapy
and had superinfection, and O’ Doherty et al. (9) described 4
patients who had AIDS and superinfection. Both authors

reported a low fraction of positive findings for scans ob-
tained with !n-labeled donor leukocytes. The authors
believed that the limited sensitivity reflected hospital prac-
tice in performing CT and sonography before leukocyte
scanning or that no localized inflammatory focus became
clinicaly evident over that time. Better results were re-
ported by Dutcher et al. (7), who saw positive findings as
early as 30 min after injection. But in the 14 patients
examined, all sites of infection were known beforehand. In
summary, the studies suggested that radiolabeled leukocyte
imaging appears suboptimal in immune-compromised pa-
tients.

Our study showed that *°™Tc-HMPAO-labeled granulo-
cytes derived from autologous or heterologous infected
animals have better characteristics for localizing a bacterial
infection than do *™Tc-HMPAO heterologous granul ocytes
from noninfected donors. The highest abscess uptake and

TABLE 1
Biodistribution in Rabbits with E. coli Abscess 4 Hours After Injection

9mMHMPAO granulocytes

Site Autologous Heterologous infected Heterologous noninfected
Blood 0.13 = 0.05 0.12 = 0.02 0.11 = 0.03
Muscle 0.002 = 0.010 0.002 = 0.010 0.001 = 0.010
Abscess 0.19 = 0.08 0.19 = 0.04 0.06 = 0.04
Abscess’ 1.96 + 0.49 2.29 + 0.43 1.21 + 0.47
Lung 0.59 = 0.25 0.51 = 0.21 0.26 = 0.09
Speen 1.36 + 0.47 1.30 + 0.32 1.59 + 0.26
Kidney 0.13 + 0.03 0.13 = 0.03 0.12 = 0.02
Liver 0.15 = 0.01 0.18 = 0.04 0.17 = 0.02
Intestine 0.02 =+ 0.01 0.01 = 0.01 0.01 = 0.01
Infected muscle 108 *= 62 108 = 53 39 = 22
Infected blood 1.96 + 1.12 1.63 + 0.30 0.74 = 0.83

*Data for this site are %ID (mean = SD); data for other sites are %ID/g (mean = SD).
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abscess-to-muscle ratios were obtained with ®™Tc-HMPAO
autologous granulocytes and *"Tc-HMPAQO heterologous
granulocytes from infected donors, exceeding the value for
9mTc-HMPAO heterologous granulocytes from noninfected
donors by 67% and 52%, respectively. Because al 3 prep-
arations showed comparably low blood levels, with low
uptake in background tissues (muscle and small intestine)
and undisturbed granulocyte function, the better perfor-
mance and higher uptake of *“"mTc-HMPAO autologous
granulocytes and *"Tc-HMPA O heterologous granulocytes
from infected donors in the infected muscle appears to be
caused by the better chemotactic properties of granulocytes
from infected animals. The good performance of the %mTc-
HMPAO heterologous granulocytes from infected donors,
compared with the ®*"Tc-HMPAO heterologous granulo-
cytes from noninfected donors, was remarkable. These ob-
servations suggest that the in vivo environment of leuko-
cytes before isolation determines their migratory capacity.
An explanation may be the chemotactic activation of in-
fected granulocytes, because in patients with inflammatory
bowel disease, chemotactic factors generated in the intersti-
tia tissue attract neutrophils from the circulation into the
inflammatory site and thus infiltration of neutrophils in the
interstitial tissue, contributing to accumulation and activa-
tion of neutrophils in the infected mucosa (23). It has been
postulated that emigration of leukocytes to perivascular
infected tissue is caused not only by the chemotactic proin-
flammatory cytokine response aone (24) but aso by the
state of activation of lymphocytes and the expression of
adhesion molecules on vascular endothelium or intensive
expression on granulocytes (25). Another explanation for
the different in vivo behavior of granulocytes may be the
physiologic distribution of granulocytes in the blood. Ap-
proximately half of granulocytes in the periphera blood are
freely circulating, whereas the other half form the margin-
ating pool in the circulation (26—30). Marginating granulo-
cytes are particularly mobilized by subtle stimuli such as
exercise (5). For this reason, donor granulocytes harvested
from a normal, nonmarginating pool have relatively poor
migrating capacity. Furthermore, studies of emigration re-
sponse have also shown that 30—40 min are required after
stimulation before normal neutrophils leave the venules (5).

Future investigations will have to focus on improving the
migration capacity of heterologous noninfected granulo-
cytes by, for instance, in vitro incubation with biologically
active factors (such as proinflammatory cytokines or gran-
ulocyte growth-stimulating factors) for further improving
white cell imaging of infection in humans.

This study showed that donor leukocytes can successfully
be used to trace areas of inflammation. Our data suggest that
chemotactic activation of granulocytes is of crucial impor-
tance and determines the ability of granulocytes to localize
infection and inflammatory foci earlier than can normal,
nonactivated cells. Our studies have shown that images of
9mTc-HMPAO heterologous granul ocytes from noninfected
donors did not improve between 4 and 24 h after injection

(31-33). The results of this study contribute to a better
understanding of biokinetic granulocyte migration and war-
rant further studies on the use of donor leukocytes for
imaging infection.

CONCLUSION

In arabbit model with E. coli soft-tissue infection, ®mTc-
HMPAO autologous granulocytes and ™ Tc-HMPAO het-
erologous granulocytes from infected donors provided good
visualization of abscess formation early after intravenous
injection and showed higher focal uptake and target-to-
nontarget ratios than did *™Tc-HMPAO heterol ogous gran-
ulocytes from noninfected donors. These results indicate
that autologous and heterol ogous activated granulocytes are
more useful in the evaluation of scintigraphic imaging of
infection than are nonactivated donor granulocytes. Further
studies on the use of donor granulocytes are therefore war-
ranted.
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