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Fluorine-18-2-deoxy-2-fluoro-p-glucose (['®F]JFDG) uptake and
distribution in an experimentally induced inflammatory tissue
were investigated. Methods: Rats were subcutaneously inocu-
lated with turpentine oil to induce inflammation and used for
tissue distribution studies and autoradiography. Results: Time
course study of ['®F]JFDG tissue distribution showed that the
uptake in inflammatory tissue increased gradually until 60 min
and then decreased. A longitudinal study of ['®F]FDG tissue
distribution showed that the uptake increased progressively to a
peak 4 days after inoculation and then decreased. On the fourth
day postinoculation, a section of inflammatory tissue showed
characteristic changes of chronic inflammation. Macro- and
micro-autoradiography showed a high density of silver grains in
the abscess wall consisting of an inflammatory cell layer and
granulation tissue. Grain counting on micro-autoradiography of
the abscess wall showed that the highest grain density was
found in the marginal zone of young fibroblasts, endothelial cells
of vessels and phagocytes of neutrophils and macrophages,
followed by that in the neutrophil layer and granulation tissue.
Conclusion: Our results indicate that ['"®FJFDG PET may be
useful in detecting and monitoring chronic inflammatory
processes.
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Euorine-18-2-deoxy-2-ﬂuoro—D-glucose (["®FIFDG) as a
parameter of glucose metabolism has been widely used for
assessing various diseases and treatment evaluation in PET
(1-7), and is a useful tracer for tumor detection due to its
increased glucose utilization. On the other hand, turpen-
tine-induced inflammatory tissue is imaged with a ¢’Ga-
citrate scintigram clearly but not with ['*FIFDG (8). The
results of these studies suggest that the use of ['*FIFDG
uptake is suitable in differentiating between tumor and
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inflammation. However, clinical PET studies demonstrat-
ing a high ['®FJFDG uptake by abscess (9—12) have revived
the interest in the use of ['®F]-FDG in imaging inflamma-
tion.

Increased uptake of glucose in inflammatory tissue
has been demonstrated in several injury models. Wilmore
et al. studied burn patients 8-22 days after injury and
reported increased glucose uptake in extremities that
had sustained extensive burns (/3). In addition, Nelson
et al. demonstrated increased '“C-glucose uptake 3 days
after injury in injured hindlimbs of rats subjected to
unilateral hindlimb scalding (/4). Tischler et al. showed
increased uptake of 2-[*H]-deoxyglucose *H-DG) 2 days
after injury in the injured soleus muscle of rats sub-
jected to blunt trauma (/5). Finally, Daley et al. showed
increased '“C-glucose uptake 3 and 5 days after injury in
the lambda-carrageenan hindlimb wound model in rats
(16). These results of increased uptake of glucose,
“C-glucose and *H-deoxyglucose can account for the
high ['*FIFDG uptake by human abscess (9-12). Although
3H- or “C-deoxyglucose and ['®*FIJFDG are analogs of
deoxyglucose, they are chemically different substances.
In fact, there is also a difference in uptake between
4C-deoxyglucose and ['®F]FDG in the brain of experi-
mental animals (/7-19). Therefore, a direct link for in-
creased ['®FJFDG uptake and examination of ['*F]JFDG
distribution in inflammatory tissue with the same tracer
used in clinical PET is required to understand these
processes. The purpose of this study was to investigate
["®FIFDG uptake and distribution in turpentine-induced
inflammatory tissue.

MATERIALS AND METHODS

Animals and Inflammation Model

The protocol was fully approved by the Laboratory Animal
Care Committee of Tohoku University. Male Donryu rats weigh-
ing 80-100 g were used in all experiments. They were housed
under constant environmental conditions with 12-12 hr light-dark
cycles. Food and water were provided ad libitum. To induce
inflammation, animals were inoculated with 0.2 ml of turpentine
oil subcutaneously in the left groin region.
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Time-Course Study of Fluorine-18-FDG
Tissue Distribution

Animals were selected 4 days after inoculation since maximum
[*®F]JFDG uptake was observed on the same day during the lon-
gitudinal study (see below). Rats were injected with 740 kBq (20
uCi) of [*®F]FDG through the tail vein. They were killed 1, 5, 10,
20, 40, 60 and 120 min postinjection (n = 5, each). The inflamma-
tory tissue sample, including inoculated turpentine-oil, was ex-
cised and trimmed of the neighboring subcutaneous tissue. The
muscle of the right thigh was excised and blood was collected
from the heart. Each sample was weighed and the '®F radioactiv-
ity was counted with a well-type Nal(TT) autogamma counter and
corrected for decay. Data were expressed as the differential up-
take ratio (DUR) (20).

tissue counts(cpm)/tissue weight(g)

DUR = < jected RI counts(cpmyanimal body weight()’

Longitudinal Study of Fluorine-18-FDG
Tissue Distribution

A dose of 740 kBq (20 uCi) ['®F]JFDG was injected intrave-
nously through the tail vein at 1, 2, 4, 7 and 14 days postinocula-
tion (n = 5, each). Another five rats without inoculation were used
as controls (0 day after inoculation). Animals were killed 1 hr after
injection and tissue samples were excised and weighed, followed
by counting '8F radioactivity. Data were also expressed as DUR.

A portion of each inflammatory tissue sample was fixed in a
conventional 10% neutral-buffered formalin, dehydrated in graded
alcohol and finally embedded in paraffin. Thin sections were
stained with hematoxylin and eosin (H&E) for histological exam-
ination.

Macro-Autoradiography and Micro-Autoradiography

A dose of 74 MBq (2 mCi) ['®F]FDG was injected intravenously
4 days after turpentine inoculation and the animals were killed 1 hr
later. Inflammatory tissues were dissected immediately and sam-
ples were embedded in an O.C.T compound (Miles Inc. Elkhart,
IN) and frozen with dry ice. The frozen samples were sectioned in
a cryostat at —20 °C. They were processed for macro- and micro-
autoradiography as described previously (21). Briefly, 10-um
thick sections used in the macro-autoradiography study were
mounted on clean glass slides, air-dried and contacted with auto-
radiography film (MARG *H-type, Konica, Tokyo, Japan). After
exposure for 1 hr, the films were processed photographically.
Sections on the slides were stained with hematoxylin and eosin,
and examined under a light microscope.

Contiguous 5-um thick frozen sections used in micro-autora-
diography study were directly mounted on slides coated with
NTB2 nuclear emulsion (Eastman Kodak, Rochester, NY) under
a safety light. Slides were immediately deep-frozen on dry ice and
placed in an exposure box cooled with dry ice. After exposure for
6 hr, slides were histologically fixed and processed photographi-
cally. Sections of micro-autoradiography were stained with hema-
toxylin and eosin. The number of silver grains in the micro-
autoradiography was counted in various regions of the
inflammatory tissue under a light microscope using a micrometer.

Part of the inflammatory tissue was fixed in 10% formalin and
embedded in paraffin. Thin sections were stained with hematox-
ylin and eosin for histological examination.
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FIGURE 1. Time-course of ['®F]FDG uptake in inflammatory tis-
sue, muscle and blood. Rats were injected with ['®F]FDG 4 days
after inoculation with turpentine oil (n = 5, each time after injection).

RESULTS

Time-Course Study of Fluorine-18-FDG
Tissue Distribution

Figure 1 illustrates ['®F]JFDG uptake at various time
intervals after injection. The uptake of ['®F]FDG in inflam-
matory tissue gradually increased until 60 min and then
decreased. Therefore, the remainder of experiments were
performed 60 min after injection of ['*F]JFDG. The blood
level was highest at 1 min but rapidly decreased thereafter.
The uptake in muscle was low and almost constant.

Longitudinal Study of Fluorine-18-FDG
Tissue Distribution

Figure 2 demonstrates the uptake of ['*FJFDG measured
on several days after inoculation of turpentine oil. The
uptake of ['®F]FDG by inflammatory tissue progressively
increased to a peak level 4 days after inoculation, and then
decreased. The maximum DUR observed on Day 4 was 1.5
and approximately 3.2 times that measured on the same
day in muscles. The uptake in muscle and blood level were
small and did not change throughout the 2-wk period of
observation.

A typical turpentine-induced inflammatory tissue is
shown in Figure 3. One day after inoculation (Fig. 3A),
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FIGURE 2. Fluorine-18-FDG uptake in inflammatory tissue, mus-
cle and blood several days after inoculation with turpentine oil. A
control group without the inoculation was designated as Day 0 (n =
5, each day after inoculation).
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turpentine oil was observed in the center of the inflamma-
tory tissue, surrounded by inflammatory cells and edema-
tous subcutaneous tissue. Four days after inoculation (Fig.
3B) when maximum ['®*F]FDG uptake was observed, the
center of the inflammatory tissue, consisting of turpentine
oil and cell debris, was surrounded by a thin inflammatory
cell layer and a thick granulation tissue. There was a no-
table histological difference between Days 1 and 4 regard-
ing the absence (Fig. 3A) or presence of granulation tissue
(Fig. 3B).

Macro-Autoradiography and Micro-Autoradiography

A typical ['®F]JFDG macro-autoradiogram with the cor-
responding section of inflammatory tissue 4 days after in-
oculation of turpentine oil is shown in Figure 4. Fluorine-
18-FDG macro-autoradiography (Fig. 4A) demonstrated a
high density of silver grains in the surrounding zone that
corresponded histologically to the abscess wall of the in-
flammatory cell layer and granulation tissue (Fig. 4B). The
density was very low in the center of the inflammatory
tissue and low in the subcutaneous tissue.

Figure 5 is a photomicrograph of the formalin-fixed sec-
tion of inflammatory tissue 4 days after inoculation of tur-
pentine oil. The inflammatory tissue was divided into five
distinct histological areas: an abscess center, a neutrophil
layer, a marginal zone, granulation tissue and subcutane-
ous tissue. The abscess center consisted of turpentine oil
and cell debris. In the neutrophil layer, a large number of
round and polymorphonuclear cells were observed near
the adjacent peripheral marginal zone, with dead cells and
exudate observed near the center. In the marginal zone,
endothelial cells of blood vessels, young fibroblasts and
round cells of phagocytes of macrophage and neutrophil
were present. Flat cells of matured fibroblast and a few
macrophages were observed in the granulation tissue. The
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~ FIGURE 3. Photomicrographs of formalin-
= ﬂxedsectionsofmrpenﬂne-induoed inflamma-
..~ tory tissue stained by hematoxylin and eosin.
. tissue (C) sur-
™ rounded by inflammatory celis (IC) and edem-
"" atous subcutaneous tissue (ST) 1 day after
- inoculation with turpentine oil. (B) The center
g (C) surrounded by inflammatory celis (IC),
g7 thick granulation tissue (GT) and edematous
subcutaneous tissue (ST) 4 days after inocu-
lation. Scale bar: 0.4 mm. Note the presence

== of granulation tissue in (B) but not in (A).

neutrophil layer, marginal zone and granulation tissue
formed the wall of the abscess. In the subcutaneous tissue,
fibroblasts and round cells were seen, but the distance
between cells was greater than that in normal subcutane-
ous tissue, indicating edematous tissue.

Figure 6 shows typical ['*F]JFDG micro-autoradiograms
of the abscess wall 4 days after inoculation of turpentine
oil. The highest grain density was found in the marginal
zone.

A good linear relationship exists between grain numbers
and the corresponding ['®F]FDG radioactivity of the sec-
tion in micro-autoradiography within the range of grain
number of 0-50 grains/100 um? (21). In the present study,
micro-autoradiography was performed within the con-
firmed range of linearity.

Table 1 summarizes the results of grain counting on
[*®F]-FDG micro-autoradiography of abscess wall 4 days
after inoculation of turpentine oil. The lowest grain density
was found in the center of the abscess, while the highest
was present in the marginal zone (12.1 times that of the
center), followed by the neutrophil layer (5.7 times) and
granulation tissue (4.1 times). Cell density was measured in
the formalin-fixed section of Figure 5 and listed in Table 1.
A weak-positive correlation (r = 0.883) between cell den-
sity and the degree of ["*F]FDG uptake was observed, but
was not statistically significant (Student’s t-test; p = 0.11).

DISCUSSION

Inflammation has been referred to historically as either
acute or chronic, depending on the persistence of injury
and the nature of inflammatory response (22,23). Acute
inflammation is characterized by increased vascular per-
meability with exudation of plasma and migration of neu-
trophils. On the other hand, chronic inflammation is char-

: | FIGURE 4. Macro-autoradiogram (A) and
F&1 mecorrespmdlngsecﬁon(B)ofinﬂammatory
8 ./ tissue 4 days after inoculation with turpentine
oil. Abbreviations as in Figure 3. Scale bar: 0.4
e mm.
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FIGURE 5. A photomicrograph of formalin-fixed section of ab-
scess wall 4 days after inoculation with turpentine oil. Abbreviations

as in Figure 3. NL = neutrophil layer. MZ = marginal zone. Scale
bar: 50 um.

acterized by fibroblast proliferation and neovascularization
with mononuclear cell infiltration (macrophages, lympho-
cytes and plasma cells). If the area of acute inflammation is
walled off by the collection of inflammatory cells, destruc-
tion of the tissue by neutrophil products leads to the for-
mation of an abscess (23). Since abscess formation is
caused by bacteria or fungi in humans (9-12), we tried to
use a bacterial inflammation model by inoculating Esche-
richia coli (E. coli) rather than turpentine oil. However, our
attempts failed to produce a stable model due to poor
bacteriological techniques. Based on the fact that not all
bacterial infection led to abscess formation (24), we used a
turpentine oil-induced inflammatory tissue model since it is
easily prepared and is a stable model showing an abscess
formation. The characteristics of acute inflammation oc-
curred on the first day after inoculation, while those typical
of chronic inflammation were observed at a later stage.
Thus, a nonbacterial inflammation model was used in the
present study to histologically examine the ['*FIFDG up-
take and distribution in inflammatory tissue.

Serial PET images of croton oil-induced inflammatory
tissue in the rabbit following injection of ['®F]JFDG during
a 60-min period showed that tracer uptake increased
slightly during the first 20 min after injection, but was
relatively constant thereafter (25). In contrast, our time-

FIGURE 6. Maa'o-amoradlogram of abscess wall 4 days after
inoculation with turpentine oil corresponding to Figure 5. Scale bar:
40 pm.
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course study of ['®F]FDG tissue distribution demonstrated
that ['®FIFDG uptake in turpentine-induced inflammatory
tissue increased until 60 min postinjection and then de-
creased. The difference between two studies may be due to
differences in the nature of the inflammatory tissue, or may
reflect the different methods used in both experiments
(PET versus tissue distribution study).

Several investigators reported that the maximum uptake
of glucose (**C-glucose and *H-deoxyglucose) in different
wound models were observed at 2-5 days after injury (/14—
16). Our longitudinal study of ['®F]FDG tissue distribution
in turpentine-induced inflammatory tissue showed that the
maximum uptake was observed on Day 4 postinjury. A
common finding in these studies was that the maximum
uptake did not occur immediately after injury, but rather,
several days later. The histological examination of inflam-
matory tissue in the present study showed the character-
istic features of acute inflammation, including migration of
neutrophils and edematous subcutaneous tissue on the first
day after injury, and that of chronic inflammation with
fibroblasts and vascular proliferation and macrophage in-
filtration on Day 4. These results suggest that glucose uti-
lization in inflammatory tissue is more active during the
process of chronic inflammation than that of acute inflam-
mation. In this regard, the use of ['"®FJFDG may not pro-
duce clear images of turpentine-induced inflammatory tis-
sue, as reported by Som et al. (8), However, this result
may be due to a lack of ["®F]JFDG uptake in acute inflam-
mation. Clinical PET studies representing high ['*FIFDG
uptake by human abscesses were performed 10 days to
several months after the onset of inflammation (9-12). It is
obvious that these cases were considered chronic, as they
were characterized by chronic inflammation.

In the time-course and longitudinal studies of ['*F]FDG
tissue distribution, the DURs in the inflammatory tissue at
60 min after ['®FIFDG injection and 4 days after inocula-
tion were significantly different (2.3 + 0.2, 1.5 + 0.4, re-
spectively, p < 0.01). Since each study was performed on
a different day, various factors may have affected the value

TABLE 1
Grain Counting on Fluorine-18-FDG Micro-Autoradiography
of Inflammatory Tissue Four Days after Inoculation

with Turpentine Oil
Grain Cell
Area count Ratio-to-center  count*
Center 28+10 1.0 —
Neutrophil layer 160+ 1.8 5.7 146 1.7
Marginal zone 339 +40 121 173+28
Granulation tissue 114+28 41 5409
Edematous subcutaneous 5.4 + 1.0 19 23+08
tissue

*Cell density was measured in the formalin-fixed section of Figure 5.
Grain count (in grains/100 um?) and cell count (number/1000 um?)
reptewnthemean + s.d. of 8—-10 measured points within the same
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of DUR, including the biological state of the rat (blood
sugar, body weight, movement, etc.), the size of inflam-
matory tissue and technical errors associated with minute
differences in the volume of injected [**F]FDG and stan-
dard ["®*F]FDG used for DUR calculation.

Macro-autoradiography of wounded skeletal muscle
shows localization of *H-DG in the cellular infiltrate within
the wound (26). This is in agreement with our macro- and
micro-autoradiographic studies of ['®F]JFDG. Our macro-
autoradiography study of inflammatory tissue 4 days after
inoculation of turpentine oil demonstrated a high ['*FJFDG
uptake in the abscess wall and surrounding granulation
tissue. In addition, micro-autoradiography showed that the
highest silver grain density was found in the marginal zone
of the abscess wall (followed by the neutrophil layer) and a
weak positive correlation between cell density and the
degree of the ['®F]FDG uptake. It is possible that increased
blood flow in the inflammatory tissue, together with in-
creased permeability of capillary blood vessels, results in a
leakage of fluid into the extravascular space. Several young
fibroblasts and phagocytes (macrophages and neutrophils)
were observed in the marginal zone and a large number of
neutrophils were present in the neutrophil layer. This sug-
gests that macrophages and neutrophils in inflammatory
tissue utilize glucose as an energy source for chemotaxis
and phagocytosis (16,27-29), while fibroblasts utilize the
same substance for proliferation (30-32). Our previous
micro-autoradiography study in tumor tissue showed that
accumulation of ['®FJFDG was relatively higher in macro-
phages and younger granulation tissue than in tumor cells
(21). Similarly, a high accumulation of ['*FJFDG in mac-
rophages and granulation tissue was observed in the
present study. However, our results indicate that it is dif-
ficult to differentiate between tumor tissue and inflamma-
tory tissue using high ["*FJFDG uptake. Results of the
present micro-autoradiography study suggest that endothe-
lial cells of blood vessels also utilize glucose for prolifera-
tion, but few studies have been reported on this subject.

It is well known that abscess-forming bacteria utilize
glucose as an energy source (33-35). The results of our
preliminary experiments using [**F]JFDG macro- and mi-
cro-autoradiography of E. coli abscesses were similar to
those obtained from turpentine inoculation. However, it
was not clear whether or not ['®F]JFDG accumulated in E.
coli. Further investigation is needed.

CONCLUSION

Our tissue distribution study demonstrated that
['8F]FDG accumulated in experimental inflammatory tis-
sue and the maximum uptake was observed in the chronic
phase characterized histologically by chronic inflamma-
tion. Macro-autoradiography showed that high density of
silver grain due to ["*F]FDG distribution was found in the
abscess wall of inflammatory cell layer and granulation
tissue. Micro-autoradiography showed that the highest
grain density was found in the marginal zone containing
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young fibroblasts, endothelial cells of blood vessels, and
phagocytes of macrophages and neutrophils. These results
will help us understand the high uptake of ['®FJFDG in
abscesses in humans. We believe that ['*F]JFDG PET may
be a useful tool to detect and monitor chronic inflammatory
process.
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