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ABSTRACT Pathogenesis of simian immunodeficiency
virus (SIV) infection in rhesus macaques begins with acute
viremia and then progresses to a distributed infection in the
solid lymphoid tissues, which is followed by a process of
cellular destruction leading to terminal disease and death.
Blood and tissue specimens show the progress of infection at
the cellular level but do not reveal the pattern of infection and
host responses occurring throughout the body. The purpose of
this investigation was to determine whether positron emission
tomography (PET) imaging with intravenous 2-18F-2-
deoxyglucose (FDG) could identify activated lymphoid tissues
in a living animal and whether this pattern would reflect the
extent of SIV infection. PET images from SIV-infected ani-
mals were distinguishable from uninfected controls and re-
vealed a pattern consistent with widespread lymphoid tissue
activation. Significant FDG accumulation in colon along with
mesenteric and ileocaecal lymph nodes was found in SIV
infection, especially during terminal disease stages. Areas of
elevated FDG uptake in the PET images were correlated with
productive SIV infection using in situ hybridization as a test
for virus replication. PET-FDG images of SIV-infected ani-
mals correlated sites of virus replication with high FDG
accumulation. These data show that the method can be used
to evaluate the distribution and activity of infected tissues in
a living animal without biopsy. Fewer tissues had high FDG
uptake in terminal animals than midstage animals, and both
were clearly distinguishable from uninfected animal scans.

Microscopic pathology of lymph nodes from midstage, simian
immunodeficiency virus (SIV)-infected rhesus macaques re-
veals a highly proliferative pattern consistent with activation of
paracortical or germinal center lymphocytes during early and
middle stages of SIV infection, which leads to tissue involution
during terminal disease (1, 2). In situ hybridization studies
confirmed the localization of viral RNA in lymph node
paracortical lymphocytes, periarteriolar lymphoid sheath cells
in the spleen, and the thymic medulla (3). Viral RNA can be
detected in lymph nodes even during the acute infection phase
within the first few weeks after inoculation (4). Studies in
human tissue specimens have identified active and latent
human immunodeficiency virus type 1 (HIV-1) infection in
lymph nodes (5, 6) and suggested a pattern of progressive
changes in lymph node architecture and HIV-1 RNA distri-
bution (6, 7). The terminal phase in HIV-1 disease is charac-
terized by lymph node burnout and general destruction of
immune tissues (8); this process reflects the high viral repli-
cation rates and extensive destruction of CD4+ lymphocytes
(9, 10). Previous studies provided a detailed description of
virological and immunological events within individual lym-

phoid tissues. New techniques are required to study patterns of
infection and host response that occur throughout the body.

Noninvasive imaging technologies are used increasingly in
clinical medicine. Magnetic resonance imaging and computed
tomography are often used for the patient with AIDS to
diagnose Nocardia asteroides infection (11), brain abnormali-
ties (12, 13), toxoplasmosis (14), and cytomegalovirus infec-
tions in the central nervous system (15). Toxoplasmosis,
AIDS-associated myocarditis, abnormal bowel activity, and
lymphocyte infiltration of salivary glands have been studied
using 67Ga-citrate (16-18). We applied the method of positron
emission tomography (PET) imaging using 2-18F-2-deoxyglu-
cose (FDG) as the radiotracer to study lymphoid tissue
activation during SIV infection in rhesus macaques.
PET imaging is a noninvasive method for evaluating the in

vivo distribution of a positron-emitting radiotracer. PET-FDG
has been used to localize lymphoma within the central nervous
system of AIDS patients (19). Based on our previous study of
lymphoid tissues in SIV infected rhesus monkeys (1) and
unpublished necropsy studies, we concluded that these tissues
were highly metabolic and would have elevated FDG uptake
similar to solid lymphomas. In this paper, we report the use of
PET imaging to visualize the pattern of lymphoid tissue
activation in an animal model for AIDS. We are using this
technique and comparing the results with data on SIV infec-
tion. This preliminary work suggests that this noninvasive
whole body metabolic evaluation can be used to monitor the
activation of lymphoid tissues that are not readily studied by
physical examination, superficial lymph node biopsy, or other
imaging modalities.

METHODS
Animals and Virus Inoculation. Animals were selected from

the breeding colony of the Wisconsin Regional Primate Re-
search Center (Madison, WI) and screened for retrovirus
infections and general health status. Animals were age-
matched and included both males and females. Suitable ani-
mals were injected intravenously with 10 animal infectious
doses (1). Venous blood samples were collected biweekly to
monitor infection status and serum antibody to SIV. All
infected animals in these studies were seropositive for SIV-
specific antibody. Euthanasia was ordered after one animal
was moribund for two days and refused food and water,
considering that this animal experienced a 34% losg of body
weight and had extreme dermatitis. Euthanasia was by sodium
pentobarbitol overdose. No animals in this study had diarrhea
during the course of infection.

Abbreviations: SIV, simian immunodeficiency virus; PET, positron
emission tomography; FDG, 2-18F-2-deoxyglucose.
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PET Imaging. Each animal was fasted for a minimum of 6
hr before injection of the radiotracer. A restraint dose of
ketamine-HCl was followed by ketamine-xyline and atropine
for maximum anesthesia. Approximately 5 mCi of FDG were
injected into each 4-kg animal via the saphenous vein. FDG
was allowed to distribute for 45-60 min before scanning. The
animal was restrained on a Plexiglas board and placed supine
in the GE Advance PET scanner (General Electric Medical
Systems) with an in-plane resolution of -4 mm. Emission data
were acquired at four bed positions for 15 min each. Thirty-five
transaxial images were obtained at each bed position (a 15-cm
axial field of view) for a total coverage of 60-cm body length.
Data were reconstructed, reformatted, and viewed in the
transaxial, cranial, and sagittal planes.

Biopsy and in Situ Hybridization. Tissues were removed
after ketamine anesthesia. Lymph node specimens were placed

in freshly prepared, buffered formalin for 5 hr and then
embedded in paraffin at 60°C. In situ hybridization studies
were performed by Molecular Histology (Gaithersburg, MD).

Purification of Lymphocyte Subsets from Tissue Speci-
mens. Individual lymphocyte subsets were purified by positive
selection using magnetic bead affinity chromatography. Bio-
tinylated, subset specific antibodies included mouse anti-
human CD2 (PharMingen) and mouse anti-human CD4, CD8,
and CD20 (Becton Dickinson). We confirmed previously that
these antibodies crossreact with homologous rhesus cell sur-
face markers. A second layer of biotinylated goat anti-mouse
antibody (Olympus, New Hyde Park, NY) was required to
increase the efficiency of CD20+ cell purification. Labeled
cells were incubated with iron-conjugated streptavidin beads
(Miltenyi Biotec, Sunnyvale, CA) and run over a magnetic
separation column. Unbound cells were removed by three

FIG. 1. Three selected coronal planes of PET-FDG images, anterior to posterior, of an uninfected control rhesus macaque monkey (a, b, and
c), an SIV-infected monkey in midstage disease (d, e, and f), and an animal with terminal SIV disease (g, h, and i).
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washes, and the bound cells were eluted after the magnet was
removed.

RESULTS
Rhesus macaques were intravenously infected with SIVmac
(251 biological isolate; ref. 20). We compared the whole body
PET scans for one uninfected macaque, three infected animals
with midstage disease (seropositive for SIV; CD4 cells, <200
cells/,l; intermittent skin rash; no significant weight loss; and
mean virus burden, 2.3 x 106 viral RNA copies per ml of
plasma), and one animal with terminal disease (extensive
psoriatic rash; >35% decrease in body weight; CD4 cells,
<5cells/,ul; and virus burden, 9.9 x 107 copies of viral RNA
per ml of plasma). A total of seven imaging experiments were
performed during this initial study.

Representative PET images are shown in Fig. 1. Each panel
in Fig. 1 displays emission data reformatted in the coronal
plane (coronal plane thickness of 4 mm). Three representative
coronal planes are displayed for one uninfected macaque
(a-c), one animal with midstage disease (d-f), and one animal
with terminal disease (g-h). In the uninfected animal, two
bright spots present just below the brain (a) appear to be
lymphoid tissues. FDG uptake was noted in the thymus (Fig.
la, delta-shaped structure near the midline in the upper chest).
The widest part of the torso contains a dark ellipse in the
animal's left upper quadrant representing the gastric bubble.
FDG present in the renal calyces was due to urinary excretion
of the radiotracer. The bladder frequently showed high radio-
tracer content in all of our scans despite attempts to drain the
urine with an indwelling catheter. Further, we were able to
identify FDG uptake in bone marrow, especially the lumbar
spine (data not shown). Other lymphoid organs or tissue sites
in the uninfected animal demonstrated relatively low amounts
of FDG uptake.
A very different pattern of FDG uptake was observed in the

animal with midstage SIV disease (d-f) 2 months after intra-
venous inoculation with SIVmac. This monkey had 191 CD4+
T cells/,ul of blood and was strongly positive for virus, as

Table 1. Distribution of FDG in lymphocyte subsets purified from
a single lymph node biopsy.

Cell No. of cells cpm per
marker Cell type recovered 107 cells
CD2 T cell 1.9 X 107 326
CD4 Helper T cell 0.6 X 107 513
CD8 Cytotoxic T cell 0.5 X 107 808
CD20 B cell 0.45 x 107 3651
The animal was previously injected intravenously with FDG and

subjected to PET scanning.
judged by infectious cell assay (103 infectious cells in 106
peripheral blood mononuclear cells) and plasma viremia
(>103 tissue culture infectious doses per ml of plasma). High
FDG uptake was observed in the areas of cervical and axillary
lymph nodes (d and e). The axillary lymph nodes appeared as
discrete chains that were palpable upon physical examination.
A bright signal was observed for the thymus in this 3-year-old,
juvenile rhesus macaque (d). The mediastinal lymph node
cluster was clearly visualized in a position posterior to the
thymus (f). High FDG uptake was observed in the spleen (just
below the gastric bubble in Fig. lf). Other regions of FDG
uptake including mesenteric and ileocaecal lymph nodes, are
best shown in Fig. lf; the ileocaecal lymph nodes appear near
the conjunction of ileum and caecum. The structure we term
ileocaecal lymph node, based on anatomic localization, refers
to the superior and inferior ileocolic lymph nodes with addi-
tional lymphoid tissue attached to the bowel at the ileocaecal
junction. FDG uptake was also clearly visualized in the small
intestine, and a bright signal was obtained from the popliteal
lymph nodes (not displayed in these projections).
PET images for animals with midstage disease were gener-

ally similar to the example presented here. Axillary and
inguinal lymph nodes appeared bright in the PET-FDG image
and were palpable at the same time. Superficial lymph nodes
that were previously recorded by physical examination as
palpable and were described as diminished or "burned out" at
the time of imaging were not observed by PET-FDG. Differ-

In Situ Hybridization
Sense nrobe Antisense orobe

Axillary
lymph node

2
Mesenteric
lymph node

3
Spleen

lleocaecal
lymph node

5
Inguinal

lymph node

FIG. 2. Combined autopsy and in situ hybridization study of rhesus macaque with terminal SIV disease. Sampling sites are described in the text
and are identified here by name. The control (sense orientation probe) and antisense hybridization specimens were photographed with
epifluorescent light at X25 magnification. Positive hybridization to SIV RNA is revealed as white dots on the dark background in these
photomicrographs under epifluorescent light.
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ences among midstage infected animals were most notable in
the number and signal intensity for mesenteric lymph nodes,
signal intensity for spleen, and size and intensity of images in
the ileocaecal region. Some differences were observed for
PET-FDG signal intensity in the transverse colon though this
was not related to any known enteropathy or active opportu-
nistic infection. Overall, midstage infected animals were char-
acterized by simultaneous presence of PET-FDG signals in
superficial and deep lymphoid tissues, whereas late stage
animals had few or no visible signals for superficial lymphoid
tissues. Repeated PET scans of macaques with midstage
disease done up to 7 weeks apart yielded nearly identical
results (data not shown), indicating that these findings were
reproducible.
An animal with terminal SIV disease was examined by PET

scanning on the day before euthanasia. The animal had no
CD4+ cells per ,ul of blood and high plasma virus titers (9.9
X 107 viral RNA copies per ml of plasma). The animal was
leukopenic, and had severe wasting, with 34% loss of body
weight in the 45 days preceding this experiment. Peripheral
lymph nodes were not palpable during physical examination.
Images of the head (Fig. 1 g-i) are blurred because head
movement occurred when brain images were being collected.
We did not observe cervical or axillary lymph nodes even when
additional images were collected after readministering the
anesthetic. Signals are present bilaterally in the upper chest,
likely representing bone marrow activity in the ribs. Very high
uptake of FDG was present in the myocardium (Fig. lg), which
was present to a significantly lower degree in the fasting
animals with less advanced disease. At autopsy the heart of the
animal appeared ischemic. The spleen was not visualized even
though this tissue was normal in size. Two sites of high FDG
uptake were noted in the abdomen (Fig. lh) and were iden-
tified as mesenteric (upper) and ileocaecal (lower) lymph
nodes.
A few hours after scanning one animal with midstage

disease, a biopsy was performed to remove the PET-positive,
axillary lymph node. The node tissue was disrupted mechan-
ically and mononuclear cells were purified. Individual lym-
phocyte subsets were labeled with ferritin-conjugated subset-
specific antibodies and the populations were purified by pos-
itive selection on magnetic bead columns. The purified CD4+

T cells, CD8+ T cells, and the CD20+ B cells were placed in
a scintillation counter and the counts per minute per cell were
determined (Table 1). In this example, the highest FDG
labeling was in B cells. The CD4+ and CD8+ T-cell subpopu-
lations both were radioactively labeled but to only 20% specific
activity of the B cells.
The relationship between' FDG uptake and virus infection

was investigated further in the animal with terminal SIV
disease (shown in Fig. 1 and expanded in Fig. 2). At autopsy,
individual lymphoid tissues were removed from areas of high
and low FDG uptake. The tissues were fixed in formalin and
paraffin-embedded for microscopic pathology and in situ
hybridization. The tissues for in situ hybridization were pro-
tease pretreated to digest the viral coat and expose viral
genomic RNA in addition to viral mRNA that would be
expected for active SIV replication. As seen in Fig. 2, tissues
that were not visible on the PET-FDG image included axillary
lymph nodes, inguinal lymph nodes, and spleen. These PET-
FDG-negative tissues showed diffuse follicular and paracor-
tical lymphocyte depletion with mild histiocyte proliferation.
Photomicrographs from in situ hybridization experiments with
spleen, right axillary node, and right inguinal node showed a
low level of SIV RNA. Some SIV RNA was present in
germinal centers of the spleen and could be due to virus
particles trapped there. Viral RNA in the axillary lymph node
was present in a small portion of the tissue, and the pattern was
consistent with what would be expected for a partially invo-
luted tissue. The ileocaecal node and one mesenteric node
showed high FDG uptake. Histopathology revealed intact
lymph node architecture with high cellularity and highly
proliferative B-cell zones. Photomicrographs showed widely
distributed SIV RNA in the ileocaecal and mesenteric lymph
nodes. In this terminal animal, virus was readily isolated from
purified mononuclear cells in the ileocaecal node despite a
peripheral blood CD4 count of 0 CD4+ cells/,Al; virus was
readily isolated from plasma. The thymus was not visualized on
PET imaging. Histopathology and in situ hybridization studies
of the thymus revealed mostly connective tissue with little
thymic cortex or medulla and no evidence for active SIV
replication (data not shown).

Higher magnification images of the spleen, axillary, and
inguinal lymph node sections from in situ hybridization studies

FIG. 3. Higher-power (x100 magnification of the specimen) photomicrographs of in situ hybridization patterns for SIV antisense probe in
ileocaecal lymph node (a and b), inguinal lymph node (c and d), and spleen (e andf). (a, c, and e) Photographs with bright field illumination where
autoradiography grains appear dark. (b, d, andf) Photographs with epifluorescent light where grains appear as white dots on a dark background.
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confirmed the differences in viral RNA distribution (Fig. 3).
The SIV RNA is identified by black grains in the bright field
photomicrographs (Fig. 3 a, c, and e) that were enhanced under
epifluorescent light (b, d, and f). When compared with the
inguinal node and spleen, the ileocaecal node (a and b)
possessed multiple centers of heavy black grains with a diffuse
distribution of light granularity throughout the tissue.

DISCUSSION
Our knowledge of viral pathogenesis in AIDS is based pri-
marily on natural history studies of HIV infection in man, in
vitro models for virus replication and cell killing, and evalua-
tion of virus replication in vivo using blood samples and lymph
node biopsy specimens. A picture emerges of an aggressive
pathogen that mounts a broad attack on lymphoid tissues,
resulting initially in a peripheral generalized lymphadenopathy
(21, 22) that eventually leads to destruction of lymphoid tissues
(6, 7, 23) and immune dysfunction. We used positron emission
tomography imaging with FDG in a living animal after SIV
infection. PET imaging with FDG provided a new view of
lymphoid tissue activation and showed the extent of immune
response to virus reflecting the widely distributed sites of virus
replication. In the case of a terminal animal with wasting and
peripheral lymph node burnout, significant metabolic activity
was detected in midgut lymphoid tissues, particularly the
mesenteric and ileocaecal lymph nodes. Microscopic pathol-
ogy of these tissues showed the typical diffuse paracortical and
germinal center lymphocyte proliferation that we expect for
activated lymph nodes in SIV infection.
The ileocaecal lymph node is not remarkable in uninfected

animals but is a prominent feature in SIV infection. Review of
12 necropsies for SIV-infected rhesus at the Wisconsin Re-
gional Primate Research Center showed highly activated ileo-
caecal lymph nodes in each case (unpublished observations).
This is especially significant inasmuch as 10 of these animals
had superficial lymph node involution with acute wasting and
six of the animals were confirmed by flow cytometry as having
0 CD4+ T cells/,ul in peripheral blood. The combined PET
imaging and autopsy study presented here showed high-level
virus replication as judged by in situ hybridization. Further, we
easily isolated SIV from mononuclear cells in the lymph node
that were most likely CD4+ T cells. The PET-FDG study of
one animal with terminal disease showed an interesting cor-
relation between lymphoid tissue destruction and increasing
levels of plasma viremia. In other autopsy cases that appeared
similar to the terminal animal studied here (data not shown),
we noted elevated plasma viremia (> 107 viral RNA copies/ml
of plasma) in the context of extensive lymphoid tissue deple-
tion with the important caveat that highly activated ileocaecal
lymph nodes were present in each case. It appears that virus
levels in plasma is controlled effectively when a intact reticu-
loendothelial system is present, even though the absolute
capacity to replicate virus should be higher when a greater
amount of lymphoid tissue is present. These data suggest that
virus burden in blood may reflect the combined rates of virus
replication and virus clearance by lymphoid tissues, and fur-
ther studies are required to understand correlations between
plasma viral RNA and virus dynamics.

Disease progression has been linked previously to decreases
in peripheral blood CD4+ T cells and to increased numbers of
infected cells or cell-free virus particles in peripheral blood
(24-28). Biopsy specimens have shown the relationship be-
tween progressive lymph node involution and disease progres-
sion (7, 23). This preliminary work suggested that application
of a noninvasive method for whole body imaging elucidated a
metabolic profile reflecting virus infection, dissemination, and
lymphoid tissue activation. Our studies show that widespread
lymphoid tissue activation with significant involvement of the
spleen is a feature of midstage disease. Terminal disease is

characterized by a loss of activity in spleen and superficial
lymph nodes, even though deep lymphoid tissues, most notably
the ileocaecal lymph node and mesenteric lymph nodes, re-
main active. It was surprising to find that a substantial amount
of lymphoid tissue remained highly active in animals with no
evidence of peripheral blood CD4+ T cells. The ileocaecal
lymph node is highly infected in late stage disease and,
considering its anatomic location, could play a important role in
terminal disease progression with a significant effect on wasting
disease. Preliminary studies of seven HIV-positive patients with
low CD4+ T cells in blood also showed activated tissues in the
ileocaecal region and pattems of signal intensity similar to those
observed here for SIV-infected rhesus macaques. These findings
provide hope that even late stage patients retain some compo-
nents of active lymphoid tissue and could benefit from therapies
designed to reconstitute immunity.
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