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Apoptosis is the likely mechanism behind the effects of chemo-
therapeutic and radiation treatments, rejection of organ trans-
plants, and cell death due to hypoxic-ischemic injury. A simpli-
fied method capable of imaging apoptosis in living animals
could have many applications leading to understanding of the
involvement of apoptosis in biologic and therapeutic processes.
To accomplish this goal we developed a method for the prep-
aration of 99mTc-annexin V and evaluated its usefulness to de-
tect apoptosis that occurs during tumor shrinkage after photo-
dynamic therapy (PDT). PDT is a cancer treatment modality that
leads to rapid induction of apoptosis both in vitro and in in vivo
animal models. Methods: A novel synthesis of 99mTc-annexin V
was performed in a simple 1-pot procedure. Radiation-induced
fibrosarcoma (RIF-1) tumors grown in C3H mice were treated
with PDT, followed by injection of 99mTc-annexin V and mea-
surement of its tumor uptake at 2, 4, and 7 h after PDT by
autoradiography. Results: The radiochemical purity of 99mTc-
annexin V was �95%. At all time points, 99mTc-annexin V was
clearly imaged in the PDT-treated tumors, whereas the un-
treated tumors showed no uptake of the radiolabeled com-
pound. Histopathology and immunohistochemistry of PDT-
treated tumors confirmed the evidence of apoptosis compared
with untreated tumors. Conclusion: These data demonstrate
the detection of apoptosis using 99mTc-annexin V in tumor tissue
in living animals after PDT treatment. This novel technique could
be used as a noninvasive means to detect and serially image
tissues undergoing apoptosis after cancer treatment protocols
in humans. Other potential applications of this technique could
be the diagnosis of several human disorders, such as myocar-
dial ischemia or infarct, rejection of organ transplantation, and
neonatal cerebral ischemia.
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Apoptosis or programmed cell death (1) is an essential
life process for all cellular organisms. It is an active process
of cellular self-destruction that plays an important role in a
large number of disorders, including organ rejection after
transplantation (2), myocardial ischemia or infarct (3), and
neurodegenerative diseases (4). Apoptosis also plays a ma-
jor role in cancer therapy. Apoptotic cell death occurs after
the treatment of cancer by radiation, chemotherapy, and
photodynamic therapy (PDT) (5–7). The extent and time at
which apoptosis occurs may be important in elucidating
potential clinical information in the management of cancer
treatment protocols. For this reason, considerable efforts
have been made in developing and validating methods to
image apoptosis in vivo (8–11).

The 2 most promising techniques to detect apoptosis use
either magnetic resonance spectroscopy or radionuclide im-
aging with radiolabeled annexin V. The first technique,
detection of apoptosis in vivo using magnetic resonance
spectroscopy is limited by relatively low sensitivity and
poor spatial resolution (12). In the second technique, an
early event in apoptosis, the redistribution of the membrane
compound phosphatidylserine from the inner to the outer
leaflet of the plasma membrane, is exploited (13). Annexin
V, a human protein with a molecular weight of 36 kDa, has
a high affinity for cells with exposed phosphatidylserine
(14) and forms the basis of radiolabeled methods for detect-
ing apoptosis in vivo (11). This technique is highly selective
and good resolution for the detection of apoptosis is
reached. Blankenberg et al. (11) have used 6-hydrazinoni-
cotinamide (HYNIC)-annexin V and radiolabeled it with
99mTc in several time-consuming steps, which limits its use
for routine clinical applications (15). In view of these dif-
ficulties, as a first aim, we developed a simpler method of
labeling annexin V with 99mTc.

Our second aim was to explore the efficacy of the radio-
labeled 99mTc-annexin V to image apoptosis during tumor
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shrinkage after cancer treatment protocols. To accomplish
this goal we used PDT to induce apoptosis during tumor
shrinkage in a murine tumor model (7,16,17). PDT is a new
modality for the treatment of cancers (18). It involves the
administration of a photosensitizer followed by exposure of
the tissue to visible laser light (630–800 nm). When the
tissue homing the photosensitizer is illuminated with light
of the appropriate wavelength, the molecule is excited and
a series of molecular energy transfers are initiated. In the
presence of oxygen in the tissue, this reaction leads to the
generation of singlet oxygen, a highly reactive and cyto-
toxic species that results in cell death. The combination of
selective photosensitizing drug uptake in malignant tissues
and selective light delivery has the potential to effectively
destroy tumors with limited damage to the surrounding
normal tissue (19).

MATERIALS AND METHODS

Radiolabeling of Annexin V with 99mTc
To a 10-mL vial were added 4.0 mg of succinic dihydrazide

(SDH), 4.0 mg of propylenediaminetetraacetic acid (PDTA), 20.0
mg of tricine, 2.0 mg of nicotinic acid, 50 �L (50 �g) of stannous
chloride dihydrate in 0.1N HCl (2 mg/mL), and 300 �L of 0.5
mol/L phosphate buffer (pH 8.5; mixture A). The radioactive
99mTcO4

� (110 MBq) was then added in 30 �L of saline and kept
at room temperature for 10 min. Forty micrograms (40 �L) of
human annexin V (R & D System, Minneapolis, MN) were added
and the mixture was heated at 90°C for 10 min with stirring at
1,400 rpm using an Eppendorf thermomixer (Brinkmann Instru-
ments Co., Westbury, NY). The radiochemical purity of the com-
plex was found to be �95%.

Kits of lyophilized marker were made by sterile filtrating mix-
ture A into vial A and 40 �g of annexin V in 100 �L saline in vial
B. Both were lyophilized in a Labconco freeze dryer 8 (Kansas
City, MO) for 24 h and then stored in the freezer. Vial A was
rehydrated by the addition of up to 740 MBq 99mTc in 400 �L of
saline and incubated for 10 min at room temperature. Vial B with
the annexin V was rehydrated for 10 min with 100 �L of distilled
water. The radioactive mixture was added to the annexin V and
heated at 90°C for 10 min.

Radiochemical Analysis by Instant Thin-Layer
Chromatography

The radiochemical purity of 99mTc-annexin V was determined
by ascending instant thin-layer chromatography (ITLC) with silica
gel-coated fiberglass sheets (Gelman Sciences Inc., Ann Arbor,
MI) using either physiologic saline (0.9% NaCl) or acidified 85%
ethanol (pH 4) as the mobile phase. The radioactive contaminants
were identified as reduced/hydrolyzed 99mTc and free 99mTcO4

�.
The radiolabeled annexin V was tested for its in vitro stability at 1,
3, 6, and 24 h after preparation at room temperature. In vitro
plasma stability experiments were also performed by combining
100 �L 99mTc-annexin V and 100 �L of human plasma and
incubating at 37°C. At each time point, 5-�L samples were re-
moved, spotted on TLC strips, and analyzed as described. Radio-
activity associated with the chromatographed ITLC strips was
scanned using a radiation scanner. The radiochemical purity of the
labeled annexin V was determined with Origin version 6.1 soft-
ware (OriginLab Corp., Northampton, MA).

An additional stability test, the cysteine challenge, was per-
formed by incubating 100 �L of 10 mmol/L cysteine with 100 �L
of radiolabeled annexin V for 1 and 2 h and determining the free
pertechnetate by ITLC using saline as solvent.

Size-Exclusion Chromatography
Radiolabeled annexin V was analyzed by gel-permeation chro-

matography using a Sephadex G-25 column (PD-10; Amersham
Pharmacia Biotech AB, Uppsala, Sweden) equilibrated and eluted
with 0.1 mol/L phosphate buffer (pH 7.4) at a flow rate of 1.0
mL/min. The eluent was collected in 1.0-mL fractions and the
radioactivity associated with each fraction was measured in a
Radcal dose calibrator (model 4050; Radcal Corp., Monrovia,
CA). High-pressure liquid chromatography (HPLC) was also per-
formed to analyze the radiolabeled product using a Gilson HPLC
system with 307 pump and 119 UV/Vis detector with an analytic
20-cm Jordi Gel GPC mixed-bed column (Alltech Associates,
Deerfield, IL). Elutions with 0.05 mol/L ammonium acetate buffer
(pH 7) were performed at a flow rate of 1.0 mL/min with an
injection volume of 20 �L of labeled annexin V. The run time was
20 min per sample, and the radiation was detected using a QC-
2000 (Bioscan, Washington, DC).

Silicon Phthalocyanine Formulation and PDT of Tumors
Silicon phthalocyanine (Pc 4) was synthesized as described (20)

and was procured from Dr. Malcolm Kenney (Department of
Chemistry, Case Western Reserve University). A stock solution (1
mg/mL) was prepared as described (18) by dissolving solid Pc 4 in
equal volumes of Cremophor EL (Sigma-Aldrich Co., St. Louis,
MO) and absolute ethanol followed by the addition of 9 vol of
0.9% saline solution while vortexing at low speed. This solution
was passed through a 0.22-�m membrane filter, and the concen-
tration was determined by spectrophotometry, aliquoted, and
stored at �26°C. For injection to tumor-bearing animals, the Pc 4
stock solution was mixed with an equal volume of 90% saline, 5%
Cremophor EL, and 5% absolute ethanol as described (16).

All animal experiments were performed according to American
Association of Laboratory Animal Care guidelines on an approved
institutional animal protocol. C3H mice were injected with 1.5 �
106 radiation-induced fibrosarcoma (RIF-1) tumor cells intrader-
mally on the posterior dorsum (21). When tumors reached a
volume of 40–60 mm3 about 7–8 d after inoculation, 1.0 mg of Pc
4 per kg body weight was injected via tail vein as described (7,16).
Forty-eight hours later the animals were restrained for light expo-
sure. A 1-cm-diameter area encompassing the tumor was irradiated
with laser light of 672 � 2 nm at a fluence of 150 J/cm2 (power
density, 150 mW/cm2) (Applied Optronics Corp., Newport, CT)
via a 400-�m quartz fiber optic cable terminated in a microlens,
thus distributing the light uniformly over the treatment field.

Tumor Imaging by Autoradiography
C3H mice bearing RIF-1 tumors received 50 �L (5.55 MBq) of

99mTc-annexin V by tail vein injection at 2, 4, and 7 h after PDT
treatment. Groups of 3 mice were imaged 1 h thereafter. For the
autoradiography, PDT-treated and untreated control animals were
simultaneously placed under anesthesia on a storage phosphor
screen MP (Packard Instruments Co., Meriden, CT) and left there
in the dark for 10 min. In addition, a small 137Cs point source as a
geometric marker was placed on the phosphor screen and an
optical photograph of animals was taken. The autoradiographs
were developed using a Cyclone Phosphor Imager (Packard In-
struments Co.) and analyzed using Optiquant software (Packard
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Instruments Co.). The position of the tumors with 99mTc-labeled
areas was matched by overlaying autoradiographs and photographs
using the software Image Pro Plus (Media Cybernetics, Silver
Spring, MD).

Histopathology and Immunostaining
All tumors were fixed in 10% buffered formalin, paraffin em-

bedded, cut in 5-�m sections, stained with hematoxylin and eosin,
and evaluated by an experienced histopathologist. For immuno-
staining, the formalin-fixed paraffin-embedded tissue sections
were deparaffinized, dehydrated, and incubated in 0.3% H2O2 in
absolute methanol for 30 min to block endogenous peroxidase.
Nonspecific staining was blocked using normal serum at a 1:50
dilution for 30 min, followed by incubation overnight at 4°C with
specific primary antibodies against annexin V (goat polyclonal
IgG; Santa Cruz Biotechnology, Santa Cruz, CA). Sections were
then rinsed in phosphate-buffered saline and immunostained using
a kit (Calbiochem, La Jolla, CA). A positive reaction was visual-
ized as brown stain after incubating the slides with 3,3�-diamino-
benzidine for 5 min. The sections were rinsed with distilled water,
counterstained with Gill’s hematoxylin for 1 min, and mounted
with Universal Mount (Research Genetics, Huntsville, AL). Apo-
ptotic cells (brown stained) were counted under the microscope
using the Optimas 6 software program (Optimas Corp., Bothell,
WA). The apoptotic index was calculated by dividing the number
of apoptotic cells by the total number of cells counted per sample
cross-section.

RESULTS

Annexin V was labeled with 99mTc using a simple and
modified procedure in the presence of SDH, PDTA, tricine,
and nicotinic acid at elevated temperatures. Heating at 90°C
for 10 min was essential to achieving a radiochemical yield
of �95%. The radiochemical purity of the labeled annexin
V was evaluated by ITLC, which successfully resolved the
labeled product from reduced/hydrolyzed 99mTc and free
99mTc pertechnetate (Fig. 1). The labeled preparations com-
prised �98% 99mTc-annexin V with the remainder being

reduced/hydrolyzed 99mTc (�1%) and free 99mTc pertechne-
tate (�1%). The radiochemical stability of 99mTc-annexin V
in saline at room temperature and in human plasma at 37°C
was excellent (Table 1). Labeling tests with freshly made
reagents or the lyophilized kit showed no difference in
labeling efficiency and stability of the product.

Size-exclusion chromatography was used to characterize
radiolabeled annexin V and free 99mTc, both on Sephadex
and by HPLC. On a short PD-10 Sephadex column, we
could clearly separate the radiolabeled 99mTc-annexin V
with a peak at 7.5 mL from unlabeled annexin V at 9.5 mL,
with free 99mTc-pertechnetate eluting at 13 mL (Fig. 2). This
finding was confirmed by HPLC (Fig. 3). The 99mTc-an-
nexin V complex eluted at a retention time of 10.1 min,
whereas the free 99mTc eluted at 11.4 min. Figure 3 shows
also a test mix of radiolabeled annexin V and pertechnetate
because no free 99mTc was found in the 99mTc-annexin V. No
attempts were made to characterize 2 small peaks before
and after the 99mTc-annexin V peak. The peak before might
be a dimer of annexin V.

FIGURE 2. Radiochromatography of 99mTc-annexin V and
99mTcO4

� test mixture by size-exclusion chromatography. Unla-
beled annexin V (40 �g) was also analyzed using UV spectros-
copy at 206 nm.

FIGURE 1. TLC of 1.48 MBq 99mTc-annexin V and 99mTc-
pertechnetate with 2 different solvent systems.

TABLE 1
Radiochemical Stability of 99mTc-Annexin V in Saline

and Plasma as Measured by TLC

Time point
Saline at room

temperature (%)
Plasma at 37°C

(%)

0 h 100 100
10 min 99.8 � 1.3 99.8 � 0.0
1 h 97.1 � 2.1 96.9 � 1.1
5 h 94.6 � 3.5 95.2 � 0.6
24 h 94.8 � 6.4 94.0 � 1.1

Data represent mean � SD of 3 independent analyses.
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The binding stability of 99mTc with annexin V was also
confirmed with a cysteine challenge test at 37°C. Less than
1% of the total radioactivity was detected by ITLC after 1 or
2 h of incubation with 10 mmol/L cysteine as free pertech-
netate, indicating the good stability of the labeled complex.

After successful labeling of annexin V with 99mTc and its
characterization, we explored its imaging efficacy in an in
vivo system. We took advantage of our earlier studies in
which we have shown that PDT induces the rapid onset of
apoptosis in vitro (22) and in vivo (7). After intravenous tail
vein injection at 2, 4, and 7 h after PDT treatment, semi-
quantitative autoradiographs were obtained, showing a high
concentration of radiolabeled annexin V in liver and kid-
neys of both control and PDT-treated mice (Figs. 4 and 5).
An avid uptake of 99mTc-annexin V was observed in tumors
treated with PDT after 2, 4, and 7 h, whereas no uptake was
visualized in untreated control tumors (Figs. 4 and 5).

Some of the PDT-treated and nontreated tumor tissues
were analyzed for apoptosis by histopathologic and immu-
nohistochemical methods. Tumor sections treated with PDT
showed extensive areas of myxoid degeneration, cellular
involution, and marked vascular congestion, typically with
foci of mixed, round cell, and neutrophil infiltrate (Fig. 6C).
They were prominent as early as 2 h after PDT. These
changes were highly pronounced and focally associated
with hemorrhage (peliosis) 4 and 7 h after PDT (data not
shown) and were not observed in the tumors of control
animals (Fig. 6A). These observations are consistent with
the findings reported by Blankenberg et al. (11).

Immunohistochemical studies showed that 66% � 6% of
the cells at the cytoplasmic border of apoptotic nuclei in the
treated tumor stained positive for annexin V (Figs. 6D and
6E), correlating well with the localization of 99mTc-annexin
V in the same tumors. Only 6.6% � 1.4% staining was
observed in tumor sections of control animals (Figs. 6B and
6E). Furthermore, we previously showed that RIF-1 tumor-

bearing C3H mice subjected to Pc 4-PDT had undergone
increased DNA fragmentation at 2, 4, and 6 h after PDT,
suggesting the increased apoptosis is a measure of Pc
4-PDT response. 99mTc-Annexin V uptake is a measure to
detect the apoptosis induced by Pc 4-PDT.

DISCUSSION

Currently there is considerable interest in labeling small
molecules with 99mTc for developing target-specific imaging
agents (23,24). The agent HYNIC has been used extensively
as a bifunctional coupling agent for the 99mTc labeling of
small biomolecules for thrombus imaging (25,26), a che-
motactic peptide for the diagnosis of infection and inflam-

FIGURE 3. Elution profile of 99mTc-annexin V, 99mTc-pertech-
netate, and test mixture at 1 h after labeling using HPLC.

FIGURE 4. Autoradiography of PDT-treated and untreated
C3H mice bearing RIF-1 tumors after administration of 99mTc-
annexin V. RIF-1 tumor-bearing mice were subjected to Pc
4-PDT, followed 2 h after PDT by tail vein injection of 5.55 MBq
99mTc-annexin V. One hour later autoradiographs were obtained
using a phosphor screen. (A) Animals were positioned in prone
position to show location of tumor. (B) Same animals turned in
supine position while acquiring autoradiographs, overlaid with
accumulated activity. (C) Autoradiographic images of same an-
imals. Arrows indicate tumor location; stars indicate tail vein
injection site.

IN VIVO APOPTOSIS DETECTION AFTER PDT • Subbarayan et al. 653



mation (27,28), and LTB4 receptor antagonists for imaging
infection, inflammation (29), and apoptosis (11). HYNIC
has been found to be very useful for achieving stable tech-
netium complexes in connection with tricine and phosphine
as coligands, which are necessary to complete the coordi-
nation sphere of the technetium core along with the
HYNIC-biomolecules (25). Unfortunately, the conjugation
procedure of HYNIC with specific biomolecules is tedious
and cumbersome, and the efficiency is often not optimal.

In this study we have successfully radiolabeled annexin V
with 99mTc and demonstrated its usefulness in detecting
apoptosis induced by Pc 4-PDT in RIF-1 tumors. We used
SDH in the presence of tricine, nicotinic acid, PDTA, and
stannous chloride to label annexin V with 99mTc. SDH was
chosen as the donor of the nitride nitrogen atom N3�. PDTA
was added to prevent the precipitation of Sn2� in the form
of insoluble tin salts. The method is based on the reaction of
99mTc with SDH or annexin V in the presence of stannous
chloride as a reducing agent to form the 99mTc-annexin V
complex. Tricine and nicotinic acid act as coligand and
ternary ligand, respectively, and lead to good radiochemical
yield and stability of the product. The structure of the final
product very likely involves [Tc	N]2� that binds to 1 or
more sites that involve histidine and cysteine molecules of
annexin V (23,30). However, the binding of tricine and
nicotinic acid to the other side of the technetium core to
form an efficient chelating moiety cannot be ruled out.
Because there appears to be a Ca2� binding site in annexin
molecules, it has been found that divalent metal ions bind to
annexin V. It is possible that [Tc	N]2� binds to the site
where Ca2� normally binds and the annexin-mediated ag-
gregation is more selective to metal ions than the binding to
membranes (31).

Because a radiochemical yield of �95% was achieved,
no additional purification or extraction steps were neces-
sary. Furthermore, this simple procedure can be called a
1-pot method and is thus easier to perform than other
currently available methods (32,33). The development of a
freeze-dried kit formulation has been successful and the kit
is now in routine laboratory use.

The radiochemical stability of the labeled complex in
plasma was found to be 94% 24 h after preparation, which
would be adequate for clinical applications. Interestingly,
stability measurements in saline yielded similar results (Ta-
ble 1). Combined with the results from the cysteine chal-
lenge test, it seems that radiolabeled 99mTc-annexin V is able
to withstand blood components, such as cysteine or gluta-
thione, that typically attack chelated radioisotopes.

The labeled annexin V was characterized both by size-
exclusion chromatography and by ITLC. The order of elu-FIGURE 5. Images of untreated control and PDT-treated C3H

mice bearing RIF-1 tumors after administration of 99mTc-annexin
V at 4 h (A) and 7 h (B) after PDT. Autoradiographs were taken
1 h after injection with animals placed in supine position on
phosphor screen. Arrows indicate tumor location; star indicates
tail vein injection site.

FIGURE 6. Photomicrographs of tissue sections of PDT-
treated and untreated RIF-1 tumors. (A) Hematoxylin and eosin–
stained control tumor section. (B) Immunohistochemical ex-
pression of annexin V in control animals. Cells expressing
apoptotic bodies are stained brown. (C) Hematoxylin and eosin–
stained tumor section 2 h after PDT. (D) Immunohistochemical
expression of annexin V in tumor section 2 h after PDT. (E)
Apoptotic index, expressed as percentage of all cells that con-
tained immunohistologically brown-stained apoptotic cells in
untreated control and PDT-treated tumor sections.
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tion from the PD-10 column—namely, first the radiolabeled
annexin V, then the unlabeled annexin V, and then free
99mTc—agreed well with the molecular weight of the com-
pounds (Fig. 2). Radiolabeled annexin V, which contains
additional molecules such as SDH, tricine, nicotinic acid,
and PDTA, is thus larger and can be separated from unla-
beled annexin V. The exact structure of the compound,
however, is not known yet.

The purity of radiolabeled annexin V was further ana-
lyzed by HPLC (Fig. 3). The radioactive peak obtained at a
retention time of 10.1 min corresponded with annexin V. No
peak appeared at a retention time of 11.4 min, indicating
that no free pertechnetate was present in the labeled com-
plex. These results were thus consistent with the ITLC and
PD-10 measurements and confirmed the radiochemical pu-
rity of the labeled annexin V.

The efficiency of 99mTc-annexin V as an apoptosis imag-
ing agent was investigated in a murine RIF-1 tumor model
system that had undergone rapid onset of apoptosis after
PDT treatment. The radioactivity was mainly found in the
abdominal region, predominantly in the intestines, liver, and
kidneys, suggesting that 99mTc-annexin V is excreted
through the kidneys and reticuloendothelial system. The
increased intestinal uptake seen here will very likely make
our method not suitable for evaluation of apoptosis of
abdominal tumors. There was insignificant change in renal
and liver uptake of 99mTc-annexin V in PDT treated mice
compared with control animals. The mechanism(s) of in-
creased uptake in kidney and liver is not clear but may relate
to the intrinsic lipid profile of these organs or the nonspe-
cific scavenging of proteins such as annexin V. It has been
reported that renal distribution of radiolabeled annexin V is
cortical (11). This could be related to the high phospholipid
composition of the renal cortex, which is rich in phospha-
tidylserine compared with the papillary region (34). The
other possible explanation could be the nonspecific uptake
of low-molecular-weight proteins such as annexin V by the
proximal renal tubule cells noted in studies of peptides and
antibody fragments (35).

An excellent uptake of 99mTc-annexin V was observed in
tumors treated with PDT, whereas no radioactivity was
visualized in untreated control tumors (Figs. 4 and 5). PDT
treatment of these tumors has been shown to induce apo-
ptosis rapidly even 1 h after PDT (7). Therefore, we con-
cluded that the higher tumor uptake in PDT-treated animals
was due to apoptosis, as was further substantiated by auto-
radiographic, histopathologic, and immunohistochemical
studies. Autoradiography with 99mTc-annexin V demon-
strated clear and specific localization of regions of apoptotic
cell death in a simple way and without the use of a gamma
camera. This novel technique can directly assess an early
event of programmed cell death that could not be visualized
and quantified by other techniques. It should prove more
useful than lipid proton nuclear magnetic resonance spec-
troscopy (12), which, to date, is the only method available

to detect apoptosis noninvasively in vivo, but has an inher-
ent problem of low sensitivity.

The induction of apoptosis after PDT has been shown to
be very rapid (7) and, therefore, 2 h suffice to clearly
visualize cell death. Later time points were histologically
more pronounced but did not add much to the imaging
information obtained at 2 h (Fig. 4). Binding of the radio-
labeled compound to cells undergoing apoptosis is also very
fast, and 1 h between injection of the compound and radio-
nuclide imaging was found to be satisfactory. However,
early time-course phosphor imaging studies need to be
performed to ascertain the optimal time for achieving high
tumor-to-nontumor ratios. Clinical imaging studies could
thus be scheduled and performed conveniently 1–2 h after
injection on the same day of (cancer) treatment.

Sections from tumors treated with PDT showed extensive
cellular morphologic changes such as myxoid degeneration,
cellular involution, and marked vascular congestion (Fig.
6C). These changes were highly associated with hemor-
rhage (peliosis) at all time points and agreed well with
findings of Blankenberg et al. (11). Immunohistochemical
studies showed that �65% of the nuclei stained positive for
annexin V antibodies (Fig. 6D) in the treated tumor at all
time points, in contrast to 6.6% of the untreated control
tumors (Fig. 6B). The increase in phosphatidylserine ex-
pression associated with rapid cell death can thus be suc-
cessfully imaged with 99mTc-annexin V prepared with our
novel labeling method.

In summary, we conclude that noninvasive detection and
serial imaging of organs or tissues undergoing apoptosis and
necrosis in vivo are possible. After standardization of the
procedure for an indication, this method could prove useful,
for example, in reducing multiple biopsies after cardiac
transplantation. The ability of 99mTc-annexin V to clinically
diagnose apoptosis in cardiac allograft recipients has been
recently demonstrated by Narula et al. (36) in 5 patients
showing histologic evidence of transplant rejection. The
ability to image apoptosis in vivo may lead to more expe-
ditious and precise assessment of therapeutic interventions.
Therefore, this agent could be of use in evaluating the
efficacy of cancer therapies and disease progression or
regression. Especially useful would be its use for diagnostic
imaging of cancer patients, who are starting a new treatment
modality after failing a previous therapy. Serial treatment
failures with affiliated waste of money and time, and en-
dured side effects of these highly toxic treatments, could
thus be avoided.

CONCLUSION

There are 2 unique aspects of this study. First, a novel
method for the development of 99mTc labeling of annexin V
has been developed. The procedure described is a 1-pot
labeling procedure, which made it possible to develop a
freeze-dried kit formulation suitable for use in a hospital
radiopharmacy. Second, we have shown the usefulness of
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99mTc-labeled annexin V for the noninvasive imaging of
apoptosis during tumor regression induced by PDT. This
method may provide an excellent approach to monitor tu-
mor response and efficacy of cancer treatment protocols and
help in diagnosing several human disorders, such as myo-
cardial ischemia or infarct, rejection of organ transplanta-
tion, and neonatal cerebral ischemia.
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