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Annexin A5 is a phospholipid binding protein with high affinity
for phosphatidyl-serine, which is externalized by cells undergo-
ing programmed cell death. An increased programmed cell
death rate has been reported in the heart after myocardial
infarction (MI). The aim of this study was to correctly localize
annexin A5 uptake in vivo and to determine the area at risk in
humans with acute MI. Methods: Nine patients were studied.
Before reperfusion was achieved, 99mTc-sestamibi was injected
intravenously. Myocardial 99mTc-sestamibi perfusion scintigra-
phy was performed after reperfusion. Thereafter, 99mTc-labeled
annexin A5 was administered intravenously, followed by scinti-
graphic imaging of the heart. Myocardial 99mTc-sestamibi scin-
tigraphy was repeated 1–3 wk after the MI onset. 99mTc-Annexin
uptake was also studied in the subacute phase of the MI in 2
patients. Results: All patients clearly showed perfusion defects
on 99mTc-sestamibi scintigraphy in concordance with the infarct
location. Furthermore, all patients showed accumulation of
99mTc-annexin A5 at the infarct site, indicating that cardiomyo-
cytes with externalized phosphatidyl-serine are present in the
infarct area. 99mTc-sestamibi defects determined 1–3 wk after
the MI onset were significantly smaller than the defects in the
acute phase. 99mTc-annexin uptake was absent in the 2 patients
studied in the subacute phase. Conclusion: In acute MI, an
increase of programmed cell death can be correctly localized in
vivo in the area at risk. Furthermore, the decrease in 99mTc-
sestamibi defect size in the subacute phase of the MI further
suggests that in parts of the area at risk, reversible myocardial
damage rather than necrosis is present in cardiomyocytes.
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Previous investigations have demonstrated the presence of
programmed cell death (PCD) in the hearts of animals (1–4)
and humans (5,6) after acute myocardial infarction (MI), by

investigating the heart at necropsy. PCD was detected using
annexin A5 (7), a protein that binds to cells exposing
phosphatidyl-serine (PS). This PS expression is one of the
first events during PCD, persisting until the final degrada-
tion of the cell (8). The naturally occurring protein annexin
A5 (36 kDa) binds with high affinity to negatively charged
PS on apoptotic cells. For this reason, annexin A5 has been
used for both in vitro and in vivo detection of apoptosis
(9,10).

Our group demonstrated that cell death in human hearts
can be monitored noninvasively using 99mTc-(n-1-imino-4-
mercaptobutyl)-annexin A5 (i-anxA5) (11). Reconstruction
of oblique images as commonly done in cardiac perfusion
studies was difficult because only focal uptake in a small
region of the heart was observed, making it difficult to
exactly localize the area.

Recently, 99mTc-4,5-bis(thioacetamido)pentanoyl-an-
nexin A5 (BTAP-anxA5) (Apomate; Theseus Imaging
Corp., Cambridge, MA) became available for the detection
of human cell death.

The aim of the present study was to determine the area at
risk in the acute phase of MI using 99mTc-sestamibi (MIBI)
and to localize uptake of 99mTc-annexin A5 in vivo in the
area at risk using 99mTc-BTAP-anxA5. 99mTc-annexin A5
activity was also studied in the subacute phase of MI in 2
patients. Furthermore, a quantification program was used to
determine the size of the 99mTc-MIBI defect, both in the
acute and in the subacute phase of MI.

MATERIALS AND METHODS

Nine patients (6 male, 3 female; mean age, 61 y; range, 42–77
y) with primary acute MI who presented within 6 h of the onset of
symptoms at the cardiovascular emergency room of our hospital
were included in this study. Figure 1 shows the time line of the
study protocol. The diagnosis and localization of an acute MI was
made by electrocardiographic criteria and confirmed by biochem-
ical detection of cardiac enzyme release. All patients underwent
percutaneous transluminal coronary angioplasty (PTCA) of the
infarct-related vessel, 4 as primary PTCA and 5 as rescue PTCA
after thrombolytic therapy had failed. All PTCA procedures re-
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sulted in level III flow, according to the classification of the
Thrombolysis in Myocardial Infarction trial. Written informed
consent was obtained from all patients. The study was approved by
the medical ethics committee of the University Hospital Maas-
tricht, The Netherlands.

Immediately after the diagnosis of acute MI was confirmed, but
before vascularization was restored, a mean dose of 260 MBq
(range, 200–300 MBq) 99mTc-MIBI (Cardiolite; Du Pont Pharma,
Brussels, Belgium) was administered in 8 of the 9 patients (ex-
cluding the first patient). MIBI-SPECT was performed after reper-
fusion (approximately 2.5 h later; range, 50–300 min) to measure
the size of the perfusion defect in the acute phase, reflecting the
area at risk in the heart. Immediately after MIBI-SPECT, 99mTc-
annexin A5 was injected. 99mTc-BTAP-anxA5 was labeled with
pertechnetate to 99mTc-BTAP-anxA5 according to the manufactur-
er’s procedure (Theseus Imaging Corp.) as described elsewhere
(12). In short, an ester ligand of 99mTc and phenthioate was
produced. After incubation of the 99mTc-ester ligand with annexin
A5, 99mTc-BTAP-anxA5 was formed and subsequently purified
using column chromatography. Radiochemical purity was 97%
(SD, 2%). For scintigraphy, a mean of 410 MBq (range, 200–500
MBq) 99mTc-BTAP-anxA5, corresponding to approximately 800
�g annexin A5, was given intravenously after reperfusion had
been achieved. Fifteen and 20 h after the injection of 99mTc-
annexin A5, SPECT was performed. All SPECT studies were done
with a MultiSPECT 2 dual-head gamma camera (Siemens, Hoff-
man Estates, IL) using low-energy high-resolution collimators, an
energy peak of 140 keV with a 15% window, a 64 � 64 matrix, a
zoom factor of 1.45, and 60 angle views of 45 s each. Studies were
reconstructed with a filtered backprojection method, using a But-
terworth filter with a cutoff frequency of 0.55 and an order of 5.

In 2 patients, the 99mTc-annexin A5 study was repeated in the
subacute phase as part of another, recently started study protocol.
In 1 patient 3 mo after the MI onset, and in the other patient 4 and
8 d after the MI onset, SPECT was performed 15 h after the
infusion of the radiopharmaceutical.

Five to 19 d after the onset of the MI, 8 patients underwent
routine myocardial stress–rest scintigraphy, 7 by means of 99mTc-
labeled MIBI, 1 by means of 201Tl to rule out cardiac ischemia.
Furthermore, echocardiography was performed on 6 patients
within the first 2 wk after the MI onset (1 patient was not studied
because of withdrawal from follow-up). Quantification of the
myocardial 99mTc-MIBI activity area was performed by using a
program as described elsewhere (13,14). In short, the raw data are
reconstructed and reformatted to short-axis slices as convention-

ally is done in myocardial perfusion studies. Our program extracts
radial long-axis slices from these data, which are used for semi-
quantitative analysis and comparison with a normal database. In
the extraction of the radial long-axis slices, tools are available to
improve centering and alignment of the long axis of the heart
within the frame of analysis. Data on 99mTc-MIBI defect size were
analyzed by the Student t test. A P value less than 0.05 was
considered statistically significant.

RESULTS

Patient characteristics are shown in Table 1. All patients
showed decreased uptake of 99mTc-MIBI in an area corre-
sponding to the location of the infarct as diagnosed on
electrocardiography. In the same photopenic area, an in-
creased uptake of 99mTc-annexin A5 was seen in all patients,
indicating the presence of cardiomyocytes with externalized
PS in the infarct area. Best images were obtained 15 h after
the infusion, showing 99mTc-annexin A5 activity at the in-
farct site and little 99mTc-MIBI rest activity (“MIBI ghost”).
SPECT reconstruction appeared to be difficult in the acqui-
sitions 20 h after the injection because of advanced decay of
99mTc-MIBI and 99mTc-annexin A5 activity. Figure 2A
shows the area at risk on the reconstructed 99mTc-MIBI
pictures of a patient with an acute anteroseptal MI. Figure
2B shows 99mTc-annexin A5 uptake in the same patient.
Examples of decreased MIBI and increased 99mTc-annexin
A5 activity for the same patient are shown in Figure 2C and
for a patient with an inferior wall infarction in Figure 2D.
Figure 2C clearly shows the decreased 99mTc-MIBI activity
at the anteroseptal region of the myocardium and the in-
creased 99mTc-annexin A5 uptake at the same site of the
myocardium. Figure 2D shows the inferior 99mTc-MIBI
defect and the 99mTc-annexin A5 uptake at the same loca-
tion. All other patients showed consistently comparable
results.

99mTc-MIBI imaging 5–19 d after onset of the MI (n � 7)
still showed a defect, although much smaller, corresponding
to the area of increased 99mTc-annexin A5 uptake and no
signs of ischemia.

Echocardiography was performed on 6 patients, and 5
patients showed decreased wall motion corresponding to the

FIGURE 1. Time line of study protocol. Numbers of patients studied are in parentheses.
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FIGURE 2. (A) Area at risk: 99mTc-MIBI injected before reperfusion. Reconstructed myocardial images of patient 2 after injection
of 99mTc-MIBI in cardiovascular emergency room. Short-axis images show anteroseptal defect; vertical long-axis images, an-
teroapical defect; and horizontal long-axis images, apicoseptal defect. (B) Detection of cell death: 99mTc-annexin A5 after
reperfusion. Reconstructed myocardial images of patient 2, 15 h after injection of 99mTc-BTAP-anxA5. Short-axis images show
increased activity anteroseptally; vertical long-axis images, anteroapical hot spot; and horizontal long-axis images, increased
apicoseptal activity. (C) 99mTc-annexin A5 uptake in area at risk: combination of parts A and B. Left 2 columns show 99mTc-MIBI
activity; right 2 columns, 99mTc-annexin A5. (D) Acute inferior MI of patient 5: combination of some reconstructed images of
99mTc-MIBI activity (left 2 columns) and 99mTc-annexin A5. ANT � anterior; INF � inferior; LA � long axis or left atrium; LAT � lateral;
LV � left ventricle; RA � right atrium; RV � right ventricle; SEPT � septal; Vert � vertical; Horz � horizontal.

TABLE 1
Patient Characteristics and Infarct Location

Patient
no. Sex

Age
(y)

Infarct
localization Vessel

PTCA
result

Maximum
ASAT (U/L)

Maximum
CK (U/L) Ultrasound result

1 F 72 Inferior RCA TIMI III 172 1,782 n.p.
2 M 77 Anteroseptal LAD TIMI III 587 6,498 LVEF 49%, apical akinesia
3 M 59 Inferoposterior RCA TIMI III 232 1,669 LVEF 60%, inferior akinesia
4 M 42 Anteroseptal LAD TIMI III 332 3,372 LVEF 41%, apical akinesia
5 M 69 Inferior CX TIMI III 828 5,406 LVEF 50%, inferoposterior akinesia
6 M 45 Inferior RCA TIMI III 208 1,298 LVEF 59%, no hypo/akinesia
7 M 61 Inferior RCA TIMI III 80 826 n.p.
8 F 59 Inferoposterior RCA TIMI III 303 2,807 n.p.
9 F 66 Anteroseptal LAD TIMI III 60 554 LVEF 53%, anteroseptal and apical

akinesia

ASAT � aspartate aminotransferase; CK � creatine kinase; RCA � right coronary artery; TIMI � Thrombolysis in Myocardial Infarction;
n.p. � not performed; LAD � left anterior descending artery; LVEF � left ventricular ejection fraction; CX � circumflex artery.
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diagnosed infarct localization obtained by angiography (Ta-
ble 1).

Quantification on 99mTc-MIBI SPECT pictures revealed
defect areas ranging from 9% to 43% of the left ventricle,
defining the area at risk in the acute phase, whereas 99mTc-
MIBI defects ranged from 3% to 25% of the left ventricle in
the subacute phase of the MI. All patients on whom 99mTc-
MIBI in both the acute and the subacute phase was per-
formed (n � 6) showed decreased 99mTc-MIBI defects (P �
0.05) on the late images when compared with the acute
MIBI of 12% on average (Fig. 3).

In 2 patients, 99mTc-annexin A5 was reinjected in the
subacute phase, in 1 patient 3 mo after the MI onset, and in
the other patient 4 d and also 8 d after the MI onset. In the
latter patient, 99mTc-annexin A5 uptake was reduced on the
4-d images (Figs. 4A and 4B) when compared with the
initial images. After 8 d, no 99mTc-annexin A5 activity was
present at the infarct site. Furthermore, 201Tl scintigraphy
performed 1 mo after the acute MI showed complete nor-
malization of the affected area (Fig. 4C), indicating that the
defect on the acute MIBI or the 99mTc-annexin A5 activity
on day 1 (Fig. 4A) represents reversible myocardial dam-
age. There also was no 99mTc-annexin A5 activity present in
the myocardium of the patient studied 3 mo after the MI
onset.

All patients recovered well after treatment in the coronary
care unit. No side effects were observed after the injection
of either 99mTc-MIBI or 99mTc-annexin A5.

DISCUSSION

Apoptosis or PCD is known to occur during physiologic
as well as pathologic processes in the human body, such as
growth and inflammatory events on the one hand and Alz-
heimer’s disease or MI on the other hand. With the latter,
both cardiomyocyte dysfunction and irreversible cell loss

FIGURE 3. 99mTc-MIBI defects (n � 6) expressed as percent-
age of left ventricle both in acute phase and in subacute phase
of MI.

FIGURE 4. Repeated studies of 1 patient. (A) Combination of
acute 99mTc-MIBI and 99mTc-annexin A5 uptake in area at risk on
day 1 in patient studied several times. 99mTc-MIBI defect in
anteroseptal and apical region (left 2 columns) correlates well
with 99mTc-annexin A5 activity (right 2 columns). (B) 99mTc-an-
nexin A5 activity compared on days 1 and 4 of acute MI.
99mTc-annexin A5 activity is already reduced after 4 d (right 2
columns), compared with day 1 (left 2 columns). L indicates liver
activity; s indicates spleen activity. (C) 201Tl images (right 2
columns) clearly show complete recovery of area at risk seen on
99mTc-MIBI scan as performed at onset of MI (left 2 columns).
ANT � anterior; INF � inferior; LA � long axis or left atrium;
LAT � lateral; LV � left ventricle; RA � right atrium; RV � right
ventricle; SEPT � septal; Vert � vertical; Horz � horizontal.
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might occur, which can lead to the decline in left ventricular
contraction, one of the factors related to earlier death (15).
Better understanding of the cellular apoptotic pathway may
lead to the development of new therapeutic drugs that might
limit this cardiomyocyte loss.

Most previous investigations have been performed either
in vitro or in animal studies. Flow cytometry (16) or termi-
nal deoxynucleotidyl transferase-mediated dUTP nick-end
labeling (17) was commonly used to identify apoptotic cells
in vitro. Animal studies have shown that increased 99mTc-
annexin A5 uptake in transplanted hearts of rats correlated
well with the in vitro detection of apoptosis using annexin
A5 immunofluorescence microscopy (18). Animal studies
also indicate that ischemia of the heart, followed by reper-
fusion, induces reperfusion injury with a substantial loss of
cardiomyocytes through apoptosis (4). The feasibility of an
in vivo approach in humans with acute MI after reperfusion
was recently published by our group using 99mTc-i-anxA5
(11). In 6 of 7 patients investigated, an increased uptake of
99mTc-i-anxA5 was seen in the infarct area of the heart on
early and late SPECT images. No uptake was observed in
the heart of a healthy volunteer or outside the infarct area as
seen in MIBI studies performed in the subacute phase of the
MI. This study showed that PCD can indeed be visualized in
patients with acute MI. The next step was to determine the
area at risk and the 99mTc-annexin A5 activity (PCD) in this
area.

In the present study, in which combined 99mTc-MIBI and
99mTc-annexin A5 images were generated for a similar
group of patients, the area at risk could be well defined on
the MIBI pictures. Because of the storage of 99mTc-MIBI in
the mitochondrion of cardiomyocytes (and lack of redistri-
bution), imaging could be postponed until after revascular-
ization was achieved, which is advantageous to the use of
201Tl-chloride for the detection of cardiovascular perfusion
defects. Furthermore, a MIBI image of the heart could still
be seen vaguely (“99mTc-MIBI ghost-image”) in the unaf-
fected myocardial area on the 99mTc-annexin A5 scintigra-
phy. This technique allowed better SPECT reconstruction
and much better localization of the 99mTc-annexin A5 ac-
tivity in the heart. Using this protocol, it was indeed quite
easy to correctly localize 99mTc-annexin A5 activity in all
patients at the myocardial region corresponding to the
99mTc-MIBI defect. We chose to obtain images 15 and 20 h
after the injection of 99mTc-annexin A5 on the basis of
observations from the previous study (11). From the present
study, we learned that best images were obtained 15 h after
the infusion. Recent studies indicate that imaging earlier
after injection is feasible (P.W.L. Thimister, unpublished
data, 2002). Because scintigraphic results were in concor-
dance with angiography and ultrasound results, the protocol
used in our study could soon be well suited for evaluation of
new antiapoptotic drug treatment.

Along with apoptotic characteristics, necrotic cell death
characteristics were reported to be present in the morphol-

ogy of annexin A5–positive cardiomyocytes (4,19,20), sug-
gesting that part of the cardiomyocytes may not show the
classic morphologic characteristics of apoptosis. So the
question remains whether enhanced 99mTc-annexin A5 up-
take in the heart is caused by an ongoing cell-death program
or whether it is more the expression of the presence of
necrotic cells as can be seen in the final stage of cell death
(15,21,22). The decreased 99mTc-MIBI defect in the sub-
acute phase, when compared with the acute phase of the MI,
strongly suggests that at least part of the myocardial 99mTc-
annexin A5 activity as present in the acute phase represents
potentially reversible myocardial cell damage rather than
necrosis. A direct proof for the presence of apoptosis would
require cardiac biopsy samples showing DNA fragmenta-
tion, and obtaining such samples in our patient group was
ethically not acceptable.

Another interesting observation in this study was the
decreased 99mTc-annexin A5 activity in a patient who was
repeatedly studied 3 and 8 d after the MI onset. Because no
activity remained after 8 d, regeneration of myocardial cells
might have taken place, in which case PS expression is no
longer present. This would imply either that the ischemic
part of the MI has been restored to viable tissue or that cells
have been removed as necrotic material.

The main clinical utility of this in vivo detection of cell
death with 99mTc-annexin A5 scintigraphy would be the
evaluation of new therapeutic strategies that intervene in
myocardial cell death, the so-called cell death inhibitors.
It is this noninvasive in vivo detection technique that will
make it possible to test the therapeutic potentials of these
substances. The application of this methodology may be
extended to any situation of progressive myocardial dys-
function. This study also implies that performing 99mTc-
annexin A5 scintigraphy will soon be possible to provide
more information about the kinetics of the cell death
process in different clinical forms of myocardial disease.
This characterization of disease might affect clinical de-
cision making.

CONCLUSION

This study, together with earlier animal and human stud-
ies, indicates that PCD (apoptosis) can be detected in vivo
at the infarct area. Furthermore, with this study protocol, the
area at risk can be well defined. Also, the decrease in
99mTc-MIBI defect size in the subacute phase of the MI
further suggests that in parts of the area at risk, reversible
myocardial damage rather than necrosis is present in car-
diomyocytes.
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We thank Marie-Thérèse Pakbiers and Denise Janssen for
expert technical assistance and Theseus Imaging Corp. for
the generous supply of 99mTc-BTAP-anxA5.

CELL DEATH IN ACUTE MI • Thimister et al. 395



REFERENCES

1. Gottlieb RA, Burleson KO, Kloner RA, Babior BM, Engler RL. Reperfusion
injury induces apoptosis in rabbit cardiomyocytes. J Clin Invest. 1994;94:1621–
1628.

2. Kajstura J, Cheng W, Reiss K, et al. Apoptotic and necrotic myocyte cell deaths
are independent contributing variables in infarct size in rats. Lab Invest. 1996;
74:86–107.

3. Ohtsuki K, Akashi K, Aoka Y, et al. Technetium-99m HYNIC-annexin V: a
potential radiopharmaceutical for the in-vivo detection of apoptosis. Eur J Nucl
Med. 1999;26:1251–1258.

4. Dumont E, Hofstra L, Van Heerde WL, et al. Cardiomyocyte death induced by
myocardial ischaemia and reperfusion: detection with human recombinant an-
nexin-V in a mouse model. Circulation. 2000;102;1564–1568.

5. Veinot JP, Gattinger DA, Fliss H. Early apoptosis in human myocardial infarcts.
Hum Pathol. 1997;28:485–492.

6. Saraste A, Pulkki K, Kallajoki M, Henriksen K, Parvinen M, Voipio Pulkki LM.
Apoptosis in human acute myocardial infarction. Circulation. 1997;95:320–323.

7. Carcedo MT, Iglesias JM, Bances P, Morgan RO, Fernandez MP. Functional
analysis of the human annexin A5 gene promoter: a downstream DNA element
and an upstream long terminal repeat regulate transcription. Biochem J. 2001;
356:571–579.

8. Fadok VA, Voelker DR, Campbell PA, Cohen JJ, Bratton DL, Henson PM.
Exposure of phosphatidyl serine on the surface of apoptotic lymphocytes triggers
specific recognition and removal by macrophages. J Immunol. 1992;148:2207–
2216.

9. Martin SJ, Reutelingsperger CPM, McGahon AJ, Van Schie RC, La Face DM,
Green DR. Early redistribution of plasma membrane phosphatidylserine is a
general feature of apoptosis regardless of the initiating stimulus: inhibition by
over expression of Bcl-2 and Abl. J Exp Med. 1995;182:1545–1556.

10. Van den Eijnde SM, Lips J, Boshart L, et al. Spatiotemporal distribution of dying
neurons during early mouse development. Eur J Neurosci. 1999;11:712–724.

11. Hofstra L, Liem IH, Dumont EA, et al. Visualisation of cell death in vivo in
patients with acute myocardial infarction. Lancet. 2000;356:209–212.

12. Kemerink GJ, Boersma HH, Thimister PWL, et al. Biodistribution and dosimetry
of 99mTc-BTAP-annexin-V in humans. Eur J Nucl Med. 2001;28:1373–1378.

13. Van Hastenberg RPJM, Kemerink GJ, Hasman A. On the generation of short-axis
and radial long-axis slices in thallium-201 myocardial perfusion single-photon
emission tomography. Eur J Nucl Med. 1996;23:924–931.

14. Benoit T, Vivegnis D, Foulon J, Rigo P. Quantitative evaluation of myocardial
single-photon emission tomographic imaging: application to the measurement of
perfused defect size and severity. Eur J Nucl Med. 1996;23:1603–1612.

15. Narula J, Haider N, Virmani R, et al. Apoptosis in myocytes in end-stage heart
failure. N Engl J Med. 1996;335:1182–1189.

16. Koopman G, Reutelingsperger CP, Kuijten GA, Keehnen RM, Pals ST, Van Oers
MH. Annexin V for flow cytometric detection of phosphatidylserine expression
on B cells undergoing apoptosis. Blood. 1994;84:5–20.

17. Blankenberg FG, Katsikis PD, Tait JF, et al. In vivo detection and imaging of
phosphatidylserine expression during programmed cell death. Proc Natl Acad Sci
USA. 1998;95:6349–6354.

18. Van Heerde WL, Robert-Offerman S, Dumont E, et al. Markers of apoptosis in
cardiovascular tissues: focus on annexin V. Cardiovasc Res. 2000;45:549–559.

19. Ohno M, Takemura G, Ohno A, et al. Apoptotic myocytes in infarct area in rabbit
hearts may be oncotic myocytes with DNA fragmentation. Circulation. 1998;98:
1422–1430.

20. Leist M, Jaattela M. Four deaths and a funeral: from caspases to alternative
mechanisms. Nat Rev Mol Cell Biol. 2001;2:589–598.

21. Irwin MW, Mak S, Mann DL, et al. Tissue expression and immunolocalization of
tumor necrosis factor-alpha in post infarction dysfunctional myocardium. Circu-
lation. 1999;99:1492–1498.

22. Olivetti G, Abbi R, Quani F, et al. Apoptosis in the failing human heart. N Engl
J Med. 1997;336:1131–1141.

396 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 44 • No. 3 • March 2003


