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ABSTRACT Thisstudy was performed to elucidate
the localization at the cellular level of technetium-99m
phosphorus (®*™Tc-P) radiopharmaceuticals in acute
myocardial infarcts and the mechanisms responsible
for #®mTc-P uptake in acute myocardial infarcts and
other tissues. In 20 dogs with proximal left anterior
descending coronary arterial ligation for 1-3 days,
elevated calcium levels were measured at all sites of
increased **™Tc-P uptake (acute myocardial infarcts,
necrotic thoracotomy muscle, lactating breast, and
normal bone); however, a consistent linear relationship
between *"Tc¢-P and calcium levels was not observed.
A strong correlation (r = 0.95 and 0.99, n = 2 dogs)
was demonstrated between levels of 3H-diphos-
phonate and *™Tc¢-P in infarcted myocardium. Auto-
radiographic studies with *H-diphosphonate revealed
extensive labeling in the infarct periphery which
contained necrotic muscle cells with features of
severe calcium overloading, including widespread
hypercontraction as well as more selective formation
of mitochondrial calcific deposits. Autoradiography
also demonstrated labeling of a small population of
damaged border zone muscle cells which exhibited
prominent accumulation of lipid droplets and focal,
early mitochondrial calcification. Cell fractionation
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studies revealed major localization of both **™Tc¢-P and
calcium in the soluble supernate and membrane-
debris fractions of infarcted myocardium and less than
2% of total *™Tc-P and calcium in the mitochondrial
fractions; however, electron microscopic examination
showed that mitochondria with calcific deposits were
not preserved in the mitochondrial fractions. In vitro
studies evaluating the role of serum protein binding
on tissue uptake of *™Tc-P agents demonstrated that,
in spite of significant complexing with serum proteins,
serum *™Tc-P activity retained the ability to adsorb
to calcium hydroxyapatite and amorphous calcium
phosphate. In vivo studies showed that concentration
of human serum albumin (labeled with iodine-131) in
infarcted myocardium reached a maximum of only 3.8
times normal after a circulation time of 96 h, whereas
9mTe-P uptake was at least 10 times normal after a
circulation time as short as 1 h. It is concluded that:
(a) ®™Tc-P uptake in acutely infarcted myocardium,
and possibly other types of soft tissue damage, is
limited to necrotic and severely injured cells; (b) con-
centration of ™Tc¢-P results from selective adsorption
of ¥™Tc-P with various forms of tissue calcium stores,
including amorphous calcium phosphate, crystalline
hydroxyapatite, and calcium complexed with myofibrils
and other macromolecules, possibly supplemented by
calcium-independent complexing with organic macro-
molecules; and (¢) lack of a linear relationship between
9mTe-P and tissue calcium levels mainly results from
local differences in composition and physicochemical
properties of tissue calcium stores and from local varia-
tions in levels of blood flow for delivery of %™Tc-P
agents.
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INTRODUCTION

Myocardial scintigraphy with technetium-99m-labeled,
phosphorus-based radiopharmaceuticals (¥*™Tc-P)! has
been shown to be an accurate noninvasive test for the
diagnosis of acute myocardial infarction (1). Bonte and
associates first showed that the *™Tc-P bone scanning
agents concentrate in areas of acute myocardial
infarction, and suggested that this phenomenon was
related to labeling of calcium deposits in the infarcts
(2). Our previous experimental studies have dem-
onstrated that a positive *™Tc-P myocardial scintigram
results from selective concentration of the agent in
areas with partial to homogeneous myocardial necrosis,
multifocal muscle cell calcification, and residual
blood flow (3-6). These findings were interpreted
as supporting the proposed role of tissue calcification
in concentration of the agent, but as not excluding the
possibility of other mechanisms (3-6). Other reports
(7-16) have confirmed the dependence of %™Tc-P
concentration on the presence of myocardial necrosis,
and the importance of blood flow for modulating the
level of **™Tc-P uptake. Previous studies from our own
and other laboratories, however, have not resolved
certain important questions regarding *™Tc-P uptake
after myocardial injury. The previous studies have not
precisely defined whether "Tc-P uptake is limited
to severely damaged or frankly necrotic cells or
whether **™Tc-P uptake also can occur in cells with
mild, clearly reversible injury. In addition, mech-
anisms of tissue concentration of *™Tc-P agents have
not been definitively characterized. Although Reimer
and associates (13) have confirmed an association
between calcium accumulation and #™Tc-P uptake in
ischemic myocardium, other workers have suggested a
less important role for complexing with calcium
deposits than originally proposed (15-19). In par-
ticular, Dewanjee and Kahn have suggested that the
affinity of ®™Tc-P agents for binding with serum and
other proteins plays a primary role in concentration
of these agents -in infarcted myocardium (15, 16). The
present study was undertaken to clarify these important
points regarding cellular localization and mechanisms
of concentration of *™Tc-P agents.

METHODS

General protocol. A total of 20 mongrel dogs were
anesthetized with intravenous pentobarbital sodium (30 mg/
kg) and subjected to thoracotomy. The proximal left anterior

V' Abbreviations used in this paper: ¥'I-HSA, human serum
albumin labeled with iodine-131; LAD, left anterior de-
scending coronary artery; %™Tc-P, technetium-99m-labeled,
phosphorus-based radiopharmaceuticals; %™Tc-EHDP,
®mTe-stannous ethane-1-hydroxy-1,1, diphosphonate; *™TcO,;
free pertechnetate ion; ¥"Tc-PYP, ®mTc-stannous pyrophos-
phate; *H-EHDP, tritiated EHDP.

Concentration of Technetium-99m Phosphorus Agents

descending coronary artery (LAD) was dissected free 1 to
2 cm from its origin and suture ligated. The chest was
closed and the dog allowed to recover for 1 to 3 days. There-
after, 15 dogs were injected with 7-10 mCi of *™Tc-P
prepared according to the manufacturer’s instructions,
either ®™Tc-stannous pyrophosphate (*™Tc-PYP, Mallinckrodt
Nuclear, Mallinckrodt Inc., St. Louis, Mo.) or ®*™Tc-stannous
ethane-1-hydroxy-1,1-diphosphonate (*"Tc-EHDP, Procter
and Gamble Co., Cincinnati, Ohio.). The #*™Tc-P injection
was followed 15 min later in some dogs by administration
of 100-200 uCi of tritiated EHDP ((H-EHDP) having
a sp act of 20 uCi/mg. For autoradiography studies, the
radiopharmaceuticals were administered directly into left
atrial catheters in two dogs; in the other dogs, intravenous
administration was used. Five additional dogs were given
intravenous injections of 200-300 uCi of human serum
albumin labeled with iodine-131 (3'I-HSA) (Mallinckrodt
Chemical Works, Mallinckrodt Inc.) at different intervals
after LAD ligation. The dogs were lightly anesthetized
with pentobarbital sodium and scintigrams were obtained in
multiple projections at least 1h after administration of
radiopharmaceuticals with a Searle Pho-Gamma III HP
scintillation camera (Searle Analytic Inc., Des Plaines, I11.)
with a high resolution collimator. After scintigraphy, the
previously anesthetized dogs were sacrificed by administra-
tion of lethal doses of pentobarbital sodium or, for cell
fractionation studies, by excision of the beating heart.
Tissue samples were obtained at necropsy for one or more
of the analyses described below.

Morphological and autoradiographic studies. For routine
light microscopy, tissue blocks were fixed in phosphate-
buffered 10% formalin and embedded in paraffin. Sections
were stained with hematoxylin and eosin, by the periodic
acid-Schiff method with and without prior diastase digestion
and with the von Kossa method for calcium salts (3).

For correlative light and electron microscopic studies,
samples were processed using the following methods: (a)
immersion fixation in 3% glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) or 2% paraformaldehyde and 2.5% glutaralde-
hyde in 0.1 M cacodylate buffer (pH 7.4), wash in cacodylate-
buffered sucrose (pH 7.4), and post-fixation in 1% osmium
tetroxide in veronal acetate buffer (pH 7.4); (b) fixation
directly in 1% osmium tetroxide in 0.1 M phosphate buffer,
or (c) fixation directly in absolute alcohol. All samples were
processed through alcohol and propylene oxide and em-
bedded in Epon-(Shell Chemical Co., Houston, Tex.) Araldite
(Ciba-Geigy Corp., Ardsley, N. Y.) mixture. l-um thick
sections for light microscopy were stained with toluidine
blue. Thin sections were stained with uranyl acetate and lead
citrate and examined in a JEOL 100 C electron microscope
(JEOL U.S.A. Inc., Medford, Mass.).

Autoradiographic detection of *™Tc-P or *H-EHDP was
attempted with various methods of tissue preparation, in-
cluding fresh frozen sections, aldehyde or absolute alcohol
fixation, and paraffin or epoxy embedment (20). Sections
were dipped in Kodak NTB-2 emulsion (Eastman Kodak
Co., Rochester, N. Y.), incubated for several weeks, and de-
veloped in Dektol (Eastman Kodak Co.) (20). Quantitation
of the autoradiographs was obtained by performing grain
counts with photographs obtained at standard magnification
(x400) from background regions without tissue as well as
from all suitable microscopic fields from the tissue sections.
Statistical analysis of the data was performed using the
Student’s ¢ test.

Assays for radioactivity and calcium. Hearts were
divided into transverse slices and multiple transmural
blocks, 0.5-1.0 cm wide, were obtained from areas of nor-
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mal and infarcted myocardium according to a previously
described protocol (4). Sections for histology were obtained
from the apical and basal surfaces of each block for correla-
tion of histopathologic changes with assay results. Each
block then was divided into multiple (usually four) samples
extending from epicardium to endocardium. This proce-
dure produced at least twelve small samples in the range
of 200-300 mg or less from each heart for analysis. Samples
were also obtained from bone, skeletal muscle from thoracot-
omy sites, normal skeletal muscle, and breast.

All samples were placed in accurately weighed scintilla-
tion vials and gamma emission from *"™Tc-P or B'I-HSA
quantitated with a gamma spectrometer (Packard model
5986, Packard Instrument Co., Inc., Downers Grove, I11.). All
data for ®mTc-P agents were tabulated as percentage of
administered dose per gram of wet tissue weight from stand-
ards of the administered ®™Tc. After decay of the #™T¢, the
concentration of calcium was quantitated for each tissue
after perchlorate wet oxidation preparation of the samples
(21). The calcium was determined by atomic absorption
with an adaptation of the Jarrell Ash Atomic Absorption
Instrument (Jarrell Ash Div., Fisher Scientific Co., Waltham,
Mass.), and results expressed as parts per million (ppm)
(micrograms) per gram of wet tissue weight. For myocardial
tissue samples from two dogs administered both %™Tc-P
and *H-EHDP, levels of #*"Tc, H, and calcium were quanti-
tated in the same sample. After ®™Tc assay and decay, the
tritiated EHDP levels were determined by combustion of
the tissue in small quartz holders with a Packard model
305 oxidizer (Packard Instrument Co., Inc.). After com-
bustion, the ash was quantitatively transferred in 3 N
hydrochloric acid and calcium determined by atomic absorp-
tion spectroscopy as described above.

Statistical analysis of the data was performed by deter-
mination of Pearson correlation coefficients.

Cell fractionation studies. For these studies, the beating
hearts were excised from two previously anesthetized dogs
and placed immediately in ice-cold 0.25M sucrose. Cell
fractionation was carried out by the procedure of Hogeboom
(22) with 0.25M sucrose (pH 7.4) as the basic isolation
medium, both with and without addition of 1 mM EDTA.
Samples, approximately 2-3 g each, were obtained from
normal posterobasal myocardium and from peripheral re-
gions of anterior infarcted myocardium. The chilled samples
were homogenized in 10 ml of medium in a Polytron PT
20 (Polytron Corp., Elkhart, Ind.) for four 30-s bursts. Each
homogenate was centrifuged at 500 g for 15 min at 4°C in a
Beckman ] 21B centrifuge (Beckman Instruments, Inc.,
Spinco Div., Palo Alto, Calif)). The pellet (cell membranes
and debris) was suspended in 10 ml of medium. The super-
nate was centrifuged at 7,800 g for 15 min at 4°C. The pellet
(mitochondria) was washed twice in medium and finally sus-
pended in 2 ml of this solution. The supernate was centri-
fuged in a Beckman L2 ultracentrifuge (Beckman Instruments,
Inc.) of rotor type at 80,000 g for 60 min at 4°C. The pellet
(microsomes) was washed twice with medium and finally
suspended in 2 ml of this solution. The soluble supernatant
fraction after the 80,000-g centrifugation also was saved.
Levels of *"Tc-P and calcium in each fraction were deter-
mined by methods described above. Protein content of each
fraction was determined by the method of Lowry et al. (23).
Aliquots of the particulate fractions were repelleted, fixed
in aldehyde and osmium or directly in 1% phosphate-buffered
osmium and, processed for electron microscopy.

In vitro studies of calcium binding. A series of in vitro
experiments was performed to test the ability of various
radiopharmaceuticals to complex with insoluble crystalline
calcium hydroxyapatite and freshly precipitated amorphous
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calcium phosphate. The following agents were tested:
(a) free pertechnetate ion (¥*"TcO,-); (b) *™Tc-PYP prepared
from standard kits; and (¢) #™Tc-PYP activity of serum ob-
tained from four normal dogs at various intervals after intra-
venous injection of ®™Tc-PYP. The amount of *™Tc¢-P bound
to serum proteins was tested by precipitation of serum pro-
teins with 0.1-0.2 ml of serum mixed with 1.0 ml of 10%
TCA. The TCA-precipitated protein was centrifuged and the
pellet washed and then radioassayed for ®mTc.

For the hydroxyapatite binding studies, 50 mg of syn-
thetic hydroxyapatite (Stauffer Chemical Company, West-
port, Conn.) was suspended in 1-5 ml of normal saline
and 0.1-0.2-ml aliquots of ®"TcO,-, *™Tc-PYP, or serum
added. After incubation at room temperature for 15 min, the
suspension was centrifuged, the precipitate was washed with
normal saline, and the supernatant (including the saline
wash) and precipitate fractions were counted for radio-
activity.

For studies of binding to freshly precipitated amorphous
calcium phosphate, 0.5 ml of 0.1 M CaCl, was added to 0.2-ml
aliquots of ®™TcO,-, ®"Tc-PYP, or serum suspended in 1.0
ml normal saline. Excess phosphate then was added to the
solutions in the form of 1.5 ml of 0.2 M sodium phosphate
(pH 6.5) so as to form a precipitate of amorphous calcium
phosphate (24, 25). The suspension was centrifuged, the
precipitate was washed in saline, and the supernatant
(including saline wash) and precipitate fractions were counted
for radioactivity.

RESULTS

Scintigraphic findings. The %™Tc-P scintigrams
showed intense radioactivity in the following regions:
(a) bony skeleton in all dogs; (b) anterior myocardium
corresponding to sites of anterior myocardial infarcts
in all dogs; (c) sites of left lateral thoracotomies in
all dogs; and (d) mammary glands in one dog. Posi-
tive %™Tc-P myocardial scintigrams in most dogs
showed a prominent doughnut pattern in the anterior
and left anterior oblique projections characterized by a
zone of intense radioactivity surrounding a central
region of variable size with decreased radioactivity
(3, 4).

Morphological and autoradiographic findings.
Mammary glands identified scintigraphically were en-
larged and showed typical histologic features of lacta-
tion. The lumens of the ducts were filled with baso-
philic material rich in calcium salts (von Kossa stain)
(Figs. 1A and B). Sections of thoracotomy sites showed
extensive necrosis of skeletal muscle and prominent
infiltration by neutrophils. The necrotic skeletal
muscle cells showed prominent cytoplasmic disrup-
tion, contraction band formation and multifocal
calcification (von Kossa stain) (Figs. 1C and D).
Hearts with proximal LAD occlusion had transmural
anterior infarcts with histopathologically distinct cen-
tral and peripheral regions as previously described
(3, 4).

Autoradiographic localization of ™Tc-P or 3H-
EHDP in the myocardial infarcts was not successful
using standard methods of tissue preparation (20),
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of lactating breast are filled with basophilic secretion which contains fat globules. (B) The
ductular secretion of lactating breast is rich in calcium salts. (C) Necrotic thoracotomy
muscle exhibits myofibrillar disruption and neutrophilic infiltrate. (D) Many necrotic skeletal
muscle fibers contain granular calcific deposits. A and C, hematoxylin and eosin stains; B
and D, von Kossa stains for calcium salts; all x300.

but was obtained with the following protocol: injec-
tion of 200 uCi of *H-EHDP directly into the left
atrium, fixation of tissues in absolute alcohol, and
exposure of epoxy-embedded sections to emulsion for
6 wk (Table I, Fig. 2). It was found that significant loss
of tissue radioactivity and calcium occurred with
aldehyde and osmium fixatives, whereas minimal loss
(less than 5%) occurred with alcohol fixatives (Carnoy’s
solution and absolute alcohol). Furthermore, use of 3H-
EHDP overcame difficulties encountered with
®wmTc  a short half-life gamma emitter with some
secondary beta and Auger production. Analysis of tis-
sue samples from two dogs demonstrated a close
correlation  (r =0.95 and 0.99) between %™Tc-P
and *H-EHDP levels, indicating that SH-EHDP auto-
radiography accurately reflected the localization of the
complete ®™Tc-P radiopharmaceuticals (Table II).

Concentration of Technetium-99m Phosphorus Agents

Autoradiographic findings in absolute alcohol fixed,
epoxy embedded sections from two dogs with 44 to
48-h-old myocardial infarcts revealed selective locali-
zation of increased *H-EHDP activity in the peripheral
regions of acute myocardial infarcts (Table I, Fig. 2).
Prominent and extensive labeling occurred over
necrotic muscle cells of the infarct periphery, which
exhibited widespread hypercontraction of myo-
fibrils, focal deposition of fibrin-like material, and
selective accumulation of relatively insoluble calcium
deposits primarily but not exclusively in mitochondria
(26-31) (Figs. 3 and 4). Some labeling of interstitial
cells was present, but little activity was noted over
neutrophils. Interstitial regions adjacent to some
arterioles also exhibited prominent labeling.

Some of the sections for autoradiography contained
amixture of necrotic myocardium and border zone myo-
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TABLE I
Autoradiographic Localization of Tritiated Diphosphonate
in Two Canine Hearts with LAD Occlusion for 2 Days

Labeling
Area index*
Normal myocardium 6.3+2.1
(n=10)%
Border myocardium without histologic 12.3+2.6§
damage (n=11)
Border myocardium with severely damaged 143.4+20.6"
muscle cells immediately adjacent to (n = 10)
necrotic muscle cells
Peripheral zone of infarct with necrotic 167.1+35.9
muscle cells (n =18)
Central zone of infarct with necrotic muscle 1.0+0.6§
cells (n=28)

Data are given as mean=SEM.

* Labeling index is the number of developed silver grains
over tissue minus developed grains over background per
unit area (0.0054 um?).

1 Number of microscopic fields examined.

§ P < 0.05 when compared with normal myocardial values
(Student’s t test).

"P < 0.0005 when compared with normal myocardial values
(Student’s t test).

cardium in which muscle cells did not show histologic
evidence of necrosis but exhibited prominent accumu-
lation of lipid droplets indicative of significant damage
and metabolic impairment (32). Electron microscopic
examination confirmed the occurrence of abnormal
accumulation of lipid droplets in these border
zone muscle cells (Fig. 5). Some of these muscle
cells were otherwise ultrastructurally intact, but others
showed additional alterations, including focal lysis
of myofibrils, vacuolar dilatation of sarcoplasmic
reticulum and T tubules, mitochondria with a con-
densed configuration, and swollen mitochondria with
early calcium deposition in the form of small, annular,
granular, amorphous, or microcrystalline calcium
phosphate deposits (26-30) (Fig. 5). In the autoradio-
graphs the damaged border zone muscle cells as well
as necrotic muscle cells showed significant labeling
(Table I, Fig. 2). In other sections obtained within
1 ¢m of the gross edges of the infarcts, border zone
muscle cells showed generally low levels of radio-

activity, but intense labeling of a few necrotic muscle
cells was observed in these regions (Fig. 2).

Tissue levels of *™Tc-P agents and calcium. Anal-
ysis of tissue levels of ™Tc-P and calcium was per-
formed in eight dogs sacrificed 1-2 h after administra-
tion of the radionuclides (Figs. 6 and 7, Table II).
Values for #™Tc-P (% dose/g wet weight x 10%) and
calcium (ppm/g wet weight), respectively, were 3.3
+1.3 (standard error of mean) and 17.4+1.7 in normal
myocardium and 0.60+0.08 and 14.8+4.8 in normal
skeletal muscle of the eight dogs. Elevated levels of
calcium were measured in all sites visualized scinti-
graphically, namely, bone, lactating breast, necrotic
thoracotomy muscle, and infarcted myocardium; how-
ever, levels of ®™Tc-P uptake in the various tissues
did not correlate in a linear manner with calcium con-
centration (Fig. 6). A more detailed analysis was under-
taken of the distribution of ®™Tc-P and calcium in
infarcted myocardium. Study of corresponding histo-
logic sections allowed assignment of samples for
tissue assay to the various histopathologically defined
infarct zones (3, 4). Total number of infarct samples
assayed for each dog ranged from 15 to 35. To over-
come dog to dog variability in absolute #*™Tc-P and
calcium levels, abnormal-to-normal ratios were cal-
culated for each dog (Fig. 7). The data demonstrated
that maximal concentration of *™Tc-P (average mean
17 times normal) and calcium (16.7 times normal)
occurred in the peripheral zones of infarcts with ex-
tensive to homogeneous necrosis and variable degrees
of muscle cell calcification. Border zones of the in-
farcts with focal necrosis also had high %™Tc-P levels
(11 times normal) and modestly elevated calcium levels
(3 times normal). Central zones of the infarcts had
moderately elevated levels of *™Tc-P (6.5 times nor-
mal) and calcium (6.2 times normal). Analysis of the
absolute (Fig. 6) or normalized (Fig. 7) values showed
that the levels of *™Tc-P uptake did not correlate in a
linear manner with the levels of calcium in the in-
farcts. In addition to inter-dog comparisons, a statisti-
cal analysis was made of the relationship between
absolute values of *®™Tc-P and calcium in the multiple
samples from each infarct, and the results revealed
a significant relationship between *™T¢ activity and
calcium levels in five of the eight dogs (Table II).

Cell fractionation studies. The distribution of
9mTe-P and calcium in the four fractions from normal
and infarcted myocardium of two dogs with 24-h-old
infarcts is presented in Table III. Major localization

FIGURE 2 Autoradiographic localization of 3H-EHDP in 2-day-old myocardial infarcts. (A)
Routine preparations shows myofibrillar disruption and contraction band formation in
necrotic muscle cells of the infarct periphery, x500. (B) Autoradiography demonstrates
extensive labeling of necrotic peripheral zone muscle cells, x500. (C) Routine preparation
shows mixture of necrotic muscle cells (bottom) and injured border zone muscle cells which
contain numerous lipid droplets (top), x980. (D) Autoradiograph demonstrates significant
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labeling of necrotic muscle cells (right) and adjacent damaged border zone muscle cells
~ (left), x290. (E) Routine preparation shows rare necrotic muscle cells (arrows) in grossly
normal border myocardium obtained within 1 cm of the gross edge of the infarct, x500. (F)
Autoradiograph from the same block shown in E demonstrates intense labeling of necrotic
muscle cells (arrows) and low levels of radioactivity over adjacent border zone muscle cells,
x500. Epoxy sections stained with toluidine blue; A-B, D-F, absolute alcohol fixation,
C, aldehyde-osmium fixation.

Concentration of Technetium-99m Phosphorus Agents
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TaABLE I1
Correlation of Absolute Levels of Technetium-99m Phosphorus Agents, Tritiated
Diphosphonate, and Calcium in Canine Myocardial Infarcts

Dog no. Age of infarct #mTe-p 3H-EHDP Calcium No. samples P r
h % doselg x 10% % doselg x 103 ppmlg

1* 24 25.2+2.7 32.2+3.3 42 0.0001 0.95

26.4+3.1 369.0+44.5 35 0.0001 0.92
2% 20 16.8+3.2 16.7+3.2 27 0.0001 0.99

20.3x4.1 76.8+11.6 19 0.0001 0.88
3* 48 103.1+x14.7 162.2+16.1 24 0.77 —-0.06
41 42 118.2+16.2 194.9+20.6 24 0.89 -0.03
5% 36 31.1+3.8 512.1+75.9 20 0.0002 0.78
6* 72 9.4+0.7 86.8+5.9 20 0.006 0.60
71 24 19.5+£3.5 87.1+5.4 15 0.53 -0.20
81 20 8.7+1.7 118.8+16.7 16 0.0015 0.73

Data are given as mean+SEM.
* Received #™Tc-EHDP.
1 Received ®™Tc-PYP.
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FIGURE 3 Electron micrograph of necrotic peripheral zone muscle cell. The cell exhibits
lysis of the plasma membrane, myofibrillar disruption and contraction bands, glycogen
depletion, lipid droplets, and strands of electron dense material with features of partially poly-
merized fibrin (arrows). The mitochondria are devoid of calcific deposits, but contain amorphous
matrix (flocculent) densities which are composed primarily of osmiophilic organic material and
which are characteristic of advanced irreversible injury. Direct phosphate-buffered osmium
fixation, x15,100.
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FIGURE 4 Electron micrographs of necrotic peripheral zone muscle cells with calcific de-
posits. (A) The mitochondria exhibit very electron dense, calcific deposits as well as less
dense, amorphous matrix (flocculent) densities (arrows). The calcific deposits in some areas
show the spicular appearance of hydroxyapatite-like crystals. (B) These mitochondrial calcific
deposits have a more prominent spicular appearance. Amorphous matrix densities also are
present (arrows). (C) In addition to the spicular calcific deposits in a mitochondrion, a few
small spicular deposits are also localized to the myofibrils (arrows). (A) Direct phosphate-
buffered osmium fixation, x52,400. (B) Double fixation in aldehyde and osmium, Xx65,000.
(C) Double fixation in aldehyde and osmium, x50,400.

Concentration of Technetium-99m Phosphorus Agents 731



FIGURE 5 Electron micrograph of damaged border zone muscle cell. The muscle cell
exhibits intact myofibrils, some glycogen granules, vacuolated sarcoplasmic reticulum
(V), numerous lipid droplets (L), and swollen mitochondria which are devoid of amorphous
matrix densities but contain small, electron dense deposits of early calcification (arrows).
Phosphate-buffered osmium fixation, x16,100. (Inset) High magnification view of electron

dense, annular, granular deposit characteristic of amorphous (or microcrystalline) calcium
phosphate. x99,000.

of ®™Tc-P and calcium occurred in the membrane-
debris and soluble supernatant fractions, with the
soluble supernate showing higher 9™Tc-P and calcium
levels when samples were fractionated in the pres-
ence of 1 mM EDTA. The distribution of recovered
protein remained relatively constant in fractions ob-
tained with or without 1 mM EDTA. The mitochondrial
and microsomal fractions each contained low per-
centages of total recovered ™Tc-P and calcium,
whether fractionation was performed with or without
1 mM EDTA. On electron microscopic examination,
fractions from normal myocardium showed well pre-
served mitochondria; however, fractions from in-
farcted myocardium contained only fragments of dis-
rupted mitochondria and swollen mitochondria with
multiple amorphous matrix densities (Fig. 8). Mito-
chondrial fractions from infarcted myocardium, iso-
lated either with or without EDTA, did not exhibit
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mitochondria with calcific deposits as were observed
in tissue sections of infarcted myocardium.

Comparison of *™Tc-P and protein uptake in an-
terior myocardial infarcts. Table IV summarizes
comparative evaluations of the uptake rate and level
of concentration of ®™Tc-P and ¥'I-HSA in seven dogs
with anterior myocardial infarcts. Concentration of
BII_HSA in infarcted myocardium was modest and only
reached a level of 3.8 times normal myocardium after
a prolonged circulation time of 96 h which allowed for
significant blood pool clearance; concentration in bone
also was minimal. In contrast, *™Tc-PYP was highly
concentrated in infarcted myocardium and bone after
circulation for 6 h.

In vitro studies of calcium binding. Table V sum-
marizes a comparative analysis of the ability of
9mTcQ,-, freshly prepared %™Tc-PYP, and serum
9¥mTe-PYP to complex with insoluble crystalline cal-
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lactating breast (n = 1), and rib.

cium hydroxyapatite and freshly precipitated amor-
phous calcium phosphate (24, 25). As expected,
9mTc.PYP showed essentially complete binding to
hydroxyapatite and amorphous calcium phosphate,
whereas #"TcO,- demonstrated essentially no bind-
ing. Analysis of sera obtained from four dogs at
various intervals after *™Tc-PYP injection revealed
that 51% of total **™Tc¢-PYP activity in serum 5 min
after injection was complexed with serum proteins
and that the proportion of protein-bound *™Tc-PYP
tended to increase, especially at intervals of over 1-h

circulation time. In spite of significant serum protein
binding, ¥™Tc-PYP in serum retained a marked affinity
for sorption with hydroxyapatite and amorphous cal-
cium phosphate. Serum *™Tc-PYP activity obtained at
5 min exhibited 84.6% complexing with hydroxyapatite
and 82.4% complexing with amorphous calcium phos-
phate. Sorption affinity for the two calcium phosphate
species showed a progressive decrease with circula-
tion time, but over 50% sorption was observed with
serum obtained as long as 1h after ®™Tc-PYP in-
jection.
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FIGURE 7 Abnormal-to-normal ratios of calcium and #*™Tc-P radiopharmaceuticals in different
zones of acute myocardial infarcts in eight dogs.
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TaBLE II1

Cell Fractionation Data from Two Canine Hearts with 24-h-Old Infarcts

Medium: 0.25 M sucrose without EDTA

Medium: 0.25 M sucrose plus 1 mM EDTA

Fractions ®nTe.P Calcium Protein #mTc-P Calcium Protein
% doselg x 103 ppmlg mglg % doselg x 103 ppmig mglg
Debris
Normal 0.32 (31.7%) 40.9 (82.6%) 98.1 (78.2%) 0.28 (28.0%) 8.2 (19.1%) 109.1 (81.5%)
Infarct 139 (64.4%) 132.5 (79.3%) 77.6 (72.0%) 9.5 (46.1%) 34.1 (23.1%) 96.2 (80.6%)
Mitochondria
Normal 0.01 (1.0%) 2.5 (5.0%) 1.7 (1.4%) 0.007 (0.7%) 4.7 (11.0%) 14 (1.0%)
Infarct 0.19 (0.9%) 29 (L.7%) 1.6 (1.5%) 0.14 (0.7%) 2.2 (1.5%) 14 (1.2%)
Microsomes
Normal 0.01 (1.0%) 08 (1.6%) 1.1 (0.9%) 0.006 (0.6%) 2.2 (5.1%) 1.1 (0.8%)
Infarct 0.13 (0.6%) 2.7 (1.6%) 1.6 (1.5%) 0.11 (0.5%) 3.6 (2.4%) 1.3 (1.1%)
Supematant
Normal 0.67 (66.3%) 5.3 (10.7%) 24.5 (19.5%) 0.71 (71.0%) 27.8 (64.8%) 22.3 (16.7%)
Infarct 74 (34.3%) 28.9 (17.3%) 27.0 (25.0%) 10.8 (52.4%) 107.5 (72.9%) 20.4 (17.1%)
DISCUSSION zone muscle cells in addition to greater blood flow

The data obtained in the present study indicate that:
(a) **™Tc-P uptake in acutely infarcted myocardium,
and possibly other types of soft tissue damage, is
limited to necrotic and severely injured cells; (b)
tissue uptake of ®™Tc-P agents is localized selec-
tively to sites with elevated calcium levels although a
consistent linear relationship does not occur between
total tissue calcium concentration and levels of *™Tc-P
uptake; and (¢) concentration of %™Tc-P appears to
result from selective sorption of *™Tc-P with various
forms of tissue calcium stores, including amorphous
calcium phosphate, crystalline hydroxyapatite and
calcium complexed with myofibrils, and other macro-
molecules, possibly supplemented by calcium-inde-
pendent complexing with organic macromolecules
(Fig. 9).

Our autoradiographic findings have provided in-
sight into questions regarding the severity of cellular
injury required for *™Tc-P concentration. Although
autoradiography was performed with 3H-EHDP not
complexed with #*™Tc, a strong correlation (r > 0.95)
was found between tissue levels of #*™Tc-P and 3H-
EHDP. The autoradiographic findings, therefore, indi-
cate that some uptake of #™Tc-P radiopharmaceuticals
occurs in significantly damaged border zone muscle
cells (32) in addition to more widespread labeling of
frankly necrotic muscle cells throughout the infarct
periphery. In addition, intense labeling occurred
over individual necrotic cells in border zone regions
with generally low levels of radioactivity. These
findings demonstrate that the observed lack of correla-
tion between extent of histologically demonstrable
necrosis and level of ®™Tc-P uptake in a given infarct
sample is due to labeling of severely damaged border

and delivery of #™Tc-P to partially necrotic regions at
the edges of the infarcts (3-12). Our electron micro-
scopic studies showed that the border zone muscle cells
with increased radiopharmaceutical uptake exhibit
significant damage in the form of abnormal lipid
accumulation, focal myofibrillar lysis and mitochondrial
alterations, including early calcium deposition. Further
studies are needed to determine the ultimate fate of
damaged border zone muscle cells with increased
9mTc-P uptake. Nevertheless, the demonstration of
early mitochondrial calcification in border zone muscle
cells supports the view that injury in at least some of
these cells had progressed to an early stage of irre-
versible damage (26-28, 33-35). It seems unlikely that
cellular injury of the type manifested by autoradio-
graphically labeled border zone myocardium occurs
in the absence of associated cellular necrosis.

Considerable controversy has arisen regarding
mechanisms of tissue concentration of *™Tc-P agents.
Although the theoretical basis for the development
of #¥™Tc-P scintigraphy of bone and acute myocardial
infarcts was adsorption of these agents with calcific
deposits (2, 36-39), some workers have suggested that
factors other than sorption on calcium deposits are
responsible for tissue concentration of these agents
(15-19). The present and previous (38) analytical
chemical studies, however, have demonstrated that
selective in vivo concentration of ®™Tc-P in altered
soft tissues as well as bone is invariably associated
with elevated tissue calcium content. These data are
consistent with the conclusion that phenomena re-
lated to calcium accumulation are primarily responsi-
ble for in vivo concentration of #™Tc-P agents.

In the case of acute myocardial infarction, our cell
fractionation data are in agreement with previous
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FIGURE 8 Ultrastructure of mitochondrial fractions. (A) Mitochondria from normal myo-
cardium are well preserved and exhibit condensed configuration typical of normal isolated
mitochondria. Double fixation in aldehyde and osmium, x23,000. (B) Mitochondrial frac-
tion from infarcted myocardium contains some intact but swollen mitochondria as well as
debris from disrupted mitochondria. Amorphous matrix densities are present, but calcific
deposits are not observed. Compare with Fig. 4. Direct phosphate-buffered osmium fixation,
x42,200.

TABLE IV
Normalized Levels of Technetium-99m Stannous Pyrophosphate and lodine-131 Human Serum Albumin in Seven Dogs

Agent
%mTc-PYP B-HSA

Interval of LAD occlusion, h 30 30 30 24 48 48 96
Interval from injection of agent to

sacrifice, h 6 6 6 24 24 42 96
Normal myocardium* 1.0 1.0 1.0 1.0 1.0 1.0 1.0
Myocardial infarct* 37.3x7.4% 107.0+x16.0 1.5+0.2 3.1x06 2.2+x02 28+0.2 3.8+04
Rib* 60.3 86.7 0.2 24+1.1 0.9+0.3
Blood* 3.0 6.2 4.6 3.9+0.1 4.3 3.2 3.3+£0.2

* Ratios of test samples to normal myocardium.
{ Data are given as mean=SEM.
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TABLE V
Binding of Radiopharmaceuticals to Calcium Hydroxy-
apatite (HA) and Amorphous Calcium
Phosphate (ACP) In Vitro

Protein Bound to Bound to
Agent bound* HA ACP
Y
9mTcO,- — 0.6+0.21 1.7+£0.2
9mTc-PYP — 98.1+0.3 94.9+0.2
Serum **"Tc-PYP (5 min) 51.0+9.0§ 84.6+2.2 82.4
Serum **"Tc-PYP (30 min) 48.2 68.7 67.3
Serum #"Tc-PYP (60 min) 60.2+6.1 67.1+£5.5 55.0+0.6
Serum **™Tc-PYP (180 min) 80.0 43.8
Serum **™Tc-PYP (360 min) 80.3 35.7

* 9mT.PYP activity precipitated by 10% TCA.

{ Data are given as mean+SEM.

§ Measurements were made in duplicate or triplicate on sera from
each of four dogs. Standard errors are reported when measurements
from at least two dogs are grouped for a given time period.

studies which showed major localization of *™Tc-P
in supernatant and other nonmitochondrial fractions
(14-16). In the present study, however, electron
microscopic examination showed that calcific de-
posits were not preserved in the mitochondrial frac-
tions from infarcted myocardium. This observation
suggests that fractionation of infarcted myocardium

results in artifactual lowering of the calcium content of
the mitochondrial fractions due to redistribution of
calcium into other fractions. Our data as well as that of
Dewanjee and Kahn (15, 16) also show that **™Tc-P
and calcium share a similar distribution among the
various fractions. The artifactually low %™Tc-P and
calcium content of the mitochondrial fraction of in-
farcted myocardium likely results from a combination
of solubilization of calcium deposits and rupture of
calcified mitochondria during the isolation procedure.
This conclusion is supported by the work of Jennings
and Ganote who have emphasized that mitochondria
from ischemic myocardium are exceedingly fragile (28).

Although cell fractionation data from infarcted myo-
cardium must be interpreted with caution, the data do
suggest that the elevated calcium content of infarcted
myocardium is not exclusively localized to mito-
chondrial calcific deposits. This is consistent with
our electron microscopic observations which showed
some nonmitochondrial calcium deposition in muscle
cells and which also demonstrated that only some
damaged muscle cells had demonstrable calcific
deposits. Nevertheless, muscle cells of the infarct
periphery did show widespread hypercontraction and
contraction band formation, phenomena that are typi-
cally associated with massive calcium accumulation
with or without formation of ultrastructurally demon-
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1
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FIGURE 9 Proposed pathophysiologic basis for the scintigraphic detection of tissue damage

with ®™Tc-P radiopharmaceuticals.
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strable mitochondrial calcium deposits (3, 26-35).
Damaged border zone myocardium with mildly ele-
vated calcium levels and focal mitochondrial calcifica-
tion also showed significant *™Tc-P uptake, indicating
that massive calcium accumulation is not required for
9mTe-P concentration. These observations may be ex-
plained by variability in cellular response during the
evolution of ischemic injury. After the onset of mem-
brane damage in areas with significant blood flow,
muscle cells become exposed to increased amounts of
calcium derived from plasma (26-28, 33-35). This
calcium may complex with myofibrils and other or-
ganic constituents of the cells (40). Plasma proteins
also accumulate in severely damaged muscle cells
(31, 41), and these proteins also may participate in
calcium binding (42). Formation of ultrastructurally
demonstrable mitochondrial calcific deposits ap-
parently occurs only in cells which retain active mito-
chondrial function during a period of marked calcium
influx (26-28, 43, 44).

Our results showing lack of a linear relationship
between #*™Tc-P uptake and total tissue calcium con-
centration are consistent with available data regard-
ing the interaction of ®™Tc-P agents with various forms
of tissue calcium stores. It is now appreciated that
initial stages of calcium accumulation and calcification
involve accumulation of calcium from plasma fol-
lowed by precipitation of calcium phosphate in the
form of amorphous (noncrystalline) and relatively
soluble deposits with very high surface to volume ratio
(24, 25, 45). Subsequently, nonreversible hydrolysis of
amorphous calcium phosphate results in the forma-
tion of insoluble, crystalline hydroxyapatite which
undergoes progressive crystal growth into spicular
deposits and progressive reduction in surface to volume
ratio as the crystals enlarge (45). In biological calcifica-
tion, the process appears to have an initial intra-
cellular phase involving mitochondria with subse-
quent extracellular deposition of mineral (43, 45).
In certain forms of pathological calcification, includ-
ing calcification after acute myocardial ischemic injury,
both amorphous (or microcrystalline) and crystalline
calcific deposits can be found in mitochondria
(26-30), in association with calcium complexed to
myofibrils and other organic macromolecules in
the damaged cells, as described above. Conversion
of amorphous calcium phosphate to hydroxyapatite in
ischemically damaged tissues may be facilitated by
low levels of ATP and magnesium (46, 47) and by a
slightly alkaline pH in damaged regions receiving
significant blood flow (48, 49). Pathological calcifica-
tion also can result in deposition of unusual species
of calcific material (50). Thus, calcification represents
a dynamic process such that total calcium concentra-
tion reflects the sum total of constantly changing
populations of calcium complexed with organic

Concentration of Technetium-99m Phosphorus Agents

macromolecules, amorphous calcium phosphate de-
posits, and crystalline calcific material in different
stages of growth.

Several studies have shown that the degree of
phosphate and diphosphonate uptake for a given
amount of calcific material is not constant but varies
directly with the surface to volume ratio which in
turn is dependent upon the stage of crystal growth
(38, 39, 45). Thus, calcific deposits in initial stages
of formation have higher surface to volume ratio and
higher sorption affinity for phosphate and diphos-
phonates than do fully mature hydroxyapatite crystals
(38, 39, 45). This is consistent with autoradiographic
studies which have shown that radiopharmaceutical
distribution in normal bone does not occur randomly
but is selectively localized to regions of active calcifica-
tion along the edges of bony trabeculae (39). Vas-
cularity and local blood flow also influence the degree
of 9mTc-P uptake (4, 7-12, 38, 39, 51). Thus, the lack
of a linear relationship between *™Tc-P and calcium
levels appears to result mainly from local differences
in blood flow as well as from the composition and
physiochemical properties of tissue calcium stores.

It is also important to point out that any investiga-
tion of the relationship between *™Tc-P uptake and
calcification must take into account differences in
solubility of various calcium species. Amorphous cal-
cium phosphate, the initial stage of tissue calcifica-
tion, is much more soluble than crystalline hydroxy-
apatite (45) and may not be preserved in routinely
prepared tissue sections (52, 53). In addition, radio-
graphic visualization of calcification appears limited to
foci of massive calcification containing abundant
crystalline hydroxyapatite (38). Therefore, failure to de-
tect calcification by routine histochemical or radio-
graphic methods does not necessarily mean that
®¥mTc P concentration in a given soft tissue lesion
occurs in the absence of elevated tissue calcium
content (19, 37, 54).

Other theories regarding **™Tc-P uptake have pro-
posed that high affinity binding of **™Tc-P occurs on
various organic substances, including organic matrix
of bone (18), tissue phosphatases (19) and various pro-
teins of damaged tissues (15, 16). Dewanjee and Kahn
have proposed that concentration of *™Tc-P in acute
myocardial infarcts results primarily from polynuclear
complexing with denatured proteins and other macro-
molecules (15, 16). This thesis was based on data sug-
gesting that complexing of pyrophosphate with *™Tc¢
imparts an affinity for protein binding and results in
higher infarct to normal ratios for %™Tc-P than for
free pyrophosphate (15, 16). In the present study,
however. absolute levels of *™Tc-PYP, **™Tc-EHDP
and 3H-EHDP in infarcted myocardium were found
to be equivalent. In addition, Coleman et al. reported
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similar absolute concentration of 3*P-pyrophosphate
and %"Tc-PYP in infarcted myocardium (14).

The present and previous studies have shown that a
significant fraction of circulating *™Tc-P is complexed
to serum proteins (15, 16, 36, 55) and that serum pro-
teins do deposit in damaged myocardium after de-
velopment of defects in membrane integrity (3, 31, 41).
Nevertheless, the present study has shown that: (a)
intravenously injected ®'I-HSA exhibits a significantly
lower uptake rate and level of concentration in in-
farcted myocardium and bone compared to %™Tc-P;
(b) complexing of #™Tc-P with serum proteins re-
sults in only minimal reduction in the affinity of serum
9mTo.P activity for complexing with hydroxyapatite
or freshly prepared amorphous calcium phosphate dur-
ing the lsth after injection of *™Tc-P; and (c)
significant reduction in calcium complexing affinity of
9mTe-P only occurs with circulation times of over 1 h
when a large proportion of injected *™Tc-P has cleared
the circulation (55), suggesting that only a small frac-
tion of injected #™Tc-P has impaired calcium complex-
ing affinity and delayed clearance from the circulation
as a result of relatively tight binding to serum proteins.
Since hydroxyapatite has a known affinity for protein
binding (56, 57), some of the complexing of serum
9mTe_ P with calcium may be mediated by adsorption
of calcium with the protein moiety of protein-bound
9mTc.P; however, the data suggest that serum protein
and *™Tc-P mainly undergo relatively loose coupling
and that complexing of *™Tc-P with serum proteins
primarily serves a carrier function.

The data reviewed above indicate that complexing
of circulating #™Tc-P to serum proteins (and, probably,
serum calcium) plays an insignificant role in subse-
quent tissue concentration of these agents. The avail-
able data, however, do suggest the possibility that
uptake of #*™Tc-P in damaged soft tissues may be
partially mediated by complexing with denatured
native proteins and other organic macromolecules as
well as with serum proteins previously deposited in
the damaged tissue. Dewanjee and Kahn have sug-
gested that organic macromolecular complexing of
9mTe-P may be enhanced by an increased affinity of
tissue macromolecules for **"Tc-P binding induced
by changes in tertiary structure after tissue injury
(15, 16). The data of Schelbert and associates (17) also
can be interpreted as supporting the organic macro-
molecular complexing theory. Utilizing an in vitro fetal
mouse heart organ culture system, these workers
showed that *™Tc-PYP concentrated to a modest
degree (2.8 times normal) in myocardium irreversibly
injured by a combination of anoxia, substrate depriva-
tion, and hyperthermia and that this modest uptake
was not diminished when irreversible injury was pro-
duced in hearts cultivated in calcium-free medium (17).
These observations, however, do not exclude the possi-
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bility that native stores of tissue calcium played a
role in the uptake of #™Tc-PYP by fetal mouse myo-
cardium.

Complexing of #*™Tc with tissue components has
been suggested as a major factor in the concentration of
other *™Tc chelates as well as *™Tc-P agents in
infarcted myocardium, possibly due to transchelation
of the ®"T¢ from the radiopharmaceuticals to dam-
aged tissue constituents (58). In the case of **Hg-
organomercurials, the degree of concentration in
damaged myocardium appears influenced both by
the presence of mercury and by the nature of the or-
ganic molecule (59, 60). It is clear, however, that
free pertechnetate does not concentrate significantly
in damaged myocardium even though circulating per-
technetate is loosely bound to plasma proteins (61).
Tissue calcium stores as well as the ™Tc¢ moiety of
radiopharmaceuticals may play a role in organic macro-
molecular complexing of radiopharmaceuticals since
the process of polynuclear complexing is facilitated
by a variety of metal ions (15, 16). Further study
appears warranted to elucidate the relationship be-
tween relative calcium complexing affinity of various
radiopharmaceuticals and relative levels of concen-
tration of these agents in damaged myocardium.
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