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INTRODUCTION

It has recently been demonstrated that several 9
~~~Tc labeled radiopharma-

ceuticals localize in acutely damage d myocar dllum , 2, 3,7, 10, 18, 20 ,23, 24 , 43, 47 ,51

skeletal m uscle, 20’45’50 and other tissues. 12,20 ClinIcal studies have shown
the utility of these radiopharmaceuticals for imaging of recent myocardial in-
farcts 24’43 and active skeletal muscle inflam matory disease , 6,29 and several
investigators have suggested that the intensity of the tissue tracer accumulation
is closely linked to the extent and severity of the injury. 10. 24, 47, 50, 51

The mechanism by which these compounds localize in damaged tissue is
unknown. In the case of “bone—seeki ng” radiopharmaceuticals (99mTc labeled
polyphosphate, pyrophosphate, and diphosphonate) it has been suggested that
their localization is related to the deposition of calcium in injured cells. 2,7

Although there is abundant evi dence that calcium accumulates in damaged myo-
cardlal and skeletal muscle cells37’48 ’49’53 and that crystalline deposits re-
sembling hydroxyapatite form in various organelles 4’5’ 11,25,48,53 there is
Inconclusive evidence demonstrating the relation between calcium deposition and
tracer accumulatIon . 8,32 To evaluate the pathogenests of tracer localization in
damaged muscle, in the present study we have correlated the tissue uptake of
9
~~~Tc-Sn-diphosphonate (ethane-1-hydroxy-1, 1-diphosphonate (EH DP)) with the

change In tissue calcium concentration in an animal model of acute skeletal mus-
cle injury. In addition, vitamin D (as dihydrotachysterol) was administered to
some experimental animals to test the hypothesis that hypercalcem$a would re-
sult in Increased deposition of calcium, and consequently, of 99mT0 EH DP in
damaged muscle. The histological localization of the calcium deposited in the
Injured muscle tissue has also been studied and correlated with other bi stochem-
Ical findings .

METHODS

Animal model. Male Osborne-Mendel rats weighing 140-180 g were used
in all studies. lschemic myopathy was Induced in the manner previously 

~~~~~~~~~~~~~~ -



reported. 35, 36,50 BrIefly, under pentobarbita l anesthesia , the abdomina l
aorta was ligated just proximal to its bifurcation and 5 days later , 5-

hydroxytryptaniine (5-HT) was administered intraperitoneally at a dosage of
15 mg/kg body weight. Animals undergoing ligature were fully recovered with-

in 48 hours. In this model, only the hindlimb muscles are injured and the fore-
limb muscles can serve as control tissue in each animal. The induced injury is
characterized by r-. Jltiple microscopic infarcts , which have been considered
histologically similar to the early lesions of Duchenne muscular dystrophy. ~
The damaged muscle also exhibits an acute decrease in potassium concentration
and increased uptake of 9

~~~Tc EHDP. 5° Concomitantly, the animals have ele-
vations of plasma creatine phospholdnase. 36

To assess the effects of increased plasma calcium on the deposition of
both calcium and 9

~~~Tc EHDP in injured muscle, some rats were pretreated
with dihydrotachysterol (DIIT). The drug (1 mg in 4 ml sesame oil) was admin-
istered by gastric tube 24 hours prior to 5-HT injection.

Tracer distribution and tissue calcium studies. The muscle uptake of
9
~~~Tc EHDP was determined in control rats (n = 5), animals treated only with

DHT (n = 4), and ischemlc myopathy rats with (n = 8) and without (n = 7) DHT
pretreatment. Twenty-four hours after 5-HT injection and/or 48 hours after
DHT admini stration, the rats were injected Intravenously with O9mTc EHDP
(0. 1 mg, 300 MCi 9~~~Tc, in 0. 1 ml normal saline). Two hours later , 0.2- to
0. 6-g samples of both quadriceps , both gastrocnemii , and both triceps brachi-
ali s were obtained, weighed, and counted in a NaI(Tl) crystal well nounter along
with dilute standards of the radiopharmaceutlcal. The uptake results were ex-
pressed as the percent of the injected dose per gram wet tissue.

After they were counted, the muscle samples were digested overnight In
1 ml concentrated nitric acid, and the digest was then di luted to 10 ml with de-
ionized water. The calcium and potassium concentrations of these solutions
and appropriate blanks were measured by atomic absorption and flame
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spectrophotometry, respectively. The results were expressed as micromole s

per gram wet tissue.

Plasma enzyme and calcium studies. In a parallel study, plasma creat i ne
phosphokinase (CPK) and calcium were determined in normal rats (n = 18) and
at varying times after treatment with DHT (n = 23), InductIon of iscbemic myop-
athy (n = 39), or both (n = 48). Calcium was determined by atomic absorption

spectrophotometry and CPK activity was measured by the method of Rosalkl . 46

Comparison study of 99mTc EHDP and 3H EHDP. In 12 additional animals
(2 control , 4 with isohemic myopathy and 6 with ischemic myopathy following
DHT pretreatment), the muscle uptake of both 99mTc EHDP and 3H EHDP was
measured. Ischemic myopathy rats were studied 24 hours after 5-HT injecti on.
Each rat was first injected intravenously with 99mTC EHDP in the same dose
noted above and then 2-3 mm later with 3H EHDP (0. 5 mg with specific activity
20 uCi/mg in 0.2 ml normal saline). Muscle samples were obtai ned 2 hours
later , weighed, and assayed for 9

~~~Tc as described above. After the 99mTC
had decayed, the muscle samples were digested in 4 ml “NCS” (Antersham/
Searle) and the 3fl activity was determined by liquid scintillation counting. Re-
sults were expressed as percent of the Injected dose per gram wet tissue.

Histologic studies. Samples of quadriceps from normal rats and from
animals with ischemic myopathy (24 hours after 5-NT) with and without DHT
pretreatment were obtained for histologic evaluation. Pa rallel sections (10 pm
thick) of fresh frozen tissue were stained with alizarin red for calcium salts, ~3

modified trIchrome ,~
5 nonspecific esterase, 38 NADH-tetrazoiium reductase

(NADII-TR), 4° alkaline phosphatase, 16 EDTA-reversed ATPase, 13 phospho-
rylase,52 acid phosphatase, 9 succinate dehydrogenase39 and myofibrl liar aden-
osine triphosphatase reactions.42 Prior to the all zarin red staining some sec-
tions were washed either (a) for 2-60 mm with 5 mM [ethylenebis(oxyethylene-
nitrilo)] tetraacetic acid (EGTA) solution , pH 7. 0 or 8. 0, 20°C, or (b) for 2 mm
In distilled water.

7



RESULTS

Tracer distribution and tissue calcium studies. The mean values for mus-
cle 99mTc EHDP , calcium , and potassium concentrations are shown in Table 1.

Table 1. Muscle Diphosphonate, Calcium , and Potassium Concentrations*

9
~~’Tc-0I phosphona te CaIcliri Potassiian

_ j ~~g~~j j ~ x o~. ~~~ esjg ,w.i1esJ~

Control 30 13.0 ~ 4.4 3. 38 ~ 0.61 109.4 4. 7

DIII only 24 23.6 ~ 6.4’ 3.78 ~ 0.73 100.4 ~ 5.4 ’

Ischemic Myopathy

Triceps brachialis 14 12.1 t 1.2 320 0.69 114.8 ~ 4.1
’

Gastrocnemius 14 827 + 8 5 7 i.d 
~~~ ~ 96a d  93.0 + 1 9 3 a .d

Quadriceps 14 210.4 • 8 5 8 a d .e 8.71 
+ 4 2 1 a d ,e 5 6 7  • 2 6 6 e d .e

lschemic Myopathy + DHT

Tri ce ps brach i a l is  16 12. 5 ~ 4~0b 3 7 9  t 1.46 110.3 ~ 5 2 b ,c

Gastrocnemius 16 99.2 • 981 a.b,d + 2 2 2 a .d s~.o ~ 1 5 6 a,b ,d

Quadriceps 16 308.2 ~ 115 6a~~,c,d,e 11.36 r 5~56a.b.d.e 61.6 ~ 2 2 3 a.b.d..

‘Results presented as mean I standard deviation

- ~ Significantly ~1fferent by t-test at p .05 compared to control’, Cl-IT 0,17b, or to corresponding ischeiIiiC
Iuiyopathy group . The s ta t i s t i ca l  co mparisons be twee n the ~ 1T only and ischemic myopathy groups are not ShOw n.

d ~ significantly ~iffe rent by paired t- test at p (.05 compared to corresponding triceps brachialis d o~
.

gastrocoenius.

The quadriceps , gastrocnemius, and triceps values were pooled for control ani-

mals and for rats treated only with DHT since there were no significant di ffer-

ences between the Indivi dual muscles within these two groups. DHT treatment

alone resulted in slight increases In muscle 9~~~Tc EHDP and calcium concen-

trations and a slight decrease in the potassium concentration.

As we reported previously 50 Ischemmc myopatby resulted in markedly in-

creased uptake of 9
~~~Tc EHDP in the quadriceps , accompanied by a decrease of

potassium concentration in that muscle. We now find that the calcium concen-

tration is also prominently Increased in injured quadriceps. Similar but less

marked changes were noted in the gastrocnemli. The triceps brachialis values

8



were not different from those of control rats except for a sligh t but statistically

significant increase in potassium concentration. Thi s latter change possibly

reflects a redistribution of body potassium following a release of potassium

from the injured hindlimb muscles.

DHT pretreatment of rats with i nchemic myopathy resulted in even gr~~ter

uptake of 9
~~~Tc EHDP in the quadriceps. The concentration of calcium in the

quadriceps of these animals was higher than tha t in myopathic rats not pre-

treated with DUT , but the mean values were not signi ficantly different (p = 0. 161

due to the large variability within each group. The quadriceps potassium con-

centrations were similar in myopathic rats with and without DUT pretreatment .

in the gastrocnemii , similar but less marked differences in EHDP and calcium

concentrations were noted between DHT pretreated and nonpretreated ischemic

myopathy animals. The triceps values in these animals were not different from

those of control rats.

There was a highly significant correlation (r = 0. 778, p<O. 001) between
9
~~”Tc EHDP uptake and calcium concentration in the individual muscle samples

from all 24 rat s (Figure 1).

Os ! T ~ I I.

Figure 1.
0 4  - / - Relationship between muscle calcium

I concentration and 99~~Tc EHDP uptake .
/ Points represent the values for indi vid-

- 
• / - ual muscle samples. The line shown is

•• / the calculated regression line with equa-
~,. :,‘ t i o n Y = 0 . 025X-0.046.

0 2 -  • .~~. 
-

. 
4 . .

0)
0i
w

- r.0 778 (p.0 001) -:
I IC0— 10 15 20 25

MUSCLE CALCIUM (~M,~)
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Plasma enzyme and calcium studies. The plasma CPK concentration was

markedly increased after Induction of Ischemic myopathy (Table 2). Peak val-

ues occurred 6 hours after administration of 5—HT . In DHT pretreated rats with

ischemic myopatby, plasma CPK values were significantly lower at 3 and 6 hours

Table 2. Plasma Creatine Phosphokinase Concentrations (IU/ml)*

Time after Time afte r Cl-IT Ischeniic Ischemic
DHT (er) 5-HI (hr) _ ç~~~ gl 0nly

___
_ NYggat~y Myopathy + OuT

— 102 42 254 ~
____________ _____________________ 

(18) 
__________ ________ 

(5) 
_______________

6 - 343 ~ 154 276 ~
(4) (6)

12 - 164 + 24 b 142 64

______ ____ 

(5) (6)

24 - 226 ~ 93b 142 ~ 114’
(5) (6)

27 3 4366 + 1868b 1743 + 1361b ,c

_______________ ______ ~5) (6)

30 6 

- 

5987 ± l229~’ 3663 + 1633b ,c
(5) 

- 
(5)

36 12 387 + 137b 378 + 168b
(6) (5)

48 24 229 175 193 4 
118b 190 ~

(9) 08) (14)
+Results presented as mean - 1 standard deviation and (is )

120 hours after aortic ligation

b Statistically significant at p . 0.05 by unpaired t-test compared to control

C Statistically sign ificant at p 0.05 by unpaired t-test compared to ischemic eiyopathy group
it correspond ing time after 5-HI

after 5-HT administration compared to the values in myopathic rats not pre-

treated with DHT. The values were similar in the two groups 12 and 24 hours

after 5—N T injection.

Dihydrotachysterol caused a progressive elevation of plasma calcium from

6 throu gh 48 hours after a single oral dose (Table 3). In rats with ischemic my-

opathy (with and without DHT pretreatment) there was a transient , slight de-

crease in plasma calcium 3 hours after 5-lIT injection compared to the value

10



Table 3. Plasma Calcium Concentrations (~ moleH/ml) *
Time after Time after OuIT lscheinlc tschmelc

DHT (1w) 5-HI (hr) Control Only u~’opathy myopathy + DIIT

2.58 ± 0.37 2.62 ~ 0.1 11
( 18) 

________ 

(5)

6 - 3. 18 + 0 1 9b 2.98 ~
____________________ ___________ 

(4) (6)

12 - + ~~5~b 3.01 +

____________________________________________________ 

(5 ) (6)

24 - 3.62 ~ 0•20 b 3.68 + 0 2 9 a,b

________________________ 

(5) 
________ 

(6)

27 3 2.26 ~ 3. 36 ~
_______ _______ _______ 

(5 ) (6)

30 6 2.44 ~ 0.10 3.58 +
(5) (5)

36 

- 

12 2. 78 ~ 0~18b 3.69 ~ 0 1 7 b,c

_________ _______________ 

(6) 
_______ 

(5)

48 24 3.86 ± 062b 2.57 0.32 3.67 ~ 048
b.c

(9) (18) (14)

AU conditions and footnotes same as in Table 2

just before administration of this drug. This acute change in plasma calcium

possibly reflects entry of calcium into injured muscle cells.
Comparison study of 9

~~~Tc EHDP and 3H EHDP. The correlation was ex-

cellent (r = 0. 894, p< 0. 001) between the muscle uptake of 99mTC EHDP and
3H EHDP over a wide range of observed values (Fi gure 2).

Histologic studies. Tissue was examined at 24 hours after 5-NT admin-
istration with and without DHT pretreatment (Figures 3-6, Table 4). This ex-
perimental myopathy is characterized by the presence of multiple ischemic in-
farets of small and large groups of muscle fibers and, in minimally affected
areas, of some individual fI bers. ~~ Three general zones were identified by the

alizarin red staining pattern of larger lesions (Figure 3). All skeletal muscle

fibers were of approximately normal diameter. The outer zone was narrow,
usually about the width of 3-10 fibers , and exhibited marked staining of the
fibers for calcium (Figure 5). (Small lesions, less than about 6-20 fibers in

11
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— 

Figure 2.
/ Relati onship between muscle uptake of

- / 3H EHDP and 9~~~Tc EHDP. Points
/ represent the values for individual mus-

< 0 4 - / -

/ cle samples. The line shown is the cal-
/ culated regression line with equation

Y = 1. O1OX+0. 001.

~~ O 2

/ . r.0 894 (p.O 001)
.‘ n.72

1•
p Ic0 0 2  04 06

MUSCLE 3H.OIPHOSPHONATE (% dose/g)

diameter, exhibited only this staining pattern.) In addition , there was greatly

increased staining of the smooth muscle of small arteries and veins within the

outer zone. The intermediate zone was usually about 2-4 fibers in width. It

had only slightly increased calcium staining of most of the muscle fibers , with

a few heavily stained , but no staining In capillaries. The inner zone comprised

the bulk of the large lesions (Figure 6). Like the intermediate zone, it had only

slightly increased calcium staining of the muscle fibers, but in addition there

was marked staining of capillary contents. Those capillaries appeared con-

gested and in some places bad exuded their contents into the interstitial region.
Pretreatment with DHT did not alter the appearance of the lesions or the

distribution of alizarin red staining. Specifically, there was no evidence of

additional extracellular staining to suggest that DHT had produced metastati c

calcification. No attempt was made to quantitate the intensity of staining in

lesions of animals with and without DHT pretreatment .

Pretreatment of the sections for as little as 2 mm with 5 mM EGTA re-

moved all of the alizarin red staining from control muscle and from the histo-

logically normal regions of muscle containing scattered infarcts, except for a

12
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Figure 3. ParaLlel sections from a large Infarct. The normal region Is at the
left (in that region one fibe r Is marked with an arrow for comparison
of the three sections). a. modified trichrome, b. alizarin red for
calcium , c. NADH-TR; alt X 48. The calcium stain most clearly
demonstrates the three zones within the more darkly stained Infarct
region (right three-fourths of field) in contrast to the pale normal
region (left one-fourth of field) . See Table 4 for details.
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111
Figure 4. Modified trlchrome stain of two regions from the same section:

a. normal region, and b. Inner zone of a large infarct. In the
timer zone, muscle fibers are separated by interstitial edema
and have lost the dark staining of their nuclei and intermyo-
fibrillar networks. X 190

faint pink background staining. After 30-60 mm incubation in EGTA, the faint
background staining diminished equally in both the infarcted and the control re-
gions. On the other hand, prewashing In distilled water for 2 mm did not lessen
the alizarin red staining intensity. These findings support the contention that

alizarin red localizes calcium deposits in tissue. ~~
The additional histochemical characteristics of the three zones are sum-

marized in Table 4. In the inner zone, all tissue elements (muscle fibers and

blood vessels) were nearly metabolically dead. In the outer zone, there was a

mixture of normal, partially damaged, and phagocytosed muscle fibers. The

intermediate zone was transitional, with some metabolically dead fibers and

some only partially thmaged; however, no phagocytosis was noted. Of partic-

ular interest was the phosphoryla.e reaction, which by its absence sharply

delineated all of the abnormal, alizarin red positive fibers , Including those

14



- ~::~~~
e 

~~~~~~~~

Figure 5. DetaiL of the border between the normal (Lower left) and the infarct
regions. Alizarin red for caLcium , X 75. All abnormaL fibers are
stained darker than normal ; some in the outer zone are intensely
stained thrbughout and others exhibit punctate staining.

with normal architecture, from the normal alizarin red negative fibers. This
reaction thereby appeared to identify the exact extent of the ischemic lesions.

Figure 6.
Detail of the inner zone of an infarct.

~~ most likely thrombosed capillaries;

~~~~~~~~~~~~~~~~ 

. 
‘

~ 

.
~, 

there is some spillage of their contents
Into interstitial regions.

ti  

•~~~ .• .

.
.
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Table 4. Summary of Histocbemical Findings in Isohemic Myopathic Lesions
NiMortoonlcsl r..dU.e ~h.Wr me. lainre.sthate zone Inner ,osw

Mothlted t.khroin. DNsS.r111J 4 tVi.ru ~ d °~ or~tho- Pad I ermv.4LrUl&y tietworb )lr.i u.t.rn.v. llbriIIa r netw ork
k.Øcslly lnte.ct” (Lava, Nore.aI of e.uact. fibers Lcreaend. of novsvle fiber. sirtualls lost.
..cl.a r etalning. IM.r.tllMJ ~ ne- Nuclear staining ntmlalale.d. Nov ear .tainU.g striballs lr..(.
r o a  and neatraglils present liar. lMsr.UUaI ntngsnoua lnt.rntltLil e4ma. h Inter -
with gocyio.ls of .~~~ ~ n.agsd .sll . ItlUil .nogenres ~11i ot phaff 0~
fI*T.. cytoal..

Alli.rU, red, for cak tue. Msrk.nty lncr,as.d .tilaibg of Slightly b.s-rrn.cd muscle - Slightly increased mosrle-hb.r
,quaclo fiber, tiff.,. or p uctetsi (User staining phhfuar intl siatnus. tsiffuse s . Captll~fl..s
No capillary c~~~e*tktu or staining. occssleslly snectetes. 14o cap- contested w its l.e.s. ty stat,led
labasse giLalar staining of .mo.*h lllar~ eongssti se or .taUslitg. .nh.otrophlr n,.dle—rr~.taIs.
wascla .4 small srserw. ssd valise. Co.,.. c.pIIsr~ contain. sØIll,s.

Into nter.tltlal regIon.

P%ospliorv l.a. AU staIning ilveant. tI~rsctly Ce- All staining abase.. All .ta n.ng shine..
related with lnrrsss.d gu iana red

NA flit- lit sad .vccijse*.- fli Normal .lainbtg 1 sorse muscle Dsrylss.d MaiiiIng .1 m usc le bla rkeUs dec reaSed etalnink of
fIbers. Dt.ni~ .d ~~n.rn la main. fibers. Uecressod stausteg of muss , fiber s and blond s~ .s,

~~~5SST5tMS fibers. Is pba ocy- blood vessel wall., wall..
tuned fiber.. only mac roptaiges
statelist. Usc reaped ssainla* .4
blood opsasl walls,

Uhainladeonztthae ~~rowldeae titscreqaed staIning of ntuacl. Come a. oute r zn... SSIOC us sovIet row -

fiber..

Nyotthrtllar A ll’... Slightly reti.red ptalnlng of musc le 5ll,Ml ~ retired .tOlfltflt of SII~htIs ~~~~~~ ~~~~~~ 
of C cvi-

fibers. Oreat is reti_iced staining ,.~o..•ls fiber.. M a.,s-mI~ed ci. fi ber.. hlrdissrn-,i,cd .110-r-
ot phasos-ytosed fibers, Metiim - are, Is’. disirnIod, so,... I.. sh.U’n,ksi acme th rs mlvs .r I.
51.54 .rterle. dIstended, son,. thro,,vho ed.
thraishosed.

A lkaline pbospislase StaIning .1 proIfle rstIng flbroblasla , Abs,flt staining of son,. ..~nIl- Alsnv -,d r.ptIIs rs .t.i.si n ,. N, net.-
neutrophile land ‘P ,nacr. hsgni. larks. Part St . med nevlro- troplule o r 0155 Iopl.a .~~ s p rus,-nt

Normal capillary staIning. p1,11. and ‘P n .rropl.sg,sv.

Nonspes- lfk esters.. Diffusely decreseed sr abase. Absent .tatnibl of mus~ I. AIssent $tt.1flIfl~ of 1,5055 Ic ftIcv- ~ s ,
staining of esosrle fiber.. 5 .6- fibers . I mtd-plaie. stained. S nd p liilrs st.inrsl. Ms’,nt .s~~I-
plains sta ined. Absent staIning of Absent a k i m b o  of some Ior~ .t .Inmmy .
ia*,,e vapf.flsrl.. . te.rre~ibsges ,-sptflarIns.
slig htly stained.

Av id pbosphst *.e StainIng of marrophegin. Slight iligin st.s.,sIe.I 01 lsmvn.I Ct~ 5115 10 stains,. 1 Is no-nol r ontcnto .4
.talil ~g of Isimnenal ,-.etnnta of tents 54 si-rIusled arte ries. ~ ott ,. Ls vs. N, o av- m-ophsvscv-..
occluded arteries . Most-te fiber tsr. staine d mmiec rovltsges. Sic. , It Iltt~ I’ n,,550I5~~~ 504 vt

ItsuSosts.. tInt ret arthited. Mon -k fiber ls s ,son ~c s viOl ic t is sled.
vet subs pied.

DISCUSSION

Our results demonstrate that the accumulation of 9
~~~Tc EII DP in acutely

damaged skeletal muscle closely parallels the increase in tissue calcium con-
centration which occurs after injury. Dihydrota chysterol alone did not cause
acute muscle damage. When given to aorta-ligated rats it did not increase the
severity of 5-HT induced myopatbic injury as reflected by the muscle potassium
and plasma CPK concentrations. DHT resulted in sustained hypercalcemia as
expected. This was accompanied by, and probably caused, the increased
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Intracellular deposition of calcium in the injured tissue. This increased tissue
calcium probably accounted for the associated further increase in muscle 99mTc
EHDP uptake in DHT pletreated iechemic myopatby rats. These observations
suggest that the uptake of Ø9mTC EHDP is related to its binding to tissue
caLcium.

When the 99mTC EHDP uptake and calcium concentration in injured mus-
cle are compared with those of control tissue, It is apparent that the tracer up-
take Is increased to a much greater extent than the calcium concentration
(Table 1). For example, in the quadriceps of ischemic-myopathy rats, the

mean 9
~~~Tc EHDP uptake is increased by a factor of 17.4 compared to the

mean triceps value while the calcium concentration increased in the quadr iceps
by only a factor of 2. 7. ThIs observation Is not inconsistent with the hypoth-
esis that the 9

~~ Tc EHDP is binding to calcium deposited in the injured tissue.
It is likely that the tracer binds to calcium salts deposited as microcrystals,
which have been observed by electron microscopy in injured muscle
cells, 4~5, 7~ 11, 25, 48, 53 rather than to tissue ionic or protein-bound calcium.’9

Since we have measured total muscle calcium, the relative increase In tissue
calcium concentration would underestimate the increase in crystalline calcium
deposits.

We have also shown close correspondence between uptake of 99mTc and
3H labeled EHDP by injured muscle. Our findings are similar to those of Klein

et al. 28 who demonstrated good correlation between the uptake of 9
~~’Tc and

32~ labeled pyrophosphate in normal and infarcted canine myocardlum. These

observations suggest that the localization of the ~~mTC stannous phosphate com-

plexes in injured muscle is governed by the pi~up~& es of the parent compound,

i.e., EHDP or pyrophosphate, and is not a unique characteristic of the reduced

technetium complex. Thus, 3H EHDP should be a sui table tracer to further

evaluate the mechanism of 9
~~ Tc diphosphonate localization in inj ured tissue

by autoradiography , subcellular fractionation , and In vitro binding studies with

tissue and tissue components. The greater stability of ~}i EHDP and better
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autoradlographic resolution achievable with the tr it lum label would make it pref-
erable to 9~”Tc for these types of studies.

The alizarin red method Is considered to stain calcium “salts”33 but not
ionic calcium. Therefore the alizarin red staining of the damaged muscle fibers
Is collateral evidence for deposition of calcium salts in the acute lesions of isch-
emic myopathy. The sites of calcium salt deposition within the damaged fibers
cannot be localized precisely by light microscopy. However, a preliminary
ultrastructural histochemical study4’ with pyroantimonate staining of skeletal
muscle fibers from rats with experimental muscle damage or humans with spon-
taneous muscle disease shows pathologic accumulation of calcium in four major
subcellular sites. These are (1) sarcoplasinic reticulum (SB), (2) mitochondria ,
(3) myoflbrils (usually in this order of decreasing intensity, although mitochon-
dn a  occasionally are very heavily laden), and (4) the nucleus (nucleoli and chro-
matin). There are often collections of calcified SR or mitochondria , which
would appear as tiny granules by light microscopy. These cytoplasmic subcell-
ular siteø could explain our light microscopi c findings and are the same as re-
ported In an earlier nonhistochemical , ultrastructural study of pathologi c cal-
cification of skeletal muscle.5 These same organelles also accumulated calcium
after normal rat muscle was soaked in high concentrations of calcium.41

Calcification of necrotic myocardial fibers has been described by several
investigators.4’ 7, 11,48,53 Buja et al.7 have recently shown tha t the intensity
of calcification in experimental canine myocardial i nfarcts decreases from 2 to
13 days after Injury, thus paralleling the evolutionary changes observed on
imaging with 99Th ’l’c pyrophosphate. These investigators have also shown his-
tologically that the marked calcium deposition within the muscle fibers occurs
chiefly In the reperfused outer regions of the inyocardial Infarct , and that the
uptake of 99mTc pyrophosphate occurs almost entirely in this region . In con-
trast , there is virtually no tracer uptake in the nonperfused central zone of the
infarct. The localization of calcium and phosphate In mitochondria of abnormal
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myocardial muscle fibers has been empha sized by several investiga-

tors,4’ 
‘
~ ‘ 11,25,48, 53 but they have not commented on calcium salt deposition

in the myocardial sarcoplasmic reticulum. Crystalline calcium deposits do

form in the SR of Injured skeletal muscle fibers.5’4’ Since the SR of both tis-

sues normally accumulates calcium avidly, this apparent discrepancy may sim-
ply reflect the fact tha t the SR is less promiuent in cardiac muscle compared t~
skeletal muscle and calcium accumulation in it may have escaped notice.

On the basis of the myocardial studies,7’32’44 we would predict that
9
~~~Tc EHDP localization in ischemic myopathy lesions should occur only in

the zones which are perfused at the time of tracer injection (24 hours after 5-

HT administrat ion). In the inner zone , the alizarin red staining material within

capillaries suggests microthromboses and , in addition , inflammatory cells are

absent. Both of these observations suggest that the inner zone is nonperfused.

Thus , in large lesions only the outer zone and part of the intermediate zone

would be expected to accumulate 9~~~Tc EIIDP. Reperfusion probably occurs

throughout small lesions (6-20 fibers in diameter) and consequently tracer

accumulation is likely to be more uniformly Increased in them.

The cause of calcium salt accumulation within the organelles of injured

cells is not known. The following sequence may represent a likely mechanism.

Normally the sarcolemma maintains a large concentration gradient for calcium

between the extracellular fluid and the aqueous sarcoplasm. 1, 14,21,22, 54 It is

known that an early manifestation of muscle fiber injury is damage to sarco-

lenunal integrity. In our model this Is demonstrated by loss of muscle potas-

sium and leakage of muscle CPK into plasma.35’ 36,50 Other Investigators have

demonstrated entry of plasma proteins and other macromolecules Into minimally

injured muscle fibers)7 ’ 27 ,55 Breaks in the sarcolemmal integrity would allow

ingress into injured muscle cells of comparatively large amounts of calcium and

subseq uently of 99mTc EHDP which would bi nd to that calcium. The abi lity to

accumulate calcium is a well documented phenomenon in several subcellular

organelles. In frog skeletal muscle, the sarcoplasm ic ret iculum rapi dly
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transports calcium into its interior by an active process requiring ATP ,31’34

down to an environmental concentration of 0. 1 MM (which is the level necessary

for full relaxation of myoflbrils)) ’ 14,21,22,54 Muscle mitochondria take up

calcium somewhat more slowly, down to an environmental concentration of about

4 M M, but can accumulate large 30 These calcium-transport func-

tions continue In the organeiles after the sarcolemmal membrane is broken and

even proceed in cell fractions In vitro. If these organelles remain active for a

period of time after sarcolemmal injury with Its concomitant increase in the

aqueous sarcoplasm calcium concentration, they wou~d be expected to develop

the massive calcium salt deposits similar to those demonstrable by electron

microscopy when either normal or pathologic muscle is incubated in solutions

with a high calcium concentration. 41 Muscle nuclei , and to a lesser extent myo-

fibrils, also accumulate calcium under such incubation conditions ,4’ but com-

parable biochemical studies with Isolated nuclei and myofibrils are not available.

All of these subcellular accumulations together probably account for the in-

creased muscle fiber calcium we have demonstrated by light microscopy and

measurement of total calcium. This increased calcium salt deposition is likely

to be responsible for the marked increase in 99mTc EHDP localization in Isch-

emic myopathic muscle.

The SR and mitochondria of smooth muscle (pig coronary artery) also

accumulate calcium avidly.26 Thus, a similar sarcolemmal leakage mechanism

in partially damaged smooth muscle fibers might account for the intense aliz-

arm red staining of the smooth muscle in small arteries and veins within the

outer zones of our experimental lesions.

In conclusion, we have demonstrated that calcium salt accumulation

occurs in the injured skeletal (and smooth) muscle fibers of rats with ischemic

myopathy. The localization of 9
~~’Tc EHDP in injured muscle closely parallels

thi s abnormal calcifi cation process. This phenomenon may be applicable to the

clinical and histological identification of abnormal skeletal muscle in various

disorders.
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