
arrangement of the blood supply (1,8,9). Other inves
tigators claim that the pyrophosphate (PYP) does not
accumulate in cartilage and that both @TcO and

99m@@pyp bind to immature collagen (1,10).

Incorporation of phosphate into the hydroxyapatite
crystals during osteogenesis has been established previ
ously. It was suggested that the binding of @mTc@phos@
phate occurs at the calcifying front and not in the
organic matrix (8,11,12). Microautoradiographic stud
ies of@mTclocalization in rabbit bone revealed isotope
concentration along mineralization fronts and not in
bone cells ofa forming or resorbing nature (13). It has
been demonstrated by a recent study that osteogenesis
after injury to the rat tibial bone could serve as a model
for the investigation ofthe uptake mechanism of labeled
99mTcphosphate compounds (14). This is a highly re
producible model ofbone healing, which is triggered by
removal ofthe tibial bone marrow. Tissue regeneration
in this model consists of the following stages: on the
first week after injury, the bone cavity is occupied by a
large quantity of partially calcified young bone trabe
cules. Further calcification of this primary bone is ac
companied by signs of resorption during the second
week. The third week is characterized by completion of
calcification with a concomitant bone resorption proc
ess and restitution of the marrow to its complete mat
uration on the fourth week (15-18).

It has been clearly demonstrated that primary bone
formation following rat tibial bone injury is mediated
by extracellular matrix vesicle mineralization. These
trilaminar membrane-bound organelles were found to
participate in calcification ofdifferent tissues in normal
and pathologic conditions(19â€”24). Matrix vesicles have
biochemical properties that serve the process of forma
tion ofthe initial hydroxyapatite crystal (25). According
to this hypothesis, the osteoblastic cells secrete empty
vesicles. Once in the matrix the vesicles accumulate
calcium and phosphate to form hydroxyapatite crystals
that rupture the vesicular membrane. Released crystals
attach to the forming calcified fronts. Our recent quan
titative electron microscopic studies on vesicular behav
ior render support to this hypothesis.

Technetium-99m- (@Tc) phosphates are extensively used
for detection of bone formation and resorption. The pres
ant is a study of @â€˜Tcincorporation during bone remod
eling. Uptake of @â€˜TC-IabeIedphosphate was studied in
an animal model of primary osteogenesis following thial
marrow injuryand incorporation was correlated to that of
caldum-47 (47Ca),phosphorus-32 (@P),and with matrix
vesicle calcification. Isotope uptake on Day 6 in the whole
bone was increased compared to controls. On this day,
an Increase in vesicular diameter and distance from the
calcffiedfront was previouslyobserved. Technetuum-99m-
labeled phosphates were detected only in the organic
phase. Phosphows-32 and 47Ca were detected in both
organic and inorganic phases. It is suggested that @9c
serves as a specific marker to the anabolic phase of
remodeling. Increased incorporation of @â€˜Tcduring bone
healingindicatesenhancedorganicmatrixformationand
not caldfica@on.

J NuciMed 1990;31:2011-2014

echnetium-99m-labeled (@mTc) phosphates have
served for the diagnostic imaging of a wide range of
pathologic bone conditions because of their special
predilection for foci of bone remodeling (1-4). Three
different mechanisms have been suggested to explain
the increased radionucide uptake in active bone sites
viz local hypervascularity, interaction with the organic
matrix, and incorporation into the mineral phase dur
ing the process ofcalcification (5), however, the precise
mechanism for @â€œTcuptake has not yet been clarified
(6). The possibility that local hypervasculanty is re
sponsible for the high uptake ofthe isotope is supported
by its abundance in the cartilage bars associated with
the vascular loop in the growth plate (7). In addition,
autoradiographic studies demonstrated that the distri
bution of pyrophosphate in normal bone reflects the
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The purpose of the present study was to examine theNegev, BeerSheva, Israel);(c) Technetium (@mTc)as pertech
uptake of different labeled technetium phosphate corn netate, MDP, and PYP kits (Soreq Nuclear Center,Yavne,pounds

during bone formation and calcification via
extracellular matrix vesicles. The uptake of calciurn-47
(47Ca)and phosphorus-32 (32P)in the organic and in
organic phases, as well as vesicular behavior served as
comparative parameters for the uptake of @mTcin this
model of newly formed bone (18â€”24).Israel);

and (d) HDP kit (Malinckrodt Diagnostica, Petten,
Holland). Counting was performed using a autogamma scm
tillation spectrometer (Packard) and a liquid scintillation
counter (Betamatic, Kontron). In each of the three experi
ments, a different technetium compound was administered
together with either 47CaorH332P04.Statistical

EvaluationMATERIALS
AND METHODSRadionuclide uptakedatawereapproximatelyassessedbyAnimal

Model
A total of240 albino rats ofthe Hebrew University â€œSabraâ€•

strain were used in three separate experiments. The rats
weighedbetween 350-400grams and were maintained on a
free supply of food and water. The bone marrow injury was
carried out under ketamine- (Ketalar, Parke Davis, Detroit,calculating

the ratio of the treated-to-control leg uptake for
eachanimal. The meantreatment/control ratio and standard
error of the mean (s.c.m.) were calculated for each timed
treatment group. The differences between the treated legs and
the control leg were analyzed using the Wilcoxon matched
paired test. P levels of<0.05 were consideredsignificant.MI)

induced anesthesia (35 mg/kg body weight i.p.). The
proximo-medial aspect of the right tibial bone was exposed3RESULTSmm

distal to the knee joint, and a dental burr (size 5/0)Analysis ofthe uptake of radiolabeled isotopes intherotating
at 5000rpm wasusedto penetratethroughthe corticalwhole-bone specimens revealed a significantly en

bone into the marrow cavity. Bone marrow was evacuated byhanced uptake ratio of all radionuclides (@mTc,47Ca,repeated
washings with saline introduced into the intrabony

space by a cannule. The skin wounds were then sutured. In
the sham-operated control rats, tibial exposure was performed
without bone penetration and marrow evacuation.and

32P) on the 6th day reaching 146%, 162%, and
163% of the control side for 99mTc, 47Ca and 32P, re
spectively (Fig. 1). Examination of the radionuclide
uptake in the organic phase revealed a similarpatternExperimental

Designwith increases of 165%, 179%, and 177% for99mTcIn
each of the three experiments,80 rats were used. FourMDP, 47Caand 32P, respectively, on the 6th dayaftergroups

of 20 rats were injured 21 days, 14 days, 6 days, and 3injury (Fig. 2). However, radionuclide uptake inthedays
before radionuclide injection. Half of the rats (10 ani

mals) from each time interval, (a total of 40 animals) were
then injected with one of the radioactive compounds, while
the other half received a second radioactive compound. In
each time interval subgroup of 10 rats, four were sham
operated controls.inorganic

phase revealed increases in the calcium phos
phorus uptakes (43% and 61 %, respectively) on Day 6,
while no increase in 99mTcMDP uptake could be de
tected (Fig. 3). The treatment/control ratios of radio
label uptake in the sham-operated rats ranged between
1.00-1 . 13 throughout the study but was notsignificantlyRadionuclidic

Studiesdifferent from1.The
following compounds were administered subcutane

ously in 0.3 ml aliquots: 47Ca37,000 Bq (1 XCi);H332P040.37The
changes in radionuclide uptakes werenoticedMBq

(10 @iCi),or @mTc@phosphate1.85 MBq (50 MCi). Rats
were killed 18 hr after administration of the radiochemicals.
Tibial bones were removed, cleaned, weighed, andcountedfor

47Caand 99mTcâ€” 1.75
0All

bones were then demineralized in 10% trichloroaceticL +@
Cacid

(TCA) for 6 hr on a reciprocating table rotating at 60
rpm. The TCA extracts (inorganic phase) were sampled for0
0counting,

as wellas the demineralizedbones (organicphase).C@,To
confirm that demineralizationwith TCA removed allof.@the
calciumand phosphorusthat was not part of the organic

matrix,boneswereashedbeforeand after undergoingdemin

0
@,

L
â€˜â€”eralization.

No significant differences were found between the
two methods. The 32Pcontaining demineralized bones were
dissolved (50% of the bones before and 50% afterextraction)in

2 ml tissue solubilizer(Soluene 350, Packard),bleachedDayswith
0.2 ml 30% H202 and diluted 1 + 49 with Lu

max:Toluene 1:3 (Frutarom, Israel) before counting. All sam
ples were counted for 1 mm. Decay calculations were not
necessary as results were expressed as cpm/mg ofinjured over
noninjured limb. The radionuclides used were: (a) @@Cain
saline (Amersham, England), 200 MCi/mg;(b) 32P-orthophos

FIGURE 1
The whole-boneuptake of @â€œTc-MDP(Tc),47Ca(Ca),and @P
(P) uptake at 3, 6, 14, and 21 days of tibial bone healing. The
data are expressed as the mean s.e.m. of the treatment/
control ratios. Significant difference between the treated and
control legs using the Wilcoxon matched-paired test (p<phate

(carrier-free)in 0.1 N HC1(Nuclear ResearchCenter 0.05).
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FIGURE4
A summarycomparingthe uptake of @â€˜Tc-MDP,@Tc-HDP,

@â€œTc-PYP,32P,and 47Ca(from Figs. 1-3) and data not pre
sented in the text) by the whole bone, the inorganic, and
organicphasesat the 6th day of healing.The data are
expressedas the means.e.m.of the treatment/controlratios.
Signiflcantdifference between the treated and control legs
using the Wilcoxonmatched-pairedtest (p < 0.05).

all the radionucides tested on the sixth day after injury.
This increase, however, is not similarly distributed be
tween the organic and inorganic constituents of the
bone. The 47Ca and 32P increase occurs in both the
organic and inorganic phase ofthe injured bones while
the 99mTcis only increased in the organic phase. The
morphologic changes that occur in this model and those
that we have reported previously (19â€”24)can be sum
manzed as follows. Three days after evacuation of the
marrow, a blood clot is present with no apparent woven
bone formation. By the sixth day, there is organization
of the clot with extensive cellular proliferation and the
formation of small, osteoid-rich trabecules of primary
bone with presence of a minimal number of foci of
mineralization. At this time point, the matrix vesicles
are at their largest diameter and are at the furthest
distance from the calcifying front and the number of
mature matrix vesicles is in a (tendency of increase).
On Day 14, the clot is completely replaced by primary
bone. The majority ofmatrix vesicles are ofthe mature,
hydroxyapatite crystal-containing type and mineraliza
tion of this bone is now prominent. By Day 21, the
primary bone trabecules are undergoing resorption and
new bone marrow is being formed.

The interpretation of these data suggest that the
significant increases in radionuclide uptake occur at the
time point when cellular activity and organic matrix
production are at a maximal values, just prior to the
time point when primary matrix vesicle mineralization
becomes predominant. At Day 14, when most of the
mineralization has already approximately occurred,
and at Day 2 1 when remodeling is approximately oc
curling, the uptake of the radionuclides is not different
from that observed in the noninjured legs.

The significant increases in the @@Caand 32Pin both
the organic phase and the mineral phase of the bone,

0

Days
FIGURE2
Uptakeby the inorganicphaseof @â€œTc-MDP(Tc),47Ca(Ca),
and @3@P(P) uptake at 3, 6, 14, and 21 days of tibial bone
healing. The data are expressed as the mean s.e.m. of the
treatmentcontrolratios.Significantdifferencebetweenthe
treated and control legs using the Wilcoxon matched-paired
test(p< 0.05).

only on the sixth day. Figure 4 summarizes the differ
ences in uptake of the three 99mTc..labeled phosphates,
32P,and 47Cain the whole bone, the approximate in
organic, and the organic phases on Day 6. All three

99mTclabeled phosphates showed similar patterns of
incorporation with significant increases in uptake in the

whole bones and the organic phase while no increase in
their uptake in the inorganic phase was noted with two
ofthe 99mTccompounds (Tc-MDP and Tc-PYP). Tech
netium-HDP, however, showed a small but significant
increase in the inorganic phase. In contrast, the 32Pand
47Cauptake increased in all three phases.

DISCUSSION

The results of this study indicate that there is a
significant increase in the uptake by the whole bone of
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FIGURE3
Uptake by the organic phase of @â€œTc-MDP(Tc), 47Ca(Ca),
and @P(P) uptake at 3, 6, 14, and 21 days of tibial bone
healing.Thedataareexpressedasthemeans.e.m.of the
treatment control ratios. Significantdifference between the
treated and control legs using the Wilcoxonmatched-paired
test (p< 0.05).
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probably reflects the incorporation of these two ele
ments into the structural components of the cell and
the mineral crystals associated with the matrix vesicles,
respectively. The incorporation of the 99mTcinto the
organic phase only, and not into the inorganic phase,
probably results from the separation of the @mTcfrom
its phosphate molecule to which it was bound prior to
the phosphates' incorporation into the mineral phase.
Alternatively, but less likely, is the possibility that 99mTc
bound to the phosphate prevents its incorporation into
the mineral phase. The small but significant uptake of
99mTcHDP in the inorganic phase suggests that there
might be slight differences in the uptake of different
99mTclabeledcompounds. These differences could have
potential clinical implications.

The observation that the increased uptake of 99mTc
occurs at a time when bone formation is predominant,
and before any bone resorption, might indicate that it
is a marker ofbone formation and that ongoing resorp
tion does not necessarily have to be present for the
increased uptake of 99mTcto occur. The lack of uptake
of 99mTcby the inorganic phase of bone could suggest
that although it is a reliable marker for bone matrix
formation, as suggested previously (1,10), it is not an
indicator ofbone mineralization activity (8,11,12).

In conclusion, these studies tend to support the hy
pothesis that increased @mTcuptake in bone remodel
ing is associated with bone matrix formation. However,
the suggestion that it is associated with local hypervas
cularity (7) can not be excluded.
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