
99mTcHMpAO have demonstrated major stereochem
ical effects on its in vitro stability where the d,l form is
less stable than the meso form in aqueous solutions (2,
4,13). In the presence of various buffers or excess
reducing agents, the rate of conversion of 00mTc@d,l@
HMPAOis increased(4). We havereportedthat gen
tisic acid, 2,5-dihydroxybenzoic acid (GA), reduces the
rate of dissociation of the lipophiic chelate (LC) sub
stantially (14). GA is a free radical scavenger and its
stabilizing effect may result from its ability to intercept
radiolytically produced free radicals preventing them or
their products from reacting with the 99mTcHMPAO
chelates. The purpose of this study was to investigate
the effects of irradiation on the stability of 99mTc
HMPAO chelates in aqueous solution.

MATERIALSANDMETHODS
Technetium-99m-d,1-HMPAO was prepared from a com

mercial kit (Ceretece, Amersham Intl., Arlington Heights, IL)
containing 0.5 mg of d,l-4,8-diaza-3,6,6,9-tetramethylunde
cane-2,10-dione bisoxime (d,l-HMPAO), 7.6 @igstannous
chloride dihydrate and 4.5 mg sodium chloride, freeze-dried
and stoppered under nitrogen. Pertechnetate in 0.9% aqueous
NaCI was eluted from a commercial @Mo/@mTcgenerator
(Medi-Physics, Inc., Paramus, NJ) that had been eluted exactly
24 hr earlier and was immediately used to initiate each exper
iment. This ensured that the 99mTc/99@cratio in the eluate
was always the same at the beginningof each experiment.
Between5â€”30mCi (185â€”1110MBq) in 5 ml of99mTcO@in
0.9%aqueous NaCIwere injectedinto the vial.Technetium
99m-meso-HMPAO was prepared by adding 1-6 mCi (37-
222 MBq) of 99m@fjâ€”in 1 ml 0.9% saline to 1 ml saline
containing 1 mg meso-HMPAO (obtained from Amersham
Intl.) and 50 @lof a saturated solution of stannous tartrate.
Samples of99mTc@d,l@HMPAOused to isolate the LC by ether
extraction were also prepared by the same method used for
99mTcm@HMpAO preparations. The pH of all solutions

wasmeasuredwith a calibratedglasselectrode.
The lipophilic @mTc@d,l@HMPAOor @mTc@meso-HMPAO

chelates were separated from their respective formulation
solutions leaving hydrophilic materials (including Sn'@2)be
hind by extracting 1 ml of the solutions with I ml of diethyl
ethervortexedfor 1mm.The useofether containingperoxides
must be avoided since peroxides will induce chelate dissocia
tion. One hundred fifty microliters of the ether layer contain

The sensitivity of technetium-99m- (@â€œTc)d,l-HMPAO to
radiolytically induced dissociation in aqueous solutions
was investigated. It was found that cobalt-60 (@Â°Co)
gamma irradiation of solutions containing @â€œTc-d,I
HMPAO with only 1600 cGy reduced the lipophilic che
lates' radiochemicaJpurity (RCP) to 50%â€”60%.The ra
diolytic sensitivity of @â€œTc-meso-HMPAOis significantly
lower. The results indicate that radiolytically produced
intermediates limit the in vitro stability of @â€œTc-d,l-HMPAO.

J NuciMed 1991;32:111â€”115

echnetium-99m (99mTc) complexes of tetrame
thylpropyleneamine oxime (TMPAO) and its deriva
tives have limited stability in aqueous solutions (1â€”4).
Technetium-99m-d,l-hexamethylpropyleneamine ox
ime (99mTc@,l..HMPAO), a 99mTc..TMpAO derivative
(1â€”3), is used to image cerebral perfusion (5â€”7) but

requires administration within 30 mm of formulation
due to its in vitro conversion from a hydrophobic
chelate to hydrophilic 99mTc..5@ies (2â€”4).In contrast,
99mTc@omplexe5 with the propyleneamine oxime
(PnAO) class of ligands are far more stable than the
respective 99mTc-TMPAOcheiates (3,8â€”11).The prim
cipal differences between these two classes of com
pounds is that PmAO-based ligands have two methyl
groups attached to each ofthe two carbon atoms, alpha
to the two secondary amines and beta to the two oxime
N-atoms on the ligand backbone, whereas TMPAO
based ligands have a single methyl group attached to
these same carbon atoms (3). Both TMPAO and PnAO
ligands form neutral-lipophilic technetium chelates
where the technetium is present as the TC(V) mono
oxo core (12). The precise reasons for their differential
stability is not understood.

Other factors, both chemical and structural, appear
to influence the conversion rate ofthe lipophilic @mTc@
TMPAOchelatesto hydrophilicspecies.Studieswith
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* Yields were measured by the three-strip chromatography

method.LC= Lipophilic @â€˜Tc-d,l-HMPAOchelate.
t The average specific concentration of @â€œTcin these solutions

was5.7Â±1.0mCi/mI(211Â±37 MBciJml).Thedataarepresented
asthe meanÂ±s.d.(n= 4).

* The average specific concentration of @â€œTcon these solutions

was 0.88 Â±0.21 mCi/mi (32.5 Â±7.8 MBq/ml).The data are
presentedas the meanÂ±s.d.(n= 3).

column that had never been exposed to samples containing
stannous or stannic ions (4).

The internal radiation dose (D) deliveredto each 0.5 ml
solution from the decay of @mTcin the 0.5 ml sample was
calculated using the following MIRD equation (1 7):

D = A[(Mq@,1,)+ (@q@)], Eq. 1

where@ and@ are the respective equilibrium dose rate
constants for particulate emissions and electromagnetic radia
tion emissions from 99mTc@ is the summation of@ for each
type of particulate emission (18). It was assumed that the
absorbed fraction,@ was 1.@ was calculated using@ from
the MIRD Nuclear Decay Table for @mTc(18) assuming that
4@Efor the 140-keV gamma-ray from 99mTc is 0.02. The (t)E

estimation for 0.5 ml samples was based on the absorption
parameter method (19).

RESULTS

The RCP of the ether-extracted LC in the 0.5 ml of
0.9% aqueous NaCl solutions after redissolving the
residues was consistently high. The RCP measured at 2
mminthehigh-specificconcentrationsamples(i.e.,5.7
Â±1.0 mCi/ml or 2 11 MBq/ml) ranged from 84%â€”96%
while the RCP measured at 2 mm in low-specific con
centration samples (i.e., 0.88 Â±0.21 mCi/mI or 32.5
MBq/ml) ranged from 86%â€”96%(Table 1). The RCPs
determined by the three-strip method and the one-strip
paper chromatography methods were comparable. The

ing the LC were pipetted into a fresh test tube. The ether was
evaporated to dryness using a stream of N2 and 0.5 ml 0.9%
aqueous NaCl containing either no excess ligand or 3.7 x l0@
M d,l- or meso-HMPAO was added to redissolve the residue

(the concentration of the ligand present in the commercial
kits reformulated with 5 ml generator eluate). Since some
uncomplexed HMPAO is extracted by ether [partition coeffi
cient 0.25 (1)], the concentration of HMPAO in the no-excess
ligand formulations is =2.8 x l0@ M. The pH of these
solutions ranged from 6.5 to 7.8. The specific concentration
of@mTcin the resulting 0.5 ml solutions contained either 5.7
Â±1.0 mCi/ml (21 1 MBq/ml) or 0.88 Â±0.21 mCi/ml (32.5
MBq/ml). The radiochemical purity (RCP) of the saline so
lutions containing @mTc@d,l@HMPAOor 99mTc@meso@
HMPAO were measured as a function of time at room tem
perature (22Â°Câ€”23Â°C)using 5â€”20@laliquots for chromato
graphic analysis at 2, 15, 30, 60, 120, 180, and 240 mm after
dissolving the residue (Table 1).

Radiation doses using @Â°Cogamma rays in a Gamma G- 12
irradiator were delivered to 0.5 ml ether-extracted aqueous
solutions containing @mTc@d,l@HMPAOor @mTc@meso@
HMPAO with low-specific concentrations (0.88 Â±0. 11 mCi/
ml or an average of 32.5 MBq/ml). The radiation doses
delivered to the solutions were measured with an ionization
chamber and were consistent with measurements made with
the Fricke dosimeter (15). Total doses ofO, 200, 800, 1600 or
3200 cOy were delivered at a dose rate of200 cGy/min to the
solutions. Similarly, radiation doses were delivered to 0.5 ml
aqueous samples of99mTc@d,l@HMPAOobtained directly from
reconstituted freeze-dried kits (i.e., not ether extracted). RCP
in each of these samples was measured at 2 mm (initial
conditions prior to gamma irradiation) and after the gamma
irradiation (see Fig. 2). Control samples (0 cGy of @Â°Co
gamma-irradiation) accompanied each set of irradiated sam
pIes.

The percentof99mTcpresentas the LCwasmeasuredusing
the three-strip method (2,4,16) and the one-strip paper chro
matographic method developed in our laboratory (4,14).
Briefly,the three-strip method involves developing one instant
thin-layer chromatography (ITLC-SG) strip with MEK, one
ITLC-SG strip with saline and one paper chromatography
strip with 50% acetonitrile/50% H2O. The RCP of the LC
and the percentage of each of the non-lipophilic products
(including 99mTco@Hyd@Red@99mTcand secondary @mTcspe
cies) were calculated by the method previously described (2,
4,16).

In the one strip method, a 2Â¾-inchX 3/16-inchstrip of
solvent saturation pads (Gelman Sciences, Inc., Ann Arbor,
MI)was spotted one-halfinch from the bottom and developed
with either 100% diethylether or 100% ethylacetate (4,14).
All of the non-lipophilic 99mTcspecies remain at the origin
with either eluting solvent while only the lipophilic @mTc@
HMPAO chelate (LC) migrates to the top of the strip (R@=
0.9â€”1.0).The strips were then sectioned 0.50-inch to 0.75-
inch from the origin with the percentage of 99mTcon the top
portion of the strip representing the RCP.

High-pressure liquid chromatography (HPLC) was used to
determine the percentage ofsecondary @mTc@speciesthat were
formed in these samples. The gradient elution system previ
ously described was employed using water and acetonitrile as
mobile phase solvents with a Hamilton PRP-l reversed-phase

TABLE I
Effects of Specific Concentration on the Radiochemical

Punty*of Ether-Extracted[@Tc-d,l-HMPAO]
Reconstituted in Saline at pH 7â€”7.8as a Function of

Time

Time(hr) %LC* %99@@W %Secondary

0.0388.4Â±5.lt4.3Â±2.6tâ€˜i3Â±l.9@91
.3Â±1.9@0.7 Â±0.4*2.0 Â±1.0@0.2584.5

Â±6.9
91.8Â±2.78.7

Â±3.5
0.9 Â±0.46.3

Â±3.7
1.5Â±1.80.5082.9

Â±3.5
91.7 Â±2.11

1.0 Â±2.8
1.0 Â±0.15.3

Â±0.3
1.3 Â±1.31.0081.9Â±2.7

91.6 Â±0.412.5Â±2.52.2 Â±1.04.7Â±0.40.7Â±1.22.0075.4Â±4.7

88.4Â±0.819.2Â±1.04.2Â±1.04.5Â±1.50.4Â±0.73.0069.8
Â±1.8

88.5Â±3.623.7
Â±3.4

4.8 Â±2.22.0
Â±1.8

0.6 Â±0.54.0064.7
Â±7.4

83.6Â±2.829.8
Â±7.4

8.9 Â±3.53.0
Â±1.6

0.5 Â±0.6
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%%%Dose
(cOy) LC*SSmTcO4Secondary

* RadiOchemiCaI purity of the LC was measured by the three

strip chromatographymethodand is presentedas the meanÂ±
s.d. (n = 3). Dataobtained1.5 hr after initialcomplexationusing
low-specific activity @Fc-d,l-HMPAOsamples.

TABLE4Pseudo-First
Order Rate COnStantS(Ic) for Radiolytically

Induced Dissociation of @â€œTc-HMPAOin 0.9%AqueousNaCI
at pH7_7.8*Irradiation

Stereochemicalsource
form Ic (cGy@)@

TABLE2Effect
of Specific Concentration on the DissociationRateConstant

(kd)of @Tc-HMPAOin 0.9% Aqueous NaCIatpH
7_7.8* at22Â°â€”24Â°CSpecific

concentration

mCi/mI MBq/mI Stereochemicalform k@(h1)

* Average doses to solutions from the @rc-decay in high

specific concentration (5.7 Â±1.0 mCi/mI or 211 Â±37 MBciJml)
samples,in cOy,wascalculatedusingMIRDformulation(18).

t The specific concentration of @Tcin samples irradiated with
60Co.irradiationaveragedbetween 0.85-1.0 mCi/mI (31.5-37
MB@Jml)in each group. The correlation coefficient for all least
square'sregressionanalysiswas @0.98.

* The 0.9% aqueous NaCI reconstitution solution contained 3.7

x i0@M excess d,l-HMPAO.

percentage of Hyd@Red@@mTcin all samples was <2%.
The percentage of secondary hydrophilic 99mTc prod
ucts (2,4) present at 5 mm was <6% in both the low
and high-specific concentration samples (Table 1). The
percentage of secondary hydrophilic @mTcproducts
measured by HPLC or the three-strip method in the
@Â°Coirradiated solutions was <5% and demonstrated

that 99@TcO@was the principal radiolytically produced
hydrophilic 99mTcproduct. Pertechnetate was also the
major radiolytic product produced in @Â°Cogamma
irradiated samples obtained directly from the reconsti
tution vials with the percentage of secondary hydro
philic @mTcproducts <6.5%.

The rate of conversion of @mTc@d,l@HMPAOto hy
drophilic 99mTcspecies in saline depends upon the 99mTc
specific concentration (Table 2). Regression analysis of
the RCPs as a function of time demonstrates that the
pseudo-first order rate constant (ku) for the conversion
reaction(s) were 0.03 h' and 0.089 h' for the low- and
high-specific concentration samples, respectively (Table
2). The latter value is similar to that reported by Hung
et al. (4) using samples with the same high-specific
concentrations. In contrast, the k@for the conversion of
99mTcm@HMpAO at a specific concentration of 0.50
Â±0. 10 mCi/ml ( 18.5 MBciJml) was only 0.009 Â±0.001
h' (Table 3).

The results of RCP analysis of the lipophilic @mTc@
d,l-HMPAO chelate in low-specific concentration so
lutions after irradiation with doses ofO, 200, 800, 1600,
and 3200 cGy are summarized in Table 3. The rate of
radiolytically-induced dissociation in the absence or
presence ofexcess HMPAO ligand was not significantly
different (Table 4). RCP decreases progressively with
increasing doses of gamma irradiation. The rate con
stant (kr) for radiolytically-induced dissociation of the
99mTc..@J,l..HMpAOchelate, obtained from the plot of
natural log RCP versus irradiation dose (Fig. 1), is (2.8
Â±0.76) x l0@ cGy@' (Table 4). The rate ofdecrease in
RCP plottedas a functionof internalradiationdose

TABLE 3
Effectsof 60CoIrradiationDose(cGy)on the

Radiochemical Purity of Ether-Extracted [@Tc-d,l
HMPAO] Reconstituted in 3.7 x 104M d,I-HMPAO at pH

7_7.8*

086.4 Â±2.99.8 Â±3.22.9 Â±0.020085.0
Â±5.110.4 Â±2.33.8 Â±2.980076.2
Â±8.420.1 Â±8.12.6 Â±0.1160053.7
Â±4.542.2 Â±4.12.9 Â±0.1320031.6Â±5.364.2Â±5.63.6Â±1.4

(self-irradiation) to the high-specific concentration sam
ples is shown in Figure 1 with k1calculated to be (4.3
Â±0.2) x l0@cGy@.The RCP of@mTc@meso@HMPAO
as a function of dose decreased at a much slower rate
than the d,l-isomer (Fig. 1, Table 4).

The conversion of @Tc-d,1-HMPAOin the solutions
from reconstituted vials as a function of gamma irra
diation dose does not follow first order kinetics (Fig. 2).
The plot shown in Figure 2 demonstrates that the rate
of chelate dissociation is slower in the low dose region
(i.e., doses <800 cOy) but accelerates at higher doses.
The normalized percentage of RCP at 1600 and 3200
cGy in these were 46.9 Â±10.7% and 16.7 Â±4.7%,
figures which are both significantly lower than observed
at these doses in the ether-extracted samples.

60Comeso(4.3 Â±0.2 ) x10@60Cod,l(2.8
Â±0.76)xi0@6000d.l@(2.7
Â±0.85)x10@Self-Irradiationd,l(4.3
Â±0.2 ) x 10@

0.88Â±0.21 32.5Â± 7.8
5.7 Â±1.0 211 Â±37
0.96Â±0.24 35.5Â± 8.9

d,l
d,l
meso

0.0297Â±0.0026
0.0886Â±0.0033
0.009 Â±0.002

e All samples were @ether-extracted@ and the radiOChemiCal

purity was determined as a function of time using the one-strip
chromatographymethodusing ether as the mobil phase.The
correlationcoefficient for all least-squareregressionanalyseswas

@0.97.
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HMPAO is more sensitive to radiolysis than other 99mTc
@ radiopharmaceuticals. This radiolytic sensitivity may
@@ be the major factor limiting the total amount of 99mTc

: activitythatisrecommendedtobeaddedtothe
â€˜ CeretecTM kit (i.e., a maximum of 30 mCi [1 1 10 MBq]

@@ in 5 ml is recommendedin packageinsert) to ensure
0z that the rate of LC conversion to a hydrophilic 99mTc

species remains within acceptable limits (2). The greater
resistance of99mTc@meso@HMPAO to gamma-radiolysis
parallels the higher in vitro stability of 99mTc@meso@

10@@ HMPAO relative to the d,l-isomer in aqueous solutions
0 500 1000 1500 2000 2500 3000 3500 previously reported (2,4).

DOS.(cOy) Therateof 99mTc@d,l@HMPAOdissociationin ether
FIGURE I extracted samples induced by @Â°Cogamma irradiation
Effect of radiationdose (cGy)on radiochemicalpurity (RCP) [k = (2.87 Â±0.76)@ l0-@cGy'J is @@-65%as high as
of Tc-HMPAOlipophilicchelates,normalizedto RCPat 2 mm
post-reconstitution of ether-extracted samples. RCP was de- the dissociation rate that could be induced by self
termined by paper chromatographyusing diethyleter as the irradiation [K@= 4.3 Â±0.2) x l0@ cGy'], assuming
elutingsolvent.Cobalt-60gammaradiationwasdeliveredto that radiolysisis the only factor responsiblefor causing
0.9% aqueousNaCIsolutionscontainingâ€”.-1mCi/mI(37 MBq/ dissociation (Table 4). On the other hand, the results
ml) of @Tc-meso-HMPAO(A) or @â€˜Tc-d,l-HMPAO4. The
radiation dose delivered to solutions containing 5.5 mCi/mI may suggest that the rate of conversion of the LC in
(204 MBq/mI) @â€˜Tc-d,I-HMPAOfrom self-irradiation(â€¢)was aqueous solutions is caused by more than one mecha
calculated using the MIRD approach (17). nism and that -â€˜.-35%of the dissociative reactions in

volve nonradiolytic reactions. Since the chemical envi
ronments were similar in all ether-extracted samples, it

The rate of dissociation of 99mTc..@j,l..HMpAOover can be assumed that nonradiation-induced dissociative

time depends upon the concentration of radioactivity reactions with 99mTc@d,l@HMPAOin aqueous solutions
with the k@for the high-specific concentration samples to occur. However, since the radiation dose was deliv
averaging of 3. 1 times higher than the low specific ered from @mTcdecay products over a 4-hr period while

concentration samples (Table 3). Since solution condi- the gamma-irradiation dose was delivered in less than
tions in the sampleswere similar (pH and ligand con- 20 mm, dependenceof k@or k1on doserate cannot be
centrations) and the ligand/Tc ratios were high (0.9â€” excluded. Regardless of the amount of nonradiolytic
5.3 x 10â€• for low-specific concentration and high-spe- reactions, the comparatively low rate of 99mTc@d,l@

cific concentration solutions, respectively), it can be HMPAO dissociation observed with the low-specific
inferred that self-irradiation effects play an important concentration samples in the absence of other solutes
role in the dissociative mechanism(s). or excess uncomplexed ligand (Table 3) shows that this

The relationship of RCP with gamma irradiation chelate is inherently more stable in aqueous solutions
dose demonstrates that the stability of 99mTc@d,l@ than previously realized (2,4). This suggests that simple

hydrolysisor unimolecular conversionof the chelateto
@ hydrophilic productsdoesnot play a prominent role in
@ the conversion processesat higher specific concentra
@ tions.

Sensitivity of@ in the reconstituted
@ vial to radiolysis was also demonstrated (Fig. 2). In
@ contrast to the ether-extractedsampleswhich follow

-@ pseudo-first order dissociation kinetics as a function of

dose (cGy) (Fig. 1), kr in the kit solutions has a shoulder
in the lower dose region. The decreased sensitivity at
doses s800 cOy may be due to the presence of dissolved
stannous or stannic ions in these solutions. Above 800

10@ 0 500 1000 1500 2000 2500 3000 3500 the sensitivity to radiolysis increases significantly
(Fig. 2).

DOs. (cGy) The reactive intermediates or free radicals initially

FIGURE 2
Effectsof radiationdose (cOy)on radiochemicalpurity (RCP) produced in dilute aqueous solutions from the decay of
of the lipophilic@ chelatefollowingirradiation Tc (self-irradiation) will be identical to those pro
of solutionsobtaineddirectlyfrom reconstitutedCeretecÂ®vials duced by external beam irradiations (15). Since the
using60Cogammaradiation. concentrationsof solutesin the solutionswerelow (i.e.,

U
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HMPAO@ 3.7 x l0@ Mand Tc-d,l-HMPAO@ 5.5 x
lO_8 M), free radical products from radiolysis of H20

will comprise essentially all of the initial reactive inter
mediates(15). The implication offree radical-mediated
reactions or free radical-produced intermediates (e.g.,
peroxides) on promoting dissociation of @mTc@d,l@
HMPAOis consistentwith the observationthat the
presence of gentisic acid in solutions substantially re
duces the rate of 99mTc..@J,l..HMpAOconversion to hy
drophilic products ( 14). Gentisic acid, a free radical
scavenger, may provide protection from free radical
attack by intercepting radicals before they interact with
other solutes.

In summary, this study demonstrates that@
HMPAO in aqueoussolutionsat or nearneutral pH or
in solutions in the reconstitution vials is sensitive to

radiolysis with decomposition of the LC at radiation
dosesofonly @800cOy. These results also indicate that
a principal part ofthe decomposition occurs in samples
that contain moderate to high specific concentration of
99mTc and that this decomposition arises from self

irradiation, with @mTCO@being the primary hydrophilic
species.
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