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PREPARATION AND DISPENSING PROBLEMS ASSOCIATED WITH
TECHNETIUM TC-99M RADIOPHARMACEUTICALS

STATEMENT OF OBJECTIVES

The purpose of this lesson is to increase the reader’s knowledge and understanding of problems

associated with the preparation and dispensing of Tc-99m radiopharmaceuticals and the corre-

sponding effects/manifestations of these problems.

Upon completion of this lesson, the reader should be able to:

1.

2.

Describe common Tc-99m radiochemical impurities and their clinical manifestations.
Describe preparation problems associated with using Tc-99m generator eluates.

Describe other common problems encountered when radiolabeling Tc-99m kits.

Discuss the incidence of preparation problems associated with Tc-99m radiopharmaceuti-
cals.

Describe common problems associated with dispensing of Tc-99m radiopharmaceuticals.
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PREPARATION AND DISPENSING
PROBLEMS ASSOCIATED WITH
TECHNETIUM TC-99M RADIO-
PHARMACEUTICALS

By
James A. Ponto, MS, RPh, BCNP
University of lowa Hospitals and Clinics,
and College of Pharmacy
Iowa City, IA

INTRODUCTION
In contrast to conventional drugs, Tc-99m

labeled radiopharmaceuticals have several

unique characteristics that are potentially
problematic in their preparation and dispens-
ing:

1. Their preparation involves chemical re-
actions that may produce undesired ra-
diochemical impurities;

2. Their emitted radiation, especially at
high intensities, may produce radiolytic
effects that can result in undesired impu-
rities;

3. Their chemical properties, especially in
combination with their small mass quan-
tities, may result in undesired adsorption
to container components or interaction
with trace contaminants leached there-
from.

These problems may subsequently result
in unexpected alterations in biodistribution
and/or inadequate localization in organs of
interest, and thereby interfere with diagnostic
interpretation.

The purpose of this lesson is to briefly
describe many of these common problems,
including the underlying causes and possible
methods of minimization/avoidance.  Al-
though many of these problems have been
described in past reviews on this topic,' this
lesson aspires to update and reorganize such
information in order to enhance understand-
ing of the subject and to provide a ready ref-
erence.

COMMON RADIOCHEMICAL IMPU-
RITIES AND THEIR CLINICAL
MANIFESTATIONS

In addition to the desired product, Tc-
99m radiopharmaceuticals may also contain
various radiochemical impurities. Each of
these impurities, being a different chemical
species, exhibits a biodistribution in the body
different from the desired radiopharmaceuti-
cal with resultant unintended localization in
other various organs and tissues. Hence, de-
pending on the specific parameters of the im-
aging procedure, the radiochemical impurity
may interfere with diagnostic interpretation
of the images by masking disease, mimicking
disease, or otherwise resulting in non-
diagnostic image quality. Also, radiochemi-
cal impurities may impart unnecessary radia-
tion exposure to non-target organ(s).

The predominant radiochemical impurity
associated with most Tc-99m radiopharma-
ceuticals is free, unlabeled Tc-99m in the
chemical form of pertechnetate ion (i.e.,
TcOy4'). Pertechnetate distributes throughout
the vasculature and interstitial fluid, and con-
centrates primarily in the stomach, intestinal
tract, urinary tract, thyroid gland, and sali-
vary glands. A second radiochemical impu-
rity associated with some Tc-99m radio-
pharmaceuticals is insoluble Tc-99m in the
chemical form of technetium hydroxides or
technetium labeled stannous hydroxide (also
referred to as hydrolyzed-reduced techne-
tium). These species are in the physical form
of colloid particles which are phagocytized
by cells of the reticuloendothelial system lo-
cated primarily in the liver, spleen, and mar-
row. A third radiochemical impurity associ-
ated with a few Tc-99m radiopharmaceuticals
is large aggregates of particles. Particles lar-
ger than 10 microns become physically
lodged in the first capillary bed they encoun-
ter; i.e., following intravenous injection, they
lodge in the pulmonary capillaries.

A variety of other radiochemical impuri-
ties may also be formed during preparation



and/or decomposition of certain Tc-99m ra-
diopharmaceuticals. Impurities that are hy-
drophilic, ionized, non-protein bound, and
less than 5,000 daltons molecular weight tend
to be excreted in the urine by glomerular fil-
tration.” On the other hand, impurities that
are lipophilic, possess both polar and nonpo-
lar groups, and have a molecular weight of
300-1,000 daltons tend to be excreted by the
liver into the bile.” To describe yet another
potential problem, Tc-99m can adventitiously
radiolabel red blood cells if stannous ion and
pertechnetate are both present in the circula-
tion in sufficient concentrations.

Many of these potential problems can be
detected by the routine, standard practice of
performing quality control testing on each
radiopharmaceutical preparation and thereby
assuring that it complies with applicable
specifications for purity before it is adminis-
tered to patients. Unfortunately, some prob-
lems are not detectable by routinely used
quality control techniques, occur after dis-
pensing, occur in Vivo, or are otherwise un-
known at the time of use. Therefore, knowl-
edge of common problems is essential for
nuclear medicine personnel, including nu-
clear pharmacists, who are involved in trou-
ble-shooting images with unexpected biodis-
tribution.

PROBLEMS ASSOCIATED WITH
Tc-99m GENERATOR ELUATES

Tc-99m generator eluates have been as-
sociated with a wvariety of radiophar-
maceutical problems encountered during and
after the radiolabeling process. Because
many of these problems may be caused by
more than one mechanism, and because con-
tributing factors are generally present in
combination, assignment of a problem to a
single factor or mechanism is rarely appro-
priate. Nonetheless, understanding the ef-
fects of individual contributing factors and
mechanisms aids in understanding the result-
ing effects that may occur in multifactorial
situations.

Inadequate Stannous:Technetium Molar
Ratio

Tc-99m is obtained from Mo-99/Tc-99m
generators as sodium pertechnetate (i.e.,
Na+TcO4'), a chemical form in which techne-
tium (Tc) has an oxidation state, or valence,
of 7+ (VII). This chemical form of Tc is
relatively non-reactive and is not chelated by
other ligand molecules. Hence, for nearly all
Tc-99m labeled radiopharmaceuticals, the
Tc(VII) pertechnetate species must first be
reduced to a lower oxidation state, such as
(D, (IV), or (V), using stannous ion (i.e.,
Sn”") as a reducing agent. Once in a reduced
oxidation state, the Tc is more reactive and
can be readily chelated by various ligand
molecules to form Tc-99m labeled radio-
pharmaceuticals. For these reactions to pro-
ceed with near-complete yield, the amount of
stannous reductant must be sufficient to inter-
act with all of the pertechnetate; i.e., there
must be an adequate stannous:technetium mo-
lar ratio.

One exception to this radiolabeling proc-
ess is Tc-99m sulfur colloid. This particular
radiopharmaceutical involves chemical cova-
lent bonds in the formation of technetium
sulfide molecules rather than coordination
complexation with chelating ligands as de-
scribed above.

The desired stannous:technetium molar
ratio can be foiled by the presence of exces-
sive technetium and/or by inadequate stan-
nous, as follows:

1) Excessive Tc-99m

An excessive amount Tc-99m pertech-
netate added to a reagent vial, or kit, may
result in unacceptably high amounts of re-
sidual, unreacted free pertechnetate. This
problem has been reported for a variety of
products, especially those kits” containing
relatively small amounts of stannous ion

" throughout this article, for the sake of brevity, each
“kit for the preparation of technetium Tc 99m [generic
name]” is simply referred to as “[generic name]”
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such as exametazime,® mertiatide,” and red
blood cells.® However, because stannous
is nominally in stochiometric excess even
in these cases (see Table 1), the decreased
radiolabeling is more likely related to ra-
diolytic effects (vide infra) than it is to
technetium mass effects.

Excessive Tc-99
Tc-99 is always present in Tc-99m
samples. Tc-99 is a decay product of

Mo-99 (approximately 14% of Mo-99
decay bypasses the metastable state [i.e.,
Tc-99m] and goes directly to the ground
state [i.e., Tc-99]) and is also, of course,
the transition product remaining after Tc-
99m decay. Tc-99 has a sufficiently long
half-life (i.e., 210,000 years) that its rate
of decay can be considered, for practical
purposes, to be negligible. The relative
number of atoms in a Mo-99/Tc-99m
generator during a period of in-growth is

Table 1. Reductive Capacity of Selected Kits for the Preparation of Tc-99m Radiophar-
maceuticals* (modeled after Verbeke™)

Molar Ratio Sn:T¢
(24-hr Generator
Maximum Molar Ratio Build-up, 12 Hour
Recommended | Sn:Tc¢ (24-hr Aged Eluate; or 72-
SnCl,°2H,O | Activity Generator Build- | hr Generator Build-

Kit (ng) (mCi Tc-99m) |up, Fresh Eluate) |up, Fresh Eluate)
pyrophosphate 2800 100 18,200 4550
gluceptate 700 300 1517 379
mebrofenin 465 100 3023 756
succimer 380 40 6175 1544
arcitumomab 290 30 6283 1571
disofenin 240 100 1560 390
medronate 170 200 550 138
pentetate 150 160 609 152

in vitro red cell 96 100 624 156
apcitide 89 50 1157 289
sestamibi 75 150 325 81
bicisate 72 100 468 117
aggregated 70 50 910 228
albumin

depreotide 50 50 650 162
mertiatide 50 100 325 81
tetrofosmin 30 240 81 20
exametazime 7.6 54 91 23

Note: This table is not intended to provide information on all kit products and formulations; in situations where
multiple formulations of a given kit are available from multiple manufacturers (e.g., pyrophosphate kits),
only one representative kit is described. Package inserts for specific kits should be consulted for precise in-

formation regarding each particular kit’s formulation.




shown in Figure 1. Note that Tc-99m at-
oms outnumber Tc-99 atoms initially, but
that Tc-99 predominates after about 10
hours. One way to describe this relation-
ship is with the use of the term mole frac-
tion. The mole fraction of Tc-99m is de-
fined as the number of Tc-99m atoms di-
vided by the total number of Tc (i.e., Tc-
99m plus Tc-99) atoms. A simplified list
of Tc-99m mole fractions for selected
combinations of generator in-growth
times and eluate ages (i.e., times post-
elution) is presented in Table 2.

prolonged in-growth time, or in an aged
eluate, can interfere with the radiolabeling
of nearly all radiopharmaceuticals of this
type. This problem has been reported
more frequently for those kits containing
relatively small amounts of stannous ion,
such as albumin aggregated,’” exa-
metazime,’ mertiatide,”’12 red blood
cells,g’13 and sestamibi.' However, be-
cause stannous is nominally in stochiomet-
ric excess even in these cases (see Table
1), radiolytic effects (vide infra) may also
contribute to the decreased radiolabeling.

3) Oxidation of stannous ion

Figure 1. Relative Number of Atoms in a Mo-99/

Tc-99m Generator.
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Stannous ion is readily
oxidized to stannic ion by at-
mospheric oxygen, dissolved
oxygen, or radiolytic products
such as free radicals and per-
oxides which may be present
in  pertechnetate  solutions
(vide infra). Kits nominally
contain a stochiometric ex-
cess of stannous salt lyophi-
lized and sealed in an atmos-
phere of nitrogen or argon;
however, introduction of
these species during reconsti-

0 12 24 36 48
Generator In-Growth Time (Hours)

The mole fraction of Tc-99m is essen-
tially an indicator of specific activity. As
the Tc-99m mole fraction decreases, there
is a corresponding increase in the fraction
of Tc-99. Tc-99, which is chemically
identical to all other Tc isotopes, competes
with Tc-99m for stannous reduction and
chelation reactions, resulting in unac-
ceptably high amounts of residual, unre-
acted free Tc-99m pertechnetate. Hence it
is not surprising that excessive amounts of
Tc-99, such as in the first eluate of a new
generator, in the eluate of a generator with

60

T tution (e.g., entry of air during
72 needle puncture, dissolved

oxygen present in aqueous

diluent, radiolytic products in

pertechnetate solutions) can
oxidize stannous ion and may decrease
reductive capacity below the threshold
needed for a satisfactory radiolabeling
process. In these situations, unacceptably
high amounts of residual, unreacted free
pertechnetate will result. Although oxi-
dation of stannous ion may be problem-
atic for any stannous-containing product,
the frequency and severity of this effect is
inherently more pronounced in kits, such
as those listed in the previous example,
that contain relatively small amounts of
stannous ion.



Table 2. Mole Fractions for Tc-99m.

Generator
in-growth Eluate | Tc-99m Mole
time (hr) age (hr) Fraction

24 0 0.28
24 6 0.14
24 12 0.07
48 0 0.13
48 6 0.07
48 12 0.03
72 0 0.08
72 6 0.04
72 12 0.02

Similarly, inadvertent entry of oxidiz-
ing agents used for diaphragm antisepsis
prior to needle entry can result in oxida-
tion of stannous ion. For example, unac-
ceptably low radiolabeling of Tc-99m
mertiatide has been linked to H,O, con-
tamination from use of an antiseptic
product containing hydrogen peroxide to
cleanse the vial diaphragm.'

Standardly, 0.9% sodium chloride in-
jection (normal saline) is used for elution
of Tc-99m generators and in the prepara-
tion or dilution of many Tc-99m radio-
pharmaceuticals. Only preservative-free
normal saline should be used for these
purposes because the chemicals in bacte-
riostatic normal saline may cause oxida-
tion of stannous ion or reduced Tc-
99, 1617

A recent controversy in nuclear phar-
macy practice is the fractionating (or split-
ting) of kits. Although originally under-
taken as a cost-cutting measure, fraction-
ating kits has also been cited as an impor-
tant option for continued provision of ra-
diopharmaceuticals in situations involving
limited availability of commercial kits
(e.g., extended back order)."® Typically,
fractionation entails reconstitution of the
lyophilized kit with normal saline, trans-

fer of aliquots into other containers, and
storage of these aliquots for later radio-
labeling. Other issues like sterility and
adequate mass of active ingredient aside,
fractionated vials may be especially sus-
ceptible to stannous oxidation because of
inadvertent entry of atmospheric oxygen
and the presence of oxygen dissolved in
the normal saline diluent. Stannous ion
rapidly degrades in solution at room tem-
perature.” Decreased radiochemical pu-
rity, paralleling decreased stannous ion
following storage of fractionated vials,
appears to be especially pronounced for
exametazime and mertiatide.””  Some
strategies that have been employed to
minimize this problem include the use of
nitrogen-purged normal saline for recon-
stitution, minimization of reconstitution
and fractionation volumes, limitation on
bore size of needles used to enter vials,
maintenance of a nitrogen atmosphere in
the storage containers, addition of anti-
oxidants, storage at refrigerator or freezer
temperatures, and assignment of a conser-
vative (short) storage/beyond-use time. In
some situations, augmentation of fraction-
ated kits with supplemental stannous ion
has been used to restore the reductive ca-
pacity in individual aliquots to levels ade-
quate to provide satisfactory radiolabel-
ing.?’
4) Inadequate stannous ion
Administration of inadequate stannous
ion is a potential problem in the process of
radiolabeling red cells in vivo. For example,
if the stannous pyrophosphate injection is
partially infiltrated, the amount of stannous in
the bloodstream may be insufficient to reduce
all of the subsequently injected Tc-99m
pertechnetate, thus preventing that fraction of
Tc-99m pertechnetate from being able to
radiolabel red cells. Similarly, if the stan-
nous injection is administered through certain
catheters or tubing, a substantial fraction of
the stannous may bind to components of the



device and not be available for reduction of
Tc-99m pertechnetate.?’ In either situation,
the result will be sub-optimal radiolabeling of
red cells with corresponding increased
amounts of residual, unreacted free pertech-
netate.

Radiolytic Effects

Radiation interacts with water molecules
to produce ions, free radicals, and peroxides
(see Figure 2). Hydroxyl free radicals and
peroxides are capable of oxidizing stannous
ion and reduced Tc, whereas aqueous elec-
trons and hydrogen free radicals are capable
of reducing many metal ions and metal com-
plexes.”* The magnitude of these effects is
directly related to the radiation levels.*™
For example, the rate of peroxide production
increases linearly with increasing activity or
radioactive concentration (see Figure 3). The
presence of oxygen further promotes the pro-
duction of peroxides™ > (see Figure 4).

Figure 2. Radiation Interactions with
Water.

~> H,0 — H,0" + e
H,0" — H + OH-

€@y + HLO — OH + He
OH* + OH* — H,0,

Predominant radiolytic effects can be
summarized as follows:

1) Interference with radiolabeling proce-
dure
Hydroxyl free radicals and peroxides
may interfere with Tc radiolabeling pro-
cedures because of their ability to readily
oxidize stannous ion. Because produc-
tion of these species is related to radiation
levels, they are most abundant in highly
concentrated  pertechnetate  solutions.
Peroxides also tend to build up over time.
Hence this interference is most likely

2)

when preparing products that contain
relatively small amounts of stannous ion
using the first eluate from a new genera-
tor, the eluate from a generator with pro-
longed in-growth time, or pertechnetate
that has aged for several hours since elu-
tion. This interference has been reported
in the radiolabeling of various kits, in-
cluding aggregated albumin,'’ exa-
metazime,26 red ce:lls,13 and sestamibi."*
Decomposition and oxidation

Hydroxyl free radicals and peroxides
can interact with Tc-complexes to cause
decomposition and oxidation of reduced
Tc resulting in production of free pertech-
netate.

Although radiolytic decomposition
and oxidation occurs with nearly all Tc-
99m radiopharmaceuticals, this problem
is more pronounced for those products
possessing relatively weak coordination
complexation bonds. High amounts of
radiation promote radiolytic decomposi-
tion and oxidation because of increased
production of free radicals and peroxides.
Hence most products exhibit increased
radiolytic production of free pertech-
netate impurity when prepared with ex-
cessive amounts of radioactivity or main-
tained at excessive radioactive concentra-
tions. This problem has been reported for
many Tc-99m radiopharmaceuticals in-
cluding, for example, Tc-99m exa-
metazime,”’ Tc-99m gluceptate,”™ Te-
99m mertiatide,” and Tc-99m phosphate
bone agents.”

Radiolytic decomposition occurs over
time, so prolonged storage will generally
manifest increased production of impuri-
ties. [The expiration time of the prepara-
tion is established, in part, by the rate of
radiolytic decomposition.] On the other
hand, this effect can be inhibited by the
presence of free radical scavengers or an-
tioxidants which preferentially interact
with the free radicals and peroxides. For



Figure 3. Rate of Peroxide Production Related to Radioactivity Levels of Tc-99m. Adapted
from Molinski.”

Rate (ug/hr)

0 1 1 1 1
100 150 200 250 300
Activity (mCi/mL)

Figure 4. Effect of oxygen on the production of peroxide. Adapted from Molinski.”

30 +

—m— oxygenated normal saline

—e—normal saline from generator

g peroxide

time (hours)




3)

example, ascorbic acid substantially re-
duces radiolytic decomposition of Tc-
99m diphosphonate bone agents.”” Ra-
diolytic decomposition may also be
inhibited by reducing the storage
temperature in order to slow the rate of
diffusion for the free radicals. For
example, decomposition of high activity
Tc-99m gluceptate preparations can be
substantially slowed by storage at 2° — 8°
Réduction

Although radiolytic decomposition
and oxidation is of primary concern for
most traditional Tc-99m radiopharmaceu-
ticals, radiolytic reduction is a key
mechanism in the decomposition of sev-
eral newer Tc-99m radiopharmaceuticals.
Aqueous electrons and hydrogen free
radicals formed from the radiolysis of
water are capable of reducing many metal
ions and metal complexes. For example,
in Tc-99m tetrofosmin, these species can
reduce Tc(V) in  the  desired
Tc(V)O,(tetrofosmin), complex to pro-
duce other unwanted complexes such as
Tc(IV) tetrofosmin, Tc(III)Cly(tetrofos-
min),, and Tc(I)(tetrofosmin); >  This
excessive reduction can be minimized by
avoiding high radioactive concentrations
(i.e., minimizing production of reductive
free radicals) and by purposeful addition
of air (i.e., oxygen) to interact with these
reductive species as they are formed. ">
Similarly, purposeful addition of air in the
preparation of Tc-99m mertiatide stabi-
lizes the Tc(V)oxo intermediate prior to
the formation of the desired Tc(V) mer-
tiatide and inhibits its further reduction to
other unwanted complexes such as
Tc(IV)mertiatide >*

Reductive decomposition is also a
major concern for Tc-99m exametazime.
The primary lipophilic complex is readily
converted to a secondary hydrophilic
complex via nucleophile-induced polym-

erization.”> This process, involving re-
ductive free radicals and oxy-stannous
species, can be inhibited by the presence
of a stabilizing agent, such as methylene
blue, which is an oxidizing agent and free
radical scavenger.”

Compromised Integrity

One manufacturer incorporates a dye-
impregnated disk under the generator column
inside its shielding. In the event of loss of
integrity of the column seals, the eluate will
come in contact with the disk and will be dis-
colored yellow.**” Hence, a yellow colored
eluate indicates compromised integrity of the
column and compromised sterility of the elu-
ate. Additionally, the toxicity of the dye is
unknown.”” Therefore, any eluate exhibiting
discoloration upon visual inspection should
not be used in humans.

Recommendations
In order to minimize the above problems

associated with Tc-99m generator eluates, a

number of precautions are generally recom-

mended for the preparation of Tc-99m radio-
pharmaceuticals, especially those containing
relatively small amounts of stannous ion:

1) Use eluates from generators which have
in-growth times of no more than 24
hours whenever possible.

2) Avoid the use of aged Tc-99m eluates,
especially those more than 12 hours old.

3) Avoid adding excessive Tc-99m activity
to kits.

4) Avoid maintaining excessive concentra-
tions of radioactive solutions; i.e., dilute
solutions to lower radioactive concentra-
tions whenever possible.

5) Avoid adding air (i.e., oxygen) to vials
unless otherwise directed.

6) Avoid use of bacteriostatic normal saline
for preparation or dilution of Tc-99m ra-
diopharmaceuticals.

7) Choose kit products that contain free
radical scavengers or other stabilizing



agents (e.g., antioxidants) whenever
available.

8) Consider storage at low temperatures
(e.g., refrigeration) unless otherwise im-
practical.

9) Avoid the practice of fractionating kits;
if fractionation is necessary, employ ap-
propriate strategies to inhibit oxidation
of stannous ion.

10) Do not use discolored eluates.

OTHER COMMON PROBLEMS IN-
VOLVED IN RADIOLABELING KITS

Improper Heating

Several Tc-99m radiopharmaceuticals re-
quire heating as a step in their preparation.
Inadequate heating, caused by insufficient
incubation temperature or insufficient incuba-
tion time, may not provide the necessary en-
ergy to drive the reaction to completeness
and therefore results in unacceptably high
amounts of residual, unreacted free pertech-
netate. This problem has been reported for a
variety of Tc-99m radiopharmaceuticals, in-
cluding Tc-99m  mertiatide,  Tc-99m
sestamibi,38 and Tc-99m sulfur colloid.”
Conversely, excessive heating may produce
gas pressures inside sealed vials sufficiently
high to cause rupture of the septum, ejection
of the stopper, or breakage of the glass walls.
This problem can be nearly eliminated by
assuring that substantial negative pressure
(i.e., a partial vacuum) exists in the vial prior
to heating.*’

The particle size distribution of Tc-99m
sulfur colloid is also influenced by heating
parameters. Minimal heating produces a par-
ticle size distribution favoring small particles,
and therefore has been recommended as one
procedure for preparing Tc-99m sulfur col-
loid suitable for lymphoscintigraphy.*' Ex-
cessive heating, on the other hand, produces a
particle size distribution favoring large parti-
cles which, if greater than 10 microns, effect
embolization of pulmonary capillaries.

10

Improper Mixing Order

When preparing Tc-99m radiopharma-
ceuticals, the reducing agent (i.e., Sn°") and
the chelating ligand should be mixed together
before Tc-99m pertechnetate is added. If
Sn*" and Tc-99m pertechnetate are combined
first, insoluble Tc-99m hydroxides or Tc-
99m tin colloids may be formed, with resul-
tant liver uptake.42'47 This potential problem
is obviated with the use of commercial Kits,
which contain a lyophilized mixture of Sn**
and chelating ligands, that are to be reconsti-
tuted with Tc-99m sodium pertechnetate.

The preparation of some radiophar-
maceuticals involves mixing of ingredients in
a specific sequence in order to optimize the
intended chemical reactions. If the sequence
is not correctly followed, poor or negligible
radiolabeling may result. For example, the
preparation of Tc-99m sulfur colloid involves
the heat-driven reaction of thiosulfate and
acid to form elemental sulfur, with concur-
rent formation of Tc,S; as a coprecipitate;
phosphate buffer is added after boiling and
cooling to neutralize excess acid. If the acid
and buffer components are inadvertently
switched, the intended reaction will not pro-
ceed and the resulting product will consist of
primarily unreacted free pertechnetate with
little or no Tc-99m sulfur colloid.'

Similarly, the in vitro radiolabeling of red
cells involves an ordered series of steps: fol-
lowing incubation of blood with stannous
chloride, sodium hypochlorite and citrate are
added to oxidize and chelate excess extracel-
lular stannous ion (which would otherwise
interfere with radiolabeling red cells by re-
ducing pertechnetate before it enters the cell)
prior to incubation with pertechnetate. If the
sodium hypochlorite is mixed with the stan-
nous chloride prior to addition of blood, it
will prematurely oxidize the stannous and
thus result in a product consisting of primar-
ily unreacted free pertechnetate with negligi-
ble radiolabeling of Tc-99m to the red cells.'



As stated earlier, the preparation of many
Tc-99m radiopharmaceuticals includes dilu-
tion with normal saline. In addition to mini-
mizing radiolytic decomposition, dilution is
often desirable in order to optimize the vol-
ume associated with the handling and ad-
ministration of a patient dosage.” Hence, as
a matter of practice, kits reconstituted with
relatively concentrated Tc-99m  sodium
pertechnetate are frequently post-diluted to
achieve a standardized concentration or vol-
ume.®® Moreover, reconstitution of certain
kits (e.g., aggregated albumin, pentetate, sul-
fur colloid) with concentrated Tc-99m so-
dium pertechnetate followed by post-dilution
with normal saline may actually improve the
radiochemical purity of the final product as
compared to standard preparation proce-
dures.**® For tetrofosmin, however, recon-
stitution with concentrated Tc-99m sodium
pertechnetate followed by dilution with nor-
mal saline may produce various radiochemi-
cal impurities, due to radiolytic effects as de-
scribed above that occur during the time of
high radioactive concentration prior to dilu-
tion. Therefore, optimal radiolabeling of tet-
rofosmin requires that Tc-99m sodium
pertechnetate be pre-diluted with normal sa-
line. !

A practice-related issue associated with
dilution methods is radiation dose to hands.
Using two separate syringes for reconstitut-
ing reagent kits, one for normal saline and the
other for Tc-99m sodium pertechnetate,
rather than the standard method of using one
syringe containing diluted Tc-99m sodium
pertechnetate significantly reduces the radia-
tion dose to the fingers.”™® The greatest re-
duction in finger dose is achieved with a pre-
dilution method (i.e., adding normal saline to
the vial prior to adding Tc-99m sodium
pertechnetate).”>*>> It is important to note
that such a procedural alteration, when used
with caution, does not significantly effect the
radiochemical purity and stability of several
Tc-99m radiopharmaceuticals, including Tc-
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99m medronate, Tc-99m mertiatide, and Tc-
99m sestamibi.”

Reagent Concentration

For certain Tc-99m radiopharmaceuticals,
improper reagent/component concentration,
either too low or too high, can result in radio-
labeled products of decreased radiochemical
purity. For example, the rate and extent of
radiolabeling red cells with Tc-99m are af-
fected by cell concentration. The rate-
limiting factor appears to be the facilitated
transport of Tc-99m into red cells via the
band 3 protein anionic transport system pre-
sent in the cell membrane.*® Hence, an un-
usually low concentration of red cells, and
thus transport sites, will result in poor radio-
labeling with Tc-99m. This problem has
been observed in situations involving patients
with severely low hematocrits, or, more
commonly, low red cell concentration due an
inadequate blood volume and/or an excessive
Tc-99m sodium pertechnetate volume used in
the in vitro labeling method.*'*  Similarly,
suboptimal radiolabeling of leukocytes with
Tc-99m exametazime may occur when using
an inadequate number of cells,””® a large
incubation volume (i.e., low cell concentra-
tion),”>* or an inadequate concentration of
Tc-99m exametazime (i.e, large reconstitu-
tion volume for preparation of Tc-99m exa-
metazime).56%646

For a few products, excessive reagent
concentration (i.e., inadequate preparation/
dilution volume) may result in undesirable
effects. Decreased radiolabeling and lessened
stability of Tc-99m tetrofosmin result when
total preparation volumes are smaller than
directed;**” production of other radiochemi-
cal impurities is due to concentration-
dependent radiolytic effects as discussed
above as well as reactions directly caused by
tetrofosmin acting as a reducing agent. Simi-
larly, decreased radiolabeling of Tc-99m
mertiatide occurs when total preparation vol-
umes are smaller than directed.” In the pro-
cedure for radiolabeling leukocytes with Tc-



99m exametazime, improved labeling effi-
ciencies can be achieved by using a lower
concentration of exametazime (e.g., one-half
to one-fifth of an exametazime vial labeled
with Tc-99m) compared to using the entire
contents of a vial labeled with Tc-99m, in the
incubating cell suspension.*® Occasionally,
excessive reagent concentration may also be
an important factor relating to solubility. For
example, an inadequate preparation volume
for Tc-99m disofenin may produce cloudi-
ness, due to precipitation of poorly soluble
disofenin.”

Incubation/Time Delays

Although most Tc-99m chelates are
formed very rapidly, some complexation re-
actions require substantial incubation time.
In these latter reactions, radiolabeling usually
follows an exponential curve, with plateaus
achieved after several minutes. For example,
incubation times of up to 10-20 minutes may
be required to reach radiolabeling plateaus
for several Tc-99m radiopharmaceuticals,
including Tc-99m iminodiacetic acid deriva-
tives for hepatobiliary imaging, Tc-99m pen-
tetate, and Tc-99m succimer, presumably be-
cause of slow progression from the initial
rapidly-formed mononuclear complex to the
final dinuclear complex (dimer).”" For albu-
min products, such as Tc-99m albumin ag-
gregated, a similar incubation time is re-
quired to allow pertechnetate ions to diffuse
into the protein’s tertiary structure where
stannous reduction and chelation takes
place.”” An incubation time of 10-20 minutes
is also required for Tc-99m labeling of red
cells, where the transport of pertechnetate
ions across the cell membrane appears to be
the rate-limiting factor.”® Maximal radio-
labeling of leukocytes with Tc-99m exa-
metazime also requires an incubation time of
about 20 minutes.””” The quality of bone
images is significantly improved if Tc-99m
medronate is incubated at least 30 minutes
before administration, apparently related to
the slow formation of a complex with more
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rapid elimination kinetics;’*” brief sonica-

tion of the vial produces similar results as
prolonged incubation.”

Many of the newer Tc-99m radiopharma-
ceuticals are prepared via rapid initial forma-
tion of an intermediate complex (i.e., Tc-99m
weakly chelated by a transfer ligand) from
which the final product is slowly formed via
exchange reactions.”’” Examples of transfer
ligands used in commercial kits include ace-
tate [arcitumomab], citrate [sestamibi], ede-
tate [bicisate, depreotide], glucoheptonate
[apcitide, depreotide], gluconate [tetrofos-
min], and tartrate [arcitumomab, mertiatide].
Due to relatively slow exchange reactions,
incubation times of 15-30 minutes are re-
quired for preparation of Tc-99m bicisate and
Tc-99m tetrofosmin. Exchange reactions can
be promoted by heating, so incubation in a
boiling water bath is recommended for prepa-
ration of Tc-99m apcitide, Tc-99m depreo-
tide, Tc-99m mertiatide, and Tc-99m
sestamibi to facilitate the exchange from the
transfer ligand to the final product ligand. In
addition to promoting exchange reactions,
heating (i.e., boiling) is also needed in the
preparation of Tc-99m apcitide, Tc-99m mer-
tiatide, and Tc-99m sestamibi to cleave off
protective groups and free up binding sites
for complexation with Tc. Inadequate incu-
bation may result in unacceptably large
amounts of radiochemical impurities in the
form of residual intermediates (i.e., transfer
ligands).®’

On the other hand, excessive incubation
times or excessive time delays between
preparation steps can produce undesirable
effects for certain Tc-99m radiopharmaceuti-
cals. For example, unacceptable radiochemi-
cal purity of Tc-99m mertiatide may result if
there is an excessive time delay (i.e., a few
minutes) before the addition of air or before
the boiling step.” Similarly, a time delay of
several minutes before adding the methylene
blue stabilizer to a freshly reconstituted vial
of Tc-99m exametazime may result in de-



creased radiochemical purity.” In these ex-
amples, excessive delays between preparation
steps allow radiolytic effects to proceed rela-
tively unimpeded and result in increased pro-
duction of radiochemical impurities. In the
preparation of Tc-99m sulfur colloid, an ex-
cessive delay following the addition of Tc-
99m sodium pertechnetate and hydrochloric
acid to the reagent vial before the boiling step
may allow acid reduction of pertechnetate
and formation of the chelate Tc-99m edetate
(Zabel P, personal communication, July 24,
2001).

Commercial Source

The commercial source of generators,
kits, and other ingredients may affect the ra-
diochemical purity and/or the biodistribution
of various radiopharmaceuticals. A specific
kit that yields a highly labeled product when
prepared with Tc-99m eluate from one brand
of generator may demonstrate substantially
lower radiolabeling when prepared with the
eluate from a different manufacturer’s gen-
erator. One explanation for differences may
be related to the concentration of oxidizing
species produced from the radiolysis of wa-
ter. For example, the lower labeling effi-
ciency of Tc-99m sestamibi observed when
prepared with the eluate from a wet-column
generator is likely related to oxidation of
stannous by oxidizing species formed from
radiolysis of water in the generator column.'*
Other factors, however, may be involved in
certain situations. For instance, the poor la-
beling efficiency of Tc-99m mertiatide re-
ported with the use of one company’s genera-
tor’ was traced to the presence of chemical
contaminants leached from its vial stoppers.
Similarly, the poor radiochemical purity of
some Tc-99m antibody conjugates prepared
with pertechnetate eluates from certain gen-
erators was shown to coincide with the pres-
ence of 2-mercaptobenzothiazole, a chemical
used in manufacturing the non-halogenated
butyl stoppers of the collection vials.”’
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In addition to generator elution vials,
other vials with different compositions, pre-
sumably as a result of different chemicals
leached therefrom, may be implicated in poor
radiolabeling reactions. For example, sig-
nificant differences in the stability of stan-
nous chloride solutions have been observed
in vials with different types of elastomeric
closures.”® Also, poor radiolabeling of Tc-
99m exametazime, of Tc-99m red cells, and
of Tc-99m mertiatide have been associated
with certain sources of normal saline used for
dilution.'***®""% This interference may be
explained, albeit not yet substantiated, by the
oxidizing effects of free radicals formed from
organic substances (e.g., butylated hydroxy-
toluene) leached from the plastic.”’

Even with comparable radiolabeling
yields, kits from different commercial
sources may result in significant differences
in biodistribution and elimination kinetics.
For example, various Tc-99m pentetate prod-
ucts exhibit significant differences in protein
binding and glomerular filtration rates.** The
frequency of gastric, hepatic, gallbladder, and
intestinal localization is greater with unstabi-
lized Tc-99m medronate products than with
Tc-99m medronate products stabilized with
antioxidants such as ascorbic acid.®*3* Also,
variations in lung-to-background ratios for
Tc-99m aggregated albumin products may be
related to differences in particle size distribu-
tion and/or soluble radiochemical impurities
that are not detected with usual thin layer
chromatography tests.*>*

Bacteriostatic Preservatives

Because sterility of products for par-
enteral administration is essential, it might be
surmised that bacteriostatic normal saline be
used in the preparation and dilution of in-
jectable radiopharmaceuticals. Unfortunately,
bacteriostatic normal saline used in the prepa-
ration of many Tc-99m radiopharmaceuticals
may adversely affect their radiochemical pu-
rity, stability, and biodistribution. For exam-
ple, dilution of Tc-99m pertechnetate with



bacteriostatic normal saline has been reported
to produce an increased percentage of insolu-
ble, colloid impurities.'”®”  Biodistribution
studies using Tc-99m medronate prepared
with bacteriostatic normal saline, in compari-
son to preparation with preservative-free
normal saline, found significantly lower up-
take in the skeleton with correspondingly
higher uptake in other organs such as blood,
muscle, and liver.!

Most of these effects can be traced to re-
actions with benzyl alcohol, the most com-
monly used preservative in bacteriostatic
normal saline. In addition to its oxidizing
effects described earlier, it is theorized that
benzyl alcohol may be transformed by radio-
lytic oxidation to benzaldehyde, a weak re-
ducing agent, which may be capable of re-
ducing pertechnetate to lower oxidation states
with the resultant formation of hydrolyzed-
reduced technetium.”” Because of these po-
tential deleterious effects, only preservative-
free normal saline should be used in the
preparation of Tc-99m radiopharmaceuticals.

Possible contamination of generator col-
umns or eluates with bacteriostats from nee-
dle protectant vials could potentially interfere
with elution yield or radiolabeling of Kkits.
For example, isopropyl alcohol contamina-
tion of alumina generator columns can sub-
stantially decrease expected elution yields of
Tc-99m sodium pertechnetate,™** and unac-
ceptably low radiolabeling of mertiatide kits
has been linked with generator eluates con-
taminated with bacteriostats from the guard
vial."” The use of 0.2% parabens as a bacte-
riostat for generator needle covers, however,
appears to be suitable with no deleterious ef-
fects on generator performance and no effects
on the radiochemical purity when used to
radiolabel aggregated albumin, mertiatide,
pyrogghosphate, sestamibi, or tetrofosmin
kits.

Other Diluents
Because of potential deleterious effects
from bacteriostatic agents as described above,
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preservative-free normal saline is the stan-
dard solution used in the preparation Tc-99m
radiopharmaceuticals. Other stock intrave-
nous solutions, such as 5% dextrose injection
or 5% dextrose and 0.45% sodium chloride
injection, should not be used for this purpose.
For example, preparation of Tc-99m medro-
nate and Tc-99m mebrofenin using Tc-99m
pertechnetate diluted with 5% dextrose injec-
tion can result in abnormally high activity in
kidneys, cardiac blood pool, and soft-tissue
background.” This altered biodistribution has
been ascribed to the competitive formation of
Tc-99m dextrose during the radiolabeling
process. It is interesting to note, however,
that the radiolabeling of Tc-99m tetrofosmin
does not appear to be affected by 5% dex-
trose injection, presumably because ligand
exchange reactions favor the transchelation
of technetium by tetrofosmin.”

Leukocytes labeled with Tc-99m exa-
metazime are typically resuspended in cell-
free plasma for subsequent patient admini-
stration. Although resuspension in other so-
lutions, such as certain salt solutions, may
somewhat improve the labeling efficiency,’’
a plasma environment is beneficial for the
functional integrity of the leukocytes.”” Fur-
thermore, patient procedures using Tc-99m
leukocytes suspended in plasma demonstrate
less non-specific bowel uptake compared to
those using Tc-99m leukocytes suspended in
other media.”

Aluminum

Excessive concentrations of aluminum
contamination, generally related to break-
through from alumina generator columns,
may interact with several Tc-99m radiophar-
maceuticals via chemical reactions. Exam-
ples of these interactions with aluminum in-
clude Tc-99m diphosphonates (colloidal pre-
cipitation resulting in liver localization), Tc-
99m pentetate (dissociation resulting in al-
terations in glomerular filtration measure-
ments), Tc-99m sodium pertechnetate (com-
plexation resulting in decreased thyroid up-



take and prolonged soft tissue retention), Tc-
99m red cells (agglutination), and Tc-99m
sulfur colloid (flocculation resulting in pul-
monary microembolism).” Excessive alumi-
num contamination was frequently a problem
with generators produced using low specific
activity Mo-99 obtained from neutron activa-
tion of Mo-98 that required relatively large
alumina columns.”> Modern generators are
produced using high specific activity Mo-99
obtained as a fission byproduct that require
much smaller alumina columns.”> Because of
this change and other improvements in gen-
erator manufacturing processes that consis-
tently ensure compliance with United States
Pharmacopeia limits for aluminum contami-
nation, excessive aluminum contamination is
extremely rare nowadays and these problems
are now essentially of historical signifi-
cance.”

Filtration

The performance of lymphoscintigraphy
and sentinel node localizations using conven-
tional Tc-99m sulfur colloid may be limited
by retention of large particles (i.e., > 100-200
nanometers) at the site of injection.”**®
Therefore, the use of “filtered” Tc-99m sulfur
colloid (i.e., obtained from filtration of Tc-
99m sulfur colloid through 0.1 or 0.22 mi-
cron filters) has become standard practice in
many settings for use in lymphoscintigraphy
procedures. Because only a fraction of the
Tc-99m sulfur colloid particles passes
through the filter whereas all of the free
pertechnetate in the sample passes through
the filter, the percentage of free pertechnetate
in the filtrate will be higher than in the origi-
nal sample.”*” Excessive free pertechnetate
impurity may interfere with lymphoscintigra-
phy because it can be absorbed into the blood
rather than flowing through the lymphatic
channels and localizing in lymph nodes.

Specific Activity/Mass
The specific activity of some Tc-99m ra-
diopharmaceuticals may have important ef-

15

fects on their biodistribution. The effects of
low specific activity (excessive mass) on ra-
diopharmaceutical biodistribution are most
pronounced when the mechanism for local-
ization involves saturatable processes involv-
ing a limited number of receptor sites, trans-
port systems, enzymes, or other interactive
biological substances responsible for the lo-
calization. In these circumstances, target-to-
background radioactivity ratios will decrease
as saturation occurs.

For example, administration of an exces-
sive number of Tc-99m damaged red cells in
certain clinical situations may overload the
sequestering ability of the spleen.'” Admini-
stration of an excessive number of Tc-99m
sulfur colloid particles (i.e., low specific ac-
tivity Tc-99m sulfur colloid) for lymphoscin-
tigraphy may result in less radioactivity local-
ized in lymph nodes.'”" Additionally, pro-
gression of radioactivity on to second tier
nodes may be observed when large numbers
of particles pass into sentinel nodes, pre-
sumably due to saturation of phagocytic
function in the sentinel nodes.”>” Hence,
use of Tc-99m sulfur colloid prepared with
high specific activity may offer some advan-
tages for lymphoscintigraphy.'"'

On the other hand, excessive specific ac-
tivity may also effect the biodistribution of
certain Tc-99m radiopharmaceuticals. For
example, administration of inadequate pep-
tide mass of Tc-99m apcitide may result in
decreased accuracy for detection of deep vein
thrombosis.'”® Therefore, preparation of all
Tc-99m radiopharmaceuticals should involve
procedures that address specific activity as
appropriate.

Summary of Preparation Problems

A listing of many reported problems as-
sociated with preparation of current Tc-99m
radiopharmaceuticals is presented in Appen-
dix 1.



INCIDENCE OF PREPARATION
PROBLEMS

The actual incidence of preparation prob-
lems for Tc-99m radiopharmaceuticals is un-
known. It varies, of course, from site to site,
depending on many variables such as the par-
ticular products used, type and extent of de-
viations from package insert instructions for
preparation, and staff knowledge and experi-
ence. Hence, isolated reports and limited
surveys are unlikely to be representative of
general practice. Moreover, problems are
substantially under-reported to voluntary re-
porting systems; for example, a total of only
40 instances of poor radiochemical purity of
radiopharmaceuticals was reported in Europe
throughout the years 1988-1995.% Therefore,
these problems are undoubtedly much more
frequent than generally appreciated.

Survey studies attempt to provide some-
what more perspective as to the incidence of
problems. For example, the number of Tc-
99m radiopharmaceuticals with unacceptable
radiochemical purity has been reported, by
seven individual sites, to be in the range of
0.2 - 0.8%,!10:103:104 However, as discussed
above, these results cannot be extrapolated to
other locations and situations. For instance,
in certain circumstances, the radiolabeling
failure rate for one Tc-99m radiopharmaceu-
tical was reported to be 100%!"*

In a 13-month study of factors affecting
Tc-99m mertiatide kit failures, an overall in-
cidence of unacceptable radiolabeling of 25%
was observed.'? Radiolabeling failures were
associated with the use of Tc-99m sodium
pertechnetate obtained as the first eluate from
a new generator, the use of normal saline ob-
tained from certain plastic ampules, and cer-
tain lots of manufactured mertiatide kits.

The incidence and probable causes of
substandard Tc-99m radiopharmaceuticals
have been followed for many years at the
University of Iowa Hospitals and Clinics’
nuclear medicine department, where radio-
pharmaceuticals are routinely prepared for in-
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house use. During the seventeen-year period
of 1986-2002, there were 77 out of 29,927
(0.26%) Tc-99m radiopharmaceutical prepa-
rations that were substandard (see Table 3).
Most of these preparation problems involved
kits containing relatively small amounts of
stannous ion: aggregated albumin, exa-
metazime, in vitro red cells, and mertiatide.
The majority (64%) of the substandard prepa-
rations were associated with the use of Tc-
99m sodium pertechnetate obtained from a
generator with >48 hours build-up (e.g., new
generator) and/or Tc-99m sodium pertech-
netate aged more than 12 hours (e.g., evening
call back situation). Hence, the presence of
excessive Tc-99 (i.e., a low mole fraction of
Tc-99m) and the presence of excessive prod-
ucts from the radiolytic ionization of water
appear to be important reasons for substan-
dard radiolabeling. However, because prepa-
rations of high quality were frequently pro-
duced when several different kits were pre-
pared using Tc-99m sodium pertechnetate
from a generator with >48 hours build-up
and/or Tc-99m sodium pertechnetate aged
>12 hours, other factors such as trace con-
taminants and lot variability must also play
important roles in the radiolabeling reactions.
Additionally, some preparation problems,
such as improper mixing order or inadequate
heating, resulted from human error or inatten-
tion to written procedures.

Prior to circa 1985, package inserts for
Tc-99m generators did not state an expiration
time for the eluate, while the United States
Pharmacopeia specified a maximum expira-
tion time for Tc-99m sodium pertechnetate of
48 hours.'” Hence, expiration times (up to a
maximum of 48 hours) for Tc-99m eluates
were often established based on the Mo-99
concentration therein.'® Currently, however,
package inserts for Tc-99m generators state
the expiration time for an eluate to be 12
hours. Use of a Tc-99m eluate after 12 hours
may be considered to be a deviation from
package insert instructions.'®’



Table 3. Incidence and Probable Causes of Substandard Tc-99m Radiopharmaceuticals
Prepared at the University of lowa 1986-2002.

Number of |Number of Substandard Problems per Probable Causative Factor

Substandard

Prepara- Pertech- Both >48

tions (% of |netate from a Hours

Sub- Generator Generator

standard with >48 Pertech- Build-up

Prepara- Hours Build- netate Aged |and Aged
Product tions) up >12 Hours  |>12 Hours |Other
Tc-99m ag- | 43 (56%) 14 16 9 1 — defective vial (no particles)
gregated 3 — pertechnetate aged >6 hours
albumin
Tc-99m in 12 (16%) 1 1 3 1 — wrong mixing order (syringes
vitro red I and II reversed)
cells 1 — excessive volume (4 mL

Tc 99m)

2 — inadequate red cell concentra-
tion (patient hematocrit
<30%)

1 — excessive hemolysis during
blood withdrawal

1 — blood obtained from whole
blood transfusion bag

1 — unknown

Tc-99m ex- 5 (6%) — — — 1 — Tc-99m aged >6 hours

ametazime 4 — unknown (first few produc-
tion lots when initially mar-
keted)

Tc-99m 4 (5%) 1 — — 2 — inadequate heating

mertiatide 1 — unknown

Tc-99msul- | 4 (5%) — — — 2 — wrong mixing order (acid and

fur colloid buffer reversed)

1 — excessive volume (inadequate
heating?)

1 — unknown

Tc-99m 3 (4%) 1 1 — 1 — unknown

disofenin

Tc-99m 3 (4%) — — — 2 — inadequate heating

sestamibi 1 — delay >10minutes before
heating

Tc-99m tet- 2 (3%) 2 - -

rofosmin

Tc-99m de- 1 (1%) — — — 1 — unknown

preotide
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In summary, the incidence of substandard
Tc-99m radiopharmaceuticals encountered in
clinical practice is generally low, although it
is variable among products, personnel, and
practices. A substantial fraction of the prob-
lems that have been reported tend to involve
the use of Tc-99m pertechnetate containing
excessive amounts of Tc-99 and/or oxidizing
impurities to prepare kits that contain rela-
tively small amounts of stannous ion. Other
reported problems have been the result of
human procedure error. Also, intentional de-
viations from package insert instructions can
potentially be an important cause of substan-
dard preparations. Therefore, a routine qual-
ity control program involving testing for ra-
diochemical purity before patient administra-
tion should be adopted as a standard of prac-
tice. Moreover, such quality control testing,
at least for older products, has been shown to
be cost effective. ™

DISPENSING PROBLEMS

As stated in the introduction, some problems
are not related to preparation factors but
rather are related to subsequent dispensing
activities. (In this context, dispensing refers
to activities associated with the provision of
individual patient doses withdrawn from pre-
viously prepared products.) Like the product
preparation problems described above, de-
pending on the specific radiopharmaceuticals
and the specific parameters of the imaging
procedure, these dispensing problems may
interfere with diagnostic interpretation of the
images by masking disease, mimicking dis-
ease, or otherwise resulting in non-diagnostic
image quality, or may impart unnecessary
radiation exposure to non-target organ(s).

Decomposition During Storage
Decomposition of radiopharmaceuticals
is characterized by four mechanisms: inter-
nal radiation effects (i.e., radiation emitted
from one molecule directly affecting that
same molecule), direct radiation effects (i.e.,
radiation emitted from one molecule directly
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affecting a different molecule), indirect radia-
tion effects (i.e., radiation emitted from one
molecule indirectly affecting a different
molecule), and nonradiolytic chemical effects
(e.g., hydrolysis). Of primary significance in
Tc-99m radiopharmaceutical solutions are
the indirect radiation effects resulting from
the ionization of water (vide supra). Decom-
position of virtually all Tc-99m radiopharma-
ceuticals will occur if sufficient time is al-
lowed; however, the rate of decomposition
varies widely from one Tc-99m radiophar-
maceutical to another and from one prepara-
tion and/or storage factor to another. There-
fore, in addition to following proper prepara-
tion and storage recommendations, Tc-99m
radiopharmaceuticals should be used as soon
after preparation as possible to avoid decom-
position problems.

Dispensing Tc-99m radiopharmaceuticals
in plastic syringes, rather than in glass vials,
is commonplace. It should be noted, how-
ever, that the radiochemical purity of many
Tc-99m radiopharmaceuticals may decrease
more rapidly when stored in plastic syringes
compared to glass vials.'"”'” The mecha-
nism of this effect is not well defined, but
may be related to greater oxygen permeabil-
ity of plastic or leaching of certain chemicals
from the plastic or rubber plunger tip. In cer-
tain circumstances, this faster rate of decom-
position in plastic syringes may necessitate
assigning a shorter expiration time.'” There-
fore, the stability of each particular Tc-99m
radiopharmaceutical in each particular sy-
ringe should be ascertained so as to assign a
revised expiration time if appropriate.

For Tc-99m radiopharmaceuticals involv-
ing living cells, prolonged storage or exces-
sive delay before reinjection may lead to de-
creased cell viability and functional localiza-
tion, as has been observed with In-111 la-
beled leukocytes.''"!"!  Also, Tc-99m stead-
ily elutes out of Tc-99m [exametazime] leu-
kocytes over time.''*'" Therefore, Tc-99m
leukocytes should be reinjected as soon as



possible after the radiolabeling procedure is
complete.

Agitation

Agitation, including that caused by trans-
portation, may have deleterious effects on
several radiopharmaceuticals. Excessive agi-
tation of Tc-99m radiopharmaceutical solu-
tions may enhance radiolytic decomposition
and oxidation by increasing the air/water in-
terface and promoting the dissolution of at-
mospheric oxygen in the solution.""  This
appears to be especially important for Tc-
99m radiopharmaceuticals that contain small
amounts of stannous ion, such as exa-
metazime.'” For Tc-99m radiopharmaceuti-
cals containing soluble protein (e.g., albumin,
antibodies), excessive agitation can result in
the production of foam and encourages dena-
turation, aggregation, and precipitation.'"*
Vigorous agitation of Tc-99m sulfur colloid
can result in a substantial increase in mean
particle size.''® Agitation may also result in a
greater fraction of Tc-99m sestamibi and Tc-
99m antibodies adhering to the walls of the
vial. """ For radiolabeled blood cells, ex-
cessive agitation during transportation may
damage the cells and cause leaching of Tc-
99m from them.''® Therefore, care must be
taken during transportation to avoid exces-
sive agitation.

Sedimentation of Particles

Particulate radiopharmaceuticals for per-
fusion lung imaging tend to settle or sediment
with time. The rate of sedimentation is vari-
able, and depends in large part on the particu-
lar manufactured product.'’” Therefore, be-
fore a dosage is withdrawn, the vial should be
gently inverted several times to resuspend the
particles. Failure to do this may result in
withdrawal of an unexpectedly low activity
per volume, a slightly higher percentage of
free Tc-99m pertechnetate impurity in the
withdrawn dosage, and/or an inadequate
number of particles of optimal lung imaging.
Similarly, Tc-99m aggregated albumin prod-
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ucts may settle in syringes (e.g., unit doses)
especially if substantial time elapses between
dosage preparation and patient administra-
tion. If the syringe is stored needle-down,
and then the needle is changed immediately
prior to injection, a substantial portion of the
dose may be lost in the discarded needle
(Quinton T, personal communication, Sep-
tember 15, 2003). Therefore, syringes con-
taining Tc-99m aggregated albumin should
be stored on their sides or needle-up, and the
syringe should be inverted a few times prior
to administration to resuspend particles that
may have settled during storage. Note: such
resuspension must be gentle because vigor-
ous agitation or shaking will result in the
formation of foam in the vial.

Adsorption to Container Walls

Some Tc-99m radiopharmaceuticals have
a tendency to adsorb over time to the surface
of glass storage vials, thus resulting in unex-
pectedly low activity per volume and a
slightly higher percentage of free Tc-99m
pertechnetate impurity. This phenomenon
has been reported for several Tc-99m radio-
pharmaceuticals, including Tc-99m aggre-
gated albumin,m’121 Tc-99m sestamibi,117
Tc-99m succimer,'® and Tc-99m sulfur col-
loid."*'®  Tc-99m tetrofosmin also adsorbs
to the walls and rubber stopper of glass stor-
age vials, with increased adsorption related to
storage time, contact between the solution
and the rubber stopper, agitation, and low
concentration of tetrofosmin.'**

Many Tc-99m radiopharmaceuticals have
a tendency to adsorb to the surface of plastic
syringe barrels and/or the tips of their plung-
ers, thus resulting in unexpected reductions in
the dosage actually administered. In some
situations, this unexpected reduction in ad-
ministered dosage may be significant and po-
tentially result in images of non-diagnostic
quality. The fraction of Tc-99m radiophar-
maceutical retained in the syringe is highly
variable, and is influenced by excipients in
the formulation, the type and composition of



the syringe, the length of time in the syringe,
and amount of agitation.'>"'?’

Relatively low syringe retention occurs
with most Tc-99m radiopharmaceuticals, in-
cluding Tc-99m bicisate, Tc-99m exa-
metazime, Tc-99m medronate, Tc-99m mer-
tiatide, Tc-99m oxidronate, Tc-99m pen-
tetate, Tc-99m sodium pertechnetate, and Tc-
99m succimer.”*'*®  However, significant
syringe retention (e.g., 10-50%) can be ob-
served in some combinations of radiopharma-
ceutical product, syringe product, and storage
conditions for Tc-99m aggregated albu-
min, 12126127129 T 99 sestamibi, 223! and
Tc-99m tetrofosmin.'*'?"'* Enhanced reten-
tion of lipophilic myocardial perfusion radio-
pharmaceuticals in syringes constructed with
elastomeric plunger tips appears to be related
to greater adsorption to the elastomeric com-
ponent of the plunger."”*'?"**  For Tc-99m
sestamibi, flushing the syringe with normal
saline may remove up to 70% of this retained
activity.”!  Nonetheless, syringe products
that demonstrate unacceptably high retention
of specific radiopharmaceuticals should not
be used for dispensing of those radiopharma-
ceuticals.

Interaction with Container Components
Occasionally a Tc-99m radiopharmaceu-
tical can interact with a container component
or with chemical contaminants leached there-
from. For example, administration of stan-
nous pyrophosphate through certain catheters
or tubing for in vivo red cell labeling may
result in substantial binding of stannous to
the walls of the device and thereby produce
poor radiolabeling of red cells with corre-
sponding increased amounts of residual, un-
reacted free pertechnetate.”’ In some in-
stances, chemical impurities leached from the
rubber tips of plungers in certain syringes can
be labeled with Tc-99m and subsequently
show kidney localization."*®> A similar prob-
lem has been reported that involved the for-
mation of a sticky glue-like substance inside
a syringe containing a Tc-99m iminodiacetic
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acid hepatobiliary agent, but which did not
occur when a different brand of syringe was
used.*

Interaction with Antiseptics

Another problematic interaction relates to
the inadvertent entry of antiseptic solution
into the Tc-99m radiopharmaceutical vial
during needle puncture. When the vial dia-
phragm is swabbed with excessive antiseptic,
a small puddle often remains on the surface
of the rubber septum. If sufficient time is not
allowed for complete evaporation or drying, a
small volume of the antiseptic may enter the
vial when penetrated with a needle. This an-
tiseptic contamination may then react or in-
terfere with the radiopharmaceutical contents.

Various detrimental interactions due to
contamination with antiseptics have been re-
ported. Povidone-iodine (a complex of io-
dine and polyvinyl pyrrolidinone) has been
reported to inhibit the Tc-99m sulfur colloid
labeling reaction to result in products with
unacceptably low radiochemical purity.'**
Chlorhexidine acetate has been reported to
have caused the aggregation of Tc-99m sul-
fur colloid particles with consequent pulmo-
nary embolization.'*> Chlorhexidine glucon-
ate has been associated with kidney localiza-
tion, which is thought to be from formation
of Tc-99m gluconate.”® An antiseptic solu-
tion of chlorhexidine and cetrimide has been
reported to cause colloidal precipitation of
Tc-99m succimer with consequent uptake in
liver and spleen.*® Isopropyl alcohol has
been noted to cause a time-related breakdown
of Tc-99m oxidronate with consequent up-
take of free pertechnetate in the stomach.'’
Isopropyl alcohol can also interfere with elu-
tion of Tc-99m sodium pertechnetate from
generator systems, whereas parabens do
not.*® A mixture of hydrogen peroxide and
isopropyl alcohol has been reported to pro-
duce poor radiochemical purity of Tc-99m
mertiatide because of stannous oxidation by
peroxide."



Based on these reports, it is recom-
mended that antiseptics known to cause prob-
lems with certain radiopharmaceuticals be
avoided for those products. Generally, alco-
hol antiseptics (e.g., 70% ethanol or isopro-
panol) are preferred over those containing
iodine or other strong oxidizing agents. With
the use of any antiseptic, it is essential that
excessive pooling on the septum surface be
avoided, and that the antiseptic solution be
allowed to dry completely before any needle
puncture is performed.

Summary of Dispensing Problems

A listing of many reported problems as-
sociated with dispensing of current Tc-99m
radiopharmaceuticals is presented in Appen-
dix 2.

CONCLUSION

This review was intended to describe
many of the preparation and dispensing prob-
lems associated with Tc-99m radiopharma-
ceuticals, including the underlying causes and
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possible methods of minimization/avoidance.
The reader is encouraged to apply these fac-
tors to explore potential problems that are
likely to be encountered with other radio-
pharmaceuticals, especially new agents, or
when deviating from package insert instruc-
tions for preparation of established products.
Nonetheless, preparation problems that are
detected by quality control testing and unex-
pected or unexplainable cases of altered ra-
diopharmaceutical biodistribution will occa-
sionally occur, and these should be monitored
closely and documented by the healthcare
professionals involved. It is important that
these product-related problems be reported to
the manufacturers and to the regulatory agen-
cies (e.g., via MedWatch: The FDA Medical
Products Reporting Program), and, as appro-
priate, disseminated in professional commu-
nications. The widespread reporting of such
problems in a timely manner will contribute
to improved safety and efficacy of radio-
pharmaceuticals.
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APPENDIX 1. REPORTED PROBLEMS ASSOCIATED WITH PREPARATION OF
CURRENT TC-99M RADIOPHARMACEUTICALS
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APPENDIX 2. REPORTED PROBLEMS ASSOCIATED WITH DISPENSING OF
CURRENT TC-99M RADIOPHARMACEUTICALS

Radiopharmaceutical
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Radiopharmaceutical
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Effect/Manifestation
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QUESTIONS

1.

Which of the following is NOT a po-
tential result of a Tc-99m radiophar-
maceutical preparation problem?

a. T uptake in thyroid, salivary, and
stomach from excessive free
pertechnetate impurity

b. T uptake in liver, spleen, and mar-
row from excessive insoluble hy-
droxides impurity

c. T uptake in lungs from excessive
large particulates impurity

d. T uptake in gallbladder from exces-
sive hydrophilic, ionized, >5000
daltons molecular weight impurity

Regarding Tc-99m and Tc-99, a mole

fraction of 0.5 occurs at an in-growth

time of approximately  hours in a

Mo0-99/Tc-99m generator.

a. 6

b. 10

c. 24

d. 66

Which of the following generator elu-

ates contains the SMALLEST mole

fraction of Tc-99m?

a. generator in-growth = 24 hours,
eluate age = 12 hours

b. generator in-growth = 48 hours,
eluate age = 6 hours
c. generator in-growth = 72 hours,

eluate age = 1 hour
d. all of the above are approximately
equivalent

Based on stannous content, which of
the following kits would be expected to
best tolerate preparation using the first
eluate of a new generator?

a. bicisate

b. exametazime
c. mebrofenin
d. mertiatide

71

Strategies to minimize radiolytic de-

composition and formation of free

pertechnetate include each of the fol-

lowing, EXCEPT:

a. addition of ascorbic acid.

b. dilution to a lower radioactive con-
centration.

c. replacement of nitrogen atmos-
phere with sterile room air.

d. storage at refrigerator/freezer tem-
peratures.

For which of the following Tc-99m
radiopharmaceuticals is reductive de-
composition NOT a major concern?

a. Tc-99m exametazime

b. Tc-99m mertiatide

c. Tc-99m sestamibi

d. Tc-99m tetrofosmin

For certain Tc-99m generators, a yel-

low colored eluate indicates:

a. compromised integrity of the col-
umn.

b. excessive aluminum contamination.

c. excessive Mo0-99 contamination.

d. excessive peroxide content.

For which of the following kits is pre-
dilution, rather than post-dilution, with
normal saline an important preparation
factor?

a. medronate

b. pentetate
c. sestamibi
d. tetrofosmin

Which of the following factors is
LEAST likely to result in a poor radio-
chemical purity of Tc-99m red cells la-
beled in vitro?

elevated white blood cell count

b. large volume of pertechnetate

c. low hematocrit

d. small volume of blood sample

®



10.

1.

12.

13.

14.

For which of the following kits could
an inadequate total volume result in

solubility problems?
a. disofenin

b. gluceptate

c. mertiatide

d. tetrofosmin

An incubation time of 10-20 minutes
for Tc-99m labeling of red cells is re-
quired to allow:

a. diffusion of reduced technetium
into the tertiary structure of protein
components.

b. ligand exchange of technetium
from an intermediate complex.

c. progression from the initial rapidly-
formed mononuclear complex to
the final dinuclear complex.

d. transport of pertechnetate
across the cell membrane.

ions

Which of the following kits utilizes
citrate as a transfer ligand?

a. apcitide

b. depreotide

c. red blood cells

d. sestamibi

Which of the following Tc-99m radio-
pharmaceuticals might contain Tc-99m
edetate as a radiochemical impurity?

a. Tc-99m arcitumomab

b. Tc-99m bicisate

c. Tc-99m mertiatide

d. Tc-99m tetrofosmin

Which of the following kits does NOT
require heating for the purpose of
cleaving off protective groups and free-
ing up binding sites for complexation
with Tc-99m?

a. apcitide

b. depreotide
c. mertiatide
d. sestamibi

15.

16.

17.

18.

72

Contamination of Tc-99m generator
columns with which of the following
has been implicated in cases of poor
elution yields?

a. benzyl alcohol

b. isopropyl alcohol
c. parabens
d. peroxide

In order to best maintain functional in-
tegrity, Tc-99m leukocytes should be
resuspended in:

a. 0.9% sodium chloride injection

b. Hank’s balanced salt solution

c. phosphate buffered saline

d. plasma

Which of the following Tc-99m la-

beled radiopharmaceuticals is LEAST

affected by changes in specific activ-

ity?

a. Tc-99m apcitide — detection of
deep vein thrombosis

b. Tc-99m pentetate — determination
of glomerular filtration rate

c. Tc-99m sulfur colloid — localiza-
tion in sentinel lymph node

d. Tc-99m damaged red cells — se-
questration in spleen

Surveys of preparation problems result-
ing in unacceptable radiochemical pu-
rity suggest that important contributing
factors include each of the following,
EXCEPT:

a. normal saline for dilution obtained
from glass vials.

b. kits containing relatively
amounts of stannous ion.

c. Tc-99m sodium pertechnetate ob-
tained as the first eluate from a new
generator.

d. Tc-99m sodium pertechnetate more
than 12 hours old.

small



19.

20.

21.

22.

Which of the following is the most sig-
nificant mechanism for decomposition
of Tc-99m radiopharmaceuticals?

a. direct radiation effects

b. indirect radiation effects

c. internal radiation effects

d. non-radiolytic chemical effects

For which of the following Tc-99m
radiopharmaceuticals is agitation of
LEAST concern?

a. Tc-99m arcitumomab

b. Tc-99m leukocytes

c. Tc-99m pyrophosphate

d. Tc-99m sestamibi

Which of the following Tc-99m radio-
pharmaceuticals has the greatest ten-
dency to adsorb over time to the sur-
face of glass storage vials?

a. Tc-99m medronate

b. Tc-99m pentetate

c. Tc-99m pertechnetate

d. Tc-99m sulfur colloid

For which of the following Tc-99m
radiopharmaceuticals can significant
syringe retention be a concern?

a. Tc-99m bicisate

b. Tc-99m exametazime

c. Tc-99m mertiatide

d. Tc-99m tetrofosmin

23.

24.

25.

Retention of Tc-99m radiopharmaceu-
ticals in syringes is influenced by:

a. amount of agitation.

b. length of time in syringe.

c. type and composition of syringe.

d. all of the above.

Which of the following is preferred as
an antiseptic for vial diaphragms?

a. chlorhexidrine

b. ethyl alcohol

c. hydrogen peroxide

d. povidone-iodine

Tc-99m radiopharmaceutical prepara-

tion problems:

a. always result in false positive im-
age interpretations.

b. are always detected by quality con-
trol testing.

c. are always the result of human er-
ror.

d. are likely to be encountered with
new radiopharmaceuticals and
when deviating from package insert
instructions for preparation of es-
tablished products.
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