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Radiohalogens play a very important role in radiopharmaceuticals used for medical imaging (now

referred to as molecular imaging) and therapy applications. Development of new

radiopharmaceuticals that have radiohalogens incorporated requires an understanding of

parameters that are unique to chemistry involving these radionuclides. Those parameters include

requirement for production and purification of the halogen radionuclides, as well as development

of reaction conditions for use with high specific activity short-lived radionuclides. In this tutorial

review, several radiohalogens, their radiolabeling chemistry and their application to medical

imaging and therapy are discussed.

1 Introduction

The combination of technologically advanced imaging instru-

mentation and radionuclide labeled molecules, referred to as

radiopharmaceuticals, provides a method for non-invasively

visualizing human anatomy and physiology to aid in the

diagnosis of human disease and to monitor therapy.

Measurements of physiological functions and biochemical

parameters known to be involved in human diseases, such as

enzymatic reaction rates or cell surface receptor densities,

provide valuable information that can be used in

treatment of patients. Further, appropriately designed

radiopharmaceuticals also have the potential for seeking out

and killing aberrant cells in the body, such as cancer cells. This

in vivo use of radionuclides, whether by themselves or chelated/

bonded to a targeting molecule, prompted the development of

the field of nuclear medicine. Radiohalogens have played, and

continue to play, a major role in this developing field.

Radiohalogens used in nuclear medicine today fall into two

main categories, those useful in imaging applications and those

useful in therapy applications. Importantly, the chemical and

nuclear decay properties of some radiohalogens are ideally

suited for use in these divergent nuclear medicine applications.

Although early medical imaging was conducted on planar

gamma cameras, today nuclear medicine imaging is carried out

on highly sophisticated Single Photon Emission Computed

Tomography (SPECT) instruments available in most

hospitals worldwide. More recently another imaging modality,
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Positron Emission Tomography (PET), is being used

clinically, but is not as widely available. Although the first

clinical use of a radioiodine nuclide, conducted in 1940,1 was a

study of thyroid function, the free radionuclide can also be

used in therapy of thyroid carcinoma. Indeed, radioiodine

may be considered a corner stone in nuclear medicine, as it

was the first radionuclide to be used for both imaging and

therapy. Importantly, because of their availability and well-

defined chemistry, radioiodine nuclides have also been used

extensively in the development of many radiopharmaceuticals,

even ones that ultimately do not employ radiohalogen

nuclides.

Aside from radioiodine, which localizes specifically to

thyroid and thyroid-originating cancers, for most practical

purposes radiohalogens must be coupled with biomolecules to

obtain radiopharmaceuticals that can be useful for diagnosis

or therapy of human disease. Fortunately, the chemistry

required to incorporate radiohalogens into organic molecules

is founded in a vast body of literature on halogenation of

organic compounds. For example, many commonly used

reaction types such as nucleophilic, electrophilic, demetalla-

tion, and exchange reactions have been used to incorporate

radiohalogens into organic compounds. However, halogena-

tions with halogen radionuclides present some unusual

challenges not of concern when using stable halogen nuclides.

Some of the major challenges include: (1) working with

radioactive materials, sometimes at very high levels of radio-

activity; (2) working with short half-lived radionuclides,

making reaction times, concentrations of reactants, and

presence of impurities important factors in the reactions; (3)

the requirement to obtain high specific activity compounds for

certain applications, and (4) dealing with issues associated with

production and purification of radiohalogens, including high

cost.

When considering the application of radiohalogens, the

handling and chemical requirements for developing imaging

and therapeutic agents can be quite different. Thus, sections of

this review are separated into two broad categories, Imaging

and Therapy. Examples of the chemistry employed to obtain

radiopharmaceuticals currently used in nuclear medicine, such

as fluorodeoxyglucose (FDG), are included to show the

breadth of the field. There are a large number of publications

relating to radiopharmaceuticals containing radiohalogens.

This tutorial review is purposefully brief. More in-depth

information can be obtained from the many review articles

describing various aspects of radiohalogen chemistry and their

applications. Some review articles recommended for reading

describe; (1) radiohalogenated carbohydrates for use in PET

and SPECT,2 (2) applications of positron-emitting radio-

halogens in PET and oncology,3 (3) incorporation of radio-

halogens into organic molecules,4 incorporation of

radiohalogens into proteins,5 and (4) use of radiohalogens in

radioimmunotherapy.6 While brief, this review is intended to

be broad in scope and should provide the non-specialist with a

good overview of the chemical factors that are important in

radiohalogen chemistry used in both imaging and therapy. It

should also provide insight into the many potential applica-

tions of radiohalogenated molecules and their significance in

nuclear medicine.

2 Radiohalogen nuclides

Although there are only five halogens in the periodic chart,

there are many more radiohalogens, those isotopes being

distinguished from the stable nuclides by having differing

numbers of neutrons in the nucleus. From an inspection of the

chart of the nuclides, one finds listed 13 radiofluorine nuclides

in addition to the stable nuclide (19F); 14 radiochlorine

nuclides in addition to two stable nuclides (35Cl, 37Cl); 23

radionuclides of bromine in addition to two stable nuclides

(79Br, 81Br), 34 radioiodine nuclides in addition to the stable

nuclide (127I), and 31 radionuclides of astatine with no stable

nuclides. Even though there are a large number of radio-

halogen nuclides, for the purpose of this review, the ten

radiohalogen nuclides that are currently of highest interest for

application to the development of new radiopharmaceuticals

are discussed. Those radiohalogen nuclides are listed in

Table 1. The interest in these radionuclides is based on the

fact that they have properties that make them useful for

imaging or therapy applications, and methods are available for

obtaining them. Even though other radiohalogen emission

properties might make them useful, many are not practical

because they have half-lives that are too short and/or they can

not be readily produced. More information on the factors that

make these radiohalogens useful in imaging and therapy is

provided in the following sections.

2.1 Production of radiohalogen nuclides

Radiohalogens of interest for medical purposes are not

available from natural sources and must be prepared. Some

of the radiohalogens are produced by commercial sources and

can be purchased (e.g. 123I, 125I, 131I), but others must be

prepared before each use. An important aspect of the

application of radiohalogens is the method of production. A

full description of methods for producing radiohalogen

nuclides is beyond the scope of this tutorial, but information

on the subject is available.7 However, in general those

radiohalogen nuclides that have atomic masses less than the

mass of the stable nuclide are primarily produced by

bombardment of protons (p,n reactions), deuterons (d,2n

reactions) or alpha particles (a,2n reactions) on a target

material that is one or two elements to the left of them on the

periodic chart (groups 6a and 5a respectively). These nuclides

are neutron deficient and may undergo a number of decay

pathways, including emissions of photons (from internal

conversion), low energy electrons, and/or positrons.

Table 1 Radiohalogens used in imaging and therapy

Radiohalogen Half life Type of emission Application

18F 110 m b+ PET Imaging
122I 3.6 m b+ PET Imaging
123I 13.2 h c SPECT Imaging
124I 4.18 d b+ PET Imaging
125I 59.4 d Auger e2 Therapy
131I 8.02 d b2 Therapy
75Br 97 m b+ PET Imaging
76Br 16.2 h b+ PET Imaging
77Br 57 h Auger e2 Therapy
211At 7.21 h a Therapy
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Radiohalogens that have higher masses than the stable

nuclides are generally prepared by irradiation of the stable

halogens with neutrons in a nuclear reactor (n,xp reactions).

Importantly, the method of production can have a dramatic

effect on the chemistry of radiohalogenation, and can dictate

which biological application the radiohalogenated molecules

can be used in. Preparation of radiohalogens by irradiation of

a target material can introduce significant challenges for the

radiochemist. Some of the chemical problems involve intro-

duction of radionuclidic impurities, chemical impurities,

solvent removal and handling of high quantities of radio-

activity. This latter problem often requires the use of specialty

equipment such as remote handling in highly shielded hot cells.

2.2 Specific activity of radiohalogens

One of the very important considerations in the usefulness of a

radiohalogen nuclide is its specific activity. Specific activity is

an important concept for this area of chemistry since it can

have a large effect on radiolabeling chemistry, and the ability

to conduct molecular imaging or therapy. Briefly, this term is

defined as the ratio of the amount of radioactivity per unit

mass or molar quantity (e.g. millicuries (mCi)/mg or mCi/

mmol). High specific activity radionuclides have relatively little

carrier or non-radioactive nuclide contaminant. For example,

high specific activity 18F may be several thousand Curies (Ci)/

mmol for [18F]fluoride from a water target in comparison to

only 1 Ci/mmol for carrier added [18F]F2 from a gas target.

The specific activity of an isotope and consequently a labeled

molecule is significant from a chemistry and biological

perspective. From the chemistry perspective high specific

activity radiofluorine may only be in nanomolar amounts

making stoichiometry of the other reagents extreme in

comparison to the radionuclide. From a biological and

imaging perspective, high specific activity is often a require-

ment to achieve true tracer conditions where receptor sites are

not being significantly populated with non-radioactive com-

pound. This is also important for therapy where low specific

activity radiohalogenated molecules can saturate targeted

receptors without having sufficient radioactivity to kill a cell.

There are several factors that affect the specific activity of a

radiolabeled compound. A major factor is the specific activity

of the radionuclide itself, which is directly related to its half-

life. The relatively short half-life radionuclides, such as the

ones discussed in this review, have high theoretical specific

activities. Radiohalogenations employing high specific activity

radionuclides can result in low specific activity labeled

compounds due to intentional or unintentional introduction

of stable halogens into reaction mixtures. Intentional intro-

duction of stable or carrier halogen can occur when preparing

a specific halogenation reactant (as with the [18F]F2 described

previously) or when employing an isotopic exchange reaction.

Generally, introduction of stable halogens is avoided, but

unintentional introduction of stable halogens can not be

avoided. The reason for this is that halogens are ubiquitous in

nature and the glassware, solvents, reactants, and oxidants

used can introduce significant amounts of the stable halogen

carrier when high specific activity reactions are conducted.

Because of this unintentional introduction of stable nuclides,

high specific activity reactions are referred to as no-carrier-

added as opposed to carrier-free. Another factor that relates to

specific activity, which may not be obvious, is the chemical

form of the radiohalogenation agent. For example, when high

specific activity radioiodide is oxidized in-situ it generates an

electropositive iodine, but it is unlikely to form I2. This is true

because there is so little radioiodine present that statistically it

is not possible for two iodine atoms to join together at the

concentrations involved. Instead it is more likely to have a

mixed halogen such as ICl formed, particularly if an oxidant

such as N-chlorosuccinimide (NCS) or chloramine-T (ChT) is

used. In oxidation reactions using N-chloro oxidizing agents,

anionic iodide reacts with electropositive chlorine to form ICl.

Importantly, when a mixed halogen species is formed,

complete reaction of the electropositive radiohalogen is

possible, rather than having a theoretical yield of only 50%

when a dihalogen species (e.g. I2) is used. An example where

this is particularly important is destannylation reactions,

where radioiodide oxidized in situ provides nearly quantitative

radiochemical yields. If [*I]I2 was the reactive species in the

reaction, half the radioiodine would be lost to the trialkyltin

moiety.

2.3 Radiohalogen nuclides useful in imaging

The radioactive decay property that allows the use of

radionuclides for imaging is emission of photons with

sufficient energy to detect in a device external to the body.

Radionuclides that are useful for SPECT imaging emit

photons in high abundance and have high enough energy

(e.g. . 100 keV) to readily escape the body and be detected. In

PET imaging, positrons emitted by the radionuclide interact

with a negatron (electron) in an annihilation process to

produce two coincident 511 keV photons, which are detected

simultaneously in a detector ring. An important characteristic

is the energy of the emitted positron. The higher its energy the

further a positron will travel before the annihilation occurs. A

longer distance of positron travel in tissue results in an overall

loss of spatial resolution. Another important characteristic is

the abundance of the positron emissions since a low

abundance requires more radioactivity to be administered.

Yet another consideration is the presence of other high-energy

photon emissions that might complicate the detection of

coincidental 511 photons.

From a purely physical point of view, 18F has the most

favourable nuclear properties for imaging with PET. The half-

life (110 min), high percentage of b+ emission (97%), and

relatively low positron energy (0.635 MeV) make this the ideal

PET halogen for high-resolution images. Other favourable

features of 18F are that the fluorine atom is small, it can accept

a hydrogen bond, and the carbon–fluorine bond is very strong.

However, there are no naturally occurring fluorine-containing

compounds in the body, and fluorine-containing biomolecules

are often not suitable substrates in normal metabolic pathways

as they can be enzyme inhibitors. Despite these potential

problems there are many 18F labeled compounds used in

research and clinical PET today.
75Br is a potential PET imaging isotope with a reasonable

half-life (97 min). However, compared to 18F, it suffers from a
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higher positron energy (1.74 MeV), a 71% positron emission

and second high energy gamma, all of which contribute to its

overall poorer resolution for imaging. 76Br has gained more

interest recently, partly due to applications that can be more

effective using its longer half-life (16.2 h). However, its

positron energy of 3.98,3.44 MeV and 54% positron emission

make it less favourable when compared to 18F for imaging

resolution.8 77Br is a single photon and positron emitter with a

57 h half-life. Due to its limited availability there has been little

published on its use in imaging since the 1990’s. Also, its two

higher energy gamma rays, as well as low percent positron

emission (1%), make it less desirable as a SPECT or PET

isotope.
122I is another positron emitting halogen that has favourable

imaging properties. However, its very short half-life (3.6 min)

makes it only useful for imaging a biological function that does

not involve a long physiological process, such as blood flow.
123I is a commercially available SPECT isotope that has very

favourable SPECT imaging properties and a reasonable half-

life (13.2 h). This isotope is widely used in nuclear medicine

and can be shipped around the world. 124I is a positron-

emitting radionuclide that has gained considerable interest

recently. The interest comes from the fact that it has a

relatively long half-life (4.18 d), can be produced on an

accelerator and has both imaging (PET) and therapeutic

properties. However, the emission properties of this radio-

nuclide are far from ideal.

From the forgoing discussion, it should be apparent that the

choice of radiohalogen for imaging can not be solely based on

optimum physical properties. Rather, other factors such as

half-life, availability and halogen labeling chemistry play a

significant role. Still other factors such as the amount of

radiation damage (doses) delivered to target and non-target

tissues in the body when different radiohalogens are used must

be considered.

2.4 Radiohalogen nuclides useful in therapy

To understand the application of radionuclides to therapy, one

must have a knowledge of some basic radiobiological effects of

radiation.9 Radiation interacts with biological tissues through

absorption of energy to either excite or ionize electrons in

atoms or molecules in its path. If the absorbed energy of the

radiation is sufficient to eject one or more orbital electrons,

ionization occurs. Importantly, the amount of energy dis-

sipated in each ionization event is more than enough to break

chemical bonds. Since the largest component of cells (e.g. 80%)

is water, it may be considered the principal molecule for

ionization. Ionized water molecules rapidly decay to hydroxyl

free radicals, and these very reactive species can diffuse short

distances in the cell to interact with, and cause damage to,

critical cell components. Such interaction of radiation with

biomolecules is considered an indirect action, as the damaging

effect comes from the reactive hydroxyl radical not the

radiation itself. Although cellular repair mechanisms can

offset the damage caused by ionization in many examples,

large amounts of damage to DNA can be lethal to the cell. In

addition to the indirect action, particulate radiation (e.g.

electrons, protons, neutrons, and a-particles) can collide with

critical components of the cell such as DNA, and transfer

energy to cause damage. This interaction of the radiation with

the critical biomolecules of the cells is considered a direct

action, and dominates the damage caused by heavy particles

such as proton, neutrons and a-particles. Because these

interactions transfer a large amount of energy in the distance

traveled, these radiation types are considered to have high

linear energy transfer (LET). This is important as the relative

biological effectiveness (at cell killing) increases as the LET of

the radiation increases.

Based on the principles outlined above, radiohalogens used

for therapy applications have particle emissions such that they

provide more or higher quality interaction (ionization) in

biological tissues than the radionuclides used in imaging that

emit photons. Indeed, in principle, any radiohalogen that emits

an electron (b2, b+, or Auger electron) or a-particle (4He

nucleus) might be used for therapy. Emission of electrons

occurs over a continuum of energies, and a maximum energy

and average energy can be measured. This is important as the

maximum energy defines the greatest distance that an electron

(b2 or b+) will travel through tissue (e.g. mm to cm) and the

average energy defines where the most radiation dose will be

deposited. a-Particle emissions are different in that they are of

discrete energy, and thus, travel a specific distance in tissue.

Irrespective of the type of radiation used, the desired effect is

to selectively deliver a cell-killing dose to the target (e.g. cancer

cells) while causing minimal toxicity to non-target tissues (e.g.

bone marrow, kidney, liver). Although studies have been

conducted for many years to develop therapy radiopharma-

ceuticals with radiohalogens, suitable molecules for targeting

diseased cells such as cancer have not been available until more

recently.

Even though there are several radiohalogen nuclides that

could be used for therapy, few have been used. The most

commonly used radiohalogen for therapy is 131I. Because of

the natural propensity of iodine to localize to the thyroid, 131I

has been used to treat thyroid cancer for many years.10 Other

factors that have made this radionuclide widely used are its

availability and reasonably long half-life (8.02 d). This has

made it relatively inexpensive and readily transported to

clinical sites. Unfortunately, 131I does not have optimal

properties as its decay produces high energy photons (e.g.

364 keV, 637 keV). These photons are problematic as they

make it difficult to conduct labeling at the required high levels

and can cause the patient to be isolated to minimize the

radiation exposure to health care professionals and family

members. The photons do allow imaging of the distribution of

radioiodine within a patient, albeit a high-energy collimator

must be used and the quality of image is low. It is important to

be able to evaluate the distribution of radionuclide in a patient

so that an estimate of the radiation dose to the target tissue

(e.g. tumor) and non-target tissues can be obtained. This

estimate provides information that is important regarding the

biological effect on normal tissues (e.g. maximum tolerated

dose) and the potential for an effective therapy to the tumor.

The b-particle emissions of 131I travel a few mm in tissue.

This distance is important in tumors as the b-particle travels

well beyond the cell it is attached to or internalized in,

providing a radiation field effect (cross-fire effect). The field
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effect alleviates the requirement that every cell have the

radionuclide associated with it. Thus it is useful for solid

tumors where penetration of the carrier molecule is difficult, or

targeted receptors are not available on all cells. Another

radiohalogen of high interest for therapy is 211At. Although

the half-life of 211At is relatively short (7.2 h), it is the only

a-emitting radiohalogen nuclide that is considered acceptable

for use in humans. In contrast to b-particle emission, the

a-particles emitted by 211At decay have a range of 50–70 mm

due to their much higher interaction with tissue. This high

LET makes 211At particularly attractive for therapy of

metastatic cancer or in applications where single cells are

targeted. While it is estimated to take several hundred (e.g. .

400) b-particle emitting radionuclides on a single cell to kill

that cell due to the fact that most of the particles’ energy is

deposited outside of the cell, it is estimated that only a few (e.g.

1–14) associated a-particle emitting radionuclides can kill a

cell. The closer the 211At atom decays to the nucleus, the fewer

atoms are required to kill the cell, making internalizing

targeting agents particularly attractive.

Another radiohalogen nuclide of interest for therapy is 125I.

The particle emitted in radioactive decay of 125I, that makes it

of particular interest, is an Auger electron. The Auger electron

deposits its energy in a very short distance (e.g. a few Å), which

makes it high LET. While this short distance requires that the

Auger electron emitting radiohalogen be internalized and

localized in a specific location (i.e. associated with double

strand DNA) to provide an effective therapy (cell killing), it

causes little damage to non-target tissues. Although 125I is

readily available, it is not an ideal radionuclide for therapy as

it has a relatively long half-life (59.4 d), so other Auger

electron-emitting radiohalogens are of interest. The SPECT

imaging radionuclide 123I has Auger electron emissions and a

much shorter half-life, however, few studies have been

performed with this radionuclide to determine its effectiveness

in therapy.

3 Radiohalogen labeling chemistry

Radiohalogen labeling generally follows the same chemistry

useful for non-radioactive halogenations. Thus, nucleophilic

substitution occurs with halogen anions and electrophilic

substitution reactions occur with electropositive halogens.

However, as indicated previously, the reactions are heavily

influenced by the method of preparation of the radionuclide

and by other factors such as half-life of the radionuclide and

specific activity sought. Information is provided in the

following sections on the most commonly conducted radi-

olabeling reactions, radiofluorination and radioiodination,

followed by the less common radiobromination and astatina-

tion reactions.

3.1 Fluorine-18

Fluorine-18 is probably the single most important radioisotope

used in PET.11 As mentioned above, the ideal physical

properties of this isotope of fluorine coupled with its

favourable chemical properties make it highly desirable for

radiopharmaceutical development. The production of 18F is

now commonly carried out on a cyclotron via the 18O(p,n)

process using either 18O enriched water, for fluoride produc-

tion, or 18O-oxygen gas, for elemental fluorine production.

The availability of 18O-water and gas is good at present. For a

more comprehensive discussion of the targetry, nuclear

reactions and other production routes, the reader can go to

previously published review articles on this topic.12 The

[18F]fluoride obtained from a water target is in the no-

carrier-added (nca) form. In contrast, the [18F]F2 obtained

from the oxygen gas target is obtained in the carrier-added (ca)

form due to the fact that stable [19F]F2 is added to the target to

extract the highly reactive fluorine from its walls. The labeling

chemistry for 18F falls under one of two main classes of

reactions, electrophilic or nucleophilic, depending on which of

these two target systems is used.

3.1.1 Electrophilic labeling. Although fluoride reactions

dominate most of the 18F radiochemistry in PET today,

electrophilic fluorinating agents such as [18F]F2 have played an

important role in the development of 18F labeled radio-

pharmaceuticals for PET. [18F]F2 was the first labeling reagent

used in PET chemistry in the original synthesis of

[18F]fluorodeoxyglucose ([18F]FDG).2 In this synthesis, dilute

F2 (typically 1–5% in Ar, He or nitrogen) was added across the

double bond of triacetylglucal to form a mixture of products.

Superseding this reaction was the preparation of [18F]acetyl

hypofluorite, from [18F]F2, which also undergoes electrophilic

addition across the glucal double bond to form FDG. This

reaction had the advantage of adding more selectively to one

face of the double bond yielding the glucose configuration in

higher radiochemical yield than for F2. Although there have

been several electrophilic 18F reagents prepared from F2 over

the years the commonly used reagents today are still [18F]F2

and [18F]acetyl hypofluorite. The two main electrophilic

reactions are the direct electrophilic substitution and deme-

tallation reactions, conducted with organometallic intermedi-

ates such as organo-mercury acetate or organo-trialkyltin

derivatives. Both of these reactions make use of either

elemental fluorine or acetyl hypofluorite. Some of the

routinely synthesized radiopharmaceuticals utilize the electro-

philic substitution method. Examples of radiopharmaceuticals

produced using this reaction; [18F]fluorodeoxy-D-glucose

([18F]FDG), 6-L-[18F]fluorodopa ([18F]FDOPA), 6-L-[18F]-

fluoro-m-tyrosine ([18F]FMT) and 2-L-[18F]fluorotyrosine

([18F]FT), are shown in Fig. 1.

Fig. 1 Examples of radiofluorinated compounds prepared and

investigated as PET imaging agents.
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Although [18F]FDG is now mainly synthesized by the

nucleophilic route, electrophilic fluorination chemistry was

used for many years. FDG is used to obtain glucose metabolic

rates and as such is useful for imaging the heart, brain and

tumors. The aromatic amino acids, such as fluorodopa and the

fluorotyrosines, are more easily prepared with [18F]F2

(Scheme 1),13 since the aromatic rings are deactivated toward

nucleophilic attack and the product application of these

particular compounds does not require high specific activity.

The tyrosine tracers are used for brain and protein metabolism

studies. Fluorodopa is decarboxylated upon entry into the

brain, becoming fluorodopamine which mimics the neuro-

transmitter dopamine. This agent is useful in studying move-

ment disorders such as Parkinson’s disease. Other compounds

that contain nitroimidazoles, such as [18F]EF5 (Fig. 1), may be

applicable to imaging hypoxia in tumors. This compound has

also been labelled with [18F]F2 simply because attempts to

label it with [18F]fluoride have failed. Therefore, despite the

emphasis on fluoride chemistry for labeling there remains a

role for electrophilic fluorinations in PET radiochemistry for

compounds that are difficult to label with fluoride and that do

not require high specific activity in their biological application.

3.1.2 Nucleophilic labeling. Radiofluorination with

[18F]fluoride is now the preferred method for the incorporation

of 18F into organic compounds for molecular imaging with

PET. This chemistry is generally used more than F2 reactions

for several reasons. First, [18F]fluoride is prepared from an

enriched 18O-water target that can produce more 18F than

most 18O gas targets can produce [18F]F2. The water target is

less complicated to operate than the gas target, because gas

targets require a double irradiation and cryogenic trapping of

the enriched gas. Second, [18F]fluoride generally gives higher

radiochemical yields, since all the 18F is available to the

reaction, whereas only half of the 18F from [18F]F2 is

incorporated at the desired site on the molecule. The third

reason is that [18F]fluoride is obtained in much higher specific

activity than [18F]F2, because carrier F2 is required to extract

this gas from the target. Unfortunately, it is not possible to

oxidize fluoride to elemental fluorine in-situ as is the case for

bromine and iodine. Many compounds such as [18F]FDG have

been labeled using [18F]fluoride (Scheme 2).14

The standard method to prepare reactive [18F]fluoride uses a

phase-transfer Kryptofix 222/potassium carbonate system.

Briefly, the fluoride from the water target is trapped onto a

small anion exchange column and the expensive 18O water is

recovered. The trapped fluoride is then eluted with a mixture

of water, acetonitrile, Kryptofix 222 (K222) and K2CO3. The

eluted fluoride mixture is evaporated to dryness with heat and

vacuum, then acetonitrile is added and evaporated two or

three more times to drive off any residual water. After these

steps, the reactive [18F]fluoride is ready for use. The cryptand

K222 is a polyether amine, cyclic molecule that sequesters the

potassium ion to provide a ‘‘naked’’, reactive form of fluoride.

The most commonly used nucleophilic reactions in labeling

chemistry involve the displacement of a good leaving group,

such as a tosylate or triflate, or the aromatic substitution of

either a nitro group or trialkyl amine on a suitably activated

ring. Examples of aromatic nucleophilic substitution reactions

are shown in Scheme 3 for the synthesis of the serotonin

receptor antagonist [18F]Setoperone15 and the cell proliferation

imaging agent [18F]fluorothymidine ([18F]FLT).16

Setoperone and other serotonin receptor antagonists are

used in the study of psychiatric disorders such as schizo-

phrenia, and FLT is used as a PET tracer for oncology.

3.2 Iodine-122, -123, -124

As with fluorine labeling chemistry, radioiodination reactions

are primarily conducted using electrophilic and nucleophilic

substitution reactions.17 The advantage that iodination reac-

tions have over fluorine chemistry is that iodide is easily

oxidized to an electrophilic form of iodine. This affords

investigators the ability to use high specific activity iodide in a

wide spectrum of electrophilic chemistry without adding

carrier iodine. A disadvantage of iodine is that it has a lower

stability towards the in vivo cleavage of the carbon–iodine

bond. For this reason, aromatic C–I bonds, which are more

stable than aliphatic C–I bonds, are most often formed to

confer as high stability as possible. Release of radioiodine in

Scheme 1 Radiofluorination of a dopa derivative by electrophilic

destannylation reaction.

Scheme 2 Radiofluorination of a glucose derivative by nucleophilic

displacement reaction.

Scheme 3 Additional examples of radiofluorination by nucleophilic

displacement reactions.
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vivo is readily apparent by detection of significant quantities of

iodine in the thyroid and stomach. As mentioned previously,

the application of radiohalogen nuclides is highly dependent

on their half-life and particle emissions. 122I is a short-lived

positron-emitting radioiodine, which has limited use due to its

short half-life (3.6 min) and availability. In addition to the

difficulties in preparing the radionuclide for use, the very short

half-life makes it difficult to carry out complex organic

chemistry. In contrast, another radioiodine nuclide, 123I, is

widely used throughout the world and is produced commer-

cially on a cyclotron. This iodine isotope has excellent physical

properties for imaging with SPECT and a long enough half-life

(13.2 h) to make shipment feasible. A third radioiodine

isotope, 124I, has recently gained significant interest for both

imaging and therapy applications. The reason for this is that
124I has a longer half-life (4.18 d) than most other radio-

nuclides used for quantitative imaging by PET, and has

emissions that permit its use as a therapeutic isotope in

oncology. This combination is particularly attractive as it

allows physicians to follow the distribution and pharmacoki-

netics of therapeutic agents with longer biological half-lives.

3.2.1 Electrophilic labeling. Electrophilic labeling with

radioiodine is the preferred overall chemistry route because

of the ease with which iodide can be oxidized in-situ to an

electropositive form of iodine. This is convenient since

radioiodine nuclides are normally obtained in the form of

sodium iodide. Electrophilic reactions can be performed

simply by adding an in-situ oxidant such as peracetic acid,

chloramine-T (ChT), N-chlorosuccinimide (NCS) or one of

several other mild oxidants into the reaction with the

appropriate precursor. These reactions usually proceed in high

radiochemical yield. Although a number of organometallic

intermediates can be used, the destannylation reaction is the

favoured electrophilic route to radioiodinated compounds

such as b-[123I]CIT (Scheme 4).18

The destannylation reactions proceed well even when very

small quantities of trialkyltin-precursors (, 50 mg) are used

with high specific activity Na[*I]I. Importantly, this reaction

works with deactivated aromatic compounds, providing a high

in vivo stability. b-CIT and its analogs bind to dopamine

reuptake receptor sites in the brain and as such are useful in

research to study the dopaminergic system of the brain and in

studying movement disorders such as Parkinson’s disease.

Direct electrophilic iodination of suitably activated aromatic

compound, such as m-tyrosine19 (Scheme 5) is also a feasible

radiolabeling route. Iodination of proteins is readily achieved

by the direct labeling of tyrosine residues with in-situ oxidized

iodine. However, one must be aware that the in vivo stability of

the radioiodinated compound may be low when using

activated aromatic rings, particularly phenols, for incorporat-

ing the radioiodine.

3.2.2 Nucleophilic labeling. Halogen exchange reactions are

the most common nucleophilic method for the introduction of

radioiodine nuclides into organic molecules. Frequently, either

ammonium sulfate or copper(II) salts20 are used to catalyze

the iodide for iodine exchange, as is the case for the

synthesis of meta-[131I]iodobenzylguanidine ([131I]MIBG)

shown in Scheme 6.21

MIBG is used for the diagnosis and therapy of certain brain

tumors depending on the iodine isotope used. It has been

demonstrated that the exchange reactions work with all of the

radioiodine isotopes, albeit varying yields are obtained based

on the radionuclide used and its method of preparation. In the

halogen exchange reactions both brominated and iodinated

precursors can be used, but the use of iodinated precursors will

contribute carrier iodine since the precursor (non-radioactive

iodinated compound) cannot be separated from the radiola-

belled product. The [131I]MIBG has also been prepared by a

destannylation, but high specific activity is not required so the

exchange reaction has been chosen as this reaction does not

require preparation of the requisite meta-trialkylstannylben-

zylguanidine intermediate.

3.3 Bromine-75, -76, -77

Radiobromine labeled compounds are attractive since the

chemistry is more readily conducted than fluorine chemistry,

the carbon–bromine bond is stronger than the corresponding

carbon–iodine bond and a bromine atom is smaller than an

iodine atom. Bromide, like iodide, can be oxidized in-situ to

conduct electrophilic reactions with high specific activity

radionuclides or alternatively can be used directly in nucleo-

philic substitution reactions. However, bromine radionuclides

are less available than iodine radionuclides. They can be

produced on a cyclotron, but their targets and isotope

extraction procedures (e.g. dry distillation) are complicated.

Thus, they are only produced in a few centres around the

Scheme 4 An example of an electrophilic destannylation reaction for

radioiodination of aryl groups.

Scheme 5 Direct radioiodination of meta-tyrosine.

Scheme 6 Example of a radioiodination via an isotopic exchange

reaction.
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world. It is interesting to note that there are very few papers in

the recent literature on the use of 75Br and 77Br, but several on

the use of 76Br.22,23 This is probably due to the fact that 76Br is

a positron emitter with a longer half-life (16 h) than 75Br, and

has a higher abundance of positron emission than 77Br.

3.3.1 Electrophilic labeling. Electrophilic bromination reac-

tions are also predominantly conducted using the destannyla-

tion reaction. An example of this type of reaction is the

synthesis of [76Br]bromofluorouracil ([76Br]BFU) (Scheme 7).24

BFU is incorporated into DNA and is used in oncology for

tumor imaging. With the use of in-situ oxidants such as

chloramine-T (ChT), N-chlorosuccinimide (NCS), and hydro-

gen peroxide/acetic acid, the reactions are fast, high yielding

and all of the radiobromide is available (as electropositive

bromine) for the substitution reaction. As with the iodinations,

direct electrophilic reactions on suitably activated aromatic

systems can also be achieved using the in-situ oxidant reaction

conditions. There is less of a concern about the in vivo stability

of bromine radionuclides on activated aromatic rings.

3.3.2 Nucleophilic labeling. Radiobromination via aromatic

nucleophilic substitution reactions can be achieved using

similar reaction conditions to those used in radioiodine

labeling via Cu2+ assisted exchange reaction. An example of

this reaction is the radiobromination to form [76Br]Epibatidine

(Scheme 8).23 Epibatidine binds to nicotinic acetylcholine

receptors and can be used to image neurodegenerative dis-

orders such as Alzheimer’s disease. It should be noted that

high specific activity radiobrominated compounds can be

obtained from non-isotopic halogen exchange reactions if

separations can be attained for the bromo and iodo derivatives.

The preponderance of radiobromination reactions are on

aromatic rings, however, radiobromination can be achieved on

aliphatic carbons using the same conditions as used for

nucleophilic displacement reactions. Similar to the previously

described radioiodination and radiofluorination reactions, a

variety of leaving groups, including iodine, tosylate, mesylate,

triflate etc., can be used in the reactions. The in vivo stability of

a radiobrominated compound in which the radiobromine is

bonded to an aliphatic carbon is expected to be higher than for

the corresponding radioiodinated compound.

3.4 Astatine labeling

Labeling of organic molecules with At generally follows the

same procedures as employed for labeling with iodine radio-

nuclides.25 However, the stability of the astatine–carbon bond

is much lower than that of an iodine–carbon bond,26 causing

difficulties with using the same chemistry for labeling

biomolecules as used with radioiodine. For example, unlike

radioiodine, an instability is noted when proteins are directly

labeled with in situ oxidized At (using ChT). Data have been

published that indicate electrophilic labeling of At occurs on

sulfhydryls rather than on the expected tyrosine phenolic

moiety. To circumvent this instability, methods for producing

At-labeled aromatic compounds that could be coupled

(conjugated) with proteins were developed.5 Although a large

number of aryl astatination reagents have been developed, the

most commonly used reagents for At-labeling of proteins are

the para-astatobenzoate N-hydroxysuccinimidyl ester,

[211At]PAB27 and the meta-astatobenzoate N-hydroxy-

succinimidyl ester, [211At]ATE,28 shown in Fig. 2.

Electrophilic destannylation of the trialkyltin functional group

provides very rapid and efficient incorporation of the astatine

into the reagents, but the conjugation of these reagents with

proteins usually occurs in 40–60% yield.

These reagents, and others, have proven to be stable to

deastatination on slowly metabolized proteins, such as intact

monoclonal antibodies (MW y 150 kDa), but are not stable to

deastatination when smaller Fab9 fragments (MW y 50 kDa)

are used. This instability to metabolism is being addressed by

evaluating other aromatic ring compounds and boron cage

molecules.29 Astatinated boron cage molecules appear to be

more stable than the aromatic ring compounds, but their

physical nature (lipophilicity and charge) causes non-target

tissue retention in vivo. The issue of in vivo instability limits the

application of 211At, therefore, it is an area of active research.

4 Imaging applications

Clinical PET is dominated by the use of FDG because of

its utility in oncology and cardiology. Since FDG gives

Scheme 7 An example of a radiobromination via an electrophilic

destannylation reaction.

Scheme 8 An example of a radiobromination via non-isotopic

nucleophilic aromatic substitution reaction.

Fig. 2 Benzoate N-hydroxysuccinimide esters that contain the pre-

cursor trialkylstannane (X 5 SnBu3), or 211At label for conjugation

with proteins.
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information about glucose metabolic rate, it is a very sensitive

tracer for the detection of tumors, which generally metabolize

more glucose, and for cardiac tissue viability, since only viable

cardiac muscle tissue can metabolize glucose.30,31 Thus, PET

imaging with FDG has become the gold standard for

diagnosing many forms of cancer and for predicting the

success of cardiac bypass operations. On the other hand

clinical research in PET and SPECT, using radiohalogenated

ligands, has seen the synthesis of hundreds of labeled

compounds that have been applied to a broad range of

biological systems.32 Research imaging applications have been

dominated by studies of the functioning of the brain and its

many receptor systems.7 Compounds such as [123I]Altropane

or b-[123I]CIT, tropane analogs, are used in the study and

diagnosis of Parkinson’s disease. These tracers bind to the

post-synaptic reuptake sites of the neurotransmitter dopa-

mine.33 Other structurally similar agents labeled with 18F have

also been used for this application. Some dopaminergic

applications include the use of [18F]fluorodopa, and other
18F- and 76Br-labeled receptor drugs. More recent brain

imaging research has involved agents labeled with radio-

halogens, including b-amyloid markers for the study of

Alzheimer’s disease, seratonin receptor antagonists, such as

[18F]Setoperone, for psychiatric disorders including schizo-

phrenia, and radiohalogenated opioid receptor-binding agents

for the study of pain and reward, just to name a few. The brain

research involving radiohalogenated radiopharmaceuticals has

been accelerated in recent years with the development of very

high-resolution tomographs. These sophisticated instruments,

developed for imaging both humans and animals, provide an

ability to observe the functioning of very small regions of the

brain. The use of radiohalogenated radiopharmaceuticals to

study human disease will continue to play a crucial role in

nuclear medicine imaging.

5 Radiotherapy applications

The systemic administration (intravenous injection) of radio-

pharmaceuticals can provide selective targeting of cell-killing

radioactivity to diseased cells, such as cancer cells. It is

important to note that the major difference between conven-

tional external beam irradiation and an administered ther-

apeutic radiopharmaceutical is that the former provides a

localized therapy whereas targeted radionuclide therapy (TRT)

can seek out target cells throughout the body. Thus, TRT may

provide a treatment of micrometastatic disease that can not be

attained by conventional radiotherapy. Treatment of meta-

static disease is a major hurdle to obtaining cures for cancer

patients. As in imaging, radiohalogens play a key role in the

development of TRT agents.

The use of radiohalogen nuclides for therapy of cancer is

very actively under investigation. This is a large area of

research encompassing most cancer types. The radionuclide-

based cancer therapy that has been used longest and most

widely is Na[131I]I in thyroid carcinoma. However, broad

application of radiohalogens to cancer requires that they be

attached to specific targeting agents. The area that has been

most studied is the use of radiohalogenated cancer-targeting

monoclonal antibodies (mAbs), particularly radioiodinated

mAbs. In addition to their being relatively inexpensive and

readily available, the reason radioiodine nuclides (131I and 125I)

have been used extensively in this application is that

radiolabeling can be done easily and efficiently without prior

modification of the protein. Radiohalogens other than radio-

iodine require attachment to a pendant group5,6 (e.g. benzoate

active esters) to attain radiolabeling that is stable and does not

significantly affect the mAb binding to target cancer cells.

Although mAbs are readily radioiodinated, other issues such as

scale-up of the labeling reactions, radiolysis of the 131I-labeled

mAbs, and radiation safety concerns must be dealt with before

clinical trials can begin. High levels of radiohalogens in

isolated products can produce radiolysis of the carrier

molecule, but this can be circumvented by the addition of

anti-oxidants such as citric or ascorbic acid. Additionally,

experience has shown that the radiation safety concerns can be

successfully dealt with.34 There are a number of other issues

with using mAbs as cancer-targeting agents, which have

slowed the development of this area, particularly for therapy

of solid tumors.35 However, within the past year the FDA has

approved a 131I-labeled mAb ([131I]Bexxar) for treatment of

non-Hodgkin’s lymphoma. Many clinical studies are being

conducted with radiolabeled antibodies. A large number of

preclinical studies are being conducted with alternative forms

of mAbs and alternative mAb-based methods of targeting (e.g.

pretargeting) are being investigated to circumvent the pro-

blems with using radiolabeled antibodies. Radiohalogens will

continue to play a major role in this developing field.

In addition to the use of mAbs as cancer targeting agents,

more recently there has been considerable effort investigating a

growing number of receptor-binding peptides (e.g. somatosta-

tin, bombesin, annexin, VIP, etc.) as targeting agents.36 While

many of the early studies have included directly-labeled

radioiodinated peptides, due to the rapid metabolism, which

releases the radioiodine, the use of radiohalogens has not been

encouraging. Chelated radiometals are most often used with

internalizing receptors as they are retained (residualized)

within the target cell. Studies are being conducted with

charged functional groups (e.g. amidines, boron cage mole-

cules) on pendant molecules that are radiohalogenated to

residualize them. If this is successful, it is very likely that

radiohalogens will be used in therapy where peptides are the

targeting agent. Another approach that is being investigated to

decrease the rate of metabolism is to increase the molecular

weight of the peptides by attaching them to larger molecules or

by combining several of them on one molecule (multi-dentate).

This latter approach has provided promising results as an

increase in binding affinity (avidity) is attained which can

provide higher selectivity and better targeting.

Radiohalogenated small molecules are also of interest for

therapy. A small molecule that has been under study for a

number of years is meta-[131I]iodobenzylguanidine

([131I]MIBG; Scheme 6). MIBG is an analog of noradrenaline

and is of interest for therapy of neuroblastoma.37 Another

broad area that has employed radiohalogens in its develop-

ment is radiolabeled steroid hormones. Radiohalogens are

particularly useful in this area as they do not greatly perturb

the general shape and size of the steroid nucleus, allowing high

affinity binding with the requisite protein carrier molecules. As

This journal is � The Royal Society of Chemistry 2005 Chem. Soc. Rev., 2005, 34, 153–163 | 161



some of the radiohalogenated steroids have been shown to

access the cell nucleus, radiohalogens that emit Auger

electrons are particularly attractive for therapy of hormone-

dependent tumors (e.g. breast and prostate). Another therapy

agent that incorporates an Auger electron-emitting radio-

halogen (125I) under development is 5-[125I]iodo-29-

deoxyuridine ([125I]IUDR).38 When administered, rapidly

growing cancer cells incorporate [125I]IUDR into the DNA

and the Auger electron emission later breaks that DNA, killing

the cells. Yet another potential therapy application involving a

radiohalogenated small molecule is treatment of cancer

metastases in bone. While cancer cures are the major goal, in

this therapy the primary goal is to decrease (palliate) the pain

associated with metastases growing in bone. Studies have

shown that bone-seeking bis-phosphonate agents can be

prepared in which radiohalogens are stabilized toward

dehalogenation.39 This is particularly important as it appears

that b-emitting radionuclides, such as 131I, do not alleviate all

of the pain. In studies with radiometals, a-emitters and Auger

electron-emitters have been shown to provide good pain

palliation, so 211At and 125I might be investigated as a

substitute for 131I. A further area of research that appears to

have great promise for radiohalogens in therapy is the use of

anti-sense oligomers (e.g. DNA, RNA, PNA, morpholino-

oligos, etc.) that bind selectively with segments of mRNA

and/or DNA in the cell. These molecules labeled with a- or

Auger electron-emitting radiohalogens have the potential to

kill or alter the biochemical pathways in cancer cells.

In this section, a brief overview of some of the areas of active

research into radiohalogenated molecules for therapy has been

provided. It is important to note that very few radionuclide

based therapy agents are approved and available for routine

clinical use. However, the promise of this area is great and

recently the knowledge about cellular function and message

systems has increased greatly, hopefully allowing the

researcher to choose the best target for therapy. Without

question, radiohalogens will play a major role in the

development of the new therapeutic agents.

6 Conclusions

The use of radiohalogenated radiopharmaceuticals continues

to be an important and growing area of nuclear medicine for

both imaging and radiotherapy. With the success of clinical

PET using [18F]FDG and the accompanying infrastructure

that has been established, there is now incentive for the

development of newer agents labeled with 18F and positron

emitting iodine and bromine nuclides. Along with the rapid

growth of molecular imaging has come a renewed interest in

radiotherapy agents, based on radiohalogens, since both the

targeting and the efficacy of treatment can be monitored by

imaging. In addition to those radiohalogen nuclides discussed

in this review, a number of others have been studied (e.g.
34mCl, 80mBr). While other halogen radionuclides may

ultimately have application in nuclear medicine imaging or

therapy, it seems likely that new radiopharmaceuticals devel-

oped in the future will contain one of the radiohalogens

discussed in this review. Importantly, the future growth in this

area of medicine will continue to be dependent on the

implementation of radiohalogen chemistry and the develop-

ment of new ways to incorporate radiohalogen nuclides into

biologically important molecules.
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