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99mTc Auger Electrons for Targeted Tumor Therapy: A Review 

 

Abstract: 

Purpose: Targeted radiotherapy using Auger electrons presents multiple advantages and 

challenges. The advantageous characteristics of this type of radiotherapy can explain the growing 

interest in these specific electrons for cancer therapy. During the last decade, Technetium-99m 

(99mTc) has been used as an imaging agent and only recently has it been analyzed as a potential 

therapeutic agent. This paper aims to be a review on the potential use of 99mTc as a therapeutic 

agent. 

Conclusions: The physical properties of 99mTc along with its large availability through a 

generator in situ may represent a new and important pathway in targeted radiotherapy. 

Experimental data obtained so far has encouraged multiple researchers to investigate 99mTc 

further as a therapeutic agent for multiple common oncologic situations. In spite of these initial 

attempts to use 99mTc as a therapeutic agent beyond that of imaging, future studies are required 

to better define its dosimetric implications and radiobiological efficacy. 
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1 - Introduction 

 An ideal radionuclide for targeted tumor therapy should present some important 

characteristics, including: (a) emitted electrons with energies lower than 40 keV; (b) a photonic 

emission/electron emission ratio lower than 2; (c) a half-life between 30 minutes and 10 days; (d) 

stable daughter nuclide or a daughter nuclide with a half-life greater than 60 days; (e) and 

suitable chemistry for the radiolabelling process. Furthermore, according to Unak (2002), an 

Auger electron emitter should also be economically prepared with high specific activity and purity 

in order to present therapeutic potential, and it should be efficiently incorporated into a selective 

carrier molecule. Once inside the target tissue, the selective carrier molecule should be able to 

associate with the DNA complex for a time corresponding to the radionuclide half-life (Unak 

2002). In fact, at the beginning of the twentieth century, Regaud and Lacassagne defined the 

ideal therapeutic agent for cancer therapy as a heavy element able to emit radiation with 

molecular dimensions, which would be selectively captured by the target cell’s protoplasm once 

administered into an organism (Britz-Cunningham et al. 2003). 

 

2 - Targeted Tumor Radiotherapy versus Other Therapeutic Approaches 

 Three main requisites for effective targeted tumor radiotherapy using Auger electron 

emitters have been pointed out by Buchegger et al. 2006 and these include (Table I): tracer’s 

high selectivity and specificity; consecutive internal irradiations using Auger electron emitters; and 

reduction of heterogeneity observed in tumor uptake. 

 

Table I 

 

Once located near the cell’s nucleus, the therapeutic effectiveness of Auger electron 

emitters occurs mainly due to extensive DNA fragmentation that is difficult to repair. This can be 

explained based on the Auger electron range (which is in nanometer order) and on the ionization 
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density of these electrons (Britz-Cunningham et al. 2003). In fact, according to Buchegger et al. 

2006, the local absorbed dose inside tumor tissue after irradiation with Iodine-125 (125I) was 

22,000 times higher than with an external source of 70 Gy used in external radiotherapy. In spite 

of these advantages, Auger electron targeted therapy faces some limitations and challenges, 

especially as regards solid tumor therapy. Some of those limitations include: (a) long tracer 

retention times in blood flow, which will lead to a higher absorbed dose to the bone marrow (one 

of the most radiosensitive tissues); and (b) low penetration in certain tumor areas, which will 

result in non-uniform tumor absorbed doses (Britz-Cunningham et al. 2003). Due to their short 

range, Auger electrons present lower toxicity to the bone marrow when in comparison to beta 

minus and alpha particles. Furthermore, they can be very effective once incorporated into the 

target cell’s DNA (Buchegger et al. 2006). 

Experimental systems using DNA precursors such as intercalating agents, hormones with 

DNA receptors, small molecules able to penetrate a cell’s nucleus and oligonucleotids, have been 

developed in the last years. These strategies aimed to solve some of the technical challenges of 

Auger electron therapy, including fast and specific delivery of the tracer to target tissue, fast 

clearance from non-target tissues and the ability to create a cytological effect. On the other hand, 

some potential solutions are to increase delivery speed and specificity of the tracer to target 

tissue, pinocytosis, membrane diffusion and endocytosis mediated by receptors (Britz-

Cunningham et al. 2003). 

 Limitations associated with the nature of the pathological process, the design and 

conception of tracers, including processes of the tracer’s deposition inside the target tissue as 

well as the nature of radioisotope emissions can work as limiting factors to achieve the first two 

requisites of target tumor radiotherapy successfully using Auger electron emitters (Unak 2002, 

Britz-Cunningham et al. 2003 and Mariani et al. 2000). Future solutions to overcome these 

limitations should consider the physical characteristics of the radionuclide, the low molecular 
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weight of the transporter to facilitate tissue diffusion, and the use of a specific and selective 

incorporation process to enhance tracer homogeneous distribution inside the pathological tissue 

(Buchegger et al. 2006). According to Sofou (2008), the main limitation in targeted tumor 

radiotherapy is dose-limiting toxicity. Dose limiting toxicity is a result of significant accumulation of 

radionuclide carriers in vital organs other than those targeted. This will result in toxicity levels 

prohibiting the administration of higher doses to reach lethal absorbed doses at tumor sites. 

Possible solutions to overcome this limitation include, (Sofou 2008): (a) direct single-step 

targeting using delivery carriers that result in improved biodistribution; (b) strategies to stop 

angiogenesis without affecting normal tissues; (c) direct selective targeting and destruction of 

neovasculature; (d) “normalization” of the tumor vasculature to enhance tumor penetration and, 

consequently, to reduce tumor heterogeneity; (e) tumor accumulation of inactive drugs and 

localized “meta-activation” once inside the tumor; (f) direct targeting of easily accessible cancer 

cells; and (g) multi-step targeting to dissociate radiotoxicity from carrier-induced toxicity. For a 

review on radionuclide carriers see, for example, Sofou 2008. 

 

3 - Auger Electrons: Main Characteristics 

 The Auger effect is named in honor of French physicist Pierre Auger, who discovered the 

process in 1925. For many years, the biological significance of Auger electrons was not 

appreciated, given that the energy carried by Auger electrons is usually negligible when 

compared to the total energy released by the radionuclide during decay. In 1964, Carlson and 

White showed that the decay of the Auger emitter 125I in methyl or ethyl iodide leads to molecular 

fragmentation. Multiple studies have been conducted since then to characterize the biological 

significance of these electrons more accurately (Hofer 2000). 

 Auger electrons are emitted by approximately half of the radioisotopes decaying by either 

electronic capture or internal conversion. In both cases, vacancies are created on an internal 
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atomic shell and a cascade of electron transitions occurs with concomitant emission of Auger 

electrons to fill those vacancies. Auger electrons emitter’s radioisotopes are widely used in 

Nuclear Medicine. Examples include, namely, (Table II): Gallium-67 (67Ga), Technetium-99m 

(99mTc), Indium-111 (111In), Iodine-123 (123I), Iodine-125 (125I) and Thallium-201 (201Tl). Electronic 

capture processes occur when vacancies are created on an internal atomic shell after an electron 

is transferred from that shell into the nucleus. The created vacancy is then filled through multiple 

continuous electron transactions from atomic shells with higher energy. The energetic difference 

between both shells will result in a photon or in a low energy electron emission. Depending on the 

atomic shells involved in the process, these low energy electrons may be classified as Auger, 

Coster-Kroning or Super-Coster-Kroning. Moreover, Auger electrons obtained by internal 

conversion are created by photons (emitted by the atom’s nucleus during the decay process) that 

collide with electrons of inner atomic shells, resulting in their ejection. Typical energies of these 

internal conversion Auger electrons are around 20-100 keV. This is higher than most Auger 

electrons, but lower than the characteristic beta minus emission (Buchegger et al. 2006). Auger 

electron emitters can be divided in two major groups (Table II): halogens [125I, 123I, Bromo-77 

(77Br) and Bromo-88m (88mBr)] and metals (201Tl, Platinum-195m (195mPt), 193mPt, 111In, 114mIn, 

99mTc, 67Ga, 55Fe and 51Cr). Among these radioisotopes, 195mPt emits 33 Auger electrons per 

decay and, therefore, presents the highest yield of Auger electrons. This is followed by 125I with 

21 electrons, 123I with 11 electrons, 111In with 8 electrons and 77Br, 67Ga, 55Fe and 99mTc with 7 to 

4 electrons per decay (Mariani et al. 2000). According to the results obtained and published by 

task group number 6 of the American Association of Physicists in Medicine (AAPM) in 1992, 

99mTc emits an average of 4 Auger electrons and 1.1 internal conversion electrons per decay. 

Emitted electrons present energies of around 0.9 keV and 15.4 keV per decay, respectively, with 

total energy per decay calculated to be 142.6 keV (including gamma ray contributions). The 
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percentage of Auger energy in total percentage energy/decay is 0.6% and the internal conversion 

energy in total percentage energy/decay is 10.8% (Howell 1992). 

 

Table II 

 

4 - Targeted Radiotherapy: Particle Range and DNA Proximity 

 Particle range and DNA proximity are two vital characteristics when the goal is targeted 

radiotherapy. Beta minus particles (β-) emitted by Yttrium-90 (90Y) present an average range of 

215 cells, while 131I (also β- emitter) irradiates 40 cells and Astatine-211 (alpha particle emitter – 

α) irradiates only 3 cells (Unak 2002). Some other authors, including Mariani et al. 2000, Unak 

2002 and Boswell et al. 2005, studied the β- particle, including the Auger electron range and its 

effects. They noticed that Auger electrons allowed more efficient targeted radiotherapy with 

minimum damage to normal tissue due to their lower range. This can be expressed as a more 

efficient tumor/normal tissue dose rate, since the higher β- particle range may result in normal cell 

irradiation due to “crossfire”. O’Donnell et al. 2006 concluded that Auger electrons presented 

ranges of a few nanometers to micrometers, which are enough to damage DNA, but not the 

normal neighboring cells. Kassis 2003 stated that Auger electron radiotoxicity (about 90%) was 

created by indirect mechanisms, especially by the denoted “bystander” effect. The “bystander” 

effect is a phenomenon that occurs when radiobiologically damaged cells induce cellular death in 

non-irradiated cells, through the release of cytokines and free radicals. This could mean that the 

therapeutic effects of Auger electrons exceed microdosimetric estimates (Britz-Cunningham et al. 

2003, Sofou 2008 and Boswell et al. 2005). Boyd et al. 2006 carried out a study to analyze the 

radiation-induced biologic bystander effect in vitro. They verified that 123I induced the release of 

bystander cytotoxins, which can highlight the possible use of 123I-MIBG 

(metaiodobenzylguanidine) for treating patients with neural crest-derived tumors. These 

researchers also concluded that further investigations on radiation induced biological bystander 
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effects would stimulate better strategies to increase tumor damage and decrease normal cell 

damage. In fact, a study using Auger electron emitters conducted by Chen et al. 2006 showed 

absence of cytotoxicity in normal neighboring tissues when a nuclear pore regulatory complex 

was used to mediate the protein import from the cytoplasm into the nucleus. This nucleoporin 

complex allowed the penetration of molecules with a diameter less than 40 to 60 kDa by passive 

diffusion and required active transport for molecules with greater dimensions. The results of this 

study could mean that a more careful carrier design is required to reduce cytotoxicity to normal 

neighboring tissues by using more selective and specific tracers. Toxic effects of low energy 

electron emitters have been associated with not only covalent binding between the radioisotope 

and cellular DNA, but also with toxicity from molecules attached to the Auger electron emitter 

radioisotope. Initial assumptions correlated covalent binding to DNA with cellular damages. 

Nevertheless, recent studies have shown that some molecules able to penetrate the cell nucleus 

do not need to bind covalently to the DNA to induce radiotoxicity. This means that these 

molecules may be used as Auger electron emitter radiotracers (Kassis 2003). In fact, Buchegger 

et al. 2006 used radiolabeled nucleotides and faced some limitations, including, incorporation into 

DNA during phase S of the cell cycle. This may mean that not only are range and DNA proximity 

key factors to targeted tumor radiotherapy, but also that the phase of the cell cycle may play an 

important role in this therapeutic approach. Long enough incubation times to cover 2 or 3 cell 

cycles were used for in vitro studies to overcome this limitation. Alternatively, drug administration 

to synchronize all cells in the same cell cycle phase may also be used (Buchegger et al. 2006). 

Cell and tissue studies have shown that once Auger electron emitters are introduced into 

the cell’s cytoplasm, they will present similar effects to those induced by low Linear Transfer 

Energy (LET) radiations, but when they are introduced close to DNA, the survival curves will be 

similar to those obtained with high LET α particles (Sastry 1992). In fact, according to Boswell et 

al. 2005, the centre absorbed dose rate of the cell when irradiated with 99mTc, 123I, 111In, 67Ga and 
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201Tl is 94, 21, 18, 74 and 76 times higher, respectively, when irradiation occurs in the nucleus 

than when it occurs in the cell’s membrane. Furthermore, Goddu et al. 1994 reported similar 

results using 111In as an Auger electron emitter. This group of researchers verified that the 

absorbed dose doubled when the irradiation site was moved from the membrane’s surface to the 

cell’s cytoplasm and increased 34 fold when the decay occurred inside the cell’s nucleus versus 

in the cell’s membrane. Other authors, including Stepanek et al. 1996 and Mariani et al. 2000, 

reached the same conclusions (Figure 1). According to these authors, the ionization is higher in 

the immediate vicinity of the decay site and extends over a range of 1 μm in all directions. In fact, 

according to Buchegger et al. 2006, the energy deposition of Auger electron emitters occurs in 

spheres of 1 to 2 nm diameters, and once incorporated into DNA, the energy deposited in the 

double strands may be equal to or higher than 1.6 MGy. 

 

Figure 1 

 

Another 1994 AAPM report on Auger electron emitters (report number 49) summarized 

the relationship between high LET radiotoxicity and DNA proximity. It also showed that it could be 

verified that the closer the Auger electron emitter is to the cell’s nucleus, the higher the LET 

radiotoxicity. The correlation between the decay site and the energy deposited in different cell 

structures (nucleus, cytoplasm and cell surface) was also analyzed in the same report and it 

demonstrated the need to introduce Auger electron emitters as close as possible to the target site 

(Humm et al. 1994). Moreover, Watanabe et al. 2006 and Faraggi et al. 1994 also verified that 

Auger electron emitters present potential for internally delivered targeted radiotherapy when 

emitted in close proximity to the target site. 

Electrons obtained by internal conversion (even when decaying in the cell’s cytoplasm) 

may reach the nucleus and, therefore, the DNA. Nonetheless, these Auger electrons present 
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radiobiological efficacy (RBE) similar to β- particles and x-rays. This means that they present low 

LET behavior. Even with low LET radiation behavior, internal conversion Auger electrons deposit 

huge energy (106-109 cGy) within a volume of a few cubic nanometers around the decay site due 

to their low range. As a result, they may be useful for target tumor radiotherapy (O’Donnell et al. 

2006, Kassis 2003, Ginj et al. 2005 and O’Donoghue et al. 1996). On the other hand, Auger 

electrons emitted by electronic capture present high LET and thus higher RBE values. 

In order to compare different RBE of multiple types of radiation, a weighting factor (Wr) 

was introduced and low LET radiations (for example, x-rays) were classified with the value 1 

(one), while isotopes like 125I and 123I were classified with 8 and 7, respectively. These values 

may be controversial, since multiple studies conducted in this area showed even higher values in 

chronic exposure, with some as high as 64. The AAPM proposed RBE values of around 10 for 

deterministic effects of Auger electrons and 20 for stochastic effects. These high RBE values are 

applied only to Auger electrons obtained by electronic capture, since those obtained by internal 

conversion are classified as low LET radiation and thus present a Wr of 1 (one) (Buchegger et al. 

2006). 

The subcellular location, distribution and biological effects of Auger electron emitters 

were also correlated with the chemical formula associated with the Auger electron emitter (Howell 

1992). Adelstein et al. 1996 verified that 111In-Diethylene triamine pentaacetic acid (DTPA) could 

bind to the DNA surface and thus induce 10 to 20 times more double strand breaks than the free 

radioisotope. 

 

5 - Role of Apoptosis in Targeted Tumor Radiotherapy 

 Tumor response to particle radiation depends on multiple factors, including the absorbed 

dose, dose rate, radiopharmaceutical tumor penetration, intracellular localization of short-range 

radionuclides and tumor radiosensitivity (Sofou 2008). 
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It is currently accepted that DNA damage stimulates different cellular pathways, including 

retention in cell cycle checkpoints in order to repair damages (from G1 phase to S phase and from 

G2 phase to mitosis) or to evolve to programmed cell death, which is also denoted as apoptosis. 

Apoptosis is a cell death mechanism with little or no inflammatory process that occurs during 

embryogenesis and when some adverse agent jeopardizes the cell’s future. All apoptotic 

pathways show transduction of protein signal. In the case of radiation-induced damages, the p53 

gene presents a crucial role. It is also known that lymphoid cells are more susceptible to enter 

into apoptosis, while epithelial cells (which are also retained in the cell’s checkpoints), usually die 

due to reproductive failure after one or multiple cell divisions. Radiation efficacy to induce a cell’s 

death depends also on the dose rate and on ionization density. 

The apoptotic process can be observed in different tumors, especially inside hypoxic 

areas near necrotic areas. It also represents the last step in antitumor therapy. Cysteine-aspartic 

acid proteases (also denoted as caspases), are activated during apoptosis. They are responsible 

for, namely, cell cytoskeleton disruption, chromatin clumping, intranucleosomal DNA cleavage 

and finally, the cell’s disintegration into small membrane remnant targets, which will be removed 

by macrophages (Britz-Cunningham et al. 2003). 

Urashima et al. 2006 studied radioinduced apoptosis and verified that the apoptotic 

process triggered by gamma ray irradiation after exposure to 125I seems to activate independent 

caspase 3 (CASP-3) and/or mediated CASP-3 with no correlation with the cell’s radiosensitivity. 

Nevertheless, once incorporated into DNA, 125I induced apoptosis seems to be dose dependent 

and correlates with the cell’s radiosensitivity via mediated CASP-3. This study pointed out some 

differences between irradiation using gamma rays and Auger electrons. It also demonstrated that, 

depending on the place of energetic deposition, different apoptotic pathways can be activated. 

 

6 - 99mTc Auger Electrons for Targeted Tumor Radiotherapy 
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 Multiple radiobiological studies using 125I Auger electrons have been conducted in past 

years, however, the list of Auger emitters includes other radioisotopes. As stated, half of the 

radioisotopes decaying by electronic capture or internal conversion (which are Auger emitters), 

may be potentially useful for targeted tumor radiotherapy. Accordingly, further studies with 

different Auger electron emitters will certainly be very valuable to exclude or include other 

radioisotopes as potentially useful tracers for targeted tumor radiotherapy. 

Technetium-99m emits only less than 1% of Auger electrons per decay versus 3.7 to 

19.9% for 125I, 123I and 201Tl. Nonetheless, some advantages can be pointed out, including: a 

short half-life; stable nuclide-daughter; Auger electron energies between 0.9 and 15.4 keV; and 

good availability, since it can be easily eluted and handled from an in situ generator with high 

specific activity (Buchegger et al. 2006 and Marques et al. 2005). Furthermore, 99mTc is also 

economically obtained, which represents an important advantage when compared with other 

radioisotopes. Another potential advantage inherent to the use of 99mTc as an Auger electron 

emitter is based on its well-known ideal characteristics for imaging, which may allow therapy 

monitoring and disease follow-up (Figure 2). This means that the same radiotracer injected with 

different doses may be used for therapeutic purposes or for in vivo imaging. Indeed, previous 

studies showed that 99mTc doses, for imaging purposes, do not induce cytogenetic effects or 

supplementary chromosomal aberrations (Jacquet et al. 1999 and Guiraud-Vitaux et al. 2005), 

while therapeutic doses, using specific molecules suitable for targeted tumor radiotherapy, could 

induce cell damage (Schipper et al. 2007). 

 

Figure 2 

 

 A shorter half-life is potentially an advantage to reach higher absorbed doses per unit of 

time (Unak 2002). Assuming that 1,000 molecules radiolabeled with Auger electron emitters are 
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inside a target cell and the radioisotope used to radiolabel those molecules is 125I with a half-life 

of 60 days, only one decay occurs in 2 hours, whereas approximately 100 decays occurs during 

the same period of time when 123I is used as the radioisotope (with a half-life of 13 hours). 

Moreover, 206 decays occur during the same 2 hours when the choice of radioisotope is 99mTc 

(with a half-life of 6 hours). Physical half-life and residence time inside target tissue are key 

factors for accurate target tumor radiotherapy and should be enough to allow tumor destruction. 

This is usually 5 logarithms of cell kill (Mariani et al. 2000). In addition, Auger electron emitters 

with a long half-life such as 125I will result in low cell toxicity due to insufficient cell irradiation 

through cell division. This will result in the dilution of Auger electron irradiation for multiple 

daughter cells and, consequently, higher survival probability for the same number of decays from 

daughter cells to mother cell (Buchegger et al. 2006). A mathematical model for radiation induced 

double-strand breaks in DNA can explain the relationship between the radionuclide half-life and 

the proliferation kinetics of a target cell population. Humm et al. 1989 developed a method to 

evaluate the potential therapeutic effect of Auger electrons through the quantification of DNA 

double strands caused by Auger electron emitters. Initial assumptions to apply this method 

include: (a) all cells are in continuous multiplication and division, the calculations are based on 

the whole cell cycle (from phase G2 to phase G1) and the results are multiplied by 2 in order to 

account for the cell’s division; (b) each cell division will reduce radioactivity inside the cells by 

half; (c) cell DNA present dimensions of 3.5×1012 Dalton; (d) low LET radiation creates 1.0×10-11 

double-breaks/Gy/Dalton; and (e) a reasonable cell duplication time is 24 hours. Experimental 

work carried out by these researchers determined average absorbed energy and DNA double-

strand breaks per decay. This was incorporated into the calculations. Cell survival studies after 

irradiation demonstrated that 100 DNA double-strand breaks could produce 63% of cell death. 

This value can be used to estimate the initial number of nuclides bounded to DNA (N0) for any 
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radioisotope. A final equation to calculate DNA double-strand breaks was proposed by Humm et 

al. 1989: 

 

( ) ( )0
0 1 35t

dsbN N e f Dλ−= − × + ,       (Eq.1) 

 

where, N0 represents the initial number of nuclides bound to DNA, t0 is the cell’s double time, λ is 

the decay constant, f represents the number of DNA double-strand breaks per decay (determined 

experimentally) and D is the cell’s nucleus absorbed dose per decay (also determined 

experimentally). By applying the experimental results obtained by Humm et al. 1989 to equation 1 

for the same cell doubling time (t0) and for the same absorbed dose (D), one demonstrates that 

the number of double strand breaks induced by 99mTc is higher than the number of double strand 

breaks induced by 125I. 

O’Donoghue et al. 1996 proposed a similar equation for the calculation of DNA double-

strand breaks: 
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1 1
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,      (Eq.2) 

 

where, nd are the double-strand breaks in DNA; Na is related to initial radioactivity by Na=A0/k 

(with A0 being the average initial activity, k=ln2/T1/2 and T1/2 being the radionuclide physical half-

life); TD is the population-doubling time and TB is the half-life of the DNA-bound state. This 

equation showed that for a long physical half-life (T1/2»TD and T1/2»TB), the maximum number of 

double-strand breaks tends to zero. Accordingly, the biological effectiveness is largely reduced if 

the rate of dilution of DNA bound radioactivity is much faster than the decay rate (which can be 

due to either dissociation or proliferation). Nevertheless, the opposite, TD» T1/2 and TB» T1/2, tends 
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towards its upper limit (ndNa) which means that all radionuclide atoms will decay in a single tumor 

cell before it has the opportunity to divide. One disadvantage associated to these theoretical 

calculations is based on its inability to account for the heterogeneity of radionuclide uptake. 

Technetium-99m decays to 99Tc by internal conversion followed by another internal 

conversion in 10% of decays or by gamma photon emission in the remaining 90% of cases. 

According to Humm et al. 1989, 99mTc radiobiological efficacy is comparable to other Auger 

electron emitters. This means it is only maximal when the decay occurs either in the DNA or near 

it. Moreover 99mTc energy spectra was presented in an AAPM report in 1992, and it comprises 

Auger electron ranges from 2.05 nm to 251 μm and Auger electron energies ranging between 

0.034 keV and 0.140 MeV (Howell 1992). According to Häfliger et al. 2005a, out of the Auger 

electrons emitted by 99mTc, the most interesting for targeted tumor radiotherapy are: (a) Coster-

Kroning (CK) and Super-Coster-Kroning electrons from atomic shell M (CK MMX electron), with 

an average energy of 116 eV, yield/decay of 0.75 and tissue range of 6 nm; (b) Auger electrons 

from atomic shell M (Auger MXY electron), with an average energy of 226 eV, yield/decay of 1.1 

and tissue range of 10.5 nm; and (c) Coster-Kroning and Super-Coster-Kroning electrons from 

atomic shell N (CK NNX electron), with an average energy of 33 eV, yield/decay of 1.98 and 

range of 2 nm. 

So far, few studies have calculated the RBE value for 99mTc. Pomplun et al. 2006 

undertook one of those studies and calculated a Wr of 1.15 using Monte Carlo simulation. This 

factor was calculated assuming a RBE of 1 (one) for gamma photons emitted by 99mTc (with a 

dose fraction of 0.06), a RBE of 1 (one) for conversion electrons (with a dose fraction of 0.89) and 

a RBE of 4 for Auger electrons (with a dose fraction of 0.05). Clearly, Auger electrons present an 

important role in microdosimetric calculations that should be further investigated. In order to study 

the DNA dosimetry of Auger electron emitters, Ftacnikova et al. 2000 proposed the use of Monte 

Carlo calculations to determine energy deposition in DNA by an Auger electron emitter. These 
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authors used three different DNA models to determine DNA single strand breaks (ssb). Using 

cylindrical geometry, 99mTc presented 1.27 ssb per radionuclide decay localized in the base of 

DNA by direct effect (as compared to 2.58 for 123I and 0.95 for 67Ga), while the duplex model 

presented 0.57 ssb (versus 0.72 for 123I and 0.39 for 67Ga) and the structural model presented 

only 0.19 ssb (versus 0.53 for 123I and 0.29 for 67Ga). This study also verified that double-strand 

breaks (dsb) caused by direct effect and indirect effect of 99mTc Auger electrons per decay was 

approximately 0.11 and 0.68, respectively (as compared to 0.21 and 1.23 for 123I; and 0.09 and 

0.59 for 67Ga). 

According to Griffiths et al. 1999, similarly to 111In-antibodies, 99mTc labeled antibodies 

are residualized once inside the target cell, remaining trapped there. Moreover, according to 

Buchegger et al. 2006, treatment studies of thyroid cancer and hyperthyroidism with 125I showed 

limited efficacy because radioiodine does not enter the nucleus and stays in the cytoplasm only 

briefly. The reduced intracellular iodine may be explained by the fact that radioiodine is present 

as elemental iodine and is exported from cells by iodine transporters. From an invited 

perspective, Boswell et al. 2005 reported a study conducted by Behr et al. 2003 on Auger 

electron emitters. Behr et al. 2003 verified that antibodies labeled with radiometals were 

residualized inside the target cell, while those radiolabeled with radioiodine were degraded by 

lysosomes to mono- or diiodotyrosine and then rapidly released from cells. It could also mean 

that radiometals, such as 99mTc and 111In, are more likely to be residualized inside the target cell 

than radioiodine. This evidence demonstrate that not only the molecule attached to the Auger 

electron emitter, but also the radioisotope itself is a crucial factor in targeted tumor radiotherapy 

(Boswell et al. 2005). This ability to remain potentially inside the target cell for longer periods is 

also another advantage of 99mTc for Auger electron radiotherapy. 

Häefliger et al 2005b verified that 99mTc, as a free ion in solution (99mTcO4-), was unable 

to penetrate the cell’s membrane. This is compatible with its hydrophilic nature. In addition, 
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another study carried out by Pedraza-López et al. 2000 demonstrated that 99mTc-HMPAO 

(hexamethyl-propylene amine oxime) and 99mTc-gentisic acid, with absorbed doses of 1Gy, could 

induce 100% DNA breaks in murine lymphocytes. They also demonstrated that 99mTcO4Na could 

induce lesions in DNA, although, with a much lower percentage than the other 

radiopharmaceuticals studied (99mTc-HMPAO and 99mTc-gentisic acid). This research group did 

not find any difference between damage induced by 99mTc-HMPAO and 99mTc-gentisic acid, 

although previous literature suggested that the first was introduced into the cytoplasm, while 

99mTc-gentisic acid remained bound to the membrane. The absence of differences between 

damages caused by the studied radiopharmaceuticals (99mTc-HMPAO and 99mTc-gentisic acid) 

may be explained by three correlated study parameters: cell dimension, intracellular localization 

of Auger electron emitter and Auger electron energy. Since this research group used leukocytes 

(which are cells with a large nucleus), even when the radiopharmaceutical was located in the 

plasma membrane, damages to DNA were possible due to the short distance between the cell’s 

membrane and the nucleus (small fraction of cytoplasm). Another study conducted by Kriehuber 

et al. 2004 used human squamous cell carcinoma (cell line SCL-II) and aimed to compare the 

effects of 99mTc Auger electrons with external Cobalt-60 (60Co) gamma irradiation. This group of 

researchers showed that 99mTc-pertechnetate did not cause any increase in cytotoxicity and 

genotoxicity when compared to uniform external radiation using 60Co. Nevertheless, they also 

observed an increased apoptotic response after 99mTc-exposure at very low doses, which 

according to the authors, should be investigated further. The conclusions presented by Mairs et 

al. 2007, using 123I-MIBG, 131I-MIBG and Meta-[211At]astatobenzylguanidine (211At-MABG), may 

elucidate and justify these results. According to this group of researchers, the radiation-induced 

biological bystander effects that predominate at low radiation doses and low radiation rates could 

explain the observed cytotoxicity of 123I-MIBG (high LET Auger electron emitter) and 211At-MABG 

(high LET α emitter) at low activity concentrations. Furthermore, according to these researchers, 
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radionuclide emitting high LET radiation (123I-MIBG and 211At-MABG) may elicit toxic or protective 

effects on neighboring untargeted cells at low and high doses, respectively. The results obtained 

by this group were conducted using 123I and thus may/may not be translated into 99mTc. 

Accordingly, further studies using 99mTc as an irradiating agent are required to clarify the 

Kriehuber et al. 2004 study. 

A study conducted by Ilknur et al. 2002, on chromosomal aberrations in lymphocytes 

after radiolabeling with 99mTc-HMPAO, verified that multiple aberrations were observed in labeled 

cell cultures after in vitro stimulated division in culture, while virtually no abnormalities were seen 

in unlabeled cell preparations (272.2±2.5/1000 binucleate cells versus 5.5±1.0/1000 binucleated 

cells, respectively). According to these authors, the aberrations were observable because the 

lymphocytes were stimulated to divide in culture, and radiation-induced DNA single- or double-

strand breaks could be converted into chromosomal aberrations. Based on the nature and extent 

of the chromosomal aberrations, these authors estimated that the radiation dose received by the 

labeled cells was at least 5 Gy. 

Radiotoxicity of a peptide-intercalator conjugate labeled with [99mTc(CO)3]+ was evaluated 

by Häfliger et al. 2005b using exponentially growing B16F1 melanoma cells. Different analogues 

were investigated and compared with [99mTcO4]-. Results showed that one of the peptide–

intercalator conjugate analogues presented radiotoxicity 10 times higher than [99mTcO4]-. The 

morphological changes observed in dying cells such as cell swelling and micronuclei formation 

were typical of either radiation-induced mitosis-linked cell death or radiation-induced cell 

senescence, both of which result from DNA damage. As final conclusions, these researchers 

verified that the amount of radioactivity applied was relatively large to become therapeutically 

relevant due to reduced or slow 99mTc uptake and that further improvements were needed to 

refine the therapeutic effect. Another work conducted by Häfliger et al. 2005a, evaluated the 

induction of DNA double-strand breaks by Auger electrons from 99mTc complexes with DNA 
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binding ligand. They concluded that 99mTc induced double strand breaks in DNA when decaying 

in its direct vicinity and that DNA double strand breaks were mainly caused by direct action or by 

diffusion-controlled reaction of reactive oxygen species (mechanisms studied by using radical 

scavengers such as mannitol and thiourea). 

 Schipper et al. 2007 evaluated the efficacy of 99mTc pertechnetate radioisotope therapy in 

sodium/iodide symporter (NIS)-expressing neuroendocrine tumors in vivo. They verified that there 

was a therapeutic effect on neuroendocrine tumors in vivo and that the data collected was 

comparable to previously obtained cell culture data. This group of researchers also observed that 

activities exceeding 5550 MBq (150 mCi) presented considerable toxicity, while activities below 

3700 MBq (100 mCi) were well tolerated and could induce tumor hemorrhage in 80% of animals. 

The translation from a 2D cell culture into a 3D live model did not alter the therapeutic dose 

absorbed from Auger electrons due to its short range. Results obtained by this study did not show 

any evidence of the absorbed dose due to gamma irradiation in cell culture at extremely high 

activity concentrations, Accordingly, it is unlikely that this contributed to the dose deposited inside 

a small 3D system in vivo (where activity is lower and most of the dose will be deposited outside 

the xenograft because of the long range of gamma rays). This study is particularly interesting 

since it was the first study to be able to demonstrate the therapeutic effect of Auger and the 

conversion electron emitter 99mTc pertechnetate in vivo. The authors also verified that the 

activities used in their study (when normalized to either body weight or surface), were higher than 

those that would be used for radioisotope therapy in humans. Nevertheless, although they were 

successful in evaluating the feasibility of effective radioisotope therapy of neuroendocrine tumors 

in vivo, the absorbed dose in tumor relative to normal tissue needs to be further increased to 

minimize toxicity and permit successful and safe treatment. This means that further studies are 

required to (1) better characterize 99mTc as a therapeutic agent, and (2) to create novel molecules 

and improve those already in existence in order to fulfill target radiotherapy requisites. 
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7 - Conclusions 

 Target tumor radiotherapy using Auger electron emitters is an appealing approach for 

systemic radiation therapy. Multiple limitations to the administration of this therapy have been 

recognized and some have been partially overcome. Most of these approaches used Auger 

electron emitters other than 99mTc, since only recently was this radioisotope considered 

potentially useful for target tumor radiotherapy. Results already obtained with 99mTc are very 

encouraging, but the definitive role of 99mTc as a therapeutic agent is far from conclusive. The use 

of 99mTc as a therapeutic agent is only at its embryonic phase. Despite some studies using cell 

cultures, animal models or computational methods showed that positive results, a better 

understanding of Auger radiation dosimetry, its biological efficacy and the development of more 

selective and stable carriers are crucial points to characterize 99mTc fully as an irradiating agent 

for target tumor radiotherapy. Further comparison of 99mTc with 111In, or other radioisotopes 

currently used for therapy, could provide better understanding of the potential of 99mTc as a 

therapeutic radioisotope. This could be done, for example, by selecting a study with a currently 

used Auger electron emitter, changing the radionuclide to 99mTc and then re-calculating the 

doses. 

 A short half-life, stable daughter nuclide, Auger electron energies suitable for target tumor 

radiotherapy and ability to do imaging in vivo are some potentially advantageous characteristics 

of 99mTc. Nonetheless, the reduced yield of Auger electrons per decay (comparing, for example, 

with 125I) and the few selective carriers available for target tumor radiotherapy using 99mTc are 

limitations that need to be assessed and overcome prior to establishing the final role of 99mTc as a 

therapeutic agent. 
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FIGURE CAPTIONS 

Figure 1. Schematic representation of the relationship between the decay site distance to the 

central axis of the DNA molecule and DNA deposited energy (using data presented in Humm et 

al. 1994). It is possible to observe that by moving the irradiation site from the nucleus to the cell’s 

surface, the DNA deposited energy is significantly reduced. 

Figure 2. Schematic representation of the potential advantages of 99mTc for targeted tumor 

radiotherapy. 
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TABLE CAPTIONS 

Table I. Three main requisites for effective targeted tumor radiotherapy using Auger electron 

emitters according to Buchegger et al. 2006. 

Table II. Auger electron emitters for which the Auger radiation represents a significant percentage 

of the overall energy release per decay and some examples of widely used Auger electron 

emitters in Nuclear Medicine according to Buchegger et al. 2006 and Mariani et al. 2000.  
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TABLES 

 

Table I 

Requisite Description 
Selectivity and specificity Higher specificity and selectivity will avoid 

toxicity of normal tissues around the tumour. 
 

Consecutive internal 
irradiations 

Common point in all therapeutic approaches, 
including chemotherapy. Ability to perform 
multiple treatment cycles over time. Unlike 
chemotherapy does not usually evoke an 
immune response. 
 

Reduce heterogeneity in 
tumour uptake  

Target radiation on a large proportion of all 
live cancerous cells. Beta minus “crossfire” 
effect may be advantageous in larger 
tumours, but is certainly prejudicial in small 
tumours. 

 

 
Table II 

Auger Electron Emitters 

Metals Halogens 

201Tl 

195mPt 

139mPt 

111In 

114mIn 

99mTc 

67Ga 

55Fe 

51Cr 

125I 

123I 

77Br 

88mBr 

 Auger electron emitter’s radioisotopes widely used in Nuclear Medicine. 


