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Abstract 

Nuclear reactions are a very important natural phenomenon in the universe. On the earth, cosmic rays constantly 

cause nuclear reactions. High energy beams created by medical devices also induce nuclear reactions in the 

human body. The biological role of these nuclear reactions is unknown. Here we show that the in vivo biological 

systems are exquisite and sophisticated by nature in influence on nuclear reactions and in resistance to radical 

damage in the body of live animals. In this study, photonuclear reactions in the body of live or dead animals were 

induced with 50-MeV irradiation. Tissue nuclear reactions were detected by positron emission tomography (PET) 

imaging of the induced β+ activity. We found the unique tissue “fingerprints” of β+ (the tremendous difference in 

β+ activities and tissue distribution patterns among the individuals) are imprinted in all live animals. Within any 

individual, the tissue “fingerprints” of 15O and 11C are also very different. When the animal dies, the tissue 

“fingerprints” are lost. The biochemical, rather than physical, mechanisms could play a critical role in the 

phenomenon of tissue “fingerprints”. Radiolytic radical attack caused millions-fold increases in 15O and 11C 

activities via different biochemical mechanisms, i.e. radical-mediated hydroxylation and peroxidation respectively, 

and more importantly the bio-molecular functions (such as the chemical reactivity and the solvent accessibility to 

radicals). In practice biologically for example, radical attack can therefore be imaged in vivo in live animals and 

humans using PET for life science research, disease prevention, and personalized radiation therapy based on an 
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individual’s bio-molecular response to ionizing radiation. 

 

Nuclear reactions are a very important natural phenomenon in the universe. Cosmic rays constantly cause nuclear 

reactions on the earth. High-energy bremsstrahlung beams1, proton beams2, and heavy ion beams2, 3 from medical 

facilities for cancer treatment also induce nuclear reactions in the human body. The biological role of these 

nuclear reactions is unknown. Like proton beams and heavy ion beams2, 3, the activation of organ tissues by 

high-energy bremsstrahlung beams results primarily in 15O and 11C 1, 4, 5. The process involves the conversion of 

normal 16O and 12C to 15O and 11C, respectively, by knocking out neutrons, the typical photonuclear reaction4. 

Thus, the nuclear reactions can be detected by positron emission tomography (PET) imaging of the induced β+ 

activity of 15O and 11C1, 4, 5. With the same irradiation factors, the relative 15O and 11C product yields are 

proportional to the normal 16O and 12C contents in the tissues4, i.e., 16O(γ,n)15O and 12C(γ,n)11C. Thus, the β+ 

emitters 15O and 11C in the tissue are proportional to the photon fluence and, approximately, to the absorbed dose5. 

Serendipitous findings of the animal tissue distributions of 15O and 11C activities were proven to be more 

complicated than is explained by basic physics. We found that biological, rather than physical, mechanisms could 

play the critical role in photonuclear reactions in the body of live animals. 

 

Animals were selected randomly for irradiation studies. After simultaneously exposing the animals to 1.5 Gy of 

whole-body 50-MeV irradiation, the whole-body β+ activities and tissue distribution patterns of 15O and 11C were 

tremendously different among the individual live animals. However, animals with similar body weights 

maintained the same physiological conditions. This individual discrepancy in tissues is described here as the 

tissue “fingerprint”. Each individual live animal’s tissue “fingerprints” of 15O and 11C are unique. The tissue 

“fingerprints” are also very different between 15O and 11C for each individual. The biological phenomenon of 



tissue “fingerprints” was observed in mice (Fig. 1A), rats (Fig. 1B) and rabbits (Figs. 1C, 2A and 2B). Local 

irradiation could also induce local tissue “fingerprints” of 15O and 11C in live rabbits (Fig. 1C). 

 

More interestingly and unexpectedly, the rapid change in whole-body β+ activities and tissue distribution patterns 

of 15O and 11C were recorded by PET imaging before and up to 30 minutes after respiratory and cardiac arrest of 

animals. The tissue “fingerprints” faded away soon after death; the whole-body β+ activities and tissue 

distribution patterns became similar among animals (Fig. 2A-D), and for each individual animal, the distribution 

patterns became similar between 15O and 11C (Fig. 2A-D). An example of a tissue dynamically losing a 11C 

“fingerprint” is shown in Fig. 2E. As the tissue activities changed after death, the dynamic decrease of the 

15O/11C-ratio was measured (Fig. 2F). Because the tissue “fingerprints” faded, the 15O/11C-ratio changed from 

heterogeneous (Fig. 2G) to homogeneous (Fig. 2H) among different organs. 

 

We found that the live animal tissue 15O related to radical-mediated hydroxylation. 1,2-dibromoethane was used 

as a molecular model. The hydroxyl radical (OH·) oxidation mechanism of 1,2-dibromoethane involves 

OH· substitution reactions to form oxalyl dibromide [BrC(O)C(O)Br] and oxalic acid (HOOC-COOH)6. After 

exposing a liposome mixture of 1,2-dibromoethane and water (in this solution only water contained 16O) to 5 Gy 

of 50-MeV irradiation, the radicals, which were generated by water radiolysis, triggered substitution reactions on 

1,2-dibromoethane. An 8.5-fold increase in 15O activity from hydroxyl and carbonyl products was released to the 

aqueous phase from the organic phase (Fig. 3A and 3B, Supplementary Fig.1). It has been extensively 

demonstrated by pulse-radiolysis experiments7, 8 that a dose of about 5 Gy generates approximately 4.0 μM OH·. 

Using oxalic acid as the standard, we determined that the concentration of carbonyl products was 0.0163±0.0021 

μmol/ml (n=6), which was about four-fold higher than that of OH· reported in previous studies (probably as a 



result of the oxalyl bromides). The average 15O activity was calculated as 107114.4±9152.7 cpm/μmol from the 

carbonyl products, and water control was measured as 0.004347±0.001219 cpm/μmol. Thus, the radical-mediated 

reactions increased 15O activity by an average of 24,640,994±3,438,904-fold in the mixture of 1,2-dibromoethane 

and water. The average 11C activity from the carbonyl products was only 3771.4±645.2 cpm/μmol, and the 

average increase was 249,760±14,857 times that of the 1,2-dibromoethane control, which was measured as 

0.015132±0.003011 cpm/μmol. 

 

Benzoic acid, which has low toxicity, was chosen to probe an in vivo radical-mediated hydroxylation as its 

fluorescent hydroxyl products accumulated in a rabbit liver. OH·-mediated hydroxylation can occurred on benzoic 

acid to form the corresponding 4-hydroxyl and 3,4-dihydroxyl derivatives9. The fluorescence intensity increases 

in proportion to the concentration of the hydroxyl derivative. Unlike benzoic acid, the hydroxyl derivatives are 

not the specific substrates for benzoyl-CoA ligase in liver10. Exposure to 5.5 Gy of 50-MeV irradiation resulted in 

local tissue “fingerprints” of 15O and 11C in individual live animals (Fig. 1C). An excellent correlation 

(r=0.943231, n=29) was found between 15O activity and hydroxyl products of benzoic acid in the liver tissue (Fig. 

3C). Both 11C activity (r=0.324333, n=29) and dose delivery (r=0.34053, n=29) have a negligible relationship 

with the hydroxyl products (Fig. 3E and Supplementary Fig. 2A). 

 

Here, we determined 8-OHdG as the biomarker to test the in vivo radical-mediated hydroxylation of a DNA 

element. It was determined that X-rays induce hydroxylation of a deoxyguanosine at the C-8 position by OH· to 

form an 8-hydroxydeoxyguanosine (8-OHdG)11. The DNA damage caused by 8-OHdG has been widely studied 

as a critical biomarker of oxidative stress and carcinogenesis. After whole-body exposure to 1.5 Gy of 50-MeV 

irradiation, tissue “fingerprints” of 15O and 11C were detected in each individual live mouse (Fig. 1A). After a 



second high dose of 4.0 Gy/10-MeV irradiation, the levels of serum 8-OHdG ranged from 21.49 to 100.02 ng/L 

(52.32±20.97 ng/L) and correlated well with the whole-body 15O activity（r=0.72623, n=64）(Fig. 3D). However, 

the levels of serum 8-OHdG were not correlated with the whole-body 11C activity (r=-0.05325, n=64)(Fig. 3F).  

 

The irradiation-induced dysfunction of proteins is based on the OH·-mediated modifications of the side chains of 

amino acids and peptide chain breaks. OH· exposure inhibits ATPase activity through a direct attack on the ATP 

binding site12 and on the associative proteins13. After receiving 1.5 Gy of whole-body 50-MeV irradiation 

followed by a second dose of 6.0 Gy of 6-MeV irradiation, the 15O and 11C activities had an inverse correlation 

with the liver ATPase functions of ATP enzymolysis in live rats (Supplementary Fig.3). This indicates that tissue 

accumulation of 11C activity may also be a result of the radical-mediated reactions instead of the hydroxylation.  

 

We demonstrated that the live animal tissue 11C related to radical-mediated peroxidation. At the initial stage of 

peroxidation, OH· can abstract a hydrogen atom from attacked molecules (e.g., ethanol and lipids), and in many 

cases, the final products are aldehydes14, 15. Using ethanol as a molecular model, exposure of an ethanol-water (in 

this solution only ethanol had 12C) solution to 5.0 Gy of 50-MeV irradiation induced water radiolysis and 

triggered peroxidation reactions of ethanol, which caused a 30% increase (p<0.00000001) of 11C activity (Fig. 4A, 

4B). No significant change (P>0.8) in 15O activity was detected after these reactions (Fig. 4A, 4B). The 

peroxidation reactions generated 0.0109±0.0014 μmol/ml (n=6) of carbonyl products, and the average 11C activity 

from carbonyl products was calculated as 15562.4±2412.4 cpm/μmol. As a control, an exposure to ethanol gave 

an average 11C activity of only 0.015768±0.002534 cpm/μmol. The peroxidation reactions of ethanol boosted the 

11C activity by an average of 986,961±88,126-fold. 

 

Fluorescein sodium salt (FL) was used to probe in vivo the radical peroxidation. The reaction products of FL with 



peroxyl radicals have been characterized, and the product pattern was consistent with a classic hydrogen atom 

transfer (HAT) reaction mechanism16. As the reaction progresses, FL is consumed, and fluorescence intensity 

decreases. As the prototypical organic anion, FL is stable in vivo due to mitochondrial storage17. The low toxicity 

of FL allows clinical injection for fluorescence angiography and diagnosis of diseases18. A strong correlation was 

shown between 11C activity and FL intensity in the livers of live rabbits (r=-0.82144, n=36) (Fig. 4C). However, 

FL intensity was not well correlated with the delivery dose (r=-0.44131, n=36) (Supplementary Fig. 2B), and 

there was a poor correlation with 15O activity (r=-0.21487, n=36) (Fig. 4E). 

 

Malondialdehyde (MDA) was measured as a biomarker for lipid peroxidation. OH· reactions with lipids are 

typical HAT reactions during the first phase of lipid peroxidation. The secondary products are mainly aldehydes, 

and the major compound is MDA19. Irradiation-induced oxidative damage in a rat liver can elevate the level of 

MDA20. After whole-body irradiation with a single dose of 1.5 Gy/50-MeV, the tissue “fingerprints” of 15O and 

11C for each of the live rats were as shown in Fig. 1B. After receiving a second high dose of 6.0 Gy/6-MeV 

irradiation, the levels of liver MDA correlated well with the liver 11C activity (r=0.75239, n=54) (Fig. 4D). The 

level of liver MDA, however, was not correlated with the liver 15O activity (r=0.08349, n=54) (Fig. 4F). 

Irradiation-induced dysfunction of liver ATPase correlated well with the accumulation of 11C product 

(Supplementary Fig. 3). 

 

Influence of hydrated electrons (eaq-) on β+ activities was tested with methanol. Oxidation of methanol with 

radicals involves both hydroxylation and HAT peroxidation to form formic acid and formaldehyde. In a 33% 

methanol-water solution (pH 4.5), irradiation with a single 5 Gy/50 MeV dose generated similar concentrations of 

hydrated formaldehyde and total carbonyls in oxygen-free, oxygenated, and eaq- free (N2O/O2) conditions (see 



Table 1). The carbonyl groups and the benzene rings of many compounds represent the principal trapping center 

for eaq- in oxygen-free solutions. OH· attack can further increase 11C activity in eaq- free solutions due to the 

conversion of eaq- to OH· by N2O/O2, whereas an eaq- attack can further increase the 15O activities in oxygen-free 

solutions (see Table 1). 

 

Tissue “fingerprints” did not obviously follow the physical principle that nuclear reactions are completely 

independent of chemical reactions. A detailed mechanism of the physicochemical reactions is beyond the scope of 

this article, but these reactions, such as hydrogen atom transfer21, electron transfer21 and perhaps proton-coupled 

electron transfer22, are worthy of future study. Logically, tissue accumulation of 15O and 11C activities may 

contribute to (1) the normal 16O and 12C contents, (2) the free radical attack (Figs. 3 and 4) and reaction 

conditions (Table 1), (3) the pool of antioxidants23 (Supplementary Fig. 4), and (4) the bio-molecular functions24. 

Tissue “fingerprints” are obviously biological dependent because tissue “fingerprints” are related to biomarkers 

and protein function (Figs. 3 and 4 and Supplementary Fig. 4). And when life is lost, the tissue “fingerprints” are 

lost. The changes in the normal 16O and 12C contents and in the antioxidant contents are not expected in such short 

period of time. It seems that all reactive residues of molecules in tissues became accessible to radicals in an 

anaerobic condition (i.e., after respiratory and cardiac arrest; see Fig. 2C and 2D). Thus, the bio-molecular 

functions such as the chemical reactivity and the solvent accessibility to radicals24, 25, may play a key role in the 

phenomenon of tissue “fingerprints”. The scientific significance needs to be further elucidated. 

 

Free radical-related damage and antioxidation is always one of the top concerns in the occurrence of disease (e.g., 

inflammation, cardiovascular disease, cancer, and aging-related disorders). In 1950s, Gerschman and Harman 

revealed that the toxic effects of oxygen were similar to the damage caused by X –ray irradiation26, 27, and the 

second thought was that free radicals had major consequences to fundamental biological processes28. Decades 

later we understood further the free radical mediated mechanisms of disease by dysregulation of signal 



transduction and/or by oxidative damage to cellular lipids, proteins, DNA, carbohydrates29-31. The major obstacle 

in free radical research is the lack of specific, sensitive, and noninvasive methods to analyze, in detail, radical 

attack in live animals, including human beings32. Therefore, the PET imaging of radical attack is a practical 

means to achieve this goal. Tissue “fingerprints” indicate that radical attack in vivo biological systems could be 

much more complicated than those described under in vitro conditions21, and the in vivo biological systems are 

exquisite and sophisticated by nature (independent from the so called antioxidants) in resistance to radical damage 

and influence on nuclear reactions in the body of live animals. 

 

Ionizing radiation is an important treatment modality in the management of cancers, and approximately 60% of 

cancer patients are treated with radiation therapy33. Our findings challenge the practice of radiotherapy in which, 

unlike 15O and 11C(Figs.3 and 4), the delivered does not correlate well with the bio-molecular damage by 

radiolytic oxidation (Supplementary Fig. 3). Tissue “fingerprints” bring to mind the inherent radiosensitivity. 

There is evidence to suggest that individual differences in inherent radiosensitivity do exist, so understanding 

their biological basis could significantly impact how clinical radiation oncology is practiced33. The development 

of a successful clinical assay to predict response to radiation therapy is a major clinical goal in radiation oncology. 

Radiolysis of water is the major mechanism of toxic effects, which can be traced back to radical-induced damage 

of DNA, proteins, or membrane lipids34, 35. The concept of personalized radiation therapy is therefore derived 

from the in vivo imaging of a radical attack in patients. After a low dose of exposure, the bio-molecular responses 

to ionizing radiation, in both the treatment target volume and surrounding normal tissues, can be detected by the 

PET/CT imaging of tissue “fingerprints”. The clinical impact of this technology could result in better selection of 

patients for radiotherapy protocols, improve the assessment of individual response and prognosis, and lead to 

personalized radiation dose parameters. 



 

Methods Summary 

High-energy (50-MeV) bremsstrahlung beams, available from the MM50 Racetrack Microtron, were used to 

convert normal 16O and 12C to the positron emitters 15O and 11C. The total activity and 11C (T1/2=20.38 min) 

activity were separately recorded in the early phase and delayed phase of PET scanning. The 11C activity was 

subtracted from the early total activity to obtain the 15O activity (T1/2=2.03 min). In the animal experiments, 1.5 

Gy and 5.5 Gy of dose delivery were used for whole-body and local irradiation, respectively. Methanol, 

1,2-dibromoethane, and ethanol were tested for radical-mediated hydroxylation and peroxidation. Irradiation of 5 

Gy with 50 MeV started the radical reactions in a solution of ethanol (or methanol)-water (V:V=1:2) or in a 

liposome formation of 1,2-dibromoethane-water (V:V=1:1). Separate irradiations of 1,2-dibromoethane, methanol, 

ethanol and water were used for controls. The total carbonyl products were measured to calculate the 15O and 11C 

activities resulting from radical attack. For the analysis of OH· and eaq- attack, N2 (oxygen-free), O2 (oxygenated) 

and N2O (the eaq- scavenger) were used. High performance liquid chromatography (HPLC) with a gamma 

detector was used to detect radio-products after radical attack. With the anatomic markers, both benzoic acid and 

fluorescein sodium salt (FL) were tested in a live rabbit liver to probe radical-mediated hydroxylation and 

peroxidation in vivo, respectively, during local irradiation. The levels of serum 8-OHdG in mice were determined 

(with competitive ELISA) as the biomarker of DNA-related hydroxylation after whole-body irradiation. The 

levels of liver MDA were measured as the biomarker of lipid peroxidation. The liver ATPase activity of ATP 

enzymolysis was measured to assess bio-molecular function. All biochemical markers and probes were compared 

with tissue 15O and 11C activities in live animals. 
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Figure 1. Male animals with similar body weight and kept in the same physiological conditions were randomly selected for 

irradiation studies. Tissue “fingerprints” of photonuclear reactions in live animals are shown for mice (A), rats (B) and rabbits (C). 

The tissue “fingerprints” of 15O and 11C are unique to each individual. 

 

Figure 2. Tissue “fingerprints” faded away soon after death. Four rabbits were randomly selected for irradiation studies (A-D). 

The tissue “fingerprints” were unique for each rabbit (A, B) and were also very different between 15O (A) and 11C (B) within each 

rabbit. Tissue “fingerprints” were lost at 30 min after respiratory and cardiac arrest, i.e., the distributions of 15O (C) and 11C (D) 

became similar among individuals and similar between 15O (C) and 11C (D) within each individual. An example of dynamic loss 

of the tissue “fingerprint” is shown in Fig. 2E. The rat tissue “fingerprint” of 11C (E-1) was diminishing at 1 min (E-2), 3 h (E-3), 

and 18 h (E-4) after respiratory and cardiac arrest. A dynamic decrease of the whole-body 15O/11C ratio was recorded after death in 

SD rats (n=6 at each point), where the * and # represent p-value <0.05 and <0.001, respectively, compared with the live animals 

(F). As a result of losing tissue “fingerprints”, the pattern of 15O/11C in organs changed from before (G) and 15 min after (H) the 

respiratory and cardiac arrest of SD rats (n=6) from heterogeneous to homogeneous, where the * represents p-value<0.05 

compared with live animals (n=6). 

 

Figure 3. Using two-phase systems of 1,2-dibromoethane-water (3ml:3ml), water contained 16O and 1,2-dibromoethane had 12C. 

Radical reactions were initiated by exposing liposomes of 1,2-dibromoethane-water to high-energy beams. The major activity of 

15O (A-1) and much smaller activities of 11C and bromine (A-2) were released into the aqueous phase with 0.0163±0.0021μmol/ml 

of carbonyl products. After subtraction of the contamination of 11C and bromine activities, there was an 8.5-fold increase in the 

total 15O activity (B, n=12), and the 15O activity from carbonyl products was calculated to be an average of 24,640,994±3,438,904 

times that of the water control. As controls, 1,2-dibromoethane and water were irradiated separately so that radical attack (to 



1,2-dibromoethane) would not occur. In addition to the background activity of water, 15O (A-4) and 11C (A-5) activities from 

carbonyl products were not detected in the aqueous phase of the control. After a 3-hr decay of β+ activity, a second irradiation was 

separately carried out on the aqueous and organic phases of A-1. Radical attack would not be expected, so the result (A-3) was 

similar to the control. In the live animal studies, benzoic acid was used as the in vivo probe. After 5.5 Gy of local delivery, 

accumulation of hydroxylated products of benzoic acid has an excellent correlation with the 15O activity (C) but a poor correlation 

with 11C activity (E) in rabbit livers. After simultaneous exposure to whole-body irradiation, the whole-body 15O activity of mice 

correlates well with the levels of serum 8-OHdG (D). Whole-body 11C activity is not correlated with levels of serum 8-OHdG (F). 

 

Figure 4. For the ethanol-water mixture (v:v=1:2), radical reactions were initiated by irradiation (A-1 and A-3). As a control, 

ethanol and water were irradiated separately and were mixed post-irradiation so that the attack (to ethanol) did not occur (A-2 and 

A-4). There is no difference in the 15O activity between the attack (A-1 and B red column, n=12) and control (A-2 and B black 

column, n=12) samples. However, 11C activity was significantly higher in the samples with radical attack (A-3 and B red column, 

n=12) than in the control samples (A-4 and B black column, n=12). Because 0.0109±0.0014 μmol/ml of carbonyl products was 

detected, the 11C activity from oxidation products was calculated to be an average of 986,961±88,126 times that of the ethanol 

control. In live animal studies with irradiation with 5.5 Gy of local delivery, the oxidation of FL is well correlated with the 11C 

activity (C) but poorly correlated with the 15O activity (E) in rabbit liver. After simultaneous exposure to whole-body irradiation, 

the levels of MDA have a good relationship with 11C activity (D), but they have no correlation with 15O activity (F) in rat liver. 

 

 

 

 

 



Table1. OH·and/or eaq- attack to methanol at oxygen-free (N2), oxygenated (O2), and hydrated electron-free 

(N2O/O2) conditions. For determination of formaldehyde and carbonyls, n=6. For activity counting, n=12. 
 
                           Oxygen-free       Oxygenated       Hydrated electron-free           

 

Formaldehyde (μmol/ml)    0.00179±0.00129    0.00195±0.00080   0.00210±0.00115 

Carbonyls (μmol/ml)        0.00339±0.00092    0.00381±0.00134   0.00315±0.00128 

Formaldehyde: formic acid      1.00:0.89         1.00:0.95           1.00:0.50 
11C: 15O                      0.11:1.00         0.14:1.00           0.19:1.00 

Induced 15O (cpm/μmol)    225779.8±110994.5*  119252.9±60590.2  163716.7±87494.9 

Induced 11C (cpm/μmol)     25384.9±10808.9    17224.6±8710.6    30543.0±9712.4** 

 

 
*At oxygen-free condition, eaq- attack can further increase 15O activity (p=0.01846) compared with oxygenated 
condition. 

** At eaq- free condition, OH·attack can further increase 11C activity (p=0.00470) compared with oxygenated 

condition. 
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