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Abstract
The biological effects of exposure to radioactive fluorodeoxyglucose (18F-FDG) were investigated in the lymphocytes of patients
undergoing positron emission tomography (PET) procedures. Low-dose, radiation-induced cellular responses were measured
using 3 different end points: (1) apoptosis; (2) chromosome aberrations; and (3) gH2AX foci formation. The results showed no
significant change in lymphocyte apoptosis, or chromosome aberrations, as a result of in vivo 18F-FDG exposure, and there was no
evidence the PET scan modified the apoptotic response of lymphocytes to a subsequent 2 Gy in vitro challenge irradiation.
However, lymphocytes sampled from patients following a PET scan showed an average of 22.86% fewer chromosome breaks and
39.16% fewer dicentrics after a subsequent 2 Gy in vitro challenge irradiation. The effect of 18F-FDG exposure on phosphorylation
of histone H2AX (gH2AX) in lymphocytes of patients showed a varied response between individuals. The relationship between
gH2AX foci formation and increasing activity of 18F-FDG was not directly proportional to dose. This variation is most likely
attributed to differences in the factors that combine to constitute an individual’s radiation response. In summary, the results of
this study indicate18F-FDG PET scans may not be detrimental but can elicit variable responses between individuals and can modify
cellular response to subsequent radiation exposures.
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Introduction

From the discovery of the X-ray by Roentgen in 1895, medical

imaging has grown rapidly to become a cornerstone of patient

care. It has increased the physician’s ability to diagnose and treat

disease and subsequently revolutionized medicine. The amount

of information that can be obtained relatively easily without

resorting to intrusive techniques is impressive and still growing.

However, the development of these technologies has not been

without consequences, such as the present day concerns regard-

ing the increased cost to the health care system and potential

biological consequences from diagnostic radiation exposure.1,2

There is concern about the biological consequences of radia-

tion exposures associated with many diagnostic imaging mod-

alities and the potential for overexposure while using these

tools.3 Additionally, some companies are now marketing

directly to patients and encouraging them to self-refer for diag-

nostic imaging4,5 which has further increased the controversy

and ethical debate about radiation exposure in medicine.6
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The effect of low-dose radiation is a contentious issue for

many reasons. Some researchers predict the cancer risk of

diagnostic imaging using a linear no-threshold risk model

(LNT), largely derived from atomic bomb survivors.7 Other

researchers have challenged the LNT model of risk predic-

tion and cited many studies that show nonlinearity of

response to radiation.8 The biological effects of diagnostic

imaging are increasingly being investigated. Recent studies

of 18F-FDG PET injections (0.74-18.5 megabecquerel

[MBq]) in mice showed no increased DNA damage based

on micronucleated reticulocyte and gH2AX end points.9 The

low dose rate of 18F-FDG decay appears to reduce DNA

damage relative to equivalent doses of g- or x-irradiation.9

Although direct evidence of adaptive response (AR) induc-

tion was absent at most 18F-FDG doses, the highest injected

doses (14.8 and 18.5 MBq) resulted in a significant 20%
reduction in constitutive gH2AX levels below control values,

suggesting some form of DNA protective mechanism was

induced at higher doses.9 Complimentary studies using

cancer-prone Trp53þ/� mice demonstrate 18F-FDG injec-

tions of 0.75 MBq (10 mGy whole body dose) increased the

latency of some types of cancers.10

A study on the consequences of 131I treatment (259-3700

MBq) showed an increase in chromosomal damage (measured

by a sister chromatid exchange assay) 3 days after treatment,

with only partial recovery at 6 months.11 Another study took

peripheral lymphocytes from patients before receiving the 131I

treatment (259-3700 MBq) and 1 week following treatment.

Samples were divided into 3 groups and challenged with in

vitro radiation doses of 0, 0.5, and 1 Gy (137Cs g-rays) and

damage measured using the micronucleus assay. An AR was

seen in 8 of the 20 people studied as indicated by decreased

micronucleus frequency in the exposed samples compared to

the samples taken before radionuclide injection, however large

interindividual variation was observed.12

The effects of computed tomography (CT) imaging have

been studied by Kuefner et al who measured DNA lesions

using gH2AX foci formation 30 minutes after coronary CT

angiography procedures.13 The double strand break (DSB)

yield was found to change linearly in relation to the dose

length product (DLP), with significant correlation (r ¼ .81,

P < .00001). The DLP is measured in units of mGy � cm and

represents the CT dose index multiplied by the number of

slices (N) and the thickness of each slice (T). Furthermore,

they found that when the DSB was normalized to the DLP,

there was negative correlation with the body mass index

(BMI) of the patient (r ¼ �.37, P < .06). In other words,

those with a larger body habitus had fewer DSBs compared

to those smaller than them, indicating that tissue may be

absorbing or attenuating the beam and resulting in less effect

to lymphocytes.

This study evaluates the effects of PET imaging using iso-

lated peripheral human lymphocytes sampled before and after a

standard PET scan in a patient. Prior to the scan, a small vol-

ume of 18F-FDG is injected into the venous blood stream. The
18F-FDG circulates until it is transported into cells to be

utilized as a glucose substrate. A combination of this behavior

and the molecular structure of 18F-FDG cause it to accumulate

in hypermetabolic tissues. As the 18F decays (t1/2 ¼ 110 min-

utes), it produces a positron (E ¼ 250 keV bþ), which subse-

quently annihilates into 2 gamma photons (E ¼ 511 keV g).

Radiation detectors use the gamma photons to localize the

accumulated radionuclide. Contact time between lymphocytes

and 18F-FDG depends on how long the 18F-FDG circulates

before being taken into tissues and cells for metabolism. The

whole body effective dose from a PET scan for the purpose of

tumor imaging is estimated at 10 mSv.14

In the current study, patients undergoing PET scans to

identify, detect, or stage tumors were approached to enter the

study. Peripheral blood was taken both before the radionu-

clide was injected and also following 18F-FDG administration

and the subsequent scan. We hypothesized the low dose of

radiation from a PET procedure causes an AR, which would

manifest as the modification of cellular response to subse-

quent radiation exposures. The biological end points chosen

for this study were apoptosis, chromosome aberrations, and

g-H2AX foci formation. Both the direct effect of the radiation

dose arising from patient radionuclide exposure and the AR

were investigated.

Methods and Materials

Patient Accrual and Sample Collection

The study was performed in conjunction with the Nuclear Med-

icine department at McMaster University Medical Centre.

Patients receiving a PET scan to investigate an undefined lung

or breast mass were approached to enter the study. Eleven

patients were recruited and ethical approval was obtained

through the Hamilton Health Sciences Research Ethics Board,

and procedures followed were in accordance with the Helsinki

Declaration.15

Blood samples were collected from each patient into

sodium heparin venous blood collection tubes (BD Bios-

ciences, Mississauga, Ontario) both before injection with
18F-FDG (Pre-PET) and upon completion of the PET scan

(Post-PET). Blood was transported at room temperature in a

Styrofoam transport box to the laboratory with an average

elapsed time from collection to processing of 30 minutes.

Lymphocytes were isolated from whole blood using Histopa-

que 1077 by centrifugation at room temperature for 30 min-

utes at 300g, according to the manufacturer’s instructions

(Sigma-Aldrich, Oakville, Ontario). The isolated lympho-

cytes were washed twice with complete Roswell Park Mem-

orial Institute medium at room temperature (17% fetal bovine

serum, 0.8% L-glutamine, 0.8% penicillin streptomycin). The

cell number was determined using a Z2 counter (Beckman

Coulter, Mississauga, Ontario), and the final cell concentra-

tion was adjusted to 5 � 105 cells/mL in complete RPMI.

Prepared isolated lymphocytes were held on ice until all sam-

ples from a patient were ready for additional processing or

experimentation.
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Patient Dose Estimates

Blood samples were collected from each patient both immedi-

ately before injection with 18F-FDG (Pre-PET) and upon com-

pletion of the PET scan (Post-PET). The average time lapse

between collection of the Pre-PET and Post-PET samples was

2 hours. The activity of 18F-FDG injected was recorded for

patient undergoing a PET scan to estimate individual radiation

exposure with an average injected dose of 294.2 + 18.7 MBq.

The half-life of 18F is 109.77 minutes, an average elapsed time

between sample collection of 2 hours, and indicates 53.13% of

the injected dose (156.3 + 9.9 MBq) was deposited prior to the

Post-PET sample collection. The average effective dose equiv-

alent was 2.8 + 0.2 mSv.16

Apoptosis

Apoptosis was assessed in the lymphocyte samples using a

3,30-dihexyloxacarbocyanine iodide (DiOC6) apoptosis

assay17,18 and Beckman Coulter EPICS XL Flow Cytometer

(Beckman Coulter).

Following isolation, 2 Pre-PET scan and 2 Post-PET scan

25-cm3 flasks containing 5 mL each of lymphocyte suspension

were warmed to 37�C simultaneously in a 95% humidified

incubator containing 5% CO2 and incubated for 4 hours. Paired

Pre-PET and Post-PET flasks were then irradiated on ice using

a 137Cs source (661 keV) at a dose rate of 0.1 Gy/min for total

doses of either 0 (sham irradiation) or 2 Gy before being

returned to the incubator for 44 hours. Postincubation, 3 sam-

ples of 2.5 � 105 cells from each flask were placed into 5 mL

centrifuge tubes and spun at 300g for 5 minutes. The super-

natant was removed to leave approximately 100 mL of media,

which was used to resuspend the cells for labeling.

Apoptotic cells were identified as those with decreased

mitochondrial membrane potential. 10mL of 7 AAD and 100

mL of phosphate-buffered saline (PBS) were added to each tube

before incubating 10 minutes in the dark and at room tempera-

ture. Postincubation, at room temperature, 500 mL of DiOC6

solution (40 nmol/L of DiOC6 in PBS, made fresh daily) was

added to each tube. Samples were left to incubate for 15 min-

utes in the dark at room temperature. Information was collected

from 10 000 lymphocytes per sample and characterized by size,

density, and fluorescence signal intensity.

Chromosome Damage

Chromosome damage was measured in 4 patients using conven-

tional cytogenetic culture, harvest, and fixation in combination

with spectral karyotyping (SKY). As with the apoptosis method, 2

Pre-PET scan and 2 Post-PET scan 25-cm3 flasks containing 5 mL

each of lymphocyte suspension were warmed to 37�C simultane-

ously in a 95% humidified incubator containing 5% CO2 and

incubated for 4 hours. Paired Pre-PET and Post-PET 25-cm3

flasks containing 5 mL each of lymphocyte suspension were irra-

diated on ice using a 137Cs source (661 keV) at a dose rate of 0.1

Gy/min for a total dose of either 0 or 2 Gy. Following irradiation,

cells were stimulated with 25 mL/mL phytohemaglutinin (PHA;

Sigma-Aldrich) and incubated at 37�C (95% humidity and 5%
CO2). After 47 hours, 10 mL/mL of colcemid (Invitrogen) was

added to all flasks and incubated for 45 minutes.

Samples were centrifuged at 200g for 7 minutes, and the

supernatant was removed by aspiration. KCl solution of 0.075

mol/L, prewarmed to 37�C, was added to each sample dropwise

to a total of 10 mL. Samples were incubated for 20 minutes at

37�C and then centrifuged at 200g for 7 minutes. The super-

natant was aspirated off and replaced, dropwise, with 10 mL of

fresh 3:1 fix (methanol:glacial acetic acid). Samples were incu-

bated for 15 minutes at room temperature and centrifuged again

to replace the supernatant with 12 mL of fresh 3:1 fix and

stored at �20�C.

Stored samples were centrifuged once at 200g for 7 minutes

to replace the supernatant with fresh 3:1 fix and centrifuged

again to remove the supernatant and replaced it with enough

fresh 3:1 fix to obtain an adequate slide dropping concentration

(approximately 0.5-1.5 mL). Cell suspension was dropped onto

cleaned slides in a Thermotron CDS-5 (Thermotron Industries,

Holland, Michigan) set to 28�C and 50% humidity. Slides con-

taining suitable high-quality metaphases were selected, aged

for 16 to 30 hours in a dry incubator at 37�C, and used for the

SKY protocol according to manufacturer’s instructions (ASI,

Carlsbad, California).

Metaphase images were captured using an Olympus BX51

microscope (Olympus, Canada) fitted with a DM 230025 ASI

SpectraCube (ASI) and Acquisition Expo software. Image

analysis and karyotyping were performed using SKYVIEW

software (ASI). A metaphase was considered suitable for anal-

ysis if it appeared to have lost less than 6 chromosomes ran-

domly and had no flaws obstructing analysis in either the

inverted DAPI or the spectral image. Between 36 and 112

(mean ¼ 73, s ¼ 25.5) metaphases contributed to the totals

for each sample treatment, depending on cytogenetic sample

volumes, mitotic index, and final slide quality. Metaphase and

karyotype analysis was based upon information from pseudo-

colour assignment as well as the spectral and inverted DAPI

images. Each karyotype was analyzed for structural aberrations

such as dicentrics, translocations, and rings. The number and

type of observed aberrations, plus the minimum number of

breaks needed to give rise to them, were recorded. Numerical

chromosomal abnormalities were also recorded when encoun-

tered but did not contribute toward the break total.

DNA Damage

DNA double-strand breaks were measured by gH2AX fluores-

cence using the H2AX Phosphorylation Assay Kit (Cell Sig-

naling Technologies, Boston, Massachusetts), which contains a

fixing solution (37% formaldehyde and 10%-15% methanol),

permeabilization solution (5% saponin, 100 mmol/L HEPES,

pH 7.4, 1.4 mol/L NaCl, and 25 mmol/L CaCl2) and washing

solution (1% saponin in PBS).

Following isolation, 2 mL of Pre-PET and Post-PET

lymphocyte cell suspension was transferred to 15-mL conical

Schnarr et al 3



tubes containing 4 mL of PBS. Samples were centrifuged at

300g for 7 minutes, the supernatant was removed by aspiration,

and the pellet was vortexed. Cells were incubated on ice with

500 mL of fixation solution for 20 minutes and washed twice

with 6 mL of PBS before 500 mL of permeabilization solution

was added.

Aliquots of 100 mL were transferred into five 5-mL centri-

fuge tubes. Four replicate tubes were stained with 3.5 mL of

antiphospho-Histone gH2AX (Ser139)–FITC conjugate anti-

body, and 1 control tube was stained with normal mouse

IgG–FITC conjugate antibody. Tubes were incubated on ice

for 20 minutes and then washed with 200 mL of wash solution.

Samples were resuspended with 300 mL of PBS and measured

by flow cytometry. Mean channel values for all 4 tubes were

averaged and normalized to the control tube for each sample.

A subsequent radiation exposure was not given for this part of

the study; therefore, there are no gH2AX Pre-PETþ 2 Gy or

Post-PET þ2 Gy samples.

Statistical Analysis

Procedural errors occurred during the gH2AX assay when pro-

cessing patient sample D and during the apoptosis assay when

processing patient sample J. As a result, these specific samples

were excluded from the study.

Student’s paired, 2-tailed t test was used to compare gH2AX

foci and apoptosis levels between samples. Linear correlations

between injected FDG activity, apoptosis, and gH2AX were

determined using the Pearson product–moment correlation

coefficient with 2-tailed P values calculated. SKY data were

analyzed using the Kolmogorov-Smirnov test, analysis of var-

iance (aov) and Generalized Linear Mixed Models (Poisson

family, canonical log link, glmmPQL) in R (version 2.12.2,

R-project.org). A Generalized Linear Mixed Models approach

was chosen because repeated measures, which are intrinsic to

cytogenetic techniques, are addressed within the model struc-

ture. Also, the model output represents the population averaged

effect, which identifies significant population trends while

allowing for donor individuality.

Results

Apoptosis

No increase in apoptosis was observed between Pre-PET þ0

Gy and Post-PET þ0 Gy samples (P ¼ .9), indicating that the

radiation dose from the PET scan was not sufficient to induce

apoptosis (Figure 1). Furthermore, no difference, and therefore no

apoptosis-based AR, was observed between Pre-PET and Post-

PET samples following a subsequent 2 Gy exposure (P ¼ .5;

Figure 2).

Chromosome Damage

The Kolmogorov-Smirnov test showed the individual distri-

butions within the SKY data set were not significantly differ-

ent in shape (P � .214), which suggests they had a similar

type of biological response and are suitable for more detailed

comparison.

A summary of the observed breaks and dicentric chromo-

somes per metaphase is presented in Table 1. No difference

was found in break counts between Pre-PET þ 0 Gy and Post-

Figure 1. Apoptosis in lymphocytes isolated before (Pre-PETþ 0 Gy,
Control) and after (Post-PETþ 0 Gy, Exposed) a PET scan procedure,
as measured by flow cytometry and a 3,30-dihexyloxacarbocyanine
iodide (DiOC6) apoptosis assay. Total incubation at 37�C, 95% humid-
ity, and 5% CO2 between sample isolation and start of the apoptosis
assay was 48 hours. Information was collected in triplicate from
10 000 lymphocytes per sample and characterized by size, density,
and fluorescence signal intensity. Error bars represent the standard
error of the mean. PET indicates positron emission tomography.

Figure 2. Radiation-induced lymphocyte apoptosis measured in iso-
lated peripheral lymphocytes. The Control sample (Pre-PET þ2 Gy)
and Exposed sample (Post-PET þ 2 Gy) were each incubated for 4
hours at 37�C, 95% humidity. and 5% CO2 following isolation, before
being given a 2-Gy in vitro radiation exposure. Lymphocyte suspensions
were irradiated on ice using a 137Cs gamma source (661 keV) at a dose
rate of 0.1 Gy/min. Following an additional 44-hour incubation, samples
were quantified for apoptosis using the 3,30-dihexyloxacarbocyanine
iodide (DiOC6) apoptosis assay and flow cytometry. Information was
collected in triplicate from 10 000 lymphocytes per sample and char-
acterized by size, density, and fluorescence signal intensity. Radiation-
induced apoptosis is defined by the amount of apoptosis at 2 Gy minus
observed background apoptosis. Error bars represent the standard
error of the mean. PET indicates positron emission tomography.

4 Dose-Response: An International Journal

http://R-project.org


PET þ 0 Gy samples (P ¼ .528, Figure 3A), indicating that

a PET scan does not cause observable chromosome damage.

However, a statistically significant AR was seen following a

subsequent 2 Gy exposure. Post-PET þ 2 Gy samples were

found to have an average of 22.86% fewer observable

breaks compared to Pre-PET þ 2 Gy samples (95% confi-

dence interval ¼ 9.45%-37.92%, P ¼ .0005; Figure 3A).

This AR was also statistically significant when only

observed dicentric chromosomes were considered as

opposed to total observed breaks. Post-PET þ 2 Gy samples

had an average of 39.16% fewer observed dicentrics com-

pared to Pre-PET þ 2 Gy samples (95% confidence interval

¼ 8.45%-78.58%, P ¼ .0094; Figure 3B). A significant

relationship between the observed total breaks and dicentric

chromosome count was also found in cells exposed to 2 Gy

(P ¼ .0169; Figure 4).

Table 1. Summary of Chromosome Damage Observed by SKY Across all Groups.a

Breaks per Metaphase Dicentrics per Metaphase

Sample Group (n) Mean Standard Error Mean Standard Error

Post-PET þ 0Gy 330 0.0364 0.0127 0.0061 0.0043
Pre-PET þ 0Gy 276 0.0797 0.0241 0 0
Post-PET þ 2Gy 276 1.8297a 0.1187 0.3804a 0.0372
Pre-PET þ 2Gy 285 2.1965a 0.1332 0.5263a 0.0429

Abbreviations: AR, adaptive response; PET, positron emission tomography; PHA, phytohemaglutinin; SKY, spectral karyotyping
a Lymphocytes were isolated from samples taken before (Pre-PET) and after Completion of a PET Scan (Post-PET), and exposed to 0 Gy (Mock Irradiation, þ 0
Gy) or 2 Gy (þ2 Gy) of g radiation. Following Conventional cytogenetic culture and harvest techniques, slides were made and processed for SKY according to
manufacturer instructions. High-quality metaphases (n) were analyzed and the number and type of chromosome aberrations observed plus the minimum number
of breaks needed to give rise to them were recorded. a and b denote groups significantly different from each other; P ¼ .0005 and P ¼ .0094, respectively, as
determined by a generalized linear mixed model analysis (R version 2.12.2, R-project.org). This result demonstrates a PET scan can induce an AR and change
cellular response to subsequent radiation exposures.

Figure 3. Interaction plots of the chromosome break (A) and dicentric chromosome frequency (B) observed by SKY. Samples were taken
before (Pre-PET) 18F-FDG injection and after completion of the PET scan (Post-PET). Lymphocytes were isolated and exposed to 0 Gy (mock
irradiation, þ0 Gy) or 2 Gy (þ2 Gy) of gamma radiation in vitro using a 137Cs source (661 keV) at a 0.1Gy/min dose rate. Following stimulation
with 2 5mL/mL PHA; culture for 47 hours at 37�C, 95% humidity, and 5% CO2; and treatment with 10 mL/mL of colcemid for 45 minutes, cells
were harvested according to conventional cytogenetic techniques, and slides were made and processed for SKY according to manufacturer
instructions. The number and type of observed chromosome aberrations, plus the minimum number of breaks needed to give rise to them, were
recorded for high-quality metaphases (n ¼ 276-330). No difference was found in break counts between Pre-PET þ0 Gy and Post-PET þ0 Gy
samples (A; P ¼ .528), indicating that a PET scan does not cause observable chromosome damage. A significant adaptive response (AR) can be
seen following the subsequent 2 Gy exposure; Post-PET þ 2 Gy samples were found to have an average of 22.86% fewer observable breaks
compared to Pre-PET þ 2 Gy samples (A, 95% confidence interval ¼ 9.45%-37.92%, P ¼ .0005). This AR was also statistically significant when
only observed dicentric chromosomes were considered. Post-PET þ 2 Gy samples had an average of 39.16% fewer observed dicentrics
compared to Pre-PET þ 2 Gy samples (B, 95% confidence interval ¼ 8.45% to 78.58%, P ¼ .0094). This result demonstrates a PET scan can
induce an AR and change cellular response to subsequent radiation exposures. PET indicates positron emission tomography; PHA, phytohe-
maglutinin; SKY, spectral karyotyping; 18F-FDG, fluorodeoxyglucose.
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gH2AX Foci Formation

Six of 10 patients show a marked increase in gH2AX foci

formation following a PET scan exposure, 1 patient had a

marked decrease in foci formation after the scan, and 2 patients

displayed no change (Figure 5). A weakly positive but statisti-

cally insignificant correlation was observed between the

injected 18F-FDG activity level and gH2AX foci formation

(r ¼ .28, P ¼ .24; Figure 6). A more positive but still insig-

nificant correlation was observed between gH2AX intensity

and apoptosis levels (r ¼ .54, P ¼ .11; Figure 7)

Discussion

The aim of this study was to determine whether exposure to
18F-FDG during a PET scan can cause acute changes in lym-

phocyte apoptosis, chromosome stability, gH2AX foci forma-

tion, or modify their response to subsequent radiation exposure.

This work complements previous reports investigating
131Iodine treatments measuring apoptotic changes,12 chromo-

somal damage,11 and gH2AX foci formation in patients receiv-

ing CT imaging.13,19

Acute Effects of PET Scan

Apoptosis. No change in apoptosis was seen as a consequence of

the 18F-FDG radionuclide injection. This result indicates that

either there was insufficient damage to induce an apoptotic

response or that the cells endogenous protective mechanisms

were sufficient to offset the effects of the PET scan. A lack of

elevated levels apoptosis in lymphocytes, which are quite

Figure 4. The relationship between observed chromosome break
and dicentric chromosome frequency within the samples exposed
to 2 Gy (Pre-PETþ 2 Gy and Post-PETþ 2 Gy). Lymphocytes isolated
before (Pre-PET) and after (Post-PET) a PET scan were exposed to 2
Gy of gamma radiation in vitro using a 137Cs source (661 keV) at a 0.1
Gy/min dose rate. Following stimulation with 25 mL/mL PHA; culture
for 47 hours at 37�C, 95% humidity, and 5% CO2; and treatment with
10 mL/mL of colcemid for 45 minutes, cells were harvested according
to conventional cytogenetic techniques, and slides were made and
processed for SKY according to manufacturer instructions. The num-
ber and type of observed chromosome aberrations, plus the minimum
number of breaks needed to create them, were recorded for high-
quality metaphases (n¼ 276-330). Generalized Linear Mixed Modeling
(R, version 2.12.2) showed a significant relationship (P ¼ .0169)
between observed break and dicentric chromosome frequency
described by the equation lnðb=mÞ ¼ 0:194þ 1:087ðd=mÞ, where
b ¼ observed breaks, m ¼ metaphase count (n), and d ¼ dicentric
count (black line). Red lines denote the 95% confidence limits, and data
points identify the values of the individual donor samples from each
2 Gy treatment. PET indicates positron emission tomography; PHA,
phytohemaglutinin; SKY, spectral karyotyping.

Figure 5. gH2AX foci intensity in lymphocytes isolated before (Pre-
PET þ 0 Gy, Control) and after (Post-PET þ 0 Gy, Exposed) a PET
scan procedure, as measured by the H2AX Phosphorylation Assay Kit
(Flow Cytometry). Mean channel values for quadruplicates were aver-
aged and normalized to an antibody control tube specific to each
sample and donor. Error bars represent the standard error of the
mean. Lymphocytes were processed for measurement directly follow-
ing isolation from whole blood using Histopaque-1077 and resus-
pended at 5 � 105 cells/mL in complete Rosewell Park Memorial
Institute medium. PET indicates positron emission tomography.

Figure 6. Normalized gH2AX intensity following a PET scan (Post-
PET; Figure 5) plotted against the megabecquerel (MBq) activity of the
FDG injected for each donor. Error bars represent the standard error
of the mean. A weakly positive but statistically insignificant correlation
can be observed (Pearson product–moment correlation coefficient,
r ¼ .28, P ¼ .24). PET indicates positron emission tomography; FDG,
fluorodeoxyglucose.
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sensitive to radiation, indicates that the exposure associated

with a PET scan may not be deleterious. The interdonor varia-

tion suggests factors specific to each individual play a consid-

erable role in the apoptotic response. This includes

methodological factors, such as the specific activity of the
18F-FDG injected, as well as biological factors, or individual

radiation response.

Chromosome damage. The lack of any significant difference in

observed chromosome aberrations between Pre-PETþ 0 Gy and

Post-PET þ 0 Gy samples suggests a PET scan does not result

directly in chromosome damage and instability at the doses

investigated. Analysis of the SKY data was designed to allow

individual variations and reveal general trends across donors.

Therefore, this conclusion still allows for the possibility that any

given individual could have either a positive or a negative

change in chromosome aberrations as a result of a PET scan.

Previously published guidelines regarding radiation exposure

and biological dosimetry predict a similarly low number of chro-

mosome aberrations within the dose range of a PET scan.20 Due

to the expense and time commitment of SKY, this experiment

was limited to 4 patients. Additional applied studies with larger

cohorts should be completed to confirm the current result.

Both the Pre-PET þ 0 Gy and Post-PET þ 0 Gy samples

displayed a low frequency of chromosome aberrations. This is

not unexpected, due to the level of detail provided by SKY, the

number of metaphases analyzed, and the general age range of

our donors.21,22 Some of the observed aberrations could repre-

sent previous exposure to DNA damaging agents or lifestyle

factors. To our knowledge, these patients did not have excep-

tional histories in this regard and had not previously received

chemotherapy or radiation therapy; however, their exact his-

tories were not confirmed.

gH2AX foci formation. Changes in gH2AX foci levels following

the PET scan were quite variable between donors: 6 of 10

donors displayed a significant increase, 3 of 10 had no change,

and 1 of 10 showed a decrease in the number of foci in the Post-

PET sample. Similar to the result seen with apoptosis, an obser-

vation of large interdonor variation suggests a number of meth-

odological and biological factors are at play. For example, we

have previously reported on the individuality of DNA repair

capabilities and antioxidant levels.23 The apparent increased

magnitude of variation between Pre-PET and Post-PET

gH2AX values, as compared to those seen by apoptosis, is most

likely explained by the intrinsic characteristics of each tech-

nique. Phosphorylation of the H2AX histone at the site of

double-strand DNA breaks generates gH2AX, which makes it

an essentially continuous variable produced at a low threshold

(single DNA breaks); conversely, apoptosis is a binary out-

come with a considerable threshold.

Previous research by Löbrich et al showed a good correlation

between the dose of radiation received during a CT scan and

gH2AX foci formation.19 In the present study, only a weak pos-

itive correlation was found between the injected activity of 18F-

FDG and foci formation. This discordance is most likely due to

the different nature of radiation exposure received from each

imaging modality. The PET scan imaging involves an injected

radionuclide that emits as it circulates in the blood stream and

bioaccumulates in hypermetabolic tissue. The dose rate of the

injected radionuclide is considerably lower than those received

during a CT scan, which significantly alters tissue response to the

radiation exposure.24 This combined with differences in the phys-

ical habitus of the patient, or variations in metabolic uptake rate,

could significantly alter the distribution of radiation emission.

Combined acute effects. For the patients who had increased

gH2AX foci formation in the Post-PET samples, the question

becomes what happens to the damage. If it is repaired correctly,

or eliminated via apoptosis, then the damage may have no

consequence to the cell or organism as a whole; however, if

the damage persists, or repaired with error, then it leaves open

the possibility of future consequences.

One way of investigating this question is to determine whether

cells with DNA damage, such as gH2AX foci, are more prone to

enter the apoptotic pathway. Previous research by Huang et al

demonstrated that apoptosis is associated with increased levels of

gH2AX phosphorylation.25 To explore this in the current study,

gH2AX Post-PET and apoptosis Post-PET þ 0 Gy levels were

compared, and a positive correlation was suggested between the

2 end points. The lack of a significant difference in observed

chromosome breaks between the Pre-PET þ 0 Gy and Post-

PET þ 0 Gy samples also suggests the damage seen by gH2AX

is either properly repaired within the proliferative component of

the sample or that damaged cells are not entering the cell cycle.

With additional donors and a wider spectrum of DNA damage, a

more accurate and potentially statistically significant model

could be made between these 3 markers of cell damage.

Adaptive Response

Adaptive response refers to the ability of a given radiation

exposure to induce change in the response of cells to

Figure 7. Normalized gH2AX intensity and apoptosis levels following
a PET scan (Post-PET; Figures 1 and 5) for each donor. Error bars
represent the standard error of the mean. A positive but statistically
insignificant correlation can be observed (Pearson product–moment
correlation coefficient, r ¼ .54, P ¼ .11).
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subsequent exposures. Cells exposed to a small, initial priming

dose of radiation incurred less overall damage when given a

subsequent, larger, challenge dose, is classed as an AR. This

effect has been documented with multiple agents including

[3 H] thymidine,26 low-dose X-ray radiation,27 and is thought

to be dependent on the dose and type of radiation as well as the

timing between exposures.28 Human lymphocytes have been

previously used to study induced ARs. Cregan et al found

evidence of adaptation in a subset of donors when human lym-

phocytes were given an in vitro adapting dose of 0.1 Gy, left to

incubate, and then challenged with a 2 Gy dose.29 The adapta-

tion was seen as an increase in apoptosis levels compared with

the nonexposed sample. Monsieurs et al studied patients receiv-

ing 131I treatment by taking blood samples before and 1 week

after the radionuclide injection and challenging them with 0.5

and 1 Gy doses.12 In 8 of 20 patients, a decrease in micronuclei

was seen in the blood samples that had been exposed to the

iodine exposure when compared to the control. The ability for

chronic low-dose radiation exposures to adapt human lympho-

cytes has also been studied. A study performed in Argentina

took peripheral lymphocytes from 21 long-haul aircrew mem-

bers and 15 healthy matched volunteers.30 Aircrew were found

to have a higher frequency of spontaneous dicentrics and ring

chromosomes than matched controls independent of age. Inter-

estingly, spontaneous chromosomal aberrations were also sig-

nificantly inversely proportional to the number of flight hours

that the crew member worked. This result could represent an

AR from the chronic low-dose radiation exposure. Both groups

displayed similar breaks per cell, but aircrew were significantly

more sensitive to an in vitro bleomycin exposure at the G0

stage of the cell cycle when measured by dicentric and ring

chromosome frequency.

Apoptosis and AR. No difference in apoptotic response was seen

between the two groups, indicating that the 18F-FDG exposure

had not altered the apoptotic mechanism. In comparison to

Cregan et al, the lymphocyte is exposed to a dose and dose

rate much lower than 0.1 Gy during a PET scan.29 Additionally,

the current study used a different technique to measure apop-

tosis at 44 hours and not 24 hours.

Chromosome damage and AR. A significant decrease, or AR, was

observed when the chromosome damage between the Pre-PET

þ 2 Gy and Post-PETþ 2 Gy samples. Although only 4 donors

were investigated in this aspect of the study, all 4 clearly shared

the same trend and the analytical strategy was designed to focus

on population average effects rather than individual variation.

Additionally, magnitude of the AR following a PET scan was

considerable, and Post-PET samples had, on average, nearly a

quarter fewer observed breaks (22.86%, 95% confidence inter-

val ¼ 9.45%-37.92%), and an even larger decrease in observed

dicentrics (39.16%, 95% confidence interval ¼ 8.45% to

78.58%). Although additional experiments are necessary to

confirm this result and investigate it further, the findings of

this preliminary study strongly suggests the average response

to a PET scan includes a robust and considerable AR to chro-

mosome damage.

None of the donors in the SKY cohort (F, G, H, I) displayed

a significant increase in apoptosis between the Pre-PETþ 2 Gy

and Post-PETþ 2 Gy samples. This suggest the observed AR is

not due to the elimination of cells by apoptosis and is more

likely the result of the upregulation or activation of repair path-

ways by the initial priming dose of radiation (PET scan). Future

studies may find it beneficial to utilize a more cost- and time-

efficient marker to investigate chromosome damage. Although

SKY greatly facilitates the identification of chromosome aber-

rations at an unprecedented level, it requires specialized equip-

ment, reagents, a lengthy protocol, and significant training for

consistent analysis. The dicentric chromosome assay uses sim-

ple solid staining to gauge chromosome damage and is fre-

quently used to estimate radiation damage.31 In the current

study, SKY was chosen because of the greater level of detail

it provides; however, after analyzing the data, there is strong

evidence that the detail provided by SKY was not necessary for

this experiment, and a dicentric assay alone would have been

sufficient.

Conclusion

The biological consequences of a diagnostic 18F-FDG PET

scan were studied in patients by measuring induction of apop-

tosis, chromosome aberrations, and gH2AX foci formation.

Apoptosis was not influenced by a PET scan exposure, and

there was no evidence of an AR for an apoptotic end point.

Exposure to a PET scan caused no direct increase in chromo-

some aberrations and resulted in a significant, protective AR to

chromosome damage during a subsequent in vitro challenge

irradiation. gH2AX foci formation was variable between indi-

viduals, and no significant trend was observed. Additionally,

the dose–response curve between gH2AX foci formation and

injected activity was only loosely proportional to calculated

dose, which suggests donor-specific factors can significantly

impact the exact response to the lower dose rate of this injected

radionuclide. In conclusion, this study found an interesting

modification of cellular response to subsequent radiation expo-

sure and individual variation in response but no evidence of

adverse effects following a standard 18F-FDG PET scan.
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Analysis of spontaneous and bleomycin-induced chromosome

damage in peripheral lymphocytes of long-haul aircrew members

from Argentina. Mutat Res. 2008;639(1-2):64-79.

31. Romm H, Wilkins RC, Coleman CN, et al. Biological dosimetry

by the Triage Dicentric Chromosome Assay: Potential implica-

tions for the treatment of Acute Radiation Syndrome in radiolo-

gical mass casualties. Radiat Res. 2011;175(3):397-404.

Schnarr et al 9



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 266
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 266
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 900
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 175
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (U.S. Web Coated \050SWOP\051 v2)
  /PDFXOutputConditionIdentifier (CGATS TR 001)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 9
      /MarksWeight 0.125000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
  /SyntheticBoldness 1.000000
>> setdistillerparams
<<
  /HWResolution [288 288]
  /PageSize [612.000 792.000]
>> setpagedevice


