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ABSTR ACT: Computed tomography (CT) exposes patients to ionizing X-irradiation (IR) that can alter the expression of genes responsible for control-
ling complex regulatory pathways. We sought to determine trends in the expression of 24 documented radiation-responsive genes linked to cancer in vivo. 
A total of 17 children (0.25–6 years old) undergoing medically indicated CT examinations with radiation doses ranging from 92.46 to 525.55 mGy cm 
(equivalent to effective doses of 0.78–11.30 mSv) were enrolled. Blood was drawn immediately before and 1 hour after their CT exams and mixed with an 
RNA additive for stabilization of gene expression. RNA samples of 14 of the 17 children were analyzed on a gene expression microarray. Absolute changes 
in gene expression were subtle, averaging less than 10%, but trends in expression changes of several genes were observed. ERP29, an endoplasmic reticulum 
chaperone, thought to be involved in the folding of secretory proteins, showed significant change in expression (8% decrease, P = 0.002) in the expected 
direction consistent with previous literature. PCNA expression increased linearly with CT dose (mGy cm) (P = 0.001). TP53 and FLT3LG expression 
increased linearly with effective dose (mSv) (P = 0.02 and P = 0.02). Previous IR exposure was associated with decreased GADD45A (P = 0.001) and 
FLT3LG (P = 0.03) and increased MDM2 expression (P = 0.02). We observed in this pilot study modest gene expression changes in the 24 IR-responsive 
candidate genes studied. Our results showed trends in gene expression changes, and they need to be confirmed in future studies with larger sample sizes to 
help develop risk assessments and preventive modalities for young patients undergoing CT.
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Introduction
Computed tomography (CT) is an extremely useful imaging 
modality in modern medicine because it allows rapid, pain-
less, and accurate diagnosis of most organ system patholo-
gies within seconds. The application of CT, however, involves 
significant exposure to ionizing X-irradiation (IR) to produce 
tomographic slices that can be used for diagnostic purposes.

CT use has risen substantially over the past few decades, 
particularly in children.1 Between 1995 and 2008, the number 
of CT scans performed in the pediatric emergency depart-
ment (ED) increased five-fold, while the number of ED visits 
during the same time frame did not change.2 This increase has 
been attributed largely to technological advances in CT such as 
clearer images and faster image acquisition times, which have 
improved CT-based diagnosis substantially.3 The extremely 
fast scan times have nearly obviated the need for sedation 
when obtaining a pediatric CT, which has been especially 
beneficial for physicians dealing with very young, very sick, 
and/or non-cooperative children.4,5 While some investigators 
expected the proportion of CT examinations in the pediat-
ric population to continually increase,1,3,6,7 a recent report 

has suggested otherwise.8 However, even with the slowdown  
in CT rise,9 the incidence of pediatric CT examinations is at 
present still very high.

IR from CT scans has been documented to elicit various 
detrimental cellular responses because of free radical reac-
tions. Such reactions have been linked to DNA lesions, base 
damage, and cross-linking of proteins, all of which can ulti-
mately increase the risk of developing cancer.1,10 These risks 
are more prominent in children than adults because of their 
higher radiosensitivity and longer life expectancy to have 
cumulative exposure.7,11 Two recently published large epide-
miological studies assessing IR and cancer risk in children 
and young adults exposed to medically indicated CT scans 
reported that a cumulative dose of 50–60 mGy received from 
CT scans could triple the risk of developing leukemia and 
brain cancers12 and that cancer incidence was 24% greater in 
those exposed to CT scans than those not exposed.13

Furthermore, general (non-pediatric focused) hospitals 
are less likely to use pediatric-specific radiation-reduction 
protocols and instead use techniques that are likely to result in 
children being exposed to adult-size radiation doses, which are 
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significantly higher than those used for children.14 This is of 
great concern in light of a recent report on imaging frequency 
that estimated 89.4% of pediatric CT scans performed in the 
ED were done at primary adult facilities.2

Current estimates suggest that CT scans lead to a life-
time cancer risk of up to 2%, with a higher risk for young 
children.1 In addition, some investigators have found that 
intellectual development may be adversely and permanently 
affected in children receiving head IR.15 A radiation risk 
assessment tool based on methods of biologic effects of ion-
izing radiation (BEIR) VII has also been developed to help 
estimate lifetime attributable risk for various radiation-related 
cancer types.16 IR has also been shown to alter the expression 
of genes responsible for controlling complex regulatory path-
ways, including cell cycle, apoptosis, and DNA repair.17

In particular, the following 24 genes have been identified 
as radiation-sensitive markers in blood cells: GADD45A, 
CDKN1A (p21), ATM, ERP29, TP53, CDKN2A (p16), 
MUC1, CDH6, DDB2, XPC, DR5, FHL2, CCNG1, 
PCNA, CCNB1, MDM2, BAX, MAPK8 (JNK1), ALB, 
CPI (KNG1), FTL3LG, HP, RPA2, and NFKB. These 
genes were chosen mostly from the literature between years 
2000 and 2006.18–37

Owing to the wide variety of experimental details 
(eg, radiation doses, radiation type, in vitro vs. in vivo systems) 
in the abundance of publications relating to gene expression 
effects from IR, we focused on review articles that condensed 
essential information on the effects of IR on various tis-
sue (including hematological) types, which yielded 24 genes 
that were most likely to exhibit change in blood cells after IR 
exposure and were linked to cancer.

In this pilot study, we tested whether the expression of 
these 24 radiation-sensitive markers changed in vivo in stabi-
lized whole blood of young children after medically indicated 
CT examinations involving relatively low IR doses. To our 
knowledge, this is the first in vivo study in children (unlike 
previous reports in adults) to examine the effect of IR from 
medically indicated CT examinations on gene expression 
changes in radiation-responsive genes.

Methods
Patient recruitment. In all, 17 pediatric patients (0.25– 

6  years old) undergoing medically indicated CT scans were 
enrolled in the ED at Kapi’olani Medical Center for Women 
and Children in Honolulu, HI, with signed consent from their 
parent or legal guardian. Exclusion criteria included children 
with immediate risk of decompensation, children weighing 
less than 9 lbs, and children with complex medical problems 
such as cancer. Information regarding the child’s age, birth 
history, past medical history, medication use, ethnicity, overall 
health condition, allergies, height (in meters) and weight (in 
kilogram), vitamin intake, and a detailed radiological history 
was obtained from interviews with the parent or legal guard-
ian and also through retrieval of hospital records. Blood draw 

times, CT scan times, and CT doses (in DPLC/mSv) were 
also documented. This pilot study has been approved by the 
Western Institutional Review Board and the University of 
Hawaii Committee on Human Studies, and has been per-
formed in accordance with the ethical standards and prin-
ciples laid down in the 1964 Declaration of Helsinki and its 
later amendments.

CT parameters. CT examinations were performed using a 
LightSpeed VCT Select 64 slice CT scanner. The radiation dose 
is expressed in gray (Gy) or sievert (Sv) units, both expressed in 
SI units as J/kg.

In all, 1 Gy is the absorption of 1 J of energy in the form 
of IR per kilogram of matter, eg, human tissue. The weighting 
factor converts this into equivalent dose (Sv) used for whole 
body exposure, which is dependent on the type of radiation 
(in the case of X-rays, this factor is 1.0). This unit gets con-
verted by tissue weighting factors into the effective dose (Sv), 
which is dependent on the type of tissue. The CT used for 
our subjects had doses ranging from 92.46 to 525.55 mGy cm, 
equivalent to effective doses of 0.78–11.30 mSv.

The radiation history of each child was expressed as dose 
in relative numbers according to published data of regulatory 
and other agencies: each head, chest, and abdominal or pelvic 
CT was accordingly assigned 1.0, 4.0, and 5.0 units, respec-
tively, and each X-ray, 0.01 units for a posterior–anterior chest 
x-ray, 0.02 units for a lateral chest X-ray, and 0.35 units for an 
abdominal or a pelvic X-ray.38–40

Sample collection and processing. Peripheral whole 
blood (0.3–2.5  mL) was drawn by venipuncture and mixed 
with the PAXgene™ RNA additive (PreAnalytiX GmbH) in 
the manufacturer’s recommended proportions for each child 
immediately before (pre-CT) and 1 hour after (post-CT) their 
scheduled CT examinations. When possible, EMLA cream 
was used to minimize pain during venipuncture. If a normal 
saline IV lock was in place for medical reasons, ca. 2.5 mL 
of blood was withdrawn and then discarded before obtaining 
blood for the study. After the CT examinations, all tubes were 
transported immediately to the University of Hawaii Cancer 
Center laboratory in a sealed leak proof bag in a biohazard 
cooler at room temperature and protected from light. Upon 
arrival, PAXgene™ tubes were incubated at room tempera-
ture overnight followed by freezing at −20°C for 4–10 hours 
and finally long-term storage at −80°C until RNA extraction.

Isolation of total RNA from whole blood. Intra-
cellular RNA was extracted using the PAXgene™ RNA 
extraction kit per manufacturer’s instructions (PreAnalytix 
GmbH). Total extracted RNA was quantified using a Nano-
Drop ND-1000 Spectrophotometer (Thermo Scientific), and 
RNA quality was monitored using an Agilent 2100 Bioana-
lyzer (Agilent Technologies, Inc.) with RIN (RNA Integrity 
Number) measurements averaging 7.8 (range 6.3–8.8). RNA 
yields were 1–10 g. Samples with RINs below 7 were consid-
ered of poor quality and excluded from analysis. After the 
quality check, 1 µg of RNA was subjected to globin mRNA 
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removal using the Ambion GLOBINclear kit (Life Tech-
nologies), and 75–100  ng of the total RNA was converted 
to sense strand DNA using Ambion WT Expression Kit 
according to the Affymetrix WT Sense Target Labeling 
Assay protocol (Affymetrix Inc.). The pre-CT and post-CT 
samples for each child were processed together to minimize 
batch effects.

Microarray hybridization. Terminally biotin-labeled 
and fragmented DNA was hybridized to the Human Gene 1.0 
ST arrays (Affymetrix, Inc.) for 16 hours. Following hybrid-
ization, the arrays were washed and stained, and the fluores-
cent signals on the arrays were scanned on the Affymetrix TG 
Plus scanner to produce an image file of the chip. With one 
exception, the pre-CT and post-CT arrays for each child were 
processed in the same batch. The lowest P-value across the 
study scan date batch effect for the 24 genes was 0.13. Overall 
results did not change after removing the one sample pair that 
was not processed in the same batch.

Statistical analysis. The fluorescence intensities measured 
on the scanned images were quantified and quantile normal-
ized using the Partek Genomics Suite analysis platform. Anal-
yses of the differentially expressed genes were performed using 
a paired sample t-test. Data were analyzed using the REG pro-
cedure in the SAS 9.3 software. Stepwise multiple regression 
with the forward entry method was used. The significance level 
for entry into the model was 0.05. Two separate analyses were 
run. In the first analysis, the outcome variable was the mean 
pre- to post-CT change (or delta) and the possible predictors 
were baseline (pre) values, CT dose, effective dose, radiation 
history, general health, multivitamin use, contrast, CT type, 
sex, age, and BMI. In the second analysis, the outcome vari-
able was the mean baseline (pre) value and the possible predic-
tors were radiation history, multivitamin use, and contrast use.

Results
In this study, blood samples from 17 children were obtained 
immediately before and 1  hour after undergoing medically 
indicated CT scans. Characteristics of the participants are pre-
sented in Table 1. The children ranged in age from 3 months 
to 6 years. A total of 12 children received CT scans of the head 
region, while the remaining children received CT scans of the 
abdomen (n =  3), neck (n =  1), or chest (n =  1) region. The 
CT and effective doses ranged from 92.46 to 525.55 mGy cm, 
equivalent to 0.78–11.30 mSv, respectively.

Microarray analysis was carried out to identify changes 
in the expression levels of the studied 24 radiation responsive 
genes. The IR-induced expression changes for these 24 genes 
from previous and the current study are shown in Table 2. For 
each gene in the current study, pre- and post-CT pairwise 
comparisons were performed for 14 of the 17 children after 
excluding RNA samples that did not produce sufficient cRNA 
to hybridize onto a chip (pre-CT sample of patient 7) or whose 
RINs were 7 (pre- and post-CT samples of patients 10 and 11),  
which indicated degraded RNA. Ta
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Overall, the observed changes in pre- and post-CT 
whole blood of the 14 children were very modest; one gene 
(ERP29) showed a significant change in expression in the 
expected direction (downregulation, P = 0.002), while three 
other genes were altered with borderline significance; PCNA 
was downregulated (P = 0.16), while MUC1 and XPC were 
both upregulated (P = 0.18 and P = 0.11, respectively) (dot-
plots of post- vs. pre-CT changes are shown in Fig. 1).

Most of the observed gene expression changes showed 
very subtle trends with absolute average fold changes less 
than 1.1 fold. However, interestingly, the directionality of 
the changes observed in children was consistent with those 
observed in previous ex vivo and in vitro studies for 10 of the 24 
genes (Table 2). Since these modest fold changes may have 
stemmed from the heterogeneity in the whole blood response 
among the children, we attempted to identify the main trends 
for these expression changes. In doing so, we found five 
genes (GADD45A, ERP29, MDM2, MAPK8, ALB) that 
responded with a minimum of 10% change in expression levels 
between the post- and pre-CT samples in at least six children. 
(Dot-plot for ERP29 is shown in Fig. 1). However, only two of 
these five genes (GADD45A and ERP29) showed a trend in 
the expected direction (ie, according to previous studies; Table 
2), and the fold changes among the main trend cases for the five 
genes were still modest—maximizing at a 1.18 absolute fold 
change among seven cases (MAPK8, −1.18, data not shown).

Regression analyses revealed dose-dependent increases 
in PCNA expression with increasing CT dose (mGy  cm) 
(P  =  0.001; Table 3) and dose-dependent increases in TP53 
and FLT3LG expression with increasing effective dose (mSv) 
(P = 0.02 and P = 0.02). Previous IR exposure from CT and/or 

X-ray examinations was associated with decreased expression of 
GADD45A (P = 0.001) and FLT3LG (P = 0.03) and increased 
expression of MDM2 (P = 0.02) in post- versus pre-CT samples. 
Multivitamin intake was associated with decreased gene expres-
sion levels of CDH6 (P = 0.01) and increased gene expression 
levels of TNFRSF10B (P = 0.02), PCNA (P = 0.000001), and 
MDM2 (P = 0.04; Table 3).

In addition, we found that a higher incidence of previ-
ous IR exposure was correlated with higher pre-CT gene 
expression levels of XPC (P = 0.047), MDM2 (P = 0.01), and 
BAX (P = 0.001) and lower baseline levels of ALB (P = 0.04; 
Table 4). We also found a trend between multivitamin intake 
and higher baseline gene expression levels of TP53 (P = 0.02), 
BAX (P = 0.001), and FLT3LG (P = 0.04).

Discussion
IR from CT scans has been well documented to elicit a wide 
variety of detrimental cellular responses. IR such as X-rays are 
able to ionize surrounding atoms and molecules,1 and, includ-
ing humans, hydroxyl molecules are the most common targets 
of ionization because of the abundance of water in the body. 
Ionization generates highly reactive free radicals that can 
damage relevant biological systems and lead to DNA lesions, 
base damage, and protein cross-links, all of which can lead to 
the induction of fatal cancers.1,10,41 CT-induced IR has also 
been shown in vivo to significantly decrease the plasma levels 
of several important fat soluble vitamins.42

In this pilot study, we sought to determine whether IR 
from CT would lead to changes in gene expression levels in 
young children undergoing CT scans for medically indicated 
reasons. We focused our study on 24 radiation responsive 
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Table 3. post- versus pre-ct predictors of gene expression changes.

GENE PREDICTOR EXPRESSION LEVEL CHANGE  
WITH INCREASING PREDICTOR

P

erp29 age Down 0.01

mUc1 Baseline Down 0.001

pcna ct dose (mGy-cm) Up 0.001

tp53 effective dose (msv) Up 0.02

Flt3lG Up 0.02

GaDD45a ir History Down 0.001

Flt3lG Down 0.03

mDm2 Up 0.002

GaDD45a General health Down 0.02

cDH6 multivitamin intake Down 0.01

tnFrsF10B (Dr5) Up 0.02

pcna Up 0.000001

mDm2 Up 0.04
 

Table 4. predictors of baseline gene expression levels.

GENE PREDICTOR BASELINE DIRECTION WITH  
INCREASING PREDICTOR

P

xpc ir History Higher 0.047

mDm2 Higher 0.01

Bax Higher 0.001

alB lower 0.04

tp53 multivitamin intake Higher 0.02

Bax Higher 0.001

Flt3lG Higher 0.04

candidate genes because these genes were previously docu-
mented to be connected with functions intimately linked to 
cancer (Table 2).18–37 Among the 24 genes, observations from 
previous studies noted post CT changes within 1 hour after 
radiation in 11 genes with 4 of them (ATM, ERP29, TP53, 
CDKN2A) showing post CT changes from very low radiation 
doses, as low as 0.1 Gy. Owing to their higher radiosensitivity, 
children are expected to react more sensitively than adults to 
the CT-induced radiation insult, and therefore, we included 
all 24 genes in our study, although some observations were 
reported longer than 1 hr post CT or after IR doses higher 
than those used in our study.14–16,18–20

The mRNA expression responses of the 24 candidate genes 
in children showed very subtle expression changes (Table  2). 
Only 8 of the 24 genes showed more than 1.1 fold change in 
expression levels between the pre- and post-CT samples and 
only in a subset of cases (data not shown). However, the changes 
were consistent with the directionality of expression change (up 
or down) observed in previous studies (Table 2).

Moreover, among these eight genes, only ERP29 (endo-
plasmic reticulum protein 29) was observed to be significantly 

downregulated with an average fold change of −1.08 in 
expression from pre- to post-CT (Table 2). Other potentially 
radiosensitive genes changed with borderline significance, 
and a larger cohort of children will be needed to confirm or 
reject our findings. Additionally, data from array versus RNA 
sequencing studies are often subject to more technical arti-
facts/noise, and doing a qPCR would be ideal to increase con-
fidence of our findings. This was a limitation in our study and 
will certainly be considered in our future studies.

Despite these small changes, we feel the ERP29 gene 
deserves more attention because it has been implicated in 
tumorigenesis and functions as a tumor suppressor gene. It is 
expressed especially in secretory tissues and responds mostly to 
cellular stress by upregulation,43 while both downregulation20 
and upregulation have been reported44 in response to radiation. 
We did not correct for multiple test analyses for the 24 genes 
tested, and as always, there exists a possibility that the sig-
nificant finding of ERP29 expression change was by chance. 
However, the ERP29 dot-plot (Fig. 1) explicitly shows a con-
sistent decrease in expression for 11 of the 14 children, which 
suggests that this finding is likely not by chance.

We also examined possible factors that may predict the 
observed gene expression changes. Using demographic and 
other collected data, we regressed all variables against each of 
the candidate genes and found several that were correlated with 
changes in gene expression (Table 3). We observed dose-depen-
dent increases in PCNA expression with increasing CT dose 
(mGy cm) and dose-dependent increases in TP53 and FLT3LG 
expression with increasing effective CT dose (mSv), which are 
in accordance with in vitro studies reporting increases in gene 
expression or protein concentrations after IR exposure.45,46

Next, we examined correlations between the gene expres-
sion levels and IR history. In our subjects, regression analyses 
revealed that previous exposure to IR (either through prior CT 
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scans or X-rays) was dose dependently related to MDM2 levels. 
MDM2 is an oncogene and a negative regulator of p53,47 a 
critical protein involved in tumor suppression through its abil-
ity to induce cell cycle arrest or apoptosis48 under a variety of 
genotoxic processes, including oxidative stress.49 In response to 
such stresses, p53 becomes activated and induces the expres-
sion of MDM2, which then associates with and inactivates 
p53, thereby creating an autoregulatory feedback loop to help 
moderate p53 during normal cell cycling.48,50 Thus, in times 
of stress, eg, oxidative stress via IR exposure, increases in 
MDM2 may be anticipated. Several lines of evidence also sug-
gest that MDM2 may have a role in tumorigenesis through a 
p53-independent mechanism.51

The inverse relationship observed between IR history and 
GADD45a and FLT3LG levels could be because of the vary-
ing functions of these genes. GADD45A has been reported to 
have the dual and seemingly conflicting functions of tumor pro-
motion and tumor suppression with the outcome being highly 
dependent on the oncogenic stimuli.52 Moderate DNA damage 
can trigger GADD45A to exert an antiapoptotic function, bind-
ing to other proteins to enhance DNA repair, whereas excessive 
DNA damage may act as a prompt for apoptosis, possibly acting 
as a survival mechanism during situations where irreparable cell 
damage is evident.53 FLT3LG is a critical transmembrane pro-
tein well documented to stimulate the proliferation of hemato-
poietic cells. Apart from this function, FLT3LG has also shown 
potential as an effective antitumor agent, triggering cell survival 
through its synergy with several stimulating factors and interleu-
kins, thus proving to be a critical element in the pathogenesis of 
a number of leukemias (eg, myeloid and lymphoid).54

Nosel et al55 used microanalysis to evaluate gene expres-
sion after ex vivo IR with γ-rays ranging from 5 to 500 mGy. 
The number of genes that was modulated did not drastically 
change among the different doses, and for the lowest dose 
(5  mGy), they found significant decreases in the number of 
modulated genes with increasing post-IR times. For the higher 
doses (100–500 mGy), a decline in modulated genes at 5 and 
7.5 hours post IR was followed by a subsequent increase. Con-
versely, Liu et al56 observed in vitro dose-dependent increases 
in PIG3 mRNA and protein levels after IR with γ-rays rang-
ing from 1 to 10  Gy at 8–168  hours post IR. Additionally, 
Paul observed a gene expression profile from ex vivo irradiated 
human peripheral blood samples at 6 and 24 hr post exposure. 
Genes significantly altered by radiation varied in biological pro-
cesses including immunity, signal transduction, and apoptosis.57

While our study objectives were to evaluate expression 
changes of 24 IR-responsive candidate genes in children, we 
also chose to compare our results with previous IR-related 
studies, which are summarized in Table 2. The differences 
observed between our study and those previously reported can 
be explained by the marked difference in several experimental 
parameters such as radiation doses, radiation type, and stud-
ied systems (in vitro or ex vivo vs. in vivo). While we observed 
gene expression changes in children with very low doses from 

X-rays, previous studies observed changes in hematological 
tissue gene expression mostly through in vitro systems with 
variable radiation doses and γ-rays.

Previous studies detected expression changes in some 
genes several hours after radiation exposure and in other genes 
in fractions of 1 hour. Thus, multiple sampling times post-CT 
would have been ideal to monitor effects on RNA changes. 
However, this was not possible in this pilot study in particular 
because of the risk of jeopardizing study compliance as it would 
have presented a great burden on the child participants because 
of their young ages. Analyses post CT of 1 hour seemed the 
best compromise for this pilot study. However, future studies 
with larger sample sizes and sampling at several time inter-
vals after CT are important for following up on our results in 
order to develop risk assessments, and preventive modalities for 
young patients undergoing CT should certainly be considered.

Acknowledgments
We wish to thank the children and their parents who partici-
pated in the study. The two senior authors (BMH and AAF) 
are co-principal investigators and both contributed equally to 
this manuscript.

Author Contributions
Conceived and designed the experiments: BMH and AAF. 
Analyzed the data: IP. Wrote the first draft of the manu-
script: BMH and AAF. Contributed to the writing of the 
manuscript: MT, JFL and RVC. Agree with manuscript 
results and conclusions: BMH, MT, JFL, IP, RVC and AAF. 
Jointly developed the structure and arguments for the paper: 
BMH and AAF. Made critical revisions and approved final 
version: BMH, MT, JFL, IP, RVC and AAF.

REFERENCES
 1. Brenner DJ, Hall EJ. Computed tomography—an increasing source of radiation 

exposure. N Engl J Med. 2007;357:2277–2284.
 2. Larson DB, Johnson LW, Schnell BM, Goske MJ, Salisbury SR, Forman HP. 

Rising use of CT in child visits to the emergency department in the United 
States, 1995–2008. Radiology. 2011;259:793–801.

 3. White KS. Invited article: helical/spiral CT scanning: a pediatric radiology per-
spective. Pediatr Radiol. 1996;26:5–14.

 4. Frush DP, Donnelly LF. Helical CT in children: technical considerations and 
body applications. Radiology. 1998;209:37–48.

 5. Pappas JN, Donnelly LF, Frush DP. Reduced frequency of sedation of young 
children with multisection helical CT. Radiology. 2000;215:897–899.

 6. Linton OW, Mettler FA Jr. National conference on dose reduction in CT, with 
an emphasis on pediatric patients. AJR Am J Roentgenol. 2003;181:321–329.

 7. Brenner D, Elliston C, Hall E, Berdon W. Estimated risks of radiation-induced 
fatal cancer from pediatric CT. AJR Am J Roentgenol. 2001;176:289–296.

 8. Menoch MJ, Hirsh DA, Khan NS, Simon HK, Sturm JJ. Trends in computed tomog-
raphy utilization in the pediatric emergency department. Pediatrics. 2012;129: 
e690–e697.

 9. Growth rate of U.S. CT scans is slowing. Health Devices. 2012;41:332–333.
 10. Brenner DJ, Doll R, Goodhead DT, et al. Cancer risks attributable to low doses of 

ionizing radiation: assessing what we really know. Proc Natl Acad Sci U S A. 2003; 
100:13761–13766.

 11. Kleinerman RA. Cancer risks following diagnostic and therapeutic radiation 
exposure in children. Pediatr Radiol. 2006;36(suppl 2):121–125.

 12. Pearce MS, Salotti JA, Little MP, et al. Radiation exposure from CT scans in 
childhood and subsequent risk of leukaemia and brain tumours: a retrospective 
cohort study. Lancet. 2012;380:499–505.

http://www.la-press.com
http://www.la-press.com/gene-expression-to-genetical-genomics-journal-j137


Halm et al

8 Gene expression to Genetical Genomics 2015:8

 13. Mathews JD, Forsythe AV, Brady Z, et al. Cancer risk in 680,000 people exposed 
to computed tomography scans in childhood or adolescence: data linkage study 
of 11 million Australians. BMJ. 2013;346:f2360.

 14. Paterson A, Frush DP, Donnelly LF. Helical CT of the body: are settings adjusted 
for pediatric patients? AJR Am J Roentgenol. 2001;176:297–301.

 15. Hall P, Adami HO, Trichopoulos D, et al. Effect of low doses of ionising radia-
tion in infancy on cognitive function in adulthood: Swedish population based 
cohort study. BMJ. 2004;328:19.

 16. Berrington de Gonzalez A, Iulian Apostoaei A, Veiga LH, et al. RadRAT: a radi-
ation risk assessment tool for lifetime cancer risk projection. J Radiol Prot. 2012; 
32:205–222.

 17. Schmidt-Ullrich RK, Dent P, Grant S, Mikkelsen RB, Valerie K. Signal trans-
duction and cellular radiation responses. Radiat Res. 2000;153:245–257.

 18. Daino K, Ichimura S, Nenoi M. Early induction of CDKN1A (p21) and 
GADD45 mRNA by a low dose of ionizing radiation is due to their dose-
dependent post-transcriptional regulation. Radiat Res. 2002;157:478–482.

 19. Grace MB, McLeland CB, Blakely WF. Real-time quantitative RT-PCR assay 
of GADD45 gene expression changes as a biomarker for radiation biodosimetry. 
Int J Radiat Biol. 2002;78:1011–1021.

 20. Marchetti F, Coleman MA, Jones IM, Wyrobek AJ. Candidate protein biodo-
simeters of human exposure to ionizing radiation. Int J Radiat Biol. 2006;82: 
605–639.

 21. Wang HP, Long XH, Sun ZZ, et al. Identification of differentially transcribed 
genes in human lymphoblastoid cells irradiated with 0.5 Gy of gamma-ray and 
the involvement of low dose radiation inducible CHD6 gene in cell proliferation 
and radiosensitivity. Int J Radiat Biol. 2006;82:181–190.

 22. Amundson SA, Do KT, Shahab S, et al. Identification of potential mRNA bio-
markers in peripheral blood lymphocytes for human exposure to ionizing radia-
tion. Radiat Res. 2000;154:342–346.

 23. Kang CM, Park KP, Song JE, et al. Possible biomarkers for ionizing radiation 
exposure in human peripheral blood lymphocytes. Radiat Res. 2003;159:312–319.

 24. Criswell T, Leskov K, Miyamoto S, Luo G, Boothman DA. Transcription fac-
tors activated in mammalian cells after clinically relevant doses of ionizing radia-
tion. Oncogene. 2003;22:5813–5827.

 25. Hirai Y, Hayashi T, Kubo Y, et al. X-irradiation induces up-regulation of ATM 
gene expression in wild-type lymphoblastoid cell lines, but not in their heterozy-
gous or homozygous ataxia-telangiectasia counterparts. Jpn J Cancer Res. 2001;92: 
710–717.

 26. Tapio S, Danescu-Mayer J, Asmuss M, Posch A, Gomolka M, Hornhardt S. 
Combined effects of gamma radiation and arsenite on the proteome of human 
TK6 lymphoblastoid cells. Mutat Res. 2005;581:141–152.

 27. Siliciano JD, Canman CE, Taya Y, Sakaguchi K, Appella E, Kastan MB. DNA 
damage induces phosphorylation of the amino terminus of p53. Genes Dev. 1997;11: 
3471–3481.

 28. Ju GZ, Wang XM, Fu SB, Liu SZ. Effect of ionizing radiation on the expres-
sion of p16, cyclinD1 and CDK4 in mouse thymocytes and splenocytes. Biomed 
Environ Sci. 2003;16:47–52.

 29. Huang L, Liao X, Beckett M, et al. MUC1-C Oncoprotein interacts directly 
with ATM and promotes the DNA damage response to ionizing radiation. Genes 
Cancer. 2010;1:239–250.

 30. Prasad AV, Mohan N, Chandrasekar B, Meltz ML. Activation of nuclear factor 
kappa B in human lymphoblastoid cells by low-dose ionizing radiation. Radiat 
Res. 1994;138:367–372.

 31. Porter LA, Singh G, Lee JM. Abundance of cyclin B1 regulates gamma-
radiation-induced apoptosis. Blood. 2000;95:2645–2650.

 32. Bouvard V, Zaitchouk T, Vacher M, et al. Tissue and cell-specific expression of 
the p53-target genes: bax, fas, mdm2 and waf1/p21, before and following ionis-
ing irradiation in mice. Oncogene. 2000;19:649–660.

 33. Enomoto A, Suzuki N, Morita A, et al. Caspase-mediated cleavage of JNK dur-
ing stress-induced apoptosis. Biochem Biophys Res Commun. 2003;306:837–842.

 34. Chen C, Lorimore SA, Evans CA, Whetton AD, Wright EG. A proteomic analysis 
of murine bone marrow and its response to ionizing radiation. Proteomics. 2005;5: 
4254–4263.

 35. Innes CL, Heinloth AN, Flores KG, et al. ATM requirement in gene expres-
sion responses to ionizing radiation in human lymphoblasts and fibroblasts. Mol 
Cancer Res. 2006;4:197–207.

 36. Liu VF, Weaver DT. The ionizing radiation-induced replication protein A phos-
phorylation response differs between ataxia telangiectasia and normal human 
cells. Mol Cell Biol. 1993;13:7222–7231.

 37. Huchet A, Belkacémi Y, Frick J, et al. Plasma Flt-3 ligand concentration cor-
related with radiation-induced bone marrow damage during local fractionated 
radiotherapy. Int J Radiat Oncol Biol Phys. 2003;57:508–515.

 38. Mettler FA Jr, Huda W, Yoshizumi TT, Mahesh M. Effective doses in radiology 
and diagnostic nuclear medicine: a catalog. Radiology. 2008;248:254–263.

 39. Valentin J. Managing patient dose in multi-detector computed tomography 
(MDCT). Ann ICRP. 2007;37:1–79, iii. [ICRP Publication 102].

 40. American Nuclear Society. Radiation Dose Chart. Available at: http://www.ans.
org/pi/resources/dosechart/. Accessed July 2, 2008.

 41. Halm BM, Franke AA, Lai JF, et al. γ-H2AX foci are increased in lymphocytes 
in vivo in young children one hour after very low dose X-irradiation: a pilot study. 
Pediatr Radiol. 2014;44:1310–1317.

 42. Halm BM, Lai JF, Morrison CM, et al. In vivo changes in plasma coenzyme 
Q10, carotenoid, tocopherol, and retinol levels in children after computer tomog-
raphy. Arch Biochem Biophys. 2014;547:37–43.

 43. Zhang D, Richardson DR. Endoplasmic reticulum protein 29 (ERp29): an 
emerging role in cancer. Int J Biochem Cell Biol. 2011;43:33–36.

 44. Zhang B, Wang M, Yang Y, et al. ERp29 is a radiation-responsive gene in IEC-6 
cell. J Radiat Res. 2008;49:587–596.

 45. Shan B, Xu J, Zhuo Y, Morris CA, Morris GF. Induction of p53-dependent 
activation of the human proliferating cell nuclear antigen gene in chromatin by 
ionizing radiation. J Biol Chem. 2003;278:44009–44017.

 46. Maki CG, Howley PM. Ubiquitination of p53 and p21 is differentially affected 
by ionizing and UV radiation. Mol Cell Biol. 1997;17:355–363.

 47. Momand J, Zambetti GP, Olson DC, George D, Levine AJ. The mdm-2 onco-
gene product forms a complex with the p53 protein and inhibits p53-mediated 
transactivation. Cell. 1992;69:1237–1245.

 48. Burns TF, El-Deiry WS. The p53 pathway and apoptosis. J Cell Physiol. 1999;181: 
231–239.

 49. Whibley C, Pharoah PD, Hollstein M. p53 polymorphisms: cancer implications. 
Nat Rev Cancer. 2009;9:95–107.

 50. Wu L, Levine AJ. Differential regulation of the p21/WAF-1 and mdm2 genes 
after high-dose UV irradiation: p53-dependent and p53-independent regulation 
of the mdm2 gene. Mol Med. 1997;3:441–451.

 51. Jones SN, Hancock AR, Vogel H, Donehower LA, Bradley A. Overexpression of 
Mdm2 in mice reveals a p53-independent role for Mdm2 in tumorigenesis. Proc 
Natl Acad Sci U S A. 1998;95:15608–5612.

 52. Tront JS, Huang Y, Fornace AJ Jr, Hoffman B, Liebermann DA. Gadd45a func-
tions as a promoter or suppressor of breast cancer dependent on the oncogenic 
stress. Cancer Res. 2010;70:9671–9681.

 53. Moskalev AA, Smit-McBride Z, Shaposhnikov MV, et al. Gadd45 proteins: rele-
vance to aging, longevity and age-related pathologies. Ageing Res Rev. 2012;11:51–66.

 54. Maruyama K, Selmani Z, Ishii H, et al. Flt3 ligand enhances anti-tumor effects 
of antibody therapeutics. Int Immunopharmacol. 2012;12:481–486.

 55. Nosel I, Vaurijoux A, Barquinero JF, Gruel G. Characterization of gene expres-
sion profiles at low and very low doses of ionizing radiation. DNA Repair (Amst). 
2013;12:508–517.

 56. Liu Q J, Zhang DQ , Zhang QZ, et al. Dose-effect of ionising radiation-induced 
PIG3 gene expression alteration in human lymphoblastoid AHH-1 cells and 
human peripheral blood lymphocytes. Int J Radiat Biol. 2014;90:1–36.

 57. Paul S, Smilenov LB, Amundson SA. Widespread decreased expression of 
immune function genes in human peripheral blood following radiation exposure. 
Radiat Res. 2013;180:575–583.

http://www.la-press.com
http://www.la-press.com/gene-expression-to-genetical-genomics-journal-j137

