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Abstract

Background Neuroangiography represents a critical diagnostic and therapeutic imaging modality whose associated radiation
may be of concern in children. The availability of in vivo radiation damage markers would represent a key advancement for
understanding radiation effects and aid in the development of radioprotective strategies.

Objective Determine if biomarkers of cellular damage can be detected in the peripheral blood mononuclear cells (PBMC)
of children undergoing neuroangiography.

Materials and methods Prospective single-site study of 27 children. Blood collected pre and post neuroangiography, from
which PBMC were isolated and assayed for biomarkers of mitochondrial stress (mitochondrial membrane potential (MMP),
reactive oxygen species (ROS), and mitochondrial DNA (mtDNA)) and DNA damage (YH2AX). Dose response of biomark-
ers vs. radiation dose was analyzed using linear regressions. The cohort was divided into higher (HD) and lower dose (LD)
groups and analyzed using linear mixed models and compared using Welch’s ¢-tests.

Results No biomarker exhibited a dose-dependent response following radiation (YH2AX: R*=0.0012, P =0.86; MMP:
R?>=0.016, P=0.53; mtDNA: R*=0.10, P=0.11; ROS: R*=0.0023, P= 0.81). Groupwise comparisons showed no sig-
nificant differences in YH2AX or ROS after radiation (YH2AX: LD: 0.6 +6.0, P=0.92; HD: -7.5+ 6.3 AU, P=0.24; ROS:
LD: 1.3+2.8, P=0.64; HD: -3.6 +3.0 AU, P=0.24). Significant changes were observed to mitochondrial markers MMP
(-53.7+14.7 AU, P=0.0014) and mtDNA (-1.1+0.4 AU, P=0.0092) for HD, but not the LD group (MMP: 26.1 +14.7
AU, P=0.090; mtDNA: 0.2+0.4, P=0.65).

Conclusions Biomarkers of mitochondrial stress in PBMC were identified during pediatric neuroangiography and warrant
further investigation for radiation biodosimetry. However, isolating radiation-specific effects from those of procedural stress
and general anesthesia requires further investigation.
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Introduction

Neuroangiography represents a critically important diagnos-
tic and therapeutic imaging modality, enabling treatment of
many complex neurovascular diseases. Despite many advan-
tages (including minimal invasiveness, high spatial resolu-
tion, deep tissue access, avoidance of open surgery), these
imaging procedures carry notable risks, as they typically
employ ionizing radiation (hereafter referred to simply as
radiation), which is epidemiologically linked to increased
rate of both acute and chronic health problems [1-4]. Large-
scale retrospective studies on radiation exposures have dem-
onstrated increased incidence of cancer in children, who
may be more sensitive than adults to the damaging effects
of radiation due to a higher number of dividing cells and
longer lifespans to express late effects [1, 5]. These findings
prompted internationally endorsed programs (Image Gen-
tly, Step Lightly) promoting awareness for judicious use
of radiation in pediatric imaging [6]. However, epidemio-
logical studies have produced contradictory results, adding
uncertainty to interpretation of radiation-associated risks
[7]. While neuroangiography procedure volumes and their
therapeutic potential increase, understanding the nature and
cellular effects of radiation exposure has become paramount
to mitigate potential lifelong consequences in children.

Although radiation’s capacity to induce cellular damage
has been frequently observed and described in human cells,
both in vitro and ex vivo (see reviews [8—10]), uncertainty
remains in modeling the relationship between exposure and
detrimental biological consequences in vivo. Historically,
physical measures of radiation dose (e.g., tube output, film)
have been used to extrapolate risk of cellular damage and
long-term health risks [11]. These models have inherent lim-
itations, including assumptions based on a 70-kg “average”
reference man [11]. To address these constraints, attention
has turned to biodosimetry—methodologies which directly
quantify biological effects of radiation at the cellular level
in vivo and ex vivo to estimate dose [12]. Early biodosimetry
techniques were manual, labor intensive, and error prone;
newer automated techniques have made significant advance-
ments, expanding their potential for prospective dose opti-
mization [13].

Multiple candidate biodosimetry biomarkers have been
proposed, targeting known cellular lesions of radiation expo-
sure. Radiobiological dogma has predominantly stressed the
nuclear genome as the primary site of radiation damage.
Biomarkers measuring nuclear DNA damage have been

investigated, given the correlation between radiation and
cancers, and induction of genomic injuries observed in vitro.
These markers include the phosphorylation of H2A histone
family member X (H2AX) at serine 139 (yYH2AX)—an
essential step in the initiation of the DNA double-stranded
break (DSB) repair processes in mammalian cells [14]. How-
ever, recent evidence suggesting that extra-nuclear sites may
also bear a significant brunt of radiation’s effects and thus
contribute to the potential downstream consequences has
generated additional biodosimetric candidates. One such site
is the mitochondria, which have been shown to exhibit mul-
tiple lesions directly following radiation exposure includ-
ing impaired oxidative phosphorylation, mitochondrial DNA
(mtDNA) damage, excessive reactive oxygen species (ROS)
generation, and altered mitochondrial membrane potential
(MMP) [15-18]. Furthermore, radiation-induced injuries
have also been proposed to mediate long-term cellular con-
sequences, both directly (e.g., impaired energy production,
excessive ROS production [17]) and indirectly (e.g., non-
targeted/bystander effects [19-21]) making the mitochondria
an attractive target as a biodosimetric marker for radiation
injury.

Although biodosimetry holds tremendous clinical poten-
tial, ethical constraints necessitate that in vitro analyses
contribute most to our current understanding of radiation
response modeling, with many questions remaining regard-
ing these responses in vivo. We sought to quantify the poten-
tial short-term cellular effects of radiation in peripheral
blood mononuclear cells (PBMC) in children undergoing
catheter-directed neuroangiography by measuring mark-
ers of DNA DSBs (yH2AX) and mitochondrial function
(MMP, mtDNA, and ROS). Better understanding of cellu-
lar responses to radiation would represent an important step
towards developing mitigation strategies and/or procedural
guidelines for minimizing associated risks of neuroangiog-
raphy procedures in the treatment of pediatric disease.

Materials and methods

Ethics approval and informed consent. Hospital Research
Ethics Board approval was obtained and performed in
accordance with the 1964 Declaration of Helsinki. The study
was introduced to the patient/parents by the interventional
radiologist. If interested, a clinical research associate not
involved in the procedure explained the study and written
informed consent was obtained.
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Patient selection. This was a prospective study of 27
pediatric patients undergoing catheter-directed neuroangi-
ography. These procedures were selected given the annual
case volume, the broad range of potential exposures, require-
ment for magnification and high-resolution imaging, con-
sistency of anatomic site and angles, and presence of an
arterial sheath for sampling. Inclusion and exclusion criteria
are outlined in Fig. 1. All procedures were performed in
an interventional radiology suite (Artis Q, Siemens Health-
ineers, Erlangen, Germany) with real-time radiation dose
index reporting and structured reports.

Study process. Blood samples (2 mL) were obtained
once the arterial sheath was inserted (baseline) and imme-
diately following the procedure (post-procedure). Samples
were immediately time-stamped, placed on ice, and trans-
ported to the laboratory, where PBMC were isolated and
assayed for markers of genomic and mitochondrial stress.

Biomarker selection and analysis. Analyzed biomark-
ers were chosen based both on their established use as
markers of DNA damage and mitochondrial function and
on their compatibility with rapid detection methods and
cell type used in this study [22, 23]. PBMC were isolated
using Ficoll-Paque™ Plus (GE Healthcare, Pittsburgh, PA,
USA). MMP, ROS, and YH2AX in PBMC were measured
with Muse MitoPotential, Oxidative Stress, and H2A.X

Fig. 1 Study enrollment flow-
chart and eligibility criteria.
Created using biorender.com

Dual Activation kits respectively (Luminex, Austin, TX,
USA). For mtDNA quantification, qPCR reactions were
performed with SsoFast™ EvaGreen® Supermix in a Bio-
Rad CFX96 Real-Time PCR Detection System (Hercules,
CA, USA) using Geneaid Blood DNA Kit (New Taipei
City, Taiwan) isolated genomic DNA and nd/ and gapdh
primers. See Supplemental File 1 for detailed methods.

Radiation dose. The air kerma-area product (Pg,)
(Gy-cm?) was recorded from the angiographic control
screen at the time of each sample collection. The elapsed
time (minutes following baseline) and Py, delivered at
each sample collection were recorded. Radiation measure-
ments were confirmed by correlation to finalized dosim-
etry measurements in the post-procedure radiation dose
structured report. Pg, was used as the primary radiation
quantity for analysis as it is a reproducible, measurable
quantity independent of source-patient-detector geom-
etry and incorporates field size (collimation), making it
an appropriate surrogate measure for energy delivered
to patients. Effective dose was not considered as it is, by
definition, not a measurable quantity and is calculated for
a reference person and should not be used for detailed
specific retrospective investigations of individual exposure
as stated by the International Commission on Radiological
Protection [24].

Assessed for
Eligibility
N=71
[

Enrolled
N=27

(

Excluded
N=44

)

Enrollment

Reason: Cancellation (7), logistical
constraint (13), short single vessel
study (14), psychosocial issues (6),
predetermined exclusion criteria (4)

~ i | Inclusion Criteria:

: -Consent to participate
-Children age 6 months -18 years
-Require neuroangiography

Analysis
N=27

\

Exclusion Criteria:
-Prior radiotherapy, malignancy or
chemotherapy
-Acute illness/infection

4

|

-Immunodeficiencies

!

l -Vitamin supplements

[Lower Dose] [Higher Dose]
(n=14) (n=13)

(antioxidants)
-Total parenteral nutrition
-Severe anemia
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Dose groups. For exploratory analysis of dose-associ-
ation, patients were also divided into two groups defined
by their cumulative Py ,. A threshold value of 100 Gy-cm?
was applied to delineate lower dose (LD, Py, <100 Gy-cm?)
from higher dose (HD, Py, > 100 Gy-cm?) exposure groups.
The cut-off value of 100 Gy-cm? was chosen as this rep-
resents a commonly referenced clinical threshold prior to
triggering additional dose management actions [25].

Statistical analysis. Statistical analysis was performed
using GraphPad (Boston, MA, USA) Prism 9.0 and R
Statistical Software version 4.1.1. Results are shown as
mean =+ standard deviation (SD). All statistical tests applied
significance level of a=0.05 and a P-value significance
threshold of <0.05. Normality of distributions was tested
with the D’Agostino and Pearson test. Baseline relationships
between patient demographic features and biomarkers were
assessed with simple linear regressions (for continuous vari-
ables) and unpaired #-test with Welch’s correction (for cat-
egorical variables). To evaluate the dose-dependent/linear
association between radiation dose and biomarker response,
we performed simple linear regression analysis. Differences
between exposure group characteristics at baseline were
tested using unpaired #-test with Welch’s correction (for
normally distributed means), Mann—Whitney (non-normal
distributed means), and Fisher’s exact test (for ratios). To
analyze the dose association of the biomarker response, we
performed mixed-effects linear analysis between the dose
groups using the Imer R function (Ime4 package) in R [26,
27]. Mixed-models were used to account for random effects
of multiple sampling experimental structure, as well as base-
line differences in age and weight between groups. Models
were fit with restricted maximum likelihood and evaluated
by examining residual plots for homoscedasticity and nor-
mality. Each model included exposure group and collection
point as explanatory variables. The models adjusted for
patient age and weight as fixed effects, and patient number as
random effect. Group means and post-hoc comparisons via

two-sided Welch’s #-tests were estimated with emmeans R
function (emmeans package) [28]. Unless otherwise stated,
data were presented as means =+ standard deviation (SD) or
medians with interquartile range (IQR).

Figure production. Figures were created using GraphPad
Prism 9.0 and biorender.com.

Results

Participant characteristics. A total of 27 patients
were enrolled (12 male, 15 female), with a mean age of
12.1 +4.4 years and weight of 49.0+21.2 kg. Participant
enrollment process and demographic features are summa-
rized in Fig. 1 and Table 1, respectively, with individual
participant features available in Supplemental File 2. We
observed no acute adverse effects in the cohort over the
study period.

Baseline biomarker characteristics. Biomarkers of
mitochondrial function (MMP, ROS, mtDNA) and DNA
DSB repair (YH2AX) had detectable and normally distrib-
uted signals at baseline. We observed no statistically signifi-
cant predictive relationships between YH2AX, MMP, ROS,
or mtDNA content and patient demographic features (age,
weight, sex) (Fig. 2). Linear regression models and statistic
summary available in Supplemental File 2.

Radiation dose response. We observed no statistically
significant linear relationships between radiation dose and
any of the measured biomarkers of DSB (RZ:O.OOIZ,
P=0.86) or mitochondrial function (MMP: R>=0.016,
P=0.53; mtDNA: R?=0.10, P=0.11; ROS: R*=0.0023,
P=0.81) (Fig. 3). Linear regression models are available in
Supplemental File 2.

Exposure group creation and characteristics. Apply-
ing a 100 Gy-cm? cut-off created two roughly equal-sized
groups (LD: N=14, HD: N=13), which significantly
differed in their Py, post-procedure (LD: 64.20 (35.30)

Table 1 Demographic

- N Range Mean +SD Median+IQR
characteristics and procedure
parameters of study population Age (years) _ 2.0-18.0 12.1+4.4
Weight
kg - 14.0-99.0 49.0+21.2
pc - 0.7-98.7 61.1+£32.0
Sex
Male 12 - -
Female 15 - -
Total procedure time (min) - 18.0-273.0 108.8+81.3
Total procedure Py, (Gy-cm?) - 35.0-477.0 - 92.0+135.0

Mean values (+SD) presented for normally distributed data, median (+IQR) for non-normal according to
D’Agostino and Pearson test. SD, standard deviation; Py, air kerma-area product; /QR, interquartile range;

pc, percentile
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Fig.2 Baseline patient demographics and biomarker relationships.
No significant predictive relationships between patient demographic
features and tested biomarkers (a) YH2AX, b MMP, ¢ mtDNA, and
(d) ROS were observed at baseline in patient peripheral blood mon-
onuclear cells. Individual samples appear as single dots, with bars

Gy-cm?, HD: 198.20 (128.90) Gy-cm?, P <0.001),
but not in elapsed time (LD: 88.64 +71.69 min, HD:
130.50 +£89.19 min, P=0.19) (Fig. 4). The groups
significantly varied in age (LD: 10.03 +4.79 years,
HD: 14.24 +2.38 years, P=0.009) and weight (LD:
38.00+17.69 kg, HD: 60.85 +18.59 kg, P=0.003), but
not in male—female ratio (LD: 1.33, HD: 0.44, P=0.25)
(Fig. 4). No differences between groups were observed
at baseline for YH2AX (LD: 138.2 +15.43 AU, HD:
143.30+15.66 AU, P=0.52), ROS (LD: 105.60 + 8.38
AU, HD: 112.40+7.77 AU, P=0.074), MMP (LD:

@ Springer

representing means and error bars standard deviation. Solid lines
indicate simple linear regressions. Mean fluorescence (MF), arbitrary
units (AU), serine 139 H2A histone family member X (YH2AX),
mitochondrial membrane potential (MMP), reactive oxygen species
(ROS), and mitochondrial DNA (mtDNA)

475.00+43.20 AU, HD: 513.3 +56.02 AU, P=0.085)
signal, or mtDNA (LD: 0.47 +1.87, HD: 0.18 +1.73,
P=0.64) (Fig. 5).

Exposure group DSB biomarker following radiation.
We observed no significant changes in YH2AX levels rela-
tive to baseline in either exposure group (LD: 0.6 +6.0
AU, P=0.92; HD: -7.5+6.3 AU, P=0.24), or difference
between the groups (8.1 +8.7 AU, P=0.36) (Fig. 6a).

Exposure group mitochondrial biomarkers follow-
ing radiation. Following radiation, the HD group demon-
strated a concurrent decrease in MMP (-53.7+ 14.7 AU,
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Fig.3 Biomarker response following radiation exposure. No sig-
nificant dose-dependent relationships between radiation dose and
tested biomarkers (a) yYH2AX, b MMP, ¢ mtDNA, and (d) ROS
were observed in patient peripheral blood mononuclear cells fol-
lowing neuroangiography procedures. Solid lines indicate simple

P=0.0014) and mtDNA content (-1.1+0.4 AU, P=0.0092)
from baseline levels, which significantly differed from the
LD group (MMP: 79.8 +20.8 AU, P=0.001; mtDNA:
-1.3+0.5, P=0.025). While the LD group exhibited mod-
est increases in both MMP (26.1 +14.7 AU, P=0.090) and
mtDNA (0.17 £0.38, P=0.65), neither of these changes was
statistically significant from baseline levels. We observed
no statistically significant changes in ROS levels for either
the LD (1.3 +2.8 AU, P=0.64) or HD groups (-3.6 +3.0
AU, P=0.24), or differences between groups (5.0+4.1 AU,
P=0.24) (Fig. 6d).

Discussion

With the tremendous therapeutic benefit that neuroangi-
ography and neurointervention provide, understanding the
impact of clinically relevant radiation exposure is vital when
developing usage guidelines and standard practices to best
weigh the benefits and potential consequences. This balance
is especially critical in children given their combination of
enhanced radiosensitivity and remaining life span to express
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linear regressions, with individual samples appearing as single dots.
Mean fluorescence (MF), serine 139 H2A histone family member X
(yYH2AX), mitochondrial membrane potential (MMP), reactive oxy-
gen species (ROS), and mitochondrial DNA (mtDNA)

radiation-induced damage. Traditional markers of radiation
damage have typically required technically challenging and
time-intensive methods, limiting their applicability. This
study investigated biomarkers of mitochondrial function
and DNA DSB repair following neuroangiography radiation
exposure in pediatric patients, using rapid semi-automated
detection methods.

Substantial evidence in both in vitro and in vivo models
has demonstrated the capacity for radiation to inflict damage
to the nuclear genome, including DSBs. With such deleteri-
ous potential, DSBs were historically considered among the
most destructive effects of radiation, resulting in research
focused on biomarkers that reflect these lesions, such as
YH2AX. Consistent with previous works, we observed
detectible, normally distributed levels of YH2AX signal
at baseline, reflective of its ongoing role in the initiation
of DSB repair pathway from all sources of DNA damage
under normal physiological conditions, not just radiation
induced [13, 29, 30]. In contrast to adult studies reporting
age-dependent increases in YH2AX, we did not observe any
age dependency in YH2AX levels [13]. This observation may
be due to the narrow pediatric age range; however, Belmans
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et al. [31] observed that children had statistically higher lev-
els of DSBs than adults at baseline in buccal mucosal sam-
ples. This highlights potential differences between adults and
children in baseline DNA damage repair and susceptibility
to radiation.

We observed no significant changes to YH2AX follow-
ing radiation in either dose group. Although the range of
radiation used here has been shown in various cell types
(including PBMC) to induce DSBs in vitro, results in vivo
have been mixed, some observing significant increases in
vyH2AX [32, 33], others observing no changes following
radiology procedures, including neuroangiography [31,
34-36]. Differences in observations have been attributed
to a few sources. Optimistically, our results may demon-
strate that there are no statistical increases in DNA DSBs
in PMBC at the studied dose range. However, despite
observing no changes to YH2AX, Basheerudeen et al. [35]

@ Springer

observed statistical increases in chromosomal abnormali-
ties and micronuclei, cautioning isolated interpretation of
yYH2AX levels. YH2AX signal is contingent on two overlap-
ping processes, formation and removal, leaving the assay
vulnerable to temporal dynamics of biphasic DNA repair.
YH2AX levels are significantly modified by the radiation
exposure (dose timing, location, rate, etc.) as well as indi-
vidual factors (age, race, environmental exposures, etc.)
which are partially accounted for in our procedural (length,
exposure location, etc.) and patient inclusion criteria (age,
comorbidities, etc.) [13, 37, 38]. While our experimental
design precludes us determining if our observations are due
to lack of any increase in YH2AX, or missing its increase
window, it is notable that yH2AX signal in PBMC remains
stable up to 5 hrs when stored on ice (as in our protocol)
and other reports have observed DNA breaks at doses at or
below those used here [31, 33, 36, 39-41].
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Fig.5 Peripheral blood mononuclear cell biomarker levels at base-
line. No differences between the HD and LD groups were observed
in (a) YH2AX, b MMP, ¢ mtDNA, or (d) ROS. Individual samples
appear as single dots, with bars representing means and with error

While DNA DSBs are among the most mutagenic and
severe radiation-induced lesions, accumulating evidence
suggests that extra-nuclear targets (e.g., mitochondria) con-
tribute to the damaging downstream effects of radiation
exposure [15-17, 42]. Mitochondria participate in many
cellular functions, including mediating and energetically
fueling responses to radiation damage, making impairments
to their functional capacity devastating for the cell. Mito-
chondria, occupying approximately 25-30% of cytoplasmic
volume, may be exposed to more ionization events for a
given radiation dose than the nuclear compartment [15, 43].
Our HD group exhibited loss of MMP following radiation
which has also been observed in human U987 [44], dermal
fibroblasts [45], MCF-7 [18], and HEK [46] cells following
in vitro radiation exposure, and in vivo mouse PBMC [47].
Depolarization is considered an indication of dysfunction as
mitochondria require a highly charged membrane potential
for full functionality. A loss of this polarization state can be
accompanied with functional consequences (e.g., reduced
energy production and increased ROS generation) and the
initiation of processes like mitophagy and apoptotic cell
death [15, 16, 42].
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In addition to changes in MMP, the HD group also
exhibited a decrease in mtDNA, indicating damage from
loss of mitochondrial mass through mitophagy. Without
the protection and repair systems afforded to the nuclear
genome, mtDNA has demonstrated enhanced sensitivity
to radiation compared to its nuclear counterpart, mak-
ing this reduction in the HD group logically consistent
[15-17, 42, 45]. The LD group exhibited a slight trend
towards increased mtDNA which was statistically higher
than the HD group, similar to results in vitro radiation
exposures in human fibroblasts [45], HTC116 [48], and
in vivo with Caenorhabditis elegans [49] and mice [50],
though the causes for this increase remain unknown. It has
been proposed that this elevation represents a compensa-
tory response to maintain mitochondrial function follow-
ing radiation-induced damage [51] and that an increase
in DNA-protein complexes may physically shield/protect
intact mtDNA from direct ROS contact [50]. If indeed
increased mtDNA is adaptive, the divergent response
between HD and LD groups suggests a fundamental dif-
ference in cellular response mechanism induced by differ-
ing levels of radiation.
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Fig.6 Peripheral blood mononuclear cell response to radiation expo-
sure. The HD group showed significant reductions in (b) MMP, cou-
pled with (¢) decreased mtDNA content compared to baseline (BL)
values, and relative to the LD group post-procedural (PP). Neither
group exhibited changes in (d) ROS or (a) YH2AX levels from base-
line or between the groups. Black solid lines represent group means,
and gray indicate individual signals (leff). Bars represent mixed-
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effects model estimates, with standard error of the mean in error bars
(right). P-values above black line denote comparisons made between
groups, while the P-values above each bar indicate the comparison
to baseline values. Lower dose (LD), higher dose (HD), arbitrary
units (AU), serine 139 H2A histone family member X (YH2AX),
mitochondrial membrane potential (MMP), reactive oxygen species
(ROS), and mitochondrial DNA (mtDNA)
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We observed no changes in ROS levels following radia-
tion exposure. Although functionally essential, excessive
ROS can induce cellular lesions, making ROS regulation
a critical homeostatic process, balancing its physiological
role and pathophysiological potential. Due to their extreme
reactivity and rapid neutralization mechanisms, cellular
ROS levels are difficult to directly measure in biological
samples, making detection of ROS damage or antioxidant
response more commonly used as surrogate ROS markers
[52]. Such markers have been commonly used to demon-
strate increases in oxidative damage in both in vitro and
in vivo reports [19, 52, 53]. While radiation can produce
ROS directly via hydrolysis, these radicals are typically
short lived and represent the minority of total ROS fol-
lowing radiation [15, 54]. Most radiation-induced ROS,
produced by damaged mitochondria, take hours-days to
produce detectable changes [19, 42, 44]. Taken together,
while it is possible that our results indicate no IR induced
ROS increases, it is also conceivable that the sampling
points used were unable to capture either the short-lived
radiation-induced or mitochondrial-derived ROS, which
take longer to appear.

While central radiobiological dogma suggests that radia-
tion’s primary target is nuclear DNA, there is mounting
evidence that suggests that nuclear damage is secondary to
mitochondrial injury [15-17]. Our results may support the
theory that mitochondria are both the target and key regu-
lators in mediating radiation-associated damage, including
DNA DSB [15-17]. It is hypothesized that radiation causes
physical damage to mitochondria and mtDNA, resulting in
MMP loss and increased mtDNA damage, as observed in
the HD group. While performing oxidative phosphoryla-
tion to meet the energetic demand to fuel necessary repair
processes (including DSB repair), damaged mitochondria
produce excessive oxygen radicals, further increasing total
cellular ROS. This feedback loop promotes a cycle of ROS
production and ROS mediated cellular damage, causing
further cellular lesions including DSBs. This hypothesis
could explain the lack of ROS or YH2AX elevation in either
exposure group, as ROS accumulation from dysfunctional
mitochondria requires time beyond our sampling to elevate
and inflict DNA damage. Results in the HD group possibly
support this hypothesis, which showed evidence of radiation
inducing a mitochondrial response, but no ROS or YH2AX
elevation. While preliminary, our results may support the
use of mitochondrial radioprotectants for pediatric patients
undergoing radiation-based treatments. Investigations into
agents targeting mitochondrial protection, including epicat-
echin and epigallocatechin-3-gallate, have been shown to
prevent radiation-induced cellular lesions including reduced
cellular ROS level, apoptosis, and YH2AX foci development,
as well as increased mitochondrial integrity and mitochon-
drial antioxidant expression [55, 56].

The LD exposure group showed no significant response
to radiation from baseline. Whether this reflects a lack of
cellular damage in these dose conditions, or limits of the
assay sensitivity to detect changes at these doses, requires
further validation. The linear non-threshold model implies
no minimum dose where a linear dose-biological effect of
radiation does not exist [57]. This model is challenged, espe-
cially at lower ranges of the radiation spectrum, because of
lack of consideration of biological protective mechanisms,
e.g., DNA repair [57, 58]. Furthermore, studies have shown
biologically distinct responses between high- and low-dose
exposures, such as divergent shifts in mitochondrial mor-
phology, apoptosis initiation, and YH2AX foci formation
[47, 59]. This highlights the complexities of radiation expo-
sure effects on humans, supporting further investigation.

As is true for all applications of ionizing radiation in
medicine, the dose should be limited to only what is appro-
priate to achieve the clinical task. In interventional neuroan-
giography, patient dose optimization requires a multifaceted
combination of operator, equipment, and technological con-
siderations. These include but are not limited to the cus-
tomization of technical protocols for pediatric use, applica-
tion of advanced digital image processing, reduced use of
high dose-rate and high-level techniques, appropriate col-
limation, limited (targeted) use of cone-beam CT, thorough
equipment commissioning, routine quality evaluations, and
extensive training/certification of interventional radiologists
[6, 60—62]. Continuous radiation dose index monitoring and
the development and implementation of a patient follow-up
and consultation mechanism are also essential for complex
interventions [6, 60-62].

The quantity of radiation applied in neuroangiography is
dependent primarily on procedure complexity and vascular
anatomy, unlike in chest or abdominal angiography where
patient habitus and its variability are also significant con-
tributors. Radiation risk is dependent on numerous elements
including the radiation dose and dose rate, organs receiving
radiation, patient age, and individual factors pertaining to
each patient [63]. Further, assessing risk is complex, notably
in children due to variability in size of the patient and indi-
vidual organs, growth patterns, and differences in hormonal
and endocrine activity, among other factors [63]. This work
sought to understand the feasibility of assessing if peripheral
blood mononuclear cells could represent a potential dosi-
metric tool for monitoring the effects of ionizing radiation
to better understand these behaviors.

There are multiple limitations to this preliminary study
which should be acknowledged for appropriate interpretation
of our results. Our sample size was limited (although signifi-
cant for pediatric studies), requiring larger scale studies for
validation. Timing of sample collection, which was chosen
to minimize procedural interference and maximize patient
safety, impacted the ability to capture the complexities of
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temporally sensitive events and should be expanded in future
research to include multiple sampling points to better inform
the evolution of radiation response and optimal response
timepoint. The inclusion criteria, allowing a wide range
in patient age (2—18), combined with small numbers, and
by chance a larger proportion of older children, precluded
identifying potential unique susceptibilities and responses to
radiation exposure within different age groups. We assessed
biomarkers in PBMC using established protocols and mini-
mal patient invasiveness; however, the translation of local
damage to systemic/circulatory stress is not fully under-
stood. Additionally, the use of circulating PMBC resulted
in only a fraction of the total cell population being exposed
to the radiation field at any one time. Lastly, the non-stand-
ardized anesthetic regimens may represent a source of inter-
individual variability in cellular stress, as general anesthetics
can induce multiple cellular lesions including mitochondrial
[64] and endoplasmic reticulum [65] dysfunction. Although
not entirely standardized, all patients received a sevoflurane
and narcotic-based anesthetic, substantially reducing the
potential of the anesthetic in effecting our results.

Future investigations would benefit from including addi-
tional post-procedural collection points (e.g., 12/24/48 h or
days/weeks post-radiation) to better understand the temporal
evolution of the radiation response at both acute and chronic
phases. While there were no observable short-term adverse
effects identified in this cohort, expanding monitoring/
collection point sampling may allow correlation between
biomarkers and post-procedural outcomes, including assess-
ment of long-term risk. Inclusion of other sample types in
our analysis (e.g., buccal mucosal cells) would be informa-
tive to understand local vs. general effects of radiation expo-
sure. Additionally, our results suggest that the use of protec-
tive agents may be appropriate to mitigate radiations effects,
which warrant future investigation.

This work described the radiation response in a sample of
pediatric patients undergoing neuroangiography using mul-
tiple biomarkers in PBMC. Dose assessment strategies are
critical for monitoring cellular response to radiation expo-
sure, and evaluating the effectiveness of protective strategies,
which optimally balance sufficient dose and acceptable toxic
health effects. To this end, our results add another aspect in
our understanding and ability to monitor cellular responses
to radiation exposure, as well as support the potential use of
mitochondrial-targeted radioprotectants.

Conclusion

This study provides preliminary evidence that biomarkers of
mitochondrial stress in peripheral blood mononuclear cells
are detected at radiation exposure levels encountered dur-
ing clinical pediatric neuroangiography. However, isolating
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radiation-specific effects from those of procedural stress and
general anesthesia requires further investigation.
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