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OBJECTIVE

Ionizing radiation produces reactive oxygen species that may affect biomolecular integrity, but its impact
on routine biochemical test accuracy is unclear. This study evaluated the analytical stability of common
biochemical parameters in serum control materials following therapeutic photon irradiation.

METHODS

Commercial multi-analyte serum control solutions were irradiated with 6 MV photons at doses of 1.5-
24 Gy using a clinical linear accelerator (LINAC). Thirty routinely tested biochemical parameters were
analyzed on the Abbott Alinity ¢ system. Each dose level was tested in 20 technical replicates, and per-
centage bias (%) from the reference value was calculated.

RESULTS

Radiation exposure caused no meaningful deviations in 96% of analytes, with all bias values within
+6%. Liver enzymes (AST, ALP, GGT, LDH) and other enzymatic markers (CK, amylase, lipase, CK-
MB) showed excellent stability. Renal (urea, creatinine, uric acid), lipid (cholesterol, triglycerides, HDL,
LDL), and electrolyte parameters (Na*, K', CI', Ca®*, Mg®", phosphate) remained unaffected. The only
dose-dependent change was a ~10% decrease in total bilirubin at 24 Gy, consistent with its known light-
and radiation-sensitive chromophore.

CONCLUSION
Serum control materials retained analytical integrity under photon doses up to 24 Gy. Except for biliru-

bin, all routine assays demonstrated excellent analytical stability, confirming that therapeutic radiation
does not compromise biochemical test reliability.
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INTRODUCTION

Radiotherapy (RT) is a cornerstone of modern onco-
logic management, administered to more than half of

all cancer patients during the course of their disease.
Approximately 40% of cancer cures are attributed to
RT, highlighting its critical role in multidisciplinary
cancer care.[1,2]
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The radiobiological mechanisms governing tumor
and normal tissue responses to ionizing radiation have
been extensively characterized, and both the acute and
late adverse effects of RT are well documented.[3,4] In
contrast, the potential physicochemical effects of ra-
diation on body fluids—such as serum and plasma—
remain relatively underexplored. While the biological
consequences of radiation require cellular or tissue
context, ionizing radiation can also induce chemical
changes in aqueous systems through ionization, oxida-
tion, and free radical generation.[5,6] It is therefore un-
clear to what extent these processes may influence the
stability or measurement accuracy of routinely used
clinical chemistry and immunoassay parameters in
quality-control materials or plasma-based specimens.

Understanding these effects is essential because
such materials are widely utilized in daily internal
quality control and external proficiency testing across
clinical laboratories. Moreover, accurate interpretation
of laboratory data by clinicians during RT is equally
important to avoid potential misinterpretation of treat-
ment-related biochemical variations.

Therefore, this study aimed to systematically evalu-
ate the analytical stability and bias characteristics of a
commercially available multi-analyte serum control
solution exposed to escalating doses of therapeutic
photon radiation. By analyzing 30 representative bio-
chemical parameters following irradiation at doses
ranging from 1.5 to 24 Gy, we sought to determine
whether radiation exposure affects the accuracy, pre-
cision, or clinical interpretability of laboratory results
under controlled experimental conditions.

MATERIALS AND METHODS

Study Design and Materials
To eliminate potential confounding factors related to
diet, drug use, or herbal supplements commonly pres-
ent in human samples, this study utilized commercially
produced serum-mimicking control solutions instead of
human blood. These synthetic matrices replicate the bio-
chemical environment of serum or plasma while being
free from biological variability and interfering substances.
A multi-analyte control solution (Multichem IA
Plus; Abbott, Wiesbaden, Germany; lot no. 37109220)
was selected, containing 86 analytes spanning mul-
tiple diagnostic categories, including biochemical, re-
productive and thyroid hormones, steroid hormones,
cardiac and anemia markers, therapeutic drug levels,
and tumor markers. Although the control material in-
cluded 86 analytes, only 30 routinely used biochemical
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parameters that are most commonly applied in daily
clinical practice were analyzed in this study.

Since the investigation involved no human or an-
imal-derived samples, ethics committee approval was
not required.

Sample Preparation and Irradiation

For each radiation dose, a single aliquot of control solu-
tion (n=1) and one non-irradiated control (n=1) were
prepared. Radiation doses of 1.5, 1.8, 2, 3.2, 5, 8, 10, 18,
and 24 Gy were selected to represent conventional (1.5-2
Gy), hypofractionated (3.2-5 Gy), and stereotactic abla-
tive (>8 Gy) regimens. The non-irradiated aliquot served
as the reference control. Equal volumes of each aliquot
were sealed to prevent evaporation and contamination,
then positioned at the isocenter of a clinical linear accel-
erator (TrueBeam, Varian Medical Systems, USA).

Prior to irradiation, the dose distribution was veri-
fied in the treatment planning system (TPS) using a
solid-water phantom model under identical conditions
[source-to-surface distance (SSD)=100 cm, 10x10 cm?
field] to confirm dose uniformity across the sample re-
gion. Since the TPS provides a calculated rather than
a directly measured dose, an additional reference ion
chamber verification was performed in a solid phan-
tom at the corresponding depth (5 cm water-equiva-
lent). The measured and calculated doses agreed within
+2%, confirming the accuracy of the delivered dose.

Irradiations were delivered using a 6 MV photon
beam at a dose rate of 600 cGy/min with a 10x10 cm?
field and a SSD of 100 cm. For the horizontal vial ge-
ometry (outer diameter = 12 mm), a 1 cm water-equiv-
alent bolus was placed on top of the vial, yielding an
effective entrance depth of approximately 1.6 cm to
the vial center — near dmax for 6 MV photons. This
configuration ensured practical charged-particle equi-
librium at the analyte location. The SSD was set to 100
cm at the bolus surface, and the cGy/MU factor was
verified under the same geometry.

All aliquots were kept under the same room con-
ditions before and during irradiation, and irradiated
samples were analyzed within one hour after exposure.
No active temperature monitoring was performed dur-
ing irradiation; however, because of the small sample
volume, sealed vial setup, and short irradiation times,
all samples were handled in a standardized manner to
minimize preanalytical variability. To minimize poten-
tial bilirubin photodegradation, all aliquots were ir-
radiated under dark conditions. Exposure to ambient
and direct light was minimized, and all samples were
handled using the same irradiation room setup.
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Fig. 1. Variation of total bilirubin (T-Bil) levels with increasing radiation dose.
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Analytical Procedures
The irradiated solutions were analyzed within one hour
after irradiation. Each irradiation dose level was repre-
sented by a single aliquot of control material, and the 20
replicate measurements reflected technical repeatability
of the analytical platform rather than independent biolog-
ical or experimental replicates. Therefore, the present de-
sign was intended to provide a descriptive assessment of
immediate analytical stability after irradiation, not a sta-
tistical comparison of independently replicated samples.
Biochemical assays were performed on the Abbott
Alinity c system (photometric, enzymatic, and ion-se-
lective electrode (ISE) methods), while immunoassays
were analyzed on the Abbott Alinity i module (che-
miluminescent microparticle immunoassay, CMIA).
Each analyte was measured using the manufacturer’s
routine calibrators and internal controls.

Data Processing and Bias Calculation

Each sample was analyzed in 20 technical replicates,
and results are presented as mean + standard deviation
(SD). Because each irradiation dose level corresponded
to asingle aliquot of the same control material measured
repeatedly, the dataset did not satisfy the independence
assumption required for inferential statistical testing.
Consequently, no hypothesis testing or p-values were
applied. Instead, analytical performance was assessed
descriptively using percentage bias (%Bias) to calculate
devia—tion rates from the target value. An bias of 10%
or more was considered clinically significant.

%Bias was calculated as:

Mean Meancomrol
x100

irradiated

Mean

%Bias=

control

RESULTS

Following irradiation of serum control solutions with
therapeutic photon doses ranging from 1.5 to 24 Gy,
biochemical analyses demonstrated that the majority
of the 30 evaluated parameters showed no measurable
analytical deviation compared with the non-irradiated
control. Radiation exposure exerted only a minimal in-
fluence on the analytical reliability of the tested assays.

When bias values were assessed across all param-
eters, 96% remained within ~+6%, indicating strong
analytical stability. The only analyte exceeding this
range was total bilirubin, which showed a bias of
-7.5% at 1.5 Gy and -10.4% at 24 Gy, indicating a
gradual dose-dependent decrease (Fig. 1). Measure-
ment precision and reproducibility were preserved
across all radiation doses, with no other parameters
displaying a dose-related trend.

Liver function enzymes [Aspartate aminotransfer-
ase (AST), gamma-glutamyl transferase (GGT), alka-
line phosphatase (ALP), and lactate dehydrogenase
(LDH); with bias values within ~+4%] remained stable
across all dose levels. Although ALT demonstrated a
7.4% reduction after 18 Gy relative to the control, this
change remained well within its allowable interference.

Enzymatic activity parameters including creatine
kinase (CK), amylase, and lipase showed consistent
results across all doses, with bias values within ~+3%,
indicating that protein conformations and catalytic
activity were preserved under irradiation. Creatine
Kinase-Myocardial Band (CK-MB) also remained
stable, with bias values within —5.8%, confirming no
clinically relevant variation.
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Renal function markers (urea, creatinine, and uric
acid) displayed complete analytical stability up to 24
Gy, with all bias values ~+6%.

Lipid profile components [total cholesterol, tri-
glycerides, high-density lipoprotein (HDL) and
low-density lipoprotein (LDL)] exhibited only mi-
nor fluctuations, with mean bias values within ~+39%,
which are clinically insignificant.

Electrolytes and minerals (sodium, potassium,
chloride, calcium, magnesium, and phosphorus) re-
mained constant at all dose levels, with bias ~%3%,
confirming that ISE-based measurements are highly
resistant to radiation effects.

Finally, total protein, albumin, and C-reactive pro-
tein (CRP) concentrations were unaffected by irradia-
tion, maintaining mean bias values within ~+3% rela-
tive to the control.

Summary table presenting mean+SD values and
bias percentages (%) for all 30 biochemical parameters
following exposure to radiation doses between 1.5 and
24 Gy is shown in Appendix 1.

DISCUSSION

This study provides novel insights into the physico-
chemical stability of serum control solutions exposed to
ionizing radiation at clinically relevant doses. Although
ionizing radiation is known to produce reactive oxygen
species and induce molecular changes in biological sys-
tems, the present findings show that, in acellular serum
control solutions, most routine biochemical analytes
remain analytically stable up to 24 Gy. Nearly all mea-
sured parameters showed bias values approximately
within +6%, well below the generally accepted bias, and
no consistent dose-dependent trends were observed
except for total bilirubin. Taken together, these findings
indicate that the molecular integrity of protein, lipid,
and metabolite analytes remains preserved under pho-
ton exposure (<24 Gy). Only bilirubin, characterized
by its conjugated chromophore structure, demonstrat-
ed measurable degradation, highlighting that radiolytic
sensitivity is highly dependent on molecular structure
as well as radiation dose alone.

The preservation of measurement accuracy across
diverse analytes—including enzymes, lipids, electro-
lytes, and acute-phase proteins—suggests that these
serum-mimicking control matrices are resistant to ra-
diation-induced degradation. On the other hand, ion-
ized water molecules rapidly undergo proton transfer
to produce H;O" and ®OH, while free electrons simul-
taneously lose energy and become hydrated electrons
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— representing the initial stage of radiation-induced
chemical reactions.[5] Our interpretation is consis-
tent with contemporary radiation chemistry showing
ultrafast formation of OH- and e_aq, while sustained
radical propagation typically requires cellular catalysts
absent in acellular matrices.[7] Also, it has previously
been reported that, following gamma sterilization at
high doses, various small chemical biomarkers re-
tained more than 90% of their recovery in commercial
serum, plasma, and urine samples.[6]

Selective bilirubin decline in our study aligns with
wavelength-dependent photodegradation kinetics pre-
viously described in vitro. The y-dose-dependent bili-
rubin breakdown and reduction of the 415 nm heme
peak reported by Martel et al.[8] are mechanistically
consistent with the modest, dose-dependent decrease
in total bilirubin observed in our report. The 6 MV
photon beam used in clinical RT corresponds to pho-
ton energies of approximately 2 MeV (~2x10° eV),
nearly one million times greater than those of visible
blue light photons (~2.7 eV at 460 nm). Although this
large energy difference may appear conceptually con-
fusing, the underlying mechanisms are fundamentally
different. While visible light primarily induces non-
ionizing photochemical reactions—such as chromo-
phore excitation and photo-oxidation—ionizing X-
rays act through direct ionization and the generation
of hydroxyl radicals ((OH) and other reactive oxygen
species that modify biomolecular structures via oxida-
tive pathways.[5] This distinction suggests that ana-
lytes containing conjugated chromophore structures
are inherently more susceptible to light-induced than
radiation-induced degradation.[9] Also, in our study,
the ~10% change in bilirubin occurred only at the
highest dose level (24 Gy). Therefore, it cannot be con-
sidered clinically significant. A dose of 24 Gy is com-
monly used in vertebral SRS treatments; however, a
steep dose fall-off occurs around the defined target vol-
ume, meaning that direct exposure of body fluids to the
full 24 Gy dose is unlikely in most clinical scenarios.
Nonetheless, testing such upper-bound doses provides
valuable insight into the robustness of analytical sta-
bility, extending beyond clinically encountered scatter
levels. Moreover, the 7.5% bias observed even at 1.5 Gy
suggests that radiation may still exert a subtle but mea-
surable effect. Clinicians should be aware that bilirubin
may show mild susceptibility to radiation-associated
degradation compared with other routine analytes.

Among the 30 biochemical parameters analyzed,
the majority consisted of enzymes and proteins such as
AST, ALT, ALP, GGT, CK, LDH, amylase, lipase, and al-
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bumin. These macromolecules are composed of amino
acid chains and contain catalytically active residues that
could theoretically undergo oxidation or denaturation
after ionizing radiation exposure.[10] However, in our
acellular, buffered control matrices, no significant alter-
ation was observed. The absence of intracellular metal
ions, thiol-rich environments, and continuous radical
regeneration—conditions normally present in living tis-
sues—likely prevented hydroxyl radical propagation and
thus protected the tertiary and quaternary structures of
these proteins from radiation-induced unfolding.[11]

Similarly, non-enzymatic protein derivatives such
as urea, creatinine, uric acid, and total protein re-
mained stable after irradiation. These small molecules
possess compact chemical structures with no extended
conjugated double-bond systems, rendering them rela-
tively resistant to radiolytic fragmentation.[11]

Lipid-related parameters—including cholesterol,
triglycerides, HDL, and LDL—also showed analytical
stability. Although lipids are susceptible to peroxida-
tion through radical chain reactions in biological mem-
branes, such processes require sustained oxygenation
and catalytic metal ions, which are absent in the serum
control solutions used here.[12] Similarly, glucose and
other carbohydrate components were unaffected, as
radiolytic radicals generated in aqueous media rapidly
dissipate before inducing glycosidic bond cleavage.[13]

Electrolytes and inorganic ions (Na*, K*, Cl', Ca*',
Mg**, Fe) are elemental species and therefore not sub-
ject to chemical decomposition; their measured con-
centrations remained unchanged across all dose levels.

In clinical settings, patient samples and quality con-
trol materials are typically exposed only to very low lev-
els of scattered radiation, generally within the milligray
(mGy) to sub-gray (<1 Gy) range. The present study
employed a dose spectrum of 1.5-24 Gy, representing
the upper bound of potential exposure and designed
to assess measurable analytical effects under controlled
conditions. Nevertheless, the lowest dose of 1.5 Gy may
approximate the theoretical upper limit of scatter doses
that could occur near the irradiation field, especially
during high-dose or repeated treatment sessions. Even at
this near-threshold level, no meaningful analytical devia-
tions were observed, supporting the robustness of most
biochemical assays. Previous work has also reported that
many routine biochemical analytes remain highly stable
under various storage conditions over time.[14]

Several limitations should be acknowledged. First,
each dose group was represented by a single aliquot,
and the 20 replicate measurements corresponded to
technical repeatability rather than independent ex-
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perimental replicates. Accordingly, the present findings
should be interpreted as a descriptive assessment of im-
mediate analytical stability rather than a formal statis-
tical comparison of independently irradiated samples.

Second, temperature was not continuously monitored
during irradiation, although all samples were handled
under standardized room conditions and analyzed within
the same time window. Third, because bilirubin is known
to be photosensitive, irradiation was performed under
dark conditions to minimize photodegradation; nev-
ertheless, strict standardization of ambient lighting and
LINAC setup conditions remains important for future
studies specifically investigating bilirubin degradation.

Finally, the use of commercial serum control ma-
terial, while advantageous for minimizing biological
confounding, may limit direct extrapolation to human
serum or plasma. Future studies should therefore in-
clude multiple independently prepared aliquots, eval-
uate lower-dose exposures under clinically relevant
scatter conditions, and incorporate human-derived
samples with extended post-irradiation follow-up to
improve translational relevance.

CONCLUSION

This investigation confirms that exposure of serum
control solutions to photon radiation up to 24 Gy does
not significantly affect their biochemical integrity or
analytical reliability, while highlighting the importance
of protecting light- and radiation-sensitive analytes
such as bilirubin. Overall, these findings reinforce that
biochemical control materials retain analytical reliabil-
ity even under photon irradiation at therapeutic levels,
supporting their safe use in clinical laboratory and RT
quality assurance settings.
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