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Dosimetry: Was and Is an Absolute Requirement for
Quality Radiation Research

Daniel Johnson, H. Harold Li, Bruce F. Kimler1

Department of Radiation Oncology, University of Kansas Medical Center, Kansas City, Kansas 66160-7321

Johnson D, Li HH, Kimler BF. Dosimetry: Was and Is an
Absolute Requirement for Quality Radiation Research. Radiat
Res. 202, 102–129 (2024).

This review aims to trace the evolution of dosimetry, high-
light its significance in the advancement of radiation research,
and identify the current trends and methodologies in the field.
Key historical milestones, starting with the first publications in
the journal in 1954, will be synthesized before addressing con-
temporary practices in radiation medicine and radiobiological
investigation. Finally, possibilities for future opportunities in
dosimetry will be offered. The overarching goal is to emphasize
the indispensability of accurate and reproducible dosimetry in
enhancing the quality of radiation research and practical
applications of ionizing radiation. � 2024 by Radiation Research Society

INTRODUCTION

Radiation dosimetry is an integral aspect of radiation
research. It is the essential link between physical measure-
ments and biological effects, underpinning the efficacy,
safety, and development of radiation biology and radiation-
based medical practices. We present a comprehensive
exploration of dosimetry’s vital role in radiation research,
tracing its history, present application, and forward-looking
prospects, emphasizing the indispensable nature of accurate
dosimetry in ensuring the quality and safety of radiation
research and practice.
As dosimetry is the quantitative measurement of the

energy imparted by ionizing radiation to matter, it remains
an absolute necessity in radiation research, ensuring the
accuracy of dose delivery and allowing for the rigorous
assessment of radiation’s biological effects. It involves
determining the quantity of absolute dose, or the amount of
radiation energy absorbed per unit mass of an object and
seeks to establish the correlation between the physical
properties of radiation and its observed effects on biologi-
cal systems (1). Clinical radiation medicine relies heavily

on dosimetry to optimize radiation therapy treatments, pro-
tect patients and personnel from undue exposure, and
advance scientific understanding in radiobiology, radiation
chemistry, and radiation physics.
The importance of radiation dosimetry to clinical medi-

cal physics is multifaceted. Accurate dosimetry enables the
translation of radiation measurements into meaningful dose
quantities that can be compared against biological out-
comes, such as cellular damage and repair, carcinogenesis,
and other critical endpoints.
While the advantages gained through the implementation

of diagnostic X ray and nuclear medicine imaging clearly
outweigh the risks posed by the ionizing radiation employed,
it is in the best interest of the patients to minimize this risk
through the minimization of dose. To this end, it is only
through the development of radiation detection tools and
techniques that the radiation utilized can be both quantified
and applied to predictive biological models.
In the realm of therapeutic applications, dosimetry is

essential for the planning and delivery of radiation treat-
ments. It ensures that the prescribed dose is delivered to the
target volume with high precision, while minimizing the
dose to surrounding healthy tissue and critical structures.
This precision is achieved through the use of sophisticated
dosimetry techniques and advanced computational algo-
rithms that account for the complex interactions of radia-
tion with matter.
Dosimetry plays a pivotal role in the development and

implementation of radiation protection guidelines. Dosi-
metric data is used to design shielding, establish safety pro-
tocols, and monitor environmental and personnel exposure
to comply with regulatory standards. It’s also instrumental
in the quality assurance processes of radiotherapy equip-
ment, verifying that machines operate within specified
parameters.
Current dosimetry methods employed by medical physicists

include but are not limited to ionization chambers, thermolumi-
nescent dosimeters (TLDs), optically stimulated luminescence
dosimeters (OSLDs), semiconductor detectors, and neutron
detectors. Each of these methods offers different advantages in
terms of sensitivity, energy dependence, and the range of doses
they can accurately measure. Selection of a dosimetry system
depends on the specific application, such as in vivo dosimetry,
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which provides real-time dose measurements during patient

treatment, or passive dosimetry, used for monitoring occupa-

tional exposure over time.
Common clinical dosimeters are described and compared

in Table 1.
Dosimetric measurements form the basis for radiation

dose-response models, which predict the risk associated

with various levels of exposure. This modeling is crucial

for setting safety standards and determining the probability

of radiation-induced effects in both diagnostic and thera-

peutic contexts.
The significance of dosimetry also extends to research

and development, guiding the creation of new radiation-

based medical technologies and therapies. It provides the

empirical data needed to validate theoretical models of

radiation interaction with biological tissues and to refine

computational dosimetry models, such as Monte Carlo

simulations.
This literature review aims to encapsulate the evolution

of dosimetry as a discipline, highlight its significance in

the advancement of radiation research, and identify the cur-

rent trends and methodologies in the field. The review will

synthesize key historical milestones, analyze contemporary

practices, and project future directions in dosimetry. The

overarching goal is to underline the indispensability of

dosimetry in enhancing the quality of radiation research

and its applications.

Dosimetry in the Early Years of Radiation Research

Starting with the first paper (2) in the first issue of the new
journal Radiation Research in 1954, an appreciation of the
need for dosimetry of ionizing radiations was firmly estab-
lished in this developing field. Of the additional 24 papers in
the first three issues, eight dealt with the measurement of
radiations from a physical standpoint (e.g., neutrons vs. pho-
tons) or involved aspects of radiation chemistry (e.g., yields
of free radicals in water) that were integral to the chemical
dosimetry methods available at the time.
In his “Introductory Remarks on the Dosimetry of Ioniz-

ing Radiations”, based on a talk in a symposium on Physi-
cal Measurements in Radiobiology at the 1953 meeting of
the Radiation Research Society, Ugo Fano presented the
current state of the art regarding the measurement of physi-
cal effects of exposure to radiation. He considered the “job
as done” if two goals could be achieved.
The first requirement for acceptable dosimetry was a state-

ment that “This material has received from ionizing radiation a
dose of x ergs (unit for energy)/gram at the point of interest”.
This represented the concept that had been developing in pre-
ceding years that a measurement simply of the number of ioni-
zations in a volume would not suffice. That is, there was a
need to move beyond the roentgen (R), which had been used
since 1928 as a unit of exposure and defined as the amount of
radiation that would result in one electrostatic unit of charge in
a 0.001293 g of air (at 08C and one atmospheric pressure). To

TABLE 1
Common Clinical Dosimeters

Detector type

Ionization chambers

(Farmer/Micro) Diodes MOSFET Diamond Scintillators

Luminescent

Dosimeters

RadioChromic

Film/Gel

Mechanism of action Ionized gas creates

electron-ion
pairs, charges

are subsequently
collected before
recombination.

Deposited radiation

energy creates
electron-hole pairs

via an intrinsic
bias of the pn
junction in diodes.

Electron-hole pairs are

created in a silicon
dioxide layer

sandwiched
between a source
and drain, made of

P-type
semiconductor and

a gate made of N-
type

semiconductor.

Schottky diode: after

irradiation, electrons
and holes drift within

intrinsic electric field,
this induces a current
signal in the readout

electronics

Excited states within

scintillator decay,
producing visible

light; subsequently
converted into an
electric signal in a

photodetector

Radiation creates electron-

hole pair, these are
trapped until light

(OSLD) or heat (TLD)
dislodges the hole,
releasing a light

signal.

Monomers of the

sensitive element
undergo

polymerization via
ionizing radiation,
creating changes

of color
proportional to the

quantity of energy
deposited.

Energy of interaction 33 eV/ion pair 3.6 eV/electron-hole
pair

3.6 eV/electron-hole
pair

3.6 eV/electron-hole pair »3 eV/scintillation photon »1-2 eV/ electron-hole
pair (LiF), 2-4 eV
(Al2O3)

Varies with chemistry

Energy dependence Small Moderate Moderate Small Moderate Moderate Moderate

Angular dependence Small Moderate Moderate Small Small Moderate Moderate

Lateral size Moderate/Small Small Small Small Small Small Small

Depth size Moderate/Small Small Small Small Small Small Small

Tissue equivalency Depends Moderate Moderate Good Good Moderate Moderate

Signal strength Moderate/low High High High High Moderate Depends

Electrometer bias (V) 300 0 N/A 0 N/A wireless wireless

Dose rate dependence Low Moderate Moderate Moderate Low Low Low

Reading time Fast Fast Fast Fast Fast Slow Slow

Waterproof Depends Yes Yes Yes Yes Yes Yes

Dose linearity Good Good Good Good Good Moderate Poor

Radiation hardness Good Moderate Moderate Good Good Moderate N/A

Accuracy (corrected) Excellent/good Good Moderate Good Good Moderate Moderate

Typical clinical use Calibration/small
field

characterization

Small field
characterization

In vivo dosimetry Small field
characterization

Small field
characterization

In vivo dosimetry/
personnel monitoring

Fluence
characterization/

geometric testing

Manufacturers IBA, PTW, Exradin,
Sunnuclear

IBA, PTW, Exradin,
Sunnuclear

SunNuclear/Best
Medical

PTW Exradin/Blue Phyiscs Landauer/Mirion/Thermo
Fisher Scientific

Ashland

Reference: Sutlief, S, “Introduction to Radiation Detectors,” AAPM Spring Clinical Meeting, St. Louis, MO, March, 2024.
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accommodate radiation absorption in a realistic biological
material rather than air, water was a convenient standard. And
defining a dose as the amount of energy that would be depos-
ited in a set volume of water by one roentgen of radiation was
likewise convenient. Given water’s unit density, this allowed
ready expression of energy absorption in units of erg/g, with
typical values for the radiations being studied in the neighbor-
hood of 80–90 erg/g. To make it even more convenient, the
unit of the rad (radiation absorbed dose) was recommended by
the ICRU in 1953 with its definition of 100 erg of energy
absorbed per gram. As this system used cgs units [cm (centime-
ter), g (gram), s (second)], and with the movement to the mks
system [lengths in meters, mass in kilograms, time in seconds]
in 1975, a unit equivalent to one joule-kilogram of tissue
became the SI unit for absorbed dose, enabling a universal stan-
dard that could be applied in both diagnostic imaging and radi-
ation therapy. In recognition of Hal Gray’s seminal work in the
area of dosimetry the new unit was named the gray (Gy). Since
1 Gy ¼ 100 rad, conversion of units (and prior results) was an
easy matter.
In 1953, a measurement of energy deposited in a mass

that could be derived from measurements of ionizations in
air would suffice regardless of the composition of that
mass as long as the mass was homogeneous at the level of
ionizations provided X rays are the radiation source. For X
rays typically in the range of a few hundreds of keV, two
measurement approaches were available, both depending
on the assessment of ionizations produced in a cavity. As
detailed in the third paper in the first issue, Leonidas
Marinelli provided background rationale, as well as the
conditions for use of open-air ionization chambers and the
thimble air-ionization chamber (3). The former was most
reliable for X-ray energies below 200 keV (commonly in
use at the time) while the latter would be preferred at
higher energies. Marinelli not only gave detailed instruc-
tions for the optimum geometry of source, absorber, and
dosimeter that should be employed by the radiobiologist,
but also the accommodations that could be made to con-
form to non-optimum experimental requirements. Although
the dose deposited by exposure to 1 R would vary slightly
depending on incident photon energy, the design of an
open-air chamber or the composition of the thimble wall,
and also the density of the biological mass under consider-
ation, the factors to describe these fluctuations were well
known both theoretically as well as from empirical observa-
tion. By paying attention to the numerous requirements and
cautions about the performance of the measurements, a
radiobiologist could be reasonably confident in obtaining an
accurate and precise value for energy absorption in erg/g.
The situation was not so clear cut if radiations other than

X rays were employed. Especially in the case of neutrons
which were a hot topic of investigation in the 1950’s, Fano
added a second requirement: “and this energy has been dis-
sipated along the tracks of charged particles with a linear
energy transfer (LET) of y Mev/(gm/cm2)”. That is, not
only the amount of energy absorbed but also where it was

deposited at the microscopic level. This concept was taken

up by Burton Moyer in the second paper of the issue where

he discussed “Neutron physics of concern to the biologist”

(4). In contrast to the relatively simple considerations for

absorption of energy from monochromatic X rays in a

homogeneous medium, neutrons were far more complex in

the energy deposition. And correspondingly, many more fac-

tors needed to be included in the increasingly complex set of

measurements, with a broader range of instruments and tech-

niques, that were required to provide reliable determinations

of LET. Unfortunately, at the time, the required measure-

ments of neutron flux and spectrum were characterized as

“physics research projects rather than unambiguous observa-

tions to be made with conventional equipment”.
Given the above state of the art for determination of

LET, it is not surprising that Fano commented regarding

his two requirements that “This goal of dosimetry has

hardly ever been attained yet”. But he followed this pessi-

mistic assessment with “In the majority of radiobiological

research problems one probably need not even try to

approach this goal.” Probably a valid conclusion given that

most radiobiological researchers were employing X rays

where dosimetry could be adequately accomplished with

standardized and readily available ionization chamber

instruments. And where neutrons were being studied, it

was in major physics research centers where physicists

with specific expertise in neutron physics and dosimetry

were likely to be available. None-the-less, Fano did seek to

educate the radiobiologist as to how low an accuracy for

dosimetry would be sufficient, as well as the experimental

situations where it would be reasonable to not expend

greater effort on more precise dosimetry. But even given

this latitude, it was accepted that reliable, reproducible, and

adequately accurate dosimetry was a foundational require-

ment for high quality radiobiological research.

HISTORICAL PERSPECTIVE OF DOSIMETRY

In the sphere of radiation research, dosimetry stands as a

foundational pillar, ensuring the efficacy and safety of thera-

peutic and diagnostic applications. It’s an area that has

evolved significantly since the 1950s, adapting to the tech-

nological advancements and the ever-increasing complexity

of radiation-based treatments. This expansion necessitates a

deeper exploration of the historical perspective, key figures,

and pivotal moments that have shaped dosimetry into an

indispensable tool in radiation research.

Early Methods of Radiation Measurement

The history of dosimetry traces back to the late 19th cen-

tury following the discovery of X-rays by Wilhelm Conrad

Röntgen. Initially, dosimetry was rudimentary, relying on

simple devices such as electroscope-based ionization cham-

bers which provided a basic measure of exposure through ion-

ization of air (5). As ionizing radiation began to be employed
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in medical treatments, the need for more sophisticated mea-
surement techniques became clear.

Advent of Dosimetry Post X-rays Discovery

The medical application of X rays spurred the develop-
ment of dosimetric methods. Skin erythema was an early
biological indicator of radiation exposure; however, it was
a crude and unreliable method leading to the use of dosime-
ters that could provide quantitative measurements. The adop-
tion of film badges in the 1920s allowed for more accurate
monitoring of occupational exposure over time, although they
too had limitations in terms of dose range and energy depen-
dence (1).

Impact of World Wars on Dosimetry Advancements

The World Wars catalyzed rapid advancements in dosim-
etry, driven by the increased use of radiation in medicine
and the need for protective measures against the effects of
nuclear weaponry. Research during this period led to the
development of more advanced dosimeters capable of mea-
suring high radiation doses and various types of radiation,
including neutrons, which were a focus due to their produc-
tion in nuclear fission (6).

The Roentgen Era and Standardization Efforts

The Roentgen era was marked by the adoption of the
roentgen unit as the standard measure of X-ray and
gamma-ray exposure. This unit was insufficient for
expressing the energy deposited in biological tissue, lead-
ing to the development of new units such as the rad and
subsequently the gray, which took into account the energy
absorbed per unit mass, providing a more direct correlation
with biological effects (7).

Contributions of Key Figures in Dosimetry

The contributions of Marinelli and Fano to the field of
dosimetry have been pivotal, establishing foundational
principles and methods that underpin modern radiation
measurement and safety protocols. Their work in the mid-
20th century provided essential guidance in understanding
the complex interaction of radiation with matter and set
standards that are still referenced today.
Marinelli’s seminal work on cavity chamber theory offered

a new perspective on dose measurement, which became cru-
cial for the calibration of radiation therapy equipment. His
insights into the energy-dependent responses of dosimeters
laid the groundwork for more accurate and reliable dose mea-
surements. The cavity theory helps account for the variations
in energy deposition in different materials, guiding the
dosimetry used in both diagnostic radiology and therapeutic
radiology (8).
Ugo Fano’s contributions were equally significant, particu-

larly in his development of the concept of LET, which
describes the energy released by ionizing radiation as it travels
through matter. Fano’s work on radiation quality, quantifying

the ionization density along the tracks of charged particles, was
crucial for understanding the biological effects of radiation,
allowing for a better assessment of radiation risk and the effec-
tiveness of radioprotective measures (9).
Their collective efforts have not only influenced the

practice of dosimetry in clinical settings but also propelled
research in radiation protection and biophysical modeling.
Fano’s involvement in setting up dosimetric protocols
ensured that dosimetry could meet the scientific standards
required for reproducibility and accuracy, which are essen-
tial for translating laboratory research into clinical practice
(10).
The methodologies they developed and refined, including

the calculation of dose distributions and dosimetry parame-
ters using Monte Carlo simulations, are still relevant. These
simulations allow for the precise prediction of dose distri-
butions around various types of brachytherapy sources,
critical for the tailored treatment plans in modern radiother-
apy (11).
Together, Marinelli and Fano’s work established critical

dosimetric parameters such as radial dose functions and anisot-
ropy functions, which are integral to brachytherapy treatment
planning today. The detailed dose-rate distributions around
high dose-rate sources that they characterized provide the accu-
racy required in treatments that target very specific regions,
minimizing damage to surrounding healthy tissue (12).
Their legacy in the field of dosimetry continues to influ-

ence contemporary practices, ensuring that dosimetry
remains a precise and accurate science. The development
of dosimetric principles by Marinelli and Fano has been
crucial not only in enhancing the safety and efficacy of
radiation therapies but also in fostering further innovation
in the field. Their work exemplifies the rigorous scientific
inquiry and application that is the hallmark of high-quality
radiation research.

Technological Evolution and Computational Dosimetry

The 1950s were characterized by significant advancements
in dosimetry technology. Innovations included the develop-
ment of portable and more sensitive ionization chambers,
improvements in photographic dosimetry, and the introduc-
tion TLDs, which expanded the capability to measure and
record dose information over time (13).
As computer technology advanced, so did computational

dosimetry, employing complex algorithms to simulate radi-
ation transport and interaction in the human body, further
refining dose calculation and planning in radiation therapy
(14). The adoption of Monte Carlo simulations represented
a significant leap forward in dosimetry, allowing for highly
accurate three-dimensional dose distributions that could be
tailored to the patient’s anatomy (15).

Contemporary Dosimetry and Personalized Medicine

Today, dosimetry is integral to the practice of personal-
ized medicine in radiation therapy, where dose distribution
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can be precisely modeled and delivered, maximizing the
therapeutic ratio. Innovations such as real-time in vivo
dosimetry and adaptive radiation therapy rely heavily on
accurate dosimetric data to adjust treatment plans dynami-
cally based on the actual dose delivered during each ther-
apy session (16).

EVOLUTION OF ABSOLUTE DOSIMETRY:
TECHNOLOGICAL ADVANCEMENTS

The evolution of dosimetry from the 1950s to 2024
reflects the profound impact of technological advance-
ments on the field of radiation therapy. At the heart of this
evolution lies the concept of absolute dosimetry, the preci-
sion quantification of the dose delivered by radiation
sources, which is indispensable for ensuring accurate and
safe delivery of radiation therapy in medical settings.
Absolute dosimetry has traditionally relied on three mea-
surement techniques: calorimetry, Fricke dosimetry, and
ionization chamber measurement.

Ion Chamber: The Pinnacle of Absolute Dosimetry

The ionization chamber, a cornerstone in the arsenal of
dosimetric tools, operates on the principle of charge collec-
tion via radiation induced gas ionization. It facilitates the
direct determination of the absolute dose by collecting
charge carriers produced within its sensitive volume—thus,
serving as a bridge between the radiation field and the
quantifiable dose metrics.

Cavity Theory

Cavity theory, fundamental to ionization chamber dosim-
etry, has evolved significantly from its inception by L.H.
Gray and W.H. Bragg, known as the Bragg-Gray cavity
theory, to more contemporary adaptations such as the
Spencer-Attix cavity theory. The Bragg-Gray theory posits
that a small gas-filled cavity within an irradiated medium
can be used to infer the absorbed dose from the charge pro-
duced by secondary charged particles (protons, a-particles,
and recoil nuclei) crossing the cavity without disturbing the
charged particle fluence(17). This method relies on the cav-
ity being sufficiently small relative to the range of the
charged particles to avoid perturbation of the medium’s
electron field.
Further refining this approach, Spencer and Attix intro-

duced modifications that account for scenarios where the
cavity size is comparable to or larger than the range of the
secondary particles, addressing the changes in energy flu-
ence over the cavity volume. Their theory adjusts for the
differences in the charge particle spectrum across the cavity
and emphasizes the stopping-power ratio, which is crucial
for calculating the dose delivered to the gas relative to the
surrounding medium (18). These modifications are pivotal
in scenarios where charged particle equilibrium does not
apply, such as near interfaces between different media or at
the edge of a beam.

Monte Carlo simulations have played a crucial role in evalu-
ating and confirming the stopping-power ratios, a fundamental
component in ion chamber dosimetry (19, 20). These simula-
tions have shown a high degree of agreement (to about 0.1%)
in stopping-power ratios, provided the same data sets are used,
underscoring the precision required in dosimetric calculations.
Despite this precision, historical discrepancies due to varied
electron stopping power-data sets have caused significant con-
fusion, a problem now largely resolved by the adoption of stan-
dardized data from ICRU Report 37 based on Berger and
Seltzer’s work at NIST (21).
However, practical challenges remain in the field due to

the non-ideal nature of real ion chambers. These chambers
often require complex calibration protocols to accurately
measure dose. The AAPM Task Groups 21 and 51 have
addressed these challenges through standardized calibration
protocols that consider additional factors such as beam
quality, temperature and pressure corrections, and dose gra-
dient effects. For cylindrical ion chambers, in-phantom cal-
ibration factors are applicable with the central axis of the
chamber at the measurement point. For plane-parallel
chambers, the measurement point is considered to be the
inside face of the front window, ensuring accuracy across
varying experimental setups and conditions (22, 23).

Calibration Standardization

In the early days of radiation research, calibration protocols
were non-existent for radiation-producing devices. It wasn’t
until the SCRAD2 (1971) and ICRU #213 (1972) that proto-
cols for photon and electron beams were established, later
refined by the AAPM Task Group 21 in 1983 (TG-21) and
simplified by TG-51 in 1999. These protocols, with their inter-
national counterparts such as the IAEA TRS 398, set the stage
for a unified approach to dosimetry across borders (24).

Lower Energy X-Ray Systems

The use of keV delivery systems in radiation biology and
preclinical radiobiology necessitates an intricate understand-
ing of X-ray irradiators and the dosimetric protocols that gov-
ern their operation. X-ray irradiators, typically operating
between 40–350 kVp, are fundamental for animal irradiation
studies due to their ability to achieve deep tissue penetration
and maintain dose uniformity across small subjects like nude
mice (25). The complexity of these systems is highlighted by
their reliance on multiple filters, such as aluminum and cop-
per, and variable source-to-surface distances that can signifi-
cantly affect beam quality and dosimetric accuracy.
The dosimetric evaluation of these systems is guided by

the American Association of Physicists in Medicine
(AAPM) protocol TG-61, which provides a framework for
the calibration and measurement of keV X ray systems
(25). This protocol involves the use of an ionization cham-
ber to measure air kerma, Kair, which is then converted to
dose to water using correction factors to account for the
energy and quality of the X ray beam. The half-value layer
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(HVL), measured with high-purity copper attenuators, serves

as a proxy for assessing the beam quality, determining air-

kerma calibration factors, and adjusting mass energy absorption

coefficients for dose conversion.
The application of TG-61, primarily designed for human

radiotherapy settings, presents several challenges when adapted

to preclinical irradiation scenarios. The protocol’s calibration

methods, either in-air or in-phantom, are skewed towards con-

ditions more typical of human treatment, such as narrowly

collimated beams and predefined field sizes. In contrast, pre-

clinical irradiation often involves larger, uncollimated fields

to accommodate multiple animals, leading to significant dis-

crepancies in dose distribution and increased field inhomoge-

neity (26). This results in animals at the periphery of the field

receiving doses up to 20% lower than those at the center,

complicating the interpretation of biological effects and the

reproducibility of experiments.
The standard calibration conditions stipulated by TG-61

do not account for the backscatter factor’s sharp increase

with field size or the scatter photon and electron contami-

nation from the X-ray cabinet, which becomes more pro-

nounced with larger fields. These factors contribute to a

systematic underestimation of the dose delivered to small

animals, as evidenced by studies comparing TG-61 derived

calibrations with MOSFET-based dosimetry, which have

shown underestimations in the range of 3–7% (27).
Given these substantial gaps between TG-61 guidelines

and the actual conditions in preclinical irradiation experi-

ments, there is a need for refreshed protocols and additional

in vivo dosimetry, aligning more closely to the specific

requirements of small animal studies. These adaptations

could include the development of correction coefficients

for wide-field irradiation and adjustments to calibration

practices that reflect the non-ideal, scattered environments

typical of preclinical labs. Such enhancements would sig-

nificantly improve the accuracy of dose measurements and

ensure that experimental outcomes are both reliable and

reproducible across different research settings.

The Quintessential Ion Chamber

The categorization of ion chambers into three distinct

types—Farmer, micro, and parallel plate—addresses the

varied demands of clinical and research dosimetry.

Farmer Chamber

The Farmer chamber, pioneered by Aird and Farmer in

1972 (28), is a thimble chamber revered for its robust con-

struction and versatility across different radiation qualities.

Its design, optimized for the measurement of high-energy

photon and electron beams, has become a staple in radiation

therapy clinics worldwide. The Farmer chamber’s utility lies

in its geometric design and material composition, which

ensure energy independence and a nearly water-equivalent

response—qualities essential for accurate dosimetry.

Micro Chamber

Micro chambers epitomize the finesse required in dosimetry
for small radiation fields. They are particularly valuable in the
realms of stereotactic radiosurgery and brachytherapy, where
their small sensitive volume allows for high-resolution mea-
surements in regions with steep dose gradients. The ability of
micro chambers to resolve intricate dose distributions ensures
the preservation of tissue-sparing techniques while optimizing
the therapeutic dose (29).

Parallel Plate Chamber

Preferred for their enhanced spatial resolution, especially
below 10 MeV, parallel plate chambers offer an unparal-
leled advantage in measuring dose distribution for electron
beams. Their narrow plate separation ensures a minimal
variation in beam intensity across the sensitive volume,
translating to precise dosimetry in clinical electron beams
(30).

Spherical Chambers

In the domain of radiation dosimetry, spherical ionization
chambers have established themselves as the paragon for
primary standard dosimetry, particularly for gamma-ray
beams from isotopes like Cobalt-60 (60Co) and Cesium-137
(137Cs) often used in industrial irradiator systems. Their
robust design principles and meticulously calibrated vol-
umes allow for an exceptionally uniform response to ioniz-
ing radiation, a vital attribute when establishing a primary
dosimetry standard. Spherical chambers are meticulously
crafted to uphold the integrity of air kerma measurements.
Their geometric symmetry ensures a uniform collection of
ionization charge, free from the angular dependency that
might afflict other chamber designs, thus offering a homog-
enous response irrespective of the direction of incident
radiation. Consequently, these chambers have become the
instruments of choice for creating a dosimetry baseline in
clinical settings, against which other measurement tools
can be calibrated and validated.
The significant variability in chamber volumes, ranging

from a few cubic centimeters to several thousand, caters to
a diverse spectrum of measurement contexts, from precise
benchtop calibrations to large-scale environmental dosime-
try. Notably, chambers with larger volumes, such as those
reaching 15,700 cm3, offer a greater mass of air for ioniza-
tion, thus providing enhanced sensitivity and lower noise
levels in measurement, critical for establishing a primary
standard in low-level radiation fields (31). The design of
these chambers often incorporates features to counter envi-
ronmental factors, such as temperature, pressure, and
humidity, which might otherwise influence the accuracy of
the dose measurement, thus ensuring reliability in a variety
of operational conditions (32).
The standard set by spherical ionization chambers is under-

pinned by rigorous metrological practices. These chambers
are calibrated against known physical quantities, with their
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measurements traceable to standards maintained by organiza-
tions like the National Institute of Standards and Technology
(NIST) in the United States. The confidence in dose delivery
and safety protocols that these chambers provide cannot be
overstated, as they ensure that patients receive treatment doses
that are both precise and safe, with minimal uncertainty.

Fricke Dosimetry

Utilizing ferrous sulfate solutions to measure radiation
doses has been integral in the field of radiation therapy and
safety. This method, based on the oxidation of ferrous ions
(Fe2þ) to ferric ions (Fe3þ) upon exposure to ionizing radia-
tion, offers a quantifiable approach to assessing absorbed
radiation doses. Traditionally relevant in the administration
of high dose rate brachytherapy with 192Ir sources, Fricke
dosimetry has facilitated advancements in cancer treatment
modalities. Introduced by Hugo Fricke and S. Morse in
1927, this dosimetric technique has evolved significantly
(33).
The method has undergone numerous refinements, incor-

porating advancements such as gel dosimeters in the 1980s
to measure spatial radiation dose distributions accurately.
Despite its benefits, challenges such as ion diffusion within
gel dosimeters have prompted further innovations. Studies,
such as those by P. Rosado et al. demonstrate Fricke dosim-
etry’s accuracy in determining the absorbed dose to water
for medium-energy X-ray beams, reinforcing its utility
across various radiation types (34). These advancements
underscore the method’s adaptability and its critical role in
the ongoing enhancement of radiation research techniques.

Calorimetry

Calorimetry, a pivotal method in dosimetry, offers precise
measurement of absorbed doses by relying on the thermomet-
ric detection of heat produced in a medium by ionizing radia-
tion. The fundamental principle underpinning calorimetry is
the direct relationship between the heat produced and the
energy absorbed from radiation, making it indispensable for
establishing absorbed dose standards. The evolution and
refinement of calorimetric techniques have significantly con-
tributed to advancements in radiation dosimetry, particularly
in the calibration of dosimeters and validation of dose deliv-
ery in radiotherapy. While these systems are valuable as first
principal dosimeters, they can be cumbersome in comparison
to ionization chamber-based alternatives. While unencum-
bered by wires and electrometer, the additional complexity of
calorimeters prevents them from being a mainstay within
medical environments.

Water Calorimetry

Water calorimetry serves as the primary standard for
absorbed dose measurements, capitalizing on water’s equiva-
lence to human tissue in terms of radiation interaction proper-
ties. The National Institute of Standards and Technology
employs a sealed water calorimeter, which uses a sealed glass

vessel encompassed by water within a phantom. This design
minimizes impurities and gas exchange, ensuring precise
measurements (35). The sealed water calorimeter’s advantage
lies in its ability to provide a highly controlled environment,
facilitating accurate determination of absorbed doses by mea-
suring temperature changes within a sealed water volume,
thus playing a crucial role in the calibration of ionization
chambers under Task Group 51 (TG-51) protocols (24).

Graphite Calorimetry

Graphite calorimeters measure the temperature change of a
graphite core, translating these measurements into absorbed
dose to water through analytical conversions. This technique,
tracing back to foundational work by Domen and Lamperti
(36), allows for the calibration of ionization chambers by mea-
suring absorbed doses in graphite and then converting these
measurements to equivalent doses in water. The historical sig-
nificance and continued use of graphite calorimeters in primary
standard laboratories underscore their reliability and precision
in absorbed dose measurements, despite the transition towards
more direct water-based methods in some contexts.

Innovations and Developments

Advancements in calorimetry aim to address challenges
in measuring doses under non-reference conditions, such as
in intensity-modulated radiation therapy (IMRT) treatments.
Innovations include the development of calorimeters capable
of direct absorbed dose to water determination in small and
complex radiation fields, thereby minimizing detector per-
turbations and thermal effects (37). Peer collaborations, such
as the commissioning of a sealed water calorimeter between
NRC and METAS, highlight the international efforts to
enhance dosimetric accuracy using 60Co c rays (38).
The adaptation of calorimetry to contemporary clinical

requirements is evident in the design of a prototype low-
cost secondary standard calorimeter by Bass et al. (39),
aimed at reference dosimetry with ultra-high pulse dose
rates. This innovation represents a shift towards developing
accessible, clinically relevant calorimetric solutions appli-
cable in FLASH radiotherapy.
Calorimetry’s evolution from graphite to water-based

systems, coupled with ongoing innovations, underscores its
fundamental role in radiation dosimetry. By providing a
direct measurement of absorbed dose, calorimetry enhances
the accuracy of dosimetric standards and plays a crucial
role in the calibration of dosimeters.

MODERN RELATIVE DOSIMETRY: TECHNIQUES
AND CLINICAL SYSTEMS

Relative dosimetry plays a pivotal role in the field of radia-
tion therapy. This discipline involves the comparison of doses
measured in different regions of a radiation field to a reference
dose, facilitating the precise calibration of dose distributions
essential for effective cancer treatment. The significance of rel-
ative dosimetry extends beyond clinical applications into the
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domains of radiation biology and scientific research, where
understanding the biological effects of radiation necessitates
exact dosimetry.
In radiation biology, the effects of ionizing radiation on

biological systems are complex and vary significantly with
dose and dose rate. Precise dosimetry is crucial for correlat-
ing specific doses with biological outcomes, such as DNA
damage, cellular repair mechanisms, and the stochastic
effects that may lead to cancer or genetic mutations (40,
41). The integrity of scientific research in this field hinges
on the reliability of dosimetric data to ensure that the con-
clusions drawn from experimental studies are accurate and
reproducible.
The advancement of radiation therapy techniques, including

brachytherapy, stereotactic radiosurgery (SRS), and IMRT,
necessitates sophisticated dosimetric methods to achieve con-
formal dose distributions with high precision. Technologies
such as MOSFETs (42), TLDs, and radiochromic films have
been instrumental in advancing relative dosimetry for both
clinical and research applications, enabling the accurate mea-
surement of dose distributions even in complex geometries
and small fields (43, 44).
This overview underscores the importance of relative

dosimetry in the realms of radiation therapy, biology, and
scientific research. The accurate determination of dose dis-
tributions not only ensures the efficacy and safety of radia-
tion therapy treatments but also underpins our understanding
of the fundamental interactions between ionizing radiation
and biological tissues.

Diode Dosimeters

The evolution of diode dosimeters in radiation therapy
traces its roots back to 1963 when Jones first proposed the
use of single diodes for photon beams dosimetry, signifying
a pivotal shift in the landscape of dosimetric practices (45).
Subsequent years witnessed a burgeoning interest in their
application, notably by Grusell and Rikner in the 1980s,
who extensively explored the advantages and limitations of
diode dosimeters, paving the way for modern dosimetry.
Semiconductor diodes, due to their small size and high sen-
sitivity, offer precise dose measurements, making them
invaluable in the field of radiation therapy (46, 47).
Diode dosimeters have found widespread application in

photon and electron beam dosimetry, offering advantages
over traditional ionization chambers by eliminating the
need for depth-dependent corrections and facilitating
in vivo dosimetry (48, 49). Diode dosimeters have been
extensively applied in measuring depth-dose and lateral-
profile distributions in electron beams, where they offer a
robust alternative to traditional ionization chambers with-
out necessitating depth-dependent corrections (48). Their
high spatial resolution and minimal volume-averaging
effects make them invaluable in the precise measurement
of depth-dose and lateral-profile distributions in complex
radiotherapy treatments (50). The utilization in in vivo
dosimetry, particularly for treatments involving the skin in

electron and photon beams, underscores their critical role

in ensuring accurate dose delivery to patients (49, 51).
Diode dosimeters offer several advantages, including high

sensitivity, minimal perturbation to the radiation field, and the

ability to measure small field sizes accurately. Their use is not

without limitations; temperature dependence, radiation dam-

age, and energy dependence pose challenges that necessitate

regular calibration and the application of correction factors

(52, 53). Their response can be affected by various factors

such as temperature, beam quality, and angle of incidence,

necessitating regular calibration and application of correction

factors to maintain accuracy (46, 54). The development of

diode arrays for high-resolution dosimetry in complex radio-

therapy treatments, such as IMRT and volumetric modulated

arc therapy (VMAT), represents a significant advancement in

the field, providing detailed dosimetric information that

enhances treatment planning and verification (55).
Advancements in semiconductor technology have led to

the development of novel diode dosimeters with improved

radiation hardness and reduced temperature sensitivity

(56). Innovations such as the angular independent silicon

detector for dosimetry in external beam radiotherapy repre-

sent significant milestones in the quest for more reliable

and accurate dosimetry solutions. (57).
The future of diode dosimetry lies in the exploration of

new semiconductor materials and the integration of micro-

fabrication technologies to enhance dosimeter performance

and application. Semiconductor diode dosimeters have
played a pivotal role in the evolution of radiation dosime-

try, offering high precision and reliability essential for

modern radiation therapy techniques. Their ongoing devel-

opment and refinement continue to address existing chal-

lenges, promising further enhancements in dosimetric

accuracy.

MOSFET

The significance of metal-oxide-semiconductor field-

effect transistor (MOSFET) dosimetry in radiation therapy
and brachytherapy underscores a pivotal advancement in

the precise delivery and monitoring of therapeutic radiation

doses. Initiated in 1970, the proposition of MOSFETs for

dosimetry marked the beginning of a transformative jour-

ney, culminating in their widespread application across var-

ious modalities (58–60).
These devices have been effectively utilized in brachy-

therapy, exhibiting remarkable real-time quality assurance

capabilities, as illustrated by Carrara et al. who highlighted

their pivotal role in enhancing the safety and efficacy of

brachytherapy procedures (42).
The advent of novel detectors, as discussed by Rosenfeld,

has further revolutionized silicon-based micro-dosimetry,

extending the utility of MOSFETs in capturing minuscule

dose variations with high precision (43). This innovation is

pivotal for advancing radiation therapy techniques, where

accurate dose measurement is paramount. The comprehensive
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study by Bradley et al. on solid-state micro-dosimetry under-
scores the evolution of MOSFET technology, providing a
foundation for future advancements in the field 2001 (44).
Despite the advancements, the application of MOSFETs

in small-field dosimetry, particularly in megavoltage pho-
ton beams, faces challenges due to measurement precision
limitations (61). These limitations necessitate ongoing
research and development to refine MOSFET technology
for broader applicability in radiation therapy.
In brachytherapy, specifically intraoperative radiotherapy

(IORT) delivered with electron or low-energy photon
beams, MOSFETs have shown promising results. Consorti
et al. and Ciocca et al. have demonstrated the feasibility
and effectiveness of MOSFETs in real-time in vivo dosim-
etry during IORT, marking a significant step towards per-
sonalized and precise radiation dose delivery (62, 63).
The application of MOSFETs extends beyond the clinical

setting, into research and development, as evidenced by the
work of Kron, which explores the thermoluminescence dosime-
try and its applications in medicine, providing a comprehensive
overview of the potential and limitations of MOSFETs and
other dosimetric tools in advancing radiation therapy (64).
MOSFET dosimetry represents a cornerstone in the evo-

lution of radiation therapy and brachytherapy, offering
unparalleled precision in dose measurement. Despite existing
challenges, ongoing research and technological enhancements
promise to expand the scope of MOSFET applications.

Film Dosimetry

Film dosimetry has long served as a cornerstone in the
measurement of dose distribution, providing crucial data
for both clinical applications and research in radiation biol-
ogy. This section delves into the evolution from radiographic
to radiochromic film, highlighting the technological advance-
ments, applications, and ongoing developments in this field.

Radiographic Film

Radiographic film, due to its high spatial resolution and
ease of use, once held a pivotal role in radiation therapy
dosimetry. It was instrumental in the verification of dose dis-
tributions, particularly in complex radiotherapy techniques
such as IMRT and SRS (65). The process of using radio-
graphic film in dosimetry involves the film being exposed to
radiation, after which it undergoes chemical development to
visualize the dose distribution. This method has been vital
for ensuring accurate dose delivery to patients, facilitating
the optimization of treatment plans to maximize tumor con-
trol while minimizing harm to healthy tissues (64, 66).
Despite its significance, the use of radiographic film in

dosimetry has seen a decline. This is attributed to several
factors, including the labor-intensive and error-prone nature
of film development, the need for extensive calibration, and
the influence of physical factors such as temperature and
humidity on film response. The advent of digital technolo-
gies offering real-time data acquisition and superior dose

measurement capabilities has further contributed to its
diminished role in contemporary dosimetry (67, 68).

Radiochromic Film

The introduction of radiochromic film marked a signifi-
cant technological breakthrough in film dosimetry. Unlike
radiographic film, radiochromic film does not require chemi-
cal development; its response to radiation is immediate and
permanently visible, providing a direct measure of absorbed
dose. This feature, coupled with its tissue-equivalent response,
makes it particularly advantageous for high-precision dosime-
try in complex treatment modalities (69, 70).
Radiochromic films, such as GafchromicTM EBT series

films, have found widespread application in the measure-
ment of dose distributions with high spatial resolution.
They are especially useful in areas where precise dose mea-
surement and verification are critical, including IMRT,
VMAT, and SRS (71, 72). The benefits of radiochromic
film over radiographic film and other dosimeters include
independence from dose rate, energy independence over a
broad range, and minimal angular dependence. These char-
acteristics, along with the absence of a developing process,
make radiochromic film a more robust and user-friendly
option for dosimetry (68, 72).
Radiochromic films, particularly those developed in recent

years, have transformed the landscape of radiation dosimetry,
offering a compelling alternative to traditional radiographic
films for a wide array of applications. The hallmark of radio-
chromic films lies in their self-developing nature, eliminating
the need for chemical processing and thus providing immedi-
ate, high-resolution spatial dosimetry data post-irradiation.
This advantage is particularly pronounced in the context of
high dose rate (HDR) brachytherapy, where precision and
accuracy in dose delivery are paramount (73). The near
tissue-equivalence and independence from chemical devel-
opers make them highly suitable for complex dosimetric ver-
ifications, such as those involved in stereotactic radiosurgery
and stereotactic radiotherapy (74).
The advancements in radiochromic film technology, specifi-

cally the transition from EBT2 and EBT3 to EBT4 and EBT-
XD films, have been driven by the need for higher sensitivity
and more robust dose response characteristics. These improve-
ments facilitate more accurate dosimetry in both photon and
proton therapy, where dose gradients are steep and dose deliv-
ery is highly localized (75, 76). The introduction of multichan-
nel dosimetry techniques has significantly enhanced the utility
of radiochromic films. By exploiting the differential dose
responses across the color channels of a scanner, multichannel
dosimetry provides a method to correct for scanner non-
uniformities and film inhomogeneities, thus improving the
accuracy of dose measurements (77). This technique has
shown considerable promise in patient-specific quality assur-
ance (QA), enabling more precise verification of complex
treatment plans (78, 79).
Ongoing developments in radiochromic film technology con-

tinue to refine its application in clinical settings. Innovations
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such as enhanced sensitivity, improved spatial resolu-

tion, and the introduction of multichannel analysis tech-

niques are expanding its utility in dosimetry, providing

clinicians with more accurate and detailed information

for treatment planning and verification (72, 80). As this
technology evolves, its role in ensuring precise and safe

radiation therapy delivery is set to increase, underscoring

its importance in the continued advancement of radiation

therapy practices.

TLD/OSLD

Thermoluminescence dosimetry (TLD) and optically

stimulated luminescence dosimetry (OSLD) have a rich

history and continue to play a pivotal role in radiation

dosimetry, especially within the field of radiation biology

and medical applications. The foundation for TLD was laid

in the early 1950s, with notable contributions from pioneers

such as Farrington Daniels, who demonstrated the first

medical application of TLD. Daniels et al. described an

innovative approach where TLD crystals were ingested by

patients to measure internal radiation dose (81).
This groundbreaking work laid the groundwork for the

extensive utilization of TLD in medicine, particularly in

dosimetry for diagnostic and therapeutic purposes. Subse-

quently, John Cameron furthered the application of TLDs

in radiation therapy, establishing lithium fluoride (LiF:Mg,

Ti), patented as TLD-100 by Harshaw Chemicals, as a stan-

dard material for TLD, thereby significantly advancing

medical dosimetry (66, 82).
In parallel, the development and application of OSLD

have seen significant advancements. The phenomenon of

OSL has been studied since the 19th century, but its appli-

cation in dosimetry became feasible with the development

of stable and sensitive materials like aluminum oxide

(Al2O3:C) (64). This material’s ability to store energy at

room temperature and its sensitivity to both light and heat

have made OSLDs particularly useful for personal dosime-

try and environmental monitoring.
The evolution of TLD and OSLD materials and their

application in radiation dosimetry have been extensively

documented and refined over the years. These dosimeters’

versatility allows for their application in a wide range of

settings, from high-energy physics to clinical radiation

therapy and diagnostic radiology (83, 84).
Looking towards the future, the development of new

TLD and OSLD materials with enhanced sensitivity and

specificity is ongoing. These advancements aim to meet the

evolving needs of radiation dosimetry, including higher

precision in dose measurement and the ability to accurately

measure complex dose distributions in emerging radiation

therapy techniques. The integration of OSLD with digital

technologies presents opportunities for real-time dosimetry,

contributing to safer and more effective radiation therapy

treatments.

STATE-OF-THE-ART DOSIMETRY TECHNIQUES

The landscape of dosimetry equipment has significantly
evolved to incorporate a variety of sophisticated technolo-
gies, each offering unique advantages in the measurement
of radiation doses, crucial for both diagnostic radiology
and radiotherapy. Among these, synthetic diamond detec-
tors stand out for their exceptional dosimetric properties,
including high sensitivity, excellent spatial resolution, and
negligible temperature dependence. These characteristics
make them ideal for precision dosimetry in complex radia-
tion fields, such as those encountered in IMRT and SRS.
Additionally, radiochromic films and 3D Gels offer distinc-
tive advantages in visualizing and measuring the three-
dimensional dose distributions, providing invaluable insights
into the complex dose gradients and verifying treatment plans
with high spatial accuracy.
Further advancements in dosimetry equipment include

array detectors, scintillators, and Cherenkov cameras, each
contributing uniquely to the field. Array detectors, com-
posed of numerous small dosimeters arranged in a matrix,
allow for high-resolution mapping of radiation fields,
essential for quality assurance in radiotherapy. Scintilla-
tors, known for their ability to convert ionizing radiation
into visible light, play a critical role in real-time radiation
monitoring, offering rapid response times and high sensi-
tivity. Cherenkov cameras capture the Cherenkov radiation
emitted when charged particles move through a dielectric
medium faster than the speed of light in that medium. This
novel approach enables real-time imaging of radiation
beams, offering a new avenue for verifying and adjusting
radiotherapy treatments dynamically.

Natural and Synthetic Diamond Detectors

Synthetic diamond detectors represent a significant
advancement in the field of dosimetry, offering a reliable
and reproducible means for radiation measurement. The
inception of diamond as a material for dosimetry traces
back to 1948, with McKay’s proposal of natural diamonds
as dosimeters (85). Despite their potential, natural dia-
monds presented challenges including rarity, cost, and the
need for bespoke characterization (86). The PTW-60003
dosimeter, leveraging a natural diamond crystal, emerged
in the 1990s as a commercial solution, albeit with limita-
tions such as the need for priming and variability in crystal
impurities (87, 88).
Transitioning to synthetic diamonds mitigated these chal-

lenges. The advancement in chemical vapor deposition
(CVD) and high-pressure high-temperature (HPHT) tech-
niques facilitated the production of synthetic diamond detec-
tors with enhanced reproducibility and affordability (89, 90).
These developments underscored the evolution from natural
to synthetic diamonds in dosimetry, offering a more practical
and scalable solution for radiation measurement.
The dosimetric properties of synthetic diamond detectors

have been extensively characterized, revealing their aptitude
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for clinical dosimetry. Their negligible temperature dependence
and dose-rate sensitivity make them suitable for precise radia-
tion measurements in varied clinical settings (91, 92). Studies
have shown the effectiveness of synthetic single crystal dia-
mond detectors in small field dosimetry, highlighting their high
spatial resolution and minimal perturbation effects (93, 94).
The dosimetric response of synthetic diamond detectors

has additionally been investigated under different radiation
therapy modalities, including IMRT and SRS. The perfor-
mance of these detectors in small radiation fields, charac-
terized by high dose gradients, further demonstrates their
capability to deliver accurate dose measurements essential
for the optimization of treatment plans (95, 96).

3D Polymer Gel Dosimetry

Polymer gel dosimetry, a technique integral to the
advancements in clinical radiotherapy, offers an unparal-
leled capability in the 3D mapping of dose distributions
with remarkable spatial resolution. Polymer gel dosimeters,
composed of radiation-sensitive chemicals that polymerize
proportionally to the absorbed dose upon irradiation, repre-
sent a class of dosimeters that facilitate the direct measure-
ment of three-dimensional dose distributions. This is a
feature that conventional dosimeters, limited to one or two-
dimensional measurements, cannot provide (97, 98). The
structural changes induced by radiation in these dosimeters
can be observed through various readout methods including
magnetic resonance imaging (MRI), computed tomography
(CT), optical scanning, and ultrasonography, each offering
a unique insight into the dosimetric properties altered by
radiation (99–102).
The utility of polymer gel dosimetry extends beyond

mere dose verification; it encompasses the measurement of
complex 3D dose distributions, showcases radiological tis-
sue equivalence, independence from radiation direction,
and high spatial resolution. Moreover, these dosimeters can
integrate the dose over a treatment’s duration, providing a
comprehensive view of the dosimetric landscape. Despite
the presence of toxic components in certain gel formula-
tions, their fabrication and handling remain relatively safe,
as long as appropriate protective measures are taken during
use (103–105).
The clinical applications of polymer gel dosimeters pre-

dominantly align with external beam radiotherapy. The
evolution of sophisticated radiotherapeutic techniques,
such as IMRT, VMAT, and stereotactic radiosurgery, has
necessitated a robust and accurate 3D dosimetry system.
Among the various polymer gel dosimeters explored, the
PRESAGE gel dosimeter stands out for its efficacy in cap-
turing accurate and feasible 3D dose distributions, highlight-
ing the critical role of gel dosimetry in modern radiotherapy
(106).
Research into polymer gel dosimetry has unveiled dosim-

eters with varying characteristics tailored to clinical needs.
The quest for the optimal gel dosimeter continues, as each
variant presents a unique set of advantages and limitations.

Factors such as dose accuracy, resolution, reproducibility,
sensitivity, and the influence of beam energy and dose rate
on dosimeter response are critical in determining the suit-
ability of a polymer gel dosimeter for clinical application
(98, 100).

Array Detectors

The meticulous verification of dose distributions in
IMRT and VMAT is pivotal for the assurance of treatment
integrity and patient safety. The evolution of array detec-
tors has significantly contributed to the streamlining of
patient-specific QA processes, enabling rapid and efficient
dose verification. Initially, 2D array detectors, comprising
diodes or vented ion chambers, offered a pragmatic solu-
tion for dose verification; however, their spatial resolution,
constrained by detector spacing, was identified as a limita-
tion, particularly for small fields or fields with steep dose
gradients. This challenge has been partially mitigated by
employing dual measurements with shifted device posi-
tions, effectively enhancing spatial resolution by doubling
the detector count within the measurement field (107).
The advent of detector arrays designed for stereotactic

applications, with reduced detector spacing down to 2.5
mm, marks a significant advancement, addressing the need
for higher resolution in SRS and stereotactic body radio-
therapy (SBRT) applications (108). The introduction of
devices like PTW’s Octavius 4D and Delta4 PHANTOM
represents a paradigm shift towards capturing 3D dose dis-
tributions. The Octavius 4D employs a rotating platform to
simulate the movement around the patient, leveraging
depth-dependent attenuation and scatter factors for dose
scaling, thereby reconstructing the 3D dose distribution
from enface measurements (109). Conversely, the Delta4
PHANTOM utilizes two orthogonal detector planes, apply-
ing measurement-guided correction factors to refine the
dose distribution calculated by the treatment planning sys-
tem (TPS), offering a nuanced approach to dose verifica-
tion (110).
SunNuclear’s ArcCHECK system introduces a novel

helical arrangement of detectors to maintain an optimal ori-
entation for arc delivery segments, facilitating the recon-
struction of 3D dose distributions through entrance and exit
dose measurements. This methodology enables the use of
diode measurements as correction factors to adjust a pre-
calculated relative dose distribution, underscoring the inno-
vative approaches to dose verification in arc therapy (111).

Scintillator

Scintillators have been employed as dosimeters due to
their ability to convert ionizing radiation into visible light,
a principle that has been utilized in radiation detection for
decades (112, 113).
The deployment of scintillation fiber optic dosimeters

has seen a notable upswing, attributed to their intrinsic
advantages such as in vivo, real-time, and intracavitary
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measurements alongside high spatial resolution. These
characteristics stem from their diminutive physical size and
mechanical flexibility, rendering them exceptionally suited
for a broad spectrum of applications in radiotherapy dosim-
etry including brachytherapy, IMRT, superficial therapy,
stereotactic radiosurgery, proton therapy, and small-field
dosimetry (114).
The operational mechanism of fiber optic dosimeters

capitalizes on the radioluminescence properties of materi-
als, where the interaction of ionizing radiation with the
scintillator affixed to the fiber’s tip yields a visible signal
proportional to the absorbed dose. This optical signal is
then channeled through the optical fiber to a detector for
dose measurement (115). A prevalent issue with fiber optic
dosimetry is the contamination of the signal by Cherenkov
radiation, which isn’t directly proportional to the dose,
necessitating complex correction procedures to ensure
accurate dose measurements in the scintillator (116, 117).
A particular challenge arises in proton therapy and other

high-LET beams, where the non-proportionality between
scintillator light output and proton dose becomes evident.
This saturation effect at high-stopping powers, attributed to
ionization quenching, complicates the linear relationship
between scintillation signal and energy deposition (116,
118). This issue underscores the necessity for advance-
ments in scintillation dosimetry to enhance its efficiency
and reliability in high-LET beam applications.
The efficacy of scintillation dosimeters can be aug-

mented using photodetectors with superior photon collec-
tion and efficiency. Predominantly, photomultiplier tubes
(PMTs) and photodiodes have been the photodetectors of
choice in scintillation dosimetry. For two-dimensional
measurements, technological advancements have facili-
tated the use of multichannel PMTs, photodiode arrays, or
sophisticated imaging systems like charge-coupled device
(CCD) and complementary metal-oxide semiconductor
(CMOS) cameras as effective readout systems (119, 120).
While scintillators offer a promising avenue for enhanc-

ing the precision and efficacy of radiation therapy dosime-
try, addressing the challenges associated with Cherenkov
radiation and non-proportionality in high-LET beams is
imperative. Continuous advancements and innovations in
scintillation materials and photodetector technology remain
crucial for the evolution of dosimetry methods to meet the
growing demands of modern radiation therapy techniques.

Cherenkov Camera

The newly commercialized Cherenkov Camera repre-
sents a novel approach in radiation dosimetry, leveraging
the Cherenkov effect, which is the emission of light when
charged particles move through a dielectric medium at
speeds exceeding the phase velocity of light in that medium
(121, 122). This phenomenon, harnessed correctly, offers a
non-invasive method to monitor and verify radiation ther-
apy beams in real-time, providing critical insights into the
accuracy of treatment delivery.

Advancements have focused on overcoming the chal-
lenges associated with Cherenkov radiation’s weak signal
and its attenuation in tissue. For instance, Hachadorian
et al. (123) utilized spatial frequency domain imaging to
correct Cherenkov light attenuation in tissue, enhancing the
quantification of surface dosimetry during whole breast
radiation therapy. This approach enables a more accurate
representation of the dose delivered to the patient, poten-
tially improving treatment outcomes.
The relationship between Cherenkov light emission and

radiation dose has been established, with studies demon-
strating a direct correlation under specific conditions (124).
This correlation is pivotal for the application of Cherenkov
Cameras in dosimetry, as it allows for the real-time visuali-
zation and quantification of radiation dose delivery, provid-
ing a novel means for dose verification in radiotherapy.
The Cherenkov effect has been observed in various sce-

narios, including within the human eye during radiation
treatment, offering a unique perspective on the radiation
exposure experienced by astronauts (125, 126). This wide
range of observations underscores the ubiquity and poten-
tial of Cherenkov radiation in medical applications.
Algorithm development has been crucial in enhancing

the utility of Cherenkov imaging for radiation therapy verifi-
cation. By developing algorithms for intrafraction radiother-
apy beam edge verification, researchers have made significant
strides in ensuring the precision of radiation therapy(122).
While the use of Cherenkov Cameras has increased within

radiation therapy, the fundamental opaque nature of the
human body limits the system to use cases involving shallow
targets and applications at the patient’s surface. Correcting
for Cherenkov light attenuation in tissue using spatial fre-
quency domain imaging represents a significant advance-
ment in quantitative surface dosimetry. This method has
shown promise in improving the accuracy of dose measure-
ments during radiation therapy, particularly in complex
treatments such as whole breast irradiation (123).

EVOLUTION OF DOSIMETRIC TECHNIQUES FOR
INTERNAL EMITTERS

The systematic progression of dosimetric techniques for
internal emitters has resulted in a transition from empirical
estimates to rigorously defined methodologies. The incep-
tion of this transition can be attributed to the Manchester
System, formulated by Meredith in 1947, which provided a
structured approach for radium and radon therapeutic implants
(127). This systematic dosimetry was predicated on meticu-
lously calculated radium quantity and distribution, intending to
maximize therapeutic efficacy while mitigating undue tissue
exposure. The further sophistication in dosimetry was signifi-
cantly influenced by Marinelli’s contribution in 1942, which
introduced the Marinelli formula, delineating the internal
dosimetry of artificial radioisotopes (128). Marinelli’s pioneer-
ing work laid the foundational understanding of dose distribu-
tion within tissues, considering the emission characteristics of
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beta particles from radioisotopes and their interaction within
the human body. The formula incorporated the radioisotope
concentration, its physical decay, and biological elimination,
adhering to an exponential decay model.
The shift from empirical to systematic dosimetry marked

a pivotal era, one that meticulously considered the biologi-
cal and physical intricacies of radiation interactions within
the body. This shift not only improved therapeutic out-
comes but also fostered the development of personalized
treatment plans, aligning radiation therapy with the emerg-
ing paradigms of precision medicine.

Beta and Gamma Dosimetry

The advancements in beta and gamma dosimetry have
been pivotal in enabling clinicians to accurately assess the
internal distribution of doses following radionuclide admin-
istration. The seminal work by Marinelli and colleagues in
1948 established the geometric factor ‘g’, which related the
beta-emitting radioisotope concentration in tissue to the
absorbed dose, signifying a major leap in internal dosime-
try (129). This geometric factor was particularly crucial for
gamma dosimetry as it considered the size and shape of the
tissue mass and gamma-ray absorption, a sophisticated
approach given the complex nature of gamma interactions
in the human body.
Concurrently, the reciprocal theorem posited by May-

neord in 1945 provided a mathematical foundation for cal-
culating integral doses from point sources of radiation to
volumes, analogous to the doses from extended sources to
a point. This theorem has since been instrumental in solv-
ing complex problems related to the distribution of gamma
rays within the body (130).
These developments underscored the necessity for and

complexity of considering the three-dimensional geometry
of tissues in dosimetry calculations. Such geometric con-
siderations have since been incorporated into a variety of
computational models, which have become more sophisti-
cated with the advent of computational technologies. These
models are critical for estimating patient-specific doses and
for the design of radiopharmaceuticals.
The evolution of dosimetry techniques from beta parti-

cles’ direct ionization considerations to the intricate inter-
actions of gamma rays within the body tissue matrices has
underscored the interdisciplinary nature of radiation dosime-
try, amalgamating physics, biology, and computational sci-
ences. It laid the groundwork for further innovations in
dosimetry that could accommodate increasingly complex
biological systems and heterogeneous radiation distributions.

MIRD and Monte Carlo Simulations

The founding of the Medical Internal Radiation Dose
(MIRD) Committee in 1965 was a defining moment in the
field of radiopharmaceutical dosimetry, with a clear mis-
sion to provide accurate dosimetry for patients undergoing
radionuclide therapy (131). This committee’s establishment

coincided with the emergence of Loevinger’s influential
dose equations in 1955, which provided a robust frame-
work for internal dose calculations, particularly for beta
and gamma emitters such as Iodine-131 (132).
Loevinger’s dose equations were fundamental in stan-

dardizing the calculations of absorbed dose from internally
administered radionuclides, considering factors such as the
radionuclide’s energy, its effective half-life, and the activ-
ity concentration within the tissue. These equations not
only allowed for more accurate dose assessments but also
facilitated a broader understanding of the dose distributions
within the human body, thereby contributing significantly
to the safety and effectiveness of radiopharmaceutical use.
Parallel to the theoretical advancements, the evolution of

Monte Carlo techniques brought a paradigm shift in the
approach to dosimetry. Brownell and colleagues’ introduc-
tion of these techniques into the dosimetric calculations
allowed for the probabilistic assessment of radiation trans-
port and interaction within the body, thus accounting for
the stochastic nature of radiation interactions (133). These
simulations could model complex geometries and heteroge-
neous tissue compositions with unprecedented precision.
The Monte Carlo method, with its ability to statistically

simulate the journey of photons through various tissues,
provided a more accurate representation of the physical
processes occurring during radiation transport. This marked
a significant enhancement over previous deterministic
models, enabling the consideration of various scattering
and absorption events that could affect the dosimetric
calculations.
The MIRD Committee’s work, underpinned by Loevinger’s

dose equations and the advancement of Monte Carlo simula-
tions, has been instrumental in the refinement of radiopharma-
ceutical dosimetry. It has provided the methodological bedrock
upon which current practices in personalized dosimetry are
based, supporting the targeted treatment paradigms that are the
hallmark of modern nuclear medicine.

Radiopharmaceutical PhantomModels and Dose Calculations

Phantom models have been instrumental in the advancement
of dosimetric techniques, allowing for refined and representa-
tive calculations of radiation dose distributions in various
patient demographics and physiological states. These models
serve as virtual patients, offering a standardized basis for dose
calculations and contributing significantly to the personaliza-
tion of radiopharmaceutical therapy.
The initial efforts in developing phantom models were

marked by Fisher and Snyder’s work in 1966, which
focused on the distribution of dose from a gamma ray
source distributed uniformly within an organ. Their model
addressed the need for standardized yet adaptable dose esti-
mation in heterogeneous anatomical structures (134). This
work was foundational for the MIRD Committee, which
later adopted and expanded upon these methodologies to
include a range of phantom models that simulated different
ages, genders, and physiological conditions.
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Further developments by Warner et al. in 1975 led to the

dosimetric analysis of phantom models that represented

various aged male humans, providing a framework for
understanding how absorbed doses vary with age and con-

sequently with the changing geometry and composition of

the human body (135). These age-specific dose calculations
are crucial for pediatric radiopharmaceutical dosimetry,

where the varying sizes and growth rates of organs signifi-

cantly impact dose distributions.
Cloutier et al. expanded the repertoire of phantom models in

1977 by introducing a pregnant woman model, addressing the

unique dosimetric challenges posed by gestational changes.

This model was essential for assessing the risk and ensuring the

safety of both the expectant mother and the fetus when admin-
istering radiopharmaceuticals (136). It represented a significant

advancement in the field, highlighting the necessity for dose

calculation models that accommodate the wide variety of

patient anatomies and physiological conditions encountered in

clinical practice.
The continued development of phantom models has pro-

vided vital tools for dosimetrists and clinicians, enabling

more accurate and personalized dose calculations. By simu-

lating the physical complexities of the human body, these

models have facilitated a deeper understanding of dose dis-
tribution patterns, leading to safer and more effective treat-

ment protocols for patients in diverse physiological states.

Radiological Threats and Events Dosimetry

In the shadow of the growing urbanization and technologi-
cal advancements, the threat of radiological events has esca-

lated, posing a multifaceted risk to global security and public

health. The Central Intelligence Agency (CIA) warned as

early as 2003 of the tangible possibility that terrorist organiza-

tions might acquire the means to produce not only nuclear

weapons but also radiological dispersal devices (RDDs), com-
monly known as ‘dirty bombs’ (137).
In the wake of a radiological incident, emergency man-

agement protocols dictate the sorting of individuals based

on their degree of exposure and need for immediate medi-

cal attention. Biodosimetry can serve as a cornerstone for
this process by assessing the doses received individually,

aiding in the medical management of the situation (138).
The use of personal devices such as smartphones, which

can be equipped with dosimeters, presents an innovative

approach to monitoring individual exposure, facilitating

rapid triage and treatment allocation (139).
The essence of biodosimetry lies in its ability to provide

an estimation of absorbed dose based on biological indica-

tors, such as the frequency of dicentric chromosomes,

micronuclei, or gamma-H2AX foci, which correlate with

radiation exposure (140, 141). These methods have been
established as reliable tools for detecting individual radiation

doses with commendable accuracy (140, 142). Further, the
consolidation of efforts under the RENEB project indicates a

move towards harmonizing biodosimetric techniques across

European laboratories, aiming for a standardized and coordi-
nated response to radiological events (143).
Each biodosimetric method has its advantages and con-

straints. Retrospective physical dosimetry methods like
electron paramagnetic resonance (EPR) and OSL can be
performed on non-biological materials and are thus less
subject to biological variability and the time constraints of
sample collection. EPR in particular provides a lasting
record of exposure and can be applied years after the event
(144, 145). Cytogenetic assays, due to their biological
basis, correlate well with the clinical outcomes and can be
applied regardless of the individual’s prior health status or
age. They are especially advantageous for assessing hetero-
geneous exposures and partial-body irradiations, which are
common in accidental scenarios (146). However, the time
requirement for analysis and the need for fresh blood sam-
ples can impede their rapid deployment of cytogenetic
assays.
These methods require the availability of suitable materi-

als for analysis and may be influenced by environmental
factors affecting the stability of the radiation-induced sig-
nal. In emergency scenarios, the choice of biodosimetric
technique is often dictated by the context of the exposure,
the resources available, and the immediacy with which dose
assessments are required. The integration of these methods
into a tiered response system can enhance the accuracy and
efficiency of radiological emergency responses, ensuring that
individuals receive the most appropriate medical intervention.

CHALLENGES AND LIMITATIONS IN CURRENT
DOSIMETRY PRACTICES

Small Field Dosimetry

The precise delivery of radiation doses in stereotactic
radiosurgery and stereotactic body radiotherapy is para-
mount due to the high doses used in treatment and the close
proximity of the targeted lesions to critical organs and tis-
sues. These treatments often involve the use of small radia-
tion fields to accurately target and treat small or irregularly
shaped lesions while minimizing exposure to surrounding
healthy tissue. Small field dosimetry, therefore, presents
unique challenges that differ significantly from those
encountered in conventional radiotherapy, due to factors
such as lateral charged particle disequilibrium, beam colli-
mation effects, and the size of the radiation detectors rela-
tive to the beam dimensions (50, 147).
A critical aspect of small field dosimetry is the definition of

what constitutes a “small field.” Generally, a field is considered
small if its dimensions are smaller than the lateral range of
charged particles in the medium, which varies according to the
medium’s density and the beam’s energy. For a 6 MV beam in
water, for instance, a field size of less than 3 3 3 cm2 is
deemed small (147). The challenges inherent in small field
dosimetry are largely due to lateral charged particle disequilib-
rium, which occurs because the range of secondary charged
particles produced in the medium can be comparable to or
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larger than the field size. This disequilibrium affects both the
dosimetry and the application of correction factors, necessitat-
ing specialized approaches for beam modeling, dose calcula-
tion, and verification (50, 148).
The acquisition of accurate beam data for small fields

requires careful consideration of the detector’s characteris-
tics, including its response to the steep dose gradients and
its physical size relative to the field size. Detectors that are
too large can average the dose over a volume that is signifi-
cant in relation to the field size, leading to inaccuracies.
Consequently, the choice of detector is crucial, with
options including diodes, microchambers, and plastic scin-
tillators being among those recommended for small field
measurements (148, 149).
Challenges presented by small field dosimetry necessitate

meticulous attention to the details of beam data acquisition,
detector selection, beam modeling, and QA protocols. Tradi-
tional techniques used to correct for small field involved the
cross renormalization with an intermediate field size, colloqui-
ally referred to as the ‘daisy-chain’ method. While standard
practice for nearly a decade, it’s use has been discouraged
through the recommended implementation of the AAPM
Report of Task Group 155 (150). The development of task
group reports and guidelines by organizations such as the
AAPM, IAEA, and ICRU reflects the ongoing efforts within
the radiation oncology community to address these challenges
and ensure the safe and effective delivery of radiation therapy
in small fields.

FLASH/Ultra-High Dose Rate

The advent of FLASH radiotherapy (RT) represents a
paradigm shift in cancer treatment, employing ultra-high
dose rates (UHDR) of �40 Gy/s to potentially revolution-
ize the therapeutic landscape. This innovative technique
has been demonstrated to offer the possibility of sparing
normal tissue without compromising tumor control, a feat
not easily achieved with conventional radiotherapy meth-
ods (151). The distinctive characteristic of FLASH RT—
delivering doses at ultrahigh speed—has been accom-
plished through experimental setups and modified linear
accelerators, hinting at a future where FLASH RT could be
integrated into standard treatment protocols (151, 152).
The principle behind the FLASH effect—presumably

related to oxygen depletion in normal tissues—remains an
area of active investigation. This hypothesis suggests that
the rapid delivery of radiation leads to a temporary deple-
tion of oxygen, thereby reducing radiation-induced damage
in healthy tissues while maintaining the efficacy against
tumor cells (152). The involvement of Monte Carlo simula-
tions in FLASH research is instrumental, providing insights
into dosimetric calculations and contributing to the design
of hardware capable of achieving such high dose rates
(151).
The surge in research publications focusing on FLASH

RT indicates a burgeoning interest in this field, emphasiz-
ing the exploration of its biological underpinnings, physical

mechanisms, and potential clinical applications. Studies
have indicated that UHDR irradiation may present a protec-
tive effect on normal tissues, coined as the “FLASH” effect,
suggesting a favorable therapeutic index where tumor con-
trol probability (TCP) is maintained or enhanced without a
corresponding increase in normal tissue complication proba-
bility (NTCP) (152, 153).
While there are no current recommendations for FLASH

dosimetry methods or even dosimeters themselves, the chal-
lenges to be addressed involve adapting existing technique
to the ultra-high dose rate environment, or the utilization of
systems that are fully independent of dose-rate. While the
ion-chambers are the benchmark dosimeter in standard
radiotherapy, ionization-recombination issues maybe address
through changes in chamber design. While Fricke dosime-
ters and calorimeters exhibit dose-rate independence, their
implementation requires sophisticated equipment and train-
ing (154).
Despite the promising outcomes of in vivo studies and

the increasing volume of research, the FLASH effect’s pre-
cise mechanisms and optimal parameters for clinical trans-
lation remain areas of ongoing study. The challenge now
lies in deepening the understanding of FLASH RT’s radio-
biological effects, optimizing delivery modalities, and
ensuring accurate dosimetry for such high-intensity treat-
ments. As FLASH RT continues to evolve, further studies
are required to establish its role in cancer therapy defini-
tively, including refining simulation tools to accurately
model the radiolysis and radiobiological processes involved
in FLASH irradiation (151, 153).

Protons and Light Ions

Proton, carbon ion, and other heavy charged particle
therapies present a distinct paradigm in radiation oncology,
distinguished by their unique spatial dose deposition pro-
files compared to traditional photon therapy. Megavoltage
photons are characterized by a low skin dose with a peak at
1–4 cm depth, followed by a gradual decrease in dose due
to the inverse square and exponential attenuation. Con-
versely, charged particles such as protons and carbon ions
deposit a significant portion of their energy in the final cen-
timeters of their path, known as the Bragg peak, resulting
in minimal to no exit dose beyond this point. This property
theoretically allows for superior sparing of tissues immedi-
ately downstream from the target, thereby offering a poten-
tial dosimetric advantage over photons (155, 156).
The precision required in particle therapy introduces sig-

nificant challenges and limitations. The absence of an exit
dose, while beneficial, also implies a heightened risk asso-
ciated with depth misestimations. In photon therapy, a
depth discrepancy alters the dose by less than 3% per centi-
meter past the maximum dose depth, due to the gentle dose
gradient. In contrast, for particle therapy, inaccuracies in
the anticipated versus actual radiological depth can lead to
substantial overdosing or underdosing at the distal edge of
the tumor, with potential dose variations ranging from
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100% to 0% (undershoot) or 0% to 100% (overshoot) for
normal tissues beyond the tumor boundary. Such depth
errors are particularly critical given the steep dose gradient
beyond the Bragg peak and are exacerbated by the enhanced
biological effectiveness of protons at low energies (157).
Despite the high accuracy in determining the beam

energy exiting the treatment head and the water-equivalent
range (158), patient-specific factors such as anatomical
changes, setup errors, or depth calculation inaccuracies can
introduce uncertainties. Clinical protocols thus conserva-
tively assume up to a 3.5% range uncertainty plus an addi-
tional 1–3 mm margin to account for these factors,
affecting treatment planning and limiting the utilization of
particle therapy’s full potential (155).
The quest for in vivo verification of particle dose deposi-

tion has led to exploring various technologies, including
positron emission tomography (PET) for detecting proton-
activated positron-emitting nuclei, prompt gamma-ray
detection techniques, and thermoacoustic-based methods
(159, 160). These investigations aim to enhance the safety
and efficacy of particle therapy by providing real-time or
near-real-time verification of the dose delivered to the
patient, thereby potentially mitigating the uncertainties
associated with particle range and enhancing treatment
robustness (161).

Neutron Dosimetry

Neutron interactions, crucial to understanding radiation
biology, depend on the initial energy of the neutrons and
the characteristics of the matter they encounter. These
interactions are pivotal as each collision results in energy
modifications that influence biological outcomes. As Krane
emphasizes, neutron interactions are categorized into elas-
tic scattering, inelastic scattering, and capture reactions,
with each type leading to different radiation doses based on
the recoil and emitted particles’ energies (162). These
nuances are fundamental in calculating absorbed doses,
where the energy and atom type within the exposed mate-
rial determine the energy transfer to charged particles.
The dose estimation process, outlined by Thomas, revolves

around the concept of kerma—kinetic energy released in
matter, which helps gauge the initial energies of all charged
particles instigated by uncharged radiation like neutrons and
photons per unit mass (163). This calculation is sensitive to
the elemental composition of the interacting matter, further
complicating dose assessments in heterogeneous biological
tissues. Neutron energy-dependent dose conversion factors
are then employed to derive dose estimates from neutron flu-
ence (164).
The concept of equivalent dose integrates absorbed dose

with a radiation weighting factor, which reflects the rela-
tive biological effectiveness (RBE) of different radiation
types. This integration is crucial as it accounts for the vari-
able biological impacts of identical absorbed doses from
different radiations (165). However, Rossi and Zaider
(166) note that these terms, initially designed for radiation

protection, focus more on preventing stochastic long-term
effects rather than acute responses, making their applica-
tion in risk assessment somewhat contentious (167).
Detection and measurement challenges further compli-

cate studies involving neutron and mixed-field exposures.
Real-time detection capabilities and responsiveness to a
broad spectrum of neutron energies are essential, especially
given the high-energy neutron activities above 20 MeV
expected in space radiation environments (164). Neutron
detectors, such as rem meters and tissue equivalent propor-
tional counters, although effective in certain settings, often
face limitations in accurately assessing neutron doses in
shielded conditions from fission neutrons.
For comprehensive radiobiological studies, precise report-

ing of radiation parameters, including neutron/photon spec-
tra, peak neutron energies, and gamma-ray energies, is
imperative. This specificity helps contextualize the results,
particularly in mixed-field reactor exposures where neutron-
to-gamma ratios or neutron dose percentages can signifi-
cantly impact study outcomes(167). Additionally, the type
of dose reported, whether it be free-in-air, midline tissue, or
bone marrow doses, can substantially affect the interpreta-
tion of gamma-ray exposures. The disparity is even more
pronounced with neutron doses due to their limited range in
tissue, necessitating detailed reporting of doses for each criti-
cal target organ. Lastly, the impact of dose rate or fraction-
ation on biological effects, which can vary significantly with
different dose rates, must always be delineated to ensure
accurate translation of experimental results into practical
applications.

Quality Assurance Standardization and
International Protocols

The quest for optimal radiation therapy outcomes necessi-
tates stringent QA protocols and adherence to international
standards. In this context, the establishment of Accredited
Dosimetry Calibration Laboratories (ADCLs) marks a pivotal
advancement in the standardization and calibration of radia-
tion therapy equipment, ensuring consistent and accurate dose
delivery to patients (42, 43). Following the American Associ-
ation of Physicists in Medicine’s (AAPM) initiative in 1971,
ADCLs emerged as fundamental components in the calibra-
tion hierarchy, bridging the gap between national standards
and end-user instruments in a clinical setting (55). These labo-
ratories are accredited by entities such as the AAPM, and
they operate under rigorous quality assurance programs to
provide dosimetry calibration services for a wide array of
radiation therapy equipment. The calibrations they perform
are traceable to the National Institute of Standards and Tech-
nology, ensuring uniformity of measurement.
The services provided by ADCLs include the calibra-

tion of ionization chambers, electrometers, and other
dosimetry devices across the spectrum of therapeutic radi-
ology, from low-energy X ray units to high-energy linear
accelerators. With a standardization of the calibration tech-
niques, the uncertainty of the calibration factors provided by
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the laboratories is between 1–2%. Any discrepancies or inaccu-
racies in dose calibration can lead to either an underdose, which
might result in ineffective treatment, or an overdose, which can
cause unnecessary damage to healthy tissues. Thus, ADCLs
have a direct impact on patient outcomes and play a crucial
role in the advancement of radiation therapy techniques. The
evolution of ADCLs over the years has paralleled advances in
dosimetry technology, incorporating state-of-the-art equipment
and adopting new methodologies to ensure that their calibration
services remain at the forefront of precision and accuracy.

Standardization and Quality Control in Dosimetry

The evolution and importance of dosimetry standardization
and quality control are crucial aspects of radiation therapy,
influencing treatment efficacy and patient safety. The estab-
lishment of standardized protocols, such as those developed
by the AAPM Task Group 51 (24) and its successors, and the
implementation of interlaboratory comparisons and bench-
marking through initiatives like the Imaging and Radiation
Oncology Core (IROC), have significantly contributed to this
field’s progress (24).
AAPM Task Group 155 has expanded the groundwork

laid by TG-51 by focusing on megavoltage photon beam
dosimetry in small fields and non-equilibrium conditions.
This specific attention to small fields and non-equilibrium
conditions reflects the increasing complexity of modern
radiation therapy techniques, such as SRS and SBRT,
which require precise dose calculations in small volumes
that may not be in equilibrium (150).
In Europe, the European Society for Radiotherapy &

Oncology (ESTRO) plays a similar role to that of the
AAPM in the United States, particularly in dosimetry stan-
dardization. ESTRO has established several task groups to
address the complexities and challenges of modern radia-
tion therapy dosimetry. One notable effort is the work of
the ESTRO Physics Committee, which has developed
guidelines analogous to those of AAPM Task Group 51.
For instance, the TRS-398 protocol, developed by the Inter-
national Atomic Energy Agency (IAEA) in collaboration
with ESTRO, serves as a cornerstone for the calibration
and dosimetry of radiotherapy beams across Europe. This
protocol provides a standardized approach for the determi-
nation of absorbed dose in water, reflecting the shift from
air-kerma-based to water-kerma-based dosimetry, aligning
with global efforts to harmonize radiation therapy practices
(168).

The Role and Evolution of the IROC

The Imaging and Radiation Oncology Core (IROC), his-
torically known as the Radiological Physics Center (RPC),
has played a pivotal role in auditing dosimetry practices
across institutions involved in National Cancer Institute
(NCI) cooperative clinical trials since 1968. The RPC,
spurred by both the AAPM and the Committee on Radia-
tion Therapy Studies, aimed to ensure that participating

institutions could administer clinically comparable and
consistent radiation doses. This objective has been pursued
through a variety of auditing tools, including on-site dosim-
etry reviews, the use of OSLDs/TLDs, and the evaluation
of anthropomorphic phantoms and patient treatment plans.
The transition from the TG-21 protocol to the TG-51 proto-
col marked a critical step in standardizing dosimetry cali-
bration across institutions, with current compliance rates
for beam calibration reaching near 98% for both photons
and electron beams. This transition underlines the indus-
try’s shift towards more reliable and standardized dosime-
try practices.
Interlaboratory comparisons and benchmarking play a

crucial role in maintaining dosimetry quality and consis-
tency. Through the IROC, institutions are subject to rigor-
ous audits that include both direct on-site evaluations and
remote assessments using OSLDs/TLDs and anthropomor-
phic phantoms. These comparisons not only ensure adher-
ence to national standards but also foster continuous
improvement in dosimetry practices by highlighting areas
for enhancement.
The transformation from RPC to IROC reflects the dynamic

nature of radiation therapy and the continuous efforts to
improve quality assurance in this field. Over the decades, the
expansion of cooperative clinical trial groups and the introduc-
tion of new radiation therapy modalities have necessitated the
evolution of quality assurance measures. Today, IROC stands
as a comprehensive entity overseeing nearly 2,000 radiotherapy
facilities, providing an integrated approach to radiation oncol-
ogy and diagnostic imaging quality control in support of NCI’s
National Clinical Trials Network.
Advances in dosimetry standardization and quality con-

trol, spearheaded by entities such as AAPM Task Group
155 and the IROC, exemplify the ongoing commitment to
optimizing radiation therapy’s safety and effectiveness.
The meticulous work of these groups ensures that radiation
doses are administered precisely and consistently, ultimately
aiming to improve clinical outcomes for cancer patients
globally.

THE FUTURE OUTLOOK OF DOSIMETRY

The future of dosimetry is being reshaped by ground-
breaking advancements in technology and materials science.
These developments promise not only enhanced precision in
dose measurements but also the potential for innovative appli-
cations in complex radiation fields. This section considers
only a few of the emerging technologies and innovations in
dosimetry, such as EPR dosimetry, LET track OLSD, prompt
gamma cameras, radio-acoustic dosimetry, and the pivotal
role of nanotechnology, particularly the use of graphene.
One such promising development is EPR dosimetry,

offering high precision in dose measurement through the
detection of radiation-induced free radicals in crystalline or
organic materials (169). Another innovative approach is
LET track OLSD, which enables the detailed mapping of
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radiation tracks at the microscopic level, providing invalu-
able data for understanding radiation effects on a granular
scale (170).
The use of prompt gamma imaging in proton therapy rep-

resents a leap forward in real-time treatment verification,
allowing for immediate adjustments based on the captured
gamma emissions following proton interactions, thereby
enhancing treatment accuracy (171). Radio-acoustic dosim-
etry introduces a novel method by correlating acoustic sig-
nals generated by the ionizing radiation with the absorbed
dose, presenting a unique avenue for dose measurement
without direct interaction with the radiation field (172).
The incorporation of nanotechnology, especially through

materials like graphene, is set to revolutionize dosimetry by
offering sensors with exceptional sensitivity, rapid response
times, and the potential for miniaturization and integration
into complex systems (147, 173). These advancements col-
lectively signify a future where dosimetry not only achieves
higher accuracy and efficiency but also plays a crucial role
in the development of advanced radiation therapy techniques
and safety protocols.

Electron Paramagnetic Resonance Dosimetry

Electron Paramagnetic Resonance (EPR) dosimetry has
evolved significantly since its inception, becoming a cor-
nerstone in the field of radiation research and therapy. Ini-
tially, EPR dosimetry was pivotal in studying free radicals,
which play a critical role in understanding the effects of
ionizing radiation on biological systems. The method’s
inception can be traced back to foundational work by Jan-
zen in 1971 (175), who extensively reviewed the spin trap-
ping technique, allowing for the detailed study of transient
free radicals in irradiated biological molecules (176, 177).
This technique marked a significant advance in radiation
research, enabling scientists to elucidate the primary pro-
cesses of radiation interaction with living cells.
Over the years, the application of EPR dosimetry has

expanded, driven by advancements in EPR techniques,
including the development of continuous wave (CW) and
pulsed EPR, which offer high resolution and sensitivity.
These advancements have facilitated the study of complex
paramagnetic species and their behaviors under irradiation,
further enriching our understanding of radiation’s biologi-
cal impacts (178).

Methodological Advances

Electron paramagnetic resonance dosimetry has under-
gone significant methodological advancements since its
inception, markedly enhancing our ability to study the intri-
cate effects of radiation on biological systems. The transi-
tion from CW to pulsed EPR represents one of the most
pivotal developments in this field. While CW-EPR has
been instrumental in the initial exploration of radiation-
induced free radicals, pulsed EPR has introduced the capa-
bility to observe the dynamics of these radicals with much

greater temporal resolution. This methodological shift has
facilitated a deeper understanding of the transient processes
that occur immediately after irradiation, providing insights
into the initial stages of radiation damage to biological
molecules (178).
Concomitant with the evolution from CW to pulsed EPR,

there have been significant strides in the development of
detection methods that offer high resolution and sensitivity.
These advancements are critical in the context of radiation
research, where the detection of minute quantities of radiation-
induced radicals can elucidate the mechanisms of radiation
interaction with DNA, proteins, and other biomolecules.
The collective impact of these methodological advance-

ments in EPR dosimetry on the study of radiation effects
on biological molecules cannot be overstated. By enabling
the detailed observation and analysis of radiation-induced
free radicals, these developments have deepened our under-
standing of the fundamental mechanisms by which ionizing
radiation interacts with living cells. This, in turn, has impli-
cations for improving radiation therapy techniques and
developing strategies to mitigate radiation damage, under-
scoring the pivotal role of EPR dosimetry in advancing
both radiation research and clinical applications.
The inception and development of alanine-EPR dosimetry

were significantly bolstered by investments from National
Metrology Institutes (NMIs) across the globe. These invest-
ments underscored a concerted effort to standardize and ele-
vate the precision of radiation dosimetry. As a result, alanine
dosimetry emerged as the system of choice for calibration ser-
vices, gaining widespread acceptance and adoption across
various high-dose application industries, from healthcare sec-
tors involving blood product treatment and medical device
sterilization to food preservation and aerospace device testing
(179).

EPR in High-Dose Dosimetry

Integrating EPR into dosimetry laboratories was not
devoid of challenges, particularly in overcoming techno-
logical and financial barriers associated with adopting a
then-novel method. The transition from optical dosimetry
methods to EPR required significant adjustments, including
the acquisition of sophisticated equipment and the develop-
ment of technical expertise. Despite these hurdles, the supe-
rior benefits of alanine dosimetry—such as its robustness to
environmental conditions, wider dose measurement range,
and higher precision—ultimately facilitated its integration
into dosimetry labs and industry practices. The robust nature
of the alanine dosimeter, requiring no special handling and
well suited for a variety of industrial environments, provided
a compelling case for its adoption over traditional optical
techniques. In clinical and industrial settings, EPR dosime-
try, particularly through alanine dosimeters, has found a
broad spectrum of applications. Its utility spans from ensur-
ing the safety and efficacy of blood product treatments and
the sterilization of medical devices to enhancing food preser-
vation techniques and ensuring the reliability of components
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in aerospace testing. The traceability of alanine dosimetry
measurements to national standards has been pivotal in facil-
itating international commerce, enabling a reliable exchange of
goods and services that adhere to rigorous safety and quality
benchmarks (180).

LET Track OSLD

As the field of radiation dosimetry advances, the integra-
tion of emerging technologies and innovations stands at the
forefront of transforming how radiation measurement and
safety are approached. One of the significant leaps in this
realm is the development and application of LET track
OSLD, which heralds a new era in the precision and flexi-
bility of radiation dosimetry.
The radiation dosimetry community has long been in

pursuit of a dosimeter that addresses the myriad limitations
associated with current passive detector technology. The
ideal passive integrating detector would be sensitive to
charged particles across a wide spectrum of LET values,
necessitating minimal to no post-exposure chemical pro-
cessing, capable of non-destructive (i.e., multiple) readouts
using fully automated equipment, and offering the potential
to be erased and reused. Traditional TLD and OSLD,
despite their full reusability and high sensitivity to low-
LET radiation, fall short in measuring high-LET radiation
from heavy charged particles (HCP) efficiently and exhibit
minimal to no sensitivity to neutrons (66, 82).
A groundbreaking development in overcoming these lim-

itations is the introduction of a novel Al2O3 fluorescent
nuclear track detector (FNTD) by Landauer, Inc. This inno-
vation has showcased sensitivity and functionality surpass-
ing existing nuclear track detectors. The foundation of
FNTD technology lies in single crystals of aluminum oxide
doped with carbon and magnesium, featuring aggregate
oxygen vacancy defects (Al2O3:C, Mg). This composition
induces radiation-generated color centers that absorb light
at 620 nm and emit fluorescence at 750 nm with high quan-
tum yield and a remarkably short fluorescence lifetime of
approximately 75 6 5 ns (181).
The non-destructive readout of this detector is executed

using a confocal fluorescence microscope, allowing for the
three-dimensional spatial distribution of fluorescence intensity
along the trajectory of a heavy charged particle. This capabil-
ity enables the reconstruction of particle trajectories through
the crystal, where LET can be ascertained as a function of dis-
tance along the trajectory based on fluorescence intensity.
The advantages of Al2O3:C, Mg FNTD over conventionally
processed CR-39 plastic nuclear track detectors are manifold,
including superior spatial resolution, an expanded range of
LET sensitivity, the obviation of post-irradiation chemical
processing, and the detector’s capacity for annealing and
reuse (182). Preliminary experiments have verified that the
material has a low-LET threshold of ,1 keV/lm, does not
reach saturation at LETs in water as high as 1,800 keV/lm,
and can withstand irradiation to fluences exceeding 106 cm�2

without saturation (track overlap) (66, 82).

This evolution in dosimetry technology, spearheaded by
the advent of LET tracking OSLD, paves the way for
enhanced accuracy, efficiency, and applicability of dosi-
metric assessments across a broader spectrum of radiation
types and energies. As these advancements continue to be
integrated into practical applications, they promise to sig-
nificantly impact radiation safety protocols, treatment plan-
ning, and monitoring, ensuring that dosimetry remains at
the cutting edge of radiation science and safety.

Prompt Gamma Imaging Systems

In the realm of charged particle radiotherapy, the appli-
cation of prompt gamma camera (PGC) technology repre-
sents a significant advancement. This technology revolves
around the principles of detecting secondary radiation
emissions, specifically prompt gamma rays, during the
delivery of proton and ion beam therapies. These secondary
emissions result from nuclear interactions within the
patient, offering a non-invasive means to verify the range
of charged particles with high precision.
The primary energy loss mechanism for protons and ions

in tissue is through collisions with atomic electrons, with
direct interactions with nuclei playing a minor role in the
overall stopping power. It is these nuclear interactions,
albeit less frequent, that are pivotal for range verification
methods. These inelastic collisions can alter target nuclei,
leading to a sequence of de-excitation processes that emit
secondary radiation, including prompt gamma rays, which
can escape the patient and be detected externally (183,
184).
The efficacy of range verification via prompt gamma

imaging (PGI) hinges on the successful detection of these
secondary emissions. Prompt gamma rays exhibit an
energy spectrum extending up to 10 MeV, interacting with
materials primarily through Compton scattering or pair pro-
duction, thus necessitating sophisticated detection systems
designed to capture these high-energy photons (185, 186).
The temporal characteristics of nuclear interactions, gov-

erned by the strong force, and the subsequent de-excitation
processes, ranging from sub-nanoseconds to several min-
utes, play a crucial role in the detection strategy. For
prompt gamma-based range verification to be successful,
the detection system must efficiently capture the fleeting
moments of these emissions (187, 188).
Developments in PGC technology have focused on

enhancing the sensitivity and specificity of these systems
to accurately correlate the detected prompt gamma emis-
sions with the Bragg peak location, thereby ensuring the
precision of charged particle therapies. This includes inno-
vations in detector design, signal processing algorithms,
and integration with treatment planning systems to provide
real-time feedback on beam range and energy deposition
(189–191).
Recent studies have underscored the potential of PGC in

improving the accuracy of range verification in proton ther-
apy, demonstrating its capacity to detect deviations in the
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Bragg peak location and adjust treatment parameters

accordingly (186, 192).
The ongoing refinement of PGC technology, including

the development of more compact, efficient, and scalable

systems, is anticipated to facilitate broader adoption in clin-

ical settings. These advancements promise to enhance the

safety and effectiveness of proton and ion beam therapies,

paving the way for more personalized and precise cancer

treatment modalities (193, 194).

Radio-Acoustic Dosimetry

Radio-acoustic dosimetry represents a forefront in the field
of radiation therapy, particularly proton therapy, offering a

non-invasive, real-time method for verifying the range of

charged particle beams through the detection of thermoa-

coustic signals. These signals are generated when the energy

deposited by proton beams is converted into heat, causing

thermal expansion and thus acoustic emissions detectable as

pressure waves (195, 196). This phenomenon, referred to as

proton-acoustics, provides a direct correlation between the

acoustic signal amplitude and the energy deposited, making

it a promising technique for ensuring the accuracy of proton

therapy (197, 198).
The application of thermoacoustic principles to dosime-

try, especially in proton therapy, addresses a critical chal-
lenge: range uncertainty. The ability of proton-acoustics to

accurately locate the Bragg peak, the point at which the

majority of the proton beam’s energy is deposited, could

significantly enhance treatment efficacy and patient safety

by confirming that the radiation dose is delivered precisely

to the tumor, minimizing exposure to surrounding healthy

tissues (155–157).
Despite its potential, several challenges impede the clini-

cal translation of proton-acoustics. The primary obstacles

include low signal levels, influenced by the proton pulse

structure of clinical accelerators, and the variability in

sound speed across different tissues, which can introduce

errors in determining the Bragg peak location. Addition-
ally, acoustic transmission through air pockets and bone is

limited, posing difficulties in signal detection (199, 200).
Recent advancements in proton therapy technology and

proton-acoustic signal detection methods have begun to

address these challenges. Modifications in proton beam

delivery, aimed at optimizing the time structure of proton

pulses, have shown promise in enhancing signal generation

and detection. Developments in signal processing and

detector design, including the use of clinical ultrasound

arrays and advanced computational algorithms, are improv-

ing the sensitivity and specificity of proton-acoustic range

verification (201–203).
The integration of proton-acoustics with other imaging

modalities, such as ultrasound and optoacoustic imaging,

offers a multi-modal approach to range verification, poten-

tially overcoming limitations related to tissue heterogeneity

and sound speed discrepancies. This synergy could provide

a more robust and accurate method for proton range verifi-

cation (204, 205).

Advanced Radiopharmaceutical Dosimetry

The landscape of radiopharmaceutical therapy (RPT) is

rapidly advancing with the potential for patient-specific

dosimetry to significantly improve clinical outcomes. As

Wehrmann et al. (206) and Eberlein et al. (207) suggest,
the incorporation of advanced imaging and computational

tools into dosimetry has the potential to tailor therapies to

the individual patient, enabling more precise and effective

treatment protocols.
Patient-specific dosimetry stands at the forefront of per-

sonalized medicine in RPT, where the accurate calculation

of absorbed doses can lead to the optimization of therapeu-

tic efficacy and the reduction of toxicity. This personalized

approach considers individual variability in pharmacokinet-

ics and radiobiological effects, facilitating dose optimization

for both tumor control and protection of normal tissues.
The introduction of new radiopharmaceuticals expands the

therapeutic options available for treating a variety of cancers

and other diseases. As the range of targetable molecular path-

ways grows, so does the need for dosimetric models that can

accurately predict the distribution and effects of these agents

within the body. Advancing imaging techniques such as PET/

CT, SPECT, and novel software that incorporates artificial

intelligence can refine dosimetric calculations and streamline

the therapeutic planning process.
The integration of computational tools, including machine

learning algorithms, offers the promise of improved dosimetric

models that can learn from a vast array of patient data to make

more accurate predictions. These tools can help to overcome

the challenges associated with heterogeneous distributions of

radiopharmaceuticals within tumors and across different patient

anatomies.

Nanotechnological Applications in Dosimetry

The integration of nanotechnology into the realm of radi-

ation dosimetry, particularly through the use of graphene,

is paving the way for unprecedented advancements in the

accuracy, sensitivity, and versatility of dosimetric applica-

tions. Nanomaterials, with their unique physical and chemi-

cal properties, have the potential to revolutionize radiation

detection and measurement, offering new avenues for both

research and clinical applications in radiation therapy.
Graphene, a two-dimensional carbon nanomaterial, has

garnered significant attention in recent years for its remark-

able properties, including high electrical conductivity,

mechanical strength, and thermal conductivity. These char-

acteristics make graphene an ideal candidate for enhancing

the performance of dosimetric devices. Its ability to con-

duct electricity can be sensitively altered by the presence

of ionizing radiation, allowing for the precise measurement

of radiation doses (208, 209).
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The application of graphene in radiation dosimetry
exploits its conductivity changes when exposed to radia-
tion, serving as the basis for developing highly sensitive
and fast-response dosimeters. This sensitivity to radiation,
combined with graphene’s mechanical robustness, enables
the creation of flexible, durable dosimeters that can be used
in a variety of radiation therapy settings, including chal-
lenging environments where traditional dosimeters may
fail (210, 211).
Graphene’s versatility allows for the development of novel

dosimetric systems that can provide real-time monitoring of
radiation dose rates, potentially improving the safety and
efficacy of radiation therapy treatments. By incorporating
graphene-based sensors into wearable devices, researchers
are exploring the possibility of continuous, in vivo radiation
monitoring, which could lead to more personalized and
adaptive radiation therapy regimens (212, 213).
The integration of graphene into dosimetric applications

is not without challenges. The fabrication of graphene-
based sensors requires sophisticated techniques to maintain
the material’s integrity and functionality. Additionally, the
response of graphene to different types of radiation (e.g.,
alpha particles, beta particles, gamma rays) must be thor-
oughly understood and calibrated to ensure accurate dose
measurements. Despite these challenges, ongoing research
is focusing on overcoming these hurdles through innovative
material engineering and device design (214, 215).
The use of graphene, and nanotechnology in general, in

radiation dosimetry is an exciting and rapidly evolving
field. The unique properties of graphene offer promising
opportunities for enhancing dosimetric measurements’
accuracy, sensitivity, and versatility. As research in this
area continues to advance, graphene-based dosimeters may
soon become a staple in radiation therapy.

ADVANCED SMALL ANIMAL IRRADIATION SYSTEMS

While the tendency is for techniques in modern medicine
to be established first in animal studies prior to their permit-
ted use in the clinical environment, small animal irradiation
is ripe for a reversal of these techniques. Many small-animal
irradiation systems remain fixed beam irradiators, designed
for whole-body coverage, and operating at energies lower
than those generally utilized within the modern radiotherapy
clinic. While cost is likely the driving factor hindering a
technological advancement in this area of research, the mod-
ern radiation delivery techniques and technologies now out-
pace those seen in general animal studies by decades.
Intensity modulated radiation therapy stands as a trans-

formative approach in the sphere of radiation therapy, espe-
cially within the realm of small animal irradiation. Its core
principle revolves around modulating the radiation dose
with high precision, allowing for a higher concentration of
radiation to be delivered to the tumor while sparing the sur-
rounding healthy tissue to an unprecedented degree. The
intricacy of IMRT is further enhanced by CT image-based

treatment planning, which serves as the crux for tailoring the
radiation dose according to the tumor’s three-dimensional
shape. The utilization of computed tomography (CT) in treat-
ment planning introduces a layer of exactitude in dose calcula-
tion and distribution, as it provides detailed insights into the
anatomical context of the target volume and surrounding
organs-at-risk (216).
Integration of CT imaging allows clinicians to delineate

the tumor and critical structures with remarkable accuracy,
enabling a conformal dose distribution that is sculpted
according to the patient’s unique anatomy. This level of cus-
tomization in treatment planning is pivotal for small animal
pre-clinical research, as it ensures the reproducibility and
validity of the findings when translated to clinical scenarios
(217).

Benchmarking Systems by Phantom Studies

Enhanced precision in preclinical radiotherapy necessi-
tates the advancement and standardization of dosimetric
tools such as phantoms, particularly to attain an Imaging
and Radiation Oncology Core (IROC) equivalent for small
animal irradiation studies. Simple geometry phantoms offer
a replicable and cost-effective means to standardize dosim-
etry across institutions, enabling comparative studies with-
out the logistical hindrances of phantom exchange (218).
These phantoms, often composed of a single material like
acrylic or polystyrene, mimic the radiological environment
of the subjects under study and allow for straightforward
dosimeter and radiochromic film insertion (219).
Advancements from the Centers for Medical Countermea-

sures against Radiation (CMCR) Radiation Physics Core
(RPC) have introduced heterogeneity into simple geometry
phantoms to better represent animal anatomy, still without
complicating manufacturing processes excessively (220). These
modified phantoms support a more realistic simulation of tissue
responses while maintaining the straightforward production
and high reproducibility essential for inter-institutional studies.
In contrast, the fidelity to animal anatomies and morphol-

ogies is significantly heightened in the mouse-morphic
(rodentia-morphic) phantoms, which pose a production
challenge due to their complexity and cost (221). These
intricate models, such as the single-use 3D Presage phan-
toms, are less accessible for routine use due to the perma-
nent alterations caused by radiation exposure (222). The
recent proliferation of 3D printing has mitigated these chal-
lenges, reducing costs and complexity in creating high-
fidelity phantoms (223).
The CMCR dosimetric project capitalized on this tech-

nology, creating a mouse-morphic phantom from micro-CT
data of a C57Bl/6 mouse, leading to a dosimetric validation
within 1.2% accuracy against Monte Carlo dose calcula-
tions when assuming ABS (acrylonitrile-butadiene-styrene)
tissue equivalence (224). The negligible inter-phantom var-
iation assessed by weight underscores the precision and
reproducibility of these models, fortifying their utility in
standardizing dosimetry for preclinical research (225).
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Such standardization efforts in phantom studies are cru-
cial for translating preclinical findings into clinical settings.
They serve as a quality assurance bedrock, ensuring that
the dosimetric data obtained from small animal studies are
reliable and applicable for further research and clinical
application, thereby aligning with the broader objectives of
radiation oncology (226, 227).
In the wider scope, the move towards an IROC equiva-

lent for small animal irradiation research embodies a com-
mitment to rigor and reproducibility, with the aim to
solidify the translational pipeline from laboratory bench to
bedside. The development of standardized and anatomi-
cally accurate phantoms is not merely a technical endeavor
but a pivotal step in this translational process, promising to
elevate the quality of preclinical radiation studies and by
extension, the reliability of subsequent clinical trials (228,
229).

CONCLUSION

In 2024 there is renewed appreciation for the need for stan-
dardization and rigor in dose delivery in radiobiological investi-
gations. Whereas this has long been achieved in radiation
medicine through standards and requirements emanating from
a variety of regulatory and certifying entities, there are no such
authoritative bodies to dictate for non-clinical purposes. To fill
this void, groups in the US and in Europe have worked to
develop a framework for what is required for quality research
in the preclinical setting. At least a portion of the impetus stems
from the continuing shift from radioactive source-based irradia-
tors to the use of X rays, which introduces several dosimetric
and dose distribution aspects that must be taken into consider-
ation. One point where demand for rigor and standardization
can be imposed is at the funding level. Funding agencies may
require that adequate detail be included in applications, allow-
ing peer reviewers to confirm that experiments are designed
correctly and with proper attention to procedures and dose mea-
surements. Once funded, there can be ongoing requirements to
follow agreed upon standards in the conduct of the experi-
ments. An example of this is the recent work from the Compat-
ibility of Irradiation Research Protocols Expert Roundtable
(CIRPER) which resulted in a set of guidelines for recom-
mended methodological disclosure requirements (230). The
critical details surrounding dosimetry and dose delivery must
also be included in the dissemination of the results. To this end,
parallel commentaries published in Radiation Research (231)
and in the International Journal of Radiation Biology (232) pro-
vided minimum reporting standards that should be expected
when publishing radiobiological research in the literature.
Also pending are the results of AAPM Task Group 319,

formed to establish guidelines for accurate dosimetry in radi-
ation biology experiments. The hope is that by requiring
adherence to certain standards when applying for funding,
extended to mandates to follow agreed upon protocols in the
conduct of the research, and culminating with the inclusion
of a minimum set of details at publication, there will be

sufficient peer pressure to drive the field towards improved

dosimetry and dosimetry standards, and a harmonization as

to how radiobiological research is conducted.
It has been seventy years since the first article in a new jour-

nal of Radiation Research (2) laid out a few simple dosimetric

requirements that a biologist should address when conducting

experiments with ionizing radiation. Even while pessimistic

that these requirements had been met, there was a recognition

of the need to strive towards the goal of reliable, reproducible,

and accurate dosimetry as a foundation for quality research in

the field. Today, with many new methods and techniques avail-

able for the measurement of dose with precision and accuracy,

but also with many new challenges as new delivery methods

are explored, that need remains. With communication and col-

laboration between biologists and physicists, from design

through conduct of experiments and on to reporting of the

results, the radiation research community can be optimistic that

rigor and standardization in dosimetry will assure the quality of

preclinical radiobiological research and radiation medicine in

the future.
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Seco J, et al. Golden beam data for proton pencil-beam scanning.
Phys Med Biol. 2012; 57:1147–58.

159. Knopf A, Parodi K, Bortfeld T, Shih HA, Paganetti H, System-
atic analysis of biological and physical limitations of proton
beam range verification with offline PET/CT scans. Phys Med
Biol. 2009; 54:4477–95.

160. Polf JC, Avery S, Mackin DS, Beddar S, Imaging of prompt
gamma rays emitted during delivery of clinical proton beams
with a Compton camera: Feasibility studies for range verifica-
tion. Phys Med Biol. 2015; 60:7085–99.

161. Unkelbach J, Paganetti H, Robust proton treatment planning:
Physical and biological optimization. Semin Radiat Oncol. 2018;
28:88–96.

162. Krane KS, Introductory Nuclear Physics. 3rd ed. Toronto, Can-
ada: John Wiley & Sons, Inc; 1988.

163. Thomas DJ, ICRU report 85: fundamental quantities and units
for ionizing radiation. Radiat Prot Dosim. 2012; 150:550–2.

164. Heilbronn LH, Borak TB, Townsend LW, Tsai PE, Burnham
CA, McBeth RA, Neutron yields and effective doses produced
by Galactic Cosmic Ray interactions in shielded environments in
space. Life Sci Space Res. 2015; 7:90–9.

165. The 2007 recommendations of the International Commission on
Radiological Protection. ICRP Publication 103. Ann ICRP 2007;
37:1–332.

166. Rossi HH, Zaider M, Microdosimetry and its Applications. Ber-
lin/New York: Springer; 1996.

167. Fisher DR, Fahey FH, Appropriate use of effective dose in radiation
protection and risk assessment. Health Phys 2017; 113:102–09.

168. Absorbed Dose Determination in External Beam Radiotherapy:
An International Code of Practice for Dosimetry Based on Stan-
dards of Absorbed Dose to Water. Vienna: International Atomic
Energy Agency; 2000.

169. Zhivulin VE, Pesin LA, Ivanov DV, Special aspects of the tem-
perature dependence of EPR absorption of chemically carbon-
ized polyvinylidene fluoride derivatives. Phys. Solid State. 2016;
58:86–90.

170. Sykora GJ, Akselrod MS, Vanhavere F, Performance of fluores-
cence nuclear track detectors in mono-energetic and broad spec-
trum neutron fields. Radiat. Meas. 2009; 44:988–91.

171. Perali I, Celani A, Bombelli L, Fiorini C, Camera F, Clementel
E, et al. Prompt gamma imaging of proton pencil beams at clini-
cal dose rate. Phys Med Biol. 2014; 59:5849–71.

172. Patch SK, Hoff DE, Webb TB, Sobotka LG, Zhao T, Two-stage
ionoacoustic range verification leveraging Monte Carlo and
acoustic simulations to stably account for tissue inhomogeneity
and accelerator–specific time structure–A simulation study. Med
Phys 2018; 45:783–93.
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