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Abstract
Background: The increasing use of nuclear medicine and PET imaging has
intensified scrutiny of radiotracer extravasation. To our knowledge, this topic
is understudied but holds great potential for enhancing our understanding of
extravasation in clinical PET imaging.
Purpose: This work aims to (1) quantify the absorbed doses from radiotracer
extravasation in PET imaging, both locally at the site of extravasation and with
the extravasation location as a source of exposure to bodily organs and (2)
assess the biological ramifications within the injection site at the cellular level.
Methods: A radiation dosimetry simulation was performed using a whole-body
4D Extended Cardiac-Torso (XCAT) phantom embedded in the GATE Monte
Carlo platform.A 10-mCi dose of 18F-FDG was chosen to simulate a typical clin-
ical PET scan scenario, with 10% of the activity extravasated in the antecubital
fossa of the right arm of the phantom. The extravasation volume was modeled
as a 5.5 mL rectangle in the hypodermal layer of skin. Absorbed dose contribu-
tions were calculated for the first two half -lives, assuming biological clearance
thereafter. Dose calculations were performed as absorbed doses at the organ
and skin levels. Energy deposition was simulated both at the local extravasa-
tion site and in multiple organs of interest and converted to absorbed doses
based on their respective masses. Each simulation was repeated ten times
to estimate Monte Carlo uncertainties. Biological impacts on cells within the
extravasated volume were evaluated by randomizing cells and exposing them
to a uniform radiation source of 18F and 68Ga.Particle types, their energies,and
direction cosines were recorded in phase space files using a separate Geant4
simulation to characterize their entry into the nucleus of the cellular volume.
Subsequently, the phase space files were imported into the TOPAS-nBio sim-
ulation to assess the extent of DNA damage, including double-strand breaks
(DSBs) and single-strand breaks (SSBs).
Results: Organ-level dosimetric estimations are presented for 18F and 68Ga
radionuclides in various organs of interest. With 10% extravasation, the hypo-
dermal layer of the skin received the highest absorbed dose of 1.32 ± 0.01 Gy
for 18F and 0.99 ± 0.01 Gy for 68Ga. The epidermal and dermal layers
received absorbed doses of 0.07 ± 0.01 Gy and 0.13 ± 0.01 Gy for 18F, and
0.14 ± 0.01 Gy and 0.29 ± 0.01 Gy for 68Ga, respectively. In the extravasated
volume, 18F caused an average absorbed dose per nucleus of 0.17 ± 0.01 Gy,
estimated to result in 10.58 ± 0.50 DSBs and 268.11 ± 12.43 SSBs per nucleus.
For 68Ga, the absorbed dose per nucleus was 0.11 ± 0.01 Gy, leading to an esti-
mated 6.49 ± 0.34 DSBs and 161.24 ± 8.12 SSBs per nucleus.Absorbed doses
in other organs were on the order of micro-gray (µGy).
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Conclusion: The likelihood of epidermal erythema resulting from extravasation
during PET imaging is low, as the simulated absorbed doses to the epidermis
remain below the thresholds that trigger such effects. Moreover, the organ-level
absorbed doses were found to be clinically insignificant across various simu-
lated organs. The minimal DNA damage at the extravasation site suggests that
long-term harm, such as radiation-induced carcinogenesis, is highly unlikely.
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1 INTRODUCTION

The use of nuclear medicine imaging procedures in clin-
ical settings is steadily increasing, with approximately
20 million intravenous administrations of radiopharma-
ceuticals occurring each year in the United States.1 The
most commonly used radiotracer in positron emission
tomography (PET) imaging is 2-[18F]fluoro-deoxy-D-
glucose (18F-FDG), a glucose analog employed to visu-
alize abnormal metabolic activity associated with vari-
ous diseases, including epilepsy, infection, Alzheimer’s
disease, heart disease, and other malignancies.2

Besides 18F-FDG, other commonly used radionuclides
in PET imaging include 68Ga and 89Zr, while 99mTc is
frequently used in single photon emission computed
tomography (SPECT) imaging. To promote the safe use
of these radiopharmaceuticals in medical applications, it
is critical to understand and quantify the risks posed by
the radioisotope and its intended application. One such
concern in nuclear medicine is extravasation during the
radiopharmaceutical injection.3,4

Extravasation refers to the accidental leakage of a
radiopharmaceutical from a vein into the surrounding
tissue during the course of an injection. The extent
of the harm resulting from extravasation depends on
several factors, such as the specific radiopharmaceuti-
cal involved, the administered activity, and the location
and severity of the extravasation. Reports of radiophar-
maceutical extravasation and/or infiltration have been
documented as early as 1984,5 with subsequent stud-
ies published thereafter.6,7 Initially, it was assumed that
radiopharmaceutical extravasation caused no physical
harm to the patient during nuclear medicine proce-
dures, and this assumption still appears to be valid.8,9

The Society of Nuclear Medicine and Molecular Imaging
(SNMMI) and American College of Nuclear Medicine
(ACNM) have indicated that the additional absorbed
doses resulting from radiopharmaceutical extravasation
are not clinically significant.10 However, there is a lack
of publicly available data supporting this statement.

Recently published studies have claimed that radio-
pharmaceutical extravasation may have the potential
to cause tissue damage at the local injection site.11,12

Using MIRD techniques applied to real-time measure-
ment of extravasation kinetics, Osborne et al. estimated

that the absorbed doses at the site of extravasation
could reach as high as 11.2 Gy in a tissue volume of
5 cm3 with this work recently validated independently
by Tsorxe and Hayes for the assumed extravasation
volumes.11–13 From a radiation safety perspective, the
absorbed doses at the local site of extravasation may
surpass the limits defined for medical events. Conse-
quently, there is an interest in determining whether these
occurrences should be classified as medical events.The
Nuclear Regulatory Commission (NRC) has recently
sought public comments on reporting nuclear medicine
injection extravasations as medical events.14 A recent
Monte Carlo estimate by Sunderland et al. reported
that the infiltration of an entire 10 mCi clinical injected
activity of 18F-FDG during PET imaging is unlikely
to result in deterministic skin injury when taking into
account skin tissue sub-anatomy where the fibrous
dermal layer effectively shields the radiation sensitive
epidermis from positron energy deposition.15 This study
looked at single time points at 1 h or more post-injection
and used a combined 30-min biological/physical half -life
for reabsorption based upon the work of Osborne et al.11

This raises the question of whether the accumula-
tion of radiopharmaceuticals at the local injection site,
specifically the extravasation of activity during diagnos-
tic (PET or SPECT) imaging or therapeutic procedures,
poses long-term harm. In particular, how much damage
does it cause to the local extravasation site and under-
lying tissue? The work by Sunderland et al. used MCNP
Monte Carlo simulations to estimate radiation absorbed
dose to skin sub-anatomies (epidermis, dermis, subcu-
taneous tissue, and muscle) for several radionuclides
and geometries, but did not extend their work to the
cellular and DNA dose level. To shed light on these
important concerns,this study employs advanced Monte
Carlo simulations to replicate clinical extravasation sce-
narios and assess radiation damage resulting from
extravasation.Monte Carlo techniques have become the
preferred tool for describing radiation transport through
matter. To comprehend the radiation’s impact on cells at
the injection site, we developed a Monte Carlo model
replicating a clinical extravasation event and estimated
the resulting radiation damage. The damage estimation
was performed at the cellular level both at the site of
extravasation as well as to other vital organs in the body.
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TIWARI ET AL. 3

The existing literature lacks reports on the organ-
level dosimetric contribution arising from radiopharma-
ceutical extravasation. It is important to understand
the contribution of extravasated activity to organ-level
absorbed doses in order to fully comprehend the effects
of extravasation around the injected area for both the
patient and for those that could be in close proxim-
ity to the patient following an extravasation event (e.g.,
patient holding a child after diagnostic radiopharma-
ceutical extravasation). Therefore, this study aims to
quantify the absorbed organ dose contribution from
radiopharmaceutical extravasation by conducting Monte
Carlo simulations on XCAT phantoms16,17 using the
Geant4 Application for Tomographic Emission (GATE)
toolkit.18,19 Moreover, skin-level dosimetry calculations
were performed and absorbed doses were simulated
at the epidermis, dermis, and hypodermis. To assess
radiation damage, this work evaluates the likelihood of
DNA damage resulting from the decay of 18F and 68Ga
at the local extravasation site. Radiobiological effects,
such as the extent of DNA damage in terms of DSBs
and SSBs,were estimated using the TOPAS-nBio Monte
Carlo platform.20,21

2 MATERIALS AND METHODS

We used a multi-scale simulation approach in this work
developed previously in our group.22 Simulations were
conducted using a validated Monte Carlo simulation
pipeline developed at ORNL.23 Macroscopic dosimetry
simulations were performed using the GATE Monte
Carlo platform,18,19 which accurately captures realis-
tic radiation fields for precise radiation dosimetry. In
addition, cell-scale simulations involving the scoring of
DNA damage in selected cells were performed using
the Geant424 and TOPAS-nBio toolkits.20,21 This com-
prehensive approach allowed us to analyze particle
tracks and evaluate DNA damage at a cellular level,
complementing the macroscopic dosimetry simulations.

2.1 Organ level absorbed dose
simulations

The GATE Monte Carlo toolkit was chosen for organ-
level dosimetry, which we previously validated for
radiopharmaceutical therapy dosimetry25–27 along with
XCAT phantoms from Duke University.16 GATE is a
Monte Carlo simulation code that incorporates the
Geant4 libraries.18,19,28,29 For this study, GATE ver-
sion 9.1 was used to simulate XCAT phantoms, which
closely represent the anatomy and physiology of clin-
ical patients. Specifically, we employed the male XCAT
phantom, with a height of 1.77 m, and weight of 72 kg,
to represent the average adult male. The simulations
involved estimating absorbed doses at the local extrava-

sation site (injection location) and in various organs of
the XCAT phantom, including the heart (𝜌 = 1.05 g/cm3),
gonads (𝜌 = 1.04 g/cm3), liver (𝜌 = 1.06 g/cm3), lungs
(𝜌 = 0.26 g/cm3), spleen (𝜌 = 1.06 g/cm3), and kidneys
(𝜌 = 1.05 g/cm3).

The standard version of the XCAT mesh phantom
was generated using the XCAT software. Subsequently,
the XCAT mesh phantom was imported into AutoCAD
software to save each organ as a stereolithography
(STL) file. These STL files were imported into the GATE
software to simulate the organs of interest. To minimize
simulation time, we excluded the simulation of organs
located in the lower abdominal region, as shown in
Figure 1.

An energy cut of ∼10 keV was applied as a lower
bound, corresponding to a range cut of ∼1 cm in the
phantom body (𝜌 = 1.04 g/cm3). A positron source was
used for all simulations. For electromagnetic interac-
tions,we utilized the physics list emstandard_opt4 along
with the radioactive decay.To calculate the energy depo-
sition at the organ level, the doseActor mechanism in
GATE was used.This actor stored the energy deposition
information separately for each organ. In all doseAc-
tor setups, a voxel size of 2 × 2 × 2 mm3 was utilized.
The energy deposition map was then converted into
absorbed dose,considering only the irradiated voxels for
absorbed dose estimation.

2.2 Skin dosimetry

In our study, we modeled skin anatomy using average
tissue layer thickness values. Specifically, we set the
epidermis thickness at 0.2 mm (𝜌 = 1.1 g/cm3), the
dermis thickness at 1.5 mm (𝜌 = 1.1 g/cm3), a hypoder-
mal layer (or subcutaneous tissue) thickness of 7 mm
(𝜌 = 0.95 g/cm3), and a muscle layer thickness of 2 cm
(𝜌 = 1.04 g/cm3), as illustrated in Figure 2. While these
dimensions are representative of an average popula-
tion, it is essential to note that actual values can vary
significantly.

In our Monte Carlo model, we assumed activity
extravasation in the hypodermal layer based on clini-
cal data available from Tylski et al.30 The extravasation
volume was represented by a rectangle measuring
2.8× 2.8× 0.7 cm3,with a volume of 5.5 mL.This volume
served as the source volume in our simulations. Sub-
sequently, we estimated absorbed doses for all tissue
layers. Additionally, we separately estimated the contri-
butions to the absorbed dose from positrons, electrons,
and gammas through simulations.

2.3 Choice of radionuclides

Two radionuclides were used in this work: 18F and
68Ga, with half -lives of 109.77 min and 67.71 min,
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4 TIWARI ET AL.

F IGURE 1 (a) XCAT male phantom visualization in GATE Monte Carlo platform, and (b–d) Visualization of 18F decays in the antecubital
fossa of the phantom’s right arm. The green lines in the figure represent photon emissions from positron annihilation within the phantom.

F IGURE 2 Schematic representation of the modeled skin
anatomy for calculating absorbed doses at the skin level.

respectively.31 After injecting the radiopharmaceutical,
two processes occur internally: (1) radioactive decay
of the nuclide in situ and (2) biological clearance of
the radiopharmaceutical (i.e., wash out). For organ-level
absorbed dose calculations, the first two half -lives were
simulated for both radionuclides, representing 75% of
their total decay, providing a conservative and safe
estimate.The remaining 25% was assumed to be biolog-
ically cleared from the XCAT phantom,mimicking realis-
tic clinical conditions.The assumption of 25% clearance
was based on the biological half -life of 18F,which is ∼1 h,
resulting in an effective half -life of ∼33 min.11

When 18F decays, it releases positrons (96.7%) with
an average energy (Eave) of 249 keV. The subse-
quent annihilation of these positrons with electrons
produces annihilation photons (𝛾-rays) with an energy
of 511 keV.31 In clinical settings, the injected activity

of 18F-FDG can vary, but a typical clinical scan often
employs an activity of 10 mCi of 18F-FDG. In this study,
we assumed that 10% of the activity of 18F (i.e., 1 mCi)
was extravasated in the antecubital fossa of the right
arm of the XCAT phantom. Our assumption was based
on realistic cases of extravasation observed in clinical
settings and aligns with the majority of cases reported in
the literature.12 To estimate organ-level dosimetry,a total
of 263.73 billion 18F decays were simulated to account
for the level of extravasated activity.

68Ga is also a positron emitter, decaying 89% through
positron emission, with an average energy (Eave) of
836 keV and a maximum energy of 1.92 MeV.31 The
positron emission energy is higher compared to 18F.This
radionuclide has a shorter half -life and a faster clear-
ance time compared to 18F. A typical injected activity of
68Ga-DOTATATE in clinics is ∼5 mCi. Assuming 10%
extravasation, we simulated an extravasated activity of
0.5 mCi, corresponding to a total of 81.34 billion decays
of 68Ga.

All of these simulations were performed on the
CADES computing cluster at Oak Ridge National Lab-
oratory. Parallel simulations were executed to reduce
the overall computing time, and the output files were
summed after simulations for further analysis.

2.4 Radiobiology simulations

Radiobiology simulations were performed to understand
whether the energy deposition from positron (β+) and
gamma (𝛾) emissions resulting from annihilation would
cause damage to DNA strands and to assess the extent
of this damage. The extravasated volume was modeled
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TIWARI ET AL. 5

F IGURE 3 Geometry of the homogeneous extravasation rectangular volume used in the right arm of the XCAT phantom (shown in red).
The enlarged portion of the figure shows cells randomly suspended in a radioactive solution of 18F. Phase space files for each cell were
generated from the Geant4 simulation.

as a homogeneous rectangular tissue volume placed
in the right arm of the XCAT phantom, as shown in
Figure 1. The number of DSBs and SSBs in the nuclear
DNA was estimated using the TOPAS-nBio (version
2.0) Monte Carlo simulation toolkit. This toolkit wraps
and extends the general-purpose Monte Carlo Geant4
code and provides detailed track structure simulations
of physics and chemistry down to vibrational energies
(∼2 eV) within realistic biological systems.20,21 Moreover,
TOPAS-nBio offers an extensive library of biological
geometries, encompassing various scales ranging from
micrometers (e.g., cells and sub-cellular structures) to
nanometers (e.g., DNA molecules and proteins).

2.4.1 Geant4 simulation setup

The simulated extravasated volume of 5.5 mL was
designed to contain 2000 randomly spaced spherical
cells with a diameter of 20 µm, each containing a
nucleus with a diameter of 10 µm. All cells and nuclear
volumes were spherical in shape. It is important to note
that the simulation did not take account the cell cycle, its
stages, or the variations in cellular morphologies. Addi-
tionally, all cells and the entire extravasation volume
were composed of water (𝜌 = 1 g/cm3).

The Geant4 simulation was employed to estimate the
number, types,and energies of particles upon their entry
into the cell nucleus.Figure 3 illustrates the simulation of
the extravasation rectangular volume with randomized
cells, conducted in Geant4 (geant4-10-07-patch-03)
before the TOPAS-nBio simulations.The number of cells
was selected to minimize the computation time while
also providing sufficient statistical variation in the out-
put. The volumetric GenericIon source was used in the
Geant4 simulation for both 18F and 68Ga.The simulation
included the radioactive decay process in the physics
list, along with G4EmStandardPhysics_option4. Addi-
tionally, the Livermore low-energy physics model was
incorporated, as this model is valid for energies down to
100 eV.32 Atomic de-excitation processes such as Auger
cascades and fluorescence were also included in the

simulations. From the Geant4 simulations, phase space
data of particles entering the nucleus were recorded.
Phase space files were generated for all randomized
cells, capturing the position, energy, particle types, and
direction cosines of the particles within the nuclear vol-
ume.These files were subsequently used as a source in
the TOPAS-nBio simulations.

2.4.2 TOPAS-nBio simulation

As with the absorbed organ dose calculations, two
radionuclides were used in these simulations: 18F and
68Ga. The DNA damage resulting from exposure to
these radionuclides, measured in terms of DSBs and
SSBs, was simulated using TOPAS-nBio. The TOPAS-
nBio simulations were essentially single-cell simula-
tions. We employed phase space files derived from
Geant4 as a source within TOPAS-nBio, as illustrated
in Figure 4. To simulate the physics and chemistry pro-
cesses,g4em-dna and emDNAChemistry modules were
enabled. We used a generic cell nucleus model con-
sisting of the human genome defined by Zhu et al.33

In TOPAS-nBio simulations, a direct DNA strand break
was scored when the accumulated energy deposition
exceeded 11.5 eV within the backbone volume and
its surrounding hydration shell in a single history. For
chemically induced indirect DNA damage simulations,
we used water radiolysis products which are available as
the default chemistry reactions in TOPAS-nBio. Further
details on the chemistry stage reactions are available
elsewhere.34 Breaks occurring in the sugar-phosphate
backbone on opposite strands of the DNA helix, within
a maximum separation of 1 helical turn (∼10 base
pairs),35,36 were classified as DSBs, while breaks occur-
ring elsewhere were considered SSBs.33 The yields of
DSBs and SSBs are reported as the number of breaks
per nucleus.

To minimize statistical uncertainties, higher statistics
or a larger number of decays were employed in the
Monte Carlo simulations for all scenarios. A total of
10 simulations were conducted for each scenario to
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6 TIWARI ET AL.

TABLE 1 Organ-level dosimetry using the XCAT phantom with 18F and 68Ga radionuclides with 10% extravasation.

18F-radionuclide 68Ga-radionuclide

Number Organs Absorbed dose (µGy) Absorbed dose (µGy)

1 Heart 7.53 ± 0.05 27.49 ± 0.25

2 Right gonad 3.01 ± 0.02 1.79 ± 0.34

3 Left gonad 2.26 ± 0.04 1.45 ± 0.20

4 Liver 753.10 ± 6.01 574.92 ± 5.14

5 Right lung 37.75 ± 0.30 38.27 ± 0.36

6 Left lung 11.30 ± 0.10 13.99 ± 0.19

7 Spleen 1.88 ± 0.01 6.42 ± 0.09

8 Right kidney 75.32 ± 0.51 96.42 ± 0.94

9 Left kidney 3.01 ± 0.02 4.82 ± 0.05

F IGURE 4 Illustration of the simulation of a phase space source
obtained using Geant4 (using 1 billion decays of 18F) in TOPAS-nBio.
Green lines represent gammas, red lines denote electrons, and blue
lines are positron tracks in a nuclear volume. Please note that the full
details of the nucleus geometry are not visualized in the figure.

determine the average, standard deviation, and coef-
ficient of variation in the absorbed dose, DSBs, and
SSBs per nucleus.

3 RESULTS

3.1 Organ level absorbed dose
simulations

The absorbed dose estimations at the organ level were
obtained from the GATE simulations. Table 1 presents
the absorbed dose estimates for various organs using
1 mCi (37 MBq) of 18F and 0.5 mCi (18.5 MBq)
of 68Ga within an extravasated rectangular volume,
using the standard male XCAT phantom. Absorbed

doses to the extravasation site will be discussed in
the subsequent section along with detailed informa-
tion. The tabulated absorbed dose deposition in all
organs pertains solely to gamma photon absorbed
doses.37,38

3.2 Skin dosimetry

Considering a 10% activity extravasation of 18F and
68Ga radionuclides, we observed that the hypoder-
mal layer of the skin received the highest dose:
1.32± 0.01 Gy for 18F and 0.99± 0.01 Gy for 68Ga.Simi-
larly, the epidermal and dermal layers received absorbed
doses of 0.07 ± 0.01 Gy and 0.13 ± 0.01 Gy for 18F,and
0.14 ± 0.01 Gy and 0.29 ± 0.01 Gy for 68Ga,respectively.
Additionally, the muscle layer received a comparable
absorbed dose of 0.04 ± 0.01 Gy for both radionuclides.
These results are summarized in Figure 5a,b.The Monte
Carlo uncertainties in these skin dosimetry results were
all less than 2%.

At the extravasation site (located in the hypoder-
mal layer), where there was 10% extravasation of the
radiotracer, the simulations with 18F resulted in a total
absorbed dose of 1.56 ± 0.02 Gy. Similarly, simulations
with the 68Ga radionuclide yielded a total absorbed dose
of 1.46 ± 0.03 Gy. The simulated absorbed doses at
the extravasation site are primarily due to positrons as
shown in Figure 5b.

Figure 5b illustrates the dosimetric contributions of
each particle type in the hypodermal layer, where the
absorbed dose is highest. Our findings suggest that
with 100% extravasation, assuming an identical vol-
ume, the hypodermis would receive over 13 Gy using
18F and 10 Gy using 68Ga, while the epidermis would
receive less than 1.4 Gy of absorbed doses. The lower
absorbed doses observed at the epidermis indicate
that the dermal layer serves as a shield for positrons,
thus minimizing the absorbed doses in the epidermis.
This observation is consistent with prior research by
Sunderland et al.15
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TIWARI ET AL. 7

F IGURE 5 (a) Absorbed doses across different skin layers, and (b) Contributions of different particles to absorbed doses in the hypodermal
layer of the skin.

F IGURE 6 Positions of the particles entering the nucleus of a single cell using 263.73 billion decays of 18F. Positions of the (a) positrons,
(b) electrons, and (c) gammas entering the nucleus. A large number of gammas entered the nuclear volume compared to positrons and
electrons (indistinguishable green dots in sub-figure c).

3.3 Radiobiology simulations

3.3.1 Geant4 simulation

The decay of 18F results in the emission of different
types of particles that penetrate nuclear volumes,
including positrons, electrons, and 𝛾-rays, each with
varying energy levels. Figure 6 provides a summary
of the positions of particles entering a single-cell
nuclear volume. Please note that we ignored the neu-
trinos resulting from the β+-decay of 18F. On average,
out of 263.73 billion decays of 18F, approximately
11,454 ± 176 (±1.54%) positrons, 1,265 ± 25 (±2.01%)
electrons, and 268,290 ± 445 (±0.17%) 𝛾-rays entered
the nucleus. The probability of these particles reaching
the nucleus was found to be significantly influenced
by the nuclear diameter. The electrons that enter the
nucleus are secondary electrons generated through
ionization caused by the interactions of positrons and

𝛾-rays with the extravasation volume. As expected,
Figure 7c demonstrates a significant influx of gamma
photons with an energy of 511 keV into the nuclear
volume.

Similarly, as shown in Figure 8, nuclear volumes are
penetrated by positrons, 𝛾-rays, and secondary elec-
trons resulting from the radionuclide decay of 68Ga.
The figure provides an average breakdown of the con-
tributions made by each particle type to the nucleus.
On average, out of 81.34 billion 68Ga decays, approx-
imately 17,792 ± 1,090 (±6.13%) positrons, 768 ± 26
(±3.44%) electrons, and 72,429 ± 274 (±0.38%) 𝛾-
rays enter a nuclear volume. Interestingly, despite the
lower number of 68Ga decays, Figure 9a illustrates
a higher influx of positrons into the nucleus com-
pared to 18F decays. Regarding 𝛾-rays, the majority
consists of 511 keV photons,while a small fraction com-
prises low-energy photons, as shown in the inset of
Figure 9c.
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8 TIWARI ET AL.

F IGURE 7 Energy spectra of different types of particles entering a cell nuclear volume using 263.73 billion decays of 18F: (a) positrons, (b)
electrons, and (c) gammas.

F IGURE 8 Positions of the particles entering a single cell nuclear volume using 81.34 billion decays of 68Ga. Positions of the (a) positrons,
(b) electrons, and (c) gammas entering the nucleus.

F IGURE 9 Energy spectra analysis of particle types entering a cell nuclear volume utilizing 81.34 billion decays of 68Ga: (a) positrons, (b)
electrons, and (c) gammas.

3.3.2 TOPAS-nBio simulation

The discussion of results to this point has dealt with
the analysis of phase space files from the Geant4
simulation. It is now time to present the results of the
radiobiology simulations conducted using the TOPAS-

nBio platform. Our evaluation focused on studying DNA
strand breaks, specifically DSBs and SSBs, as well as
the absorbed dose received by the cell nucleus. The
extravasated rectangular volume contained a uniform
source of 18F and 68Ga, leading us to expect a sim-
ilar level of absorbed dose and DNA strand breaks
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TIWARI ET AL. 9

F IGURE 10 Absorbed dose per nucleus versus the number of
cells analyzed for 18F and 68Ga decays. Dashed lines represent the
average absorbed dose received by the nuclei.

throughout the volume. However, the absorbed dose
should exhibit greater uniformity in the central region
of the extravasated volume, as opposed to the region
closer to the wall.

Figure 10 illustrates our findings, indicating a com-
parable level of absorbed dose per nucleus in the
analyzed cells. These cells were located in the central
region of the extravasated volume. Two dashed lines
in Figure 10 represent the average absorbed dose per
nucleus:0.17 ± 0.01 Gy/nucleus for 18F simulations and
0.11 ± 0.01 Gy/nucleus for 68Ga simulations conducted
within the extravasated volume containing cellular
volumes. These values correspond to the coefficient
of variations of 5.74% and 6.48% for 18F and 68Ga,
respectively.

In Figure 11a,b, we depict the quantity of DNA DSBs
per nucleus within the analyzed cells. On average,
from the decay of 18F in the extravasated volume, we
observed 3.51 ± 0.27, 7.08 ± 0.29, and 10.58 ± 0.50
DSBs per nucleus, categorized as direct, indirect, and
total DSBs per nucleus, respectively. Similarly, from the
decay of 68Ga, we observed 2.15 ± 0.21, 4.35 ± 0.20,
and 6.49 ± 0.34 direct, indirect, and total DSBs per
nucleus. The coefficient of variation for DSBs per
nucleus was 7.71%, 4.06%, and 4.73% for direct, indi-
rect, and total DSBs using 18F, respectively, 9.93%,
4.68%, and 5.18% when utilizing 68Ga.

The simulated results for SSBs per nucleus are pre-
sented in Figure 12a,b. Figure 12a provides data on
direct, indirect, and total SSBs per nucleus. The simu-
lated average values for 18F decays in the extravasated
volume are as follows: direct SSBs per nucleus,
98.67 ± 5.92; indirect SSBs per nucleus, 169.44 ± 7.09;
total SSBs per nucleus, 268.11 ± 12.43. In contrast, for
68Ga decays, the levels of SSBs per nucleus are lower
compared to 18F, with average values of 59.23 ± 4.05,
102.01 ± 4.91, and 161.24 ± 8.12, respectively.

The coefficient of variation for SSBs per nucleus was
6.01%, 4.18%, and 4.64% for direct, indirect, and total
SSBs using 18F, respectively, and 6.84%, 4.81%, and
5.03% when utilizing 68Ga. We observed similar lev-
els of variability for both types of DNA damage. This
variability can be attributed to the limited number of par-
ticles reaching cellular volumes,as depicted in Figures 6
and 8. However, this level of variability was considered
acceptable for the current study.

In both simulations involving 18F and 68Ga sources,
the contribution of the gamma photons to the occur-
rence of DSBs and SSBs was negligible (< 1%). This
is due to the fact that gamma rays lack charge, mak-
ing them less likely to interact directly with electrons in
the atom. Additionally, Figures 7c and 9c visually depict
the limited number of low-energy gammas entering the
nuclear volume (refer to insets). Instead, the primary
source of DNA damage was positrons. The number of
positrons was significantly higher than the number of
secondary electrons generated during the interactions.

4 DISCUSSION

In this study, we present the first detailed investigation
of extravasation in PET imaging using Monte Carlo
simulations that consider radiobiological factors. Our
research focused on two main aspects: (1) estimating
the absorbed dose at the local injection site and in other
proximal organs due to extravasation,and (2) assessing
the extent of DNA damage,specifically DSBs and SSBs,
at the local injection site.

Through our simulations, we estimated that the
absorbed dose at the injection site (the patient’s right
arm tissue), resulting from extravasation ranging from
10% to 100% (worst-case scenario), ranged from 1.56
to 15.6 Gy for 18F and 1.46 to 14.6 Gy for 68Ga. How-
ever, these values represent the cumulative absorbed
doses across the three layers of the skin. Specifically,
the absorbed dose in the epidermis, which influences
erythema, ranged from 0.14 Gy to 1.4 Gy for 18F and
0.07 Gy to 0.7 Gy for 68Ga in the worst-case scenario.
Notably, these values remain well below the thresholds
associated with skin erythema. A commonly referenced
threshold for deterministic effects, such as skin epi-
dermal erythema, to manifest due to ionizing radiation
typically ranges between 2 and 6 Gy.39,40 Our simu-
lated absorbed dose at the epidermis remained below
2 Gy, even under conditions of 100% extravasation,
suggesting a low risk of skin epidermal erythema and
desquamation.

It is important to note that these referenced thresh-
olds are primarily derived from external beam radiation
therapy. Given the early stage of dosimetry data for
radiopharmaceutical administrations and the absence
of specific dose-response information for erythema,
comparisons with existing literature are limited. In
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10 TIWARI ET AL.

F IGURE 11 DNA DSBs induced by the decay of 18F and 68Ga. (a) Contributions of direct and indirect DSBs per nucleus in multiple cells
resulting from 18F decay, and (b) comparison of DSBs per nucleus from 68Ga decay across multiple cells. All of the analyzed cells were located
in the central region of the rectangular volume. Dashed lines indicate the average number of DSBs incurred by the nucleus.

F IGURE 12 (a) SSBs per nucleus resulting from the decay of 18F, and (b) SSBs per nucleus arising from the decay of 68Ga within the
extravasated rectangular volume. Dashed lines represent the average number of SSBs suffered by the nucleus.

a worst-case scenario, the hypodermal layer could
receive more than 13 Gy using 18F and 10 Gy using
68Ga. Such absorbed doses may induce toxicity in
the deeply infiltrated hypodermal layers. However, the
hypodermis is less radiosensitive, less cellular, and has
low proliferative capacity compared to the epidermis
and dermis, reducing the likelihood of significant tox-
icity. Nevertheless, literature on the impact of higher
absorbed doses in subdermal layers is scarce, mak-
ing it challenging to predict deterministic effects in
these tissues. This underscores the necessity for fur-
ther research to understand the potential effects of
absorbed doses in deeper tissue layers.

Moreover, higher absorbed doses in the hypodermis
may not result in visible manifestations. This challenges
the assumption that visible skin effects can reliably indi-
cate the severity of extravasation. The absence of skin
effects does not necessarily mean that deeper layers
are unaffected. Therefore, alternative methods must be
considered to accurately assess the severity of extrava-
sations, particularly those involving high activities of
radiopharmaceuticals.

Our simulated values for the epidermis are sig-
nificantly lower than the absorbed dose estimates of
11 Gy reported by Osborne et al.and Tsorxe-Hayes.11,13

Despite their use of similar extravasated volume (5 mL)
in their work, the discrepancy is primarily attributed from
differences in the geometry of extravasated volumes.
Specifically, they estimated the skin absorbed dose for
a contiguous 10 cm2 area of skin at a tissue depth of
70 µm where our current study segmented this larger
region of tissue into appropriate sub-compartments.
Further biological modeling studies can also help show
that, even though classical calculation of absorbed
dose levels can be higher, the detriment to the patient
for diagnostic radiopharmaceuticals is likely negligible
due to varying radiation sensitivities of even closely
oriented tissues.

The organ-level dosimetry calculations are reported
in Table 1. The absorbed dose estimates for organs
using both 18F and 68Ga fell within the micro-gray (µGy)
range,corresponding to an equivalent dose on the order
of micro-Sieverts (µSv) when considering a radiation
weighting factor of one for both 𝛾 and β-particles (β+
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TIWARI ET AL. 11

and β−), indicating their insignificance. These findings
support the statement made by professional societies
representing the interests of nuclear medicine practi-
tioners, such as SNMMI and ACNM. These societies
assert that absorbed doses at the organ-level resulting
from extravasation are clinically insignificant.10

Please note that the extravasation volume used in
this work was estimated using imaging data from recent
publications by Tylski et al.30 and Osborne et al.12 We
selected a modeled volume to simplify Monte Carlo
simulations, representing realistic clinical situations by
assuming a 10% extravasation, as typically observed
in clinical settings.12 Moreover, our study quantified
the DNA damage caused by the 18F and 68Ga radio-
tracers and determined whether extravasation posed
any harm at the cellular level. By simulating a sim-
ple extravasation model consisting of randomly oriented
cells with nuclear DNA using the TOPAS-nBio toolkit,we
found that irradiating extravasated activity at the local
site produced a total of 10.58 ± 0.50 DSBs/nucleus
on average using 18F and a total of 6.49 ± 0.34
DSBs/nucleus with 68Ga. In addition, 268.11 ± 12.43
SSBs/nucleus were estimated from the decay of 18F
and 161.24 ± 8.12 SSBs/nucleus arising from the decay
of 68Ga in the extravasated volume. All of these DNA
damage calculations were estimated in the hypoder-
mal layer of the skin. From Figure 5a, we observed
that the epidermis received only 0.07 Gy for 18F,
which is approximately 20 times less than the hypoder-
mal absorbed dose. Presumably, given the significant
absorption of positrons in the hypodermis and der-
mis, we can expect a significantly lower proportion of
DNA DSB in the epidermal layer of the skin. It is impor-
tant to note that this estimation was based on the
assessment of cells with the same cellular morpholo-
gies and the simulation model employed a generic cell
and nucleus model.

Our study was not without limitations. A major lim-
itation of our study was the omission of DNA repair
simulation following strand breaks. Specifically, our
simulation did not account for whether the simulated
DSBs and SSBs underwent any repair after radiation
exposure from the decay of 18F and 68Ga. Existing
literature suggests that the repair mechanism depends
on various factors, including cell type, extent of damage,
and available repair pathways within the cell.41,42 SSBs
are generally easier to repair than DSBs. Unrepaired or
misrepaired DSBs can have detrimental effects on cellu-
lar function, leading to cell death,and genomic instability,
and potentially contributing to the development of dis-
eases, including cancer. However, the number of DSBs
resulting from the decay of both 18F and 68Ga decays
was found to be fewer than eleven DSBs per cell using
10% extravasation of activity (1 mCi for 18F and 0.5 mCi
of 68Ga) in the antecubital fossa of the right arm of the
XCAT phantom.The simulated DSBs are comparable to

those reported in the literature for background radiation
for somatic cells (the non-reproductive cells of the
human body). Literature reports that DSBs are con-
sistently generated in metabolically active cells due to
background radiation, with the number ranging from 10
to 50 DSBs per cell per day, depending on the cell cycle
stage and tissue type.43,44 These DBSs are continu-
ously repaired to maintain genomic stability. Therefore,
it is likely that the DSB damage caused by 18F and 68Ga
will be repaired and pose no long-term adverse risk.

In summary, we successfully employed Monte Carlo
simulations to measure organ-level absorbed doses
based solely on extravasation and potential biological
effects. However, we acknowledge certain challenges
in accurately predicting DNA damage, such as incor-
porating variations in cellular morphologies, cell types
associated with the extravasation volume, and cell cycle
radiosensitivity.Additionally, in this study,we used a stan-
dard male XCAT phantom and considered only two
radionuclides. In this study, we assumed a biological
washout of 25%, disregarding the potential influence
of radiotracer chemical forms on body clearance rates,
which may impact dosimetry accuracy. Furthermore,
we estimated the impact of extravasated activities on
DNA damage using a homogeneous rectangular vol-
ume. These limitations highlight the importance of
further research to incorporate these elements into
our Monte Carlo model. Future studies should address
these limitations to provide more accurate predictions,
and this simulation framework can be used to assess the
extravasation of therapeutic β- and α-emitting radiophar-
maceuticals. Overall, our study provides valuable infor-
mation regarding the dosimetry and potential biological
effects of extravasation in PET imaging, contributing to
the ongoing efforts to ensure safe and effective patient
care in nuclear medicine PET imaging.

5 CONCLUSION

In this study, we conducted comprehensive Monte Carlo
simulations to investigate the effects of extravasation
in PET imaging, considering both absorbed dose esti-
mation in organs and assessment of DNA damage.
This work enabled us to estimate absorbed doses both
locally and in other organs such as the liver and kid-
neys from extravasation at a specific site in the body.
Our findings indicated that the absorbed dose resulting
from extravasation in the patient’s arm is on the order of
one gray (Gy),while absorbed doses in organs fall within
the micro-gray (µGy) range. These findings support the
conclusion that extravasation-related absorbed doses
are not clinically significant at the organ level. Further,
our simulation results indicate that the absorbed dose
resulting from extravasation in PET imaging is unlikely to
cause epidermal erythema, as the simulated absorbed
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12 TIWARI ET AL.

doses to the epidermis remain below the threshold
known to trigger such effects.

In the worst-case scenario, the hypodermis might
receive absorbed doses of around 13 Gy. However, this
level of absorbed dose is less likely to lead to the
deterministic effects in that layer. Moreover, the radiobi-
ology simulations demonstrated minimal DNA damage
in terms of DSBs at the extravasation site, imply-
ing that no long-term harm, such as radiation-induced
carcinogenesis, should be expected.
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