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ABSTRACT

Introduction: Traditional methods for
determining radiation dose in nuclear medicine include
the Monte Carlo method, the discrete ordinate
method, and the point kernel integration method. This
study presents a new mathematical model for
predicting the radiation dose rate in the vicinity of
nuclear medicine patients.

Methods: A new algorithm was created by
combining the physical model of “cylinder
superposition” of the human body with integral
analysis to assess the radiation dose rate in the vicinity
of nuclear medicine patients.

Results: The model accurately predicted radiation
dose rates within distances of 0.1-3.0 m, with a
deviation of less than 11% compared to observed rates.
The model demonstrated greater accuracy at shorter
distances from the radiation source, with a deviation of
only 1.55% from observed values at 0.1 m.

Discussion: The model proposed in this study
effectively spatial and
distribution of the radiation field around nuclear
medicine patients and demonstrates good agreement
with actual measurements. This model has the

represents  the temporal

potential to serve as a radiation dose rate alert system in
hospital environments.

During positron emission tomography/computed
tomography (PET/CT) testing, it is crucial to
administer radioactive isotopes. The <y radiation from
these isotopes poses risks to nearby individuals,
including medical staff, patients’ families, and other
nuclear medicine patients. Therefore, assessing the
dose rate is essential for ensuring the safety of these
individuals in close proximity.

Various methods are employed to calculate dose
rates in radiation scenarios, including the Monte Carlo
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method, the discrete ordinate method, and the point
kernel integration method. Each method has its
strengths and limitations. The Monte Carlo method
uses  probability and
computationally slow and occasionally unsolvable (7).
The discrete ordinate method offers fast calculations
but struggles with complexity in large systems. The

statisticc but can be

point kernel integration method uses a uniform grid
for radiation sources but lacks real-time capabilities
(2—4). To address these limitations, the “cylinder
integration” method was developed to create a spatial-
temporal model for radiation dose rates around nuclear
medicine patients (5), offering a simplified and
innovative approach to calculations.

METHODS

Upon 8. FDG  rapidly dispersed
throughout the body, achieving nearly complete
distribution across organs within about 30 seconds (6).

injection,

Gray-scale physical models were generated for each
organ, correlating with their respective gray-scale values
(Figure 1). Post-injection, gray-scale imaging was
calibrated at three time points: 350-360 seconds (Al),
1,770-1,800 seconds (B1), and 3,480-3,600 seconds
(C1), with radionuclide activity represented in charts
A2, B2, and C2. For example, the radioactivity levels
in different body regions at time points B2 and C2 can
be illustrated by assigning values a; to the head, a, to
the trunk, aj to the heart, a4 to the bladder, and a5 to
the legs. Detailed methodology for determining these
values is provided in Supplementary Materials
(available at https://weekly.chinacdc.cn/).

The methodology for calculating the radiation dose
rate around organs that are symmetric along a common
axis in the body is provided in the Supplementary
Materials. To assess the radiation dose distribution
from organs such as the heart, tumor, and legs, which
are not aligned with the Z-axis of the cylinder, a
translation technique was utilized to align them with
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FIGURE 1. Schematic diagram of the grayscale values and corresponding specific activity of PET/CT or PET images.
(A1) Gamma-ray imaging of the human body 350 to 360 seconds after radiopharmaceuticals are injected into the patient;
(A2) Grayscale image of its corresponding organ; (B1) Gamma-ray imaging of the human body between 1,770 and 1,800
seconds after radiopharmaceutical injection into the patient; (B2) Grayscale image of its corresponding organ; (C1) Gamma-
ray imaging of the human body 3,480 to 3,600 seconds after the injection of radiopharma into the patient; (C2) Grayscale
image of its corresponding organ.

Abbreviation: PET/CT=positron emission tomography/computed tomography.
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FIGURE 2. Schematic diagram illustrating the calculation of radiation dose rates around organs with non-axisymmetric axes.
Note: In the same way that P is translated to P ', (3) is translated to (4), coaxial with (1) and (2) below.

The four points W, V, H and L mean that the four points are coaxial and on the same plane at the same height, so the
radiation dose rate is the same; The four points, N, M, Q, R, are coaxial and on the same plane at the same height, so the
radiation dose rate is the same.

the Z-axis using the equation OP=0O" P’ (Figure 2). points P and P’ were equal. Additional information
This method ensured that the radiation dose rates at on the derivation process is available in the
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Supplementary Materials.

The method used for calculation assumes a uniform
distribution of radioactive activity in the body, which
may not always hold true. To improve accuracy, we
introduced a “radiation dose rate correction factor”
(w) by comparing measured radiation dose rates
near the body. ® was determined as the average of
theoretical and at  different
distances. Despite metabolic differences in radioactive
pharmaceuticals, the corrected relative error remained
below 11%, indicating the general applicability of the
correction factor ®.

The patient was injected with 127.4 MBq of
BE_FDG imaging agent through the median elbow
vein at a hospital. The imaging agent, supplied by
Beijing Atomic High Tech Co., Ltd., had a
radiochemical purity of over 95%. Portable model
6,150 by Automes from Germany <y Peripheral dose

observed dose rates

equivalent rate instrument was used to measure the
dose equivalent rate of radiation. Measurements were
taken while the patient stood with hands naturally
hanging down, the detector placed at the center of the
patient’s chest facing forward. Measurements began 99
minutes post-injection, with distances ranging from
0.1 m to 3.0 m from the patient’s body surface. Each
measurement, lasting 30 seconds, was repeated three
times, recorded after stabilization, and averaged after
background dose subtraction.

RESULTS

The method used to calculate the spatiotemporal

distribution of radiation dose around a single
cylindrical model can be found in the Supplementary
Materials. Different body parts such as the head, trunk,
legs, heart, bladder, and tumor were represented by
cylinders in the mathematical model to estimate the
radiation dose rate. The spatiotemporal radiation dose
distribution around an individual was determined
using the superposition method of coaxial and non-
coaxial cylinder values.

To account for variations in height, weight, stance,
and timing of radiopharmaceutical administration
among subjects, standardization within a consistent
coordinate system was essential, achieved through our
computational model. The model’s unique aspect is
the use of position translation to achieve a uniform
spatiotemporal distribution of radiation dose rates. We
harmonized horizontal discrepancies by aligning the
subjects’ positions using horizontal  translation
(Figure 3). For individuals with different leg lengths,
vertical height translation aligned their origin within
the coordinate system, enabling precise dose rate
comparisons. Additionally, we synchronized temporal
variations in radiopharmaceutical administration by
adjusting the starting times in the temporal parameter
t, ensuring consistent dose rate calculation regardless of
injection schedule differences.

Using the “cylinder” model and its associated
algorithm, we estimated the radiation dose rate for the
subject. We then compared this estimate to the actual
measured data, allowing us to ascertain the deviation
and calculate the mean discrepancy, denoted as .
Table 1 presents the relative differences between the
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FIGURE 3. The standing positions of subjects A and B within the same space.
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TABLE 1. Comparison of calculated and measured radiation dose rates.

Distance between the point Theoretical rate Measured rate Difference w Uncorrected relative Corrected relative
and the body surface (m) (MGy-h ™) (uGy-h ™) (MGy-h ™) (uGy-h ™) error (%) error (%)
0.1 242.48 238.78 3.70 1.55 1.81
0.5 44.56 41.02 3.54 8.63 10.16
1.0 14.50 16.65 -2.15 0.626 -12.91 -9.15
2.0 4.14 5.33 -1.19 -22.33 -10.58
3.0 1.92 2.69 -0.77 -28.62 -5.35

theoretical and measured dose rates. After applying the
model’s corrections for distances spanning from 0.1 to
3.0 meters, we found that the estimated dose rates
consistently correlated with the measured values,
exhibiting variances of less than 11%.

DISCUSSION

Using a sophisticated human body model based on
cylindrical elements, we have developed an integral
solution that evolves from “point” to “line” and then
to “surface” infinitesimals, allowing us to accurately
compute the spatiotemporal distribution of radiation
dose rates in the vicinity of nuclear medicine patients.
The strength of this algorithm is rooted in its sound
scientific principles and meticulous mathematical
framework. Importantly, the model moves beyond the
overly simplistic “point” or “line” representations of
the human body and incorporates a more complex,
layered cylindrical approach. This
significantly improves the fidelity of simulations across
various clinical situations, whether assessing radiation
dose distribution around a single patient or multiple
patients located on the same plane following
radiopharmaceutical administration. The flexibility of
the algorithm confirms its wide-ranging clinical utility.
Through comparative calculations and validations, we
have demonstrated that the estimated radiation dose
rates at distances ranging from 0.1 to 3.0 meters are
consistent with actual measurements. While some
deviations exceeded 5 percent, they remained below
the acceptable dose variation threshold of 15 percent,
affirming the algorithm's suitability for clinical use.
These results validate that the integration of a
comprehensive  computational  strategy with a
cylindrical superposition model of the human body
considerably improves the accuracy of predicted dose
rate distributions, thereby more closely reflecting the
real radiation exposure levels around patients.

This study is subject to some limitations. First, the
necessity of computational software development is
crucial to expedite the application process due to the

enhancement
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complex calculations involved. Second, there is a
discrepancy of 10.58% between measured and
calculated values, attributed to the human body being
simplified as a “cylinder”. To reduce this error,
measurements should be taken with a human body
model utilizing "cylinder superposition”. Third, it is
essential to increase the radiation dose rate
measurements around more participants to obtain an
accurate correction factor for the radiation dose rate
(w).
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SUPPLEMENTARY MATERIAL

The Establishment of Physical Model in A “Cylinder Superposition”

According to the physical model known as “cylinder superposition,” the following relationships are established.

(2RI + 2R34, + 22R3hs) p = Mg (1)
/71+b2+/?3=H (2)

Mg
P== (3)

The Mathematical Model Corresponding to the Gray Value of Image and the Specific

Activity of the Corresponding Part

Assuming the patient’s weight is represented by Mg (kg), height by H (m), actual body volume by V (m3)
obtained through full water immersion, head height by 4; (m), torso height by /4, (m), leg height by /3 (m), head
radius by R; (m), torso radius by R, (m), leg radius by R3 (m), and average human body density by p (kg/m?).

It is essential to understand the relationship between the gray scale values of images and the activity of
radionuclides at their respective sites. To establish this, two time points post-radiopharmaceutical injection, denoted
as t; and t, were designated. PET-CT or PET images from these time intervals (1,770-1,800 seconds, 3,480-3,600
seconds) were chosen to represent each period (Figure 1). Assuming the patient does not void urine during the
scanning, the following two equations can be deduced:

D()E_Aﬂl = ﬂka}]ldUl + ﬂkR§h2ﬂ2tl + ﬂkRi}.q (d3t1 - letl) (4)
+ kR hs (ag, — a3, ) + 2ekR hsas,
D0€_>\1t2 = ﬂlez/.’lélltz + ﬂkR§h2ﬂ2t2 + ﬂkRi}.M (ﬂ3t2 - dztz) (5)

+ TR hs (ag, — ) + 2nkRshsas,,

In the equations:

Dy represents the initial activity value of '8F-FDG injected into the body.

k is the scale factor between the radionuclide activity value and the gray-scale value of the image;

A ; represents the radioactive decay rate of '8F-FDG, while A , indicates the variation coefficient of metabolism
in a specific organ, excluding the bladder.

hy represents the height of the “cylinder” corresponding to the heart; 45 represents the height of the “cylinder”
corresponding to the bladder;

Ry represents the radius of the heart “cylinder” and Ry represents the radius of the bladder “cylinder”;

Ay, Ay, B3y 5 ddy, as,, are the radionuclide activity values in the head, trunk, heart, bladder, and legs, measured at
1,770-1,800 seconds post-injection of the radiopharmaceutical;

My, Ay, B3y, 5 A4y, ds;, are the radionuclide activity values in the head, trunk, heart, bladder, and legs, measured at
3,480-3,600 seconds post-injection of the radiopharmaceutical.

The Calculation of the Spatial and Temporal Distribution of Radiation Dose Rates
Around a Single “Cylinder Model”

It is essential to apply the integral method to calculate the infinitesimal solutions of points, lines, and surfaces of
cylinders.

(i) Integral solutions for making the point infinitesimal: The research focuses on determining radiation dose
distributions for cylindrical structures using the integration of infinitesimal points, lines, and surfaces within a
human body model. This involves employing the concept of “cylinder superposition” to calculate radiation dose
rates from point sources at varying distances, such as the “infinitesimal” MN on a linear radioactive source within
the EF line segment (Figure 1).

. . o r . .
According to the isotropic point source <y dose rate formula (XO = %—)(1), for a specific monoenergetic gamma
4
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SUPPLEMENTARY FIGURE S1. An “infinitesimal” MN on a “line source” EF.

ray emitted from a particular radioisotope, the I'-constant used is the differential I'-constant, represented as I';.
The total T -constant for the radioisotope, referred to as the I'-constant, is the cumulative sum of I';, which can
be determined as follows:
I =154 x10°S" EnR; (6)

(ii) Integral solutions for making the line infinitesimal: By utilizing the spatial and temporal distribution solution
of the radiation dose rate M), ; surrounding a head cylinder model, we consider the distance between EF and PH as
hg (i.e., the length of FH) (Supplementary Figure S2).

The angle between EF and PF is denoted as 6 ;, the angle between the extension of FE and PE is denoted as 6 ,,
and the angle between FN and NP is denoted as 6 . The main integral equation is:

The height of £F is assumed to be 5,

Apeaa I’
hyeag = =25z (7)
: Ayl
= [ Al
= / —Doe_)\tdmré Mz
2
_‘/‘Doe_mdltlrg —)\rd B }JF (8)
- ( by )2 ‘ tan 6
sin 6
—\t
D0d11F5€
Dl )
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SUPPLEMENTARY FIGURE S2. The “infinitesimal” MN on the head cylinder “line source” EF.

Where Dy, a1, T §,t and A are constants, and 7 represents the distance from an infinitesimally small point to
the point P in an external space.
The equation is depicted in Supplementary Figure S3.

m2 =x2+H; (9)

Supplementary Figure S4 illustrates the solution for 6 ,
when b, — 5> 0,

m
tanGZ = /Jp——oh (10)
o 7
when h, = h <0, tan (180 - 92) = —— , then
h=h,
m,
tan02 = /7})——0/1 (11)
thus,
0, = arctan(hp — h) (12)

(iii) Integral solutions for infinitesimal surface elements: Based on the aforementioned line integrals, the surface
integral ABCD is computed for the infinitesimal line EF (Supplementary Figure S5).

Considering the continued use of the head cylinder model as an example, we computed the vertical surface
integral of the head’s thin surface (Supplementary Figure S2).
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SUPPLEMENTARY FIGURE S3. Bottom view of the head cylinder model.
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SUPPLEMENTARY FIGURE S4. (A). The relative positions of line segment EF and point P (h,-h>0). (B) The relative
positions of line segment EF and point P (h,-h<0).

VR =P Dodltlrge_)\t
Sty =2 / e

0 bF (92 - 91) dx
_ \/m Doﬂmr(ge—)\t V(VO - 1)2 + Xz
_2/0 T arctan T (13)
,/ —_ ) P
— arctan M dx
/7]’

The volume integral was conducted for the infinitesimal surface ABCD using the surface integral mentioned
previously (Supplementary Figure S6).

If the head cylinder model is used as an example, the head volume integral is calculated.

The volume integral of the right half cylinder is calculated as:
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SUPPLEMENTARY FIGURE S5. A surface integral of ABCD (with the line segment EF as infinitesimal).
Note: “A” represents the line infinitesimal diagram, “B” indicates the position of point P relative to the surface ABCD, and “C”
illustrates the rotation diagram for “B”.

SUPPLEMENTARY FIGURE S6. Volume integral of cylinders with a thin surface ABCD as “infinitesimal”.
The line between point D and the center point O forms an angle ¢ with the y-axisand £ COQ=f

(Supplementary Figure S7).
Because x > 0 and y > 0,
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SUPPLEMENTARY FIGURE S7. Bottom view of the right half cylinder model.

B Doaltlfcge_)‘r \/(ro — Rcos B) + (Rcos B tan ¢)*
S([)rig/at = / —/71: arctan bp _y

(14

2 2
_arctan(\/(ro—Rcosﬂ) + (Rcos Btan @) )) Rcos,@d¢

hy, cos’¢

The radiation dose rate to point P from the right half of the cylinder in the region where y>0 is represented by the
variable Gp,
Grn =2 [ Stgrcos 53 (s)
The volume integral of the left half cylinder was calculated as shown in Supplementary Figure S8.
When x>0, y<O0,

: /ﬂ Doay, Tye ™ . (ro + dug)” + 2
(Dieft = 5 /7F arctan }JP —

— arctan

(’”0 + //eﬁ)z + Rcosﬂd¢

) 2
)y cos”¢ (16)
Doaltlfge_’\t \/(ro — Rcos B)* + (Rcos 3 tan ¢)*
= f ——— | arctan
8 hy hy—h
(\/(ro — Rcos 5)2 + (Rcos B tan <;5)2 )) Rcos 3
— arctan do
hy cos? ¢
The volume integral of the left half cylinder is:
Vig =2 f SR eos B a7
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SUPPLEMENTARY FIGURE S8. Bottom view of the left half cylinder model.

o

_—— =

Therefore, the radiation dose rate expression from the cylinder to point P is denoted as Gleﬁ:
G= Grig/at + G[fﬁ‘

= 2/2 S(yrighsR cos BdB + Zf SR cos pdB
0 3

5 [P Dyay,, Tse™ \/(ro — Rcos B)* + (Rcos B tan @)
= 2/ / — arctan
0o Jo P

b —h
_ P P
— arctan ( \/(70 Reos ) + {Reos fan d) )) RCOS ﬂRcos BdodB (18)
hy cos’¢

Doﬂltlfge_)\t \/(ro — Rcos B)* + (Rcos 3 tan ¢)*
+ 2/7'/7 —— | arctan
2Jp hg hy=h

(\/(7’0 — Rcos B)* + (Rcos B tan ¢)° )) Rcos B
—arctan
c

7, ey Rcos Bdodp
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