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ABSTRACT

The CTDI,y, underestimates the dose indicator due the scattering beyond the scanning length of
100mm of the measurement. A proposed method to obtain the dose (including the “tail” of the dose
distribution) is a measurement on a large phantom to estimate the dose indicator on an ideal infini-
tum large phantom (equilibrium dose, Deq). As the scanning length increases, the dose indicator
grows asymptotically. Monte Carlo simulations previously obtained were adopted in the present
work. It includes simulations performed considering different scan lengths and different combina-
tions of protocols of voltage, pitch, diameter and axis of simulation. Using an empirically character-
ized function of the experimental data, two methods to estimate the equilibrium dose were evaluat-
ed. One method is algebraically manipulating the function, and another is using the Levenberg-
Marquardt least squares method. The comparative evaluation of both methods demonstrates that
higher values of the pitch results in a higher difference of both methods. The results demonstrate a
good compatibility of the methods for the estimation of D,,. However, the results for a (scatter
fraction) and L., (equilibrium length) are significantly different when both methods are considered.
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1. INTRODUCTION

The use of Computed Tomography has been a great innovative method for medical imaging pro-
cedures. The adoption of this imaging technology on a wide scale around the world in the last dec-
ades introduced concerns on adequate quantification of the radiation doses associated with this
practice. During decades, the Computed Tomography Dose Index (CTDI, o) and its derived metric
Weighted Computed Tomography Dose Indicator (CTDI,,) were used as dose quantities for single
slice CT. Subsequently, the Volume Computed Tomography Dose Indicator (CTDI,,;) was adopted
after the introduction of the multi-slice CT (MSCT) procedures [1]. With the advent of broad fan-
beam technologies, these quantities cannot adequately represent the CT dose. The equation for

CTDI,y, is:

1 50
CTDIlOO == ﬁ f(Z)dZ. (1)
—-50

In equation (1), nT is the active detector length and f(z) is the dose distribution associated to
one axial rotation [2]. This integral considers only 100 mm (scanning length) of the beam extension.
According to Boone [3], a problem of CT DI, is that this metric underestimates the dose contribu-
tion due the scattering beyond the scanning length. In 2010, the AAPM Report 111 [4] established a
new paradigm on dosimetry of computed tomography, which includes a measurement of the dose
using a large phantom to estimate the dose on an ideal infinitely large phantom (equilibrium dose).
As the scanning length (L) increases, the cumulative dose (integrated dose over -L/2 to +L/2)
grows asymptotically, converging to a maximum value. According to AAPM Report 111, an empir-

ically characterized function that describes the asymptotic growth is:

4L
DL(ZZO):Deq*<1_(I'€ Leq)) (2)

where D,, represents the equilibrium dose, « is the scatter fraction and L., is the equilibrium

length. These parameters can be estimated by fitting the simulated data.
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In the present work, two methods for estimating the parameters D,g4, a and L, are compared.

eq»
One method uses the Levemberg-Maquardt least-squares method [5], hereafter referred to as L-M
Method, and the other method employs the algebraic manipulation of the Equation 2, as proposed
by AAPM Report 200 [6], hereafter referred to as AAPM Method. Simulated data were used as

input for running both methods.

2. MATERIALS AND METHODS

2.1. Data acquisition

Previously simulated [7] cumulative dose data, D(L) were used to evaluate the L-M and AAPM
methods. The simulations were performed on an infinitely long phantom of PMMA for the center
hole and on the peripheral holes. The peripheral value is averaged over the four peripheral holes.
These simulated data were experimentally validated using three CT DI, phantoms joined along the
axis to extend the measurement length, using voltages of 80, 100, 120 and 140 kV. The data collec-
tion adopted the Serial Method as defined in AAPM Reports 111 [4] and 200 [6]. The measure-
ments were performed on a GE Discovery CT750HD (General Electric Company, Boston, USA)
using different voltages, phantom diameters, simulation axis (center or periphery) and pitches.
These measurements used cylindrical (14.5 cm long and 32 or 16 cm diameter) PMMA phantoms
and a chamber 10x6-0.6CT ion chamber (S/N 02—4831) coupled to a digitizer module Accu-Gold+
(model AGDM+, S/N 48-1054) both manufactured by the Radcal, Co. (Radcal Inc, Monrovia, CA).

[8].

2.2. The L-M Method

The Levenberg-Marquardt method (L-M Method) is used to fits empirical data to functions
which presents non-linearity in the fitting parameters. It is a generic algorithm with fast and robust
convergence. In the present work, it was used the least-squares algorithm Nonlinear Curve Fitting
tool of the Origin 2020 software (OriginLab Corporation, Northampton, MA, USA) [9]. The pa-

rameters D4, a and L., were obtained by fitting €q.2 to the simulated data. Details of the applied

eq-

methodology and the results are presented in Costa et al [7].
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2.3. AAPM Report 200 method

This method to obtain the parameters D,,, @ and L., was proposed by AAPM Report 200, and

eq-

consists on rewriting equation 2, resulting in equations 3 and 4 below:

g(L,D") = log, (1 - 2422), 3)

D*

g(L' Deq) = logz (a) - L, 4)

where D* is and estimation of the equilibrium dose, D; (z = 0) is the simulated value of the cumu-
lative dose (at the scanning length L). If D* is different of D,g, the function g(L,D*) is not a
straight line. Obtaining the coefficients coefjineqr and coefynguiar of a linear regression of the
function g(L, D*), the coefficient of determination, R2, is evaluated for the values of the linear func-
tion (coefjineqr and coefanguiar) and g(L, D*). The best estimate of D* increases the value of R
The chosen method to obtain the value of D* (also proposed by the AAPM Report 200) is a MS-
Excel function named “Solver”. This function has a first value (initial guess) of D* and change it to
maximize the coefficient of determination R2.

The values of « and L., can be obtained, according to equations 5 and 6:

log,(a) = coefiinear ~a = Zcoef”neara (5)
—4 -4
In(2):Leq - Coefangular o Leq - ln(z)'coefangular. (6)

The parameters D™, a*~ and Ly;" obtained with L-M method were compared to the corre-

sponding ones, Dg "M, aA4PM and LEAPM obtained applying the AAPM method. Therefore, ratios

of these parameters can be defined as:

L-M

DL
Rp,, = lDé“z{‘PM - 1] + 100, (7)
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LL—M

4 1| = 100, (8)

RLeq = LAAPM -
eq

aL—M

Ry = |—5 —
a aAAPM

1] % 100. )

3. RESULTS AND DISCUSSION

Figure 1 shows simulated data (dots) and calculations (solid lines) obtained using L-M and
AAPM methods. Tables 1 and 2 shows the results for all combination of protocols for Central and
Peripheral, respectively. On Figure 1, “c: Simulation” and “p: Simulation” are referred to the simu-
lation on the central hole and peripheral holes, respectively; “c: AAPM” and “p: AAPM” are re-
ferred to the estimation of the curve by the AAPM method on the central hole and peripheral holes,
respectively; “c: L-M” and “p: L-M” are referred to the estimation of the curve by the L-M method
on the central hole and peripheral holes, respectively.

Body; pitch=0.516; 100kV; c: center; p: peripheral Body; pitch=0.984; 100kV; c: center; p: peripheral Head; pitch=0.531; 120 kV; c: center; p: peripheral
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Figure 1. Comparison of both methods for different protocols with the simulated data. (a) Body;
100 kV; pitch=0.516. (b) Body; 100 kV; pitch=0.984. (c) Head; 120 kV; pitch=0.531. (d) Head;
120 kV; pitch=0.969. (e) Body; 120 kV; pitch=0.516. (f) Body; 120 kV; pitch=0.984. All the
graphs compare results for center and peripheral axis of the phantom.
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Table 1: Values of L-M method and the AAPM method for Central position.
D., (mGy) Leq (mm) a
Vz’lit\‘j')ge Pitch  L-M* AAPM  L-M* AAPM  L-M* AAPM
Head

0.531 12.8(0.5) 129 281(7)  288.0 0.76(1) 0.78

80 0.969 7.0(0.3) 6.8 272(12) 196.8 0.75(3) 0.96
1.375 5.0(0.2) 5.0 275(7)  290.3 0.76(1) 0.71

0.531 24.6(1.0) 247 277(8) 335.0 0.77(1) 0.66

100 0.969 13.5(0.6) 13.8 276(10) 3421 0.77(2) 0.66
1.375 8.4(0.3) 8.4 275(7)  295.3 0.76(1) 0.70

0.531 38.8(1.6) 39.6 297(7) 370.0 0.76(1) 0.69

120 0.969 21.3(0.9) 220 281(10) 409.6 0.77(2) 0.62
1.375 15.0(0.6) 15.6 285(10) 576.5 0.76(2) 0.45

0.531 55.3(2.3) 55.0 287(8) 2741 0.75(1) 0.78

140 0.969 30.3(1.2) 30.3 305(12) 351.7 0.71(2) 0.59
1.375 21.3(09) 214 289(6) 291.3 0.75(1) 0.73

Body

0.516 4.0(0.2) 4.2 440(23) 499.8 0.94(3) 0.93

80 0.984 2.1(0.1) 2.3 417(21) 8324 0.96(3) 0.64
1.375 1.5(0.1) 1.5 461(29) 377.5 0.95(4) 1.1

0.516 9.1(0.4) 9.2 410(11) 3914 1.00(3) 1.04

100 0.984 4.8(0.2) 4.8 427(15) 481.2 0.97(2) 0.80
1.375 3.4(0.1) 3.4 428(28) 413.0 0.98(4) 1.01

0.516 13.4(0.5) 13.9 439(22) 460.1 0.98(3) 0.99

120 0.984 7.0(0.3) 7.1 450(21) 425.8 0.95(2) 1.02
1.375 5.0(0.2) 54 489(38) 128.1 0.92(5) 0.50

0.516 242(1.0) 243 458(23) 519.7 0.97(3) 0.89

140 0.984 12.7(0.5) 129 472(19) 493.3 0.95(2) 0.94
0.516 9.1(0.4) 9.8 463(33) 844.9 0.95(4) 0.67

*Source: Costa et al. [7].
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Table 2: Values of L-M method and the AAPM method for Peripheral positions.

D., (mGy) Leq (mm) a
Vz’lit\‘j')ge Pitch  L-M* AAPM  L-M* AAPM  L-M* AAPM
Head
0531 15.7(0.5) 15.8 241(8) 2799  053(1) 048
80 0969  86(0.3) 83 274(23) 1964  0.48(4)  0.56
1375 6.1(02) 6.0 268(14) 2361  0.50(2) 0.51
0531 27.9(0.8) 272  257(13) 1980  052(2) 0.62
100 0969  15.3(0.5)  15.1 295(16) 2697  047(2) 047
1375  95(03) 94 268(14) 2433  050(2) 0.53
0531 424(12) 425  277(10) 3841  050(1) 042
120 0969  23.3(0.7) 233  301(14) 2796  047(2) 0.5
1375 16.4(05) 166  276(11) 3056  051(1) 0.50
0531 59.1(1.7) 593  280(10) 3233  050(1) 047
140 0969  32.3(1.0) 31.0  288(20) 2115  048(3) 0.53
1375 22.8(07) 227  273(13) 2993  050(2) 043
Body
0516  7.302) 75 261(19) 5581  049(3) 0.3
80 0984  38(0.1) 3.7 295(34) 3743  047(4) 023
1375 27(01) 26 394(64) 320.8  0.39(5)  0.32
0516 14.7(0.4) 146  267(17) 2594  051(3) 053
100 0984  7.7(02) 7.7 320(28) 4410  048(3) 0.35
1375 550.1) 7.7 360(30) 4463  0.40(3) 0.35
0516 22.7(0.7) 227  289(23) 2806  049(3) 056
120 0984  11.9(0.3) 123  350(29) 769.7  0.46(3) 0.29
1375 85(02) 9.1 358(61) 7738  0.44(7) 0.35
0516 325(09) 316  261(22) 2226  049(3) 062
140 0984  17.000.5) 17.4  387(28) 9658  044(2) 0.23
1375 12.2(03) 121 372(28) 3006  0.42(3)  0.50

*Source: Costa et al. [7].

Table 3 shows the results of the ratios for all combination of protocols evaluated applying the equa-
tions (7), (8) and (9).
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Table 3: Ratios of parameters by L-M method and AAPM method on all protocols (in %).

Center Peripheral

Voltage (kV) Pitch  Rp, (%) R, (%) R,(%) Rp, (%) Ry, (%) R,(%)

Head
0.531 -0.7 -2.4 -2.0 -0.4 -13.9 11.2
80 0.969 2.9 38.2 -21.7 3.4 39.5 -14.2
1.375 -0.3 -5.3 7.1 1.7 13.5 -1.8
0.531 -0.6 -17.3 17.0 2.7 29.8 -15.5
100 0.969 -1.8 -19.3 16.8 1.4 94 0.7
1.375 -0.2 -6.9 9.0 0.8 10.2 -4.8
0.531 -2.1 -19.7 10.3 -0.1 -27.9 19.7
120 0.969 -3.1 -31.4 25.0 -0.1 7.7 -8.7
1.375 -3.6 -50.6 69.9 -1.2 -9.7 24
0.531 0.5 4.7 -4.1 -0.4 -13.4 6.7
140 0.969 0.1 -13.3 20.1 4.2 36.2 -10.3
1.375 -0.5 -0.8 2.2 0.3 -8.8 16.5
Body
0.516 -4.9 -12.0 0.9 -2.8 -53.2 59.8
80 0.984 -7.5 -49.9 49.0 2.6 -21.2 104.0
1.375 2.1 22.1 -14.3 3.5 22.8 20.4
0.516 -1.4 4.7 -3.6 0.8 2.9 -4.2
100 0.984 0.6 -11.3 21.9 -0.6 -27.4 36.1
1.375 -0.4 3.6 -3.1 0.0 -19.3 34.9
0.516 -3.5 -4.6 -1.5 0.0 3.0 -13.1
120 0.984 -0.7 5.7 -6.9 -3.2 -54.5 58.5
1.375 -8.0 -61.8 82.3 -6.9 -53.7 24.5
0.516 -0.4 -11.9 9.5 2.8 33.9 -20.5
140 0.984 -1.8 -4.3 1.3 -2.6 -59.9 89.5

1.375 -7.0 -45.2 41.1 0.7 23.8 -16.5
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The method proposed by the AAPM Report 200 results in different values of D* according to
the initial guess. It so happens because, as can be seen on Equation 3, if D* is lower than an simu-
lated data D; (z = 0), the argument of the logarithm becomes negative. In these cases, an simulated
data that has a cumulative dose lower then D*, and all others with higher scanning length, are disre-
garded. The D* considered (on the method proposed by the AAPM Report 200) was the one which

more closely approximates to the D,, Levenberg-Marquardt least-squares method.

4. CONCLUSION

A comparative evaluation shows that the largest difference of

Rp,, was 4% for Head protocol (peripheral protocol; pitch=0.969; 140 kV) and -8% for Body
protocol (central protocol; pitch=1.375; 120 kV). Comparing Ry, and R, on center and pe-
ripheral protocol, the largest difference of Ry,, was -62% for central protocol (Body protocol;

pitch=1.375; 120 kV) and -60% for peripheral protocol (Body protocol; pitch=0.984;
140 kV). For R,, the largest difference was 82% for central protocol (Body protocol;
pitch=1.375; 120 kV') and 104% for peripheral protocol (Body protocol; pitch=0.984; 80 kV).
As can be perceived, higher values of the pitch results in a higher difference for both methods. The
results demonstrate a good compatibility of the methods for the estimation of the quantity D,,.
However, the results for a and L., are significantly different when both AAPM and L-M methods
are considered. This low compatibility of the methods may be associated to the high sensitivity of
the AAPM method on the choice of the initial guess D*. The evaluation of this sensitivity will be

evaluated in future works.

ACKNOWLEDGMENT

The authors would like to acknowledge the grants 2010/12237-7 and 2018/05982-0 from The
Sdo Paulo Research Foundation (FAPESP). They also thank CNPQ for research grant



Stefani et al. ® Braz. J. Rad. Sci. ® 2022 10

315096/2018-7. They thanks to the First Latin-American Congress on Solid State Dosimetry and
Radiation Simulations (LASSD 2021) which occurred in September/2021, and thanks to Ramona
Gaza for the sponsorship on LASSD 2021.

REFERENCES

[1] AAPM - American Association of Physicists in Medicine. The Simulation, Reporting, and
Management of Radiation Dose in CT. AAPM Report No. 96, Task Group 23. College Park, MD:
AAPM, 2008.

[2] DIXON, R. L., The Physics of CT Dosimetry: CTDI and Beyond, 1™ ed., Boca Raton: CRC
Press, 2019. p. 5-11.

[3] BOONE, J. M. Trouble with CTDI100, Med Phys, v. 34(4), p. 1364-71, 2007.

[4] AAPM - American Association of Physicists in Medicine. Comprehensive Methodology for the
Evaluation of Radiation Dose in X-Ray Computed Tomography. AAPM Report No. 111, Task
Group 111. College Park, MD: AAPM, 2010.

[5] GONZALES, A. H. L. Simulation and validation of dose profiles and their use to estimate
dosimetric quantities for Computed Tomography. 2019. PhD thesis - Physics Institute,
Universidade de Sao Paulo, Sao Paulo, 2019.

[6] AAPM - American Association of Physicists in Medicine. The Design and Use of the
ICRU/AAPM CT Radiation Dosimetry Phantom: An Implementation of AAPM Report 111.
AAPM Report No. 200, Task Group 200. Alexandria, VA: AAPM, 2010.

[7] COSTA, P. R., NERSISSIAN, D. Y., UMISEDO, N. K., GONZALES, A. H. L,
FERNANDEZ- VAREA, J. M. A. comprehensive Monte Carlo study of CT dose metrics proposed
by the AAPM Reports 111 and 200. Med Phys, 1-18, 2021.



Stefani et al. ® Braz. J. Rad. Sci. ® 2022 11

[8] DIXON, R. L., BALLARD, A. C. Experimental validation of a versatile system of CT
dosimetry using a conventional ion chamber: Beyond CTDI 100, Med Phys, v. 34(8), p. 3399-413,
2007.

[91 MADSEN, K., NIELSEN, O., TINGLEFF, O., Methods for Non-linear Least Squares Problems.
2" ed., Informatics and Mathematical Modelling, 2014.



