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A R T I C L E  I N F O   

Keywords: 
X-ray scatter 
Photon attenuation 
Tissue 
Breast cancer 

A B S T R A C T   

The study was carried out by numerical integration based on the diffraction properties and elemental compo-
sition. The elemental compositions of breast tissues in the literature were tested. The photon attenuation co-
efficients calculated using the recent elemental composition were found within 0.2− 16% for adipose tissue and 
within 0.04− 17% for glandular tissue with the experimental reference data. The attenuation coefficients of 
cancerous breast tissue calculated according to the elemental content previously measured in breast cancer 
patients were found within 0− 17% with experimental data in the literature. The attenuation coefficients are of 
great interest to medical research. To calculate realistic attenuation coefficients, the characteristic coherent 
scatter, which is most intense at small angles, must be considered. For this reason, experimentally measured form 
factor data were reviewed, and the most compatible one with the theoretical form factor data produced in this 
study was used at low momentum transfer x (0 < x ≤ 8 nm− 1). The differential linear coherent scattering dis-
tributions were calculated for an energy value of 17.44 keV and compared with their experimental counterparts.   

1. Introduction 

The attenuation coefficients are commonly employed in Monte Carlo 
modeling and simulation and have recently been reported by some re-
searchers [1–17]. The photon attenuation coefficient information is very 
important for inter-tissue image quality. According to the World Health 
Organization, mammography has proven to be an effective method of 
screening for breast cancer. It is associated with the difference between 
the attenuation coefficients of breast tissues. By revealing the scattering 
characteristics of each tissue in the breast, it is possible to determine the 
small differences in the attenuation properties that give values close to 
each other and to end the mistakes in mammography. Thus, it is ensured 
that the dose given to the patient is adjusted more accurately. 

The attenuation coefficients of breast tissues were calculated by 
Hammerstein et al. [18] and Woodard & White [19]. White et al. [20] 
experimentally obtained the attenuation coefficients for energy values 
between 9.88 and 59.32 keV. Johns & Yaffe [21] made measurements to 
determine the attenuation properties of normal and neoplastic breast 
tissues at energy values between 18 and 110 keV. At energies lower than 
40 keV, fibroglandular tissue was found to be significantly different from 
cancerous tissue. Carroll et al. [22] made measurements for energy 
values between 14 and 18 keV to determine the attenuation properties of 
normal and cancerous breast tissues. Al-Bahri & Spyrou [23] presented 

experimental data at 59.5 keV energy. Chen et al. [24] stated that the 
measurement results of adipose and fibrous tissues in the 15− 26.5 keV 
energy range are the same as the data in the literature, and there is no 
significant difference between fibrous and tumor tissues. Tomal et al. 
[25] tried to experimentally determine the attenuation properties of 
normal and neoplastic breast tissues at energy values between 8 and 30 
keV and found that the attenuation coefficients of neoplastic breast 
tissues were slightly higher than those of glandular tissues. The impor-
tant explanation by Tomal [26] for the fact that the glandular attenua-
tion graph is different from that of tumor tissues is that tumor formations 
have higher atomic number elements and densities than glandular ones. 
Mirji et al. [27] made measurements to determine the attenuation co-
efficients of healthy and cancerous breast tissues of patients in different 
age groups at energy values between 8 and 18 keV and showed that the 
attenuation coefficient values of cancerous breast tissue are higher than 
those of healthy breast tissues. Fredenberg et al. [28] made measure-
ments to determine the photon attenuation properties of solid breast 
lesions at energy values between 15 and 40 keV. Fredenberg et al. [29] 
measured the x-ray attenuation coefficients at energy values between 15 
and 40 keV. Soares et al. [30] presented the photon attenuation co-
efficients graphically. 

It is known that the elemental contents of tissues differ considerably 
among different people [31,32]. Biological age, sex, metabolism, dietary 
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habits, and health status play an important role in determining the 
elemental tissue content. The elemental knowledge of body tissues 
cannot be thought to be fixed, and variation must be considered [32]. In 
particular, where the identification of tissue occurs by coherent scat-
tering, this variation should always be taken into consideration [32]. 

The most comprehensive work on elemental knowledge of breast 
tissues was published by Hammerstein et al. [18]. In addition to this, 
Woodard and White [19] made a few measurements for glandular tissue. 
These data were declared in the ICRU [33] report. Poletti et al. [34] 
experimentally revealed the elemental contents to determine the 
angular scattering distributions of adipose and glandular tissues. Poletti 
et al. [35] obtained the elemental composition of cancerous breast tis-
sues by elemental analysis. 

In this study, the elemental compositions of breast tissues in the 
literature were tested. The theoretical results of healthy breast tissues 
carried out by using the recent elemental composition [32] and the 
diffraction patterns [34] were found to be more compatible with the 
experimental data. The coherent scatter distributions and attenuation 
coefficients of cancerous breast tissue were determined from experi-
mentally measured elemental composition [35] and diffraction patterns 
[34]. Theoretical differential linear coherent scatter distributions of 
normal and cancerous breast tissues were calculated and compared with 
their experimental counterparts in Figs. 1− 3 for an energy value of 
17.44 keV. Theoretical total linear attenuation coefficients were calcu-
lated for 1− 50 keV energy values. The results were listed in Table 1 and 
compared in Tables 2− 4 with the literature. In general, good agreement 
is obtained. This type of study is new. To the best of our knowledge, it is 
the first time that such a theoretical study has been obtained by 
including diffraction effects and using the recent elemental contents of 
breast tissues. Therefore, this work will provide valuable knowledge. 

2. Methods 

2.1. The attenuation coefficient 

The attenuation coefficients include the following processes: 
coherent (Rayleigh) scattering, incoherent (Compton) scattering, and 
photoelectric absorption, with the participation of each photon inter-
action in the interaction with the matter of low-energy x-rays. The linear 
attenuation coefficient μ (cm− 1) is proportional to the photon interac-
tion cross-section per molecule. This relationship is reported by Hubbell 
[36] as follows, 

Fig. 1. Theoretical linear differential coherent scattering coefficients (μs) compared with experimental data in the literature for adipose breast tissue.  

Table 1 
The theoretical linear attenuation coefficients (μ) of the adipose, glandular, and 
cancerous breast tissues, respectively.  

E (keV) μ (cm− 1) Adipose μ (cm− 1) Glandular μ (cm− 1) Cancerous 

1 2359,8522 3654,0526 3696,3690 
2 338,4207 546,3685 548,9437 
3 103,4337 169,9149 170,3502 
4 43,8844 72,5599 72,7506 
5 22,4776 37,2478 37,3577 
6 13,0109 21,4940 21,5789 
7 9,2506 15,2441 15,3226 
8 5,4971 8,9908 9,0597 
9 4,2056 6,8054 6,8704 
10 2,8853 4,4102 4,6628 
11 2,4878 3,9665 4,0208 
12 2,1115 3,3351 3,3853 
13 1,7317 2,7054 2,7521 
14 1,3522 2,0703 2,1143 
15 0,9717 1,4395 1,4816 
16 0,8806 1,2962 1,3285 
17 0,7922 1,1469 1,1802 
18 0,7036 0,9939 1,0316 
19 0,6125 0,8458 0,8825 
20 0,5228 0,6964 0,7321 
21 0,4953 0,6590 0,6937 
22 0,4707 0,6207 0,6547 
23 0,4481 0,5832 0,6165 
24 0,4250 0,5465 0,5792 
25 0,4026 0,5097 0,5419 
26 0,3787 0,4730 0,5047 
27 0,3558 0,4358 0,4671 
28 0,3329 0,3985 0,4294 
29 0,3098 0,3620 0,3925 
30 0,2870 0,3260 0,3561 
31 0,2804 0,3164 0,3461 
32 0,2744 0,3070 0,3364 
33 0,2685 0,2981 0,3272 
34 0,2624 0,2892 0,3179 
35 0,2566 0,2803 0,3086 
36 0,2505 0,2714 0,2994 
40 0,2266 0,2362 0,2623 
45 0,2128 0,2199 0,2438 
50 0,2011 0,2044 0,2263  
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Here, NA is Avogadro’s constant, ρ is the density, M is the molecular 
weight, and σ is the photon interaction cross-section. The coherent 
(Rayleigh) scattering, incoherent (Compton) scattering, and photoelec-
tric absorption cross-sections per molecule were calculated by Ref. [37]. 

The differential linear coherent scattering coefficient μs (x) of a 
molecule per unit solid angle is expressed by the following equation, 

μs(x)=
NAρ
M

[
dσT(θ)

dΩ
F2

m(x)
]

(2)  

where Fm(x) is the molecular form factor of most complex substances, 
dσT is the differential Thomson scattering cross-section per free electron, 
and dΩ is the differential solid angle. 

For small values of the momentum transfer variable x, the Inde-
pendent Atomic Model (IAM) [38] cannot be applied due to high 
interference effects. Therefore, the Fm(x) values for ~ x ≤ 8 nm− 1 should 
be taken from experimental data to include interference effects. Exper-
imental data are not available for values greater than x > 8 nm− 1. For 
large x values, the IAM can be applied because of the agreement between 
the experimental data and those obtained using the IAM. Thus, all the 
Fm(x) values are created for all possible values of x. Experimental Fm(x) 
data (~ x ≤ 8 nm− 1) and theoretical Fm(x) data (~ x > 8 nm− 1) should 
be compatible and provide integrity. The MRFF data [39] is used to 
ensure this integrity. The theoretical form factor obtained with the 
MRFF theory agrees better with the experimental form factor than those 
obtained with Hubbell et al. [40]’s relativistic and Hubbell & Øverbø 
[38]’s nonrelativistic form factor theories. 

3. Results 

The elemental compositions of different researchers [19, 31–35, 
41–43] were tested. The molecular form factor values of adipose and 
glandular tissues were obtained theoretically for each of the elemental 
contents. The molecular form factor of cancerous breast tissue was 
calculated using the experimental elemental composition by Poletti 
et al. [35]. 

The theoretical form factors obtained with the IAM ensure an 
approximation in the interval ~ x = 8 to 1000 nm− 1, where experi-
mental data are not available. To take into account the characteristic x- 
ray diffraction effects, the experimental form factor data [34,44] were 
used in the interval x = 0 to 8 nm− 1. In the creation of the form factor 
data of cancerous tissue, experimental values of glandular tissue, which 

resemble carcinoma, were used for low x values as suggested by Poletti 
et al. [35]. 

The total linear attenuation coefficient as the sum of coherent, 
incoherent, and photoelectric effects was calculated by applying Eq. (1). 
The theoretical attenuation coefficients were listed in Table 1 and 
compared in Tables 2–4 with experimental data [20, 21, 23− 25, 27− 29, 
34] and theoretical data [32]. 

The differential coherent scattering coefficient (μs(x)) of a molecule 
per unit solid angle was calculated by applying Eq. (2). To test the ac-
curacy of this theoretical study of breast tissues, the theoretical differ-
ential linear coherent scattering distribution μs (cm− 1sr− 1) as a function 
of x (nm− 1) was compared with its experimental counterpart [34,45,46]. 
The results were graphically shown in Figs. 1− 3 for an energy value of 
17.44 keV. 

4. Discussion 

When our theoretical total attenuation coefficient values were 
compared with the experimental values, discrepancies were found be-
tween 0.2 and 16% for adipose tissue, 0.04 and 17% for glandular tissue, 
and 0 and 17% for cancerous breast tissue. The margin of error in the 
experimental form factor [34] used in this study was reported to be 
between 5% and 7%. It is necessary to consider uncertainties in the 
attenuation coefficients measured by different researchers. Also, these 
differences may be due to changes in the composition of the tissues. As 
pointed out by Paterno et al. [32], the composition of a particular tissue 
may vary from individual to individual, while the composition of a 
particular tissue in an individual may vary from one part of the body to 
another in the same individual. As a result, in general, there is good 
agreement when considering the variation in tissue compositions and 
the possible experimental errors. 

The differential linear coherent scattering distributions of breast 
tissues per unit solid angle give a wide peak in the range of x = 0.3 nm− 1 

and x = 3.5 nm− 1. Intramolecular effects are very important in this re-
gion. For example, adipose tissue in Fig. 1 peaks around ~1.1 nm− 1, 
glandular tissue in Fig. 2 peaks around ~1.5 nm− 1, and cancerous tissue 
in Fig. 3 peaks around ~1.6 nm− 1. As pointed out by Kosanetzky et al. 
[45] and Kidane [46], the sharp peak in the lower momentum transfer 
value of adipose tissue compared to glandular and malignant tissues is 
thought to be because adipose tissue contains a large number of fat cells 
and also has interference effects. As stated by Kosanetzky et al. [45], 
these differences, which are related to the molecular structure of the 
tissues, can have important effects on breast imaging. As seen in Fig. 1, 
the theoretical μs(x) values with Paterno et al. [32] compositions are 
closest to the experimental μs(x) values. The theoretical μs(x) values with 
the ICRP, ICRU, and Midgley’s [41] compositions are close to the 
experimental μs(x) values but deviate from the experimental data at 

Table 2 
The linear attenuation coefficients of adipose breast tissue μ (cm− 1) calculated in 
this study are compared with the references.  

E (keV) This study References 

8 5,4971 5,70 (5,28–6,70) [25] 
9,88 3,0437 2,907 [20] 
11 2,4878 2,28 (2,04–2,92) [25] 
15 0,9717 0,902–0,906 [29]  

0,978 (0,903–1,169) [25] 
17,44 0,7532 0,72 [32]  

0,64 [34] 
20 0,5228 0,494 (0,455–0,559) [25]  

0,484–0,486 [29] 
25 0,4026 0,338–0,339 [29] 
27 0,3558 0,317 [47] 
30 0,2870 0,280 (0,260–0,304) [25]  

0,273–0,274 [29] 
35 0,2566 0,239–0,240 [29] 
39,91 0,2271 0,2156 [20] 
40 0,2266 0,219–0,220 [29]  

0,212–0,218 [21] 
59,5 0,1755 0,169–0,259 [23]  

Table 3 
The linear attenuation coefficients of glandular breast tissue μ (cm− 1) calculated 
in this study are compared with the references.  

E (keV) This study References 

8 8,9908 9,38 (8,94–9,76) [25] 
11 3,9665 3,80 (3,64–3,96) [25] 
15 1,4395 1,55 (1,48–1,62) [25]  

1,69–1,73 [29] 
17,44 1,0796 1,08 [34]  

1,07 [32]  
1,14 [21] 

20 0,6964 0,783 (0,752–0,815) [25]  
0,825–0,845 [29] 

25 0,5097 0,523–0,532 [29] 
30 0,3260 0,388–0,394 [29]  

0,380 (0,364–0,397) [25] 
35 0,2803 0,319–0,327 [29] 
40 0,2362 0,280–0,281 [29] 
59,5 0,1861 0,184–0,277 [23]  
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values larger than x = 8 nm− 1. For the glandular tissue in Fig. 2, 
although it is possible to say that the theoretical μs(x) values with 
Paterno et al. [32] and Poletti et al. [34] compositions are close to the 
experimental data, the μs(x) values with Paterno et al. [32] compositions 
are closer to the experimental data. As seen in Figs. 1 and 2, the theo-
retical μs(x) values obtained using the experimental form factor values 
by Peplow & Verghese [44] are considerably larger than the 

experimental μs(x) values. For the cancerous tissue in Fig. 3, the theo-
retical μs(x) values are close to the experimental μs(x). As a result, these 
differences in the magnitude of the theoretical μs(x) values may vary 
depending on the choice of the elemental composition and experimental 
form factor. 

The compatibility of our results with the experimental data proves 
the accuracy of our calculations. The most important step in these cal-
culations shows us how important coherent scattering calculations are. 
The most important step of the coherent scattering calculation is to 
determine the breast tissue’s most probable elemental content. Apart 
from the elemental content, another important part is the selection of 
experimental form factors used to incorporate diffraction effects into 
calculations. It is also important to use the MRFF theory to ensure the 
integrity of the experimental and theoretical form factor values. Thus, 
the best result was achieved by determining both the elemental content 
and the form factor. 

In calculations of molecular cross-sections and attenuation coeffi-
cient values, we took into account intra-molecular effects. In the liter-
ature, total cross sections and attenuation coefficients are calculated by 
the XCOM database [47], which pertains to isolated neutral atoms and 
does not take molecular. With this, the XCOM database neglects the 
effects of coherent scatter diffraction. The lack of this effect plays a 
significant role in the coherent scattering and the total attenuation co-
efficient calculations. It is important to accurately calculate coherent 
scatter. Since the coherent differential scattering cross-sections and form 
factors change very drastically, logarithmic region selection has been 
made in the numerical integration in the small angle and low energy 
regions. By applying the logarithmic scale, the integration mesh points 
are increased. Thus, smaller angle values are also taken into account. 

5. Conclusions 

In this study, the complex molecular structures of healthy and 
cancerous breast tissues were investigated. It has been found that the 
elemental compositions of healthy human breast tissues published 
recently by Paterno et al. [32] are most compatible with the experi-
mental results. The calculations for cancerous breast tissue were ob-
tained based on the elemental content of cancerous breast tissue 
experimentally measured by Poletti et al. [35]. Another important part 
is the inclusion of diffraction effects in the calculations. The experi-
mentally measured form factor data by Poletti et al. [34] were found to 
be the most compatible with the form factor data obtained theoretically 

Table 4 
The linear attenuation coefficients of cancerous breast tissue μ (cm− 1) calculated 
in this study are compared with the references.  

E (keV) This study References 

8 9,0597 10,97 (9,90–11,91) [25]  
10,58 (10,36–10,58) [27] 

11 4,0208 4,36 (4,04 - 4,76) [25] 
12 3,3853 4,06 (4,02–4,11) [27] 
14 2,1143 2,53 (2,46–2,55) [27] 
15 1,4816 1,564–1,653 [24] 

1,74 (1,60–1,90) [25] 
1,76 [28] 
1,74–1,80 [29] 

16 1,3285 1,54–1,65 [27] 
17 1,1802 1,149–1,223 [24] 
18 1,0316 1,061–1,137 [21]  

1,13 (1,08–1,20) [27] 
19 0,8825 0,866–1,005 [24] 
20 0,7321 0,851–0,877 [29]  

0,859 [28]  
0,856 (0,812–0,921) [25]  
0,826–0,884 [21] 

23 0,6165 0,598–0,660 [24] 
25 0,5419 0,538–0,551 [29]  

0,519–0,552 [21] 
26 0,5047 0,476–0,492 [24]  

0,541 [28] 
26,5 0,4859 0,457–0,507 [24] 
30 0,3561 0,398–0,406 [29]  

0,400 [28]  
0,404 (0,368–0,430) [25]  
0,387–0,408 [21] 

35 0,3086 0,326–0,332 [29]  
0,327 [28] 

40 0,2623 0,285–0,289 [29]  
0,286 [28]  
0,276–0,291 [21] 

50 0,2263 0,233–0,245 [21] 
59,5 0,2120 0,212–0,295 [23]  

Fig. 2. Theoretical linear differential coherent scattering coefficients (μs) compared with experimental data in the literature for glandular breast tissue.  

A. Böke                                                                                                                                                                                                                                           



Nuclear Engineering and Technology 56 (2024) 241–246

245

in this study. The molecular coherent scattering cross-section was 
calculated with the use of data formed by combining both theoretical (x 
> 8 nm− 1) and experimental (x ≤ 8 nm− 1) molecular form factors. It is 
very important to determine the photon attenuation coefficient as the 
sum of the coherent, incoherent, and photoelectric interactions, which 
are dominant in the interaction of the photon with the tissue, especially 
at energies between 1 and 50 keV. This study was compared with their 
experimental counterparts and was observed to be generally in good 
agreement. 

Knowing the elemental content of the molecular structure that makes 
up the tissue makes it possible to calculate the attenuation coefficients. 
By knowing the attenuation coefficients correctly, the image that shows 
the difference between healthy tissue and tumor tissue is revealed, and 
with the increase in image quality, the amount of dose to be given to the 
patient will be adjusted more accurately. The results of this study can be 
used in the calculations of other modeling researchers and will shed light 
on experimental studies that have been or will be done. We strongly 
believe that our results will provide valuable information for breast 
tissue characterization and modeling in the MC code. 
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