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Chapter 3 

AVERAGE ATTENUATION OF 

HEALTHY AND DISEASED BREAST 

TISSUE 

Abstract 
 
We have measured the transmission of the breasts of 328 high-risk subjects using the 
Philips Optical Mammoscope as a function of distance between the source and 
detector fibers for four wavelengths. Using the diffusion approximation of the light, 
the average attenuation (± standard deviation) in healthy breasts was calculated to be 
112 ± 21, 92 ± 17, 108 ± 19 and 122 ± 17 m

-1
 at 680, 715, 780 and 867 nm. Although 

the inter-subject variation of normal breast tissue optical properties in a large 
population is high, we observe that independently of breast size, the total estimated 
attenuation did not exceed a certain value. This finding suggests that we would always 
be capable of detecting NIR light through any size of breast. We also investigated the 
correlation of the average attenuation in normal breast with age and breast volume for 
all the subjects together and grouped by age, menopausal status and breast volume. 
We observed a decrease in average attenuation with age, increased breast volume and 
post-menopausal subjects (versus pre-menopausal subjects). Although trends were 
observed between the average attenuations in breasts with different lesion types, no 
significant difference in average attenuation was found between healthy breasts and 
breasts with cysts, benign solid lesions or malignancies. This finding suggests that 
when the whole breast is considered, our instrument is not capable of measuring 
differences in attenuation of diseased and healthy breasts. 
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3.1 Introduction 
 
The female breast is a heterogeneous organ in which anatomy and physiology vary 
tremendously over time, within single subjects and between subjects. Indeed, breast 
characteristics depend on many factors such as habits, diet, family, medical history and 
genetics [1]. For instance, depending on the body-fat content, the total blood content 
in breasts can vary up to a factor of 5 or more. Besides, anatomical and physiological 
changes are occurring in breasts during several phases of the women’s life, such as 
during development, menstrual cycle, pregnancy or menopause. For instance, due to 
an increase of vascularity and water content, breast volume increases by up to 40% in 
some women during the week before the menstruation [2-4]. In terms of radiology, 
differences in breast tissue seen on a mammogram are expressed in density. Women 
with dense breast tissue have less fat and more breast cells and connective tissue in 
their breasts. 
In the last decades, research of breast cancer imaging has been focused on the 
development of new imaging methods and technologies in order to provide additional 
information about the normal and the diseased breast tissue. As opposed to the 
current breast imaging methods, such as X-ray mammography, MRI or ultrasound 
which provide structural and vascular information, diffuse optical imaging (DOI) 
provides functional information. Owing to the sensitivity of near-infrared (NIR) light to 
the main absorbers constituting the breast, such as haemoglobin (in its oxygenated 
and deoxygenated states), water and lipid, the bulk composition of breast tissue can 
be assessed using NIR imaging [5-7]. 

 
Previous clinical studies investigated the basic average optical properties of the female 
breast and their possible correlation to demographic information, such as age, body 
mass index (BMI), and breast size. They used different technologies, frequency-domain 
or time-resolved optical systems, in different configurations, reflectance or 
transmittance geometry. [8] studied the spectral transmission of the breast of 30 
Japanese women in a parallel-plate geometry using a single wavelength time-resolved 
instrument. The results show that the absorption and scattering coefficients were 
significantly negatively correlated with age, BMI and the menstrual status. [9] studied 
28 normal subjects with a frequency-domain, photon migration instrument using 7 
wavelengths. They reported a decrease in scatter power with age related to a decrease 
of breast density. They observed also a slight increase in water and total haemoglobin 
in premenopausal women followed by a drop around the age of 40 and a decline after 
menopause in water content. [5] investigated the optical properties of 52 subjects 
using a 3 wavelengths frequency-domain instrument with parallel-plate transmission 
geometry. They found a weak correlation of blood volume and reduced scattering 
coefficient with BMI. They did not find any correlation with age. [6] acquired 
measurements from 113 breasts with their time-resolved optical mammograph. Their 
results show an increase in lipid content and a decrease in water content with age and 
higher BMI. [7] used a frequency-domain instrument to measure the optical properties 
in 60 subjects. They found statistically significant inverse correlations between water 
fraction and total haemoglobin and BMI. Also, age was inversely correlated to water 
fraction and scatter power while scatter amplitude was correlated to breast diameter. 
Even though these studies used different types of technology and measurement 
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configurations, their results were consistent. Most of these clinical studies have been 
performed on rather low cohorts and/or were probing only part of the breast. Here, 
we present the results of a clinical study including 328 high-risk subjects measured by 
diffuse optical tomography (DOT) using the Philips optical Mammoscope. The average 
attenuation coefficients for both breasts were determined by transmission 
measurements through the breast. Assessment of data quality was performed in order 
to obtain a reliable dataset: any data showing measurement errors, such as for 
instance trapped air in the measurement cup or patient movement during a 
measurement, was discarded from the study. Because of the large number of subjects, 
statistical relevance could still be obtained. First, we explore the typical average 
attenuation of the normal breast measured with our optical scanner and its possible 
correlation with demographic information. Then, as some of the subjects had a biopsy 
proven lesion, the average attenuation in diseased breast was investigated and 
compared to the average attenuation of healthy breast. The purpose of this analysis is 
to determine whether the average attenuation of the whole breast may be used as a 
marker of disease. 
 
 

3.2 Materials and methods 
 

3.2.1 Instrumentation – the Mammoscope 
 
The Mammoscope is described in section 2.1.1. Briefly, it consists of a bed where the 
subject is lying on, with one breast hanging freely in a cup containing a fluid matching 
the optical properties of the average breast. The breast is illuminated sequentially 
from all sides via optical fibres that are mounted on the surface of the measurement 
cup. The light emanating from the breast is detected simultaneously from all sides. The 
system uses near-infrared light of continuous wave solid-state lasers to illuminate the 
breast at three different wavelengths (715 – later changed to 680, 780, and 867 nm). A 
complete measurement involves therefore 3 breast scans: transmission data are 
collected for the three wavelengths. This collected data gives a measure of the average 
attenuation of the whole breast. 
 

3.2.2 Theory – the attenuation coefficient 
 
The light transmitted through the breast is collected by the detectors as light 
intensities. In this strongly scattering media, the diffusion approximation (valid only if 
source and detector are immersed in a medium of very large volume as compared to 
the diffusion and attenuation length) can be used as theoretical model to describe the 
light propagation. The light transmitted and detected at distance d is thus given by 
[10]: 
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0I  is the injected laser intensity into the cup,  dI is the detected light intensity for a 

distance d, the smallest distance from the source to detector, and   is the 

attenuation coefficient. In practice, we plot 







 d

I

I d

0

ln versus d , and fit a straight 

line to the measured data-points, to determine   from the slope of that line, as 
depicted in Figure 1. 

 

 
Figure 1. Attenuation coefficient fit to the transmitted intensity data collected with the 680 
nm laser from the breast of one of the subjects. The fit indicates that the optical properties of 
the fluid surrounding the breast provide a good optical match. The deviation of the points at 
small separation is due to boundary effects. 

 
In case of the optical mammography cup, the source and detector fibres are placed at 
the surface of the cup wall, hence the infinite medium approximation does not hold. 
Therefore, depending on cup geometry and reflection coefficient, the shape and slope 
of the curve in Figure 1 may be different at low source-detector distance. In order to 
calibrate our measurement cup, measurements from a known calibration sphere, 
which was designed to minimize the boundary effects, were compared to our data. 
Our data were systematically 15% lower than measured in the know measurement 
tool. Therefore, in order to have more realistic quantification, we multiplied all the 
average attenuation values with a correction factor of 1.15. 
 

3.2.3 Human subjects 
 
The study population has been described in section 2.1.1. Briefly, in the course of 
1999, a total of 328 high-risk women and women referred for further examination 
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based on a screening mammogram have been scanned with the Mammoscope. The 
study was IRB-approved and consent was obtained from each subject. Information 
about the subjects is reported in Table 1 in chapter 2. The number of subjects 
categorized by menopausal status, (PRE – premenopausal, POST – postmenopausal 
subjects) and by breast disease is given. Because of measurement errors, such as for 
instance air-bubbles trapped between breast and cup wall and breast motion during 
the scan, data from 101 subjects were not included in this study.  
 

3.2.4 Statistical analysis 
 
Unpaired student t-test was used to calculate the difference in mean average 
attenuation between two population groups. Significance was assumed at a 

confidence interval of 95% ( = 0.05) for a two-tailed distribution. In case of 
comparison of more than 2 population groups, we checked significance using both the 
ANOVA test, which compares the variance of the whole population with the variance 
of each of the sub-groups, and the student t-test for direct comparison of the sub-
groups. All error bars are those for the population. 
To investigate the relationship between 2 variables (e.g. average attenuation 
coefficient and patients’ age), we used the technique of correlation and linear 
regression. 
 
 

3.3 Results and discussion 
 

3.3.1 Average attenuation of healthy tissue 
 
Table 1 reports the inter-subject average, standard deviation (SD) and range of the 
whole breast attenuation values in our 183 healthy subjects. Depending on the 
wavelength, the inter-subject variations ranged from 14 to 19 %. In addition, the 
maximum average attenuation values are up to 2.5 folds higher than the minimum 
average attenuation values.  
 
No statistical difference is seen in attenuation between the left and right breasts, 
which corresponds to previously reported results [6, 11]. Since no statistical difference 
in average attenuation was observed between the right and the left breasts, in the rest 
of this report we will show the results using the averaged attenuation over both sides.  

 
Table 1: Inter-subject average attenuation of healthy breast tissue and standard deviation 

 ± SD (m
-1

) 
(min-max)  

680 nm 715 nm 780 nm 867 nm 

Left side 113 ± 21 (66-163) 93 ± 17 (59-129) 108 ± 18 (66-159) 122 ± 17 (79-168) 

Right side 111 ± 20 (70-167) 92 ± 17 (60-120) 107 ± 19 (66-153) 122 ± 18 (78-166) 

Both sides 112 ± 21 (66-167) 92 ± 17  (59-129) 108 ± 19 (66-159) 122 ± 17 (78-168) 

 
While most research groups present their optical data as absorption and scattering 
values, in our case, because of the nature of our measurement technique, only 
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attenuation could be obtained from the data. Using as   '3
, we calculated 

the attenuation from the absorption and scattering values found in other groups’ work 
[5, 6, 12, 13]. In Figure 2, we compare these data with our attenuation values. Even 
though the optical techniques used to scan the breast were different, we found that 
our data are in agreement with the published data.  

 

 
Figure 2. Attenuation value of normal breast tissue taken from literature – the error bars 
represent the dispersion of the data over different subjects 

 

 
Figure 3. Attenuation coefficient () times the estimated breast diameter (b) versus the 

estimated breast diameter (b) at each attenuation wavelength and for each subject 
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Figure 3 presents the graph of the attenuation times the estimated breast diameter 
versus the estimated breast diameter at each attenuation wavelength and for each 

subject. We observe a maximum absorbance (.b value) of 20 independent of breast 
size. This means that the breast size is not directly correlated with the average 
attenuation suggesting that our optical breast scanner would be capable of detecting 
light transmitted through any size breast that fits in the cup of any age subject. This 
result can be explained by the fact that larger breasts tend to have higher adipose 
content than smaller breasts [14]. Therefore, even though light travels through more 
breast tissue in larger breast, the resulting average attenuation may not be higher than 
in smaller breasts.  
 

3.3.2 Demographic and optical properties of healthy tissue 
 
To investigate the correlation between optical properties of breast and demographic 
information, we plotted the average attenuation values as a function of age and breast 
volume of each subject for each attenuation wavelength. Linear fits to these graphs 
are plotted to investigate potential correlations. 
 

 
Figure 4. Average attenuation coefficient of the left and right breasts at 780 nm versus age for 
each subject. The line represents a linear regression of the data. The correlation coefficient r is 
0.24, the slope is -0.4 with a p-value of 0.008. 
 

As shown in Figures 4 and 5, the average attenuation coefficient at 780 nm tends to 
decrease with increasing breast volume and with subject’s age, a trend which is also 
seen for the other wavelengths. The correlations observed in Figures 4 and 5 are 
statistically significant (r(N=200)>0.117, p<0.05). As mentioned in the introduction, it is 
known that the breast density decreases with age; the adipose tissue progressively 
replaces the fibro-glandular tissue, resulting in overall lower attenuation. At age 30, 
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about 90 % of women have mammographically dense breasts. In contrast, around 65 
to 70 years of age, 60 % of women have mammographically fatty breasts [15]. 
 

 
Figure 5. Average attenuation of the left and right breasts at 780 nm versus the estimated 
breast volume for each subject. The line represents a linear regression of the data. The 
correlation coefficient r is 0.49, the slope is -0.04 with a p-value of 5.10

-11
.  

 
Similar trends were observed in other research groups. [6] found the main trends to be 
in lipid and water with age. According to their data, an increase of 0.52% of lipid 
content and 0.53% of water content is seen per year of age. [16] found that scattering 
power and scattering amplitude were significantly correlated with age and breast 
diameter, respectively. On the contrary, [5] did not find any correlation between 
reduced scattering coefficient and age or with blood volume and age. These groups as 
well studied the correlation of optical parameters with other demographic 
information, such as breast density or BMI.  

 
Even though our data show a statistically significant correlation between average 
breast attenuation and age or breast volume, the strength of these relationships is 
weak, with r-squared values of 0.06 and 0.24, respectively (which correspond to r 
values of 0.24 and 0.49, respectively). In order to further analyze our data, we 
investigated the average attenuation of the whole breast in subjects grouped by age 
(age<=40, 40<age<=60 and age>60), menopausal status and by breast volume 
(V<=200, 200<V<400 and V>=400 ml). We expect that by sub-sampling the subject 
population, the inter-subject biophysical variations within the same subjects’ group 
would be minimized. As the changes in breast physiology happen gradually over time, 
we categorized the women ages in 3 categories: young (<40 year old) with an expected 
high percentage of dense breast, old (>60 year old) with an expected high percentage 
of fatty breast and in between. To explore whether the step from pre-menopause to 
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post-menopause induces a change in the breast physiology that could be observed 
with DOT, the menopausal status was also investigated. 
 
Table 2: Average attenuation, standard deviation (SD) and range (minimum-maximum) of both 
breasts of healthy subjects, by subject’s age, menopausal status, breast volume and all 
subjects together 


Mean average attenuation and SD (min - max) (m

-1
)

 
680 nm 715 nm 780 nm 867 nm 

Age <= 40 
112 ± 21  
(75-121) 

95 ± 16  
(76-120) 

111 ± 17  
(77-150) 

125 ± 16  
(93-166) 

40 < Age <= 60 
115 ± 21  
(66-167) 

91 ± 15  
(66-121) 

109 ± 19  
(67-159) 

123 ± 18  
(81-168) 

Age > 60 
103 ± 13 
(69-125) 

95 ± 22  
(59-129) 

100 ± 15  
(66-131) 

115 ± 15  
(78-143) 

PRE 
118 ± 23  
(66-167) 

97 ± 17  
(71-121) 

114 ± 20  
(67-159) 

127 ± 18   
(81-168) 

POST 
107 ± 16  
(69-152)  

91 ± 17  
(59-129) 

103 ± 16 
 (66-144) 

118 ± 16  
(78-164) 

Breast volume <= 
200 ml 

125 ± 19  
(79-161) 

105 ± 15  
(75-120) 

121 ± 17  
(79-159) 

134 ± 15  
(94-166) 

200 < Breast 
volume < 400 ml 

115 ± 18  
(83-167) 

95 ± 18  
(66-129) 

110 ± 16  
(74-158) 

125 ± 15  
(89-168) 

Breast volume >= 
400 ml 

101 ± 19  
(66-153) 

90 ± 12  
(70-121) 

98 ± 16  
(67-150) 

113 ± 15  
(81-163) 

All 
112 ± 21  
(66-167) 

92 ± 17   
(59-129) 

108 ± 19  
(66-159) 

122 ± 17  
(78-168) 

 
Table 2 shows the mean average attenuation values of our healthy subjects 
categorized by age, menopausal status and breast volume. As expected, 
premenopausal subjects and subjects at young age (<40) and subjects with small 
breast volume (<400 ml) have higher breast attenuation than postmenopausal 
subjects, older subjects (>60) and subjects with large breasts (>=400 ml), respectively. 
Independently of age, the means average attenuation, for the 3 wavelengths 680, 780, 
and 867 nm, are found to be statistically different between the volume groups (Anova, 
p-value <3.10

-5
). Stratisfied by age groups, this result remains valid only for subjects 

between 41 and 60 year old (Anova, p-value <2.10
-3

) for the 3 wavelengths, and for 
subjects older than 60 (Anova, p-value <0.03) at 680 nm only. The results suggest that 
the breast volume is not a varying factor for the average attenuation for the 3 
wavelengths for subjects under 41  and for 780 and 867 nm for subjects above 60 year 
old. Using the student t-test, independently of age, the means average attenuation 
were statistically different between all groups (student t-test, p-value < 0.007). Then, 
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independently of breast volume, the means average attenuation, at 680 nm only, are 
found to be statistically different between the age groups (Anova, p-value <0.03). 
Stratisfied by volume groups, the means were not statistically different between age 
groups. This result suggests that age is not a varying factor for the average attenuation 
for the 3 wavelengths for subjects with any breast volume. Using the student t-test, 
independently of breast volume, the means average attenuation were statistically 
different between all groups (student t-test, p-value < 0.007) except between subjects 
from 40 to 60 year old and subjects younger than 40.  
Too little data at 715 nm is available for reliable statistics.  
 
Figure 6 shows the graph of the average attenuation versus the estimated breast 
volume with the subjects grouped by age category. We observe a slight decrease in 
correlation between the average attenuation and the breast volume in case of subjects 
above 60. This result suggests that the variations of glandular tissue content with 
breast size in young women are larger than in old women, a result that has been 
reported before [11]. Furthermore, at equal breast volume below ~600 ml (Figure 6), 
the linear regression of breasts of young subject (<40) shows higher a attenuation than 
the linear regression of breasts of old subjects (>60). This finding suggests that breasts 
of young women have a mammographically higher density than breasts of old women 
at equal breast volume. 

 

 
Figure 6. Average attenuation of the left and right breast at 780 nm versus the estimated 
breast volume for all subjects divided over age categories. The lines represent the linear 
regressions of the data. For subjects with age<=40, 40<age<=60, age>60 and all subjects, the 
correlation coefficients r are 0.5, 0.4, 0.5 and 0.5, respectively; the slopes are -0.04, -0.04, -0.03 
and -0.04, respectively; the p-values are 10

-5
, 4.10

-12
, 2.10

-5
 and 5.10

-11
, respectively. 

 
Figure 7 shows the graph of the average attenuation versus the estimated breast 
volume with the subjects grouped by menopausal status. The variation of the average 
attenuation coefficient with the estimated breast volume is slightly stronger for the 
premenopausal subjects. As most subjects under 40 year old are premenopausal and 
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most subjects above 60 year old are postmenopausal, this trend was already observed 
in Figure 6. 
 

 
Figure 7. Average attenuation of the left breast at 780 nm versus the estimated breast volume 
for each subject divided over menopausal status categories. The lines represent the linear 
regressions of the data. For PRE, POST and all subjects together, the correlation coefficients r 
are 0.5; the slopes are -0.05, -0.03 and -0.04, respectively; the p-values are 2.10

-11
, 2.10

-12
 and 

5.10
-11

, respectively. 

 
Even though trends can be observed between the average attenuation and age or 
breast volume when the subjects are categorized by age, menopausal status or breast 
volume, the correlation remains similar to when all the subjects are considered. It 
seems that the average breast attenuation is influenced by many more factors than 
those investigated here. The knowledge of typical compositions of breasts depending 
on subject’s age and breast size would be of interest to improve the outcome of breast 
examination with DOT. 
 

3.3.3 Average attenuation of cancerous breasts 
 
In this section, we compare the mean average attenuation of normal breasts with the 
mean average attenuation of breasts containing a lesion. The purpose is to investigate 
whether diseased breasts can be distinguished from healthy breasts based on the 
average optical properties. 
 
As depicted in table 3, no significant difference in average attenuation was found 
between healthy breasts and breasts with cysts, benign solid lesions or malignancies. 
Even though the differences are not statistically significant, some trends were 
observed: cystic breasts and breasts with malignancy seem to have higher attenuation 
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than healthy breasts. The weakness of these trends could be explained by the fact that 
the whole breast is probed and not only a region of interest around the lesion. 
Differences in localized attenuation between cystic and malignant tissue and healthy 
tissue could probably be measured with our system. 
 
Table 3: Average whole breast attenuation and inter-subjects standard deviation for breasts 
with benign solid lesion, cyst, malignant lesion and for healthy breasts 

Mean average attenuation  and SD (min - max) (m
-1

) 

  680 nm 780 nm 867 nm 

Benign solid lesion 110 ± 18 (77-139) 109 ± 16 (82-136) 126 ± 18 (101-160) 

Cyst 125 ± 18 (82-158) 115 ± 15 (81-136) 130 ± 18 (95-167) 

Malignancy 115 ± 26 (76-178) 112 ± 20 (77-159) 126 ± 16 (92-154) 

Lesion free 112 ± 21 (66-167) 108 ± 19 (66-159) 122 ± 17 (78-168) 

 
 

3.4 Conclusion 
 
The average attenuation value of the whole breast was investigated using the 
Mammoscope. The mean average attenuations were 112, 92, 108 and 122 m

-1
 at 680, 

715, 780 and 867 nm, respectively, and with a standard deviation of 21, 17, 19 and 17 
m

-1
, respectively. Independently of breast size, the total estimated attenuation did not 

exceed a certain value, suggesting the possibility of the instrument to detect NIR light 
through any size breast. Statistically significant negative, but weak, correlations 
between the average attenuation and the subjects’ age, menopausal status and breast 
volume were observed. No significant difference in average attenuation was found 
between healthy breasts and breasts with cysts, benign solid lesions or malignancies. 
In conclusion, we gained insights into breast average attenuation, however for breasts 
considered as a whole, the instrument was not capable of measuring differences in 
attenuation of diseased and healthy breasts.  
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