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Abstract

Women with high breast density are at increased risk of developing breast cancer. Breast density 

has usually been defined using mammography as the ratio of fibroglandular tissue to total breast 

area. Ultrasound tomography (UST) is an emerging modality that can also be used to measure 

breast density. UST creates tomographic sound speed images of the patient’s breast which is 

useful as sound speed is directly proportional to tissue density. Furthermore, the volumetric and 

quantitative information contained in the sound speed images can be used to describe the 

distribution of breast density. The work presented here measures the UST sound speed density 

distributions of 165 women with negative screening mammography. Frequency distributions of the 

sound speed voxel information were examined for each patient. In a preliminary analysis, the UST 

sound speed distributions were averaged across patients and grouped by various patient and 

density-related factors (e.g., age, body mass index, menopausal status, average mammographic 

breast density). It was found that differences in the distribution of density could be easily 

visualized for different patient groupings. Furthermore, findings suggest that the shape of the 

distributions may be used to identify participants with varying amounts of dense and non-dense 

tissue.
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1. INTRODUCTION

Breast density has become an important factor in women’s health as it is well-established 

that women with high breast density are at an increased risk of developing breast cancer1, 2. 

Breast density has traditionally been measured using mammography. Initially, subjective 

visual assessments of breast density were made by qualified readers3, but computer assisted 

methods, such as CUMULUS4, and volumetric measures, such as Volpara5 and Quantra6, 

have also been used to measure breast density. No matter which method is used to measure 
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mammographic density, women with the densest breasts are at a 4–6 fold increase in breast 

cancer risk relative to those with the fattiest breasts7.

Mammographic image are created by using the x-ray attenuation properties of breast tissue. 

Dense tissue attenuates more x-rays than fatty tissue, so dense tissue appears lighter on the 

final images while fatty tissue appears darker. The relative amounts of light and dark regions 

are what are used to determine mammographic breast density. The ratio of the amount of 

fibroglandular tissue relative to the total breast area is known as mammographic percent 

density (MPD). This measure of density treats breast tissue in a binary fashion; tissue is 

either entirely dense or entirely fatty. However, breast tissue is heterogeneously composed of 

regions of dense and non-dense tissue that are of varying densities.

Ultrasound tomography (UST) is an emerging breast imaging modality that produces 

quantitative measures of breast density8–10. It uses sound waves to produce three-

dimensional images of breast tissue using the transmission and reflection properties of breast 

anatomy. A tissue transmission property that is useful for breast density measurements is 

tissue sound speed. The longitudinal sound speed of any material is given by:

where C is the bulk modulus and ρ is the density of material in question. Studies have shown 

that the bulk modulus of breast tissue scales with the cube of its density11–13. This suggests 

that for breast tissue, the sound speed has a direct relationship with density.

UST can be used to create maps of tissue sound speed throughout the entire volume of breast 

tissue. Each voxel in the final sound speed image therefore directly represents the tissue 

properties of a small volume of tissue. By analyzing the distribution of sound speed 

throughout the entire breast tissue, dense and fatty tissue can be defined in a more robust 

manner than is possible with mammography. This work will examine how sound speed is 

distributed in a group of women with negative mammographic screening results.

2. METHODS AND MATERIALS

As part of a larger ongoing study14, 165 women with negative mammographic screens have 

undergone UST scans. The UST hardware creates tomographic sound speed images of the 

breast from the chest wall to the nipple. These sound speed images were analyzed by one 

reliable reader (M. Sak) using a semi-automated method in ImageJ as previously 

described15, 16. Each slice containing breast tissue was manually segmented from the 

surrounding water bath using an elliptical approximation. This was required as the sound 

speed of water is intermediate to the range of sound speeds of breast tissue and therefore 

simple thresholding could not be used to separate breast tissue from water. Once 

segmentation was complete, the remaining voxels represent only breast tissue.

Sound speed images were created from the UST scans and the distribution of sound speed 

values for each participant was characterized in the form of a histogram of sound speed 
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values. Each voxel of breast tissue in the UST sound speed image for each participant had a 

corresponding sound speed value that was recorded in a frequency distribution. Frequency 

distributions for each participant were captured along with many other participant 

characteristics such as age, weight, height and menopausal status. UST density measures 

such as mean sound speed and total breast volume along with mammographic density 

measures such as MPD and dense tissue area were also measured. These characteristics were 

used to rank the participant population into quartiles and the average sound speed 

distribution for each quartile was calculated.

3. RESULTS AND DISCUSSION

3.1 Examination of Individual Distributions

Figure 1 shows the UST sound speed distributions for two separate breasts; a breast 

representative of an extremely fatty breast and one representative of an extremely dense 

breast. Unsurprisingly, the distributions are noticeably different from each other. The 

distribution for the fatty breast has one peak that is positively skewed with a longer tail 

stretching into the higher sound speeds. The single peak represents the homogenous adipose 

content of the non-dense breast. Since dense breasts tend to be composed of regions of both 

dense and fatty tissue, distributions start appearing more bimodal and two peaks can easily 

be seen in the sound speed distribution. The peak at the lower sound speeds corresponds to 

fatty tissue, while the peak at the higher sound speed corresponds to dense tissue.

Dense breasts have higher mean sound speed values than fatty breasts. For the distribution of 

the fatty breast in Figure 1, the mean sound speed value of the entire breast corresponds very 

closely to the sound speed value at the single peak. In contrast, the presence of dense tissue 

in the dense breast causes the mean sound speed value to shift between the two observed 

peaks in the sound speed distribution. Previous work has shown that UST sound speed has 

an approximate range of values from 1.42 km/s to 1.52 km/s10. This range falls in between 

the sound speed peaks for fatty tissue and dense tissue shown in Figure 1.

3.2 UST Sound Speed Distributions Grouped According to Mammographic and UST 
Density Characteristics

The mammographic density characteristics were MPD, total breast area, dense breast area 

and non-dense breast area. The UST density characteristics were mean sound speed and total 

breast volume. Figure 2 shows the plots of the average UST sound speed distribution for 

each quartile of participants when sorted by the mammographic characteristics of MPD, 

total breast area, dense breast area and non-dense breast area. Figure 3 shows the UST sound 

speed distributions for participants that were grouped according to the UST density 

characteristics of mean sound speed and total breast volume. Each quartile represents the 

average sound speed distribution of approximately 41 participants. The 1st quartile always 

represents the participants with the highest values of the characteristic being examined, 

while the 4th quartile represents those participants with the lowest values. The y-axis gives 

the relative probability of measuring a small volume of breast tissue with the specific sound 

speed. It is weighted in such a way that the entire area under the plot has a value of 1.
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The results in Figure 2 and Figure 3 show that even when averaged over many different 

participants, differences in the distribution of sound speed can still be visualized easily. The 

participants with the densest breasts have distributions that are shaped noticeably different 

than those with the fattiest breasts. The differences are most pronounced when grouping 

according to MPD, mean sound speed and mammographic dense area. All three of these 

have been used to define breast density17, 18.

There is a clear pattern of change in the distribution as breast density increases. For low 

density breasts, the distribution is highly peaked and narrow with a small tail leading into the 

higher sound speeds that corresponds to the small amount of dense breast tissue present in 

the fatty breasts. As breast density increases the amount of non-dense tissue present 

decreases and therefore the low sound speed peak reduces in size, increases in width and the 

tail in the high sound speed regions increases in size. Although on average, the densest 

participants do not show a clear second peak in the distribution, the presence of dense tissue 

can clearly be seen.

The density characteristics of total mammographic area, non-dense mammographic area and 

total breast volume do show some changes among the quartiles. However, since these factors 

are only moderately correlated with breast density, the differences in the distributions 

between the quartiles are less pronounced. Generally, dense breasts tend to be smaller and 

composed of less non-dense breast tissue (see Appendix). Thus, the participants with larger 

breasts and larger amounts of fatty tissue are less likely to have large dense regions and have 

distributions that are more strongly peaked at lower values.

Tables that show the results of the mean values of each characteristic for each grouping are 

shown in the Appendix. The results there show that the densest breasts in this population 

tended to be smaller breasts, with the greatest amount of dense tissue. As breast size 

increased, the amount of non-dense tissue also increased but the amount of dense tissue 

stayed relatively constant. The dense tissue therefore had less of an effect in larger breasts, 

and the UST sound speed distributions tended to be more unimodal in groupings that 

corresponded to larger, fattier breasts.

3.3 UST Sound Speed Distributions Grouped According to Patient Characteristics

The participant characteristics that were recorded for each participant included age, BMI and 

menopausal status. The participant population was grouped into quartiles for age and BMI 

and the average UST sound speed distribution was calculated for each quartile. These results 

are shown in Figure 4 and are tabulated in the Appendix. The population was grouped into 

pre- and post-menopausal categories and the distribution for each menopausal status was 

also measured. These results are shown in Figure 5.

Although age and BMI are known to moderately correlate with breast density19 and 

menopause has a pronounced effect on breast density, age and menopausal status do not 

appear to have large effects on the average UST sound speed distributions in this study 

population. When grouping by age, the youngest participants have roughly the same 

distribution as the oldest participants. The pre-menopausal group has a slightly different 

distribution than the post-menopausal group, with a slightly more pronounced high sound 
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speed tail. However, these differences are much less pronounced than those seen when the 

participants were grouped according to their density characteristics. Only the participants 

with the lowest BMI had a noticeably different UST sound speed distribution. Participants 

with a low BMI are likely to have less fatty tissue present in their breast and relatively more 

dense tissue which would produce the resulting distribution.

4. CONCLUSIONS

Ultrasound tomography was used to create sound speed images of the breast. These images 

were then used to measure UST density distributions throughout the entire breast. 

Differences in the distribution of dense and non-dense tissue were visualized between 

women grouped according to participant and density related factors. The strongest 

differences in the shape of the distributions were visualized for this population when the 

densest breasts were grouped together. This generally occurred in smaller breasts with more 

dense tissue. This work shows that breast density is a complicated factor that can be more 

fully understood with a quantitative approach. Ongoing work will continue to examine 

further factors that may also influence the distribution of density throughout the breast.
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APPENDIX

Table 1

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of MPD

Characteristic 1st Quartile 
Mean Value

2nd Quartile 
Mean Value

3rd Quartile 
Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area 
(cm2)

160.5 209.5 235.6 300.6 < 0.001

Dense Mammographic Area 
(cm2)

74.5 50.7 28.8 14.2 < 0.001

Non-Dense Mammographic 
Area (cm2)

86.0 158.8 206.7 286.4 < 0.001

Mammographic Percent 
Density (%)

48.5 24.0 12.4 4.9 < 0.001

Total Breast Volume (cm3) 522.4 763.6 799.7 1018.3 < 0.001
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Characteristic 1st Quartile 
Mean Value

2nd Quartile 
Mean Value

3rd Quartile 
Mean Value

4th Quartile 
Mean Value p-value*

Mean UST Sound Speed 
(km/s)

1466.7 1449.5 1443.7 1441.3 < 0.001

Age (years) 49.1 50.5 52.6 53.1 0.075

BMI (kg/m2) 26.7 29.1 32.8 36.2 < 0.001

*
p-value calculated from ANOVA test

Table 2

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of Total 

Mammographic Area

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 371.6 248.0 176.9 114.2 < 0.001

Dense Mammographic Area (cm2) 43.2 40.5 43.9 40.0 0.928

Non-Dense Mammographic Area (cm2) 328.4 207.5 133.0 74.2 < 0.001

Mammographic Percent Density (%) 11.5 16.7 25.1 35.9 < 0.001

Total Breast Volume (cm3) 1253.3 842.2 633.1 390.7 < 0.001

Mean UST Sound Speed (km/s) 1444.8 1446.8 1449.1 1460.1 < 0.001

Age (years) 49.7 51.8 53.4 50.5 0.173

BMI (kg/m2) 36.9 33.2 29.5 25.5 < 0.001

*
p-value calculated from ANOVA test

Table 3

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of Dense 

Mammographic Area

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 227.4 219.0 207.4 253.6 0.206

Dense Mammographic Area (cm2) 87.3 43.5 25.0 12.5 < 0.001

Non-Dense Mammographic Area (cm2) 140.1 175.4 182.3 241.2 < 0.001

Mammographic Percent Density (%) 44.6 24.1 14.5 6.7 < 0.001

Total Breast Volume (cm3) 760.8 764.9 727.2 855.1 0.655

Mean UST Sound Speed (km/s) 1464.3 1449.7 1444.2 1443.1 < 0.001

Age (years) 48.1 50.6 51.8 54.8 0.002

BMI (kg/m2) 28.3 31.0 31.9 33.8 0.012

*
p-value calculated from ANOVA test
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Table 4

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of Non-

Dense Mammographic Area

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 369.2 244.5 176.8 120.1 < 0.001

Dense Mammographic Area (cm2) 34.7 36.9 43.0 52.8 0.038

Non-Dense Mammographic Area (cm2) 334.5 207.6 133.9 67.3 < 0.001

Mammographic Percent Density (%) 8.8 14.3 22.8 43.1 < 0.001

Total Breast Volume (cm3) 1226.9 847.3 662.5 382.9 < 0.001

Mean UST Sound Speed (km/s) 1443.2 1445.2 1448.7 1463.6 < 0.001

Age (years) 50.0 53.3 52.5 49.7 0.104

BMI (kg/m2) 37.4 33.0 29.8 25.0 < 0.001

*
p-value calculated from ANOVA test

Table 5

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of UST 

Mean Sound Speed

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 172.7 232.1 241.3 261.1 < 0.001

Dense Mammographic Area (cm2) 71.0 46.1 26.4 24.6 < 0.001

Non-Dense Mammographic Area (cm2) 101.7 186.0 214.9 236.5 < 0.001

Mammographic Percent Density (%) 44.1 20.6 14.2 10.8 < 0.001

Total Breast Volume (cm3) 529.4 816.9 854.4 906.0 0.001

Mean UST Sound Speed (km/s) 1470.5 1448.8 1443.3 1438.7 < 0.001

Age (years) 48.8 51.4 50.7 54.4 0.013

BMI (kg/m2) 25.6 31.6 33.3 34.4 < 0.001

*
p-value calculated from ANOVA test

Table 6

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of UST 

Total Volume

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 324.1 251.0 205.5 129.7 < 0.001

Dense Mammographic Area (cm2) 40.3 39.4 45.3 42.6 0.838

Non-Dense Mammographic Area (cm2) 283.8 211.6 160.3 87.1 < 0.001

Mammographic Percent Density (%) 13.0 17.2 23.5 35.4 < 0.001

Total Breast Volume (cm3) 1424.8 843.6 569.1 284.5 < 0.001
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Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Mean UST Sound Speed (km/s) 1443.8 1445.1 1452.2 1459.7 < 0.001

Age (years) 50.6 51.0 52.3 51.5 0.788

BMI (kg/m2) 34.8 34.8 29.1 26.4 < 0.001

*
p-value calculated from ANOVA test

Table 7

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of 

Participant Age

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 214.7 236.6 212.3 244.0 0.404

Dense Mammographic Area (cm2) 27.9 42.1 48.7 48.8 0.007

Non-Dense Mammographic Area (cm2) 186.8 194.5 163.6 195.2 0.487

Mammographic Percent Density (%) 14.5 22.5 29.1 23.4 0.003

Total Breast Volume (cm3) 677.7 808.7 755.6 865.7 0.327

Mean UST Sound Speed (km/s) 1445.1 1448.9 1455.3 1451.6 0.011

Age (years) 62.6 53.4 47.7 42.0 < 0.001

BMI (kg/m2) 32.1 31.1 30.1 31.7 0.696

*
p-value calculated from ANOVA test

Table 8

Mean Value of Participant and Density Characteristics when Grouped by Quartiles of 

Participant BMI

Characteristic Being Averaged 1st Quartile 
Mean Value

2nd 
Quartile 

Mean Value

3rd 
Quartile 

Mean Value

4th Quartile 
Mean Value p-value*

Total Mammographic Area (cm2) 307.3 234.2 213.0 155.2 < 0.001

Dense Mammographic Area (cm2) 35.8 40.9 40.7 49.9 0.224

Non-Dense Mammographic Area (cm2) 271.4 193.3 172.3 105.3 < 0.001

Mammographic Percent Density (%) 12.5 19.7 21.2 35.8 < 0.001

Total Breast Volume (cm3) 1045.3 909.1 735.5 428.5 < 0.001

Mean UST Sound Speed (km/s) 1443.3 1447.1 1449.6 1460.8 < 0.001

Age (years) 51.5 50.3 52.6 51.0 0.614

BMI (kg/m2) 42.0 32.8 28.0 22.4 < 0.001

*
p-value calculated from ANOVA test
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Figure 1. 
The UST sound speed distributions for a fatty breast (dashed) and a dense breast (solid).
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Figure 2. 
Plots of the average UST sound speed distribution for all participants sorted by quartiles of 

(Top Left) mammographic percent density (MPD), (Top Right) total mammographic breast 

area, (Bottom Left) total dense mammographic breast area and (Bottom Right) total non-

dense mammographic breast area.
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Figure 3. 
Plots of the average UST sound speed distribution for each quartile of participants grouped 

according to quartiles of their UST density characteristics of (Left) mean sound speed and 

(Right) total breast volume.
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Figure 4. 
Plots of the average UST sound speed distribution for participants grouped according to 

quartiles of (Left) age and (Right) BMI.
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Figure 5. 
Plot of the average UST sound speed distribution for participants grouped according to their 

menopausal status.
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