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Abstract

A population of 165 women with negative mammographic screens also received an ultrasound 

tomography (UST) exam at the Karmanos Cancer Institute (KCI) in Detroit, MI. Standard 

statistical techniques were employed to measure the associations between the various 

mammographic and UST related density measures and various participant characteristics such as 

age, weight and height. The Mammographic percent density (MPD) was found to have similar 

strength associations with UST mean sound speed (Spearman coefficient, rs = 0.722, p < 0.001) 

and UST median sound speed (rs = 0.737, p < 0.001). Both were stronger than the associations 

between MPD with two separate measures of UST percent density, a k-means (rs = 0.568, p < 

0.001) or a threshold (rs = 0.715, p < 0.001) measure. Segmentation of the UST sound speed 

images into dense and non-dense volumes showed weak to moderate associations with the 

mammographically equivalent measures. Relationships were found to be inversely and weakly 

associated between age and the UST mean sound speed (rs = −0.239, p = 0.002), UST median 

sound speed (rs = −0.226, p= 0.004) and MPD (rs = −0.204, p= 0.008). Relationships were found 

to be inversely and moderately associated between BMI and the UST mean sound speed (rs = 

−0.429, p < 0.001), UST median sound speed (rs = −0.447, p < 0.001) and MPD (rs = −0.489, p < 

0.001). The results confirm and strengthen findings presented in previous work indicating that 

UST sound speed imaging yields viable markers of breast density in a manner consistent with 
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mammography, the current clinical standard. These results lay the groundwork for further studies 

to assess the role of sound speed imaging in risk prediction.
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Introduction

Of the many factors that affect the risk of developing breast cancer, breast density has been 

shown to be one of the strongest. Numerous epidemiologic studies conducted over the past 

four decades have consistently demonstrated that increased mammographic density is related 

to increased breast cancer risk (Huo, et al. 2014, McCormack and dos Santos Silva 2006, 

Pettersson, et al. 2014, Sak, et al. 2015). It was determined that, when compared to women 

with lower densities, women with the highest mammographic densities showed a 4 to 6-fold 

increased risk of breast cancer.

Breast density generally refers to the amount of dense tissue visible on a mammographic 

image. Dense breast tissue attenuates more x-rays than non-dense tissue and therefore 

appears radiopaque on a mammogram. Measuring breast density is ultimately a measure of 

the amount of white regions in the image and can be done both qualitatively and 

quantitatively. Mammographic percent density (MPD) is defined as the ratio of dense breast 

tissue relative to the total amount of breast tissue seen on a mammogram and is measured 

using computer-assisted programs such as Cumulus (Byng, et al. 1994) or can be measured 

volumetrically using programs such as Volpara (Eng, et al. 2014, Jeffreys, et al. 2010) and 

Quantra (Ciatto, et al. 2012, Regini, et al. 2014). However, despite being the current gold 

standard for breast imaging, mammography poses some shortcomings for the measurement 

of breast density (Kopans 2008, Sak, et al. 2015).

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

dimensional images of breast tissue (Duric, et al. 2005, Duric, et al. 2010). In UST, sound 

waves are used to measure the reflection and transmission properties of breast tissue (Li, et 

al. 2008). Physical breast density can be directly measured using UST by measuring the 

transmission property known as sound speed. Ignoring shear waves, the sound speed of any 

material is given by v = (C/ρ)1/2 where C is the bulk modulus and ρ is the density of the 

material in question. Studies have shown that for breast tissues, the bulk modulus scales as 

the cube of density (Mast 2000, Masugata, et al. 1999, Weiwad, et al. 2000). Substituting 

this into the equation for sound speed removes the dependence on bulk modulus and leaves a 

direct relationship between tissue density and the measured tissue sound speed, (v ∝ ρ). This 

direct relationship suggests that sound speed images may be a useful tool for directly 

measuring physical breast density and its distribution throughout the breast.

Previous work (Duric, et al. 2013, Sak, et al. 2012, Sak, et al. 2011, Sak 2013) has compared 

breast density measurements between mammographic percent density with volume averaged 

sound speed and shown that the two different imaging modalities correlate strongly with 
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each other. These results were accomplished using symptomatic participants that were not 

screened according to a standardized research protocol. The work presented here examines, 

for the first time, the 3-dimensional sound speed properties of the breast among healthy 

women who were screen negative on mammography.

Methods

Participant recruitment

The study described here is part of a larger ongoing observational study, the Ultrasound 

Study of Tamoxifen, aimed at measuring breast density changes among women aged 30–70 

years undergoing treatment with tamoxifen (Sak, et al. 2013). Exclusion criteria included 

weight > 250 lbs, breast diameter > 20 cm (the maximum allowable for the scanner), 

pregnancy, breastfeeding, current breast implants and active breast skin infections. The study 

includes two groups: 1) women receiving tamoxifen for clinical indications and 2) a 

comparison group of screen negative women frequency matched on age, race and 

menopausal status. The main aim of the Ultrasound Study of Tamoxifen is to evaluate 

changes in breast density as measured using both mammography and UST 12 months after a 

baseline scan for both groups. The analysis presented herein involves only the baseline UST 

scans and mammograms that became available for the comparison group of 165 women with 

negative mammographic screens.

To be eligible for the comparison group, a screening mammogram must first be identified 

with the recommendation to continue routine screening. Any potential participant would 

then be age-, race-, and menopausal status-matched to the case group before then being 

offered a UST scan. There was therefore a short temporal delay between the scans. Digital 

mammograms were obtained at the Karmanos Cancer Institute (KCI) or at the nearby 

referring Henry Ford Hospital (HFH) in Detroit, Michigan. Both sites are certified by the 

American College of Radiology’s Mammography Accreditation Program and maintain 

image quality control according to the Mammography Quality Standards Act (MQSA). All 

UST scans were performed with a UST imaging device located at the Karmanos Cancer 

Institute. The scans were collected over a period of three years, ranging from 2011 to 2014. 

At the time of the UST scan, additional participant characteristics such as measured weight 

and height were also collected. All imaging procedures were performed under an 

Institutional Review Board-approved protocol, in compliance with the Health Insurance 

Portability and Accountability Act, with informed consent obtained from all patients.

Mammographic image acquisition

Digital mammograms were obtained and analyzed for all 165 participants. Mammograms 

from KCI were obtained on a GE Senographe Essential digital mammography unit (General 

Electric Company, Fairfield Connecticut, USA) while participants imaged at HFH were 

imaged on a Hologic Lorad Selenia digital mammography unit (Hologic, Bedford 

Massachusetts, USA). One craniocaudal view of one breast for each participant was 

analyzed. All mammographic images were of diagnostic quality and were obtained with 

clinical image quality standards (e.g. exposure, pectoralis visualization, etc.). The breast that 

was chosen to be analyzed (left or right) was randomized. Mammographic percent density 
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was measured by one reader (NFB) using the CUMULUS 4 software (University of Toronto, 

Ontario, Canada) (Byng, et al. 1994). This interactive computer-assisted method was used to 

obtain measurements of the areas of dense tissue and total breast area on each mammogram 

in a similar manner to that reported in earlier work (Duric, et al. 2013, Sak, et al. 2012, Sak, 

et al. 2011, Sak 2013). From these measurements, the area of non-dense tissue and percent 

density (dense area divided by total breast area) was calculated. Reproducibility of the 

mammographic methods was assessed by rereading a randomly selected sample of images, 

randomly distributed among the images being read, within and between each reading 

session. In total, 17 participants had their mammographic density reread and an ICC of 0.71 

for the percent density values was measured which indicates good reliability.

UST image acquisition

Operation of the UST devices has been described previously (Duric, et al. 2013, Duric, et al. 

2009, Duric, et al. 2007, Sak, et al. 2012, Sak, et al. 2011, Sak 2013). The participant lies 

prone on the device with their breast submerged in a water bath to act as an ultrasound 

coupler. The UST hardware creates tomographic sound speed images of the breast from the 

chest wall to the nipple. Sound speed and density information were extracted from the 

images using a semi-automated method in the software package ImageJ (US National 

Institutes of Health, Bethesda Maryland, USA) (Rasband 1997–2012) by one reader (M. 

Sak). There is a demonstrated reliability in sound speed estimates when processing UST 

scans in this manner, with a reported ICC of 0.934 for sound speed measurements (Khodr, et 

al. 2015). The sound speed of the surrounding water bath is intermediate to the sound speeds 

of the breast tissue and must therefore be segmented from each image manually. Also, the 

reader removed image slices that corresponded to the chest wall and the nipple as these 

regions are not relevant to breast density measurements. Over the course of the study, the 

UST hardware used to create UST sound speed images was upgraded. Initially, a clinical 

UST prototype known as the Computed Ultrasound Risk Evaluation (CURE) (Karmanos 

Cancer Institute, Detroit Michigan, USA) system was used (N=27)(Duric, et al. 2007). An 

upgraded version of the hardware known as SoftVue (Delphinus Medical Technologies, 

Plymouth, Michigan, USA) was installed early into the recruitment period (N=138)(Duric, 

et al. 2013, Sak, et al. 2014). Comparability of sound speed estimates generated by both 

devices was found to be excellent.

UST image and statistical analysis

Quantitative Volumetric Sound Speed—Once manual segmentation of breast tissue 

from the water bath is complete, the sound speed of each voxel within a defined volume of 

breast tissue (1–3 cubic millimeters depending on slice thickness) is defined. The volume 

averaged sound speed (VASS) is the mean value of the sound speed of the manually defined 

breast tissue and was calculated for each participant. However, the distribution of sound 

speed within a single participant may be skewed (i.e. not normally distributed). The mean 

sound speed value may not be sensitive to these distributions and may not be the best 

measure of determining the average breast density. Novel techniques of using the volumetric 

median and modal sound speed values were therefore also calculated for each participant. 

The median sound speed was calculated by sorting an array containing the sound speed 

value of each voxel and selecting the value contained in the central position of the array. A 
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histogram of the distribution of the sound speed values was created for each participant with 

a range of 1300 m/s to 1600 m/s and divided into ImageJ’s default setting of 256 bins. The 

modal sound speed corresponded to the bin with the greatest number of counts.

Subregion Sound Speed—UST breast density is measured fundamentally differently 

from mammographic density because of the quantitative nature of UST sound speed images, 

as noted above. This quantification also allows additional options for segmentation. An 

attempt to measure UST density in a manner similar to mammographic density was thereby 

performed by separating the UST sound speed images into volumes of dense and non-dense 

tissue. The measured volumes could be used to calculate a UST percent density value in a 

similar fashion to how MPD is calculated. In addition, the mean sound speed of each 

subregion was also calculated by measuring the mean voxel value for each subregion. These 

estimates are referred to as subregion density measures in this paper.

This segmentation of the UST sound speed images into dense and non-dense tissue was done 

in two different ways (Figure 1):

i. K-means segmentation method – A k-means clustering plugin for ImageJ was 

used to separate each sound speed image for each participant into dense and non-

dense subregions (Jain and Dubes 1988).

ii. Threshold segmentation method – An operator-independent threshold of 1460 

m/s was used to separate each image into dense and non-dense regions. Voxels 

that had a sound speed greater than or equal to 1460 m/s were classified as dense 

and voxels that had a sound speed less than 1460 m/s were classified as non-

dense. After a brief initial review of the data, the threshold of 1460 m/s was 

determined to produce the widest possible range of percent density values. 

Setting a higher or lower threshold caused the measured percent density to be 

pushed towards 0% or 100% respectively and therefore limited the range of 

values.

Results

Characteristics of the study population

The cohort-averaged participant characteristics, UST and mammographic density 

measurements and UST subregion density measures are shown in Table 1. On average, 

participants were 51 years of age and their BMI was classified as obese (BMI = 31 kg/m2). 

The average values for the mean (1450 m/s), median (1446 m/s) and modal (1440 m/s) 

sound speed and average MPD (22.4%) indicate that this population had low breast density 

which would be consistent with the measured age and BMI. Finally, because the participants 

were not enrolled into the study until after a negative screening mammogram was identified, 

the UST scan occurred an average of 42 days after the mammogram. These were otherwise 

healthy women that were not undergoing hormonal therapy, therefore, changes in the 

composition of glandular tissue between the mammographic and UST scans should be 

minimal. Changes in breast density modulated by hormonal changes during the menstrual 

cycle have also been shown to be minimal for UST sound speed measurements (Duric, et al. 

2013). Fluctuations in weight between the scans could have affected breast density as could 
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the known association between increasing age and decreasing breast density. However, given 

the time frame of 42 days, both of these factors likely produced minimal, if any measured 

difference in the glandular tissue composition between modalities.

Frequency distributions of average UST and mammographic density measures

Figure 2 shows the distribution of the mean, median and modal sound speed values over all 

participants. All three of these UST sound speed distributions are strongly peaked. Figure 3 

shows the frequency distributions for the percent density measurements calculated using 

mammography and for both the UST k-means and thresholding clustering methods. The 

distribution of MPD is different from that of the UST sound speed values by being less 

peaked at lower values. Although most participants have low breast density irrespective of 

the imaging modality employed, the MPD distribution is more spread out over these smaller 

values. The k-means and threshold clustering methods produce similar UST percent density 

measurements (25.3% and 25.5% respectively), but the distribution of the measurements 

differs. The UST threshold percent density measure is peaked sharply towards lower values, 

resembling the distribution of UST sound speed in this study population. The distribution of 

the UST k-means clustering percent density values covers a smaller range (10% to 60% 

instead of 10% to 100%). This aligns more closely with other volumetric analysis of percent 

density, such as Quantra and Volpara, which tend to measure much lower percent density 

and a narrower range than Cumulus does (Ciatto, et al. 2012, Eng, et al. 2014, Jeffreys, et al. 

2010, Regini, et al. 2014).

Subregion frequency distributions

Figure 4, Figure 5 and Figure 6 show the frequency distributions for the dense, non-dense 

and total breast areas and volumes respectively, as calculated using mammography and UST. 

The dense (Figure 4) and non-dense (Figure 5) tissue measures have similar distributions for 

both mammography and the UST threshold method, but the k-means clustering method 

gives a slightly more peaked non-dense volume distribution. The whole breast area and 

volume measures (Figure 6) are similarly distributed between the 2D mammography and 3D 

UST modalities.

Associations between UST and mammographic density measures

UST breast density measures were found to be strongly correlated with mammographic 

breast density measures. Plots demonstrating the positive correlations of mean, median and 

modal sound speed values with mammographic percent density are shown in Figure 7. Table 

2 shows the measured Spearman correlation coefficients between MPD and mean, median 

and modal UST sound speed values with the various UST and mammographic subregion 

density measures. For most measures, the mean, median and modal sound speed show 

similar associations, both in strength and magnitude. The median and mean sound speed 

show almost identical correlations while the modal sound speed shows slightly weaker 

correlations. In particular, MPD shows positive correlations with median sound speed (rs = 

0.737, p < 0.001) and mean sound speed (rs = 0.722, p < 0.001) that were slightly stronger 

than that observed with modal sound speed (rs = 0.651, p < 0.001). This indicates a strong 

relationship between 2D mammographic density measures and 3D UST density measures.
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The UST and mammographic subregion measures were compared with each other using 

Spearman correlations. Table 3 shows the comparison of the two different UST segmentation 

methods and finds that dense volume, non-dense volume and UST percent density correlate 

strongly for the two segmentation methods. Table 4 compares the two UST subregion 

measures with the mammographic measures. Here, the correlations of both measures of 

dense volume with the mammographic dense area were weak to moderate (rs = 0.198, p = 

0.011 for k-means segmentation and rs = 0.466, p < 0.001 for threshold segmentation). 

Although UST dense volume is assumed to be the three-dimensional equivalent of the 

mammographic dense area, differences in how each technique measures the same structures 

are evident in these results as the correlations do not always align strongly with each other.

Associations with continuous participant characteristics

The continuous participant characteristics of age, height, weight and BMI were associated 

with average mammographic and UST density and subregion density measures. The results 

are shown in Table 5. In general, the correlations involving height were not statistically 

significant. The average UST and mammographic density measures were inversely related to 

the participant factors of age, weight and BMI with the associations involving weight and 

BMI being of moderate strength while those involving age being weaker. Both age and 

weight are known factors that affect MPD (Byrne, et al. 1995, Schetter, et al. 2014).

Discussion

Elevated breast density is a strong risk factor for developing breast cancer, but developing 

the most clinically useful methods for measuring density is a topic of ongoing research. 

Herein we demonstrate that volumetric breast density measurements using sound speed 

correlate with mammographic density (the current clinical standard) in a relevant participant 

group – healthy women with negative mammographic screens for whom estimating risk 

might have relevance for guiding future screening and prevention procedures.

Previous work (Duric, et al. 2013, Sak, et al. 2012, Sak, et al. 2011, Sak 2013) that examined 

the relationship between MPD and UST sound speed was based on participants with 

abnormalities who were not representative of the general (healthy) population. Density 

measurements from that group may have been influenced by (i) the presence of high sound 

speed masses which contaminated the breast density measurements and (ii) characterisitics 

of a participant population that is not disease free and whose breast density may therefore 

differ from the general population. To address these potential concerns, we have performed 

the current analysis on a population of screen negative women, which confirms and extends 

the previous work (Duric, et al. 2013, Sak, et al. 2012, Sak, et al. 2011, Sak 2013) 

demonstrating strong, positive correlations between breast density measures obtained from 

UST sound speed imaging and digital mammography.

A similar strength of correlation between mean UST sound speed and MPD was observed as 

before (rs = 0.710, p < 0.001) and in this work (rs = 0.722, p < 0.001). The distributions of 

the UST mean sound speed and MPD were similar in shape and the associations with age 

and weight were similar. These results minimize the uncertainty in breast density 

measurements made on a symptomatic population that was present in the previous work. 
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They also confirm the previously offered conclusions that UST is capable of safely 

producing consistent measurements of breast density that correlate with MPD, the metric 

which is best established as a measure of breast cancer risk.

From the results listed in Table 1, the UST mean sound speed (1450.2 m/s) is seen to be 

higher than both the median (1446.0 m/s) and modal (1440.0 m/s) sound speed. This 

suggests that for an average participant in our study population, there is a positively skewed 

distribution of sound speed with the majority of the sound speed values concentrated on low 

sound speeds with a tail stretching to higher sound speed values. Inspection of the 

distribution of the mean, median and modal sound speeds throughout the participant 

population (Figure 2) shows that the mean sound speed is peaked at a higher value than the 

median and modal sound speed. This observation once again points to the skewness of the 

individual participants sound speed distributions.

Previous work (Duric, et al. 2013, Duric, et al. 2007, Sak 2013) involving UST density 

measurements have used the mean sound speed as a measure of breast density. The results 

from Table 2 suggest that the median sound speed value is comparable to the mean sound 

speed as a measure of average breast density. Correlations with MPD and most of the 

subregion measurements are of a similar strength when using the median sound speed 

instead of the mean sound speed. Manual segmentation of the breast from the water bath is 

imperfect and on some slices, a small number of voxels that correspond to the water bath are 

not removed. The sound speed of the water bath is higher than most breast tissue, so these 

voxels may skew the mean sound speed to a slightly higher value. The median value is less 

sensitive to these higher sound speed voxels than the mean value and may theoretically be a 

slightly better measure. However, the advantages of using the median value are small as the 

mean value does provide correlations with a similar strength. Further study of this 

relationship is needed.

In Table 1, the average modal sound speed of the group is very similar to the mean sound 

speed of the non-dense tissue using either segmentation method. Also, the correlations in 

Table 2 and Table 4 involving the modal sound speed are relatively similar to those involving 

the sound speed of the non-dense tissue. The modal sound speed value is the most common 

sound speed value. For the population studied here, the segmented non-dense tissue is more 

common than segmented dense tissue as the average breast density is low relative to the 

general population(Sprague, et al. 2014). Therefore, the mean sound speed of the non-dense 

tissue is likely very similar to the modal value of the entire breast. For fatty breasts, the 

modal sound speed can be used as an approximation of the sound speed of the non-dense 

tissue without requiring the use of segmentation of the UST sound speed images.

This study enabled a direct comparison of breast anatomy and the corresponding breast 

subregions (dense and non-dense tissue) in a 2D mammographic form versus a 3D UST 

form. The segmentation of the UST sound speed images using the methods described here 

created volumes of dense and non-dense tissue, which should strongly correlate with the 

corresponding mammographic areas. For the MPD, which is an area measure, the 

correlations with the mean and median sound speed values (rs = 0.722, p < 0.001 and rs = 

0.737, p < 0.001) were stronger than with the corresponding k-means USTPD measures (rs = 
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0.568, p < 0.001) but similar to the correlation with threshold USTPD (rs = 0.715, p < 

0.001). Although the mean and median sound speed values are volumetric measurements 

that do not have a corresponding mammographic density measure, they still appeared to be a 

strong measure of average breast density.

Results from the direct comparisons of the UST created dense and non-dense volumes with 

the mammographic dense and non-dense areas are mixed. It is known that mammographic 

dense and non-dense area relates to MPD and breast cancer risk (Bertrand, et al. 2015, 

Pettersson, et al. 2011). The results in Table 2 show moderate to strong associations between 

the dense and non-dense mammographic area with the average breast density measures of 

UST mean, median and modal sound speed and with MPD (ranging from rs = 0.544, p < 

0.001 to rs = 0.840, p < 0.001 for dense area and rs = −0.499, p < 0.001 to −0.757, p < 0.001 

for non-dense area). However, there are no statistically significant associations between the 

k-means dense volume and the average density measures (rs = −0.014, p = 0.863 to rs = 

−0.116, p = 0.137) and only weak to moderate associations involving the threshold dense 

volume (rs = 0.233, p = 0.003 to rs = 0.439, p < 0.001).

As shown in Table 5, the UST dense volumes show a weak yet statistically significant 

correlation with mammographic dense area (rs = 0.198, p = 0.011 for k-means and rs = 

0.466, p < 0.001 for threshold). The associations of the non-dense and total breast volumes 

with the non-dense and total breast area are much stronger (ranging from rs = 0.745, p < 

0.001 to rs = 0.780, p < 0.001). Since the study population had relatively low breast density, 

small variations in the output of the segmentation algorithms had larger effects on the 

associations involving the dense regions relative to the non-dense regions.

Breast density has typically been defined in a binary fashion as the relative amount of dense 

and non-dense tissue in the breast. Therefore, the methods used to segment the breast into 

the dense and non-dense subregions are critical in order to accurately define the internal 

breast anatomy and discover their relationship with breast cancer risk. Results presented 

here suggest that relative to mammography, the segmentation methods made using UST do 

not appear to be as effective at separating dense from non-dense tissue. Therefore, further 

study of how to properly define subregions in UST sound speed images is still required.

No matter what methods are used to segment the breast, the dense and non-dense regions are 

treated as homogenous parts of the breast anatomy from scan to scan. Although recent 

changes to the BIRADS breast composition categories have begun to address the relative 

density of the dense breast tissue (Sickles, et al. 2013, Slanetz, et al. 2015), the 

characterization of density when using mammography still uses this binary model and is 

therefore highly subjective. The additional quantitative information stored in the UST 

images can provide useful information regarding the relative density of these subregions that 

mammography cannot.

Using the quantitative nature of the UST sound speed measurements, the dense and non-

dense regions were analyzed by measuring the mean sound speed values of the subregions. 

As expected, the dense subregions show higher sound speed than the non-dense regions. By 

comparing the standard deviations of the subregion sound speed values, the dense 

Sak et al. Page 9

Ultrasound Med Biol. Author manuscript; available in PMC 2018 January 10.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subregions also have a wider range of possible sound speed values relative to the non-dense 

regions. Furthermore, the k-means method shows a wider range of possible values than the 

threshold method. By definition, the threshold method will produce a cap on the possible 

values the subregion sound speed can have, with the non-dense region having a mean value 

below 1460 m/s and the dense region having a mean value above 1460 m/s. The k-means 

method does not have this limitation and therefore the range of possible values is much 

larger. For the k-means method, the minumum dense subregion sound speed measured was 

1451 m/s and the maximum non-dense subregion sound speed measured was 1505 m/s. This 

indicates that when using the k-means method, some participants with very dense breasts 

have non-dense regions that are of greater density than the dense regions in women with 

very fatty breasts. However, the clinical importance of these differences is still unknown.

Irrespective of the method used to define the subregions, the sound speed of the subregions 

showed correlations with the UST and mammographic average breast density measures. 

Both the non-dense and dense sound speed show moderate to strong positive correlations 

with the average UST breast density measures and MPD measurements. Correlations with 

UST measurements are stronger than those with MPD and the correlations with the non-

dense subregion sound speed are stronger than those with the dense sound speed. These 

results further indicate that dense and non-dense tissues are not uniform across participants.

The participant factors examined here are known to have an effect on both breast cancer risk 

and breast density. The results from Table 5 show that participant height has no statistically 

significant relationship with any UST or mammographic density measure. Participant age 

shows inverse and weak relationships with the density measures. Participant weight and 

BMI show stronger and positive correlations relative to those with age.

The average BMI of the studied group is 31.2 kg/m2 which is greater than that of the average 

adult woman in the USA (Flegal, et al. 2012) of 28.7 kg/m2. This increased BMI also likely 

explains why the breast density for this group skews low with only a few participants with 

high breast density. Increased weight and BMI are also strongly associated with increased 

non-dense tissue (Schetter, et al. 2014). This increased non-dense tissue tends to lead to 

increased total volume and total projected breast area. Given that women with high BMI 

have more fat tissue in the breast on average and that MPD reflects the relative amounts of 

dense and non-dense tissue in the breast, it is perhaps expected that correlations between 

MPD and BMI are stronger than those between BMI and the UST sound speed 

measurements. The UST sound speed measurements are direct measurements of the breast 

tissue properties and therefore are less strongly related to the relative amounts of fatty and 

non-fatty breast tissue than MPD.

Mammography is a tool whose primary use is in the detection of cancer. Measurement of 

breast density is a secondary use of mammography. Therefore many of the techniques used 

to aid in detection can introduce uncertainty into mammographic breast density 

measurements (Yaffe 2008). Compression of the breast is applied to reduce the amount of 

radiation used and to improve image quality but can be variable between scans, even for the 

same patient, due to perceived discomfort. Compressed breast tissue in either CC or MLO 

projection also has inherent differences when transitioning from 2-D area assessments to 3-
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D volumetric assessments. There is also some discussion that without additional 

mammographic imaging characteristics that are not commonly considered when density 

measurements are made, an accurate volume of dense tissue cannot properly be determined 

in mammography (Kopans 2008).

It may therefore seem that the physiological differences in breast density may be difficult to 

distinguish from the technical variabilities of mammography. However, no matter how 

mammographic density was measured, it has been consistently shown that women with 

higher breast densities have an increased risk of developing breast cancer. This was true 

when mammographic density was measured qualitatively using visual estimations of breast 

density (Saftlas, et al. 1991), quantitatively using area-based measurements (Boyd, et al. 

1995) or even using volumetric measures (Ciatto, et al. 2012, Jeffreys, et al. 2010) which 

more directly incorporate the uncertainties of breast compression. Therefore, despite the 

concerns regarding the distribution of dense tissue throughout the breast, mammographic 

density is a robust measurement that is currently well accepted in a wide variety of forms.

UST imaging shares a similar geometry to breast MRI as for both of these modalities, the 

patient lays face down with their uncompressed breast free-hanging. Previous studies have 

shown strong correlations of a similar strength to those reported here between volumetric 

MRI density measures and mammographic breast density measures (Khazen, et al. 2008, 

Thompson, et al. 2009). While not directly compared here in this work, these other results 

suggest that breast MRI and UST imaging likely handle the technical variabilities introduced 

by mammography in a similar fashion.

Finally, this work was meant to compare how the two unique imaging modalites of UST and 

mammography represent dense tissue. UST sound speed imaging is a novel imaging 

modality and gives a more direct representation of the tissue density than mammography 

does. These unique properties of UST sound speed imaging may ultimately overcome the 

limitations present in mammography in regards to the measurement of breast density. This 

work therefore lays the groundwork for further studies that will assess the role of sound 

speed imaging in risk prediction.

Conclusion

In this group of women with negative mammographic screens (N=165), various volumetric 

breast density measurements made using UST were found to correlate strongly with 2D 

breast density measurements made with mammography. The results presented here validate 

previous work done involving UST sound speed measures in symptomatic populations. 

These results reduce the uncertainties that were present in the previous work regarding 

breast density measurements and increases the confidence in the ability of UST to accurately 

measure breast density in a wide range of participants.

The mean and median sound speed values showed stronger correlations with MPD than UST 

percent density measures. The amount of dense tissue, whether measured using projected 

areas on a mammogram or volumetrically using one of two different methods on the UST 

sound speed images was positively associated with the average UST and mammographic 

density measures. Although the segmention methods used to create dense and non-dense 
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volumes could still be improved, initial analysis of the dense and non-dense subregions 

using UST sound speed provides evidence that breast density is more than just the relative 

amounts of these tissues as visualized on an image. The relative density of these regions can 

vary as the average density of the entire breast varies, although it is currently unkown 

whether this provides additional breast cancer risk information. Mammography and UST 

also show similar behaviour when associated with participant age, weight and BMI.

UST is a useful tool that can be used to analyze breast density in ways that mammography 

cannot. These results suggest that UST and mammography provide different information 

about breast tissue composition. UST sound speed measurements have not been evaluated 

prospectively to estimate risk of developing breast cancer. However, given that UST breast 

density measures and MPD correlate strongly, it is expected that UST density measures will 

also be strong breast cancer risk factors. Future studies are needed to compare UST and 

MPD in risk prediction.
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Figure 1. 
A standard UST sound speed image (A); The same image after it has been masked to 

separate it from the background water (B); The masked image segmented into dense and 

non-dense tissue using the k-means clustering method (C); The masked image segmented 

into dense and non-dense tissue using the threshold method (D).
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Figure 2. 
Participant frequency distributions of the Ultrasound tomography (UST) Mean (Left), 

Median (Middle) and Modal (Right) sound speed.
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Figure 3. 
Participant distributions of the mammographic percent density (Left) along with the 

Ultrasound tomography (UST) K-Means percent density (middle) and UST threshold 

percent density (Right).
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Figure 4. 
Participant distributions of the projected mammographic dense area (Left), Ultrasound 

tomography (UST) k-means dense volume (middle) and UST threshold dense volume 

(Right).
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Figure 5. 
Participant distributions of the projected mammographic non-dense area (Left), Ultrasound 

tomography (UST) k-means non-dense volume (Middle) and UST threshold non-dense 

volume (Right).
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Figure 6. 
Participant distributions of the total projected mammographic breast area (Left) and the 

Ultrasound tomography (UST) total breast volume (Right).
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Figure 7. 
Plots of the Ultrasound tomography (UST) Mean (Left), Median (Middle) and Modal 

(Right) sound speed versus the mammographic percent density.
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Table 1

Average Values for Various Imaging and Participant Characteristics (N = 165)

Average Value (SD)

UST Sound Speed Image Characteristics

UST Mean Sound Speed (m/s) 1450.2 (14.5)

UST Median Sound Speed (m/s) 1446.0 (15.4)

UST Modal Sound Speed (m/s) 1440.0 (16.7)

UST Total Volume (cm3) 777.5 (478.6)

Mammographic Image Characteristics

Mammographic Percent Density (%) 22.4 (18.0)

Mammographic Dense Projected Area (cm2) 41.9 (31.4)

Mammographic Non-Dense Projected Area (cm2) 185.1 (105.0)

Mammographic Total Projected Area (cm2) 227.0 (102.7)

UST K-Means Clustering Subregion Characteristics

K-Means Mean Dense Sound Speed (m/s) 1480.1 (16.5)

K-Means Mean Non-Dense Sound Speed (m/s) 1439.9 (10.8)

K-Means Dense Volume (cm3) 180.1 (110.4)

K-Means Non-Dense Volume (cm3) 592.9 (405.8)

K-Means Percent Density (%) 25.3 (10.5)

UST Threshold Subregion Characteristics

Threshold Mean Dense Sound Speed (m/s) 1481.1 (7.5)

Threshold Mean Non-Dense Sound Speed (m/s) 1438.6 (5.1)

Threshold Dense Volume (cm3) 163.6 (125.3)

Threshold Non-Dense Volume (cm3) 609.5 (427.7)

Threshold Percent Density (%) 25.5 (19.7)

Participant Characteristics

Participant Age (years) 51.4 (8.0)

Participant Height (inches) 64.4 (3.3)

Participant Weight (pounds) 184.0 (45.6)

Participant BMI (kg/m2) 31.2 (7.7)

Time Between Mammogram and UST Scan (days) 42 (23)
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Table 2

Correlations of Average Density Measures and Subregion Density Measures for UST and Mammography

UST Mean
Sound Speed

(km/s)

UST Median
Sound Speed

(km/s)

UST Modal
Sound Speed

(km/s)

Mammographic
Percent Density

UST Median Sound Speed (km/s) 0.984

UST Modal Sound Speed (km/s) 0.883 0.913

Mammographic Percent Density 0.722 0.737 0.651

K-Means Mean Dense Sound Speed (m/s) 0.688 0.633 0.577 0.451

K-Means Mean Non-Dense Sound Speed (m/s) 0.915 0.908 0.866 0.612

K-Means Dense Volume (cm3) −0.014 (0.863) −0.029 (0.715) −0.116 (0.137) −0.099 (0.207)

K-Means Non-Dense Volume (cm3) −0.464 −0.492 −0.473 −0.526

K-Means Percent Density (%) 0.572 0.592 0.454 0.568

Threshold Mean Dense Sound Speed (m/s) 0.411 0.340 0.264 0.295

Threshold Mean Non-Dense Sound Speed (m/s) 0.813 0.831 0.817 0.545

Threshold Dense Volume (cm3) 0.439 0.390 0.278 0.233 (0.003)

Threshold Non-Dense Volume (cm3) −0.549 −0.566 −0.539 −0.580

Threshold Percent Density (%) 0.929 0.885 0.754 0.715

UST Total Volume (cm3) −0.371 −0.395 −0.401 −0.447

Mammographic Total Breast Area (cm2) −0.378 −0.402 −0.359 −0.557

Mammographic Dense Area (cm2) 0.614 0.624 0.544 0.850

Mammographic Non-Dense Area (cm2) −0.539 −0.561 −0.499 −0.757

Each cell contains Spearman correlation coefficient with p-value shown in brackets. For entries without bracket, p-value was p < 0.001. Blank 
entries correspond to redundant correlations or correlations of the same density value.
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Table 4

Correlations of Mammographic Subregion Density Measures with UST Density Measures

Mammographic
Dense Area (cm2)

Mammographic Non-
Dense Area (cm2)

Total Mammographic
Breast Area (cm2)

K-Means Mean Dense Sound Speed (m/s) 0.367 −0.323 −0.194 (0.012)

K-Means Mean Non-Dense Sound Speed (m/s) 0.584 −0.381 −0.212 (0.006)

K-Means Dense Volume (cm3) 0.198 (0.011) 0.408 0.501

K-Means Non-Dense Volume (cm3) −0.168 (0.031) 0.764 0.764

K-Means Percent Density (%) 0.412 −0.542 −0.451

Threshold Mean Dense Sound Speed (m/s) 0.178 (0.022) −0.277 −0.196 (0.012)

Threshold Mean Non-Dense Sound Speed (m/s) 0.579 −0.292 −0.135 (0.084)

Threshold Dense Volume (cm3) 0.466 0.153 (0.050) 0.326

Threshold Non-Dense Volume (cm3) −0.233 0.780 0.748

Threshold Percent Density (%) 0.569 −0.577 −0.428

Total Breast Volume (cm3) −0.082 (0.296) 0.720 0.745

Each cell contains Spearman correlation coefficient with p-value shown in brackets. For entries without bracket, p-value was p < 0.001.
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Table 5

UST and Mammographic Density Correlations with Participant Characteristics

Age (years) Height
(inches)

Weight
(pounds) BMI (kg/m2)

UST Sound Speed Image Characteristics

UST Mean Sound Speed (m/s) −0.239 (0.002) 0.118 (0.131) −0.429 −0.429

UST Median Sound Speed (m/s) −0.226 (0.004) 0.114 (0.144) −0.447 −0.447

UST Modal Sound Speed (m/s) −0.114 (0.144) 0.061 (0.433) −0.417 −0.409

UST Total Volume (cm3) −0.089 (0.256) −0.004 (0.955) 0.499 0.513

Mammographic Image Characteristics

Mammographic Percent Density (%) −0.204 (0.008) 0.105 (0.180) −0.477 −0.489

Mammographic Total Projected Area (cm2) −0.040 (0.611) 0.021 (0.793) 0.573 0.570

Mammographic Non-Dense Projected Area (cm2) 0.036 (0.649) −0.012 (0.882) 0.600 0.599

Mammographic Dense Projected Area (cm2) −0.262 0.122 (0.119) −0.209 (0.007) −0.213 (0.006)

UST K-Means Clustering Subregion Characteristics

K-Means Mean Dense Sound Speed (m/s) −0.097 (0.213) 0.080 (0.308) −0.226 (0.004) −0.231 (0.003)

K-Means Mean Non-Dense Sound Speed (m/s) −0.160 (0.040) 0.104 (0.183) −0.324 −0.334

K-Means Dense Volume (cm3) −0.256 0.074 (0.344) 0.233 (0.003) 0.252

K-Means Non-Dense Volume (cm3) −0.012 (0.880) −0.026 (0.742) 0.548 0.557

K-Means Percent Density (%) −0.247 (0.001) 0.134 (0.087) −0.443 −0.446

UST Threshold Subregion Characteristics

Threshold Mean Dense Sound Speed (m/s) −0.038 (0.387) 0.097 (0.213) −0.151 (0.053) −0.161 (0.039)

Threshold Mean Non-Dense Sound Speed (m/s) −0.155 (0.047) 0.084 (0.282) −0.263 −0.280

Threshold Dense Volume (cm3) −0.306 0.064 (0.412) 0.0140 (0.854) 0.045 (0.567)

Threshold Non-Dense Volume (cm3) −0.003 (0.973) −0.020 (0.777) 0.552 0.557

Threshold Percent Density (%) −0.224 (0.004) 0.112 (0.153) −0.450 −0.448

Each cell contains Spearman correlation coefficient with p-value shown in brackets. For entries without bracket, p-value was p < 0.001.
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