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Abstract

Objective

Despite the high risk of missing lesions in mammography, the missed lesion rate is yet to be
clinically established. Further, no breast phantoms with adjustable breast density currently
exist. We developed a novel, adjustable-density breast phantom with a composition identi-
cal to that of actual breasts, and determined the quantitative relationship between breast
density and the missed lesion rate in mammography.

Methods

An original breast phantom consisting of adipose- and fibroglandular-equivalent materials
was developed, and a receiver operating characteristic (ROC) study was performed. Breast
density, which is the fraction by weight of fibroglandular to total tissue, was adjusted to 25%,
50%, and 75% by arbitrarily mixing the two materials. Microcalcification, mass lesions, and
spiculated lesions, each with unique characteristics, were inserted into the phantom. For the
above-mentioned fibroglandular densities, 50 positive and 50 negative images for each
lesion type were used as case samples for the ROC study. Five certified radiological tech-
nologists participated in lesion detection.

Results

The mass-lesion detection rate, according to the area under the curve, decreased by 18.0%
(p=10.0001, 95% Confidence intervals [Cl] = 0.1258 to 0.1822) and 37.8% (p = 0.0003, 95%
Cl=0.2453 to 0.4031) for breast densities of 50% and 75%, respectively, compared to that
for a 25% breast density. A similar tendency was observed with microcalcification; however,
spiculated lesions did not follow this tendency.
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Conclusions

We quantified the missed lesion rate in different densities of breast tissue using a novel
breast phantom, which is imperative for advancing individualized screening mammography.

Introduction

Breast cancer is one of the most common cancer types affecting women around the world [1-
4], and early detection is required in order to decrease the high mortality rate. Full-field digital
mammography (FFDM) is a two-dimensional imaging modality that is widely used for breast
cancer screening. FFDM is the sole modality for which there is evidence of decreasing mortal-
ity rate of approximately 20% [5], and it is essential as a screening tool [6-8]. Breast density is
an important factor in screening mammography that has a strong impact on lesion detection
and breast cancer incidence [9]. In some cases, a dense breast leads to substantial missing of
lesions, because of the masking effect of normal fibroglandular tissue [10-15]. In consideration
of this limitation, it has become a common practice to notify examinees’ of their breast densi-
ties in the USA, spreading to all states by 2019, and further screening with a suitable second
modality such as breast echo is recommended based on individual’s breast density [16-20].
Japanese women ranging from 40 to 69 years are invited to undergo a mammographic screen-
ing every alternate year. Although Japan is also currently considering notifying examinees
when they have a high breast density [21], no quantification algorithm complying with the
Breast Imaging Reporting and Data System (BI-RADS) has been determined.

Recently, volumetric breast density measurement (VBDM) using FFDM has been devel-
oped, providing a quantitative estimate of breast density. A new method for accurate determi-
nation of breast density, using the pixel value generated by FFDM, was reported in a recent
paper [22]. However, the relationship between breast density and the risk of missing lesion in
screening mammography has still not been clearly established. Chiu et al., in a review describe
that “very few studies have elucidated the effect of mammographic density measured at base-
line (prediagnostic mammograms) on incidence, stage, mortality, and mammography screen-
ing sensitivity related to masking effects using very long follow-up data” [23]. To our
knowledge, there have been no studies showing consistent results with respect to the relation-
ship between breast density and the risk of missing a lesion in screening mammography. Ekpo
et al. show that the percentage decrease of mammographic sensitivity of dense breasts to fatty
breasts vary from 22.1% to 70.0% among previous studies [24]. This is by no means a consis-
tent result. In order to improve individualized screening mammography, the risk of missing a
lesion via FFDM for different levels of breast density should be clearly quantified.

To date, the occurrence of interval cancers has been used to estimate the missed lesion rate
in clinical screening mammography [25-27], under the assumption that it reflects a lesion that
was missed during the previous screening mammography. This assumption, however, does
not strictly hold up, as the true onset of interval cancer is unknown. In addition, this method
can only be used for women who undergo regular screening. Hollingsworth pointed out that it
is not appropriate to use interval cancer as an indicator of mammographic sensitivity [28].

On the other hand, many factors in addition to the breast density, such as distribution of
fibroglandular tissue, imaging techniques such as position settings and compressed pressure,
compressed breast thickness, patient’s age, reader’s concentration, prevalence rate in popula-
tion, image processing conditions, etc. are intricately intertwined into screening mammo-
graphic sensitivity [24]. As a result, the overall missed lesion rate varies over a wide range as
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described above. In order to improve the overall missing lesion in clinical screening mammog-
raphy, an approach by separating individual factors is required. Accordingly, we focused only
on the impact of breast density excluding other factors by conducting a phantom study, since a
constant condition associated with the other factors could not be practiced by an actual clinical
study.

However, most of the commonly used breast phantoms, e.g., polymethyl methacrylate
[29,30] phantoms and those produced by Computerized Imaging Reference System, Inc., [31]
do not have identical X-ray energy absorption efficiencies over the entire mammographic X-
ray energy range. This is because the composition differs with that of the actual breast tissue;
accordingly, mammographic image characteristics, such as contrast, differ from that of real
breast tissue of the same density. To enable individualized screening mammography, the
absorption efficiency of a breast phantom should be consistent over the mammographic X-ray
energy range. This will allow the radiologist to estimate accurately the missed lesion rate per
examinee, based on individual breast density. Therefore, we have developed a novel adjust-
able-density breast phantom (hereafter abbreviated as original phantom) having identical X-
ray attenuation characteristics over the mammographic X-ray energy range with actual
breasts.

Japanese women often have thin breasts and a high breast density compared with those of
women of Western countries. For example, the proportion of heterogeneously or extremely
dense breast in Dutch woman is 32.5% to 45.7% between regions [32], whereas that in Japanese
women is approximately 60% [33]. In addition, Young et al. [34] reported that the average
compressed breast thickness (CBT) in 16505 British women is 56.8 mm, whereas Nishide et al.
reported a mean compressed breast thickness (CBT) of 31.7 mm for 7566 Japanese women
who underwent mammography at Fukui Prefectural Hospital, and 44.8% of those women had
a CBT of less than 30 mm [35]. It is well known that breast density tends to increase with
decreasing CBT [22,36]. On investigating the distribution of the breast density in Japanese
women, it was observed that the thinner the breast thickness, the higher the breast density, e.g.
the breast density at 20 mm of CBT in Japanese women is 1.36 times higher than that at 30
mm with high missing lesion risk [22]. Thus, an investigation on missed lesions in Japanese
women is required using a phantom modelling drastic thin breast. In this study, we aimed to
determine the reliable quantitative relationship between breast density and the missed lesion
rate using receiver operating characteristic (ROC) examination [37] using an actual 20-mm-
thick breast.

Materials and methods

Variable-density breast phantom

Ethics committee approval was waived by Faculty of Medicine Kindai University Ethics Com-
mittee because this was a phantom study.

To make an original phantom, adipose- (C: 72.0%, O: 16.4%, H: 9.2%, N: 2.4%) and fibro-
glandular-equivalent (C: 69.5%, O: 17.3%, H: 8.9%, N: 2.3%, Ca: 1.4%, P: 0.6%) compositions
(base resins for making the phantom) were developed in cooperation with Kyoto-kagaku Co.,
Japan. These compositions were similar to those of the International Commission on Radia-
tion Units and Measurements (ICRU) report 44 [38]. The adipose-equivalent tissue was pro-
cessed into square slabs of 120 mm x 120 mm, with a thickness of 5 to 30 mm at 5-mm
intervals (for the purposes of this study, we only used slabs up to a maximum thickness of 15
mm, because it is the thickness to create the breast densities of 25%, 50%, and 75% in a total
breast thickness of 20 mm as combined with fibroglandular-equivalent tissue). The fibrogland-
ular-equivalent tissue was processed to contain branch structures with a diameter of 0.3 mm in
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minimum to 2.0 mm in maximum each. The manufacturing technique of these tissues was as
follows: @ The base resins of adipose-equivalent composition and fibroglandular-equivalent
composition were independently weighed in units of 0.1 gram using an electric balance with
an activator agent. @ After stirring sufficiently, the resin was degassed using a vacuum defoa-
mer. @ The resin was poured into a special mold, and left to stand for 24 hours. @ The hard-
ened resin was removed from the mold, and shaped. All the above steps were carried out in a
constant room condition adjusted to a humidity of 40% and a temperature of 23°C.

The assembling of the original breast phantom is as follows: @ Using the adipose-equiva-
lent slabs, a box with a cubic-capacity of 120 mm (width) x 120 mm (depth) x 10 mm (height)
was made. @ Fibroglandular-equivalent tissues were enclosed into the adipose-equivalent
box. These steps are illustrated in Fig 1. In these steps, the thickness of the adipose-equivalent
slabs and the amount of fibroglandular-equivalent tissues can be changed arbitrarily. The
amount and ratio of fibroglandular- and adipose-equivalent tissues used to generate breast
densities of 25%, 50%, and 75% are indicated in Table 1, where breast density refers to the
weight ratio of fibroglandular tissue to total tissue.

To confirm the X-ray attenuation characteristics of both the adipose- and fibroglandular-
equivalent tissues used for the original phantom, the linear attenuation coefficients of these
materials were calculated for the original, and the ICRU compositions using XCOM [39]. The
linear attenuation coefficients of the original phantom, and ICRU compositions were in good
agreement for both the adipose and fibroglandular tissues over the entire mammographic X-
ray energy range (Fig 2). We, therefore, considered the original phantom as identical to actual
breast tissue for the purposes of VBDM. Fig 3 shows X-ray images of the original phantom
adjusted to breast densities of (a) 25%, (b) 50%, and (c) 75%.

Receiver operating characteristic study

Three types of simulated lesions-six each of microcalcifications (calcium carbonate) of 100 pm
in diameter, mass lesions of approximately 5 mm in diameter (polyvinyl chloride resin), and
spiculated lesions (identical material to that of fibroglandular-equivalent tissue) of 10 mm in
diameter-were put on the original phantom in order to study the missed lesion rate. The
placement of each lesion was determined by random-number generation after dividing the
slab surface into 144 (10 mm?) equal parts. Fig 4 shows the geometry of the simulated lesions
and the X-ray image without the fibroglandular-equivalent tissue, because of clarification. An
ROC study was performed using the original phantom, to determine the effect of breast den-
sity on the missed lesion rate. For each lesion type, and for each of the three different breast
densities, 50 positive and 50 negative images were used as case samples. All images were radio-
graphed with a Pe-ru-ru digital mammographic system with a flat panel detector (Canon,
Tokyo, Japan), equipped with a molybdenum/rhodium target/filter. The pixel size was

75 x 75 um and the output grey level was 13 bits. Constant exposure conditions were the same
as for typical clinical use: a tube voltage of 29 kV, and a tube current of 18.0 mA.

Five certified radiological technologists in screening mammography participated in this
study. They were classified into four levels according to certified experience: junior, as less
than 1 year of certified experience; semi-senior, as 1 to 5 years of certified experience; senior,
as 6 to 15 years of certified experience; and expert, as over 15 years of certified experience. A
21-inch monochromatic liquid crystal display monitor with 5 megapixels and 600 cd/m? lumi-
nance was used for observation. Observing conditions were as follows: room illuminance was
20 Ix, and no restrictions were placed on observation time and distance between the observer
and the image; however, a time limit of two hours was set for sequential observation for each
breast density level, to avoid eyestrain. Confidence was assigned for the presence or absence of
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(a)

(b)

Adipose-equivalent slab

Fibroglandular-equivalent tissue

Fig 1. Illustrations of original breast phantom. (a) Assembled breast phantom (b) a piece of fibroglandular-equivalent tissue.

https://doi.org/10.1371/journal.pone.0245060.9001

alesion, according to a five-point scale: (1), very unlikely to be a lesion; (2), probably not a
lesion; (3), possibly a lesion; (4), probably a lesion; (5), definitely a lesion. Statistical analysis
was performed using Web-based Calculator for ROC Curves (Eng and Morgan, Department
of Radiology and Radiological Science, Johns Hopkins University School of Medicine, Balti-
more, Maryland, USA) [40].

To determine whether there was a statistically significant difference between the detectabil-
ity of lesions for different breast densities, Student’s t test (paired two-tailed) [41,42] was per-
formed on the area under the curve (AUC) using Microsoft Excel for Windows ver. 2016
(Microsoft Corporation, Redmond, Washington, USA). The AUC equals the probability, that
the detectability test results from a randomly selected pair of lesion and non-lesion individuals
are correctly assigned. In this study, a P value of less than 0.05 was considered statistically
significant.

Noise-power spectrum measurement

To understand the effect of spatial frequencies of the simulated lesions on lesion detectability,
the noise-power spectrum (NPS) of the original phantom was measured for 25%, 50%, and
75% breast densities using a two-dimensional fast Fourier transform (2D-FFT) method [43],
where ‘noise’ means the distribution of fibroglandular-equivalent tissue in the original phan-
tom. Sub-images of 1024 x 1024 pixels were extracted from the central region of the phantom
images. We removed low-frequency background trends, such as the heel-effect, by second-
order polynomial two dimensional-surface correction. Regions of interest (ROIs) of 256 x 256

Table 1. Structure of the original phantom used in this study.

Breast density (%) Adipose-equivalent tissue Fibroglandular-equivalent tissue Total
Area (mm) Thickness (mm) Weight (g) Area (mm) Thickness (mm) Weight (g) Thickness (mm) Weight (g)
25 120 x 120 15.0 216.0 120 x 120 4.8 72.0 19.8 288.0
50 120 x 120 10.0 144.0 120 x 120 9.5 144.0 19.5 288.0
75 120 x 120 5.0 72.0 120 x 120 14.3 216.0 19.3 288.0
https://doi.org/10.1371/journal.pone.0245060.t001
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Fig 2. Linear attenuation coefficients of (a) adipose and (b) fibroglandular tissues.

https://doi.org/10.1371/journal.pone.0245060.9002

pixels were calculated using an ensemble average of half-overlapping segments (128 pixels in
each direction) from the sub-images. In this way, 64 ROIs were used for each breast density.
Finally, one-dimensional NPS values were obtained by averaging the central value +the values
of seven rows across the axis (excluding the axis itself) [44].

Results
Breast density-dependence of the detection rate

Fig 5 depicts the influence of breast density on the detection rate of each lesion and Table 2
summarizes the results of the AUCs of all the above curves. As a whole, it seems that the lesion
detection rate has a tendency to decrease with an increase in breast density. For instance, the
percentage decrease in AUC for microcalcifications for 50% and 75% breast density were
23.7% and 33.3%, respectively, compared to the AUC for 25% breast density. Table 3 summa-
rizes the results of Student’s t test (two-tailed with Bonferroni correction) for each combina-
tion conducted in this study. The only two combinations with no statistically significant
difference in the detection rate were those of microcalcifications or spiculated lesions between
phantoms with 50% and 75% breast densities.

(b) ()

Fig 3. X-ray images of the original phantom. (a), (b), and (c) correspond to breast densities of 25%, 50%, and 75%, respectively.

https://doi.org/10.1371/journal.pone.0245060.9003
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Fig 4. Preparation of receiver operating characteristic (ROC) practice. (a) Mammographic setting (b) An example of lesion placement (c) X-ray
image of lesions corresponding to (b). Only microcalcifications are shown with magnification since actual size is only 100 um in diameter.

https://doi.org/10.1371/journal.pone.0245060.9004

Noise distribution of the phantom image

Fig 6 depicts the relationship between the NPS and spatial frequency for each breast density.
At a frequency of 0.05 mm™, the spectral value for 25% breast density is predicted to be lower
than that for 50% and 75% densities. However, the difference in spectral value was smaller
between breast densities of 50% and 75%.

Discussion

Even if the accurate volumetric breast density measurement is established, individualized
screening mammography cannot be achieved unless the effect of breast density on the risk of
missing lesions is elucidated. In the mammographic sensitivity measurement using actual clin-
ical images, many factors described in the introduction section are intricately intertwined in
addition to the breast density. We think this is the main reason why the mammographic sensi-
tivity for dense breasts differs significantly within studies. Therefore, we performed the ROC-
phantom study by five certified radiological technologists in screening mammography to

Microcalcification Mass lesions Spiculated lesions

0.8 | 08 | 0.8

0.6 0.6 06
w w w
a a a
- [ -

04 | " i 04 | . 0.4

25% breast density ——25% breast density ——25% breast density
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(a) (b) ()

Fig 5. The relationship between the detection rate of lesions and breast density. (a), (b), and (c) represent microcalcification, mass lesions, and
spiculated lesions, respectively. Each curve indicates an average of the results of the five observers. TPF, true positive fraction; FPF, false positive
fraction.

https://doi.org/10.1371/journal.pone.0245060.9005
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Table 2. Area under the receiver operating characteristic curve for breast density and the detection rate for the
three types of lesions.

Breast density
Type of lesion 25% 50% 75%
Microcalcification 0.860 0.656 (23.7) 0.574 (33.3)
Mass lesion 0.857 0.703 (18.0) 0.533 (37.8)
Spiculated lesion 0.910 0.778 (14.5) 0.770 (15.4)
Average 0.876 0.712 (18.7) 0.626 (28.5)

Each value is averaged for five observers. The number in parentheses indicates the percentage decrease compared to
that of the 25% breast density phantom.

https://doi.org/10.1371/journal.pone.0245060.t002

investigate the impact only of breast density. All of them have trained using a special program
regarding mammographic technique, reading, and quality control on screening mammogra-
phy conducted by Japan Central Organization on Quality Assurance of Breast Cancer Screen-
ing, and has passed rigorous examinations including clinical reading. In addition, they
routinely observe all the mammograms carefully, and have been entrusted from the certified
radiologists to decide whether to add a magnified imaging for abnormal shadows. Thus, we
believe it is significant that the certified radiological technologists participated for this study.

Most of the results of this study were in accordance with the current understanding of the
inverse relationship between the detection rate of a lesion and breast density. Mandelson et al.
showed that the percentage decrease of mammographic sensitivity for dense breasts to that of
fatty breasts was 62% [45], whereas as can be observed in Table 2, the percentage decrease of
AUC for 75% breast density to that for 25% is 37.8% in maximum. The difference of the per-
centage decrease between this study and Mandelson et al. as 24.2% may be due to some factors
other than breast density described in the introduction section such as imaging technology
etc., and because they used interval cancer to determine the mammographic sensitivity. Other
literature also show the higher percentage decrease of mammographic sensitivity for dense
breasts to fatty breasts compared with our phantom study (Mousa et al; 34.3~62.5% [46] Ekpo
etal; 22.1~70.0% [21]). We believe that it is important to understand the effect of breast den-
sity alone from various intertwined factors in order to make a countermeasure for missing
lesions.

In this study, an inverse relationship between the detection rate of a lesion and breast den-
sity was detected between all breast densities for the detection of mass lesions, in particular. As
can be observed in Fig 5 and Table 3, however, for spiculated lesions, which are larger and
exhibit low contrast, as well as for microcalcifications, which are very small and exhibit low
contrast, the influence by breast density is not as simple. For spiculated lesions, we hypothe-
sized that this phenomenon was due to characteristics of the spatial frequencies of the simu-
lated lesion, and distribution of the fibroglandular-equivalent tissue. The relationship between
the NPS and spatial frequency for different breast densities, depicted in Fig 6, was in accor-
dance with results of the ROC curve for spiculated lesions, which implies that certain object
sizes, e.g., those of 10 mm in diameter, are likely to be missed, depending on breast density.

On the other hand, the detection rate of microcalcifications decreased rapidly between
breast densities of 25% and 50%, but not as rapidly at a higher breast density. From this phe-
nomenon, we hypothesize that there may be a threshold for detection of microcalcifications.
The non-linear relationship between breast density and the missed lesion rate, depending on
the lesion type, should be taken into account when considering the influence of breast density
in individualized screening mammography.
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Table 3. Results of statistical analysis of the detection rate between breast densities.

Type of lesion Between 25% and 50% Between 50% and 75% Between 25% and 75%

P 95% CI P 95% CI P 95% CI
Microcalcification 0.0144" 0.0765-0.3331 0.1787 -0.0576-0.2212 0.0003* 0.2167-0.3565
Mass lesion 0.0001* 0.1258-0.1822 0.0058" 0.0822-0.2582 0.0003* 0.2453-0.4031
Spiculated lesion 0.0465" 0.0033-0.2603 0.7595 -0.0553-0.0701 0.0093* 0.0570-0.2214
Average 0.0039" 0.0880-0.2390 0.0113* 0.0325-0.1405 0.0000" 0.2144-0.2856

All p values were calculated using Student’s t test. The 95% CI is that of the difference in AUC between the breast densities being compared for each lesion.

CI, confidence interval; AUC, area under the receiver operating characteristic curve.

* p < 0.0500.

https://doi.org/10.1371/journal.pone.0245060.t003

The current study had several limitations. First, we simulated only three lesion types and
three different breast densities. In clinical cases, lesions are much more varied in terms of
shape, size, and contrast. Future studies will need to include many more lesion types and fibro-
glandular distributions, such as an increasing distribution towards the nipple, for more

0.4

0.35 [j

-©-25% breast density

0.3
A -4-50%
0.25

=75%

0.2 F

0:15

Noise Power Spectrum (mm?)
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Fig 6. Noise-power spectra (NPS) and spatial frequency for three different breast densities of the original phantom. The circles, triangles, and
squares represent breast densities of 25%, 50%, and 75%, respectively. The spectral values are extrapolated to a spatial frequency of 0.05 mm™, which
corresponds to the frequency band of the spiculated lesions used in this study.

https://doi.org/10.1371/journal.pone.0245060.g006
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accurate quantification of the missed lesion risk. However, although only three lesion types were
analyzed in this study, these are the most commonly encountered lesions in mammography.
Second, observers in this study were only five certified radiological technologists. In future stud-
ies, ROC-observation should be performed with more observers in addition of certified radiolo-
gists. We believe that overcoming these limitations will enable the development of a new breast
density classification map that relates the detailed breast density range to the missed lesion rate.
Such a map could potentially replace the currently used four-class map of the BI-RADS.

In conclusion, an adjustable-density breast phantom, consisting of adipose- and fibrogland-
ular-equivalent materials with consistent X-ray absorption characteristics over the entire
mammographic energy range, was developed. An ROC study was performed for three types of
lesions and three different breast densities, in order to quantify the relationship between the
missed lesion rate and breast density. Although the detection rate tended to decrease with
increasing breast density, it depended on the specific lesion type and breast density. Ulti-
mately, we quantified the missed lesion risk in different densities of breast tissue, which is an
important step towards implementing advanced individualized screening mammography.

Conclusions

Our findings suggest that there is a non-linear relationship between breast density and the
missed lesion rate. This relationship, discovered using a novel, adjustable-density breast phan-
tom, will be useful in the development of individualized screening mammography, especially
for individuals with dense breast tissue.

Supporting information

S1 Fig. The relationship between the detection rate of lesions and the certification level of
the observers. From the areas under the receiver operating characteristic curves, more experi-
ence leads to a higher detection rate. Each curve indicates an average of the three types of
lesions in 25% breast density. TPF, true positive fraction; FPF, false positive fraction. Depen-
dence of the detectability on the observer for 25% breast density are indicated in S1 Fig and S1
Table, but involves no statistical analysis owing to the presentation of the results for each
observer. Tendency of the lesion detection was higher for observers with a higher certification
level in clinical mammography. This tendency was similar for the other breast densities.
Accordingly, although there is no statistical evidence, this was observed to be relevant between
the lesion detection rate and the level of certification of the observer. This indicated that the
original phantom might be used to carry out an ROC study, as it represents actual breast tis-
sue.

(TIF)

S1 Table. Area under the receiver operating characteristic curve for the lesion detection
rate and certification level of the observer.
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