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Purpose: To investigate the difference of MR percent breast density measured from fat-suppressed

versus nonfat-suppressed imaging sequences.

Methods: Breast magnetic resonance imaging (MRI) with and without fat suppression was

acquired from 38 subjects. Breasts were divided into subgroups of different morphological patterns

(“central” and “intermingled” types). Breast volume, fibroglandular tissue volume, and percent den-

sity were measured. The results were compared using nonparametric statistical tests and regarded

as significant at p< 0.05.

Results: Breast volume, fibroglandular volume, and percent density between fat-suppressed and

nonfat-suppressed sequences were highly correlated. Breast volumes measured on these two

sequences were almost identical. Fibroglandular tissue volume and percent density, however, had

small (<5%) yet significant differences between the two sequences—they were both higher on the

fat-suppressed sequence. Intraobserver variability was within 4% for both sequences and different

morphological types. The fibroglandular tissue volume measured on downsampled images showed

a small (<5%) yet significant difference.

Conclusions: The measurement of breast density made on MRI acquired using fat-suppressed and

nonfat-suppressed T1W images was about 5% difference, only slightly higher than the intraob-

server variability of 3%–4%. When the density data from multiple centers were to be combined,

evaluating the degree of difference is needed to take this difference into account. VC 2011 American
Association of Physicists in Medicine. [DOI: 10.1118/1.3646756]

Key words: quantitative breast density, 3D breast parenchymal morphology, pulse sequence

comparison, fat suppression

5961 Med. Phys. 38 (11), November 2011 0094-2405/2011/38(11)/5961/8/$30.00 VC 2011 Am. Assoc. Phys. Med. 5961



I. INTRODUCTION

Breast density refers to the amount of fibroglandular tissue

as opposed to fatty tissue within the breast. It is commonly

measured using mammography and referred to as

“mammographic density.” Extensive studies have shown

that mammographic density is closely related to the occur-

rence of breast cancer.1–4 Boyd et al. found a 2% increase in

relative risk for breast cancer for every 1% increase in per-

cent mammographic density (PMD), i.e., a woman with 50%

PMD will have twice the cancer risk of a woman with

entirely fatty breasts (0% PMD).5 However, despite strong

evidence and extensive report in the literature, mammo-

graphic density has not yet been used in the clinical setting

for management of patients, which may be partly due to the

difficulty in obtaining reliable measures. The evaluation of

breast density based on mammography suffers from several

major problems, including tissue-overlapping due to mam-

mography’s 2D image nature, variability in subject position-

ing and degree of compression=angle that leads to differing

projection views, and variability in the x-ray intensity, detec-

tor setting, and calibration of mammography machines.6

In recent years, much effort has been made to develop

more reliable quantitative methods for assessing breast den-

sity in order to better understand the link between breast den-

sity and cancer risk. Studies that measure breast density

using images acquired by magnetic resonance imaging

(MRI) have been reported.7–16 MRI provides a noncom-

pressed, three-dimensional view of breast tissue with strong

soft tissue contrast between fibroglandular and fatty tissue; it

also does not suffer from the issues of tissue overlap or x-ray

exposure calibration present in mammography. The percent

density is calculated as the ratio of fibroglandular tissue vol-

ume to total breast volume. This requires MR images with

sufficiently high spatial resolution and clear tissue contrast

to allow segmentation of the breast and fibroglandular tissue.

Although breast MRI is a widely used clinical imaging

modality, the imaging protocols still vary from institution to

institution.17 Currently, there is no consensus in the breast

MRI community as to which sequences should be included in

a clinical protocol. The American College of Radiology

(ACR) currently recommends the acquisition of high spatial

resolution, fat-suppressed images. Directly evaluating post-

contrast fat-suppressed images without using subtraction can

avoid the problem of misregistration caused by the patient’s

motion during the acquisition of precontrast and postcontrast

images.18 On the other hand, the European Society of Breast

Imaging (EUSOBI) currently recommends the use of subtrac-

tion images generated from nonfat-suppressed sequence over

that of fat-suppressed images.19 In general, compared to fat-

suppressed images, nonfat-suppressed images show a higher

signal-to-noise ratio and stronger tissue contrast. Among the

several published studies measuring breast density using

MRI, both fat-suppressed and nonfat-suppressed images have

been used,7–16 but comparison of the measured breast density

based on these two sets of images has not been reported yet.

Previously, we have developed a quantitative method for

measuring breast density based on nonfat-suppressed

T1WI.15 Since fat-suppressed and nonfat-suppressed sequen-

ces are both commonly used in current clinical breast MRI

protocols, the purpose of this study was to compare the

breast volume, fibroglandular tissue volume, and percent

density measured from images of the same subjects acquired

using these two sequences. Because the generated contrast

between fibroglandular and fatty tissue is different, the

impact on the reproducibility of the operator in density mea-

surement was also studied. Furthermore, the morphological

distribution pattern of the fibroglandular tissue can be cate-

gorized as a central pattern (densely packed fibroglandular

tissue inside surrounded by fatty outside) or intermingled

pattern (mixed fibroglandular and fatty tissues),20 and how

this pattern affects the density measurement was studied. In

addition, the densities measured using images of different

spatial resolutions were compared to investigate the impact

of spatial resolution.

II. MATERIALS AND METHODS

II.A. Subjects and image acquisition

The study cohort consisted of 38 female subjects (age

28–82 years old, mean 48) who had a breast MRI performed

between February 2008 and February 2009 at our research

institution. All subjects had pathologically confirmed cancer

in one breast, and a normal breast in the contralateral side

without any lesion or prior procedures. Only the normal

breast was analyzed in this work. All MRI studies were con-

ducted with a 3.0T scanner (Philips, Best, The Netherlands).

The fat-suppressed and nonfat-suppressed T1-weighted

images used for analyzing breast density were acquired

before contrast injection. The fat-suppressed imaging

sequence was a 3D gradient echo with short TI inversion re-

covery (SPAIR) fat-suppression, with TR¼ 6.20 ms,

TE¼ 1.26 ms, flip angle¼ 12�, matrix size¼ 480� 480,

FOV¼ 31–38 cm, slice thickness¼ 1 mm, and 160 axial sli-

ces. The nonfat-suppressed sequence was a 2D turbo spin-

echo with TR¼ 800 ms, TE¼ 8.6 ms, flip angle¼ 90�,
matrix size¼ 480� 480, FOV¼ 31–38 cm, slice thickness

¼ 2 mm, and 84 axial slices. This study was approved by the

Institutional Review Board and was HIPAA-compliant. All

subjects gave written informed consent.

II.B. MR-based breast density measurements

The breast volume and fibroglandular tissue volume were

measured using a semiautomated MR-based method.15 The

percent density was calculated as the fibroglandular tissue

volume divided by total breast volume. The key procedures

included: (1) selecting the range of axial slices containing

the breast; (2) using anatomic landmarks to define the lateral

boundaries of the breast (Fig. 1, a horizontal truncation line

was drawn through the point located 5 mm dorsal to the pos-

terior margin of the sternum); (3) applying a fuzzy c-means

(FCM) based segmentation algorithm with the b-spline curve

fitting to obtain the breast boundary; (4) applying dynamic

searching to exclude the skin along the breast boundary; (5)

5962 Chang et al.: Breast density measured on fat-suppressed versus nonfat-suppressed MRI 5962

Medical Physics, Vol. 38, No. 11, November 2011



applying bias field correction to remove image intensity non-

uniformities; and (6) applying a fuzzy-c-means (FCM) clus-

tering algorithm to segment fibroglandular tissue from fatty

tissue in a slice by slice fashion. After the segmentation was

completed, the breast volume, fibroglandular tissue volume

and the percent density were calculated. The results analyzed

based on fat-suppressed versus nonfat-suppressed images

were compared.

II.C. Analysis of intraobserver reproducibility

The intraobserver reproducibility was evaluated by one

operator on all 38 cases. The segmentation was done three

times, with a minimum interval of 2 weeks between each

analysis session. The coefficient of variation was used to

indicate the reproducibility, which was calculated as the ra-

tio of the standard deviation of three measurements done in

three analysis sessions over their mean.

II.D. Impact of breast parenchymal pattern

To investigate how the morphological distribution pattern

of the fibroglandular tissue (i.e., the parenchymal pattern)

would affect the performance of segmentation and percent

density quantification, the 38 breasts were further divided

into two subtypes: central pattern (those showing densely

packed fibroglandular tissue inside surrounded by fatty tissue

outside, Fig. 2) and intermingled pattern (those showing

intermingled fibroglandular and fatty tissues, Fig. 3). The

categorization was performed by a radiologist and an experi-

enced imaging scientist. They reached a consensus on the

final categorization of 17 central patterns and 21 inter-

mingled patterns. All density and reproducibility parameters

within each pattern subgroup were also analyzed separately.

II.E. Impact of spatial resolution

In addition to performing segmentation on images at their

original spatial resolution, segmentation was also done on

images that had been downsampled to investigate the impact

of differing resolutions on the measurements. This analysis

was done in 23 randomly selected cases, 10 of the central pat-

tern and 13 of the intermingled pattern. The in-plane spatial

resolution in each dimension was decreased by a factor of 2

via bicubic interpolation—that is, the signal intensities of 4

pixels were averaged as the intensity of the new pixel to form

a low resolution image. The low pass filtering was not per-

formed prior to down-sampling. Breast volumes, fibroglandu-

lar tissue volumes, and percent density measured on these

images were compared with those measured on the original

images. There was no resolution reduction along the slice

thickness direction and all imaging slices were analyzed.

II.F. Statistical analysis

Spearman’s Rho was used to determine bivariate

correlation between corresponding measurements from fat-

suppressed and nonfat-suppressed images. Wilcoxon’s

FIG. 1. Anatomical landmark on axial, precontrast fat-suppressed and nonfat-suppressed images. The fat-suppressed imaging sequence was a 3D gradient echo

with SPAIR fat-suppression, with TR¼ 6.20 ms, TE¼ 1.26 ms, flip angle¼ 12�, matrix size¼ 480� 480, FOV¼ 31–38 cm, slice thickness¼ 1 mm, and 160

axial slices. The nonfat-suppressed sequence was a 2D turbo spin-echo with TR¼ 800 ms, TE¼ 8.6 ms, flip angle¼ 90�, matrix size¼ 480� 480,

FOV¼ 31–38 cm, slice thickness¼ 2 mm, and 84 axial slices. The spatial location 5 mm posterior to the dorsal margin of the sternum, indicated by the arrow,

is used as the point through which a horizontal line is drawn (a). The nonbreast tissue is excluded (b), resulting in defined breast tissue (c). The contrast

between breast tissue and the pectoral muscle on both fat-suppressed and nonfat-suppressed images is very clear, showing reverse signal intensities, which

allows a successful segmentation to remove the pectoral muscle on both sets of images.

FIG. 2. An example of density segmentation on a

“Central” type breast of a 39-year-old patient, showing

confined fibroglandular tissue surrounded by fatty tis-

sue. The contrast between fibroglandular tissue and

fatty tissue is strong on both sets of images. On nonfat-

suppressed images, the fibroglandular tissue is dark; on

fat-suppressed images, the fibroglandular tissue is

bright and nearly mirrored and reversed. Some subtle

differences exist on the segmented fibroglandular tis-

sues, but the quality is acceptable on both sets of

images without obvious errors. Compared with the

original image, the downsampled image is blurred, yet

the contrast remains very strong for segmentation. The

measurement results are listed in Table II.
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signed ranks test (matched pairs test) was applied to deter-

mine the differences between measurements based on fat-

suppressed versus nonfat-suppressed images and original

versus reduced spatial resolution. All statistical tests were

regarded as significant at p< 0.05.

III. RESULTS

III.A. Comparison of measurements between two
sequences

The results of breast volume, fibroglandular tissue vol-

ume, and percent density measured on fat-suppressed and

nonfat-suppressed images are listed in Table I. The original

images and segmented density maps are shown in two exam-

ples, a central pattern case in Fig. 2 and an intermingled pat-

tern case in Fig. 3. Figure 4 plots the volumes and percent

density measured on the fat-suppressed sequence versus the

nonfat-suppressed sequence. They were all highly correlated

with p< 0.001 using Spearman’s Rho.

The correlation slope was 1.0019 for breast volume, indi-

cating that the volumes measured on these two sequences

were almost identical. In the whole group of 38 breasts,

the breast volume was 681 6 359 (mean 6 stdev) cm3 on

fat-suppressed sequence and 679 6 361 cm3 on nonfat-

suppressed sequence, which was not significantly different as

determined by the Wilcoxon’s signed ranks test. For fibro-

glandular tissue volume and percent density, although there

was a high correlation, a slope greater than 1.0 suggested that

the values measured from fat-suppressed images were greater

than those from nonfat-suppressed images. The fibroglandular

tissue volume was 100 6 58 cm3 on fat-suppressed images,

which was slightly higher than 97 6 58 cm3 on nonfat-

suppressed images. The difference was significant with

p< 0.003 using the Wilcoxon’s signed ranks test. The percent

density was 17.5% 6 9.5% on fat-suppressed images, which

was slightly higher than 17.0% 6 9.3% on nonfat-suppressed

images, also significant with p< 0.032. The relatively high

standard deviation was common, which indicated the high

individual variability among the 38 patients. Comparison of

the parameters measured on fat-suppressed and nonfat-

suppressed sequences used matched pairs, and only the values

measured from the same woman were being compared.

III.B. Comparison in central versus intermingled
subtypes

The analysis was also performed separately in the central

pattern (N¼ 17) and intermingled pattern (N¼ 21) subtypes.

FIG. 3. An example of density segmentation on an

“Intermingled” type breast of a 31-year-old patient,

showing mixed fibroglandular tissue and fatty tissue.

The segmented fibroglandular tissue region is slightly

larger on fat-suppressed images. Nevertheless, the qual-

ity is acceptable on both sets of images without obvious

errors. Compared with the original image, the down-

sampled image is blurred, yet the contrast remains

very strong for segmentation, and the segmentation

results are similar. The measurement results are listed

in Table II.

TABLE I. Breast volume, fibroglandular tissue volume and percent density measured on fat-suppressed and nonfat-suppressed images in different groups.

Breast type subgroups: Nonfat-suppressed versus Fat-suppressed

Fat-sup Nonfat-sup Difference Wilcoxona Spearman’sb Intraobserverc

(mean 6 stdev) (mean 6 stdev) (mean 6 stdev) Signed Ranks Rho fatsup nonfatsup (%)

Entire group N 5 38 BV (cm3) 681 6 359 679 6 361 7.7 6 4.9 p< 0.212 0.999 2.70 3.33

FV (cm3) 100 6 58 97 6 58 5.0 6 3.2 p < 0.003 0.997 2.48 3.10

PD (%) 17.5% 6 9.5% 17.0% 6 9.3% 0.8% 6 0.6% p < 0.032 0.970 2.85 2.71

Central type N 5 17 BV (cm3) 485 6 259 482 6 259 7.1 6 5.2 p< 0.386 0.999 2.70 3.39

FV (cm3) 97 6 61 94 6 62 5.5 6 2.9 p< 0.139 0.999 3.06 3.40

PD (%) 20.3% 6 8.2% 20.0% 6 8.1% 1.0% 6 0.6% p< 0.285 0.952 3.17 1.69

Intermingled type N 5 21 BV (cm3) 832 6 359 830 6 362 8.1 6 4.8 p< 0.422 0.999 2.69 3.27

FV (cm3) 102 6 59 98 6 57 4.6 6 3.5 p < 0.011 0.995 1.81 2.75

PD (%) 15.2% 6 10.2% 14.7% 6 9.9% 0.7% 6 0.5% p < 0.033 0.989 2.47 3.89

aSignificant difference between measurements made on fat-suppressed and nonfat-suppressed images is determined using the Wilcoxon signed ranks (matched

pair) test.
bThe correlation from all subjects in each group is assessed using the Spearman’s rho test.
cIntraobserver reproducibility is expressed as averaged coefficient of variation (standard deviation from three separate measurements over the mean) from all

subjects in each group.
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In the central subtype, although the mean values were higher

on fat-suppressed than on nonfat-suppressed images, the dif-

ferences in breast volume (485 6 259 cm3 on fat-suppressed,

482 6 259 cm3 on nonfat-suppressed, p< 0.386), fibrogland-

ular tissue volume (97 6 61 cm3 on fat-suppressed, 94 6 62

cm3 on nonfat-suppressed, p< 0.139), and percent density

(20.3% 6 8.2% on fat-suppressed, 20.0% 6 8.1% on nonfat-

suppressed, p< 0.285), were not significant. In the inter-

mingled subtype, the difference in breast volume (832 6 359

cm3 on fat-suppressed, 830 6 362 cm3 on nonfat-suppressed,

p< 0.422) was not significant. But the differences in fibro-

glandular tissue volume (102 6 59 cm3 on fat-suppressed,

98 6 57 cm3 on nonfat- suppressed, p< 0.011) and percent

density (15.2% 6 10.2% on fat-suppressed, 14.7% 6 9.9%

on nonfat-suppressed, p< 0.033) were significant—higher

on fat-suppressed than on nonfat- suppressed images.

III.C. Intraobserver reproducibility

The intraobserver reproducibility was determined by ana-

lyzing all 38 cases 3 times. The coefficients of variation ana-

lyzed on fat-suppressed and nonfat-suppressed images in the

whole group, as well as in the separated central and inter-

mingled pattern subtypes, are listed in Table I. The coeffi-

cient of variation was between 1.5% and 4.0% for all

measures, which was similar to the range of previously

reported reproducibility for MRI-based density measure-

ments [15]. There was no obvious difference in the range of

reproducibility between the fat-suppressed versus nonfat-

suppressed sequences, or between the central versus inter-

mingled patterns.

III.D. Impact of different spatial resolution

The downsampled images and segmented density maps

are also shown in Figs. 2 and 3. The segmentation results for

these two cases are listed in Table II. The measured breast

volumes on both fat-suppressed and nonfat-suppressed

images were increased slightly on the downsampled images

compared with original images, by 0.5%–1.5%. For central

pattern cases (Fig. 2), the fibroglandular tissue volume on

downsampled images was decreased by 4% on both fat-

suppressed and nonfat-suppressed images. For intermingled

pattern cases (Fig. 3), the fibroglandular tissue volume on

downsampled images was decreased by 4% on fat-

suppressed images but was much higher by 8% on the

nonfat-suppressed image [which is clearly visible comparing

Figs. 3(f) with Fig. 3(b)]. Due to the increased fibroglandular

tissue volume and slightly decreased breast volume, the per-

cent density was also increased on downsampled images.

FIG. 4. Spearman’s Rho between measurements from fat-suppressed and nonfat-suppressed images for (a) breast volume, (b) fibroglandular tissue volume,

and (c) percent density. The parameters measured from the fat-suppressed sequence are on the y-axis; from the nonfat-suppressed sequence are on the x-axis.

They are highly correlated with p< 0.001. The best-fit line passing through the origin is plotted on the figure, with a slope of 1.0019 for breast volume, 1.0276

for fibroglandular tissue volume, and 1.0247 for percent density. The dotted black line indicates the unity line representing 1:1 correlation. The least squares

regression line lies close to the unity line.

TABLE II. Parameters measured on images at original and reduced spatial resolution for cases shown in Figs. 2 and 3.

Downsampling by a factor of 2: Fat-suppressed versus nonfat-suppressed

Fat-suppressed Nonfat-suppressed

Original Reduced Diff (%) Original Reduced Diff (%)

Central type (Fig. 2) Breast volume (cm3) 714 725 1.4 725 736 1.5

Fibro volume (cm3) 152 146 3.7 162 155 3.8

Percent density (%) 21.2% 20.2% 4.7 22.3% 21.1% 5.4

Intermingled type (Fig. 3) Breast volume (cm3) 914 924 1.1 910 915 0.6

Fibro volume (cm3) 140 134 4.3 141 130 8.0

Percent density (%) 15.4% 14.6% 5.2 15.5% 14.2% 8.4
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Among all 23 analyzed cases (10 with central pattern and

13 with intermingled pattern), the measured breast volume,

fibroglandular tissue volume, and percent density based on

original images and on downsampled images are summar-

ized in Table III. Breast volume measured on both fat-

suppressed and nonfat-suppressed images was slightly higher

than that of the original images (in the vicinity of 2%), while

fibroglandular volume on both sequences was lower than

that of the original images (in the vicinity of 5%). As a result

of decreased fibroglandular volume and increased breast vol-

ume, the percent density was decreased on the downsampled

images (in the vicinity of 7%). The Wilcoxon’s signed ranks

test based on matched pairs found that the differences in

breast volume, fibroglandular volume, and breast density

between original and downsampled images were all signifi-

cant. The difference most likely came from the increased

partial volume effect with decreased spatial resolution.

IV. DISCUSSION

The Breast Cancer Prevention Collaborative Group

(BCPCG) has recommended that breast density should be

incorporated into the risk prediction model to improve its ac-

curacy.21 So far, none of the established cancer risk predic-

tion models (e.g., Gail, Claus, BRACPRO, Cuzik-Tyrer)

takes breast density into account. MRI-based breast density

may provide more detailed volumetric and morphological

parameters compared to mammography and will be able to

contribute unique information. To develop a new risk predic-

tion model, a large dataset is needed. Since many women are

receiving screening MRI, they can be used as a large cohort

to build a model incorporating MRI-based density, but the

ability to analyze and combine data from multiple institu-

tions is essential for the success.

Of the eight studies that we found reporting quantitative

analysis of breast density on MRI, four studies used nonfat-

suppressed images;8,10,11,16 while the other four7,12–14 used

fat-suppressed images. In several previous publications, we

analyzed breast density on nonfat-suppressed images.15,20,22–25

The purpose of the present study is to address the current lack

of published studies investigating the difference in breast den-

sity measured using fat-suppressed versus nonfat-suppressed

sequences. Our breast MRI protocol follows the ACR recom-

mendation and uses fat-suppressed sequence for the dynamic

contrast enhanced study. For performing this study, a nonfat-

suppressed sequence was added before contrast injection, so

the density parameters measured using these two sequences

could be compared.

As the 3D MRI quantification of breast density depends

on segmentation of fibroglandular tissue, the imaging quality

and tissue contrast of different pulse sequences may impact

the performance of computer-based algorithms and thereby

the segmentation results. Breast MRI is acquired using the

surface breast coil to cover a large region with a large field

of view, and inevitably the signal intensity may vary depend-

ing on the location of the tissue.17,26 The different degrees of

inhomogeneity on fat-suppressed and nonfat-suppressed

images may affect the segmentation and quantification of

density parameters.

The measurement of breast volume on fat-suppressed and

nonfat-suppressed sequences was highly correlated. In fact,

the correlation was 1:1. This correlation was true for the

entire cohort, including both central and intermingled pat-

terns. The major variations for the segmentation of breast

from the body came from the placement of the initial cut-

line, as well as the contrast between the breast tissue and the

pectoral muscle for the b-spline fitting to find the posterior

breast boundary.15 In this study, the truncation line was cho-

sen based on the point located 5 mm dorsal to the posterior

margin of the sternum. As shown in Fig. 1, this landmark is

clearly visible on both fat-suppressed and nonfat-suppressed

images, and not a source of variation between these two

sequences. One note that we need to point out is that the skin

is much more visible on fat-suppressed images than on

nonfat-suppressed images; however, skin was counted as

part of the breast volume for all statistical and correlation

analyses done in this work, and it is not a source of variation

in the presented breast volume measurements.

For fibroglandular tissue volume and percent density,

there was a statistically significant difference showing

slightly higher values on fat-suppressed images compared

with nonfat-suppressed images despite the high correlation

between results analyzed from fat-suppressed and nonfat-

suppressed images. The analyses based on different density

morphology patterns showed a significant difference in the

intermingled pattern but not in the central pattern (will reach

80% power when the subject number increases from 17

TABLE III. Parameters measured on images at original and reduced spatial resolution.

Downsampling by a factor of 2: Fat-suppressed versus nonfat-suppressed

Fat-suppressed Nonfat-suppressed

Original

(mean 6 stdev)

Reduced

(mean 6 stdev)

Wilcoxon

Signed ranks

Original

(mean 6 stdev)

Reduced

(mean 6 stdev)

Wilcoxon

Signed ranks

Central type (N 5 10) Breast volume (cm3) 485 6 259 496 6 261 p< 0.022 482 6 259 494 6 260 p< 0.018

Fibro volume (cm3) 97 6 61 93 6 60 p< 0.005 94 6 62 89 6 60 p< 0.007

Percent density (%) 20.3% 6 8.2% 18.8% 6 7.9% p< 0.007 20.0% 6 8.1% 18.9% 6 8.0% p< 0.009

Intermingled

type (N 5 13)

Breast volume (cm3) 832 6 359 842 6 363 p< 0.031 832 6 362 843 6 363 p< 0.024

Fibro volume (cm3) 102 6 59 97 6 58 p< 0.017 98 6 57 92 6 58 p< 0.009

Percent density (%) 15.2% 6 10.2% 14.1% 6 9.8% p< 0.012 14.7% 6 9.9% 13.4% 6 9.8% p< 0.010
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to 37). The results suggest that the performance of the

FCM-based segmentation method is affected by breast mor-

phology. The problem of partial volume effect (a pixel con-

taining both fibroglandular tissue and fatty tissue) is more

severe for the intermingled pattern cases than the central pat-

tern cases, which may have contributed to the difference.

As shown in Table I, the mean difference in the fibro-

glandular tissue volume analyzed on fat-suppressed versus

nonfat-suppressed sequences was in the order of 5 cm3,

which was approximately 5% higher (over the mean fibro-

glandular tissue volume of 100 cm3). For percent density,

the difference was also 5% higher (0.8% difference over the

mean of 17%). We have tried to investigate whether there

was a systematic difference. The segmentation results based

on fat-suppressed and nonfat-suppressed images were placed

side-by-side, and scrolled through slice-by-slice for inspec-

tion, but revealed no definitive explanation for the underly-

ing differences. The 5% difference is very small, and a

subtle difference on several slices can easily add up to a 5%

difference. Since the imaging parameters for fat-suppressed

and nonfat-suppressed sequences cannot be made exactly

identical, direct comparison based on superimposing the seg-

mentation results to definitively identify differences is not

feasible.

The intraobserver reproducibility was analyzed in all 38

cases. The coefficient of variation obtained from three sepa-

rate analysis sessions was in the range of 3% for all 38 sub-

jects. Within the central pattern subtype or intermingled

pattern subtype, the coefficient of variation for each meas-

ured parameter may be higher or lower, but also in the vicin-

ity of 3%. The source of variation for breast volume

segmentation has been described earlier. For the segmenta-

tion of fibroglandular tissue using the FCM algorithm, it is

known that the major source of variation comes from the

number of FCM clusters used by the operator. In the present

study, a total of six clusters was used, three for fibroglandu-

lar, and three for fatty tissues. Fixing the number of clusters

helped to keep the intraobserver variation of the fibroglandu-

lar tissue and the percent density close to 3%, which was

similar to the variation for the breast volume. Given that the

intraobserver variation was within 3%–4%, the 5% differ-

ence in the density parameters measured on fat-suppressed

versus nonfat-suppressed sequences was only slightly higher

than the intraobserver uncertainty.

The comparison of segmentation results based on the

original and downsampled images revealed a small yet sig-

nificant difference in breast volume, fibroglandular volume,

and breast density. On the downsampled low spatial resolu-

tion images, breast volume was increased by 2%, and fibro-

glandular volume was decreased by 5%. Although the

matched pair analysis showed that the difference was sig-

nificant, visual inspection by scrolling through all slices

cannot pick up this subtle difference (as the examples

shown in Figs. 2 and 3). The difference may be explained

by the partial volume effect. During downsampling, the air

adjacent to the breast-air boundary was averaged in

and becomes part of a breast pixel, and that increased the

measured breast volume. In a similar but reversed way,

fibroglandular tissue located near the fibroglandular-fat

boundary had its intensity modified during the downsam-

pling and subsequently became categorized by FCM as fat,

which may have led to decreased fibroglandular tissue vol-

ume. However, since we could not find a systematic differ-

ence during visual inspection, the 5% difference could

easily come from differences in a small region on several

imaging slices.

In this study, the two imaging techniques, 2D spin-echo

versus 3D gradient echo, compared were quite different,

beyond just fat-suppression. The slice thicknesses were also

different. Even though our study has found that the measure-

ment of breast density made on MRI acquired using fat-

suppressed and nonfat-suppressed T1W images was small

(about 5% difference), it must be acknowledged that the find-

ings were specific to the type of MRI approaches described in

this study and may not be widely applicable without further

investigation. In particular, the effect of image artifacts (e.g.,

signal heterogeneity) due to the different surface RF coils

used in different medical institutions may potentially be one

of the major sources of measurement variation for breast den-

sity. Also, the type of fat suppression used in this study was

based on short TI inversion recovery (SPAIR), which is only

one of the several approaches, including spectrally selective

saturation pulses which would be expected to change the

results somewhat, especially with varying shimming. The

sample size used in this study was 38 cases, and further inves-

tigation in a larger cohort is required before any conclusion

can be made about the way to use the density parameters

measured on fat-suppressed and nonfat-suppressed imaging

sequences interchangeably. Given that there was no system-

atic difference that could explain the observed difference

between fat-suppressed and nonfat-suppressed images, or

between images of different spatial resolutions, it is prema-

ture to recommend a correction factor. Furthermore, we have

demonstrated that the difference may depend on the fibro-

glandular tissue distribution pattern and vary from case to

case. It would be informative to conduct a larger study and

determine whether the difference is also found in other exper-

imental settings and thus can be generalized or is specific and

applicable only to images analyzed in our study.

In summary, we have conducted a thorough study to com-

pare the measurement of breast volume, fibroglandular tissue

volume, and percent density based on fat-suppressed and

nonfat-suppressed images of the same women. The measure-

ment of breast density made using fat-suppressed and

nonfat-suppressed T1W images had about a 5% difference,

only slightly higher than the intraobserver variability of

3%–4%. For the future goal of developing an improved can-

cer risk prediction model by incorporating breast density, a

larger database is needed. This can only be achieved with

data from multiple sites after taking into account the impact

of pulse sequences and acquisition parameters on the meas-

ured breast density. The work presented in this study is

essential for integrating the breast densities analyzed from

multiple institutions using fat-suppressed and nonfat-
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suppressed sequences with different spatial resolutions for

combined analysis.
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