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Consistency of Breast Density Measured from the Same Women in Four Different MR Scanners

ABSTRACT

Purpose: To compare the breast volume (BV), fibroglandular tissue volume (FV) and percent density (PD) measured from breast MRI of the same women using four different MR scanners.

Methods: The study was performed in 34 healthy Asian volunteers using two 1.5T (GE and Siemens) and two 3T (GE and Philips) MR scanners. The BV, FV, and PD were measured on non-fat-suppressed T1-weighted images using a comprehensive computer algorithm-based segmentation method. The scanner-to-scanner measurement difference, and the Coefficient of Variation (CV) among the four scanners were calculated. The measurement variation between two density morphological patterns presenting as the central type and the intermingled type was separately analyzed and compared.
Results: All four scanners provided satisfactory image quality allowing for successful completion of the segmentation processes. The measured parameters between each pair of MR scanners were highly correlated, with R2 ≥ 0.95 for BV, R2 ≥ 0.99 for FV, and R2 ≥ 0.97 for PD in all comparisons. The mean percent differences between each pair of scanners were 5.9-7.8% for BV, 5.3-6.5% for FV, 4.3-7.3% for PD; with the overall CV of 5.8% for BV, 4.8% for FV, and 4.9% for PD. The variation of FV was smaller in the central type than in the intermingled type (p=0.04).
Conclusions: The results showed that the variation of FV and PD measured from 4 different MR scanners are around 5%, suggesting the parameters measured using different scanners can be used for a combined analysis in a multi-center study.
I. INTRODUCTION 

Many mammography studies have shown that mammographic density is a strong independent risk factor for development of breast cancer.1-3 Based on this evidence the Breast Cancer Preventive Collaboration Group has recommended that mammographic density should be considered in the risk prediction model4; however, so far it has not been incorporated into any commonly used models. One main issue that needs to be resolved is how to obtain reliable quantitative density measures. This is a very important research area currently under rigorous investigation in the breast density research community. Due to its two dimensional nature, mammographic density bears the intrinsic limitation of tissue overlapping, and cannot provide a true volumetric measure. Also, the measured density is susceptible to many sources of technical and positioning variations.5 Other methods that can measure quantitative breast density have been developed and evaluated; including volumetric measurements made based on 3D MRI.6-15 However, so far there have not been published results demonstrating the association between MRI-based density parameters and cancer risk. 

Currently, breast MRI is recommended to be performed at 1.5T. The current guideline from the American Cancer Society recommends screening MRI to be performed on women with a lifetime risk greater than 20%, thus only limited cases can be collected from a single site. For assessing the association between MRI-based density and cancer risk, a large dataset is required, and combining MRI from multiple centers is the only feasible way to achieve this goal. Because different scanners and different imaging protocols are used at different institutions, that will lead to intrinsic differences in the acquired image quality and influence the segmented density parameters. Thus, as the first step, whether or how the densities measured from different centers can be combined needs to be investigated. 

Although 3T MRI is able to provide images of higher signal-to-noise ratio and higher spatial resolution16, the higher field inhomogeneity may compromise the image quality.17-19 Nevertheless, due to the wide availability of 3T MRI scanners, many clinical breast MRI studies are also done at 3T. The purpose of this preliminary work is to compare the measurement consistency in breast volume (BV), fibroglandular tissue volume (FV) and percent density (PD) using 4 different scanners, two at 1.5T and two at 3T. The percent difference between the parameters measured by each pair of different scanners is calculated; also the overall variation among the 4 scanners was evaluated using the coefficient of variation. In addition, we also evaluated whether the amount of dense tissues and different breast density morphological types will affect the consistency of measurement. Based on the relative distribution pattern of fibroglandular tissue and fatty tissue, the breast is categorized as the central type (dense tissue inside surrounded by fatty tissue outside) or the intermingled type (with mixed dense tissue and fatty tissue), and the measurement variation between these two types was compared.

II. MATERIALS AND METHODS 

II.A. Subjects 

This study was approved by the Institutional Review Board and was HIPAA-compliant. All subjects provided written informed consent. Thirty-four healthy Asian female subjects (age 20-64, mean 35 y/o, 26 pre-menopausal and 8 post-menopausal) were recruited to receive non-contrast breast MRI studies at 4 different MR scanners, including GE Signa-HDx 1.5T and GE Signa-HDx 3T (GE Healthcare, Milwaukee, WI), Siemens Symphony 1.5T TIM (Siemens, Erlangen, Germany), and Philips Achieva 3.0T TX (Philips Medical Systems, Eindhoven, Netherlands). None of these 34 subjects had been diagnosed with histological-confirmed breast diseases. At the time of participation in this study they were all healthy without any breast related symptoms. The pre-menopausal subjects had regular menstrual cycles and were not pregnant at the time of this study. None was taking contraceptive pills. Three post-menopausal women had a history of taking hormonal replacement therapy due to post-menopausal syndromes, but the treatment was ceased long before (> 1 year) participating in this study. 

II.B. MR imaging studies

The 4 MR scans for each subject were performed at two different medical institutions in the same city, 6 miles apart, and were completed within 2 days to reduce the biological effect due to endogenous hormonal fluctuation. Prior to the study, the T1W imaging sequences for breast segmentation were tested with the assistance of clinical application scientists from each vendor to ensure the imaging quality was good enough for breast segmentation. The subjects were in prone position with arms beside the head in the GE 1.5T, GE 3T and Philips 3T studies, but positioned beside the body in the Siemens 1.5T study. 

In this study the MR scans were performed bilaterally in axial sections. Since the purpose of this study was to compare the results of breast segmentation, only the 2D fast spin echo (FSE) non-fat-suppressed (or, non-fat-sat) T1 weighted images were acquired and analyzed in all four scanners; and the imaging parameters selected might not be fully comparable with the current clinical MRI standard. For GE 1.5T scanner, an eight-channel breast coil was used, with TR/TE= 607/9 msec, slice thickness= 2mm, slice gap=0, phase-encoding R-L, bandwidth per pixel= 130 Hz, field of view (FOV)=380mm, number of signal average = 2, and imaging matrix= 256x192. For GE 3.0T scanner, an eight-channel breast coil was used, with TR/TE= 650/9 msec, slice thickness= 2mm, slice gap=0, phase encoding R-L, bandwidth per pixel= 217 Hz, FOV=380mm, number of signal average = 2, and imaging matrix= 256x192. For Philips 3.0T scanner, a sixteen-channel breast coil was used. The imaging parameters were: TR/TE= 645/9.0 msec, parallel imaging with SENSE factor = 2, slice thickness= 2mm, slice gap=0, phase encoding R-L, bandwidth per pixel= 174 Hz, FOV=330mm, number of signal average = 1, and imaging matrix= 328x384. For Siemens 1.5T scanner, a four-channel breast coil was used. The imaging parameters were: TR/TE= 650/9.8 msec, parallel imaging with SENSE factor = 2, slice thickness= 2mm, slice gap=0, phase encoding R-L, bandwidth per pixel= 181 Hz, FOV=330mm, number of signal average = 1, and imaging matrix= 330x384 (660x768 with interpolation). The imaging time of the four scanners was from 2 minutes 50 seconds to 4 minutes 8 seconds.
II.C. Breast and fibroglandular tissue segmentation

The breast and fibroglandular tissue segmentation was performed using a modified published method 14, 20 by a research assistant (CKC) with background of radiological technology and medical imaging and one year of experience in segmenting breast MR images. The four sets of T1W images of the same subject acquired using four different MR scanners were analyzed within two days, to ensure that the operator used the same body landmarks to segment the breast boundary and used the same standard to segment the fibroglandular tissue from the fatty tissue. The order of analysis among the four sets of images was randomly arranged from subject to subject. Before the segmentation, the operator viewed the whole axial T1W images dataset and determined the superior and inferior boundaries of the breast (the beginning and ending slices) by comparing the thickness of breast fat with the body fat. Non-breast subcutaneous fat on the chest typically displays homogenous thickness across the chest wall, and that was used to determine where the breast starts and ends. 
The breast segmentation procedures consisted of: 1) Perform an initial horizontal line cut to exclude thoracic region. Depending on the morphology of the breast, a horizontal line was drawn along the posterior margin of each individual subject’s sternum. If some fibroglandular tissues were chopped off, the horizontal line was lowered, up to 35 millimeters posterior from the original sternum landmark. This was to ensure that the breast region analyzed from the four scanners was consistent, and that the entire fibroglandular tissue was contained within the segmented breast. 2) Apply Fuzzy-C-Means (FCM) clustering21 and b-spline curve fitting 22to obtain the breast-chest boundary. In this step, the operator checked each slice and determined if the pectoralis muscle has been removed adequately. If not, the operator had to modify the boundary manually. 3) A novel method based on nonparametric nonuniformity normalization (N3) and adaptive FCM algorithm20 was used to remove the strong intensity non-uniformity and correct the bias field for segmentation of fibroglandular tissue and fatty tissue. The N3 algorithm is a fully automatic histogram-based method, and is a popular correction method widely used in the literature.23 The N3 algorithm is able to reduce the bias field while avoiding the problem of generating erroneous contrast. 4) Apply dynamic searching to exclude the skin along the breast boundary. 5) The standard FCM algorithm is applied to classify all pixels on the image. The default setting is to use a total of 6 clusters, 3 for fibroglandular tissue and 3 for fatty tissues. After completing the process, the dense tissue ROI is mapped onto the original MRI and the operator went through the images slice by slice to inspect the segmentation quality by comparing the segmented images with the original non-segmented images. If the quality analyzed using this setting is not satisfactory, the operator can choose to use a different cluster number, typically by decreasing the total cluster number from 6 to 5, with 2 or 3 clusters as the dense tissue. Figures 1 to 3 show fibroglandular tissue segmentation in three subjects. 

Finally, after completing the segmentation and verification processes, a vertical line between the breasts perpendicular to the sternum was drawn to separate the left and the right breasts. Then, the quantitative BV, FV, and PD which was calculated as the ratio of FV over BV x100%, were obtained. The processing time to analyze the whole set of images for both breasts of a subject, including the corrections, can be completed in 45 minutes. 

II.D. Classification of morphological pattern into the central type and the intermingled type

The MR breast morphology was determined by an experienced radiologist (JHC) based on the definition used in a previous study.24  Briefly, when the fibroglandular tissue of the breast was centrally located and was well-surrounded by the fatty tissue, the breast was defined as a central type breast (Figure 2 and Figure 3). On the contrary, when the fibroglandular tissue and the fatty tissue were mixed together in the whole breast, it was defined as the intermingled breast morphology (Figure 1). Of the 34 subjects, 17 were central type, and 17 were intermingled breast morphology; therefore, there were a total of 34 central type breasts and 34 intermingled type breasts.

II.E. Statistical methods

The statistical analyses were performed using 68 breasts from 34 subjects. First, the parameters measured between each pair of MR scanners were compared. A total of 6 comparisons were made: namely GE 1.5T vs. GE 3.0T, GE 1.5T vs. Philips 3.0T, GE 1.5T vs. Siemens 1.5T, GE 3.0T vs. Philips 3.0T, GE 3.0T vs. Siemens 1.5T, Philips 3.0T vs. Siemens 1.5T. In each paired comparison, the Pearson’s correlation was used to evaluate the overall correlation from all 68 breasts.  To evaluate the level of uncertainty of the correlation between pairs of MR systems, we further analyzed the confidence interval of the correlation using the statistical analysis function (Matlab, version 7.11.0).  The data was fitted by finding the coefficient of a polynomial of degree 1 in the least square sense.  The norm of residuals was the sum of the squares of the differences between the predicted values and the actual values, which represented the level of correlation, the smaller number the closer correlation.

For each breast, the absolute difference in the measured parameters from two scanners was calculated, and the percent difference was calculated as the absolute difference over their mean value (x 100%).  The mean±stdev, as well as the range, of the difference calculated from all 68 breasts was evaluated.  In addition, the overall consistency of the measured parameters among the four scanners was compared based on the coefficient of variation (CV), defined as the standard deviation from the four measurements divided by their mean value (x100%). A higher CV indicated a larger measurement variation. The CV measured in the central type and the intermingled type breast was compared using the two-tailed student t test, using p < 0.05 as the significance level. Lastly, in order to evaluate the relationship between the measurement variation with the amount of density, the 68 breasts were separated into 4 quartiles based on their FV values, 17 breasts in each quartile group, and the measurement CV between them was compared.

III. RESULTS

III.A. Measurement variation between each pair of four MR scanners

All four scanners provided satisfactory image quality for successfully completing the segmentation processes. Contrast between the fibroglandular tissue and the fatty tissue is high, as demonstrated in Figures 1 to 3. Table 1 shows the mean value of BV, FV, and PD calculated from 68 breasts using each scanner. Figures 4 to 6 show the correlation of BV, FV, and PD between each pair of two MR scanners, with R2 = 0.99 in all 6 comparisons for FV. For BV, the R2 in 6 comparisons are 0.95, 0.96, 0.97, 0.98, 0.98, 0.99, which shows that the correlation was worse than that for FV. The result indicates that there is a higher variation in the segmentation of breast from the body; but as long as the fibroglandular tissue is fully contained within the segmented breast, the measurement of FV is consistent. Figure 7 shows the level of uncertainty in each pair of comparison for PD. It was obvious that the correlation was better between any pair of 1.5T GE, 3.0T GE, and 3.0T Philips (all norm residuals numbers <13) than when Siemens was compared with any one of the three other MR scanners (norm residuals > 16). The scanner-to-scanner paired t-test, however, did not show any significant difference for any analyzed parameter. Table 2 shows the mean value and the range of the absolute difference in the measured BV, FV, and PD, as well as the mean percent difference for each paired comparison. The mean percent differences in the 6 paired comparisons ranged from 5.9-7.8% for BV, 5.3-6.5% for FV, 4.3-7.3% for PD. The ranges were comparable in all 6 paired comparisons, and there was not a systematic difference from any particular scanner(s).
III.B. Coefficient of variation in all breasts and the central and intermingled morphological types

The overall measurement variation from 4 scanners is evaluated using the coefficient of variation (CV), listed in Table 3. The CV was higher for BV (5.8%) than that for FV (4.8%) or PD (4.9%). Among the 68 analyzed breasts, CV higher than 10% was found in BV of 5 breasts, but only in FV of 2 breasts and PD of one breast. In central vs. intermingled type comparison, the mean CV for measurement of FV was 4.2% for the central type, which was significantly lower compared to 5.5% for the intermingled type (p=0.04). The mean CV for BV was 5.5% for the central type and 6.1% for the intermingled type, not significantly different (p=0.3). The mean CV for PD was 4.7% for the central type and 5.1% for the intermingled type, not significant either (p=0.3). 

III.C. Coefficient of variation in four quartile groups based on FV values

The 68 breasts were separated into 4 quartiles based on their FV values, with 17 breasts in each group. The mean value and the range of FV were: 48.2 (28.9~59.9) cm3 in the first quartile; 66.9 (60.4~75.7) cm3 in the second quartile; 110.7 (78.4~144.9) cm3 in the third quartile; and 234.9 (145.8~368) cm3 in the 4th quartile. The coefficient of variation for FV was 2.9% in the 4th quartile group, which was significant smaller compared to the 5.5% in the first quartile (p=0.001), 5.0% in the second quartile (p=0.008), and 5.0% in the third quartile (p=0.005). The smaller CV in the 4th quartile was due to their much higher mean FV value, so the results did not suggest an obvious trend of measurement variation related to different amount of fibroglandular tissues.

IV. DISCUSSION

Quantitative 3D MR-based analysis of breast density can potentially provide an imaging biomarker for assessing cancer risk or predicting therapeutic efficacy of hormonal treatments. MRI provides detailed 3D distribution of fibroglandular tissue not subject to the tissue-overlapping problem as in mammography, and thus is suitable for volumetric measurements. We have developed a comprehensive computer algorithm-based segmentation method for quantitative analysis of whole BV and FV on 3D MRI14, 20, which has shown both intra- and inter-operator variation smaller than 5%. The method has been applied to study the age- and race-related differences 25, as well as the change in patients receiving chemotherapy 26 and tamoxifen.27 The variation coming from the operator(s) is one major concern, which can be solved by minimizing the interventions that need to be provided by the operator. During the past several years we have been continuing to improve the robustness of method by standardizing the processes. For segmentation of the breast, using easily recognizable body landmarks such as sternum can minimize the judgment call from different operators. For the segmentation of fibroglandular tissue, one important step is to implement a powerful bias field correction method that can work in a large imaging field, and we have shown that the N3+FCM and the coherent local intensity clustering (CLIC) algorithm both worked very well.20 Then, within a homogeneous intensity field, it is possible to fix the number of FCM clusters used for segmentation of fibroglandular tissue. We have evaluated several different combinations, and decided to choose a total of 6 clusters as the default setting, 3 for fibroglandular and 3 for fatty tissues. Before MRI-based breast density can be used as a reliable imaging biomarker, it is necessary to thoroughly evaluate the dependence of the measured parameters on possible biological and technical factors. In addition to evaluating operator variations, we have recently reported the biological fluctuation of the measured density associated with the change of endogenous hormone during a menstrual cycle.28  In another study we investigated the variation of parameters analyzed based on fat-sat and non-fat-sat images.29 
In the present study, we set out to investigate another very important technical factor that may affect the measured density parameter- the use of different MR scanners. This is particularly important for combining data obtained from different performance sites that use different MR scanners. In order to facilitate such a multi-center study, the consistency of data measured from different sites should be verified.30 The optimal design is to have the same subject receive repeated examinations using different scanners. The Alzheimer's Disease NeuroImaging Initiative (ADNI) 31-33 has diligently arranged “traveling volunteers” to receive brain MRI using optimized imaging protocol across all sites.33  Similarly, in this study we recruited 34 healthy women to receive breast MRI study using four different MR scanners located at two near-by medical institutions in the same city. In order to minimize the biological variations such as that coming from the endogenous hormone, the four studies were completed within two days.

We chose to use four scanners from three major manufacturers, GE 1.5T and GE 3.0T, Siemens 1.5T, and Philips 3.0T. These scanners were equipped with the state-of-the-art breast coil and imaging sequences. The non-fat-sat T1-weighted images acquired using Fast Spin Echo (FSE) pulse sequence were used for the analysis. This sequence was chosen because of the high image quality and a good tissue contrast between the fibroglandular tissue and the fatty tissue. The quality of MR images depends on the homogeneity of the B0 field, the B1 transmit field of the body RF coil, and the receiver profile of the surface breast coil. 3T MR offers a higher signal-to-noise ratio than 1.5T 34, but it comes with technical problems that may offset the benefits. B0 field is usually homogeneous in most magnets and does not contribute much to signal variations on T1 FSE images without fat-sat. B1 field may lead to spatial variations of the delivered radiofrequency pulses (or, non-uniform flip angle) in a large FOV, which then affects signal intensity.35 The variation of the B1 transmission is higher at 3T compared to 1.5T. Compared with the B0 field strengths and inhomogeneity and the B1 transmission inhomogeneity, the different receiver surface breast coil is probably the biggest source of variations. The types of coils, manufacturers, models, and number of elements will affect the quality of breast MR images. The strong bias field presents a difficulty for thresholding- or clustering-based segmentation approaches. Although we have shown that our N3+FCM method20 worked well, sometimes a local contrast adjustment is still needed, and there is room for further improvements. Along the same line of research, Kruggel et al. reported the difference in the segmented gray matter and white matter in a large ADNI brain MRI dataset acquired using 17 different MR scanner models from all three major manufacturers.36  Despite the standardized protocol, differences across scanners were considerable. It was concluded that two most likely factors contributing to the different segmentation results are scanner-dependent geometrical inaccuracies and differences in the tissue contrast.36
In this study, the pulse sequences were tested with the assistance of clinical application scientists from each vendor to ensure satisfactory imaging quality prior to the MR examinations. The measurement variation (CV) of BV, FV, and PD among the four different scanners was 5.8%, 4.8% and 4.9% respectively, which fell in the range of operator variation and positional difference of approximately 5% using the same scanner.14  
For measurement of BV, we used the sternum as the body landmark for determining the posterior boundary of the breast. Although this was easily identifiable, some fibroglandular tissue extending into the axilla might be chopped off. This problem was commonly encountered in our cohort of Asian women who have relatively dense breasts. If this happened, the operator needed to lower the horizontal cutting line 5-35mm posterior to the sternum to ensure that all fibroglandular tissue was included in the segmented breast. When a shift was used, the same shift was used in the analyses of this subject’s 4 datasets, so the same criteria were applied. Ensuring that all fibroglandular tissue was contained within the segmented breast helped in minimizing the measurement variation of FV and PD (CV from 4 scanners 4.8% and 4.9%, respectively). The CV for BV (5.8%) was slightly higher compared to FV and PD. Also, among the 68 analyzed breasts, CV higher than 10% was found in BV of 5 breasts but only occurred in FV of 2 breasts and PD of one breast. A higher variation in BV was likely due to the uncertainty in the determination of the beginning and ending slices. This may change with different body and arm positioning, and thus cannot be fixed. Since the breast tissue in the starting and ending slices is mainly fatty tissue, this uncertainty will not affect the measurement of FV as much. In the 5 breasts showing CV of BV higher than 10%, it was mainly because the BV measured by one scanner was much different compared to the other three scanners. In the case shown in Figure 3, the BV of both breasts measured by GE 3.0T was smaller compared to the others, and in another subject the BV of both breasts measured by Siemens 1.5T was much smaller. However, the difference was not consistently coming from one particular scanner, thus there was not a noticeable systematic difference in the measurement of BV. For the correlation of PD between each pair of MR scanners, the level of uncertainty became more obvious when the Siemens scanner was compared with any one of the three other scanners (Figure 7). It was postulated that the difference of arm position (arms beside the head in the GE 1.5T, GE 3T and Philips 3T studies, but arms beside the body in the Siemens 1.5T study) may partially account for the results.

The variation in the measurement of FV was more likely coming from the different tissue contrast and the partial volume effect, which was associated with the density morphological types and the spatial resolution. In this study, the spatial resolution along the read-out direction of the Philips 3.0T and Siemens 1.5T (acquisition matrix 328x384 and 330x384) was higher than that of the GE 1.5T and GE 3.0T (acquisition matrix 256x192), but we did not observe systematic differences in the measured parameters between these scanners. We further investigated whether different breast morphologies would affect the measurement consistency, and found that the central type breast tended to have more consistent measurement of the FV than the intermingled type (p=0.04). As seen in the three case examples shown in Figures 1 to 3, the partial volume effect is clearly noted in the intermingled type; and in contrast, the signal intensity is more homogeneous in the central type. Nonetheless, the measurement variation for the intermingled type can be managed well by using a consistent FCM clustering method, as seen in the case shown in Figure 1 that has the overall measurement CV of 5.6% for BV, 4.6% for FV, and 4.6% for PD. We also evaluated the variation in breasts with different amount of fibroglandular tissues. A lower CV was found in the 4th quartile group with the highest FV volume, which was very likely coming from its high mean value that makes the CV small. Therefore, we did not observe a trend of measurement variation with respect to the amount of fibroglandular tissues. We have inspected the results from all 68 breasts using 4 scanners, and as the results shown in Table 2, the ranges of CV in all 6 paired comparisons were comparable, and there was not a systematic trend related to a specific scanner that could explain the high variations observed in some subjects. Therefore, the degree of variations presented in this study is very likely representing the natural variations coming from both the technical and the biological sources that will be encountered in a typical breast MRI study.

This study had several limitations. The sample size was small. The subjects were Asian women with small and dense breasts, thus the results may not be generalized to other populations. Specifically, for women who have very fatty breasts with only scarce fibroglandular tissue, the measurement of FV may be more severely affected by the partial volume effect, and the percent variation will be higher due to the small denominator. Unfortunately in this study we did not include women with very fatty breast to investigate its effect. We only had 8 post-menopausal women, and they still had relatively dense breasts. Variations of the different scanners, including the scanners per se, the sequences/scan parameters used, and the gradient non-linearity, can directly affect the quality of the breast segmentation. The variation of matrix choices among scanners in this study might introduce some unnecessary variation in segmented volume results. For the 2 GE scanners, with a FOV of 38cm and 256 x 192 matrix, the spatial resolution is less than that clinically acceptable for ACR Breast MRI Accreditation. Our previous study29, with a matrix size of 480x480mm and FOV=31–38 cm, however, has shown that FV measured on downsampled images (240x240) only showed a small (<5%) difference.

CONCLUSION

The results from this pilot study show that when a well-developed segmentation method is used, consistent density parameters from the same women can be obtained from images acquired using different MR scanners. It was found that the overall variation was around 5% for the measurements of FV and PD, suggesting that breast density data analyzed from different scanners in multiple centers may be used for a combined analysis. 
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TABLES
Table 1. Mean Value of BV, FV, and PD from 68 breasts Measured by Four MR Scanners

GE1.5T
 GE3.0T
Philips3.0T
 Siemens1.5T

Breast Volume (cm3)


495±253
517±276
  528±263
    505±257 

Fibroglandular Volume (cm3)
114±80
115±80
  117±82
     115±81
Percent Density (%)


24.9±13.1
24.5±13.1
  24.1±12.4
    24.7±12.9

Table 2. Measurement Difference between Each Pair of Two Different MR Scanners

    GE1.5 vs.
GE1.5 vs.
GE1.5 vs.
GE3.0 vs.
GE3.0 vs.
Philips3.0 vs.

    GE3.0 
Philips3.0 
Siemens1.5 
Philips3.0 
Siemens1.5 
Siemens1.5

Breast Volume (cm3)
(cm3), Mean±Std
    34±36
38±28

37±37

27±25

41±47

38±35

(cm3), Range

    0.1~206
0.1~135
0.6~197
0.3~108
0.5~245
1.3~186

Mean % difference
    6.2% 
7.8% 

7.4%

5.9%

7.8%

7.4%

Fibroglandular 
Volume (cm3)
(cm3), Mean±Std
    4.7 ± 4.5
5.7 ± 4.8
5.9 ± 5.7
5.3 ± 5.0
5.5 ± 4.6
6.2 ± 5.8

(cm3), Range

    0.1~25
0.3~22

0.5~29

0.1~22

0.1~20

0.1~26

Mean % difference
    5.4%

5.7%

6.1%

5.3%

6.5%

5.9%

Percent Density (%)
(%), Mean±Std
    1.0 ± 0.9
1.4 ± 1.2
1.6 ± 1.3
1.3 ± 1.2
1.6 ± 1.3
1.6 ± 1.3

(%), Range

    0.9 ~ 3.8
1.2 ~ 6.6
1.3 ~ 5.0
1.2 ~ 5.7
1.3 ~ 6.7
1.3 ~ 5.5

Mean % difference
    4.3% 
5.9%

6.5%

5.8%

7.3%

6.4%

Table 3. The CV from 4 Scanners in All Breasts, and the Central and Intermingled Types
BV


FV


PD
All Breasts (N=68) 

       Mean CV


5.8%


4.8%


4.9%

       Range of CV

1.8~15.2%

1.2~13.3%

1.6~11.1%

Central Type (N=34)

       Mean CV


5.5%


4.2%


4.7%

       Range of CV

1.8~12.8%

1.2~13.3%

1.6~11.1%
Intermingled Type (N=34)

       Mean CV


6.1%


5.5%


5.1%

       Range of CV

2.3~15.2%

1.7~9.6%

2.2~10.4%

FIGURE CAPTIONS 

Figure 1. A 55 y/o woman with the intermingled morphological type. Left column: original images; Right column: segmented images; images from top to bottom in each column were acquired from GE1.5T, GE3.0T, Philips3.0T, and Siemens1.5T, respectively. The breast volume (BV) was 785, 900, 840, and 853 cm3; the fibroglandular tissue volume (FV) was 57.0, 63.1, 62.5, and 61.8 cm3; and the percent density (PD) was 7.3%, 7.0%, 7.4% and 7.3% for GE1.5T, GE3.0T, Philips3.0T, and Siemens1.5T, respectively. The overall coefficient of variation measured from 4 scanners was 5.6% for BV, 4.6% for FV, and 4.6% for PD.  

Figure 2. A 25 y/o woman with the central morphological type. Left column: original images; Right column: segmented images; images from top to bottom in each column were acquired from GE1.5T, GE3.0T, Philips3.0T, and Siemens1.5T, respectively. The breast volume (BV) was 328, 362, 390, and 366 cm3; the fibroglandular tissue volume (FV) was 148.8, 160.2, 160.5, and 158.5 cm3; and the percent density (PD) was 45.4%, 44.2%, 41.1%, and 43.3% for GE1.5T, GE3.0T, Philips3.0T, and Siemens1.5T, respectively. The overall coefficient of variation measured from 4 scanners was 7.1% for BV, 3.5% for FV, and 4.2% for PD.
Figure 3. A 28 y/o woman with the central morphological type. Left column: original images; Right column: segmented images; Images from top to bottom in each column were acquired from GE1.5T, GE3.0T, Philips3.0T, and Siemens1.5T, respectively. The breast volume (BV) was 261, 203, 275, and 261 cm3; the fibroglandular tissue volume (FV) was 65.5, 50.8, 66.5, and 69.7 cm3; and the percent density (PD) was 25.1%, 25.0%, 24.1%, and 26.7% for GE1.5T, GE3.0T, Philips3.0T, and Siemens1.5T, respectively. The overall coefficient of variation measured from 4 scanners was 12.8% for BV, 13.3% for FV, and 4.3% for PD. The measurement CV for BV and FV of this breast is the highest among all central type cases. The high CV is caused by the much smaller BV and FV measured using the GE 3.0T scanner; however, because both the BV and the FV are smaller, the calculated PD is similar to the PD measured by the other three scanners. 
Figure 4. The correlation of breast volume (BV) measured using each pair of different MR scanners. The BV of several subjects measured by the Siemens 1.5T scanner is smaller compared to others, so in general the paired comparison with Siemens 1.5T has a lower R2 (0.95, 0.96, and 0.97) compared to the values in the other three comparisons (0.98, 0.98, and 0.99).

Figure 5. The correlation of fibroglandular tissue volume (FV) measured using each pair of different MR scanners. The measured FV is highly correlated, with R2 = 0.99 in all 6 comparisons.
Figure 6. The correlation of percent density (PD) measured using each pair of different MR scanners. R2 ranged from 0.97 to 0.99.  
Figure 7. The level of uncertainty in each pair of comparison for PD. The region between the green dash lines contains 95% of the data.  A high correlation was noted between any pair of 1.5T GE, 3.0T GE, and 3.0T Philips (all norm residuals numbers <13). When Siemens was compared with any one of the three other MR scanners, the level of uncertainty becomes bigger (norm residuals > 16).
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