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Foreword

The healthcare business of Fujifilm is striving to further enhance the quality of life of people 
worldwide by leveraging the group’s extensive range of products, service and technology 
accumulated to date as a comprehensive healthcare company encompassing wide-ranging 
business relating to people’s health, from diagnosis, treatment and prevention. 

The starting point of the business of the “diagnosis” field goes back to the launch of “X-ray film” 
in 1936 soon after the company foundation. Ever since, the company continues to expand the 
domain of “diagnosis” with medical equipment including digital X-ray diagnostic imaging system 
“FCR”, “FUJIFILM DR”, endoscope system, in-vitro diagnostic system and ultrasound diagnostic 
equipment as well as “SYNAPSE” the medical-use picture archiving and communications 
systems (PACS)” and radioactive diagnostic agent. 

To make a leap forward in the “treatment” field, we acquired Toyama Chemical Co., Ltd., a drug 
developing company with strength in infectious disease and anti-inflammation in 2008 and made 
a full-scale entry into the treatment field.

  
In the “diagnosis” field, Fujifilm released FCR5000M, a digital X-ray diagnostic imaging system 

(mammography devices) for breast cancer screening in 2000. Breast cancer is the number one 
cancer of women but is a disease that can be cured with high probability with early detection. 
Various types of diagnostic equipment have been developed for breast cancer examination, but it 
is only the mammography system that has proved to reduce the death rate through screening. Our 
company is continuing to add new proprietary technology to the breast X-ray diagnosis system 
to realize high-resolution and minimally invasive screening. We have been putting special effort 
in the development of mammography in the overall medical systems business as we aspire to 
contribute to the society with early detection of breast cancer.

Fujifilm released its first DR type digital mammography system “AMULET” in October 2008, 
“AMULET f/s” in 2011 and “AMULET Innovality” in 2013. To commemorate the AMULET series 
achieving accumulated sales of over 4000 units, the 63rd issue of FUJIFILM RESEARCH & 
DEVELOPMENT will be featuring “AMULET Innovality.”

The mammography system of our company combines material synthesis technology, image 
generation technology and image processing technology at the most advanced level. The 
tomosynthesis function which significantly improved the acquiring ability of images of  tumors 
or other lesion is a function achieved from our proprietary image technology. This issue covers 
the clinical effect and associated technology of the tomosynthesis function.

Ever since our company first digitalized the X-ray image in the world, we have been pursuing 
technology that can only be made possible by digitalization. We will continue to address the 
changes in the market with agility and utilize AI and ICT technology for our product portfolio in 
the mammography field to continuously develop and create new value to protect the daily happiness 
and wellbeing of all women and their beloved ones. 

Teiichi Goto
Director, Senior Vice President
FUJIFILM Corporation



Preface

This special issue, No.63, 2019, features mammography. Mammography is a breast-specific 
X-ray, and is one of the most successful diagnostic imaging methods, that is essential for early 
detection of breast cancer.

In this issue, the highlight is the technology behind the digital mammography system - AMULET  
Innovality, ASPIRE Cristalle is the trade name of AMULET Innovality in the United States (product 
name FDR MS-3500) - developed by Fujifilm, that achieved both a good breast cancer diagnostic 
and clinical performance.

Following the latest report on breast cancer diagnostic performances, we asked Dr. Endo, 
the director of the Japan Central Organization on Quality Assurance of Breast Cancer 
Screening, to write an article which is titled, Comparison of Diagnostic Performance of Low 
Dose Tomosynthesis plus Synthesized Mammography versus Digital Mammography. The article 
discusses the combinational diagnostic performance of a tomographic image and synthetic 2D 
image. The tomographic image obtained by tomosynthesis to find obscure lesions hidden in the 
mammary gland, that are difficult to diagnose with conventional 2D mammography. The synthetic 
2D image generated from tomosynthesis with a reduced radiation dose. 

The feature of the issue is then introduced, AMULET Innovality in Development of Digital 
Mammography System “AMULET Innovality” for Examining Breast Cancer (FUJIFILM 
RESEARCH & DEVELOPMENT No. 59).

A technical description of AMULET Innovality’s X-ray detector, which is particularly 
important in digital mammography systems, is introduced, consisting of A newly developed 
a-Se mammography flat panel detector with high-sensitivity and low image artifact (Proceeding 
of SPIE, Medical Imaging 2013: Physics of Medical Imaging, 8668, 86685V).

In addition, to the feature on AMULET Innovality’s Dual-mode tomosynthesis, we also provide 
their technical explanation in the article, Fujifilm’s Innovative Mammography “AMULET Innovality” 
Provides Optimal Tomosynthesis-Imaging for Diagnosis and Screening (FUJIFILM RESEARCH 
& DEVELOPMENT No.62), and the systems clinical efficacy in Detectability comparison of 
modes in dual-mode digital breast tomosynthesis (Breast Cancer. 2017 May;24(3):442-450).

Lastly, the reconstruction techniques that are applied to the super-resolution, and iterative 
methods, all of which are features of the AMULET Innovality tomosynthesis images, are 
introduced in Improved Tomosynthesis Reconstruction using Super-resolution and Iterative 
Techniques (FUJIFILM RESEARCH & DEVELOPMENT  No. 61), and the clinical efficacy of 
this reconstruction technology is discussed in Diagnostic performance of digital breast tomosyn-
thesis and full-field digital mammography with new reconstruction and new processing for dose 
reduction (Breast Cancer. 2018 Mar; 25(2):159-166).

We hope that this issue will give you an insight into the clinical efficacy of mammography and 
an understanding of the AMULET Innovality system.
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AIM: To compare diagnostic performance of reduced-dose digital breast tomosynthesis plus synthesized mammography 
versus full-field digital mammography.

MATERIALS AND METHODS: Two hundred ninety-nine participants were recruited from April 2014 to July 2015 
consecutively. One hundred fifty women were imaged with digital breast tomosynthesis at 90% dose setting of full-field 
digital mammography and 149 women were imaged with digital breast tomosynthesis at 75% dose setting of full-field 
digital mammography. Images of 54 and 50 women were used for this study. digital breast tomosynthesis at 90% were 
reconstructed by a filtered back projection and digital breast tomosynthesis at 75% were reconstructed by an iterative 
method. Eight radiologists provided Japanese categorizations and probability of malignancy independently. Diagnostic 
performance was assessed by comparing sensitivity, specificity and area under the receiver operating characteristic 
curve. Two-sided P values were calculated.

RESULTS: Diagnostic performance of digital breast tomosynthesis plus synthesized mammography versus full-field digital 
mammography was not significantly different in either 90% or 75% dose of full-field digital mammography (area under the 
receiver operating characteristic curve 83.6% vs. 86.7%, P=0.185, 95% confidence Interval -0.078, 0.018 and 90.2% vs. 88.7%, 
P=0.167, 95% confidence Interval -0.008, 0.038).

CONCLUSION: In this enriched study population, diagnostic performance of digital breast tomosynthesis, whether 
reconstructed either by a filtered back projection or an iterative method, plus synthesized mammography at lower-dose than 
full-field digital mammography was not inferior to full-field digital mammography.
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1.  Introduction
The usefulness of digital breast tomosynthesis (DBT) for 

both diagnosis and screening has been reported 1-8). The main 
feature of DBT is the addition of depth information which 
makes breast anatomy and findings easier to understand 
and identify compared to full-field digital mammography 
(FFDM). However, FFDM is superior to DBT in that DBT 
may not image microcalcifications as well and maintaining 
the availability of the established gold standard, FFDM, may 
provide a safety margin. For this reason, DBT has been added 
in combination with FFDM.

Synthesized mammography (SM), which produces pro-
jection-like two-dimensional images from the information 
acquired during a DBT acquisition, has been developed. 
Hence, the need for adding FFDM in addition to DBT could 
potentially be eliminated if the satisfactory diagnostic 
performance of SM could be demonstrated.

According to Skaane et al. 9), the radiation exposure in 
DBT is about 23% higher than in FFDM, and furthermore 
when DBT is combined with FFDM, the radiation exposure 
is increased to more than double 9-12). The problem to be 
solved for dose reduction with DBT is to improve the quality 
of DBT. The recent progress in image processing is re-
markable. Iterative reconstruction algorithms depicting the 
shape of the microcalcifications more clearly have been 
developed 13-16). We explored using iterative reconstruction 
algorithms to allow lowering the dose of DBT.

The purpose of this study was to compare the diagnostic 
performance of reduced-dose DBT, reconstructed with an 
iterative method, plus SM versus FFDM.

2.  Materials and methods
An institutional review board approved this study and 

written informed consent was provided by all participants.

2.1 Study population
Two hundred ninety-nine women (mean age, 54.7; range, 

30-86) presenting for screening or diagnostic mammography 
from April 2014 through July 2015 were enrolled consecu-
tively in this study. Women with previous mastectomy and 
with breast size not fitting the detector size (24 × 30 cm2) 
were not enrolled. All women were imaged with both DBT 
and FFDM: 150 women with a DBT dose setting of 90% 
that of FFDM (DBT90) and 149 women with a DBT dose 
setting of 75% that of FFDM (DBT75). All cases had 
complete imaging data sets and passed quality control 
review (optical density, contrast, graininess, sharpness, 
artefact and positioning) and were eligible for analysis; no 
cases were excluded. All eligible cases with documented 
malignancy were included in this study (42 women in the 
cohort of DBT90 and 47 in the cohort of DBT75). Noncancer 

cases were selected randomly from the eligible cases. The 
number of cases was chosen by power analysis, making the 
number of cancer and noncancer approximately the same, 
and considering reading fatigue of the reader. The resulting 
number of cases was 108 (mean age, 51; range, 30-85) for 
the cohort of DBT90 and 100 (mean age, 58; range, 37-86) 
for the cohort of DBT75.

2.2 Image acquisition protocol
We imaged craniocaudal and mediolateral oblique pro-

jections of both breasts of participants with DBT and 
FFDM with a commercially available system (AMULET 
InnovalityTM; FUJIFILM, Tokyo, Japan). DBT and FFDM 
images were acquired in a single compression, and conse-
quently with the same positioning.

In DBT, 15 projection images were acquired over 15 
degrees’ tube motion and reconstructed with 1 mm thick 
slices. The anode/filter combination and kVp for DBT and 
FFDM and the total mAs of FFDM exposure were defined 
as a function of compressed breast thickness. The exposure 
setting for FFDM was H-mode in AMULET Innovality. 
The average glandular dose (AGD) to the standard breast 
as defined in European guidelines for quality assurance in 
breast cancer screening and diagnosis fourth edition17) was 
1.5mGy. The total mAs of DBT was set in accordance with 
the study design; DBT90 and DBT75.

The DBT images acquired at DBT90 and DBT75 were 
reconstructed by filtered back projection18) and an iterative 
method13,15), respectively. In addition, to investigate the 
further possibility of reducing dose, DBT images at a DBT 
dose setting of 55% that of FFDM (DBT55) with the iterative 
method were created by using 11 of the 15 projection images 
of DBT at DBT75.

2.3 Image interpretation protocol
Eight radiologists with 2-3 years of experience in DBT 

interpretation and 7-33 (mean, 19) years of experience in 
mammographic interpretation and who currently interpret 
DBT and FFDM in clinical practice interpreted the images 
in this study.

Readers first scored FFDM, then they scored DBT plus 
SM of the same case after more than 30 days of wash-out. 
Readers were blinded as to which image of DBT was DBT90, 
DBT75 or DBT55 during this assessment. Readers interpreted 
all cases independently. The readers provided a Japanese 
categorization19) score of 1, 2, 3-1, 3-2, 4, or 5, adapted 
from a forced Breast Imaging Reporting and Data System 
(BI-RADS®) categorization20), with the following categories: 
1, negative; 2, benign; 3, probably benign; 4, suspicious; and 
5, highly suggestive of malignancy. Score of 3-1 is probably 
benign and 3-2 is benign, but malignancy can’t be ruled out. 
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The Japanese categorization is used for daily practice widely 
in Japan. Readers also provided a probability of malignancy 
score ranging from 0%-100% for each case.

2.4 Data analysis
Cases with biopsy-proven malignant disease results were 

considered positive. Cases with concordant benign biopsy 
results and women not undergoing biopsy with no evidence 
of breast malignancy after one year of clinical follow-up 
were considered negative. Details of cases were provided 
by the hospital where the breast physicians made their 
final assessments based on the results of interviews, clinical 

breast examination, mammography, ultrasonography, MRI, 
and biopsy if needed.

Japanese categorization scores were used to calculate 
diagnostic sensitivity and specificity. Probability of malig-
nancy scores were used to calculate area under the receiver 
operating characteristic curve (AUC). AUC was measured 
by using multiple-reader multiple-case receiver operating 
characteristic analysis.

The study was prospectively designed to test the null 
hypotheses of inferior sensitivity, specificity and AUC 
for DBT plus SM vs. FFDM. Diagnostic sensitivity and 
specificity were compared using a Japanese categorization 

Table 1　Details of cases for each cohort
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score of 3-2, 4 or 5 considered as positive and 1, 2, or 3-1 as 
negative. The paired t-test was used for comparisons across 
all readers’ scores. Two-sided P values were calculated using 
R statistical analysis software, version 3.1.2 (The R Foun-
dation for Statistical Computing; Vienna, Austria; URL: 
https://www.R-project.org/); P < 0.05 was considered to 
indicate a significant difference.

3.  Results
3.1 Cancer and Other Cases

Total number of cancer cases was 89.
Of the malignant cases, 6 and 8 cases for the DBT cohorts 

at DBT90 and DBT75, respectively were ductal carcinoma 

in situ alone and a case at DBT75 was lobular carcinoma 
in situ alone; the remainder were invasive or combined 
invasive and in situ cancers. For invasive cancers the median 
size was 15 mm for both DBT at DBT90 (n= 36) and 
DBT75 (n= 38), respectively. Table 1 shows the details of 
cases used for this study.

 
3.2 AGD

The AGD of FFDM for a single mammographic view for 
DBT cohort at DBT90 and DBT75 was 1.67 mGy (mean) ± 
0.49 (standard deviation) (range, 0.71-3.51) and 1.72 mGy ± 
0.48 (0.65-4.16), respectively. The AGD of DBT for a single 
mammographic view for DBT cohort at DBT90 and DBT75 

Table 2　Radiologist experience and diagnostic performance for radiologists in the cohort of DBT at 90% dose of FFDM

Table 3　Diagnostic performance for radiologists in the cohorts of DBT at 75% and 55% dose of FFDM
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Fig. 1　Mediolateral oblique view of right breast in 43-year-old woman; (a) full-field digital mammography (mean glandular dose: 1.58mGy),  
(b) digital breast tomosynthesis (1.44mGy) and (c) synthesized mammography for DBT at 90% dose setting of FFDM. Invasive ductal 
carcinoma was diagnosed at histologic examination.

Fig. 2　Mediolateral oblique view of right breast in 61-year-old woman; (a) full-field digital mammography (mean glandular dose: 1.31mGy),  
(b) digital breast tomosynthesis (1.00mGy) and (c) synthesized mammography for DBT at 75% dose setting of FFDM and  
(d) digital breast tomosynthesis (0.73mGy) and (e) synthesized mammography for DBT at 55% dose setting of FFDM. Invasive ductal 
carcinoma was diagnosed at histologic examination.
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was 1.54 mGy ± 0.34 (0.95-3.19) and 1.25 mGy ± 0.30 
(0.87-2.70), respectively. The ratio of the mean AGD of DBT 
and FFDM to the AGD of the DBT cohorts at DBT90 and 
DBT75 was 0.922 and 0.727, respectively. The ratio for DBT 
cohort at DBT55 was 0.533.

3.3 Radiologist Performance
Table 2 and 3 show the details of sensitivity, specificity 

and AUC of DBT plus SM and FFDM for DBT cohort at 
DBT90, DBT75 and DBT55. Examples images of DBT (one 
of the slices), SM and FFDM for DBT at DBT90, DBT75 and 
DBT55 are shown in Fig. 1 and 2.

3.4 Sensitivity
The sensitivity of DBT plus SM and FFDM for the DBT 

cohort at DBT90 was 76.2% (mean) (range, 66.7%-90.5%) 
and 81.0% (66.7%-95.2%), respectively. The sensitivity of 
DBT plus SM and FFDM and FFDM for the DBT cohort 
at DBT75 was 83.0% (76.6%-89.4%) and 78.4% (72.9%-
85.4%), respectively. In addition, the sensitivity of DBT 
plus SM for the DBT cohort at DBT55 was 76.0% (70.8%-
83.3%). The differences in sensitivity between DBT plus 
SM and FFDM for the DBT cohort at DBT90, DBT75 and 
DBT55 were -4.8% (95% confidence interval [CI]: -0.115, 
0.020; P=0.142),  4.6% (95% CI: -0.007, 0.099; P=0.079), 
and -1.3% (95% CI: -0.060, 0.034; P=0.533), respectively, 
and all of the differences was not significant.

3.5	 Specificity
The specificity of DBT plus SM and FFDM for the DBT 

cohort at DBT90 was 83.5% (74.2%-92.4%) and 86.9% 
(72.7%-95.5%), respectively. The specificity of DBT plus 
SM and FFDM for the DBT cohort at DBT75 was 89.4% 
(79.2%-94.3%) and 90.1% (84.6%-94.2%), respectively. 
In addition, the specificity of DBT plus SM for the DBT 
cohort at DBT55 was 88.2% (82.7%-92.3%). The differ-
ences in specificity between DBT plus SM and FFDM 
for the DBT cohort at DBT90, DBT75 and DBT55 were 
-3.4% (95% CI: -0.076, 0.007; P=0.095), -0.8% (95% 
CI: -0.060, 0.045; P=0.743), and -1.9% (95% CI: -0.051, 
0.013; P=0.203), respectively, and all of the differences 
was not significant.

 
3.6 AUC

The AUC of DBT plus SM and FFDM for the DBT cohort 
at DBT90 were 83.6% (76.6%-86.9%) and 86.7% (80.9%-
93.9%), respectively. The AUC of DBT plus SM and FFDM 
for the DBT cohort at DBT75 were 90.2% (87.6%-92.8%) 
and 88.7% (86.7%-91.6%), respectively. In addition, the 
AUC of DBT plus SM for the DBT cohort at DBT55 were 
88.0% (83.5%-93.3%). The differences in AUC between 

DBT plus SM and FFDM for the DBT cohort at DBT90, 
DBT75 and DBT55 were -3.0% (95% CI: -0.078, 0.018; 
P=0.185), 1.5% (95% CI: -0.008, 0.038; P=0.167), and -0.7% 
(95% CI: -0.042, 0.027; P=0.638), respectively, and all of the 
differences was not significant.

4.  Discussion
Many studies have demonstrated that by adding DBT to 

FFDM, diagnostic performance improves above that of 
FFDM alone. The study populations in those studies were 
screening by Skaane et al. 6,9), diagnostic by Gennaro et al. 21), 
and both by Rafferty et al 7). Diagnostic performance im-
proves with the addition of DBT to FFDM by reducing the 
impact of overlapping structures in the breast. Although 
various attempts have been made to reduce the dose in-
crease accompanying the addition of DBT to FFDM, such 
as one-view DBT 22), a mixture of craniocaudal FFDM 
with mediolateral oblique DBT 23), and DBT without 
FFDM 24), none of these solutions to the increased dose 
have yet achieved wide acceptance.

On the other hand, Warren et al. demonstrated that image 
processing has a significant impact on image quality 25). 
Furthermore, Fukuda et al. developed image processing 
for DBT 14). We applied this image processing technique to 
DBT in combination with SM and we obtained diagnostic per-
formance not inferior to that of conventional FFDM and with 
dose lower than that of conventional FFDM. We believe that 
our results of finding no significant difference in the AUC, 
sensitivity, and specificity of DBT plus SM at 90%, 75% and 
55% the dose setting of FFDM in this study are reasonable and 
are consistent with the works of Skaane et al. 9) and Gennaro et 
al. 26) in terms of the diagnostic performance of DBT plus SM 
versus FFDM. More importantly, the AGD of DBT plus SM 
in this study was less than that of FFDM, even though there 
was no significant difference in diagnostic performance in 
comparison with FFDM. We attribute the reason to the 
positive difference the reconstruction algorithm we used 
made. Generally, the image quality of DBT reconstructed 
by an iterative method is better than that by reconstructed 
by filtered back projection 27).

In our study, dose reduction was our top priority. If the dose 
of DBT were to be increased to be the same as conventional 
FFDM, image quality improvement could be expected, and 
so we believe that the diagnostic performance would also be 
improved. There was a cancer that 3 out of 8 radiologists 
were missed in our study, the size of the mass was 4 mm 
and the breast density was extremely dense. We believe that 
detection could be possible by increasing the dose.

Our study has several limitations. First, since the study 
population includes both diagnostic and screening cases, 
we explored the possibility that a high number of large 
cancers were included, and that might be a factor in the 
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non-inferior performance. However, on investigation, we 
found the cancer sizes were almost the same size as other 
similar studies 6,7,28), and so we believe the influence of 
cancer size in this study is small.

Secondly, while the follow-up interval for benign cases 
and biopsy-proven benign cases would preferably be two 
years, the follow-up in our study was one year, and the same 
interval as in a similar study 29).

A third limitation of our study is the sufficiency of in-
vestigating the reducible dose levels. We chose the dose 
levels in this study from the results of our preliminary 
investigation using whole breast specimens. Although we 
are not able to separate the AGD and diagnostic performance 
differences between the filtered back projection and iterative 
methods, we were able to determine the diagnostic perfor-
mance of two combinations of dose and reconstruction 
algorithms: DBT plus SM with filtered back projection 
at 90% dose setting of FFDM and DBT plus SM with an 
iterative method at 75% dose setting of FFDM. 

The last limitation of our study is that it was conducted at 
a single site. Although we confirmed the diagnostic perfor-
mance of DBT plus SM for the population and conditions 
at our site, further study with more subjects from multiple 
sites is necessary to generalize this result.

Future work is further evaluation of the diagnostic perfor-
mance for DBT plus SM at the 55% dose setting of FFDM 
is necessary because this highest dose reduction was partly 
simulated rather than entirely through exposure reduction.

5.  Conclusion
In this enriched study population, diagnostic performance 

of digital breast tomosynthesis, whether reconstructed either 
by a filtered back projection or an iterative method, plus 
synthesized mammography at lower-dose than full-field 
digital mammography was not inferior to full-field digital 
mammography.
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