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A B S T R A C T

Objective: The purpose of this study was to investigate the impact of the new American College of Radiology
(ACR) digital mammography (DM) phantom in evaluating phantom image quality (IQ) and average glandular
dose (AGD) in a nationwide survey on DM systems.
Methods: On-site surveys of 239 DM units were conducted in 2017 and 2018, and comparisons were made
between ACR screen-film mammography (SFM) phantom and DM phantom for accessing phantom IQ and AGD.
The phantom IQ was assessed using the weighted phantom score, considering the size of each detail.
Results: When switching from SFM phantom to DM phantom, no significant difference was found in AGD
(p=0.06). The mean weighted phantom score was significantly higher for DM phantom than for SFM phantom
in terms of fibers and specks, and so was the total weighted phantom score (DM phantom vs. SFM phantom:
8.61 ± 1.04 vs. 8.23 ± 0.77, p < 0.0001). The phantom IQ is thus more precise and can detect small dif-
ferences when using DM phantom and investigating DM systems, especially for specks and fibers. However, the
overall passing rate was lower for DM phantom (84.1%) than for SFM phantom (91.2%). This can be explained
by the lower passing rate for mass (84.5%) with the DM phantom.
Conclusion: The ACR DM phantom provides better discernment to assess specks and fibers in DM systems. This
study may serve as a reference for implementing a DM quality control program and when conducting large-scale
surveys with the new DM phantom in the digital era.

1. Introduction

The American College of Radiology (ACR) screen-film mammo-
graphy (SFM) phantom was designed earlier as a part of the ACR ac-
creditation program for SFM units in North America and has been used
for evaluating image quality (IQ) even after digital mammography
(DM) systems were implemented. However, several studies have stated
that the ACR SFM phantom is unsatisfactory for assessing the quality of
images obtained using DM systems [1–5]. This may be related to DM
systems’ abilities for superior detection and morphologic characteriza-
tion of microcalcifications larger than 200 μm in diameter [5,6] and

superior detection of masses in the low-contrast range [7]. As stated by
Gennaro et al., the ACR SFM phantom enables 68% dose reduction and
99% achievement in readings of the phantom scoring threshold for DM
systems [2]. In the survey results of the quality control (QC) program in
the American College of Radiology Imaging Network (ACRIN) Digital
Mammographic Imaging Screening Trial (DMIST), the total failure rate
was less than 1% for IQ evaluated using the SFM phantom when sur-
veying DM systems [8]. Therefore, the ACR introduced a new DM
phantom that can be used to test objects with finer gradients and
smaller sizes than the SFM phantom. The new phantom has been im-
plemented in the ACR accreditation for two-dimensional (2D) DM and
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digital breast tomosynthesis (DBT) systems [9,10].
In Taiwan, mammography systems have been included in the scope

of the Medical Exposure Quality Assurance standards by the Atomic
Energy Council since July 1, 2008, and all clinical facilities are required
by law to perform QC procedures for mammography systems [11]. To
continuously monitor the effectiveness of QC practices and the perfor-
mance of mammography systems, large-scale surveys with on-site
measurements have been annually conducted in Taiwan since 2008. In
surveys in this decade, the ACR SFM phantom played a major role in the
evaluation of phantom IQ and average glandular dose (AGD). However,
all mammography systems were transited to digital systems in 2015 in
Taiwan; nonetheless, using the SFM phantom to evaluate phantom IQ in
a nationwide QC survey should not cause further discrimination. After
the DM phantom was introduced in 2017, the ACR DM phantom was
implemented together with the ACR SFM phantom in our survey. To the
best of our knowledge, although the newly developed ACR DM
phantom is expected to have different discrimination in phantom IQ
from the ACR SFM phantom, no study has conducted IQ performance
evaluation using the ACR DM phantom for DM systems in a large-scale
survey to date. This study compared the performance of the mammo-
graphy systems for phantom IQ and AGD evaluated using the ACR SFM
phantom and ACR DM phantom based on the data of a large-scale
survey and investigated the impact of using the new DM phantom in a
nationwide survey for DM systems. The results of this study may serve
as a reference for the future implementation of a DM QC program by
using the ACR DM phantom in the digital era.

2. Materials and methods

In total, 239 DM units, representing more than 70% of the total
units in Taiwan, were evaluated on-site between January 2017 and
June 2018. Among the 239 systems surveyed, 186 were digital radio-
graphy (DR) systems and 53 were computed radiography (CR) systems,
and the numbers and distributions of the DM systems for each manu-
facturer and model are listed in Table 1. Phantom IQ and AGD of DM
systems with 2D acquisitions were tested using both an ACR SFM
phantom and ACR DM phantom. Fig. 1 presents images of both phan-
toms.

2.1. ACR SFM phantom and ACR DM phantom

The ACR SFM phantom was designed for the ACR accreditation
program of SFM systems, and it measures 10.2×10.8 cm2, simulates a
4.2-cm compressed 50–50 breast, and contains six fibers, five speck
groups, and five masses. The ACR DM phantom was designed to test the
performance of DM systems based on the ACR DM QC manual [9,10]. It
also simulates a 4.2-cm compressed 50-50 breast but has a larger di-
mension of 19× 31 cm2. The test objects in the phantom have finer
gradations and smaller sizes and contain six fibers, six speck groups,
and six masses.

2.2. AGD

AGD estimation in DM systems is different when using an ACR SFM
phantom (based on each manufacturer’s QC manual) and an ACR DM
phantom (based on the ACR DM QC manual). In the QC protocols of
most DM manufacturers, the SFM phantom is placed on the breast
support together with the dosimeter, centered 4 cm from the chest wall
edge of the image receptor, and with the sensitive level of the dosimeter
at the surface of the phantom. In this study, the SFM phantom was
exposed using various clinical technical factors for the averaged breast
at each surveyed site. According to the protocol described in the ACR
DM QC manual, breast entrance exposures were measured without the
phantom, and the dosimeter was centered 4 cm from the chest wall
edge of the image receptor and positioned at a height of 4.2 cm above
the breast support. The exposure techniques were then manually se-
lected for the phantom IQ evaluation of the DM phantom [9,10]. AGDs
for both phantoms were calculated using the measured breast entrance
exposures, and the corresponding conversion factors were calculated by
Dance [9,10,12–14]. The breast entrance exposures were all measured
using a 1-cc ionization chamber (Exradin A600 REF 92600, Standard
Imaging Inc., Middleton, WI, USA) and an associated multimeter (Pir-
anha model 355, RTI Electronics AB, Sweden) calibrated on mammo-
graphic X-ray beam energies. The upper limit of AGD was 3mGy, as set
by the ACR, regardless of the phantom used for estimation.

Table 1
Numbers of the digital mammographic systems and the distribution of each
manufacturer and model in the survey between 2017 and 2018 in Taiwan.

Manufacturer/Model Number

DR systems 186
GE Senographe 2000D 26
GE Senographe DS 14
GE Senographe Essential 20
GE Senographe Pristina 1
Hologic Selenia (with Molybdenum target) 13
Hologic Selenia (with Tungsten target) 46
Hologic Selenia Dimensions 23
Siemens Mammomat Novation 2
Siemens Mammomat Inspiration 23
IMS Giotto Image 3D 11
IMS Giotto Class 1
IMS Giotto Tomo 1
FDR Amulet Innovality 2
Philips MicroDose SI L50 3

CR systems 53
Fuji 31
Carestream 14
Konica 7
Agfa 1

Total 239

Fig. 1. Appearance (a) and the image (b) of the ACR SFM phantom (right) and
ACR DM phantom (left) used in the nationwide survey.
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2.3. Phantom IQ

Both the ACR SFM (CIRS model 015, CIRS, Norfolk, VA, USA) and
ACR DM phantoms (Gammex model 145FFDM, Gammex Inc.,
Middleton, WI, USA) were applied for phantom IQ evaluations with 2D
acquisitions using the clinical technique for an averaged breast at each
surveyed site. Each phantom image was scored by two qualified med-
ical physicists who attributed a score of 1, 0.5, or 0 according to their
visibility for each type of detail (fiber, specks, and mass) based on the
ACR scoring protocol of each phantom under optimal viewing condi-
tions [9,10,15]. The standard phantom scores were thus obtained, and
according to ACR criteria, the passing scores were the scores of four
fibers, three specks, and three masses for the SFM phantom [15] and
two fibers, three specks, and two masses for the DM phantom [9,10].
The scoring methods were slightly different between the ACR SFM
phantom and the ACR DM phantom regarding the score of 0.5 for
masses. The scoring keys for each detail for both phantoms required by
the ACR are listed in Table 2. The standard phantom total score was
calculated by adding the standard phantom scores of fibers, specks, and
masses.

To compare the phantom IQ evaluation using the SFM and DM
phantoms more directly, we transferred the standard phantom score of
each detail to the weighted phantom score from the second step by
using a weighted index. Weighted indexes were calculated using a
modified version of Gennaro et al.’s weighting method, which is in-
tended to increase the quantization levels of phantom scores by
weighting details by their size [2]. We used the largest size of each
detail of the SFM phantom as a reference size and divided the reference
size by the size of each detail for both the SFM and DM phantoms, as
shown in the tabulated weighted index in Table 3. The greatest

weighted index matched the smallest detail compared with the re-
ference size. After scoring each detail, a weighted phantom score of
each detail could thus be obtained as the weighted index of the corre-
sponding standard phantom score. For the standard phantom score of
0.5, the weighted phantom score was calculated as the average value
between the weighted index below and above the corresponding stan-
dard phantom score of the detail. The weighted phantom total score
was also calculated as the sum of the weighted phantom scores of fibers,
specks, and masses. Finally, the difference between the weighted
phantom score of each detail in SFM and DM phantom evaluations was
calculated. It was defined as the weighted phantom score evaluated
using the DM phantom subtracted by the weighted phantom score
evaluated using the SFM phantom.

2.4. Statistical analysis

All statistical analyses were performed using SPSS software (version
18.0, SPSS, Chicago, Illinois, USA). Differences in AGDs and weighted
phantom scores between the SFM and DM phantoms were analyzed
using the paired t-test and Wilcoxon-signed rank test, respectively.
Differences were considered significant at p < 0.05.

3. Results

3.1. AGD surveys using the ACR SFM and ACR DM phantoms

The mean AGD for all 239 systems surveyed was 1.57 ± 0.51mGy
(range, 0.28–3.36mGy) and 1.55 ± 0.51mGy (range, 0.32–3.47mGy)
for the ACR SFM and ACR DM phantoms, respectively. The 75th per-
centile was estimated as 1.87mGy from the AGD distribution evaluated
using the SFM and DM phantoms. AGD distributions for the SFM and
DM phantoms are presented in Fig. 2a. Only one system had AGD above
the criterion of 3mGy for both phantoms (passing rate= 99.6%).

For the comparison of exposure techniques when measuring AGD,
the same target, filter, and kV were used for 76.2% of the units (182 of
239) for the exposure of the SFM and DM phantoms by using clinical
automatic exposure control (AEC) techniques. However, no significant
difference was observed between AGD measured using the SFM or DM
phantom (p=0.06).

3.2. Phantom IQ surveys using the ACR SFM and ACR DM phantoms

The mean standard phantom scores for the ACR SFM phantom were
4.4 ± 0.5, 4.0 ± 0.2, and 3.7 ± 0.4 for fibers, specks, and masses,
respectively. For the ACR DM phantom, the mean scores were
3.3 ± 0.8, 4.4 ± 0.5, and 2.3 ± 0.6 for fibers, specks, and masses,
respectively. The mean standard phantom total score was 12.0 ± 0.8
(range, 7.5–13.5) and 10.0 ± 1.5 (range, 5–13.5) for the SFM and DM
phantoms, respectively. The distributional range of the standard
phantom total score was larger for the DM phantom than for the SFM

Table 2
Phantom scoring based on the ACR QC manual scoring method for the SFM phantom and the DM phantom. Specific rule for scoring mass of 0.5 point is improved for
the DM phantom.

Details 1 point 0.5 point

SFM phantom DM phantom SFM phantom DM phantom

Fiber • full length visible (≥8mm long)

• 1 break allowed (≤width of fiber)

• correct location and orientation

• at least half of length visible (≤5 and <8mm long)

• 1 break allowed (≤width of fiber)

• correct location and orientation
Specks • 4–6 specks visible

• correct locations
• 2–3 specks visible

• correct locations
Mass • density difference visible

• border is continuous and generally circular (≥3/4 border)

• correct location

• density difference visible

• border is not generally circular

• correct location

• density difference visible

• border is not continuous or generally circular (≥1/2 and <3/4
border)

• correct location

Table 3
Detailed sizes and the related weight indexes for the ACR SFM phantom and DM
phantom. Asterisk denotes the minimum visible details required by the ACR for
the SFM and DM phantoms.

Phantom Detail

1 2 3 4 5 6

SFM Fiber Size (mm) 1.56 1.12 0.89 0.75* 0.54 0.4
Weighted index 1.00 1.39 1.75 2.08 2.89 3.90

Specks Size (mm) 0.54 0.4 0.32* 0.24 0.16 –
Weighted index 1.00 1.35 1.69 2.25 3.38 –

Mass Size (mm) 2 1 0.75* 0.5 0.25 –
Weighted index 1.00 2.00 2.67 4.00 8.00 –

DM Fiber Size (mm) 0.89 0.75* 0.61 0.54 0.4 0.3
Weighted index 1.75 2.08 2.56 2.89 3.90 5.20

Specks Size (mm) 0.33 0.28 0.23* 0.2 0.17 0.14
Weighted index 1.64 1.93 2.35 2.70 3.18 3.86

Mass Size (mm) 1 0.75* 0.5 0.38 0.25 0.2
Weighted index 2.00 2.67 4.00 5.26 8.00 10.00
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phantom (Fig. 2b). According to ACR scoring criteria, the passing rate
of the SFM phantom for the 239 systems was 95.4%, 100.0%, and
95.4% for fibers, specks, and masses, respectively. For the DM phantom,
the passing rate was 99.2%, 100.0%, and 84.5% for fibers, specks, and
masses, respectively. The overall passing rate for the standard phantom
score was 91.2% and 84.1% for the SFM and DM phantoms, respec-
tively. The passing rate reached 100% for the specks of both phantoms.
However, when switching from the SFM phantom to the DM phantom,
the passing rate slightly increased for the fiber scores and largely de-
creased from for the mass scores.

The distributions of weighted phantom scores of fibers, specks,
masses, and the weighted phantom total score for the SFM and DM
phantoms are presented in Fig. 3a–d. The mean weighted phantom
score for fibers and specks was significantly higher for the DM phantom
than for the SFM phantom (DM phantom vs. SFM phantom:
2.64 ± 0.35 vs. 2.43 ± 0.36 for fibers, p < 0.0001, and 2.91 ± 0.25
vs. 2.24 ± 0.10 for specks, p < 0.0001). The weighted phantom score
was also more discriminating for the DM phantom than for the SFM
phantom (2.08–2.89 and>2.25 for fibers and specks, respectively;
Fig. 3a and b). By contrast, the overall distribution of the weighted
phantom score was significantly lower for the masses of the DM
phantom when compared with those of the SFM phantom
(p < 0.0001). The mean weighted phantom scores were 3.06 ± 0.70
and 3.57 ± 0.53 for the DM and SFM phantoms, respectively (Fig. 3c).
However, as demonstrated in Fig. 3d, the mean weighted phantom total
score was still higher for the DM phantom (8.61 ± 1.04) than for the
SFM phantom (8.23 ± 0.77) (p < 0.0001). The distributional range of
the weighted phantom total score was larger for the DM phantom
(4.43–11.42) than for the SFM phantom (4.94–10.73). Differences in
the weighted phantom scores between the DM and SFM phantoms are
provided in Fig. 4. The results revealed that the weighted phantom
score was higher or equal for 194, 238, and 88 units for fibers, specks,
and masses, respectively, when using the DM phantom rather than
using the SFM phantom.

4. Discussion

Both the SFM and DM phantoms simulate a 4.2-cm compressed
averaged breast but with different dimensions. This difference in di-
mensions may result in an uneven compressed thickness, which may
cause the surveyed systems to be exposed differently to these two
phantoms, according to the AEC algorithm employed. In addition, the
geometric setup for AGD estimations using these two phantoms was
different. As demonstrated by Ng et al., the measured exposure may
lead to an approximate 1.3% increase when setting the phantom next to
the ion chamber, and the exposure may lead to an 8% decrease when

measuring off-central axis [16]. However, in our survey, no significant
difference was observed between the AGDs measured using the SFM
phantom and those measured using the DM phantom. Switching from
the SFM phantom to the DM phantom as well as using a different setup
for the AGD measurement did not cause a significant difference in dose
performance.

When comparing the passing rate for the standard phantom score
investigated using these two phantoms, the passing rate for fibers was
slightly increased when switching from the SFM phantom to the DM
phantom in our survey, even when using the same fiber size criterion of
0.75mm. For specks, although the visualized size criterion decreased
from 0.32mm with the SFM phantom to 0.23mm with the DM
phantom, the passing rate still reached 100% for both phantoms. High
passing rates for specks may result from the higher detectability of DM
systems for microcalcifications [5,17]. For masses, the passing rate
largely decreased when switching from the SFM phantom to the DM
phantom. Although the mass visualized size criterion remained the
same (0.75 mm), the specific rules for scoring masses were improved by
investigating phantom IQ using the DM phantom. The well-defined
criteria for the score of 0.5 for masses when using the DM phantom
caused a decrease in the mass scores. Among the 37 systems with the
mass scores of< 2 using the DM phantom, 73.0% (27 of 37) were CR.
This may be attributed to image nonuniformity or significant artifacts in
CR images that cause the noncircular appearance of a low-contrast mass
in the DM phantom. The decrease in the overall passing rate for image
IQ was mainly due to the relative lower mass score obtained using the
DM phantom.

The weighted phantom scores were derived from the standard
phantom scores by considering the size of each detail. Because of the
finer gradient between the 0.54 and 0.75mm for fiber sizes, more scales
of the weighted phantom scores between 2.08 and 2.89 exist for the DM
phantom than for the SFM phantom (Fig. 3a). The higher weighted
phantom score for the DM phantom may result from the smaller size
visualized or finer gradient of the details. Therefore, the DM phantom
provides better discrimination for digital systems with a small differ-
ence of IQ in fibers. The scoring criteria of specks were stricter when
using the DM phantom than when using the SFM phantom. However,
the weighted phantom scores showed higher distribution, more scales,
and higher mean value for the DM phantom. As illustrated in Fig. 3b,
the weighted phantom score indicated higher distribution for the specks
of DM phantom. Although the passing rate reached 100% for both
phantoms, the DM phantom still showed better discrimination for
specks among the digital systems because of its smaller size and finer
gradient design.

Fibers and specks are well-defined objects in phantoms; therefore,
different observers can easily agree on the visible number of fibers and

Fig. 2. Histogram of the AGD (a) and standard phantom total score (b) investigated using the ACR SFM and ACR DM phantoms in the nationwide survey. The red
dashed line and blue solid line indicate the upper limit and the 75th percentile value of AGD, respectively.
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specks using the same scoring method. However, observers may have
different subjective criteria for the evaluation of the visibility of masses
[3]. In Taiwan, the weighted phantom scores of masses are usually
between 2 and 4. However, the scales between these corresponding

ranges are the same for both phantoms. This implies that in Taiwan,
both the DM and SFM phantoms show comparable discrimination for
masses (Fig. 3c). In addition, the well-defined criteria for the score of
0.5 for masses cause a lower mean weighted phantom mass score for the
DM phantom than for the SFM phantom. Even though the mean
weighted phantom score of masses is lower for the DM phantom, the
weighted phantom total score for the DM phantom still shows a larger
distribution and has a higher mean value than that for the SFM
phantom. In Fig. 4, the positive value for the difference indicated a
higher weighted phantom score for the DM phantom. For the same
digital system, a higher weighted phantom score for the DM phantom
implied that the smaller visualized size of the details was scored. When
considering the discrimination performance for the phantom scores,
compared with the SFM phantom, the DM phantom showed the highest
discrimination for specks, followed by fibers. Because of the various
specifications of the details and slightly different scoring methods uti-
lized between the two phantoms, the performance of the mammo-
graphy systems for phantom IQ was different when switching from the
SFM phantom to the DM phantom.

Technical evolution in recent years has led to the wide usage of DBT
systems, and studies have indicated that DBT improves the visibility of
lesions superposed by the overlying tissue [18,19] and architectural
distortions [20,21]. Meyblum et al. compared phantom scores obtained
using the ACR SFM phantom between 2D full-field DM (FFDM) and
DBT; they found no significant difference in the visibility of details
between the 2D and DBT modes; however, when the phantom with a
textured background was used, the visibility of fibers and masses was

Fig. 3. Comparisons of the weighted phantom scores by using the ACR SFM phantom and ACR DM phantom. The mean weighted phantom score is significantly
higher for fibers (a) and specks (b) and is significantly lower for mass (c) when using the DM phantom as compared to SFM phantom. The distributions of the
weighted phantom total score evaluated by using these two phantoms show that the mean value and the distributional range of the weighted phantom total score are
higher and larger for the DM phantom than SFM phantom (d). In figure a–c, the dashed lines illustrate the scoring criteria for each detail of each phantom. The
integers in the inward of the Y-axis indicate the corresponding standard phantom score for each detail of each phantom.

Fig. 4. Differences of the weighted phantom score of fibers, specks, and masses
evaluated between the ACR DM phantom and ACR SFM phantom. The positive
value of the difference between the DM phantom and SFM phantom indicates
that the weighted score is higher when using the DM phantom. For the same
digital system, a higher weighted phantom score estimated by the DM phantom
implies that a smaller visualized size of the details was scored.
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higher for DBT than for 2D images [22]. As described by Cockmartin
et al., test objects embedded in a homogeneous background are not
adequate for assessing IQ between 2D FFDM and DBT systems. In their
study using a designed structured phantom, Cockmartin et al. found
that microcalcification detection thresholds were similar for 2D FFDM
and DBT, but detection of spiculated and nonspiculated masses sig-
nificantly increased for DBT than for 2D FFDM [23].

Better discrimination for fibers and specks with the ACR DM
phantom investigated in this study validates better differentiation in IQ
between DM systems when implemented with DM phantom. In the
national quality survey in the digital era, a small quality difference in
detecting architectural distortions (fibers) and microcalcifications was
thus obtained for the DM phantom. Using the DM phantom, small IQ
variations could also be detected in periodical QC over time. Better
discrimination for smaller specks is important because DM systems are
intrinsically superior in detecting microcalcifications than SFM systems
[5,6]. In addition to applying the DM phantom for 2D DM systems [9],
the ACR also applied the DM phantom for DBT QC in 2018 [10]. DBT
should provide better visualization of architectural distortions (fibers)
and masses; although the homogeneous background design of the
phantom is suitable for periodic QC [24], a phantom with a uniform
background may not effectively represent these superior properties of
DBT systems when compared with 2D FFDM systems [22,24,25]. The
impact of utilizing the ACR DM phantom, rather than using the SFM
phantom, in DBT systems and 2D digital systems in evaluating phantom
IQ may be similar. For a comprehensive large-scale quality survey, DM
phantoms as well as phantoms with a nonhomogeneous textured
background should be applied to DBT systems in the future.

5. Conclusions

This study analyzed data from nationwide on-site surveys on DM
systems in Taiwan between 2017 and 2018. It is the first large-scale
survey using the new ACR DM phantom. When switching from the SFM
phantom to the DM phantom, no significant difference was discovered
in AGD estimations between these phantoms. Phantom IQ showed
better discrimination for small differences when using the DM phantom
than when using the SFM phantom for DM systems, especially for
specks and fibers. However, no improved discrimination was noted for
assessing small changes in the IQ of masses between the systems.
According to the survey results in Taiwan, the decreased passing rate
for masses caused the overall passing rate to be lower with the DM
phantom than with the SFM phantom. The results presented in this
study can serve as reference when extending the new ACR DM phantom
to the mammography QC program in the digital era.
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