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Executive summary

The purpose of this evaluation was to measure the technical performance of the GE &Q
Healthcare SenoClaire digital breast tomosynthesis system. The technical performance

was tested in both 2D and tomosynthesis modes. Upgrading the GE Healthcare Q
Essential for tomosynthesis required the installation of a removable Motorised

Tomosynthesis Device (MTD), which may be used for both tomosynthesis and

imaging. Using the MTD in 2D mode gave a similar performance to that whe th \
standard 2D Bucky and met current NHSBSP standards for digital mamr@
performance standards have yet been set for digital breast tomosynth ste

it is not possible to compare performance of different systems usm sult
report.

The mean glandular dose to the standard breast was mg@ n*%ﬁ hesis mode
in

and found to be close to the dose measured in 2D m this report may
be useful for comparison with quality assurance measu ment n t r SenoClaire

systems. \
& &
S

1. Introductlon @

1.1 Testing pro@res a rformance standards for digital mammography

Testing proceé@e and pe@ance standards for conventional 2D mammography are

well estab ndd nted!3 but at the time of the evaluation there were no
nationall @ed pr res and standards for digital breast tomosynthesis (DBT)
syste%ne t osynthesis performance employed for this evaluation were the
S thosedSed in the evaluations of tomosynthesis systems from Hologic* and

nsd. Wese tests were based on those used for the TOMMY trial.®

3\

?*The g%ﬂcal performance of the 2D GE Healthcare Senographe Essential system has
réVigusly been assessed and reported.” 8 For this evaluation, the SenoClaire
%mosynthesis system was installed as an extension to a Senographe Essential. This
provided an additional mode of 2D operation, as well as the tomosynthesis facility. The
technical performance of the equipment operating in tomosynthesis mode and in both of
the available 2D modes was assessed.
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The results presented in this report may be indicative of clinical performance. However,
research to assess the clinical effectiveness of tomosynthesis is ongoing and further
work is required to establish corresponding measures of technical performance. Until

this is done, it is not possible to compare different systems. @
1.2 Objectives Q’\

%,
This evaluation of the GE Healthcare SenoClaire tomosynthesis system had two C)
objectives. The first was to ensure that the 2D performance of the tomosynthe%
system met the main standards in the NHSBSP and European protocols..T? n@
was to measure the performance of the system in tomosynthesis mode ?6(\’6 meo

with quality assurance measurements on other SenoClaire systems. (b'
*

O
2. Methods G
2.1 System tested s OQ Oq

The system tested was an existir&eah Senographe Essential that had been
upgraded with the SenoClaire tomdsynthesi tem to perform digital breast

tomosynthesis as well as ifal ma raphy. The upgrade includes a removable
Motorised Tomosynthesi ice %A “which the operator attaches in place of the

standard 2D Bucky. 2D"gaging i ormed either using the standard 2D Bucky or
using the MTD in e. The may be used for both 2D and tomosynthesis
imaging, if it is 2éman place. The operator selects the tomosynthesis option
by pressing the " butf the MTD. The MTD has a special anti-scatter grid used
for both 2\@& tomo esis imaging. A specific set of compression paddles

lidi

(inclucm? ng¢ x 24cm paddle) is provided for use with the MTD, for both
to @t esi D imaging.

{@ée ic exposure control (AEC) modes are available for 2D imaging: Standard,
?\ ontra d Dose. For tomosynthesis imaging, only one mode is available. Standard
m was used for all exposures under AEC in this evaluation. For all modes, a
inary exposure with a tube load of 4mAs is used to determine beam quality and
tube load.

To acquire both 2D and tomosynthesis exposures in the same compression, the
automatic decompression of the breast must be disabled. After the first exposure, the

6
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operator has to go to the X-ray set and press the “3D” button to change mode, before

making the second exposure. After both exposures, the operator may initiate

decompression from the console.

During a tomosynthesis acquisition, the X-ray tube rotates about a centre of rotation \&'Q
located 40mm above the detector and approximately 18mm above the breast support Q
table. The tube always moves away from the woman’s head during tube rotation, f

starting position at an angle of £15.6°, depending on the positioning of the womamT

preliminary exposure is made at £12.5° (or at £15.6° or £9.4° if an offset is us ith a

small field of view). This uses a tube voltage and target filter combination,s \
according to the compressed breast thickness. The image from the preI|

exposure is used to adjust the tube voltage and target filter selectl ess

to calculate the tube load for the tomosynthesis projection |mag |rst
tomosynthesis projection is acquired at the same position as th m|n osure
and a further eight projection images are acquired at 3.1° in S. Th is

stationary for each exposure; this is known as “step an éw . Theto cqwsmon
covers a range of 25°. Collimation is dynamic and a urin mosynthesis
exposure to restrict the radiation field to the dete to ich repaigs stationary.

:i EO a reconstruction

ative algorithm. The

The raw projections are sent from the acquisi orks
workstation where reconstruction is perfer sing
reconstructed tomosynthesis images affect operator selection of image
processing at the acquisition works . Two structed volumes are produced.
The first volume consists of reco%ted foéalplanes spaced at intervals of either
0.5mm or 1mm, as conflgured yste ation The second volume is created
from the first and contam re r@ng 10mm thicknesses of tissue, which are
c

spaced at 5mm interva; at adjacent slabs overlap. The reconstructed volumes are

then sent to the Ima gnost rnatlonal (IDI) viewing workstation, from where they
may be downloai anal% Only 2D images can be downloaded directly from the
acquisition wo tion. | workstation, a synthetic 2D view may be created from
the tomo sis p s, but this is not available for download and therefore was
not as |n thi &\Iuatlon

k@.voluchontammg focal planes and the volumes containing slabs were
ssed : me of the tomosynthesis tests. The system tested was configured to

?\ conﬁ\'t cal planes at 0.5mm intervals. Details of the system are given in Table 1.

%ﬂ@nages can be downloaded from the IDI viewing workstation via a USB port. The
osynthesis images are in the DICOM?® BTO format. Typical image file sizes are
shown in Table 2.
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Table 1. System description

Manufacturer GE
Model SenoClaire
System serial number 104520220154203 @
Target material Molybdenum 5\&
Rhodium Q
Added filtration 30pm molybdenum for molybdenum target @
25pm rhodium for either molybdenum or rhodium Qq‘et
Detector type Caesium iodide with amorphous silicon flat pa% \
Detector serial number PLC0020_01 . Q §
Pixel size 100um in 2D and projection images an?ﬁcon@t
focal planes and slabs . Q
Detector area 239mm x 306mm; 191mm x 229 C)
Pixel array 2394 x 3062; 1914 x 2294 & %
Pixel value offset 0 ,O \
AEC Modes Standard, Contrast, s@)r 2D; ﬁdar for
tomosynthesis &) \Q
AEC pre-exposure pulse 4mAs

Tomosynthesis projections 9 equal dose @tions & ° intervals giving a total

or Imm as configured
Nu t@of pla X (CBT in mm) + 10 for 0.5mm spacing

Reconstructed slabs 1 thick, m vertical intervals
@on Package version ADS_56.10

angular:a@ f 25°
Reconstructed focal planes VerticaP‘Q' vals: 0=

Software version N @DS Apgli

N\

Table 2. 2D a ﬁbmosyqﬁésis image file sizes for 60mm compressed breast thickness
N

Small format Large format

\ * (191mm x 229mm) (239mm x 306mm)
2\ 8MB 14MB

v

@v synth focal planes
Qp. m \@cng) 1.1GB 1.8GB

Ton\ggy}rnesis slabs 110MB 190MB

The tomosynthesis system is shown in Figure 1.



Technical evaluation of GE Healthcare SenoClaire digital breast tomosynthesis system

Figure 1. The GE thcar

enoCIalre digital breast tomosynthesis system

lb
2.2 DOS@ con ’ o noise ratio under AEC

Dose ontr
hICk
ular d

se ratio (CNR) were measured using the AEC to expose a
es of Perspex (polymethylmethacrylate or PMMA). The mean
(MGD) to the standard breast was calculated for the equivalent breast

or CNR measurements, a square of aluminium 0.2mm thick was included
?Nln the tom.

@ Dose measurement

To calculate the MGD to the standard breast, measurements were made of half value
layer (HVL) and tube output, over the clinically relevant range of kV and target /filter
combinations. The output measurements were made on the midline at the standard

9
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position of 40mm from the chest wall edge (CWE) of the breast support platform. As the

system uses the same range of tube voltages and target filter combinations for both
tomosynthesis and 2D imaging, the output measurements were made in 2D mode only.

The paddle was in the beam, raised well above the ion chamber. &@
In both 2D and tomosynthesis modes, exposures of a range of thicknesses of PMMA Q’\'
were made under AEC (Standard mode). For each thickness, spacers were used

create an air gap between the top of the PMMA and the paddle so that the correc
equivalent breast thickness was displayed by the compressed breast thicknes

indicator. The spacers were positioned across the back edge of the phanto@c @\

interference with the rest of the tomosynthesis image.

Doses in 2D mode were calculated as described in the UK proto
tomosynthesis mode were calculated using the method descri I 10,
This is an extension of the established 2D method, using th@ atlon

D = KgcsT C)O Q% (1)

where Kis the incident air kerma at the top surf f the and g, cand sare
conversion factors. The additional factor, T i rlved mlng weighted correction
factors for each of the tomosynthesis p ns \% T are tabulated® for the
SenoClaire system for different comp bre nesses.

The Dance method of calculati D us easured dose at the surface of the
breast with the paddle in CQ{@but th od described in the UK protocol differs in

that dose is measured wih\%e p ed well above the ion chamber. To allow
comparisons to be m with sy for which dose measurements have been made
according to the U otocol, M esults in this report are calculated with the paddle
raised. Measu% |t addle in contact with the ion chamber have been found
to give results a per igher4,
2. 2 2 \&

urements a 10mm x 10mm square of 0.2mm thick aluminium foil was
x' phantom, positioned 10mm above the table on the midline, 60mm from
the i

@ln 2D images was assessed using 5mm x 5mm regions of interest (ROIS)
positioned in the centre of the aluminium square and at two background positions on the
chest wall and nipple sides of the square.

10
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CNR was measured in tomosynthesis focal planes, and in slabs, using 5mm x 5mm

ROls placed at the same positions as used for 2D CNR, as shown in Figure 2. The CNR

was measured in the focal plane or slab in which the aluminium square was brought into

best focus. CNR was also measured in the unprocessed tomosynthesis projections @
using a 5mm x 5mm ROI. 56

Variation of CNR with dose in tomosynthesis mode was assessed both in the @
projections and in the reconstructed images (planes and slabs) for an equivalent (}‘5
thickness of 53mm (that is, using a 45mm thickness of PMMA). Q

Figure 2. Position of 5mm x 5 urement of CNR in tomosynthesis (CWE

on the right)

2.3 Image quality n@%ﬁg\e@(b'

Image quality was as@ed in 2®|ode using a CDMAM phantom. In the absence of a
suitable test otggé asses tomosynthe3|s imaging performance, images of the

CDMAM were acqu tomosyntheS|s mode. The CDMAM phantom (Version
3.4, seri r‘@ber 10 C St. Radboud, Nijmegen University, Netherlands) was
positi twe blocks of PMMA, each 20mm thick. The exposure factors used

we etb am@ se selected by the AEC for an equivalent breast thickness of
et'af sixteen images was acquired in 2D mode at the AEC selected dose,

One s
@g the ard 2D Bucky. With the 2D Bucky replaced by the MTD, sets of sixteen
DMA ges in both 2D mode and tomosynthesis mode were acquired at the AEC
sele ed dose. A further two sets were acquired at half and double this dose. (Only
|mages were downloaded at double the dose).

In tomosynthe3|s mode, image quality was assessed in the focal plane or slab of best
focus, at the height of the CDMAM above the table. This plane or slab was extracted
using software developed in-house. Both sets of 2D images and the sets of

11



Technical evaluation of GE Healthcare SenoClaire digital breast tomosynthesis system

tomosynthesis images were read and analysed using two software tools, CDCOM
version 1.6, (available from www.euref.org, accessed 04 July 2013) and CDMAM
Analysis version 1.4 (available from www.nccpm.org, accessed July 2013). The process

was repeated using the planes immediately above and below the expected plane of @
best focus. This ensured that the CDMAM result quoted was for the focal plane 5\&
corresponding to the best image quality. Q

2D image quality assessed using the CDMAM is for an equivalent breast thicknes@g
60mm. This can be related to the image quality at other thicknesses by comp the

CNRs measured for a range of thicknesses. The European protocol? gives g\ \
relationship between threshold contrast and CNR measurements, enabli lcu

I
of a target CNR value for a particular level of image quality. This can mp Q
CNR measurements made at other breast thicknesses. Contrast & rti

thickness is calculated using Equation 2, and target CNR is ca d usf ation 3.
Contrast = le ™™t O/ %\ 2)

where p is the effective attenuation coefficient fo gﬁ!nd t Q gold thickness.

CNR argec = CNRmeasuTrg::g:tCmeasured q 3)
where CNRmeasured iS the CNR for 9 east, TCmeasured IS the threshold
contrast calculated using the thr ss for a 0.1mm diameter detail
(measured using the CDMAM the same e*as used for CNRmeasured), and TCrarget IS
the calculated threshold ¢ orres ng to the threshold gold thickness required
achievable level of image quality. The 0.1mm

to meet either the m|n|m
detail threshold gold thi ness is here because it is generally regarded as the
most critical size f h perfo ce standards are set.

The effective att uatlo bgﬂlment for gold used in Equation 2 depends on the beam

quallty u the re and was selected from the values shown in Table 3.
These Iatedll for a caesium iodide detector, with 3mm PMMA
|ng té pression paddle. Spectra from Boone et al.'? and attenuation

|ents terials in the test objects (aluminium, gold, PMMA) from Berger et

Q \ in these calculations.

E T ropean protocol also defines a limiting value for CNR, which is a percentage of
reshold contrast for minimum acceptable image quality for each thickness. The

target CNR values for minimum acceptable and achievable levels of image quality and

the European limiting values for CNR were calculated. These are compared with the
CNR results in Section 3.2.

12
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The calculated target CNRs can be used to estimate the dose required to meet those
standards, using the relationship given in Equation 4. This assumes that the dominant
noise component is quantum noise.

Dose = Dose (M)Z (4) \
target measured CNRyjeasured Q
where DoSemeasured IS the MGD corresponding to CNRmeasured. < ’

Table 3. Effective attenuation coefficients for gold contrast details i )y DMA“‘@

kV Target Filter @ @ttenuatlon
25 Mo Mo 0‘ g

28 Mo Mo

31 Mo Mo O % 135

25 Mo RhC) ‘Q 0.153

28 Mo rgs Q 0.143

31 Mo Q h q\(o 0.130

25 Rh ;\30 Rh 0.144
28 Rh

31 Rh h 0.121

%(b. ‘-\QSQ\ 0.132

2.4 Geometric disto@an@s’rruction artefacts

The relationship b n reconstructed tomosynthesis focal planes and the physical
geometry of th e ;ht%/ represent was assessed. This was done by imaging a
geometric t nto sting of a rectangular array of 1mm diameter aluminium
balls, SO@art [ iddle of a 5mm thick sheet of PMMA. The phantom was
place rio (7 5, 32.5, and 52.5mm) above the breast support table within
a t ack lain sheets of PMMA. The paddle was then raised to 120mm above
\a le, w, phantom attached to its underside, and an additional tomosynthesis
ge U|red The nominal height of the balls in this case was 117.5mm.

tructed tomosynthesis planes were analysed to find the height of the focal plane
imch each ball was best in focus, the position of the centre of the ball within that
plane, and the number of adjacent planes in which the ball was also seen. The variation
in appearance of the ball between focal planes was quantified.

13
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This analysis was automated through the use of an ImageJ (available at
rsb.info.nih.gov/ij) plug-in, developed in-house by NCCPM for this purpose.

2.4.1 Height of best focus &Q

For each ball, the height of the focal plane in which it was best in focus was identified. Q
Results were compared for all balls within each image, to judge whether there wag:?
tilt of the test phantom relative to the reconstructed planes, or any vertical distorti

the focal planes within the image. ;\

2.4.2 Positional accuracy within focal plane

The x and y co-ordinates within the image were found for each an Q
perpendicular and parallel to the CWE, respectively). The m ween
the D

adjacent balls were calculated, using the pixel spacing quot image
header. This was compared to the physical separati IIs Wlt p antom, to
assess the scaling accuracy in the x and y dlrectlonOe maxi V|at|ons from the
mean x and y separations were calculated, to in te whet re was any
discernible distortion of the image within the f ane

2.4.3 Appearance of the ball in adjatQroalégg

Changes to the appearance of a%\ dlffe@cal planes were assessed visually.

To quantify the extent of uctl@sfacts in adjacent focal planes, the
reconstructed image ted agthough it were a true three dimensional volume. A
software tool was ui&flnd th@y, and z dimensions of a volume around each ball
which would enclo§eall pixelgiwith values exceeding 50% of the maximum pixel value.
The method usédwas to an composite x-y image using the maximum pixel values
from all fQc anes. osite x line was then created using the maximum pixel
from e Wmn x-y composite plane. The full width at half maximum (FWHM)

int cti ound by fitting a polynomial spline. This was repeated in the
orT al direction to produce the y-FWHM, and again using vertical re-sliced planes
d the HM. All pixel values were background subtracted, using the mean pixel

Iue &@vound the ball in the plane of best focus. The composite z-FWHM thus
calc ated was used as a measure of the inter-plane resolution, or z-resolution. Its value
g{ e different if a ball of different size were used.

The FWHM in the x and y directions of the image of the ball were also measured in the
plane of best focus, in order to compare against the composite x- and y-FWHM
measurements, so that any apparent shift or spread in the appearance of the ball
through a series of adjacent focal planes could be quantified.

14
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2.5 Alignment

Alignment measurements were carried out for reconstructed tomosynthesis images.

The alignment of the X-ray beam to the focal plane at the surface of the breast support 5\&
table was assessed. Self-developing film and graduated markers were positioned on

each edge of the X-ray beam as indicated by the light field. The alignment at the |

edges was only measured at this height because at other heights the movement Gl

tube during the scan would cause the lateral edges of the X-ray beam to move@wee \
projections. é

The alignment of the imaged volume to the compressed volume wa ssedfat
top and bottom of the volume. Missed tissue at the CWE was no '
evaluation. Small high contrast markers were placed on the br
the underside of the compression paddle to assess vertical

planes were then inspected to check whether all marker re brou;ht\&e focus within

the reconstructed tomosynthesis volume. To make ea the paddle at
both extremes of its flexion, images were first ac |th nQ} pression applied and
then repeated with the CWE of the paddle sup and @ pression applied.

2.6 Image uniformity and repe

The reproducibility of the recons!@ sis images was tested by acquiring
a series of 16 images of a 45m k bIo MMA under AEC. A 10mm x 10mm
ROI was positioned 60m e plane corresponding to a height of
22.5mm above the breasr;{g;}ort b o calculate the signal-to-noise ratio (SNR) for

each image, the mean
ROI. The exposur
for each image.
visually i mspec

P
\or regponse was measured in both 2D and tomosynthesis modes, using the
@scatter grid remained in place as it is not possible to use the MTD

WIthO:: grid. An aluminium filter, 2mm thick, was placed in the beam and attached to

d stand eviation of the pixel values were found in this
tors selected’by the AEC were obtained from the DICOM header
ima d others acquired during the evaluation were also

e port. A typical beam quality, 29kV Rh / Rh, was selected and images were
red using a range of tube load settings in both tomosynthesis and 2D modes. The
mean pixel value was measured in a 10mm x 10mm ROI positioned on the midline
50mm from the CWE of each raw unprocessed 2D image or projection. These were
plotted against tube load. For tomosynthesis images, the tube load used was the mAs
per projection.

15
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3. Results

3.1 Output and HVL

2
g
N

Table 4. Tube output measurement and HVL C) -
kV Target Filter Tube output | @( m
(LGY/mAs at L)
\v A
26 Mo Mo 27.6 D o Q
26 Mo Rh 22.4 &Q .
28 Rh Rh 26, % 42
31 Rh Rh ;Q \ 0.46
3.2 Dose and CNR Q@' KQO

The tube output and HVL are shown in Table 4.

<
The doses measured for 2D imaging, \both th dard Bucky and the MTD, and
for tomosynthesis, are shown in Tag ,6a nd are presented graphically in
Figure 3.

&

The CNR measurements ima shown in Tables 5 and 6. CNR
measurements for focakplaies ancSQa s in the reconstructed tomosynthesis images
and for the central z%%egree)@jection images are shown in Table 8. The CNR
results for 2D an é\ synthésis are also presented graphically in Figures 4 and 5.
Figure 4 includk e targ% els of CNR required for the NHSBSP minimum
acceptable achie evels of 2D image quality (9.7 and 14.4 respectively for the

2D Bu A1 for the MTD), as calculated using the CDMAM results (Section

3.3). nted for equivalent breast thicknesses up to 117mm. The

Ey i 'atgvalues of CNR are also shown; these are only set for thicknesses up
A@Om%Q

?\Tab 7 shows the estimated mean glandular dose, to a 60mm thick equivalent breast,
gﬁm@ed to meet the minimum acceptable and achievable levels of image quality for 2D
imaging. For comparison, the values reported in a previous evaluation of the GE
Healthcare Essential’are also shown.

16
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Table 5. Dose and CNR using the 2D Bucky in AEC standard mode

PMMA Equivalent kV Target / MASs* MGD NHSBSP CNR

thickness br_east filter (mGy) 2_D_dose

(mm) thickness limit @
(mm) (mGy) X\

20 21 26 Mo / Mo 26.5 0.70 @

30 32 26 Mo / Rh 43.6 0.82 C)

40 45 27 Mo / Rh 60.2 1.06

45 53 29 Rh/Rh 56.0 1.13 @

50 60 29 Rh/Rh 64.2 1.21

60 75 30 Rh /Rh 91.7 1.77 4 5 13.1

70 90 31 Rh/Rh 113.9 é\ () 12.4

80 108 31 Rh/Rh 203.0 % 10.6

85 117 31 Rh/Rh 27767 4.52 4 \ 10.9

*The mAs recorded here is the total mAs including t
which is not included in the image

TD in AEC standard mode

@Jm @osure (tube load 4mAs),

PMMA Equivalent mMASs* MGD NHSBSP CNR
thickness breast (mGy) 2D dose
(mm) thickness limit
(mm) &% (mGy)
20 21 26 O)o / Mo 31.9 0.84 1.0 28.1
30 32%0 ) @% Mo/Rh  47.4 0.89 15 20.8
40 Rh/Rh 48.3 1.07 2.0 17.7
45 @ * 29 Rh/Rh 64.0 1.29 2.5 16.8
50 GOQ\Q Rh/Rh 74.2 1.40 3.0 15.3
\ 30 Rh/Rh 99.7 1.92 4.5 13.8
q% \@ 31 Rh/Rh 147.6 2.78 6.5 12.7
?“80 \ 108 31 Rh/Rh 244.1 3.93 - 11.7
mﬁ 117 31 Rh/Rh 324.0 5.27 - 11.5

e mAs recorded here is the total mAs including the preliminary exposure (tube load 4mAs),

which is not included in the image
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Table 7. Estimated doses to a 60mm equivalent breast to achieve the CNR values
corresponding to the minimum acceptable and achievable levels of image quality

4

N\

MGD with MGD with MGD from previous

2D Bucky MTD in 2D GE Essential

(mGy) mode (MGy)  evaluation (mGy)
Minimum acceptable level 0.52+0.10 0.58+0.12 0.49+0.10
Achievable level 1.13+0.23 1.26+0.25 1.13+0.23

o)

.Q@®

Table 8. Dose and CNR for tomosynthesis images acquired under

‘
PMMA Equivalent kV Target/ mAs* MGD CNRi \ Rin
thickness breast filter (mGy) foca sI central
(mm) thickness pl projection
(mm)

20 21 26 Mo/Mo 35 g') : \Q : 9.4

30 32 29 Rh/Rh 32 8 4.9Q 4.5 6.9

40 45 29 Rh/Rh 50 4.7 5.7

45 53 29 Rh/Rh 5@ 1.0 1 4.7 4.9

50 60 29 Rh/R 5.2 4.8 4.9

60 75 31 R 5.3 4.8 4.2

70 90 31 h 2.61 5.7 5.1 3.9

80 108 3.77 6.0 5.3 3.6

85 4.69 5.9 5.3 3.5

*The mAs recorded

18
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8_
—— 2D with standard Bucky
—— 2D with MTD
—— Tomosynthesis , @
6 --- Dose limit R ’\&
9
@)
£ 4
= 4-
©)
=
2_
0 .

0 20 40 60 80 O 10(\ 120

Equivalent breast thickness )
Figure 3. MGD for 2D and tomosynthesis exposn.Qs)under ﬁError bars indicate 95%
confidence limits.) ®\ %

@ - R at achievable 1Q
50 5\\9 @European limiting CNR value (2D Bucky)
%™ cNRatminimum 1Q (MTD)
O cNRatachievable IQ (MTD)

-------- European limiting CNR value (MTD)

o] O

v F

«O

Figure 4. CNR for 2D images obtained under AEC, compared with limiting values from
the European protocol. (Error bars indicate 95% confidence limits.)

for 0.2 mmAl

0 20 40 60 80 100 120
Equivalent breast thickness (mm)
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154

— Focal plane CNR
oo | &
%)
O
K
FORS
% 20 40 éncy | ()s\ 120

Equivalent breast thlckg
Figure 5. CNR for tomosynthesis images obt nder @Error bars indicate 95%

confidence limits.) &

The variation of CNR with dose in tomo & m hown in Table 9 and Figure
6. The CNR was measured in the rec@cted f ane and slab where the
aluminium square was best in focu in th tral projection image. A power fit was
applied to the relationship betwee

Ra e for reconstructed focal planes, slabs
and projections, shown in 58@ %'

10+

CNR

Table 9 Variation of ﬁmh d in tomosynthesis mode

PMMA Equwale Ta t/  mAs MGD CNRin CNRin CNRn
(mm)  brea g er (mGy) reconstructed slab central
thlck DBT image projection

29 Rh/Rh 63 1.37 5.0 4.5 5.5

\Qz Rh/Rh 36 078 41 3.6 3.9
p % Q

4@‘ \@ 20 Rh/Rh 100 217 6.0 53 7.4
VO X2 20 Rh/Rh 160 348 7.2 64 94

,4q,\\ 45 29 Rh/Rh 250 543 8.2 7.4 11.6
\J
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15-
—— Focal plane CNR
— glap CNR @
—— Projection CNR
%,
O
5- SN
e
O O
0 , RS % |
: ; FAANS

MGD (mGy) O

g 6
Figure 6. CNR for a 53mm thick equivalent breast'at’a ran@oses in tomosynthesis

mode. (Error bars indicate 95% confidence Iimifs.) &®

@ * MGD =1.19 mGy
@6 — Acceptable limit

----- Achievable limit

eshold gold thickness (um)

\ T T T T T T T T T 1
?* 10 0.13 0.16 0.20 0.25 031 040 050 0.63 0.80 1.00
\ Detail diameter (mm)

ure 7. Threshold gold thicknesses for 2D images acquired using the 2D Bucky at the
dose selected under AEC at 29kV Rh / Rh. (Error bars indicate 95% confidence limits.)
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3.3 Image quality measurements

The threshold gold thickness results in this section are predicted human results as
calculated for 2D mammography. &@

The contrast detail curve for 2D images using the 2D Bucky is shown in Figure 7. FigureQ
8 shows the curves for 2D images using the MTD, at the AEC selected dose and
and twice this dose.

S—\
R e©
B\

v

o
-
1

Threshold gold thickness (um)

0.01 £

. T T T I\' T T T T 1

0.10 0.13 0.16 0.2 o.zs@ 0.40 0.50 0.63 0.80 1.00
iafa

1
meter (mm)

doses at 29kV Rh / RINError b indicate 95% confidence limits.)

@ 0
Figure 8. Threshold gol@krgsgr 2D images acquired using the MTD at three

The 2D image@result&)%wn in Figures 7 and 8 are summarised in Table 10.
*
Table 10 F@) predi @hreshold gold thickness for CDMAM images, acquired using
both t@ uc}g@& the MTD (2D mode)
T. d

: @ % gold thickness (um)
@ ucky 2D MTD 2D MTD 2D MTD Minimum Achievable

% et Cdose AECdose Half AEC Double standard standard
?\ m) \ 1.19mGy  1.34mGy  dose AEC dose  or2D for 2D
A 0.68mGy  ; eamcy
&V 1.069 1.064 1.554 0.632 1.680 1.100
0.25 0.234 0.240 0.333 0.177 0.352 0.244
0.5 0.097 0.103 0.144 0.078 0.150 0.103
1.0 0.049 0.053 0.076 0.040 0.091 0.056
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Figure 9 shows the CDMAM curves for five adjacent focal planes from the
tomosynthesis images acquired at the AEC selected dose. The lowest threshold gold
thicknesses were obtained for focal plane 46.

+ Focal plane 44
101 - Focal plane 45
* Focal plane 46
* Focal plane 47

* Focal pla
14 Y — Acceptabl

0.1+

0-01 T T T T M T T 1
0.10 0.13 0.16 0.20 0.25 0. 50 0.63 0.80 1.00
Detaidiamete

Figure 9. Threshold gold thickness 5% reco.
images acquired in tomosynthes %de a
(Error bars indicate 95% confi I|m|t

Figure 10 shows the CD@UFV?S@CGJ plane 46 from the images acquired at the

AEC selected dose aw half a uble this dose.

Figure 11 sho% i@sults from the reconstructed volumes containing 10mm
slabs. Thes S ar%g ab 5, the only slab in which the gold details were seen in

focus. \ *

Th@e qu@ results shown in Figures 10 and 11 are summarised in Table 11.

RY4

Threshold gold thickness (um)

cted focal planes taken from CDMAM
EC selected dose at 29kV Rh / Rh,

23
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101
+ 0.67 mGy
+ 1.31 mGy (AEC dose)
« 259 mGy ,\&@

o
L

— Acceptable limit for 2D
""""""""" --- Achievable limit for 2‘D-_®Q

.
|
L

Threshold gold thickness (um)

S
0-01 T T T T T T L T 1
0.10 0.13 0.16 0.20 0.25 0.31 0.40,%"50 0& 0.80 1.00

Diameter go *
Figure 10. Threshold gold thicknesses for recgn ctevdﬁ\plane 46 taken from

tomosynthesis CDMAM images acquired in %synth ode at three doses at 29kV
Rh / Rh. (Error bars indicate 95% confider(\

.\O

its.) &
10 X (Qoq

* 0.67mGy
+ 1.31 mGy (AEC dose)
* 2.59 mGy
— Acceptable limit for 2D
----- Achievable limit for 2D

eshold gold thickness (um)

Q :
?‘ ’&10 0.13 0.16 0.20 025 0.31 040 050 0.63 0.80 1.00
& Detail diameter (mm)

sF%ure 11. Threshold gold thicknesses for slab 5 from reconstructed tomosynthesis
images acquired at three doses at 29kV Rh / Rh. (Error bars indicate 95% confidence
limits.)
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Table 11. Fit to predicted threshold gold thicknesses for reconstructed focal plane
number 46 and slab number 5

Threshold gold thickness (um)

Detail Focal plane Focal plane Focal plane Slab Slab Slab

diameter AEC dose Half dose Double dose AEC dose Half dose Doubles@e
(mm) 1.31mGy 0.67mGy 2.59mGy 1.31mGy 0.67mGy 2.59‘@5(
0.1 1.276 2.336 0.763 2.446 4.366 gf"
0.25 0.244 0.392 0.196 0.398 0.644

0.5 0.110 0.166 0.090 0.166 0. 35 @
1.0 0.060 0.101 0.048 0.086 ‘gb

3.4 Geometric distortion and resolution between foca@ ;

3.4.1 Height of best focus O

All balls within each image were brought into foc S sam (x0.5mm) above
the table. This indicated that the focal planes ar and p to the surface of the
breast support table. With the test tool taped nd of the compression

paddle, there was slightly more varlatlom e paddle was not in contact
with the top of the PMMA stack, it is Ilkéﬁtto ave slightly tilted.

The first 5 focal planes, which represent 2 5 re below the breast support table, as
shown by the heights of the bdli§,within @constructed images. The number of focal
planes reconstructed is eﬁ\o twic dicated breast thickness in mm plus ten.

fi

compression paddle O

3.4.2 Posﬁmﬁ&&ccuré@lthm focal plane

Ther SI * distortion or scaling error within focal planes. Scaling errors in
e me

This shows that an aw ive %e are also reconstructed above the base of the

tions were found to be less than 0.3%.The maximum deviation
S paratlon between the balls was 0.3mm in the x direction and 0.2mm in

while the test object’s manufacturing specification was a non-cumulative
?\ osmo accuracy of £0.1mm.

Q\Q Appearance of the ball in adjacent focal planes

The image of a 1mm diameter aluminium ball is well defined and circular in the plane of
best focus, as shown in the middle frame of the second row in Figure 12. In focal planes
above and below, the image of the ball becomes longer and fainter, with a dark area to
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one side. The direction of elongation is parallel to the CWE. Figure 12 shows images of

one ball, in planes 2.5mm apart, from 17.5mm below to 17.5mm above the height of the

ball.

In planes at increasing heights, the images of the balls shift slightly towards the centre 566
of the CWE. This is due to magnification effects. In the plane of best focus, balls near Q

the lateral edges of the image have slight dark shadows on the side nearest the n@@

-17.5mm -15mm -12.5mm

-Smm -2.5mm

+7.5mm mm +17.5mm
Figure 12. Apﬁ% ancedn@ planes at different heights of a Imm aluminium ball,

+12.5mm +15mm

110mm fro e central area of atomosynthesis image

@N oftware the stack of focal planes can be treated as though it
\@ trueﬁ dimensional volume, and re-sliced vertically to produce planes in the
nd% ntations. This is helpful in visualising the interplane artefact spread and
sho

\h\' igure 13.
s\O
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2
g
N

Figure 13. Vertically re-sliced planes through the centre of a Imm alum ball \
110mm from the CWE, in the central area of a tomosynthesis |mage. @

left, y-z plane on the right)

Table 12 shows the results of the automated analysis of the im Oi
of 7.5, 32.5 and 52.5mm above the breast support table. The m% n

d range fx- and
y-FWHM from the plane of best focus, and the composite F %nes) are
shown. The difference between these quantities indicates t paren t or spread

of the image between planes. O
Table 12. Mean values of FWHM for 1mm dj u@u% balls and their associated
reconstruction artefacts, with ranges in
FWHM W|th|n f C @ e FWHM Apparent shift or
best focus n:@, all planes (mm) spread between focal
planes (mm)
x (perpendicularto 0. 86 @. 1.30 0.45
CWE) 0. 90@ (0.83 to 1.97) (0.00 to 1.06)
y (parallel to CWE) 1.14 0.29
0 (. 80%@7) (0.84 to 1.44) (0.00 to 0.61)
7 (vertical) s\\ 6.0
G, (5.6 t0 6.5)

Th tion Q\A%/I measurements with position within the reconstructed image are
nted %)hlcally in Figures 14 to 16.

istance from the CWE of the image. The composite y-FWHM (parallel to the
) increases with distance from the middle of the CWE as shown in Figure 15.

?“Figur s@ows that the composite x-FWHM (perpendicular to the CWE) increases
gi@s
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2.0

(7’

O@

X FWHM (mm)
H
?

%

\0
0.0 .

0 50 100 200
Distance from CWE (m

Figure 14. Composite FWHM in the x direction (@ndmu@e CWE) plotted

against distance from the CWE

N
2.0 ‘\O OQ

%

Y FWHM (mm)
5
O

O

QP_Q\\\\@ I

A(b Dlstance from midline (mm)

Q F|g@ Composite FWHM in the y direction (parallel to the CWE) plotted against
gi\ e from the middle of the CWE

150
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3
ST

, RN

| ‘\o@ X

0 20 | O\ \ 60

Height above table (mm)

Z FWHM (mm)
°

Figure 16. Composite FWHM in the z direction (v rtlg pIo\Q& ainst height above the
breast support table

The composite z-FWHM measurement meas@the inter-plane or z-
resolution for the tomosynthesis i |mage re 16 no significant dependence of
z-FHWM on position within the ima IS wa rising because the balls nearer to
the side edges appear to persist h a g@r number of adjacent focal planes than

balls in the central part of the '@ge. @
O $

On further investigatio ?)?\he co site z-FWHM measurements, it was found that

the shape of vertical I profll@or images of balls changes with position in the
image. Figure 17 s how balls on the left side of the image persist through more
focal planes th @ right side. The whole focal plane within which the
alumlnlu (with E on the left) are brought in focus, is shown on the left of

the fig he r the figure, strips of images for the rectangle marked in yellow
are\szaﬁf es at heights of 7, 14 and 21mm above the plane of best focus,
balls la

wit Ied from A to E.

*1 othe%@es balls on both sides of the image persisted further than balls in the
VCent area of the image. Figure 18 shows vertical signal profiles through balls A to E.
&@3 profiles show that the five balls have the same FWHM but different shapes.
asurements across the width of the vertical profile at less than the half maximum
would have demonstrated the variation seen.
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Jc d on phantom

Figure 17. Tomosynthesis image of the g
@ — BallA

1.0 (b.
% — BallB
— BallC
@ Ball D

’\\Q : Ball E

o
i

Or

Relative signal
o
e
//(:O
*

20 40 60
Q Height of focal plane (mm)

@e 18. Vertical signal profiles though the five balls within the yellow rectangle shown
igure 17
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3.5 Alignment

At the CWE the X-ray field overlapped the reconstructed tomosynthesis image by up to

6mm at the height of the surface of the breast support table. It was difficult to locate the @
lateral edges of X-ray beam exactly on the self-developing film, particularly for the 56

18x24 field size, but the edges of the beam were seen. They were estimated to overIapQ
the edges of the reconstructed image by up to 8mm, thus remaining well within th @
boundaries of the breast support table. b

Small high contrast objects positioned on the breast support table were mf(be%fo@\

planes 1 to 2mm from the bottom of the reconstructed volume. Those a

underside of the compression paddle (when no compression was ap werg'i

in planes approximately 3 to 5mm from the top. With 9kg compr he
CWE of the paddle supported, the object at the top of the volu %the C f the
CWE was brought into focus in the top focal plane. Missed t@l att was not
assessed. O *

3.6 Image uniformity and repeatability \C) Q

mblnatlon for all sixteen
or fifteen of them and
aximum deviation of 17% from

The AEC selected the same tube voltage and,target filt
plain PMMA images. It used the same ;02 d of
65mAs for the remaining one. This is®" lent

the mean dose. @
The maximum deviation fr mean measured in the sixteen images of plain
PMMA was 1.6%. E '

Large format (24c&m) r ccQtructed focal planes were obscured along the left
and right edge h ﬁo@%ne by a grey band which contained no useful

information. ! he'width H\ ands varied with height, from approximately 6mm at the
ric di

table su 14m height of 50mm above the table. This band can be seen in

the g%@ njymage shown in Figure 17.

th\rom zeased pixel values towards the lateral edges, the reconstructed focal
es ed to be generally fairly uniform, with the following subtle artefacts visible:

@econstructed images of plain PMMA, faint parallel lines running perpendicular to
e

CWE were sometimes seen covering parts of the focal plane. This effect was
not noticeable on images containing detail, such as CDMAM images.
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2. Arow of a few white spots (with raised pixel value), of approximately 1Imm diameter,
were sometimes seen along the lateral edge of a focal plane, at the very edge of the
reconstruction.

3.7 Detector response \’@

The detector response, measured using the MTD in tomosynthesis and 2D mode @

shown in Figure 19. The anti-scatter grid remained in position for these measurerm

No grid transmission factor correction was applied for the entrance air kerma g \
or projection. §

150007 ‘Q
= 2D \
N &6 30

10000+

5000 A

Average pixel value

@ &e air kerma at detector (uGy)
on

Figure 19. Detec q %antl -scatter grid included) using the MTD, for 2D and
tomosynthes #\ 0
\@ \\@\

?S? I@?ussmn
\
séf@ Dose and CNR

MGDs were calculated for a range of equivalent breast thicknesses from 21mm to

117mm, exposed under AEC. The MGDs were well within the NHSBSP dose limits for

2D mammography for both of the 2D modes (2D Bucky and MTD, in Standard mode)
32
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and for the tomosynthesis mode. MGDs for 2D exposures made with the MTD were 1-

30% higher (on average 15% higher) than those made with the 2D Bucky. MGDs for
tomosynthesis exposures were similar to those for 2D exposures made with the MTD.

For a 53mm equivalent breast thickness, the MGDs were 1.13mGy, 1.29mGy and @
1.09mGy for exposures made with the 2D Bucky, the MTD in 2D mode and in \
tomosynthesis mode, respectively. The NHSBSP dose limit for 2D mammography is Q
2.5mGy for this thickness.

the CNRs for all equivalent breast thicknesses exceeded the value require
NHSBSP standard for minimum acceptable image quality. For equwalen

thicknesses up to 60mm, the CNRs exceeded the value for achievable®i
As expected, the CNRs decreased significantly as thickness incr:
advisable to increase the dose for larger breasts, by using Con

In 2D mode, when using either the 2D Bucky or the MTD under AEC (Stan(d&;@de

O

mple

The estimated doses to reach the target CNRs for the m wum acc t and
achievable levels of image quality were 0.52 + 0.10 3mGy
respectively when using the 2D Bucky. They werg 0. and 1.26 + 0.25mGy
respectively for 2D imaging using the MTD. Th \esultsf 2D Bucky are close to
the values previously reported for the GE H re E tral: 0.49 + 0.10mGy and
1.13 £ 0.23mGy. Q

CNR values in reconstructed to sis f es are expected to be highly
dependent on the degree of smoothing and ng inherent within the reconstruction
algorithm. Any mterpretatlon R va relation to image quality in tomosynthesis
should therefore be treat e focal plane CNR and slab CNR were

found to remain fairly @5& tacr the range of breast thicknesses.

CNRs measur cig e un@sed tomosynthesis projection images also decreased
with increasin g& kness CNRs are lower than for 2D images because the dose

per prqes@s a frac |n this case one ninth) of the total dose.

Q with dose in tomosynthesis images was assessed. A power fit
ot tionship between CNR and dose for projections had an index close to

t
@tes that quantum noise is the dominant noise source in the projection
measured in reconstructed focal planes and slabs also increased with

ZE Image quality

Image quality in 2D mode was assessed for both the 2D Bucky and the MTD, using the
CDMAM test object. In both cases, at a dose equal to that obtained under AEC, the 2D
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threshold gold thickness curve was close to the achievable level of image quality for all
detail sizes.

CDMAM images were also acquired in tomosynthesis mode, at the same dose as under @
AEC. The threshold gold thickness curve for reconstructed focal planes was close to the 56
achievable level of image quality that is defined for 2D mammaography for all except the
0.1mm detail. The 0.1mm value was slightly greater than the minimum acceptable

standard for 2D. However, this result takes no account of the ability of tomosynth

remove the obscuring effects of overlying tissue in a clinical image. The degre thls

effect is expected to vary in different tomosynthesis systems. At double and(sg \
AEC selected dose, the threshold gold thickness decreased and mcreas

respectively, as expected. For reconstructed slabs the threshold gol

was considerably poorer than that for the focal planes, falling be %ZD

standard for all but the largest 1mm detail. This result suggest Q’muld

only be regarded as supplementary to the reconstructed foc nes ould not be
relied upon in isolation. O

There is no standard test object available yet thatw allow, \Qistic and
guantitative comparison of tomosynthesis imag W’@ systems, or between
2D and tomosynthesis modes. A suitable te orporate simulated breast
tissue to show the benefit of removing ove ture in tomosynthesis
imaging, as compared to 2D |mag|ng abse such a test object, an extensive
clinical trial would be needed to de he performance of a particular
tomosynthesis system is cllnlcally quate

4.3 Geometric dlStO& an@s’tructlon artefacts

Assessment of ge@ test ph@om images demonstrated that the reconstructed

tomosynthesis, Ianes Iat and parallel to the surface of the breast support
table with no v I dlst The geometric distortion within the focal plane was
negllglble\@hown parlng measured and true distances between imaged

details\? cali , calculated using the pixel spacing quoted in the image
DI% ade@also negligible.

@ted tomosynthesis volume includes an additional 2.5mm below the
?\surfac mhe breast support table and 2.5mm above the nominal height of the
co&ession paddle. This allows for a small margin of error in the calibration of the
‘\ ted thickness or some slight tilt of the paddle, without missing tissue at the bottom
or top of the reconstructed image.

In tomosynthesis images of 1Imm diameter aluminium balls, the balls appeared circular
within the plane of best focus. When viewing successive focal planes, moving away

34



Technical evaluation of GE Healthcare SenoClaire digital breast tomosynthesis system

from the plane of best focus, the balls appeared to stretch slightly then fade and

separate into two broad lines, one light and one dark. These elongated in the direction

parallel to the CWE, and shifted away from the centre of the CWE. This apparent shift of

the reconstruction artefacts is due to the geometry of the diverging X-ray beam. The @
magnification effect was quantified by measuring the maximum extent of the 50% \
contour level in background corrected pixel values around each ball in all planes. It wa Q
greater than that in the plane of best focus by up to 1.1mm.

The 50% contour extended vertically between focal planes, giving a mean intepglan
resolution (z-FWHM) of 6mm for the 1mm diameter balls. Balls of greater,0
diameter would result in more or less extensive reconstruction artefacts

plane resolution would vary accordingly. Inter-plane resolution varl s t
with position in the reconstructed volume.

Balls near the lateral edges of images appeared to persist t sh a gte %number of
adjacent focal planes than balls at the centre of the image, As this varia across the
o
0 im

image was not evident in the z-FWHM measureme was,i igated further. It
was found that the shape of vertical line profiles thr a balls changed

significantly with position in the image. Howevey signifi of this observation is
doubtful, as the contrast of the aluminium b is*abnor igh compared to the
contrasts expected in clinical images. 0 %

4.4  Alignment %(b'

There was no missed tissue @ top m of reconstructed tomosynthesis
Images. Missed tissue ats@/v s\ assessed.

The alignment of t ® beamche reconstructed image was assessed. At the

CWE the over up t , compared to the limit of 5mm for 2D imaging, though
the limit was onlywExcee th the rarely used molybdenum target. At the other sides
of the im e ed the X-ray beam were not sharply defined but were detected
and fo ove edges of the image by up to 8mm, remaining well within the
bqu& S of st support table.

Q@‘ %@umformlty and repeatability

?\ adartefacts were seen in reconstructed tomosynthesis images. These included
es of parallel lines in images of plain PMMA, and some white spots appearing in a
row along the lateral edges of the reconstruction. Clinical images should be checked to
ensure that such artefacts do not impinge on the clinical images. The width of large
format reconstructed focal planes was restricted by grey bands up to 15mm wide along
the lateral edges. These contained no information.
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Repeat tomosynthesis imaging of the same phantom under AEC resulted in the same
dose for fifteen images and an 18% higher dose for one, when the tube load increased
by 10mAs. This suggests the existence of steps in the determination of the tube load

settings for projections. @
4.6 Detector response Q’\’

Measurements of detector response in 2D and tomosynthesis modes showed tha@)
amplification of the detector signal is greater in tomosynthesis mode than in Z@d :

Q
6\%0
%

The technical performance was tested in both 2 ggmos s modes. Doses for 2D
images were on average 15% higher for the M mpargﬂb e standard 2D Bucky. 2D

5. Conclusions

imaging performance, using either the 2D I?@k or the , met current NHSBSP standards
for digital mammography, with no signi@t\% i eren@ age quality.
od

The MGDs measured in tomosynt e e¥ound to be close to those measured in 2D
mode when using the MTD. The ynth ses are well within the NHSBSP dose limits

for 2D mammography.

not yet possible to pr clinica synthesis performance from these results.

L P
\@ \\%
B <
D <
@

W &\\\

\0

No performance standar y% set for digital breast tomosynthesis systems, and it is
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Appendix 1: Manufacturer’'s comment

The manufacturer has added the following comment which is not part of the current KQ

evaluation Q’\

e with reference to the synthetic 2D view (Section 2.1), since this evaluation @Q
performed, it has been made available for download as a BTO object

;\\QQQQ\
e
O
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