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Executive summary

The technical performance of the Fuijifilm AMULET Innovality digital breast @
tomosynthesis system was tested in the 2 tomosynthesis modes available, Standard ’\&
(ST) and High Resolution (HR). The mean glandular dose (MGD) to the standard @Q
breast was found to be within the remedial dose levels, except at the high (H) do

setting in HR mode. The threshold gold thicknesses measured with the CDMAM t

object are better than the achievable level for 2D, for details of 0.2mm and%@ \3\
*

Technical performance of this equipment was found to be satisfactory, Qﬁt tth
system could proceed to practical evaluation in a screening centre. port’provides
e dose é

baseline measurements of the equipment performance includin%\ O
e contrast detail detection / \E
e contrast-to-noise ratio (CNR) O *
e reconstruction artefacts, z-resolution C) \Q

e detector response ®\ &®Q

projection modulation transfer functi(\

L J
The MGD and CNR measurements in @de& ose to those measured and

reported previously.” %(b' (Q
SR
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1. Introduction

1.1 Testing procedures and performance standards for digital mammograp%@

This report is one of a series evaluating commercially available mammography syster®0
on behalf of the NHS Breast Screening Programme (NHSBSP). The testing meth@ds

and standards applied are those of the relevant NHSBSP protocols, which are
published as NHSBSP Equipment Reports. Report 0604* describes the tes@ \
cri

field digital mammography systems used for 2D imaging and Report 14
the testing of digital breast tomosynthesis.

NHSBSP protocols'? are similar to European protocols,®*° but ope cols
also provide some additional or more detailed tests and stand ch are
included in this evaluation.

Additional tests were carried out according to the U S for testing
mammography X-ray equipment as described i |n port

The aims of the evaluation were to: O

e measure the technical p@ nce @e@]lfllm AMULET Innovality system in

tomosynthesis mode

1.2 Objectives

¢ verify that the doég;% no $ as previously reported when the system is
operating in @0 e (Régt 1601).”


https://www.gov.uk/government/publications/breast-screening-digital-mammography-commissioning
https://www.gov.uk/government/publications/breast-screening-routine-quality-control-tests-for-breast-tomosynthesis
https://www.gov.uk/government/publications/breast-screening-technical-evaluation-of-fujifilm-innovality
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2. Methods

2.1 System tested &@

\\

Details of the system tested are given in Table 1. Q

Table 1. System description C)
Manufacturer Fujifilm \
Model AMULET Innovality @

Target material Tungsten (W)
Added filtration 50pm Rhodium (Rh) for 2D

700um Aluminium (Al) for t n\ the C)
Detector type Amorphous selenium 6 t)

Detector serial number J125579

Image pixel size 50um in 2D images, 1@n in S\E\d

reconstructed foca nes, 15%

100pm in ST roj
Detector size 240mm x 3
Source to detector distance 650mm Q
Source to table distance 633mm (b' (b'
Automatic exposure control (AEC) AEC,J

modes
AEC dose levels
Tomosynthesis projections

in 2D osynthesis modes
N) Low (L)

en p ns without anti-scatter grid
quall ed covering range +7.5° (ST)

a HR)
Reconstructed focal planesog anes at Imm intervals, number
eguals compressed breast thickness in mm
s\plus 5
Software version (Q 0 FDR-3000AWS Mainsoft V7.0

L. P

The syst 2 to@ esis modes
o S% d ( hich uses a narrow angular range of projections (15°)
h R

f&"

?\ here @cility available to carry out a combination exposure, in which a 2D and a
omo&ynthess exposure are performed within a single compression.

t| n (HR) mode which uses a wide angular range of projections (40°)

%bjifilm set up the system for testing in service mode, which has reconstructed
tomosynthesis quality control (QC) images available as sets of 2D images
corresponding to the individual focal planes, in Digital Imaging and Communications in
Medicine (DICOM) CT format. In normal clinical use the reconstructed images would be

v
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available in the standard BTO DICOM format, and this would be a more convenient

format for routine QC testing, but should make no difference to the results of these

tests. In the CT format images tested the pixel spacing in reconstructed focal planes

differs from the image pixel sizes given in Table 1, which are the nominal pixel spacing @
at the detector. The pixel spacing reduces with increasing height above the detector. 56

Fujifilm 2D images and projections. For 2D QC analysis it is necessary to linearize, pi

values with respect to dose. To standardise the linearization process the “S” apd “L’

values used to set the pixel values in the image were set to 121 and 4.0 re ly, | \

reconstructed tomosynthesis images pixel values have a complex relati(N to

They are by definition heavily processed and can therefore not be Iine@e in

manner analogous to the linearization of 2D images. Clinical rec ed C)
0 mic

There is a logarithmic relationship between pixel value and detected radiation do\'f@?Q

tomosynthesis images from this system are created using the | jegtions.
For this evaluation Fuijifilm also made available reconstructi eate g linearized
projections, and analysis was carried out using both types (ﬁcons ructioh to compare
their merits for QC purposes. C) \Q

The reconstructed tomosynthesis images availablenn QC n@s used for this
evaluation excluded some of the image processi ied te-clinical images. There are

2 types of post-reconstruction process@ | images: Pattern 1 and

Pattern 2. Pattern 2 is less commonly
this evaluation used Pattern 1. @

The system generated a synt E Vi view’) for each ST and HR
tomosynthesis reconstrucs'\', é@ e not evaluated

ic 2
tth
The AMULET Innova@g shown@ igure 1 — image courtesy of Fujifilm.
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Figure 1. The Fujifilm AMULET Innovality @brea{@%synthesw system

2.2 Dose and contrast-to- nmsgg}b un@

2.2.1 Dose measurement

Measurements were mad half ﬁer (HVL) and tube output across the clinically

relevant range of kV ilter co tlons Output measurements were made on the
midline at the stan positi m from the chest wall edge of the breast support
platform. The & 55|Qn Ie was in the beam, raised well above the ion chamber.
As the syst S dlff arget filter combinations for 2D and tomosynthesis, output
measure were.%3 in both modes. In tomosynthesis mode the stationary
expos ptIO

2D tomosynthesis modes, exposures of a range of thicknesses of
%@ hacrylate (PMMA) were made under AEC. For each measurement the
?‘helg t e paddle was set to match the indicated thickness to the equivalent breast
éess for that thickness of PMMA. In 2D mode exposures were made both with and

ut the intelligent AEC setting (IAEC) which adjusts exposures according to
localised densities in the breast.

MGDs for the standard breast model for 2D and tomosynthesis exposures were
calculated using the methods described in the UK and European protocols.® The

9
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method of measuring MGD in tomosynthesis mode described in the UK protocol differs

slightly from the method described by Dance et al 8 in that the incident air kerma is

measured with the compression paddle well above, instead of in contact with, the ion

chamber. Measurements on other systems **° show that this difference reduces the air @
kerma and thus the MGD measurement by 3% to 5%. 5\&

\

2.2.2 Contrast-to-noise ratio

For CNR measurements a 10mm x 10mm square of 0.2mm thick aluminlgn@
included in the phantom described above, positioned 10mm above the t n th

midline, 40mm from the chest wall edge. (The standard position is 60n®rom© est

wall edge.)

CNR in 2D mode was assessed using 5mm x 5mm ROIs po ed [ %ntre of the
aluminium square and 2 background positions, to the ches and rr:&o\ sides of the
square, as shown in Figure 2. The CNR in tomosynt ode easured in the
focal plane in which the aluminium square was brou to fo eCause the

aluminium square was positioned closer than u to the cf& all edge and there

was a gradient in pixel value perpendicular to est ternative ROI positions
were selected. The ROIs were subdivided [ mm

elements and the
background ROls were positioned at t \r

from the chest wall as the
aluminium square, as shown in Fig tomosynthesis mode was
calculated using the average of téan a tandard deviation in pixel values for
each 1Imm x 1mm element

CNR was also assessed ﬁ\' un ed tomosyntheS|s projections acquired for the
above images, usmg m X 5

Variation of C P@ dose assessed in the reconstructed focal planes for a

simulated brea’& ickne mm (using a 45mm thickness of PMMA). The variation

in centralxq tlon C |th breast thickness and the variation in projection CNR with
' gle f mm thick breast were also assessed.

Q\’;QQ
o ®

s\O

10
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Chest wall edge

.Q@

Figure 2. Position of 5mm x 5mm ROIs for assessment of CNR in 2Dg gesQ

Chest wall edge

Figure 3. Position of 5mm x 5n§
assessment of CNR in tomo%ut

2.3 Image qualit&;e\a'sure&wts

Images were Q of t @MAM phantom in tomosynthesis mode. The CDMAM
phantom (VerZ%e A4, sefigkAumber 1022) was sandwiched between 2 blocks of
PMMA, e&@o mm t The exposure factors used were manually selected to be as
close e?s@ sibl e selected by the AEC for an equivalent breast thickness of
6Q tso ges were acquired at factors approximating the AEC selected dose
I both, ST and HR tomosynthesis modes, and further sets in each mode at 1.5

& st selected dose level.

?\The cal plane corresponding to the vertical position of the CDMAM within the image
%M@xtracted from each reconstructed image. The sets of CDMAM images were read
and analysed using 2 software tools: CDCOM version 1.6 (www.euref.org) and CDMAM
Analysis version 2.1 (National Co-ordinating Centre for Physics of Mammography
(NCCPM), Guildford, UK). This was repeated for the 2 focal planes immediately above
and below the expected plane of best focus, to ensure that the threshold gold thickness

11
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quoted corresponded to the best image quality obtained. The fit to the predicted results
were used to produce the contrast-detail curves in Section 3.2.

4

2.4 Geometric distortion and reconstruction artefacts Q’\.

An assessment was made of the relationship between reconstructed tomosynthe{)
a

focal planes and the physical geometry of the volume that they represent. This
done by imaging a geometric test phantom. The phantom consisted of a re@
t

array of 1mm diameter aluminium balls at 50mm intervals in the middle f\
sheet of PMMA. It was positioned at various heights within a 60mm thi k
sheets of PMMA. The phantom was imaged with the balls at nomin hts of 7.

32.5mm and 52.5mm above the breast support table. Reconstru@& mo@e&s

(@)

planes were analysed to yield positional information.

The analysis was automated using a software tool deve d at NC
(www.nccpm.org). This software is in the form of a or u njunctlon with

Imaged (http://rsb.info.nih.gov/ij/).

2.4.1 Height of best focus Q q

*

The height of the focal plane in which@ban t in focus was identified for each

ball. Results were compared for all withi image to judge whether there was
any variation, indicating possible tiof the t

antom relative to the reconstructed

planes, or any vertical dlstortl@ft $ anes within the image.
ocal plane

2.4.2 Positional ac& |th|

The x (perpen 0 ches Il edge) and y (parallel to chest wall edge) co-ordinates
within the i |ma re fo r each ball. The mean distances between adjacent balls

I%i using xel spacing quoted in the DICOM image header, and

%gl separation of balls within the phantom, to assess the scaling
directions. The maximum deviations from the mean x and y

S calculated, to indicate whether there was any discernible distortion of

ﬁna&&@n the focal plane.

Q 2.4.3 Appearance of the ball in adjacent focal planes

sC\anges to the appearance of a ball between focal planes were assessed visually.

To quantify the extent of reconstruction artefacts in focal planes adjacent to those
containing the image of the balls, the reconstructed image was treated as though it were
a true 3-dimensional volume. The software tool was used to find the z dimension of a

12
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cuboid around each ball which would enclose all pixels with values exceeding 50% of

the maximum pixel value. The method used was to re-slice the image vertically and

create a composite x-z image using the maximum pixel values from all re-sliced x-z

focal planes. A composite z line was then created using the maximum pixel value from @
each column of the x-z composite plane, and the full width at half maximum (FWHM) in 5\&
the z direction was found by fitting a polynomial spline. All pixel values were Q
background-subtracted, using the mean pixel value from around the ball in the pla

best focus. This composite z-FWHM (which depends on the size of the ball imag

the purpose) was used as a measure of the inter-plane resolution, or z- resolth

2.5 Alignment Q

The alignment of the X-ray beam to one focal plane of the rec cte@ ynthesis
volume was assessed at the surface of the breast supportt usmg\xg eveloping
film and graduated markers positioned on each edge of@X ra b% indicated by
the light field.

The alignment of the imaged volume to the c edv as assessed at the

top and bottom of the volume. Small h|gh co@ ere placed on the breast

support table and on the underside of ressi le, and the image planes

were inspected to determine whether rkers rought into focus within the
wa

reconstructed tomosynthesis voI IS t'done with no compression applied
and then repeated with the chest edge paddle supported and 100N

compression applied. \Q
2.6 Image uni Ity artdggeatablllty

L .
The reprod sN/ of ttﬁmosynthess exposures was tested by acquiring a series of

five |ma qu k block of PMMA under AEC. A 10mm x 10mm ROI was
posm e chest wall edge in a plane 22.5mm above the breast support
ta d the an and standard deviation of the pixel values were found. The signal-

ise rati R) was calculated for each image. These images, and others acquired
rmg rse of the evaluation, were evaluated for artefacts by visual inspection.

ﬁblnatlon exposure was carried out using a 60mm thick PMMA test block to test
er the exposure factors matched those for separate 2D and tomosynthesis
exposures.

13
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2.7 Detector response

Detector response was measured for the detector operating in tomosynthesis mode. An
aluminium filter of 2mm thickness was placed in the beam and attached to the tube port. @
A typical beam quality (32kV W/AI), was selected and images were acquired using a ’\&
range of tube load settings in tomosynthesis ST and HR modes. Using a 10mm X 10mm0

ROI positioned on the midline 50mm from the chest wall edge of the central projecti r@

iImage, the mean pixel value was determined. This was plotted against air kerma @

incident at the detector. \

2.8 Timings

Timings were measured with a stopwatch whilst imaging a 5 Q Cagnt
breast, simulated using 45mm PMMA, under AEC, for both nd HR\fomosynthesis
modes. Scan times were measured, from when the e e butt as pressed until
the compression paddle was released. The time froé?compr ntil the
reconstructed tomosynthesis image was dlsplaye\n the a lon workstation was

also measured.
0
;\\O Oq

2.9 Modulation transfer fur@\ﬂ&

MTF measurements were ma@ tom sis projection images, as described in the
European tomosynthesis }@col.s s repeated in ST and HR modes, at heights
of Omm and 40mm ab t breag\su port table, in 2 orthogonal directions (parallel
and perpendicular to&hest w@dge).

«&©
2.10 %\&ensﬁ%ﬂ

den%ea test was carried out as described in the European tomosynthesis
ol.> MMA was placed on the breast support table and the compression
addl sitioned at a height of 50mm. Additional small pieces of PMMA (20mm x
?“40m e placed on top of the paddle, on the midline at a distance of 50mm from the
all edge, to create additional thicknesses of up to 14mm. For each thickness
sure factors were recorded for the ST and HR tomosynthesis modes under AEC.

14
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3. Results

3.1 Dose and contrast-to-noise ratio under AEC &Q

&

O@

Table 2. HVL and tube output measurement in 2D mode \
kV Target/filter HVL (mm Al) Output (uGy/mAs»

The measurements of HVL and tube output are summarised in Tables 2 and 3.

25 W/Rh 0.48 9.44

28 WIRh 0.51 13.1 (b

31 WI/Rh 0.54 16.7 O C)
34 W/Rh 0.56 20.3 é\

Table 3. HVL and tube output measurement in tomom{he&s m&

kV  Targetffilter HVL (mm Al) C/ZMputﬂ@mAs at 1m)
28 WI/AI 0.47

31 W/AI 0.52

34 WI/AI 0.58

37 WI/AI 0.62

40 WIAI 0.67 %(g} ,\Q@

Calculated MGDs for the d model for AEC exposures in 2D and
tomosynthesis ST and des shown in Figure 4. The remedial dose level used
for 2D imaging sho Icvthe figu are from Report 0604.! (The reference dose levels

ropean Tomosynthesis Guidelines® have the same

S).

15
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87 —e— 2D High dose
—— ST Tomo Normal dose
®- ST Tomo High dose ,

6 - HR Tomo Normal dose 7 @
— ®-- HR Tomo High dose ," \
> ’
O --+ Remedial dose level e Q
: %)
o] @)
o)
(@]
=

2_

XA
0 \\
0 20 40 60 80 10
Equivalent breast thickness (mm) é
s&ﬂthesis

Figure 4. MGD for equivalent breast thicknesses for and to

The CNRs measured in 2D mode for a 0.2mm th%\gof ah@m foil are shown for

the H dose level in Figure 5. %

15 1 5\3

NR (iIAEC)
CNR (AEC)

e
2
e

Q *6
‘\%\ Qq\z\lo 4|o 6IO slo 160
@ @ Equivalent breast thickness (mm)

Aigure& R for 2D images obtained under AEC at H dose level

%.9&

CNRs measured in reconstructed tomosynthesis focal planes are shown in Figure
6.

16



Technical evaluation of Fujiflm AMULET Innovality tomosynthesis system

50
—— ST High dose

40 —®- ST Normal dose
o —€— HR High dose @
=z —— HR Normal dose \
© 304
c
s
: O
= 20
(8]
o (b \
Lo

. Q
"\ Q®
0O

Equivalent breast thickness (mm)

Rad
’ 0 2I0 4IO 6I0 8IO b\\ %C)

Figure 6. CNR in reconstructed tomosynthesis p a@wder AEC at the N and
H dose levels
The MGD and CNR results shown in Figures are | ables 4 to 9, together
with the exposure factors. All MGDs quote elude the@’lmmary exposure which is
not used in the image.
Table 4. Dose and CNR for 2D @ acq nder AEC at the H dose level (AEC
mode)
PMMA Equivalent kV TW mAs MGD Remedial CNR
thickness breast fil (mGy) dose
(mm) thlckness 5\\9 level

(mm) Q/ (MGy)
20 O\ 26 / Rh 48.6 0.71 1.0 10.5
30 g\ﬁ W/ Rh 71.1 0.93 15 9.2
40 W /Rh 96.2 1.18 2.0 8.0
45 W/ Rh 108.0 1.35 2.5 7.6
50 % W /Rh 1225 1.58 3.0 6.9
60 W/ Rh 165.7 2.08 4.5 6.0
70 W/ Rh 215.0 2.73 6.5 5.0

17
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Table 5. Dose and CNR for 2D images acquired under AEC at the H dose level (IAEC

mode)

PMMA Equivalent kV Target/ mAS MGD Remedial CNR

thickness breast filter (mGy) dose

(mm) thickness level @
(mm) (MGy) N

20 21 26 W/ Rh 53.1 0.78 1.0 10.9

30 32 27 W/Rh 736 097 1.5 o4

40 45 28 W/ Rh 101.8 1.25 2.0 C?Z

45 53 29 W /Rh 110.6 1.37 2.5 5

50 60 30 W/Rh 1263 161 3.0 Q 7§\

60 75 31 W /Rh 171.1 2.10 4

70 90 33 W/ Rh 223.7 2.78 .

Table 6. Dose and CNR for ST tomosynthesis images acq

v

0\0
u'@mde at the N dose

level
PMMA Equivalent kV Target/ mA CNR in
thickness breast filter OmGy) %focal central
(mm) thickness planes projections
(mm)
20 21 27 W /Al 40.3 7.39
30 32 29 W /Al & 27.8 5.09
40 45 31 W/ AI 5. 2 23.2 4.18
45 53 32 W/ & 1 49 20.7 3.85
50 60 33 @ 1.78 19.0 3.50
60 75 36 % 2.41 15.0 2.82
70 90 37 @ / Al 2.86 12.5 2.57

Table 7. Dose and

O

C&%}HR @)synthesis images acquired under AEC at the N dose

level
PMMA Equiv, @‘ kv 6 Target/ mAS MGD CNRin CNRin
thickness breié O filter (mGy) focal central
(mm) ickness 6\ planes projections
527 W /Al 32.8 0.99 20.8 5.54
\fD» 32Q 29 W/A 400 1.26 16.8 4.36
N 31 W/ Al 55.8 1.88 - 3.97
g@ 32 W / Al 66.6 2.30 13.0 3.75
e W /Al 72.6 2.67 - 3.40
35 W / Al 77.8 3.12 9.6 2.62
90 37 W /Al 78.9 3.35 7.4 1.98

\

18
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Table 8. Dose and CNR for ST tomosynthesis images acquired under AEC at the H dose

level

PMMA Equivalent kV Target / mAS MGD CNRin CNRin

thickness breast filter (mGy) focal central

(mm) thickness planes projectio
(mm) {

20 21 27 W /Al 32.5 0.99 40.3 7.55

30 32 29 W /Al 32.7 1.06 29.8

40 45 31 W /Al 42.4 1.47 25.7

45 53 32 W /Al 50.5 1.79 23.1

50 60 33 W/A 562 212 21.8 g : §\

60 75 36 W /Al 63.1 2.87 @ -

70 90 37 W / Al 79.3 3.44

Table 9. Dose and CNR for HR tomosynthesis images acq @und Gﬂ at the H dose

level

PMMA Equivalent kV Target / mAs |n CNR in

thickness breast filter OmGy) %focal central

(mm) thickness C) \Q planes projection
(mm)

20 21 27 W /Al 23.3 6.14

30 32 29 W / Al 3 Q 8 17.9 -

40 45 31 w/ AI 0.1 .35 15.6

45 53 32 W/ & 2.86 14.5 4.14

50 60 33 @ 9@ 3.31 13.3 -

60 75 35 % | & 3.87 10.6 .

70 90 37 / Al A4 4.16 2.25

CNR measurements w; s\rso é\m the tomosynthesis projection images. Figure 7

shows the vanaﬂo@R with ection angle is shown for ST and HR modes.

Figure 8 show \‘{ riatio e central projection CNR with equivalent breast

thickness. g\

,b\’b Q*
o ®

s\O
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— ST (N dose level)
— HR (N dose level)

Tomosynthesis projection CNR

*
0 T T T T ¥

T T O
Angle (°) O& \%

Figure 7. Variation of projection CNR with angle O

ose level)

dose level)

Tomosynthesis projection CNR

0

I W T T T 1
40 60 80 100

%\h‘

J
® Q quivalent breast thickness (mm)
L
i Bx 8. V@'atl n of central projection CNR with equivalent breast thickness

SHEN
VS.ZO Image quality measurements

?I'}e lowest threshold gold thicknesses were obtained for focal plane 23 in the ST and
HR modes. Figure 9 shows the threshold gold thickness detail detection curves for this
plane for both modes. In Figures 10 and 11 the threshold gold thickness detail detection

20
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curves are shown for focal plane 23 at the N dose level and at approximately 1.5 times
this dose for the ST and HR modes.

The linearized tomosynthesis images were also analysed but the results were not @

materially different from those presented here.

Threshold gold thickness (um)

Figure 9. Threshold gold thickness

reconstructed focal plane 23, ig

old gold thickness (um)

o

[ERN
<

[ERN
]

o
[ERN
1

0.01

— ST (N) 1.84mGy
— HR (N) 2.56mGy
— Acceptable limit for 2

e
O Q

0.10 01

10

Detail dia
L J

¥ dete

3 0.16 0.20 0.25 0.31 @ 0 é

.5(& 3" 0.80 1.00

r{mm)

<
--- Achievable limit f(@
(

curves for ST and HR modes for
cquir, AEC N dose level

— ST 1.84mGy
--- ST 2.95mGy
— Acceptable limit for 2D
--- Achievable limit for 2D

Detail diameter (mm)

10 0.13 0.16 0.20 0.25 0.31 0.40 0.50 0.63 0.80 1.00

Figure 10. ST mode: Threshold gold thickness detail detection curves for reconstructed
focal plane 23, images acquired at 2 dose levels
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--- HR 3.97mGy

10 — HR 2.56mGy
— Acceptable limit for 2D @
--- Achievable limit for 2D ,\&

Threshold gold thickness (um)

0.01 T T T T T T T T N Y

0.10 0.13 0.16 0.20 0.25 0.31 0.40 0.50 O. .80 Q)
Detail diameter (mm) O \es

Figure 11. HR mode: Threshold gold thickness detal ectlo
focal plane 23, images acquired at 2 dose Ievels< ’

for reconstructed

The threshold gold thicknesses shown in Flg @'0 an Q&a summarised in Table
10. \O

Table 10. Threshold gold thickn § ses f nstructed focal plane 23. The values

guoted are the fit to predlct uma calculated as for 2D mammography
s_g hold thickness (um)

Detall ST mod ST mode HR mode

diameter Manual Manu Manual Manual

(mm) 1ﬁ 2.95 mGy 3.97 mGy

0.1 * 0.901 0.880

0 25 .219 0.185 0.169
0.083 0.081 0.057

§\) %“9& 0.043 0.041 0.025

\
&@ si?gétric distortion and resolution between focal planes

E @Height of best focus

All balls within each image (ST and HR modes) were brought into focus at the same
height (£ 0.5mm) above the table, and within 1mm of the expected height, with the first
focal plane representing the surface of the breast support table. These results indicate
that focal planes are flat and parallel to the surface of the breast support table with no
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noticeable vertical distortion. The number of reconstructed focal planes is equal to the
indicated breast thickness in mm plus 4, indicating that an additional 3 planes are
reconstructed above the base of the compression paddle.

3.3.2 Positional accuracy within focal planes s\@
No significant distortion or scaling error was seen within the focal planes. Scaling (®Q
in both the x and y directions, in both ST and HR modes, were found to be less than

0.2%. Maximum deviation from the average distance between the balls was 0.2mm In
both modes and x and y directions, compared to the manufacturing tolerap

in the positioning of each ball. Q
3.3.3 Appearance of the ball in adjacent focal planes

In the plane of best focus the balls appeared well defined a ular @wewmg
successive planes, moving away from the plane of best focy he i of the balls
faded and stretched in the direction parallel to the c I ed ;&e image. In ST
mode images of the balls persisted more brightly int acent han in HR mode.
The changing appearance of one of the alumini alls thr uccessive focal
planes is shown in Figure 12. Q &

1mm aluminium balls in reconstructed focal planes at 1mm
w to 2mm above the plane of best focus for ST mode (top row)
ow)

Figure 12.
interval
and

0

earan&
t

g iewer software it is possible to treat the stack of focal planes as though it
?\WQI‘G a 3-dimensional volume and re-slice it vertically to produce planes in the x-z
and ¥z orientations. The appearance of the ball and associated artefacts in all slices

e visualised in 2 dimensions by creating maximum intensity projections through
re-sliced volumes. Image extracts for a ball positioned in the central area, 120mm
from the chest wall, are shown in Figure 13. In these images the z dimension is not to
scale relative to the x and y dimensions. Pixels within the focal plane represent
dimensions of approximately 0.1mm x 0.1mm, whereas the vertical dimension of each
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pixel represents the 1mm spacing of the focal planes. Representation of the x-z and y-z

planes using square pixels gives an apparent flattening of the balls, whereas in reality
reconstruction artefacts associated with these balls extend vertically by a distance

exceeding their diameter. @

ST mode: @Qﬁ\'

(i) x-z all planes (iv) y-z all pl

() x-y single plane (ii) x-y all planes

HR mode Q
(i) x-y single plane (ii) x-y all planes (i) x-z allplanes

%/) y-z all planes

Figure 13. Extracts from row
ball in (i) single focal plﬁi lii) the

planes, and throughr -S| ?ﬂ*c
perpendicular to th st Wal

\O

Measureme the zgse/t of the reconstruction artefact associated with each ball
are sum dinT. for images of the balls at heights of 7.5mm, 32.5mm and

R (bottom row) showing a Imm aluminium
Imum intensity projection through all focal
al planes in the directions (iii) parallel and (iv)

52.5 t support table. The measurements were repeated using the
ructlons produced by the manufacturer, and were found to be similar
b&)promwely 5% greater than the measurements presented in Table 11.

?Sable QWHM measurements of 1mm diameter aluminium balls
K z-FWHM (range)
-&9 (mm)
7.5 (6.7 to 8.8)
2.8 (2.41t04.7)
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3.4 Alignment

The alignment of the X-ray field to the focal plane at the surface of the breast support

table was assessed. At the chest wall edge the X-ray field overlapped the reconstructed @
tomosynthesis image by up to 4mm. The lateral edges of the X-ray beam overlapped 56
the edges of the reconstructed image by up to 8mm, therefore remaining well within theQ
boundaries of the breast support table. The X-ray beam overlapped the back edg @

the reconstructed tomosynthesis image by approximately 20mm. Alignment was rt)

checked in 2D mode.

Small high contrast objects positioned on the breast support table and aa@

underside of the compression paddle (when no compression was appléa er ght
into focus in focal planes approximately Omm to 2mm from the b tg/5mm
from the top of the reconstructed volume. With 100N compressi plie d the chest
wall edge of the paddle supported, the object at the top of th ume entre of
the chest wall edge was brought into focus in the top focal . (Mis issue was

not assessed at the chest wall edge of the reconstru&)®age.\)Q

3.5 Image uniformity and repeatablllsQ q

target filter combination for each X rep Xposures and the tubeload varied by
less than 1%.

In both ST and HR tomosynthesis moégﬂe AE cted the same tube voltage and

In 2D images, a very fain @ @ was seen along the chest wall edge where
the linearised pixel val e redgced by less than 0.5% near the edge. In the ST and
HR tomosynthesis u-é this b at the chest wall was slightly more pronounced and

was seen as a @ ion of@reased pixel value.

A comblnat e osur%g';nd tomosynthesis in the same compression) of 60mm
PMMA u ECr d in exposure factors within 1% of those obtained for separate
expo;@

?$7 6 WS ector response

@etector response for the central projection of ST and HR tomosynthesis images is
shown in Figure 14. Also shown for comparison is the detector response for 2D
imaging, as measured the evaluation of the Fujifilm AMULET Innovality in 2D mode.’
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20000
—— ST mode

-~~~ HR mode

150007 | —* 2D =5857+1771*In(x) @

y= \
y=5782+1800*In(x)

N\

10000 ///4 QOQ
y=511+1795%In(x) ;\\Q Q®

0 A
T T T \\

q
0 20 40 60 ( 00,
Incident air kerma atdetector(pC@ %

Figure 14. Detector response in 2D and tomosynt[:e mode *

3.7 Timings Q

Scan times, and the times from decompt: @n until %onstructed tomosynthesis

Average pixel value

5000

view became available, are shown |n 12 @
Table 12. Scan and reco &
ST mode HR mode
Time from start of ex e untll mpression 12s 19s
Time from decomp 10N un nstructed image displayed 18s 26s

3.8 |v| @
Th I@; for QHR projection images are shown in Figures 15 and 16. Results

%own inthe“2 orthogonal directions parallel (u) and perpendicular (v) to the tube
, at d 40mm above the surface of the breast support table. These results

?ﬁre u rised in Table 13.
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1.0+

0.81

0.6+

MTF

0.4+

0.2

— MTF(u) at Omm
— MTF(v) at Omm
-=-+ MTF(u) at 40mm
-=-- MTF(v) at 40mm

0.0

6
Spatial frequency (mm™) é
/

Figure 15. MTF for tomosynthesis projections in@ de *

1.0+

N

@MTF(V) at Omm
<\ ==+ MTF(u) at 40mm
-=-+ MTF(v) at 40mm

.......
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Table 13. MTF for tomosynthesis projections in the directions parallel (u) and
perpendicular (v) to the tube axis

Spatial ST mode HR mode

Ereqqle)ncy Omm above table 40mm above table Omm above table ~ 40mm above tabl%
mm (

u \ u \ u \ u
0.0 100 1.00 100  1.00 100  1.00  1.00 .
0.5 095 095 095 096 097 096 096 . (7992
1.0 090 091 08 089 094 091 0.930 0.81
15 083 084 080 080 090 086 087 71
2.0 074 073 070 067 084  0.82 {ag
2.5 064 055 059 046 081 078 N0 &
3.0 054 033 049 025 078 072,500 .73Q 0.34
35 044 014 039 011 071 O 0 0.20
4.0 034 003 031 006 056 % . 0.09
4.5 0.26 0.22 0.36 &9 @2 0.03
5.0 0.18 0.15 017 . 01 é 14 0.02
5.5 0.11 0.10 0.080)" 00 0.05 0.01
L4

3.9 Local dense area \ @éQ
Exposure factors in both ST and HR mod:& foum@emain constant with addition

of the small pieces of PMMA, indicating{' e AE not adjust for local dense

areas in tomosynthesis mode. @ @
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4. Discussion

4.1 Dose and CNR ,\&@

MGD and CNR in 2D mode were Wlthln about 10% of those measured previously for @Q
Fujifilm AMULET Innovality system.” Use of the iAEC option when imaging the CNR t
object slightly increased the tube load by up to 10%.

MGDs in the ST tomosynthesis mode at the N and H dose settings and @
ng m@ﬁ

tomosynthesis mode at the N dose setting were within the reference d
tomosynthesis systems in European guidance.’ Doses at the H dos
tomosynthesis mode exceeded the reference dose levels for eq
thicknesses up to 60mm.

CNR measurements in ST and HR tomosynthesis i |mag creas ncreasmg
breast thickness, as is seen in 2D imaging. Increasi ven breast

thickness slightly increased the CNR.

4.2 Image quality

: Q
In the absence of any more suitable tﬁﬁ]ectf ssing tomosynthesis imaging
performance, the CDMAM test obje use &T mode at the N dose level, the
threshold gold thicknesses for recogs ructed@ planes were better than the minimum
acceptable level and, for detal mete er than 0.2mm, close to the achievable
level of image quality for mmo@ The threshold gold thicknesses for HR
mode were slightly bet de. These results take no account of the ability
of tomosynthesis to @e the urmg effects of overlying tissue in a clinical image.
The degree of ct varl etween tomosynthesis systems and also differs
between the Sé‘gcd HR d s on this system. Results are quoted for focal plane 23,

which in § @se gav @ est results in each mode. At 1.5 times the AEC selected

dose, sho thickness decreased in both modes, as expected.

A rd test\@bject that would allow a realistic and quantitative comparison of
ynth image quality between systems or between 2D and tomosynthesis
%ode@et available. A suitable test object would need to incorporate simulated
breagt tiSsue to show the benefit of removing overlying breast structure in
oéynthesis imaging, as compared to 2D imaging. In the absence of such a test
& t, clinical trials (real or virtual) are needed to more reliably indicate the clinical
usefulness of any tomosynthesis system.
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4.3 Geometric distortion and reconstruction artefacts

The reconstructed tomosynthesis focal planes were flat and parallel to the surface of the
breast support table. No vertical or in-plane distortion was seen, and there were no @
significant scaling errors. 56

The reconstructed tomosynthesis volume was found to start at the surface of the b a@o
support table and continue to 3mm above the nominal height of the compression Q
paddle. This is useful in that it allows for a small margin of error in the calibrati

indicated thickness or some slight tilt of the compression paddle, without m%@ss e

at the bottom or top of the reconstructed image.

The mean inter-plane resolution (z-FWHM) for the 1mm dmmeterb@
7.5mm and 2.8mm, for the ST and HR modes respectively, indi etée@lutlon

in the z-direction in HR mode.

4.4  Alignment O %

The alignment of the X-ray beam to the reconstru\&d |mag?,< satlsfactory

There was no missed tissue at the bottom o of recq cted tomosynthesis
images. ‘

4.5 Image uniformity and re% |ty

The repeatability of tomosyn AE ures was satisfactory. A very faint 10mm
wide band was seen at t es of reconstructed tomosynthesis images.

4.6  Modulation t@er func®1

In ST mode, m%se‘blurnn seen in the direction of tube movement, MTF(v), than in

the orthogo dlrectl F(u) In each direction the blurring was slightly increased

when tloned at a height of 40mm above the table compared to that
att surface In HR mode, there was surprisingly little difference

n the b ing in the direction of tube motion, MTF(v), and that in the orthogonal
gﬁg measured at the table surface. This may be due to image processing
?\ nd/or ling differences between ST and HR modes, which have different pixel
sizes\in projections. However, when the edge was raised to 40mm above the table, tube
%\@ment decreased MTF(v) relative to MTF(u), especially in HR mode in the direction
ube motion. The tomosynthesis projection MTF and noise for the AMULET Innovality
are explored in a paper by Mackenzie et al.'*

evaluation.

This showed similar results to those in this
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4.6 Pre-processing of images

The projection images from this system have a logarithmic relationship between pixel

value and dose at the detector. For the evaluation, Fuijifilm also linearized the acquired @
images before reconstructing them to tomosynthesis planes. The results of the CDMAM 5\$
measurements showed no detectable difference, and there was a 5% difference in the Q
z-resolution between the images. It is important to use consistent methods throu

QC of a system. Overall, it would be better to use the standard logarithmic relatiomb

to be consistent with pre-processing that will be used for clinical images. Q \
S
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5. Conclusions

The technical performance of the Fujifilm AMULET Innovality digital breast @
tomosynthesis system, in both ST and HR tomosynthesis modes was found to be ’\&
satisfactory, although image quality standards have not yet been established for digit Q
breast tomosynthesis systems. The results show a better z-resolution in HR mod@

in ST mode.

remedial dose levels, except at the H dose setting in HR mode. MGDs qU|
53mm breast in ST and HR modes (N dose level) were 1.49mGy an
respectively. In H dose mode these were 1.79mGy and 2.86m6?

In tomosynthesis mode, the MGD to the standard breast was found to be @

oS iS mode

AN

The MGDs in 2D mode were within 10% of those re @)rev 0  The measured
CNRs in 2D mode were within 5% of those repor ed iousl mode atthe H
dose level, recommended for NHSBSP use, the to th dard breast (53mm
thick) was 1.35mGy, compared to the 2. 5mG edml@e&e or 2D mammaography.

’b
%Q}@

remedial level is 2.5mGy. It is suggested that the use of doses,i
in excess of current remedial levels would need justification. O

32



Technical evaluation of Fujiflm AMULET Innovality tomosynthesis system

References

?ﬁ_

Workman A, Castellano I, Kulama E et al. Commissioning and Routine Testing of FulK@
Field Digital Mammography Systems (NHSBSP Equipment Report 0604 Version
Sheffield: NHS Cancer Screening Programmes, 2009

Burch A, Loader R, Rowberry B et al. Routine quality control tests for breasC)

tomosynthesis (physicists) (NHSBSP Equipment Report 1407). London blic
England, 2015 .

of the physical and technical aspects of mammography s
Guidelines for Quality Assurance in Breast Cancer Scr
Luxembourg: European Commission, 2006

van Engen R, Young KC, Bosmans H et al. The European proé ort I|ty control

SIS 4th Edition.

van Engen R, Bosmans H, Dance D et al. Digi I@nmogr y update. European
protocol for the quality control of the physical i cts of mammography

echm(%
screening. In: European guidelines for qu assura reast cancer screening and
diagnosis, Fourth edition — Supplemer@ emb ropean Commission, 2013

van Engen RE, Bosmans H, BOL@ RwW e@%tocol for the Quality Control of the
|

Physical and Technical Aspec;@a gital@ﬁ Tomosynthesis Systems. Version 1.01.

www.euref.org 2016 $

Moore AC, Dance DR, @ns D @ he Commissioning and Routine Testing of
Mammaographic X- stem . Institute of Physics and Engineering in Medicine,
Report 89, 2005

Strudley CJ ko JMrYoung KC. Technical evaluation of Fujifilm AMULET Innovality
digital n%%nograp tem (NHSBSP Equipment Report 1601). London: Public Health
Engl@ 16

eD KC van Engen RE. Estimation of mean glandular dose for breast

osy% . factors for use with the UK, European and IAEA breast dosimetry
prot hysics in Medicine and Biology, 2011, 56: 453-471

ey CJ, Looney P, Young KC. Technical evaluation of Hologic Selenia Dimensions
digital breast tomosynthesis system (NHSBSP Equipment Report 1307 Version 2).

§\O Sheffield: NHS Cancer Screening Programmes, 2014

10.

Strudley CJ, Warren LM, Young KC. Technical evaluation of Siemens Mammomat
Inspiration digital breast tomosynthesis system (NHSBSP Equipment Report 1306
Version 2). Sheffield: NHS Cancer Screening Programmes, 2015

33


http://www.euref.org/

Technical evaluation of Fujiflm AMULET Innovality tomosynthesis system

11. Mackenzie A, Marshall NW, Hadjipanteli A et al. Characterisation of noise and
sharpness of images from four digital breast tomosynthesis systems for simulation of
images for virtual clinical trials. Physics in Medicine and Biology, 2017, 62: 2376-97

34





