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INTRODUCTION

Performance of automatic exposure control on organ dose, effective dose,
and image quality: a comparison between EOSedge™ and digital radiography

Guillaume Boissonnat,! Pierre Morichau-Beauchant,? Aymeric Reshef,? *) Coralie Villa,? Pascal Désauté,? and
Anne-Catherine Simon*

D Université Paris-Saclay, CEA, List, F-91120, Palaiseau, France

D EOS imaging, 10 rue Merceur, 75011 Paris, France

(Dated: 4 July 2022)

Background: EOSedge™* (EOS Imaging, Paris, France) is an X-ray imaging system using Automatic Ex-
posure Control (AEC) with tube current modulation, in order to optimize dose deposition in patients.
Purpose: This study aims at characterizing EOSedge organ dose deposition in comparison to a Digital
Radiography (DR) system and the previous EOS system (EOS-15t generation), in relation to their respective
image quality levels.

Method: Organ doses were measured in an anthropomorphic female adult phantom and a 5 years old pe-
diatric phantom using Optically Stimulated Luminescence dosimeters (OSL), which were carefully calibrated
within the studied energy range. Organ doses were recorded on the EOSedge and the Fuji Visionnary DRF
(Fujifilm Medical Systems U.S.A., Inc, Lexington, MA). The resulting effective doses were compared to the
EOS-1%¢ generation values present in the literature. Image quality assessment was carried out on end-user
images. Quantitative image quality metrics were computed for all tested modalities on a quality assurance
phantom. Qualitative assessment of EOSedge image quality was based on anthropomorphic phantom acqui-
sitions against the EOS-15¢ generation system, and on clinical images against the tested DR system.
Results: For a Full-Spine exam, and on the female adult phantom (resp. the pediatric phantom), an effective
dose of 92 uSv (resp. 32 uSv) was obtained on EOSedge, and 572 uSv (resp. 179 uSv) on the DR system;
these values were compared to effective dose values of 290 uSv (resp. 200 pSv) from the literature on EOS-
1%t generation, leading to an effective dose reduction factor of 6 with respect to the DR system, and of 3 to 6
with respect to EOS-15¢ generation. EOSedge provides the best compromise between contrast-to-noise ratio
(CNR) and dose, with more consistent CNR values than the other tested modalities, in a range of attenuation
from 10 c¢m to 40 cm of poly(methyl methacrylate) (PMMA). Within this range, EOSedge is also comparable
to DR for 10 cm and 20 cm of PMMA, and better than DR for 30 cm and 40 cm of PMMA, both in terms of
spatial resolution and low-contrast detection. The anatomical landmarks of interest in the follow-up of spinal
deformities can be detected in all tested modalities.

Conclusion: Results showed that EOSedge provides significant dose reduction factors for full spine imaging
in both adults and children compared to the other tested modalities, without compromising image quality.
We believe that this work could help raise awareness on the capabilities of modern X-ray systems, when
equipped with appropriate AEC strategies, to perform ultra low-dose, long-axis images.

Keywords: EOSedge, Flex Dose, X-rays, AEC, Dose, OSL, EOS, DR, Low-dose, Micro-dose, Image quality

impairment®7, hence increasing cancer risk and mortal-
ity when they are adults?. Hence, there is a general

Patients with spinal deformities are frequently ex-
posed to X-ray exams during the follow-up of their
pathologies’?. Exposure to ionizing radiation increases
the risk of developing cancer, especially for young
populations®*. For instance, young scoliotic female pa-
tients may undergo many X-ray exams, leading to an
increased risk of developing breast cancer®. Moreover,
evolutive pathologies such as cerebral palsy or early on-
set scoliosis also require biplanar X-ray spine exams for
both the evaluation and the follow-up of juvenile pa-
tients (3 to 9 years old), due to high risk of respiratory

*) Author to whom correspondence should be addressed. Electronic
mail: areshef@eos-imaging.com

a)EOSedge™ and Flex Dose™ are trademarks or registered trade-
marks of the company EOS Imaging.
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tendency of manufacturers to further improve their pa-
tient dose reduction strategies. Currently, the main stan-
dard of care for follow-ups of spinal deformities is pla-
nar radiography, which includes Computed Radiography
(CR) or Digital Radiography (DR)?. In addition, an in-
creased usage of the EOS biplanar slot-scanning X-ray
system (EOS Imaging, Paris, France, referred to as EOS-
15¢ generation system) has been reported for global pos-
tural assessments and follow-up of spinal deformities in
care, with minimized patient exposure compared to pla-
nar radiography® 4. In particular, Damet et al.'? and
Pedersen et al.'> measured organ dose distribution in
the EOS-1%' generation system and demonstrated organ
dose reduction using low-dose and micro-dose protocols
compared to CR and DR. Yet, Pedersen et al. '3 still ad-
vocated “continuously workfing] towards minimizing the
total radiation dose to which we expose our patients”.
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Standard radiography systems and CT scanners tend
to have declining exposure, thanks to the development of os
Automatic Exposure Control (AEC)1°28.

Standard radiography AEC adjusts exposure time
based on a subregion of the exposed patient area. Due
to the limited cell dimensions and to the averaging of
the dose measurement over the cell size, the advantageo
of AEC is not fully exploited. In the case of long-axis
imaging (Full-Spine, Full-Body, or Lower-Limb imaging),
some DR systems enable a stitching option, where the
system acquires images at multiple altitudes in a stop-
and-shoot manner, which are then stitched together intoios
a single image. In such cases, dose is optimized for each
shot.

In contrast, CT AEC is based on a previously acquired,
very low dose scout view??, from which the tube current
modulation is calculated based on a predefined detectorio
signal target, and used during the actual CT scan. AEC
may enable longitudinal tube current modulation, angu-
lar tube current modulation, or both??.

AEC is now available on most of the CT scanners and
standard radiography systems. Literature reports dose
reductions ranging from 35 % to 60 %' in CT scanners
with an active AEC.

In 2019, EOS Imaging introduced the EOSedge system,s
embedding an AEC, called Flex Dose™#830, The system
aims at reducing patient dose while keeping a constant
detector signal over the entire body.

To our knowledge, EOSedge is the only slot-scanning
system capable of full-body acquisition with a continuous
AEC along the scan. Flex Dose could further reduce the,
risk from radiation-induced cancer; however, dose perfor-
mance on this imaging system has not been evaluated yet.
This study provides a quantitative investigation of organ
dose distribution (including the influence of patient posi-
tioning) in EOSedge, and compares it to results obtained,,,
on a DR system, and to previously reported values from
Damet et al.'? and Pedersen et al. '* on an EOS-15¢ gen-
eration system. In addition, an image quality assessment
was carried out in order to study the impact of dose re-
duction strategies on the clinical use of end-user images. ,,
Image quality was quantitatively assessed on a quality
assurance phantom, and qualitatively assessed on an an-
thropomorphic phantom against EOS-15¢ generation, and
on clinical images against DR.

Il. MATERIALS & METHODS

135

A. Flex Dose

In long-axis DR images, stop-and-shoot acquisitions
followed by image stitching may be performed with de-
creasing vertical spreads of the X-ray beam?3!, resultinguo
in smaller active detector heights (and more shots), in or-
der to improve scatter rejection and to reduce geometric
deformations due to the X-ray cone beam shape.

As the active detector height gets smaller, the X-ray

cone beam becomes a fan beam, and the stop-and-shoot
strategy is replaced by a continuous vertical motion®!!.
Such systems are referred to as slot-scanning systems.
When equipped with an AEC, a slot-scanning system
should optimize both the tube current profile along the
vertical scan, as well as the scan speed. To this end, and
similar to what is performed in CT, EOSedge acquires a
preliminary low dose scout view; it is used to automati-
cally extract a profile-of-interest along the axial skeleton,
on which an equivalent patient thickness is estimated.
The maximum value of this thickness profile and the
selected protocol are used to obtain the optimal spec-
trum according to a reference anatomical parameter ta-
ble, which defines additional spectral flat filtration and
kVp values. Finally, the constant scan speed and the
view-dependent tube current profiles are determined in
order to optimize the X-ray flux and achieve a detector
target signal along the profile-of-interest. When simulta-
neous biplanar acquisitions are performed, tube current
modulation is adapted to each view separately.

B. Dose measurements
1. OSL technology

As described by Bgtter-Jensen et al.32, Optically stim-
ulated luminescence (OSL) is the luminescence emitted
from an irradiated insulator or semiconductor during ex-
posure to light. The OSL intensity is a function of the
radiation dose absorbed by the sample. Carbon-doped
aluminium oxyde (AlzO3:C) OSL dosimeters are similar
to Thermo-Luminescent Dosimeters (TLD) that used to
be the standard in dose measurement'?'3. Yet, unlike
OSL where the read-out process is only via light stimu-
lation, TLD requires heating process, thus reducing sen-
sitivity of the dose measurement®2. Hence, OSL tech-
nology was used in this work. However, OSL calibration
requires more attention than TLDs in order to get repro-
ducible measures due to the over-response of low-energy
X-rays33.

2. OSL calibration method

OSL dosimeters were read using the reader’s high in-
tensity mode (mode dedicated to low doses), perform-
ing read-out at least thirty minutes after irradiation to
avoid the well documented fading effects#3°. Since the
successive readout process only decreases signal by ap-
proximately 0.8 %3%3%, measurements were averaged over
three consecutive readouts to reduce uncertainty. If OSL
dosimeters are well suited for low dose measurements,
they are known to be very energy dependent in the kV en-
ergy range. Therefore, it is necessary to calibrate dosime-
ters precisely for each measurement beam quality.

a. Beam Quality Calibration Farmer type ionization
chambers are used as standard ionization chambers for
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absolute dose measurements in radiation therapy. As-
suming that such a dosimeter is well calibrated within
the desired kVp range, the air-kerma value measured by
the ionization chamber K1 is obtained. The OSL signalino
measure spsy, needs to be corrected by the baseline and
the sensitivity at the measured beam quality Q according

to Equation (1):
DM (@) = fq x sos. (1)

Once corrected, the calibration ratio fg is defined as
in Equation (2):

IC 175
g = ek @)
S0SL
b. Dose to Medium The dose to medium D,,, is de-
rived from the dose to calibration medium (air in our
case) using the mass energy absorption coefficient (tien/p)1s0
ratio between the medium and air at a given beam qual-
ity as expressed in Equation (3):

U'en
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(3)
O

This correction is especially important for bones (as
the effective atomic number deviates from air) and fore
low kVp values®?:36,

In order to obtain the dose in medium at the point
of measurement from a detector calibrated in dose in
air, one should correct from the difference of the OSL
dosimeter sensitivity between the incident beam qualityes
(Q) and the beam quality at the point of measurement
(Q’) as expressed in Equation (4):

Dm(Q) ~ Dair(Q) X

D (Q") = D (Q) X fo,0

( (), )
fQ o _ (%)Alzoyc Q'
’ ( (“8%), )
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3. Effective dose

(4)200

with

(5)205

Dose for each organ was computed as the mean value
of the dose values measured by the OSLs in the givenzwo
organ. Effective dose was computed according to the
International Commission on Radiological Protection 103
recommendations®”.

Specific organs were excluded from the study, espe-
cially organs where dose was not measured (lymphaticas
nodes for example) or distributed “organs”, such as bone
surface and skin where the computation was not possible

due to the limited points of measure. Thus, the sum of
the weight factors for the considered organs reached 0.97.

The details of the weighting factors are available in
Tables X and XI from Appendix B.

C. Dose experiments & set-up
1. Dosimeters

Measurements were performed using Nanodot OSL
dosimeters (Landauer, Inc., Glenwood, IL), which were
read off-line using the MicroStar™ reader and then reset
with the Pocket annihilator (both from Landauer, Inc.).

The calibration process described in Section II B 2 was
used for the [72, 120] kVp range.

A Farmer type ionization chamber (0.6 cc, PTW
30013) was used to perform the reference dosimetry,
which was itself calibrated in air-kerma in an accredited
dosimetry calibration laboratory (Laboratoire National
Henri Becquerel, Gif-sur-Yvette, France).

As the incident beam quality (Q) is needed in Equa-
tion (3), the spectrum was extracted from the SpekCalc
software®® after including all X-ray tube details (anode
angle, inherent filtration, high voltage, additional filtra-
tion). Mass energy absorption coefficients from the NIST
Standard Reference Database 12637 were used to calcu-
late energy absorption coefficient ratio integrated over
the beam energy spectrum.

By comparing the air kerma measured by our reference
ionization chamber to the calibrated OSLs as a function
of depth in a homogeneous poly(methyl methacrylate)
(PMMA) phantom, the maximum discrepancy in a [0,
20] em range of PMMA was 6.9 % at a 20 cm depth. In
the following we will assume fg o = 1 while taking it
into account as an additional measurement uncertainty
using the 6.9 % value as our confidence interval, which
translates to an expanded uncertainty (with a coverage
factor®® of k = 2) of 8.0 %.

Using manufacturer confidence intervals, the overall
OSL measurement expanded uncertainty (k = 2) was
estimated at 11 %. Calculations are detailed in Table IX
in Appendix A and used the GUM guidelines*".

2. Dosimetry verification phantoms

Following Damet et al.'?, two OSL-instrumented an-
thropomorphic phantoms were used: a 5 years old pedi-
atric phantom and a female adult phantom. Each phan-
tom is made of tissue equivalent plastic slates of 2.5 cm
corresponding to either soft tissue, spinal cord or disks,
lung, brain or bones (“Adult Bone” for Adult phantom,
“5yrBone” for pediatric).

The 5 years old pediatric phantom (CIRS, ATOM 705,
Cirs Inc., Norfolk, VA) is made of 26 plates from the head
to the pelvis. Each measurement used 53 OSL Nanodot
detectors placed inside the phantom.
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TABLE I. Phantom hole IDs where OSL dosimeters were placed (for more details, see the documentation of the CIRS ATOM

phantoms).

Tissue Phantom hole ID (child) Phantom hole ID (female adult)

Brain 4-7 4-7

Eyes 15, 16 16, 17
Thyroid 22, 23 26, 27

Lungs 28, 29, 53, 56, 70, 74 34, 35, 52, 56, 75, 81
Breast 58, 59 83, 84

Oesophagus 35 41, 92

Liver 105, 121, 122, 138 122, 132, 134, 136, 140
Bladder 158, 170 191, 193-195
Gonads 160, 161, 177, 178 219, 242
Stomach 101, 110 223, 224
Intestine 142-144 127, 128

Red Bone Marrow
Remainder tissues

9, 10, 17, 19, 20, 21, 38, 51, 76, 175, 176
61, 78, 112, 113, 115, 118, 119, 134, 159, 165 83, 84, 116, 117, 127, 128, 164, 167, 168, 177, 218, 229

8, 10, 20, 21, 24, 42, 162, 245, 246

The female adult phantom (CIRS, ATOM 702, Cirs
Inc., Norfolk, VA) is made of 38 plates from the head
to the pelvis. Each measurement used 50 OSL nanodots
detectors placed inside the phantom.

The full list of OSL locations, in terms of phantom hole
indices, is given in Table I.

3. Compared systems and acquisition parameters

a. DR: Fuji Visionnary DRF The DR images were
acquired in a Fuji Visionary DRF radiography room (Fu-
jifilm, Tokyo, Japan). The DR system is capable of
stitching, enabling the acquisition of Full-Spine images.
Female and pediatric phantoms were imaged successively
using “Full Spine” and “Full Spine lateral” protocols. AP
images were repeated 12 times for each phantom in order
to increase signal-to-noise ratios in the OSLs, by reaching
at least cumulated dose values of 0.1 mGy in the OSLs.
Due to the vertical Field of View (FOV) size with respect
to the detector size (43 cm x 43 cm), for each phantom
and for each plane (Frontal and Lateral view), 3 images
were taken and stitched together by the system. The 3
shots are referred to as ‘Upper image’, ‘Middle image’,
‘Lower image’. Table II summarizes the used acquisition
parameters for the DR system. The source-to-detector
distance is referred to as SDD. All DR acquisitions were
performed with a focused antiscatter grid.

b. Slot-scanning system: EOSedge The slot-
scanning system is the EOSedge system®, whose Flex
Dose feature implements the AEC described in Sec-255
tion ITA. The acquisition was performed using the
Full-Spine low-dose protocol, in Flex Dose mode. Two
patient positions were studied. Phantoms were placed
in Antero-Posterior (AP) position, meaning that they
were facing the frontal X-ray tube, with the lateralze
X-ray tube on their left. Postero-Anterior (PA) position
acquisitions were also performed in order to study organ
dose sparing. In PA position, phantom backs were facing
the frontal tube, with the lateral tube on their right.

FIG. 1. Pediatric phantom set-up photo in the EOSedge.
Phantom is in AP position. Upper slices of the phantom were
removed to reveal the position of 6 OSL dosimeters in the
brain. The corresponding hole index positions are shown on
the schematic (top right).

The setup is shown on the pediatric phantom in FIG. 1.
Images were repeated 20 times for each phantom in
order to increase signal-to-noise ratios in the OSLs, by
reaching at least cumulated dose values of 0.1 mGy in
the OSLs. Prior to these repeated acquisitions, one scout
view was acquired. Its dose contribution was found to
be negligible compared to the cumulated dose of the
repeated images. The overall acquisition parameters are
presented in Table III.

Results were compared against reference organ dose
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TABLE II. Parameters used on the Fuji Visionnary DRF for Full-Spine imaging on the pediatric and adult anthropomorphic
phantoms. The inherent X-ray tube filtration was 1 mm of aluminium.

Phantom View kVp Spectral mA Image Exposure FOV (cmxcm)  SDD DAP Detector
filtration before time (mm)  (mGy.cm?®) Dose (mCy)
(mm Cu) stitching  (ms)
Upper 10 110.4 0.06
Frontal 72 Middle 24 178.6 0.097
L Lower 21 167.5 0.091
Pediatric 200~ per 1 107.5 0.058
Lateral 75 Middle 22 200.2 0.108
Lower 46 397.7 0.215
0-1 Upper 32 43> 43 1500 407.0 0.22
Frontal 75 Middle 53 729.6 0.395
Lower 82 1088.2 0.589
Adult 320 —pper 24 300.4 0.162
Lateral 80 Middle 37 607.1 0.328
Lower 158 2535.2 1.371

TABLE III. EOSedge Full-Spine low-dose protocol with Flex Dose acquisition parameters (and their scout view counterparts).

The inherent X-ray tube filtration was 2.5 mm of aluminium.

Phantom View kVp Spectral mA Scan speed FOV SDD DAP Detector
filtration (mm/s) (cmxcm) (mm) (mGy.cm?) Dose (mGy)
(mm Cu)
—_ Fromtal 70 (120) 0.1 (2.0)  [12-55] (10) 189 (2.7) 0.014
Pediatric y ioral 70 (120) 0.1 (2.0)  [10-100] (10) 1620 (825) 514 x67 1300 732 (27) 0.021
Frontal 900 (120) 0.1 (2.0) _ [10-30] (10) 169.9 (47)  0.029
Adult oy teral 120 (120) 0.1 (2.0)  [10-246] (10) S125 (325) 5L XI5 902.5 (4.7)  0.152

values of Damet et al. > and Pedersen et al. '3, measured
on an EOS-1%' generation system using the Full-Spinewo
low-dose protocol.

D. Image quality assessment

1. Challenges of quantitative metrics across modalities

End-user images coming from various imaging modal-
ities are subject to nonlinear image processing steps
(including contrast enhancement and denoising steps).
Hence, special attention should be paid to the selection
of comparable image quality metrics. Standard metrics
such as the modulation transfer function (MTF), the nor-
malized noise power spectrum (NNPS), and the detective
quantum efficiency (DQE)*!, do not account for some
sources of variations in image quality, such as system
magnifications, focal spot blurs, scattered radiations, and
scatter rejection or correction methods, which greatly
vary from one imaging modality to the other. Although
the effective detective quantum efficiency?>** (eDQE)
compensates for these shortcomings, its computation is
still not suitable to compare end-user, fully processed im-
ages.

In particular, differences in the involved physical and
digital imaging chains may result in different end-user
image dynamic range values, that may be compensated

through linear windowing operations. Hence, it is desir-
able that evaluated metrics be normalized with respect
to gray value distributions.

2. Quantitative evaluation

In order to compare images from different imaging
modalities, a normalization by an estimation of the image
dynamic range, denoted Ag, is needed. When all images
are encoded with the same bit depth, Agq is defined as
follows. Consider a quality assurance phantom with a
radio-opaque and a radio-transparent insert, and select a
region of interest (ROI) in each insert. The mean light
gray levels in the ROI of the radio-opaque insert, denoted
vy, and the mean dark gray levels in the ROI of the radio-
transparent insert, denoted vy, can be used to compute
Aq = |v; — vg|. Moreover, if Upax is the maximum ad-
missible value according to the image bit depth, one can
compute a normalized dynamic range metric as:

DYN = 24

Umax

(6)

As suggested in Section IID 1, linear brightness and
contrast adjustments are applied to the images for a fair
image quality comparison. We define this operation as
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follows, for an input image X: 310

Wp(X) = meanpg(Xy) + AA—qu (X —meanp (X)),

(7)
where X is a reference image, with dynamic range Aqp.
Mean values are computed over a certain ROI B. The
following image quality metrics are computed on such™
transformed images.

Image noise, computed as the standard deviation of a
transformed image Wp,(X) in a homogeneous region By,

is defined as:
320

0o (Wi (X)) = 2205 (). (®)

Aq

Due to the contrast adjustment performed by operator
Wpg, (), it is a scaled version of the original image noise
0By (X)

The signal-to-noise ratio (SNR) of image Wp,(X) is

also defined as:
325

meang, (Wg,(X)) Ag ,%O(XO), 9)

R = V(X)) Bay opo(X)

Note that since image mean values have been centered
to meanp, (Xo), the SNR is inversely proportional to the
noise metric.

In order to account for differences in SNR values due to
changes in exposure between imaging systems, the SNR-

to-dose ratio (SNRD) is also computed as*’:

330

SNRD — SR ,

det

(10)

33!
where Dget is the detector dose. The higher the SNRD, ’
the better the tradeoff between the SNR and the dose.

Contrast metrics are not impacted by the bright-

ness/contrast transformations; in particular, the
contrast-to-noise ratios (CNR) are defined as: 240
ONR — |meanc (Wp(X)) — meang(Wg(X))| (11)
op(Wp(X))
_ |meanc(X) — meang (X)| , (12)
oB (X) 345

where C' is a small ROI in the contrasted region, and B
is a small ROI in the surrounding background near C.

Optimizing the CNR does not account for potential
dose increase. In order to account for differences in CNRz3s0
values due to exposure changes, the CNR-to-dose ratio
(CNRD) is also computed as*¢~48:

CNRD = CNR .

det

(13),,,

Note that the CNRD is independent of the mAs. The
higher the CNRD, the better the tradeoff between con-
trast performances and dose.

3. Qualitative evaluation

Quantitative image quality metrics do not fully capture
all the criteria that make an end-user image usable or not
for given clinical applications. In addition to quantita-
tive evaluations, qualitative evaluations, based on at least
two human observers, are also recommended? 490, For a
fair comparison, images should be properly windowed in
order to get a similar dynamic range in all tested modali-
ties. Visual criteria generally include a list of anatomical
structures, and experts either score images according to
a given scale, or arrange the reviewed images in the order
of preference*. Qualitative image quality evaluations are
performed on anthropomorphic phantoms, or directly on
clinical data.

E. Image quality experiments & set-up

Two types of assessments were carried out: (i) a quan-
titative image quality assessment on a quality assurance
phantom, and (%) a qualitative assessment on an anthro-
pomorphic phantom as well as on clinical images.

All the image quality analyses were performed on end-
user images, that were processed by various (possibly
non-linear) image processing steps. All images were en-
coded as 16-bit images and compared as such.

1. Quantitative evaluation

A fluoro quality test phantom (PHD5000, Varay La-
borix, Bourges, Belgium) was used to compare image
quality metrics across the tested modalities (FIG. 2). It
consists of a 9 mm thick acrylic disk, that embeds high-
resolution pattern ranging from 0.5 to 5 line pairs per mil-
limeter (Ip/mm), a radio-opaque and a radio-transparent
insert, and a collection of low-contrast inserts with rela-
tive contrast values ranging from 0.3 % to 13.2 %. The
PHD5000 phantom was imaged behind 10 cm, 20 cm,
30 cm, and 40 cm of PMMA, in order to assess tested
metrics under conditions with different attenuations. Ac-
quisitions were performed in frontal view only, with the
phantom adjacent to the image receptor, on the EOS-
15¢ generation system, the EOSedge system, and the DR
system, for all four tested PMMA thicknesses. On the
EOS-1%¢ generation system, the constant exposure pa-
rameters were used from default tables. The EOSedge
system used the Flex Dose option; since the attenuation
does not vary much over the vertical field of view, the mA
profile was almost constant. On the DR system, images
were acquired using a Localized protocol, with default
exposure parameters, using the same focused antiscat-
ter grid for all acquisitions. Acquisition parameters are
summarized in Table IV.

In addition to the detector dose values for each ac-
quired image, the following image quality metrics were
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FIG. 2. The PHD5000 fluoro quality test phantom.
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FIG. 3. Image of the PHD5000 phantom imaged on EOSedge
behind 20 cm of PMMA; the regions of interest used to com-
pute image quality metrics are displayed on the image.

computed on this phantom, using the different regions of
interest (ROI) displayed on FIG. 3:

410
The dynamic range was used to measure how well
gray levels are distributed over the available bit
depth. The dark and light regions, displayed as
black dotted circles on the radio-opaque and radio-
transparent inserts, were used to compute the meanas
dark gray and light gray values, denoted vy and vy,

respectively; they are used to compute the normal-
ization factor Aq as well as the normalized dynamic
range metric DYN according to Equation (6).

The spatial resolution was estimated by reading the
high-contrast resolution pattern; the detectable
high-resolution pattern with the highest line pairs
per millimeter gives the spatial resolution of the im-
age. The higher the metric, the better the spatial
resolution.

The low-contrast resolution was estimated by visu-
ally assessing which low-contrast inserts could be
detected, and translating these assessments into the
corresponding relative contrast values (see FIG. 2).
The smaller the detected relative contrast, the bet-
ter the low-contrast resolution.

The image noise is estimated from a small region By in
the PMMA (displayed as a black square in FIG. 3),
using Equation (8) with the previously computed
normalization factor Agq. Noise was computed on
the brightness- and contrast-adjusted images de-
rived from Equation (7), using the EOSedge images
as the reference images.

The signal-to-noise ratio (SNR) was computed us-
ing Equation (9) with the previously computed im-
age noise metric. The SNR was computed on the
brightness- and contrast-adjusted images derived
from Equation (7), using the EOSedge images as
the reference images.

The SNR-to-dose ratio was computed using Equa-
tion (10) with the previously computed SNR.

Contrast-to-noise ratios were computed on contrast
inserts with relative contrasts X, where X €
{7.6%,6.6%,5.6%,4.7%}. For each of these con-
trasts, a small circular ROI within the insert (de-
noted Cx in FIG. 3) was used to compute the
CNR with respect to a small region B in the
PHD5000 phantom near the tested inserts, accord-
ing to Equation (12).

CNR-to-dose ratios were also computed, using Equa-
tion (13) with the previously computed CNR met-
rics.

2. Qualitative evaluation

The image quality performance of EOSedge with re-
spect to the EOS-1% generation and the DR system was
also qualitatively assessed. When compared, images were
properly windowed. Images were reviewed by two inde-
pendent image quality experts, with respect to five visual
criteria: the detectability of vertebral bodies, pedicles,
transverse processes, and spinous processes, following the
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TABLE IV. Acquisition parameters for quantitative image quality assessment on the PHD5000 phantom; parameters are
provided for PMMA thicknesses [10 cm, 20 cm, 30 cm, 40 cm]. The inherent X-ray tube filtration was 2.5 mm of aluminium for
both EOS-1%* generation and EOSedge, and 1 mm for the Fuji Visionary DRF system. For EOSedge, the mean tube current

value is shown.

Imaging system kVp Spectral mA Exposure time (s) FOV SDD
filtration (cmx cm) (mm)
(mm Cu)
EOS-1°" generation [83-90-100-100] [200-250-250-250]  [4.4 4.4 4.4 4.4] 45 x 33 1300
EOSedge [60-90-120-120] 0.1 [88-182-247-349] [1.0-1.0-2.5-8.1] 51 x 33 1300
Fuji Visionary DRF [60-75-115-120] [250-320-500-500] [0.8-1.4-0.7-2.8] 43 x 43 1500
choices of Yvert et al.?, based on a simple two-scale rat- current value of the whole scan:
ing (feature can be detected or not); and the perceived
image noise consistency in connection with the tube cur-
rent modulation. Dose values were also compared, in Dot = DAP  meangor(mA) (14b)

order to give a sense of the image quality/dose tradeoff.

a. FEOS-1%% generation vs. EOSedge In order to
check the impact of Flex Dose on image quality, the an-
thropomorphic RANDO® phantom (Radiology Support
Devices, Inc., Long Beach, CA) was harnessed and sus-
pended vertically, so that it could be imaged in both*®
the EOS-1%¢ generation system, which keeps the exposure
constant along the scan, and the EOSedge system, with
Flex Dose. The RANDO phantom represents an average-
size man, with a natural human skeleton; contrary to the
CIRS phantoms used for dose measurements, it is very
well adapted to qualitative evaluations of image quality.
Its morphotype is also very close to the morphotype of
the adult female phantom.

Both systems used their own Full-Spine low-dose pro-sss
tocols, with Flex Dose for EOSedge. The overall acqui-
sition parameters are presented in Table V. Produced
images were visually compared with respect to the five
criteria listed previously.

b. DR vs. EOSedge In order to compare EOSedge
image quality against DR, clinical images from a group,,
of three patients who underwent both localized DR, ex-
ams using the very same Fuji Visionnary DRF system
as in the dose study, and a biplanar Full-Spine low-
dose (with Flex Dose) acquisition on EOSedge, were used
(Table VI). Patients were extracted from a database of,
previously collected clinical images, and images in both
modalities may not have been acquired the very same
day. Localized DR images focused either on the cer-
vical spine (CSPINE), the thoracic spine (TSPINE) or
the lumbar spine (LSPINE), and these regions were com-,__
pared to their EOSedge counterparts. The DR detector
dose values were computed using Equation (14a):

Ddet = Lf7
where DAP is the detector dose-area product and A is
the exposed detector area. The detector dose values
corresponding to the studied cropped regions from thess
EOSedge Full-Spine images needed an additional scal-
ing factor corresponding to the ratio of the mean tube
current value in the cropped region over the mean tube

(14a)

A~ mean(maA)

In Equation (14b), DAP is the detector dose-area prod-
uct of the Full-Spine acquisition and A is the Full-Spine
exposed area in the detector plane. We call “regions of
interest” (ROI), the DR localized exposed detector ar-
eas, or the corresponding cropped regions of the EOSedge
Full-Spine images.

I1l. RESULTS
A. Dose comparison
1. Pediatric Phantom

The organ doses measured in the pediatric phantom
in the three tested systems are gathered in FIG. 4. All
organ doses were under 0.1 mGy for EOSedge, and under
0.7 mGy for DR. Organ dose to the thyroid varies from
19 puGy in EOSedge, and 267 pGy in the DR system.
Dose to the breast is 0.033 Gy in the EOSedge, and
0.189 uGy in the DR system.

Effective doses were calculated for the child phantom,
and gathered in Table VII. Dose ratios were computed
against EOSedge as a reference. Effective doses range
from 32 pSv for a Full-Spine scan in EOSedge to 179 uSv
for the DR system. Effective dose reference values for
the same pediatric phantom on EOS-15¢ generation were
200 pSv'? and 196 pSv's.

As patient positioning was studied in AP and PA in
the EOSedge system, organ dose measurements were sub-
divided into left and right parts when possible (FIG. 5).

2. Female adult phantom

The organ doses measured in the female adult phantom
in the three tested systems are gathered in FIG. 6. For
EOSedge the organ doses range from 42 Gy in the T/L-
Spine to 1.15 mGy in the femurs. For the DR system,
the lowest dose was measured in the brain with 134 uGy,



TABLE V. EOS and EOSedge (with Flex Dose) Full-Spine low-dose protocol acquisition parameters for the RANDO phantom.
For EOSedge, the dose-area product (DAP) values cumulate the scout view DAP and the image DAP. The inherent X-ray tube
filtration was 2.5 mm of aluminium for both systems.

Imaging system View kVp Spectral mA (mean) Scan FOV SDD DAP Detector
filtration speed (cmxcm) (mm) (mGy.cm?) dose (mGy)
(mm Cu) (mm/s)
st . Frontal 90 250 351.4 0.09
BOS-17" generation 1ol 105 o1 250 6 9lxds 1300 534.0 0.13
Frontal 90 ‘ [10-57] (34) 936.7 0.05
EOSedge Lateral 120 [10-232] (41) 0833 965l 457.1 0.9
0.7 EOSedge (AP)
= DR
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FIG. 4. Organ dose measurements for the pediatric phantom (mean dose per organ computed as the average of dose measures
in the OSLs) in the EOSedge and DR systems in AP patient position. Error bars are given at k = 2, following Section IIC 1.
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TABLE VI. Description of the three clinical cases

236 uGy in AP position), and 272 uGy, (resp. 82 uGy
in PA position).

Anatomy  CSPINE  TSPINE  LSPINE

Sex F F M

Age 32 21 36
Height (m) 1.63 1.75 1.74 w5 B. Image quality
Weight (kg) 55 62 80

while the highest one was measured in the femurs with
1.42 mGy.

As performed for the pediatric phantom, effective doses
were calculated for the female adult phantom. Resultssy,
are shown in Table VII, and calculations are detailed
in Table XI in Appendix B. Effective doses range from
92 pSv for a Full-Spine scan in EOSedge to 572 uGy in
the DR system. Reference value for EOS-1%¢ generation
in the literature were 290 ,uSv12 and 220 /LSVI?). 505

Adult organ dose deposition results for both patient
orientations in EOSedge are gathered in FIG. 7. Dose to
right eye is 86 uGy in AP, 50 uGy in PA. On the left
eye, dose is 119 uGy in AP, 41 uGy in PA. Dose to the
right ovary, (respectively left ovary) were 81 pGy, (resp.swo

1. Quantitative evaluation

The detector dose, the image noise values, the SNR
values, and the SNRD values are shown in FIG. 8. Both
EOS-15¢ generation and the DR systems show an increas-
ing noise with PMMA thicknesses; in contrast, the noise
metric remains fairly stable for EOSedge: it is above
EOS-1% generation and DR for attenuations lower than
30 cm of PMMA, but below them at 30 cm and 40 cm of
PMMA (FIG. 8(b)). On the contrary, EOS-15" genera-
tion and the DR systems show decreasing trends in SNR
with PMMA thicknesses; EOSedge, however, shows a
more stable trend with PMMA thicknesses, at a medium
level (FIG. 8(c)). In terms of SNRD, EOS-15 generation
outperforms the other tested systems, with EOSedge be-
ing a compromise between EOS-1%% generation and the
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DR system (FIG. 8(d)).

These observations need to be weighted against other
image quality metrics, such as those shown in FIG. 9.
Both the EOS-15¢ generation and the DR systems show
a decreasing trend in terms of image dynamic range
(DYN) as the PMMA thickness increases; EOSedge, how-
ever, shows a stable dynamic range (DYN) across the
tested PMMA thicknesses, at a reasonable level between
40 % and 50 % (FIG. 9(a)). In terms of spatial reso-
lution, all the tested systems show a decreasing trend

525

530

as the PMMA thickness increases (FIG. 9(b)). With
larger pixel sizes than the other systems, the curve of
EOS-1%* generation decreases from 2 Ip/mm for 10 cm of
PMMA, to 0.5 Ip/mm for 40 cm of PMMA. In contrast,
both EOSedge and the DR systems provide a spatial res-
olution up to 3.55 Ip/mm for 10 cm and 20 cm of PMMA;
however, for larger PMMA thicknesses, EOSedge better
preserves spatial resolution (down to 2.8 lp/mm) than
the DR system (down to 1.8 Ip/mm). The rates of spa-
tial resolution loss with increasing PMMA thicknesses
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TABLE VII. Effective dose comparison according to the definition of the ICRP3”
Effective dose (mSv)  Ratio (modality/EOSedge)

DR 0.179 5.6
Pediatric phantom EOS-1' generation'? 0.2 (0.196) 6.2 (6.1)
(13)
EOSedge AP 0.032 1
DR 0.572 6.2
Female adult phantom EOS-1%* generation*? 0.29 (0.22) 3.1 (2.4)
(**)
EOSedge AP 0.092 1
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FIG. 7. Organ dose measurements for the female adult phantom (mean dose per organ computed as the average of dose
measures in the OSLs) in the EOSedge system in AP patient position and in PA patient position. Error bars are given at
k = 2, following Section II C 1.
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FIG. 8. Dose and noise metrics on the PHD5000 phantom as a function of the attenuation. (a) Detector dose. (b) Noise. (c)
SNR. (d) SNR-to-dose values.

correlate with the noise values from FIG. 9(b). inserts with small relative contrast values; EOSedge and

) ~ s the DR systems behave similarly for 10 cm and 20 cm of

Moreover, —in terms of low-contrast detection PMMA, but EOSedge still detects relative contrasts as
(FIG. 9(c)), EOS-1%' generation quickly misses the
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FIG. 10. CNR curves as a function of attenuation in four low-
contrast inserts of the PHD5000 phantom. (a) 7.6% relative
contrast insert. (b) 6.6% relative contrast insert. (c) 5.6%
relative contrast insert. (d) 4.7% relative contrast insert.

low as 2 % for 40 cm of PMMA, whereas inserts in the
DR image can only be detected down to 8.6 %. 545
The CNR values for the four tested contrast inserts are
shown in FIG. 10. EOS-1%* generation has the poorest
CNR scores, with CNR values always lower than 2, down
to less than 0.1. DR images show excellent CNR, values
at low PMMA thicknesses, but they drop at 30 ¢cm andsso
40 cm of PMMA. EOSedge shows a more stable behav-
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FIG. 11. CNR-to-dose ratios (CNRD) as a function of atten-
uation in four low-contrast inserts of the PHD5000 phantom.
(a) 7.6% relative contrast insert. (b) 6.6% relative contrast
insert. (c) 5.6% relative contrast insert. (d) 4.7% relative
contrast insert.

ior, with CNR values almost always greater than 1 and
up to 2.4, at a level where detection is possible. Note
that low-contrast inserts with CNR, values lower than 0.5
cannot be visually detected, even with narrowed display
windows.

The CNRD values for the four tested contrast inserts
are shown in FIG. 11. They show that EOSedge provides



555

560

565

570

575

580

585

590

595

600

605

the best tradeoff between CNR performance and dose, for
all the tested inserts, at all the tested PMMA thicknesses.
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2. Qualitative evaluation

a. FEOS-1%% generation vs. EOSedge Acquired im-
ages for the EOS-15* generation vs. EOSedge image qual-
ity comparison are shown in FIG. 12. The tube current®®
profiles from the Flex Dose show how the mA changes
along the scan. As expected, on the frontal view, the tube
current values were lower in the cervical area (around
10 mA), while they increase in the skull and in the pelvis,
up to a factor 5.7. The impact of tube current modula-*®
tion is even more prominent in the lateral view, where
values can increase up to a factor 23. In particular, the
dose can locally increase in the pelvic area and in the
shoulders, where attenuation was much greater.

Detailed side-by-side comparisons are displayed in®®
FIG. 13. FIGs. 13(a) and 13(c) display comparisons of
the frontal images in both the upper thoracic and lumbar
areas. Interestingly, the perceived noise level is visually
equivalent in both regions on the EOSedge zoomed im-
ages (right), despite a mean tube current ratio of approx-%
imately 4 between the two exposed regions. The visibil-
ity of the vertebral bodies, pedicles, transverse processes,
and spinous processed, is similar in both the EOS-15* gen-
eration zoomed images (left) and the EOSedge images
(right).

Similarly, FIGs. 13(b) and 13(d) display comparisons
of the lateral images in both the cervico-thoracic junc-
tion, and the lumbar and pelvic areas. The observationess
regarding image noise still holds, with this time mA val-
ues jumping from around 10 mA in the cervico-thoracic
junction, to 232 mA in the pelvis. As for the frontal im-
ages, all the landmarks of interest that were detectable
on EOS-15* generation zoomed images (left) can also beg
detected on the EOSedge images (right).

The entrance dose values at 15 cm from the isocenter
are summarized in Table V. They show that compared to
EOS-18¢ generation, EOSedge provided an entrance dose
reduced by 46 % in the frontal view, and by 22 % in theg,s
lateral view.

b. DR vs. EOSedge The image acquisition parame-
ters are displayed in Table VIII.

The CSPINE comparison was only available for the
lateral view. The DR image and the correspondingeso
EOSedge image crop are displayed in FIG. 14. In this
anatomical area, the tube current values remain mostly
close to 10 mA, with an increase at the cervico-thoracic
junction. Visually, the vertebral bodies, spinous pro-
cesses, and pedicles were visible on both images. 655

The frontal and lateral image comparisons for the
TSPINE are available in FIGs. 15 and 16, respectively.
The tube current values remain quite low in this anatom-
ical area as well, since thoracic vertebrae were mostly sur-
rounded by air, except near the cervico-thoracic junctionseo
where the shoulder thicknesses require more exposure in

13

the lateral view. Again, visually, the anatomical land-
marks were detected in both the DR and the cropped
EOSedge images, in the frontal and the lateral views.

The frontal and lateral image comparisons for the
LSPINE are available in FIGs. 17 and 18, respectively.
This anatomical area shows more variations in the tube
current modulation profile, in both frontal and lateral
views, with a more prominent effect in the lateral view.
Between the DR and the cropped EOSedge images, no
difference was observed in landmark detectability along
the spine.

Detector dose values shown in Table VIII suggest that
the EOSedge has significantly lower dose than the DR,
with preserved image quality.

As can be seen in the regions of interest shown in the
aforementioned figures, the tube current modulation pro-
files of a Full-Spine exam on EOSedge may spread from
10 mA to more than 100 mA in the frontal views and up
to 350 mA in the lateral views for the studied cases. How-
ever, we visually observe no image quality drop regardless
of the anatomical area. More importantly, entrance dose
comparisons between the DR images and their EOSedge
counterparts show a significant patient dose reduction
without compromising image quality for clinical tasks
such as follow-ups of spinal deformities.

IV. DISCUSSION

This study describes the first organ dose compari-
son between a slot-scanning system with an AEC and
a DR system on CIRS ATOM phantoms. It is put
in connection with image quality comparisons, quanti-
tatively through measurements on a quality assurance
phantom with varying PMMA thicknesses, and qualita-
tively, first between EOS-1%¢ generation and EOSedge
on the RANDO phantom, and then between DR and
EOSedge on three clinical cases.

An effective dose reduction in the EOSedge was ob-
served for both pediatric and adult phantoms, compared
to the other tested system. Effective doses were about 6
times lower when comparing EOSedge to the DR exam
for both phantoms. It is worth mentioning that default
protocols were used on all modalities. Hence measures re-
flect the dose that patient would receive using the stan-
dard imaging workflows. Moreover, the stop-and-shoot
behavior of the Fuji Visionnary DRF AEC was observed
from the measures (FIG. 6). The AEC adapted expo-
sure for each of the three acquired shots. As mentioned
earlier, the FOV was divided into three images (Upper:
Head, Middle: Thorax/Abdomen, Lower: Pelvis). One
can observe that the dose to organs located in pelvic re-
gion was higher than the dose in Thoracic region. The
dose to the pancreas was 4 times higher than the dose
to the oesophagus (see FIG. 6). Indeed, X-ray exposure
was 4 times longer in the pelvic region compared to the
thoracic region on the lateral image, while it was reduced
by 1.5 on the frontal exposure (Table II).
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FIG. 12. (a) EOS-1%" generation biplane images. (b) EOSedge biplane images. The tube current modulation profiles along the

scan are superimposed to the images.

TABLE VIII. DR vs. EOSedge acquisition parameters and detector dose values, computed according to Section IIE2b. The
region-of-interest (ROI) corresponds either to the full exposed detector area for DR, or to the cropped region of the EOSedge

Full-Spine image that fits the localized DR image.

Anatomy View  kVp mA in ROl  Speed ROI ROI FOV SDD DAP in Detector
(mean) (mm/s) Exposure (cmxcm) (mm) ROI  dose in ROI
time (s) (mGy.cm?®)  (mGy)
CSPINE (DR) Lateral 70 321 NA 0.096 2/x12 1420 96 0.32
Full-Spine (EOSedge) Lateral 120 [10-69] (18) 108.33 1.947 21x15 1300 12.73 0.04
Frontal 65 320 NA 0.074 41x14 1100 170 0.30
TSPINE (DR) Lateral 70 319 NA 0.052 41x19 1310 148 0.19
. Frontal 90  [10-44] (35) 108.33  3.691 40x16 1300  25.53 0.04
Full-Spine (EOSedge) o1 120 [10-70) (24) 108.33  2.875 31x21 1300  39.54 0.06
Frontal 80 400 NA 0.215 42x31 1500 2874 2.1
LSPINE (DR) Lateral 105 500 NA 0.134 41x20 1250 3340 4.07
. Frontal 100 [59-119 (83) 108.33  3.23 35x40 1300  179.65 0.13
Full-Spine (EOSedge) ool 120 [55-224] (142) 10833 3.1 34x24 1300  261.08 0.32

Due to the vertical slot-scanning, EOSedge Flex Dose
was designed as a continuous AEC that adapts dose at
each altitude of the scan. Doses to the femurs weresrs
similar in both the EOSedge and the DR acquisitions,
yet dose decreased more rapidly along the patient ver-
tical axis (from tail to crown), as the attenuation de-
creases. The dose to the ovaries was 1.8 times lower in
the EOSedge than in the DR (FIG. 6).

680
In previous studies, Damet et a and Pedersen
et al.'® estimated organ dose while performing EOS-
15¢ generation scans. They used TLD dosimeters. In

L 12

the present study, except for the dosimeter model (OSL),
the measurement method was similar to these studies.
Indeed, dosimeters were placed in similar organs (brain,
thyroid, lungs, oesophagus, breast, stomach, liver, intes-
tine, bladder, ovaries) on the same pediatric and female
adult CIRS phantoms, for the same EOS-1%* generation
Full-Spine protocol.

Compared to Damet et al.'> and Pedersen et al.'3
dose values on EOQS-1%¢ generation system, a dose reduc-
tion factors ranging from 2.4 to 3.2 for the adult phan-
tom and about 6 for the pediatric phantom was observed
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FIG. 13. Detailed side-by-side comparisons between EOS-1* generation (left) and EOSedge (right) images, for the first thoracic
vertebrae in frontal view (a), the cervico-thoracic junction in lateral view (b), the lumbar vertebrae in frontal view (c) and in

lateral view (d).

when using the EOSedge Flex Dose. Interestingly, EOS-
15¢ generation acquisitions were performed with fixed mA
along the vertical scan, whereas EOSedge introduced an
AEC with tube current modulation. Hence, in the adultzo
phantom, doses to the uterus were similar between EOS-
1% generation'?'? and EOSedge while dose to the lung
was 4 times lower with EOSedge (see Table XI, 0.27 mGy
in EOS-15¢ generation, 0.055 mGy in EOSedge). This
confirms that EOSedge further reduces patient dose com-7:s
pared to its previous-generation counterpart, which was
already known to be low dose®':°2. Moreover, for the pe-
diatric phantom, EOS-1%¢ generation and EOSedge result
in acquisition times lower than 5 seconds, making them
suitable for younger pediatrics to stand still without re-,»
ported motion artifact®?.

Patient positioning in the EOSedge system also plays a
role in organ dose sparing. Organs facing an X-ray tube
receive the highest irradiation. For instance, the use of
PA positing instead of AP will have a dose sparing effectzs
on the eyes, with a dose reduction of a factor of 2 for
adults to 4 for children. Doses to the ovaries were similar
in AP and PA positions with the exception of having the
ovary closest to the X-ray source (left in AP, right in PA)

receiving about three times more dose than the opposite
one. However, these dose values remained low, below
300 uGy.

Beyond standard low-dose protocols, EOS-15* gener-
ation introduced a micro-dose protocol dedicated to pa-
tient follow-up exams!, that further reduces patient dose.
Pedersen et al.'3 calculated the effective dose for adult
and child phantoms undergoing micro-dose exams in the
EOS-15¢ generation. Pediatric exam using the micro-dose
protocol on EOQS-15¢ generation resulted in an equivalent
effective dose (about 25 uSv) comparable to the EOSedge
low-dose protocol with Flex Dose (32 uSv, see Table VII).

EOSedge also provides a micro-dose protocol combined
with Flex Dose; although this protocol was not studied
in this work, one can expect an additional dose reduction
compared to the studied protocols.

According to the United Nations Scientific Commit-
tee on the Effects of Atomic Radiation (UNSCEAR),
weekly natural background radiation is estimated around
46 pSv®*.  According to the estimated effective dose,
EOSedge examinations is equivalent to 5 days of natural
radiation for children and 2 weeks for adults.

Although significant cumulated dose reduction factors
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FIG. 14. (a) Localized lateral DR image of a cervical
spine. (b) Same area extracted from the corresponding lateral
EOSedge low-dose (with Flex Dose) Full-Spine acquisition.
The shape of the tube current modulation profile is shown as
a dashed line.

were observed when moving from EOS-15¢ generation to
EOSedge with Flex Dose, it is interesting to note the ben-
efit of AEC even in a virtual scenario where cumulated
patient exposures had been exactly the same: indeed, for
the same dose, the AEC would distribute the dose less
when not needed (e.g., in the cervicals), and more when
necessary (e.g., in the pelvic area).

Most importantly, the dose comparison study should
be looked at in relation to the image quality comparison
that was done. In terms of image quality, the goal of
Flex Dose was to provide a stable target signal-to-noise
ratio, regardless of the attenuation; this target is set in
order to reach reasonable performances in terms of spa-
tial resolution, low-contrast resolution, and contrast-to-
noise ratio, while keeping the dose low. The quantitative
image quality assessment confirmed that these metrics
remain much more stable with EOSedge than with the
two other tested modalities, across an attenuation range
from 10 cm to 40 cm of PMMA; note that this range in-
cludes both the pediatric and the female adult phantoms,
whose equivalent patient thicknesses are 15 cm and 20 cm
in the frontal view, and 19 cm and 34 cm in the lateral
view, respectively. Small variations in the metric values
may be caused by nonlinear image processing instabilities
across morphotypes. Among the studied image quality
metrics, the CNR-to-dose ratio confirms that EOSedge
provides the best tradeoff between CNR and dose per-
formances, compared to EOS-15* generation and to the
DR system: for the lowest tested contrast insert with
relative contrast 4.7 % (FIG. 11(d)), the CNRD values
of EOSedge are 2.7 times to 4.6 times higher than those
of EOS-1%' generation, and 1.8 times to 3.4 times higher
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FIG. 15. (a) Localized frontal DR image of a thoracic
spine. (b) Same area extracted from the corresponding frontal
EOSedge low-dose (with Flex Dose) Full-Spine acquisition.
The tube current modulation profile is shown as a dashed
line.

FIG. 16. (a) Localized lateral DR image of a thoracic
spine. (b) Same area extracted from the corresponding lateral
EOSedge low-dose (with Flex Dose) Full-Spine acquisition.
The shape of the tube current modulation profile is shown as
a dashed line.
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FIG. 17. (a) Localized frontal DR image of a lumbar
spine. (b) Same area extracted from the corresponding frontal
EOSedge low-dose (with Flex Dose) Full-Spine acquisition.
The shape of the tube current modulation profile is shown as
a dashed line. 790
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FIG. 18. (a) Localized lateral DR image of a lumbar
spine. (b) Same area extracted from the corresponding lateral
EOSedge low-dose (with Flex Dose) Full-Spine acquisition.
The shape of the tube current modulation profile is shown assio
a dashed line.

than those of the DR system. Of course, the stable be-
havior of EOSedge comes with an increased scan time for
larger morphotypes (up to 8 times longer exposure time_,
than for pediatric morphotypes).

The qualitative image quality assessment confirms the
observed stability of EOSedge image quality, regard-
less of the local image attenuation. Observations on
the RANDO phantom and on clinical data showed that
the anatomical landmarks used in follow-ups of spinalsx
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deformities? with EOS-1%* generation systems, can be
detected with the same confidence level on EOSedge
with Flex Dose. Detector dose ratios between EOSedge
and DR were in the same order of magnitude in both
the patient-based image quality and the phantom-based
dosimetry studies (see Tables II, ITT and VIII). Variations
may be due to the variability in terms of morphologies
between the CIRS ATOM phantoms and the selected pa-
tients.

AEC is not the only design change between EOS-
15¢ generation and EOSedge: the newly introduced X-
ray photon-counting detector, as well as updated digi-
tal image processing chains (including image enhance-
ment), significantly contribute to the final image quality
of the displayed clinical images. Together with AEC,
they provide significant dose reduction capabilities, with
preserved anatomical landmark detection performances,
whether compared against EOS-15° generation or DR.

Further additional studies could include a more de-
tailed system characterization in terms of effective
DQE*2, that seems to be a good candidate for the short-
comings of DQE mentioned in Section IID 1, and a clin-
ical quantitative assessment of EOSedge image quality
during routine care.

V. CONCLUSION

This study investigated organ and effective doses on
pediatric and adult phantoms when imaging with two
current standard imaging systems compared to the new
EOSedge system. To our knowledge, EOSedge is the
only slot-scanning system capable of full-body acquisi-
tion with a continuous AEC along the scan. Results
showed that EOSedge provides significant dose reduction
factors for full spine imaging in both adults and children
compared to the other tested modalities, without com-
promising image quality.

We believe that this work could help raise awareness on
the capabilities of modern X-ray systems, when equipped
with appropriate AEC strategies, to perform ultra low-
dose, high-quality, long-axis images.
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The overall OSL measurement expanded uncertainty (k = 2)%° was estimated at 11 %. This value combines the
following uncertainties (as detailed in Table IX): readout uncertainty (6.4 %, deduced from the 5.5 % confidence
interval given by the manufacturer); reference ionization air kerma calibration (0.8 %, as detailed on the calibration
certificate), OSL calibration (4.0 %, deduced from data linear adjustment) and the beam quality variation in matter

(8.0 %).

TABLE IX. OSL dose measurement uncertainties according to the GUM*’; the symbol “1” stands for the assumption of
a symmetric, rectangular a priori probability distribution, leading to an uncertainty value of /3 - u(k = 1) (see Ref. 40,
paragraph 4.4.5)

Type Source Uk =2) u(k =1) Type of Value Uncertainty value
B OSL readout 6.4 % 32 % n 5.5 %
B Reference ionization calibration 0.8 % 04 % Uk=2) 0.8 %
A OSL air kerma calibration 4.0 % 2.0 % u(k =1) 2.0 %
B for =1 8.0 % 4.0 % N 6.9 %
Combined uncertainty 11.0 % 5.5 %

Appendix B: Child and Adult organ doses

Child and female adult organ dose values are available in Tables X and XI.
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TABLE X. Child organ dose specified by ICRP 103%” and effective dose calculation for DR, EOS-1°* generation, EOSedge

Tissue Weighting Dose DR Dose EOS- Dose
factors (mGy) 1% generation'>EOSedge AP
(mGy) (mGy)
Brain 0.010 0.054 0.02 0.021
Thyroid 0.040 0.267 0.29 0.019
Lungs 0.120 0.137 0.22 0.023
Breast 0.120 0.189 0.28 0.033
Oesophagus 0.040 0.088 0.18 0.016
Liver 0.040 0.128 0.15 0.021
Bladder 0.040 0.108 0.15 0.027
Gonads 0.080 0.141 0.13 0.026
Stomach 0.120 0.175 0.25 0.032
Intestine 0.120 0.297 0.23 0.046
Red Bone Marrow 0.120 0.237 0.12 0.054
Remainder tissues 0.120 0.159 0.18 0.029
Effective dose (mSv)f 0.179 0.20 0.032

1 Distributed organs, such as bone surface and skin, are missing from the effective dose calculated over non distributed organs; the sum
of the weighting factors for the included organs is equal to 0.97

TABLE XI. Female adult organ dose specified by ICRP 1037 and effective dose calculation for DR, EOS-1°" generation,
EOSedge AP and PA positioning

Tissue Weighting Dose DR Dose EOS- Dose Dose
factors (mGy) 1°* generation'?EOSedge AP EOSedge PA
(mGy) (mGy) (mGy)
Brain 0.01 0.134 0.38 0.053 0.052
Thyroid 0.04 0.512 0.45 0.076 0.050
Lung 0.12 0.421 0.27 0.055 0.053
Breast 0.12 0.385 0.34 0.077 0.075
Oesophagus 0.04 0.308 0.45 0.050 0.049
Liver 0.04 0.566 0.24 0.072 0.066
Intestine 0.12 1.001 0.28 0.122 0.113
Bladder 0.04 0.510 0.2 0.182 0.166
Ovaries 0.08 0.294 0.12 0.159 0.177
Stomach 0.12 0.947 0.42 0.090 0.047
Red Bone Marrow 0.12 0.358 0.2 0.090 0.087
Remainder tissues 0.12 0.817 0.28 0.098 0.089
Effective dose (mSv)f 0.572 0.29 0.092 0.084

1 Distributed organs, such as bone surface and skin, are missing from the effective dose calculated over non distributed organs; the sum
of the weighting factors for the included organs is equal to 0.97
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