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Abstract
Purpose:  To  compare  radiation  dose  and  image  quality  between  a  slot-scanning  system  (SSS)
and a  dynamic  flat-panel  detector  (DFD)  in  assessing  scoliosis  in  children.
Methods:  An  experimental  study  was  first  performed  with  a  phantom  to  assess  the  quality  of
each device.  The  clinical  part  included  a  prospective  observational  dosimetric  and  qualitative
comparative  study  with  acquisition  of  whole-spine  X-ray:  SSS  (31  children),  DFD  (26  children).
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Radiation  protection Institutional  review  board  approval  and  informed  consent  were  obtained.  Dosimetric  statistical
analysis was  performed  from  dose  area  product  (DAP)  and  entrance  skin  dose  measured  by
thermo-luminescent  dosimeters  localized  in  the  cervical,  thoracic  and  sacral  areas.  Assessment
of the  diagnostic  quality  (phantom  and  clinical)  was  realized  by  independent  evaluation  by  3
observers,  using  statistical  analysis  of  quality  score  and  inter-observer  reproducibility.

Abbreviations: DAP, dose area product; SSS, slot-scanning system; DFD, dynamic flat-panel detector; AEC, automatic exposure control;
CDRAD, contrast-detail radiography phantom; PMMA, polymethyl methacrylate; De, entrance skin dose; TLD, thermo-luminescent dosimeter;
IQF, image quality factor; IQFinv, inverse image quality factor; ICC, intraclass correlation coefficient; CI, confidence interval; SD, standard
deviation; DQE, detective quantum efficiency.
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Results:  DAP  was  equivalent  with  the  2  systems.  Entrance  skin  dose  was  significantly  higher  with
DFD in  thoracic  and  pelvic  regions  (P  <  0.05).  Image  quality  scores  of  the  SSS  were  significantly
better than  DFD  for  a  majority  of  criteria,  in  both  phantom  and  clinical  evaluations.
Conclusion:  For  scoliosis  evaluation,  the  SSS,  compared  to  the  DFD  system,  offers  enhanced
image quality  while  reducing  the  entrance  skin  dose  in  the  most  radiosensitive  areas.

© 2015  Éditions  françaises  de  radiologie.  Published  by  Elsevier  Masson  SAS.  All  rights  reserved.
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coliosis  in  children  and  adolescents  is  a  common  condition
equiring  regular  radiographic  examinations  until  maturity.
maging  is  needed  to  characterize  the  type  of  curve  and  its
everity  by  evaluating  the  Cobb  angle  and  spinal  axial  rota-
ion,  but  also  to  identify  possible  underlying  pathologies,  to
etect  any  increase  in  deformation  and  thus,  to  help  in  the
ecision  regarding  treatment.  Radiographs  are  the  basis  of
atient  evaluation  during  the  initial  diagnosis  and  follow-up,
hich  exposes  patients  to  repeated  radiation:  reduction  of
ose  is  mandatory  in  daily  practice.

Scoliosis  examination  requires  an  upright  radiograph  of
he  entire  spine.  Therefore,  the  most  radiosensitive  organs
uch  as  thyroid  gland,  mammary  glands  or  gonads  are
xposed  during  repeated  radiographic  examinations,  result-
ng  in  high-cumulated  effective  doses  [1].  The  risks  of
adiation-induced  side  effects  have  been  widely  discussed  in
he  literature  in  recent  years,  especially  the  possible  induc-
ion  of  cancer  in  children  [2,3].  New  radiographic  systems
ave  become  available  with  the  promise  of  improving  radio-
raphy  while  optimizing  radiation  doses.  The  appreciation  of
he  dose  area  product  (DAP)  is  the  dosimetric  index  primarily
sed  in  daily  practice.

The  purpose  of  this  study  was  to  evaluate  the  radiation
ose  level  and  image  quality  during  scoliosis  examinations
ith  two  digital  dynamic  systems.  These  two  systems  are

he  slot-scanning  system  (SSS)  (EOS  Imaging®,  Paris,  France)
nd  the  dynamic  flat-panel  detector  (DFD)  Multidiagnost®

leva  (Philips  Medical  Systems®,  Best,  the  Netherlands).  Two
tudies  were  therefore  conducted  to  investigate  this  issue.
he  first  was  a  phantom  study,  with  a  qualitative  and  quan-
itative  evaluation  of  image  quality  at  equivalent  dose  with
he  two  devices.  The  second  study  compared  in  patients
he  anatomic  quality  upon  20  landmarks  and  the  DAP  versus
egional  entrance  skin  dose  by  using  the  two  devices.

aterials and methods

igital radiographic systems

he  two  devices  have  undergone  regular  technique  quality
hecks,  thus  ensuring  their  reliability  and  reproducibility  of
heir  properties.

lot-scanning system
he  EOS  system  is  a  slot-scanning  radiological  device  that

llows  simultaneous  acquisition  of  frontal  and  optional
ateral  views,  especially  dedicated  to  the  exploration  of
steoarticular  disorders,  and  particularly  spinal  deformities.
he  acquisition  system,  described  in  previous  articles  [4—6],
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s  composed  of  two  orthogonal  independent  couples  of  tubes
nd  detectors  moving  vertically  at  constant  speed,  scan-
ing  the  exploration  area.  The  X-ray  production  system  is
haracterized  by  a  source  slot  collimation.  Base  filtration
f  the  X-rays  tube  is  2.5  mm  aluminium  with  an  additional
ltration  of  1  mm  aluminium  for  the  exploration  of  a  whole-
pine.  The  thin  beam  is  strictly  perpendicular  to  the  studied
bject  while  the  whole  system  is  vertically  translated.  The
SS  is  a  digital  radiological  device  based  on  a  thin  gap  cham-
er  operating  in  avalanche  mode.  The  scanning  speed  in  our
tudy  was  adjusted  at  7.6  cm/s.  The  effective  spatial  res-
lution  (pixel  size)  is  193  by  179  �m  for  a  frontal  view.  The
adiographic  data  collected  are  stored  in  digital  form  for
ost-processing,  measurement  of  Cobb  angle,  spinal  process
otation,  vertical  alignment  and  femur  height  difference  on

 specific  workstation  SterEOS  (EOS  Imaging®).

ynamic flat-panel
he  Multidiagnost® Eleva  is  a multifunctional  digital  radio-
raphic  system.  The  device  is  remote-controlled  and
cquisition  is  possible  in  the  standing  and  supine  positions,
he  arm  moving  at  constant  speed  along  the  child.  Base
ltration  of  the  X-rays  tube  is  2  mm  aluminium.  For  explo-
ation  of  a  whole-spine,  an  additional  filtration  of  0.1  mm
opper  and  1  mm  aluminium  is  used,  as  recommended  by
he  manufacturer.  The  system  is  equipped  with  an  auto-
atic  exposure  control  device  (AEC),  but  non-automated

xposures  are  also  possible.
The  Multidiagnost® Eleva  unit  uses  a  digital  flat-panel

etector  Pixium  4700  (Trixell® —  Thales  Electron  Devices,
élizy,  France),  30  ×  40  cm.  The  system  performs  an  acquisi-
ion  as  segmental  images  at  a  rate  of  3.8  frames  per  second
t  the  desired  height  of  the  exploration  for  a  whole-spine
ediatric  acquisition.  The  spatial  resolution  is  154  �m.  The
-ray  tube  moves  longitudinally  2  cm  between  two  suc-
essive  images.  Consecutive  images  are  fused  to  obtain
n  overview  of  the  entire  spine.  This  process  is  called
‘stitching’’,  and  is  performed  with  a  View  Forum  Worksta-
ion  (Philips  Healthcare®)  running  with  dedicated  software
EasyVision,  Philips  Medical  Systems®).  Measurements  are
erformed  on  the  overview  image  with  the  same  software.

hantom study

he  first  part  of  our  study  compared  the  image  quality  of  the
wo  digital  systems  using  a  phantom.  Observers’  perception

as  evaluated  with  a  contrast-detail  radiography  phantom

CDRAD  2.0,  Artinis  Medical  Systems®,  the  Netherlands),  to
uantify  both  spatial  and  contrast  resolution,  providing  a
ualitative  image  quality  assessment.
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Radiography  of  scoliosis:  dose  and  image  quality  with  two  d

Acquisition modalities
Image  quality  was  assessed  with  respectively  a  5  cm-
or  15  cm-thick  block  of  polymethyl  methacrylate  (PMMA)
superimposed  on  the  phantom  to  simulate  the  scattering
conditions  of  cervical  and  lumbar  regions.  We  focused  the
physics  comparison  using  as  reference  exam  a  whole-spine
study  of  a  12-year-old  child  in  order  to  ensure  consistency
with  the  image  quality  study  performed  on  clinical  images.
The  technical  parameters  of  each  device  were  based  on
the  manufacturers’  recommendations  for  clinical  practice:
for  the  SSS,  in  standard  mode  as  set  up  in  our  institution,
and  for  DFD  in  ‘‘step  &  repeat  with  overlap’’  mode  with
AEC.  The  principle  was  to  apply  the  reference  optimized
settings  for  one  system  to  another,  to  achieve  in  ‘‘mirror’’
fashion  the  same  acquisitions  with  the  same  doses.  The  air
Kerma  and  the  Entrance  skin  Dose  (De)  were  systematically
evaluated  by  an  external  ionization  chamber  controlled  by
a  pair  of  lithium  fluoride  thermo-luminescent  dosimeters
(TLD)  (extRad,  Kapton®).  The  DAP  was  also  recorded.  This
allowed  a  comparison  of  image  quality  under  strict  dose
control.  Reference  examination  conditions  (Table  1) were
determined  as  follows:
• for  SSS:  85  kV/200  mA/Scanning  Speed  7.6  cm/s/air  Kerma

for  5  cm  PMMA  and  15  cm  PMMA;
• for  DFD:

◦ cervical  spine:  77  kV/500  mA/2  ms/air  Kerma  for  5  cm
PMMA,

◦ lumbar  spine:  77  kV/500  mA/8  ms/air  Kerma  for  15  cm
PMMA.

CDRAD  acquisitions  were  therefore  made  on  both  systems
under  the  same  conditions  of  dose  (air  Kerma  at  phantom
entrance)  and  voltage  (kV):  after  setting  up  the  acquisi-

tion  on  the  first  system  with  the  reference  techniques  and
measuring  air  Kerma  at  the  phantom  entrance,  the  tech-
nique  was  adjusted  in  the  second  system  to  achieve  similar
air  Kerma  (difference  <  8%).  Four  successive  experiments,
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Table  1  Evaluation  of  image  quality  on  CDRAD-phantom  2.0.

kV  mA  Kair  (�Gy)  D

Exp  1  SS  System  KSS
5  cm  85  200  125  1
15  cm  85  200  137  1

Exp  2  DFD  KSS
5 cm  85  500  126  1
15  cm  85  500  126  1

Exp  3  SSSystem  KDFD
5  cm  77  125  97  1
15  cm 77  500  504  6

Exp  4 DFD KDFD
5 cm 77  500  95  1
15  cm  77  500  494  6

On rows: four successive experiments. Experiments 1 and 2: acquisiti
1) and DFD (exp 2). Experiments 3 and 4: acquisition at DFD optimize
columns: exposure values (kV: kilovolts, mAs: milliAmper per second),
IQFinv: inverse Image Quality Factor for each experience and observer.
l  systems  1179

ith  2  thicknesses  of  PMMA  each  time,  were  therefore  per-
ormed  (experiments  1  to  4,  Table  1).  For  each  acquisition,  a
ingle  image  was  obtained  with  the  SSS.  For  DFD  in  ‘‘step  and
epeat  with  AEC’’  mode,  four  successive  overlapped  images
overing  the  region  of  interest  were  obtained.  Therefore,
ach  individual  sub-image  with  DFD  received  a  quarter  of
he  air  Kerma  (K  air  DFD  5  cm  or  K  air  DFD  15  cm).  Reading
nd  scoring  of  quality  was  performed  on  sub-images,  and
ot  on  the  stitched  resulting  image,  as  recommended  by  the
anufacturer  for  clinical  practice.

xperimental image quality with phantom
he  CDRAD  2.0  phantom  consists  of  a 265  ×  265  mm  Plexiglas
ablet  with  drilled  holes  of  different  depth  and  diameter
Fig.  1)  [7,8]. The  image  shows  225  squares,  left  on  15  rows
nd  15  columns.  In  each  square  except  in  the  top  three  rows,
here  was  one  hole  in  the  middle  and  a  second  hole  randomly
ocated  in  one  of  the  4  corners.  In  each  column,  the  diame-
er  of  the  holes  varied  logarithmically  from  8 to  0.3  mm,
nd  in  each  row  the  depth  varied  logarithmically  from  8
o  0.3  mm.  The  observer  had  to  indicate  in  which  corner
he  randomly  hole  was  located.  Due  to  the  increasing  depth
f  the  holes  horizontally,  the  image  shows  15  columns  of
pots  with  increasing  contrast.  The  lower  detected  depth
orresponds  to  the  contrast  resolution  of  the  image.  In  the
ertical  direction,  the  diameter  of  the  holes  increases  step-
ise,  i.e.  15  rows  of  spots  with  increasing  diameter,  which
orresponds  to  the  spatial  resolution  of  the  image.  The  best
ystem  produces  an  image  in  which  smaller  details  and  bet-
er  contrast  are  visible.

Three  observers  (one  junior  radiologist  (MH):  six  years  of
xperience/two  seniors  radiologists  (PB,  JFC):  over  twenty
ears  of  experience)  read  independently  all  images  obtained

sing  the  same  protocol  (3  observers  ×  2  images  ×  4  sce-
arios).  Image  reading  was  performed  on  a  dedicated
orkstation  (DXMM  DICOM  6.1  SP5,  Médasys®, France).  This
orkstation  with  two  2-megapixel  LCD  monitors  (Radiforce

e  (�Gy)  IQFinv

Obs  1  Obs  2  Obs  3  Mean  SD

65  3.07  3.88  3.33  3.43  0.4
70  1.27  1.81  1.56  1.55  0.3

80  2.37  3.55  2.77  2.9  0.6
65  0.88  1.04  1.05  0.99  0.1

25  2.47  3.51  2.93  2.97  0.5
90  2.14  2.78  2.47  2.46  0.3

35  2.06  2.68  2.8  2.51  0.4
90  1.54  1.92  2.08  1.85  0.3

on at SS system optimized air Kerma (KSS) with SS system (exp
d air Kerma (KDFD), with SS System (exp 3) and DFD (exp 4). On

 Kair: air Kerma in �Gray, De: entrance skin dose in �Gray, and
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Figure 1. Schematic representation of the CDRAD-phantom: within a row the hole-diameter is constant, with exponentially increasing
d entia
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epth, and within a column the hole-depth is constant, with expon

S  210,  21.3′′,  Eizo®,  Japan)  had  previously  been  cali-
rated  specifically  for  reading  this  type  of  examination,  and
llowed  a  varying  dynamic  contrast  grayscale  on  105-bit  with

 1200  ×  1600  pixels  resolution  for  each  screen.

ata analysis for phantom study
ata  analysis  was  based  on  the  CDRAD  methodology  sug-
ested  by  Thijssen  et  al.  [8].  From  these  data,  a  numerical
alue,  the  Image  Quality  Factor  (IQF),  is  calculated.  The  IQF
s  defined  as  the  sum  of  the  products  of  depth  and  diame-
er  for  correctly  limiting  the  identified  randomly  corners’
oles  in  the  phantom.  To  highlight  the  differences  between
he  two  radiologic  systems,  we  used  the  ‘‘IQFinv’’  mean-
ng  Inverse  Image  Quality  Factor  (IQFinv  =  1/IQF).  A  higher
QFinv  indicates  better  image  quality.  An  IQFinv  was  assigned
o  each  CDRAD  image  (average  for  the  three  observers).  Sta-
istical  analysis  of  performance  of  the  three  observers  was
omputed  (XLStat®,  Addinsoft®,  France).  Descriptive  data

ere  reported  as  charts,  percentages,  means  and  standard
eviations  (SD).  The  normality  of  the  continuous  variables
as  assessed  prior  to  the  application  of  parametric  methods.
tudent’s  test  was  used  to  compare  the  ‘‘IQFinv’’  obtained

t
w
c
a

lly increasing diameter [8].

or  the  two  methods  by  each  observer.  Inter-observer  repro-
ucibility  was  evaluated  by  intraclass  correlation.  Statistical
ignificance  was  defined  as  a P-value  less  than  0.05.

ualitative clinical study and dose evaluation

atients
ixty-one  children  and  adolescents  who  underwent  a  sco-
iosis  examination  were  included  prospectively.  The  local
esearch  ethics  committee  (Committee  for  Protection  of
ersons  Participating  in  Biomedical  Research)  approved  the
tudy  and  validated  its  strictly  observational  character.
nformed  consent  was  obtained  from  the  parents  or  relatives
f  each  child.  All  imaging  studies  were  performed  as  rou-
ine  examinations.  The  patients  were  alternatively  directed
o  each  modality  when  making  appointments  provided  by
he  secretarial  staff,  unbeknown  to  the  investigators  of

he  study.  For  each  child,  age,  sex,  height  and  weight
ere  systematically  recorded.  Body  mass  index  was  cal-
ulated  and  plotted  on  standardized  curves  according  to
ge.
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Radiography  of  scoliosis:  dose  and  image  quality  with  two  d

Technique of acquisition
Examination  procedure
Standing  whole-spine  frontal  radiographs  were  taken  on  the
SSS  or  DFD.  The  acquisition  was  systematically  done  with  a
postero-anterior  beam.  The  field  of  acquisition  concerned
the  region  from  the  base  of  the  skull  to  the  tip  of  the  coccyx
and  extended  from  one  iliac  crest  to  the  next.

With  SSS,  the  distance  between  the  X-ray  source  and  the
detector  was  130  cm.  The  child  was  positioned  96  cm  from
the  source  according  to  a  predefined  isocentric  benchmark.
At  our  institution,  the  width  of  the  image  field  remained
constant  (39  cm),  according  to  the  manufacturer’s  recom-
mendations.

With  DFD,  the  distance  between  the  X-ray  source  and
the  detector  was  125  cm.  The  radiation  field  could  be  colli-
mated  in  width  by  using  a  light  beam,  to  be  adapted  to  the
morphology  of  each  subject.

For  each  examination,  the  exposure  factors  selected  by
the  radiographer  were  recorded:  tube  voltage  (kV),  intensity
(mAs),  focal  distance  between  tube  and  patient,  and  size
of  the  radiation  field  at  the  surface  of  the  child,  both  being
measured  with  a  tapeline,  to  calculate  the  entrance  exposed
area.

Evaluation of image quality in clinical study
Images  were  read  independently  under  identical  conditions
by  the  same  3  radiologists.  Reading  was  done  with  know-
ledge  of  the  radiological  technique  used,  because  of  inher-
ent  differences  in  each  device:  single  image  with  SSS,  set  of
original  native  and  stitched  images  with  DFD.  With  the  lat-
ter,  anatomic  quality  was  evaluated  on  native  images,  and
Cobb  evaluation  on  stitched  images.

Diagnostic  image  quality  was  assessed  using  a  list  of  20
anatomical  criteria  established  from  the  ‘‘European  Guide-
lines  on  Quality  Criteria  for  Diagnostic  Radiographic  Images’’
[9]  and  suitable  for  a  thorough  analysis  of  scoliosis  [5].
Nineteen  were  criteria  concerning  visibility  of  anatomical
structures  (vertebral  body,  pedicles,  spinous  process  at  each
vertebral  level,  femoral  heads,  sacrum,  posterior  inferior
iliac  process,  clavicles,  chest,  mediastinal  lines,  and  degree
of  ossification  of  the  iliac  crest,  defined  as  Risser  Index).
Each  criterion  was  rated  from  0  to  3,  according  to  the
less  visible  structure  for  each  criterion:  0:  structure  not
detectable;  1:  Structure  visible  but  features  not  percep-
tible;  2:  features  discernible  but  not  clearly  defined;  3:
features  clearly  defined.  The  20th  criterion  was  the  possi-
bility  for  the  observer  to  determine  reliably  and  accurately
the  Cobb  angles.  An  independent  measurement  (one  or  two
curvatures)  was  performed  by  each  observer  for  each  image
according  to  pre-established  levels  benchmarks  provided  to
the  reader.  Observers  benefited  from  a  training  phase  per-
formed  beforehand  on  a  set  of  images  not  included  in  the
study  cohort.

Dose evaluation in clinical study
The  radiation  dose  was  evaluated  in  two  ways.
Dose  area  product
The  DAP,  expressed  in  cGy.cm2,  was  automatically  given  by
both  radiographic  systems.  DAP  was  calculated  by  each  sys-
tem  software  from  a  polynomial  approximation  based  on
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hysical  acquisition  parameters  and  validated  by  the  manu-
acturers.

ntrance  skin  dose:  De
or  each  child,  three  pairs  of  Lithium  Fluoride  TLD  provided
y  the  Institute  for  Radiological  Protection  and  Nuclear
afety  (IRSN,  Fontenay-aux-Roses,  France)  were  exposed.
hey  were  placed  on  the  back,  next  to  the  most  radiosen-
itive  organs  to  estimate  the  locally  delivered  irradiation:
ervical  (thyroid),  interscapular  (mammary)  and  sacral  (gen-
tals)  regions.  The  TLD  were  attached  with  paper  plaster  to
he  skin  at  the  point  of  intersection  with  the  central  axis
eam,  closed  to  the  midline.  After  being  exposed  to  ionizing
adiation,  reading  of  dosimeters  was  conducted  by  the  IRSN
sing  an  automatic  reader  Harshaw  TLD  8800  (Thermo  Fisher
cientific  Inc®,  Germany)  and  each  value  was  recorded.  Con-
rol  non-exposed  TLD,  always  kept  outside  the  examination
oom,  were  used  to  remove  background  for  each  set  of  TLD.
he  averaged  De  was  evaluated  for  each  pair  of  dosimeters
or  the  three  regions  of  interest.

tatistical analyses for clinical study
o  prevent  double-dose  irradiation,  children  were  either
ssigned  to  the  SSS  group  or  to  the  DFD  group.  The  normality
f  the  continuous  variables  of  this  population  was  assessed
rior  to  the  application  of  parametric  methods  to  compare
he  two-irradiation  skills  for  dose  delivery.  To  evaluate  the
uality  of  radiographic  images,  statistical  significance  using
he  Chi2 test  was  defined  as  a  P-value  less  than  0.05  between
he  two  radiographic  systems  for  each  criterion.  Total  score
sum  of  each  criterion)  was  evaluated  with  Student’s  test  for
ach  observer.  Inter-observer  reproducibility  between  the
hree  evaluators  was  tested  globally  for  the  20  items  and  for
obb  angle  and  Risser  index  specifically.  Reproducibility  was
stimated  using  the  intraclass  correlation  coefficient  (ICC)
nd  its  95%  confidence  interval  (CI)  in  a  mixed  linear  regres-
ion  model  after  verifying  normality  and  homoscedasticity.
tatistical  analyses  were  performed  using  SAS® software  ver-
ion  9.1.3  (SAS  Institute  Inc,  United  States).

esults

mage quality on phantom

or  each  observer  taken  individually,  IQFinv  of  the  SSS  was
etter  than  DFD  (observer  1  P  =  0.006,  observer  2  P  =  0.011,
bserver  3  P  =  0.025).  The  average  IQFinv  for  the  3  observers
as  significantly  better  for  the  SSS.  Regardless  of  the  exper-

ment  under  review,  the  SSS  outperformed  the  DFD  on  image
uality  (P  <  0.001).  The  results  for  each  experiment  are  also
epresented  on  graphs:  the  contrast  resolution  curves  (lines
onnecting  the  central  spots  with  the  smallest  visible  diam-
ter  and  contrast  for  each  modality)  were  established  from
QFinv  means  for  each  experiment.

Fig.  2  shows  the  mean  for  the  3  readers  of  the  IQFinv
alues  and  the  mean  contrast  resolution  curves  obtained
n  the  two  systems  for  5  and  15  cm  PMMA  with  SSS

eference  dose  conditions.  Curves  close  to  the  axes  means
etter  image  quality.  Visualizing  the  contrast-detail  curve
loser  to  the  lower  left  corner  of  the  graph  corresponds  to
isualization  of  smaller  and/or  lower  contrast-details.  The
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Figure 2. Evaluation of image quality on CDRAD-phantom 2.0
with optimized SSS parameters: a: mean calculated IQFinv val-
ues obtained under dose control with optimized SSS parameters
(KSS) with 5 cm and 15 cm PMMA applied to SSS and DFD; air Kerma
f
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Table  2  Image  quality  with  CDRAD-phantom  inter-
observer  reproducibility  by  intraclass  correlation
measurement.

SS  System  DFD

Single  measurement  0.98  0.90
95%  confidence  interval  0.87—0.99  0.52—0.99
Average  measures  0.99  0.96
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or each experiment; b: contrast-detail curves obtained with SSS
arameters with 5 cm and 15 cm PMMA applied to SSS and DFD.

SS  outperformed  the  DFD  in  both  small  and  large  absorption
reas.  It  was  also  significantly  better  for  contrast  resolution
P  <  0.05).
Fig.  3  shows  the  mean  of  the  IQFinv  values  and  the  mean
ontrast  resolution  curves  obtained  on  the  two  systems  for

 and  15  cm  PMMA  with  DFD  reference  dose  conditions.

igure 3. Evaluation of quality image on CDRAD-phantom 2.0
ith optimized DFD parameters: a: mean calculated IQFinv val-
es obtained under dose control with optimized DFD parameters
KDFD) with 5 cm and 15 cm PMMA applied to SSS and DFD; air Kerma
or each experiment; b: contrast-detail curves obtained with DFD
arameters with 5 cm and 15 cm PMMA applied to SSS and DFD.

a
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95%  confidence  interval 0.95—1 0.77—0.99

espite  parameters  optimized  for  DFD  acquisitions,  the  SSS
gain  outperformed  the  DFD  at  equivalent  dose  in  both  small
nd  large  absorption  areas,  and  gave  significantly  better
ontrast  resolution  (P  <  0.05).

The  inter-observer  reproducibility  evaluated  by  intra-
lass  correlation  measurement  from  the  four  experiments
s  given  in  Table  2. Results  show  less  variability  between
eaders  on  SSS  images,  with  higher  values  within  95%  confi-
ence  interval.

linical results

ssessment of study population
he  study  population  consisted  of  61  children  (44  females
nd  17  males).  Thirty-two  were  examined  on  the  SSS  and  29
n  the  DFD.  Four  children  considered  overweight  (body  mass
ndex  above  the  97th  percentile  for  age)  were  excluded  in
rder  to  harmonize  the  two  groups:  one  in  the  SSS  group,
nd  3  in  the  DFD  group.  Finally,  a  cohort  of  57  children  was
elected:  thirty-one  (22  females,  9  males)  were  examined
ith  the  SSS  and  26  (18  females,  8  males)  with  the  DFD.

The  population  distribution  is  shown  in  Table  3.  The  mean
ge  was  11.4  years  (SD  =  2.64)  in  the  SSS  group  and  11.3

SD  =  1.87)  in  the  DFD  group.  The  distribution  of  age  and
ody  mass  index  was  similar  in  both  groups,  as  was  gender
istribution  with  70%  of  girls  and  30%  of  boys.  There  was  no

Table  3  Comparison  of  the  two  populations.

SS  System  DFD  Total

Population
n  31  26  57

Age  (years)
Average  11.45  11.35
SD  2.64  1.87
Median  12  11.5

Gender
Females  22  (71%)  18  (69%)  40  (70%)
Males  9  (29%)  8  (31%)  17  (30%)

BMI  (kg.m2)
Average  16.4  16.79
SD  2.2  2.27
Median  16  16,3

There was no difference in age, gender, and body mass index
(BMI) distribution between the two groups of patients (P = 0.87).
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Table  4  Image  quality  evaluation.

Anatomical  criteria  Comparison
between  SS  system
and  DFDa

Cervico-dorsal  spine
Vertebral  bodies  SS  System  >  DFDb

Pedicles  SS  System  >  DFDb

Transverse  processes  SS  System  >  DFD
Spinous  process  SS  System  >  DFD

Dorsal  spine
Vertebral  bodies SS  System  >  DFD
Pedicles SS  System  >  DFD
Transverse  processes SS  System  >  DFD
Spinous  process  SS  System  >  DFD

Lumbar  spine
Vertebral  bodies  SS  System  >  DFD
Pedicles  SS  System  <  DFDb

Transverse  processes  SS  System  <  DFDb

Spinous  process  SS  System  <  DFDb

Pelvis
Femoral  heads  SS  System  <  DFDb

PIIS  SS  System  >  DFD
Sacrum  SS  System  <  DFDb

Risser  index  estimation  SS  System  >  DFDb

Others
Clavicles  SS  System  >  DFD
Chest  SS  System  >  DFDb

Mediastinal  lines  SS  System  >  DFD
Cobb  angle  evaluation  SS  System  >  DFD

Score for the 20 anatomical criteria were calculated for the 3
observers.
a Mean values of results for each criterion obtained by the 3
observers, Chi2 square test.
b P ≤ 0.05. SS System: slot-scanning system; DFD: dynamic flat
detector.

Table  5  Dose  area  product  (DAP)  in  cGy.cm2 directly
calculated  by  the  two  radiographic  systems.

SS  System  DFD

DAP  (cGy.cm2)
n  31  26
Average  39.8  41.3
SD  11.7  20.6
Median  42.2  40.2
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graphs  (only  frontal  view  in  the  follow-up),  and  development
difference  in  population  distribution  per  type  of  device  used
(P  =  0.87).

Clinical image quality results
Table  4  shows  the  evaluation  made  by  the  three  observers
on  20  appropriate  criteria  concerning  the  anatomical  analy-
sis.  Overall,  results  were  better  with  the  SSS  with  regard  to
the  cumulative  score,  but  only  significant  for  one  observer
(observer  1  P  =  0.03,  observer  2  P  =  0.46,  observer  3  P  =  0.05).
The  difference  was  not  significant  on  most  criteria,  even
though  the  SSS  tended  to  perform  better  on  part  of
them:  the  SSS  was  significantly  superior  for  visualizing  the
cervical  spine,  the  thoracic  cage,  and  the  ability  to  deter-
mine  the  Risser  index.  The  DFD  system  was  significantly
superior  for  visualizing  the  lumbar  spine,  femoral  heads
and  sacrum.  Inter-observer  reproducibility  for  the  global

score  (20  items)  between  the  three  evaluators  was  bet-
ter  for  the  SSS  (ICC  =  0.58,  95%CI:  0.29—0.77)  relative  to
DFD  (ICC  =  0.35,  95%CI:  —0.2—0.63).  For  the  Cobb  angle

o

b

Median test: P = 0.68.

easurement,  ICC  was  0.98  (95%CI:  0.95—0.99)  for  the  SSS
nd  0.96  (95%CI:  0.91—0.99)  for  the  DFD.

linical dosimetry results
he  average  and  median  values  of  the  DAP  are  given

n  Table  5. There  was  no  significant  difference  observed
etween  the  2  groups  (P  =  0.68).  Entrance  skin  doses
ecorded  with  the  TLD  are  given  in  Table  6.  The  median  dose
bserved  with  the  SSS  was  1.57  times  significantly  higher
han  with  the  DFD  (P  <  0.001)  for  the  cervical  region,  and  was
.49  and  2.15  times  significantly  lower  than  with  the  DFD  for
he  thoracic  and  sacral  regions,  respectively  (P  <  0.001).

iscussion

lain  X-rays  of  the  whole-spine  in  children  and  adolescents
re  responsible  for  relatively  higher  doses  than  in  other  con-
entional  procedures.  Total  radiation  risk  is  best  quantified
y  the  use  of  the  effective  dose,  which  is  a  reliable  measure
f  the  stochastic  risk  for  the  induction  of  cancer.  The  mean
ffective  dose  observed  with  one  postero-anterior  whole-
pine  exposition,  which  covers  a  large  part  of  the  body  and
ay  be  responsible  for  high  cumulative  doses,  ranges  from

.05  to  0.5  mSv  [10,11].  Supplementary  lateral  views  and
ollow-up  studies  (up  to  20  during  adolescence)  increase  the
umulative  effect  and  may  be  responsible  for  a  significant
ose  delivered  to  the  thyroid,  breast  and  genitals.  The  organ
ffective  dose  takes  into  account  the  doses  received  by  all
adiosensitive  organs  and  weighted  by  the  radiosensitivity
f  each  one  of  them.  Organ  weighting  factors  are  currently
pecified  by  the  International  Commission  on  Radiological
rotection:  gonads:  0.08,  breast:  0.12,  thyroid  0.04  [12].
he  main  risk  seems  to  be  the  exposure  of  the  mammary
land  during  puberty.  The  mean  estimated  cumulative  dose
o  the  breast  ranges  from  0.3  to  10.9  cGy  [13,14], leading  to

 relative  risk  of  breast  cancer  mortality  that  was  found  to
e  significantly  increased  in  previous  studies,  using  systems
ot  allowing  dose  reduction.  The  potential  risk  of  multiple
adiographic  examinations  especially  in  the  management  of
coliosis,  has  led  to  efforts  to  reduce  patient  exposure  on
he  basis  of  the  ALARA  principles  [1,3,12,15].  This  includes
sing  postero-anterior  instead  of  antero-posterior  exposure
o  limit  mammary  exposure,  limiting  the  number  of  radio-
f  competing  digital  technologies.
The  DAP  provided  by  our  digital  devices  is  calculated

y  the  software  within  the  computer  of  the  device  and  is
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Table  6  Entrance  skin  dose  (De  in  �Gy)  measured  for  each  radiographic  system  by  thermo-luminescent  dosimeters  on
the  three  regions  of  interest.

Cervical  De  (�Gy)  Dorsal  De  (mGy)  Sacral  De  (�Gy)

Radiographic
System

SS  System
(n  =  31)

DFD
(n  =  26)

SS System
(n = 31)

DFD
(n  =  26)

SS System
(n =  31)

DFD
(n  =  26)

Average  172.8  122.9  181.5  316.3  189  524.6
SD  45.3  41.2  48.3  143  48.8  247.3
Min  63  55  54  16  54  209
Median  183  116.5  195  290.5  202  435.5
Max  248  265  248  874  270  1117
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Median  Test  P  <  0.001  P

btained  by  a  polynomial  approximation  based  on  physical
cquisition  parameters  validated  by  the  manufacturers.  In
ur  series,  exposure  data  were  obtained  with  a  different
ode  for  each  technique:  line-by-line  for  the  SSS,  succes-

ive  exposures  with  a  partially  superimposed  rectangular
eld  of  view  for  DFD.  The  DAP  estimation  algorithm  in  both
ystems  takes  into  account  the  following  factors  in  calcula-
ing  an  estimate:  kVp,  mAs,  mGy/mAs  (overall  tube  out-
ut),  source-to-detector  distance,  field  of  view,  scanning
peed  (SSS),  collimator  spectral  filtration  and  presence  of
ntiscatter  grid  (DFD).

In our  study,  we  did  not  find  any  significant  DAP  differ-
nce  between  the  two  techniques.  We  also  included  the  role
f  the  total  exposed  surface  in  calculating  the  DAP.  While
he  total  height  was  comparable  in  our  two  populations,  the
ateral  collimation  was  slightly  different,  and  the  surface
rea  was  somewhat  larger  with  the  SSS  in  terms  of  ‘‘total
rradiated  area’’.  On  the  other  hand,  more  than  20  ele-
entary  surfaces  were  superimposed  with  the  DFD,  because

titching  process  needs  an  overlapping  for  a  better  result;
he  total  area  exposed  was  therefore  greater.

The  two  systems  have  significant  technical  differences  as
utlined  above,  so  their  methods  for  calculating  the  DAP  are
ecessarily  different.  The  first  conclusion  is  that  the  DAP
ay  lack  accuracy  when  calculating  the  dose  delivered  in

uch  cases.  Even  so,  DAP  remains  widely  used  because  it  is
he  simplest  way  to  assess  the  dose,  even  approximately,
nd  to  be  sure  that  the  threshold  is  not  being  exceeded,
hen  diagnostic  reference  levels  are  available.

The  entrance  skin  dose  is  the  conventional  method  used
or  assessing  the  dose  delivered  to  a  given  anatomical
egion.  A  sensor  recording  the  cumulative  dose  of  the  inci-
ent  radiation  and  radiation  scattered  by  the  patient  is
seful  to  measures  it.  In  our  study,  the  dose  varied  for
he  successive  anatomical  regions  with  DFD,  whereas  it
as  constant  for  the  SSS;  this  was  due  to  the  acquisition
ode:  exposure  parameters  remained  constant  throughout

he  scan  with  the  SSS,  while  the  AEC  control  changed  the
ntensity  for  each  exposure  with  the  DFD,  in  relation  to  the
bserved  absorption.  The  observed  dose  was  lower  in  the
ervical  region  with  the  DFD,  whereas  it  was  significantly
igher  at  the  thoracic  level  (×2)  and  sacral  level  (×3)  with

he  DFD.  Thus  the  delivered  dose  to  each  anatomical  region
nd  subsequent  organs  was  different.  For  example,  it  was
ower  for  the  cervical  spine  and  thyroid  with  the  DFD,  and
ower  for  the  breast  and  genitals  with  the  SSS.  Difference  in
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01  P  <  0.001

elivered  doses  with  the  two  devices  is  still  lower  than  the
ne  observed  in  other  studies  [16].

Assessment  of  the  dose  to  each  organ  requires  a  Monte
arlo  calculation,  as  described  in  NRPB  [17],  or  experimen-
al  measures  with  anthropometric  phantoms  [18].  We  did
ot  perform  such  simulation  in  our  study.  Other  studies  have
hown  that  with  a  mean  entrance  dose  of  181  and  316  �Gy
ith  SSS  and  DFD  respectively,  effective  doses  range  from
.08  to  0.20  mSv  [5,19—23].  Given  the  skin  entrance  dose
bserved  in  our  study,  the  dose  ratio  is  better  for  the  SSS.
able  7  shows  skin  entrance  doses  and  other  dosimetric
alues  observed  in  previous  studies.  The  exposition  values
bserved  with  our  two  devices  are  within  the  lower  values
f  the  range  of  doses.

Detective  quantum  efficiency  (DQE)  is  a  measure  of  the
ombined  effect  of  noise  and  contrast  performance  [24];
t  is  widely  recognized  as  an  accurate  evaluation  of  detec-
or  performances  that  combines  in  a  single  measurement
he  usual  detector  characteristics  of  spatial  resolution  (the
odulation  Transfer  Function)  and  noise  behaviour  over  the
seful  spatial  frequency  spectrum.  The  DQE  standard  from
EC  mentions  specifically  that  DQE  is  not  suited  and  should
ot  be  evaluated  for  systems  in  which  the  X-ray  field  is
canned  across  the  patient  [25]. Evaluating  SSS,  Damet  et  al.
ound  a  DQE  peak  around  13%  (RQA5  and  RQA7),  but  con-
rmed  that  DQE  for  SSS  must  not  be  directly  compared  to
QE  values  for  2D  radiography  systems  [23].  Therefore,  in
ur  study  we  evaluated  the  quality  of  the  two  systems  with
nother  parameter,  i.e.  the  IQFinv  using  a  CDRAD-phantom
ith  the  clinical  reference  parameters  of  each  device.  The
SS  clearly  showed  the  better  IQFinv  with  each  set  of
arameters,  and  the  difference  was  significant.  Even  with
he  reference  parameters  adjusted  for  each  device  cor-
esponding  to  the  higher  dose  for  the  CPD,  sensitivity  in
ontrast  and  resolution  was  better  with  the  SSS,  mainly
ith  the  thicker  PMMA  interposition  simulating  the  sacral
natomic  region.  Nevertheless  comparing  the  image  qual-
ty  of  both  devices  in  phantom  study  is  limited  by  the  fact
hat  we  used  both  devices  in  their  usual  configuration.  This
mplies  that  the  hardness  of  the  X-ray  beam  was  not  exactly
imilar,  because  filtration  of  radiation  beam  is  obviously  spe-
ific  to  each  system.  For  our  study  on  CDRAD-phantom,  we

sed  an  identical  voltage  of  85  kV  for  SSS  and  DFD,  but  the
ntrance  exposures  are  really  comparable  if  two  systems
ave  the  same  beam  quality:  same  voltage  and  identical
alf-value  layer  attenuation.
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Table  7 Comparison  with  the  recent  literature  data:  dosimetric  values  observed  in  our  study  and  previous  studies  [5,19—22].

Study  Radiographic
system

Dose
measure-
ment

Examination  Age
(years)

KVp
Mean

mA
Mean

mAs
Mean

De
Cervical
�Gy

De
Dorsal
�Gy

De
Sacral
�Gy

Average
De
�Gy

DAP
cGy.
cm2

KAP
cGy.
cm2

Effective
Dose
mSv

Our  study
2011
(median
values)

SS  System
(EOS
Imaging®)

TLD  Whole-Spine
PA

11.45
SD
2.64

85  190  0.63  183  195  202  42.21
SD
11.71

DFD  (Eleva
Multidiag-
nost
Philips®)

Whole-Spine
PA

11.35
SD
2.87

78  500  NA  116.5 290.5 435.5 40.25
SD
20.65

Ratio  DR/SS
System

0.64 1.49 2.15 1.04

Deschenes
et  al.,
2010  [5]

SS  System
(EOS
Imaging®)

OSLD  Whole-Spine
PA  and  LAT

14.8
SD
3.6

NS  NS  200  180  300

CR  (FCR
7501S
Fuji®)

Whole-Spine
PA and  LAT

14.8
SD
3.6

NS  NS  590  1040  2470

Ratio  CR/SS
System

2.9 5.9  8.2

Grieser
et  al.,
2010  [19]

DFD  (Digital
Diagnost
Philips®)

Whole-Spine
AP

16  SD
5.7

80  NS  168

Dubousset
et  al.,
2005  [20]

SS  System
(EOS
Imaging®)

Whole-Spine
PA

127

Screen  Film
imaging

Whole-Spine
PA

1196

Ratio  9.4

Gogos
et  al.,
2003  [21]

Screen  Film
imaging

TLD  Whole-Spine
AP

8—12  76  8.1  819

13—18 78.5  9.3  1074
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Table  7  (Continued)

Study  Radiographic
system

Dose
measure-
ment

Examination  Age
(years)

KVp
Mean

mA
Mean

mAs
Mean

De
Cervical
�Gy

De
Dorsal
�Gy

De
Sacral
�Gy

Average
De
�Gy

DAP
cGy.
cm2

KAP
cGy.
cm2

Effective
Dose
mSv

Geijer
et  al.,
2001  [22]

DR  (Multi
Diagnost  4
Philips®)

TLD  Whole-Spine
PA

70 NS  900  87  0.15

Digital
Fluoroscopy
(Multi
Diagnost  4
Philips®)

64  NS  510  9.7  0.015

Screen  Film
imaging

66 40  110  43  0.086

AP/PA: antero-posterior/postero-anterior; DR: digital radiography; De: entrance skin dose; KAP: Kerma area product; OSLD: optically stimulated luminescent dosimeters; SD: standard
deviation.
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Radiography  of  scoliosis:  dose  and  image  quality  with  two  d

Due  to  technical  particularities  and  properties  of  each
device,  such  as  filtration  (3.5  mm  aluminium  with  SSS;  3  mm
aluminium  +  0.1  mm  copper  for  DFD  for  whole-spine  acqui-
sition,  as  recommended  by  the  manufacturers),  involving
slightly  different  half-value  layer  attenuation,  the  hardness
of  the  X-ray  beam  is  not  strictly  identical  for  both  devices.
This  observation  limits  the  equivalence  of  doses  even  if  we
took  care  to  use  the  same  voltage  and  to  control  the  air
Kerma,  during  the  CDRAD-phantom  acquisitions.  Neverthe-
less  we  used  both  systems  in  their  commercial  configuration
and  their  clinical  settings,  prior  to  the  clinical  study.

Technical  simulations  such  the  one  we  performed  on
phantoms  are  required  to  determine  optimal  operating  con-
ditions,  to  reproduce  the  physics  of  the  detection  process
and  to  explore  the  effect  of  different  acquisition  param-
eters  on  the  resulting  image.  Nevertheless,  the  ultimate
objective  of  these  technical  improvements  is  to  obtain  a suf-
ficient  image  quality  to  establish  a  diagnosis.  An  evaluation
of  the  two  devices  in  a  clinical  situation  was  therefore  essen-
tial  for  correlation  with  the  subjective  quality  of  images  as
perceived  by  a  human  observer.  One  limitation  of  our  study
is  that  children  only  underwent  one  of  the  2  examinations,
to  avoid  a  double  exposition;  we  tried  to  avoid  any  bias  by
comparing  our  two  populations,  and  demonstrated  any  sig-
nificant  difference.  Results  were  better  with  the  SSS  with
regard  to  the  cumulative  score,  cervical  and  dorsal  spine.  On
the  cervical  area,  this  could  be  due  to  the  relatively  higher
dose  delivered  with  the  SSS  compared  to  the  DFD.  Repro-
ducibility  of  the  Cobb  angle  was  also  better  with  the  SSS,
with  a  lower  dispersion  of  results:  this  good  reproducibility
with  SSS  was  also  founded  by  other  studies  [26].  The  better
IQFinv  observed  with  the  phantom  study  was  not  transposed
into  a  measurable  significant  advantage  in  the  clinical  study
when  applied  to  the  lumbar  spine.  This  lack  of  significant
difference  observed  may  be  due  to  the  fact  that  the  latter
is  a  bony  structure  with  a  natural  high  contrast  level  and  low
frequency  details.

The  SSS  provides  a  higher  image  quality-to-dose  ratio  for
scoliosis  imaging  using  the  combined  advantages  of  dose-
efficient  detection.  Advanced  post-processing  also  allows
3D  simulation  of  bony  structures  obtained  by  simultaneous
acquisition  of  two  orthogonal  radiographic  views  [4,6];  SSS
can  also  be  used  for  other  applications,  such  lower  limbs
evaluation  or  pelvimetry  in  pregnant  women  [27]. The
anatomical  areas  best  explored  by  the  SSS  are  mainly  the
spine,  pelvis  and  lower  limbs.  However,  one  of  the  advan-
tages  but  also  a  limitation  of  the  SSS  is  the  need  to  perform
examinations  only  in  a  standing  position,  which  could  limit
its  use  in  clinical  practice  (i.e.  appreciation  of  reducibil-
ity  of  spinal  curvature  in  decubitus  position).  Regarding  the
assessment  of  scoliosis,  exposure  with  lateral  bending  can  be
performed  with  SSS  [6]  but  there  is  a  need  to  compare  with
conventional  studies  performed  in  decubitus  position,  with
less  muscle  contraction.  Scoliosis  in  patients  suffering  neu-
romuscular  diseases  could  also  be  difficult  to  analyse  with
SSS,  as  they  cannot  stand  alone,  which  is  rather  not  their
usual  functional  position.

On  the  other  side,  the  dynamic  properties,  larger  field

of  view  and  possibility  of  software  stitching  provided  by
the  DFD  has  broadened  the  range  of  clinical  applications
that  can  be  supported  by  flat-panel  detectors  (i.e.  whole-
spine  radiography  in  supine  position,  which  is  useful  for
l  systems  1187

ssessing  the  reducibility  of  a  spinal  curve,  or  in  neuro-
uscular  diseases,  with  non-standing  patients).  Multiple

ther  radiographic  studies  could  also  be  performed  with  this
evice.  DFD  system  still  represents  an  alternative  if  a  more
olyvalent  device  is  required  for  units  with  varied  activities.

onclusion

 whole-spine  examination  may  be  performed  today  in
everal  ways,  so  it  is  useful  to  know  how  the  patient  dose
aries  with  the  X-ray  device  used.  Our  data  demonstrate  the
elative  inaccuracy  of  the  DAP  in  terms  of  precise  dosime-
ry  for  a  whole-spine  study,  but  the  DAP  remains  primarily

 practical  dosimetric  indicator,  allowing  the  physician  to
ppreciate  the  dose  level  used  compared  to  the  guide-
ines  or  diagnostic  reference  levels,  when  available.  The
resent  prospective  study  investigated  the  value  of  two
ecent  devices  for  the  diagnosis  of  adolescent  scoliosis.
esults  indicate  significant  dose  savings  with  an  equivalent
r  superior  image  quality  with  both  devices.  These  exposure
eductions  were  obtained  without  significant  loss  in  image
uality  and  in  most  instances  with  an  improvement  in  the
verall  quality  due  to  the  more  uniform  exposure.  SSS  should
e  the  best  settlement  regarding  dose  and  image  quality  for
pine  and  lower  limbs  examinations.
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