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Optimizing	
  bone	
  marrow	
  lesion	
  detection	
  using	
  dual	
  energy	
  CT.	
  

Hsu-­‐Cheng	
  Huang	
  

Introduction:	
   	
  

Bone	
  metastasis	
  is	
  the	
  third	
  most	
  common	
  metastasis	
  in	
  cancer	
  patients,	
  causing	
  intractable	
  pain	
  and	
  

debilitating	
  complications.	
  However,	
  studies	
  have	
  shown	
  that	
  conventional	
  single-­‐energy	
  computed	
  

tomography	
  (SECT)	
  has	
  limitation	
  in	
  detecting	
  subtle	
  bone	
  metastases	
  without	
  obvious	
  

osteolysis/osteosclerosis.	
  We	
  hypothesize	
  that	
  dual-­‐energy	
  computed	
  tomography	
  (DECT)	
  can	
  

distinguish	
  different	
  composition	
  in	
  tumors	
  and	
  in	
  healthy	
  bone	
  marrow,	
  facilitating	
  the	
  detection	
  of	
  

bone	
  marrow	
  metastases.	
  

Methods:	
   	
  

We	
  constructed	
  51	
  semi-­‐anthropomorphic	
  lumbar	
  spine	
  phantoms	
  embedded	
  with	
  75	
  simulated	
  tumors	
  

(25	
  mild	
  lytic,	
  25	
  isodense,	
  and	
  25	
  mild	
  sclerotic).	
  These	
  phantoms	
  were	
  initially	
  scanned	
  without	
  outer	
  

torso	
  phantom	
  encasement,	
  and	
  then	
  scanned	
  again	
  with	
  outer	
  torso	
  phantom	
  encasement	
  under	
  the	
  

same	
  machine	
  setting	
  in	
  a	
  rapid-­‐kilovoltage-­‐switching	
  DECT	
  scanner.	
  Two	
  radiologists	
  independently	
  

reviewed	
  the	
  virtual	
  monochromatic	
  reconstruction	
  in	
  70	
  keV	
  and	
  material	
  decomposition	
  images	
  

(hydroxyapatite-­‐water,	
  water-­‐hydroxyapatite,	
  cortical	
  bone-­‐water,	
  water-­‐cortical	
  bone).	
  We	
  recorded	
  

reviewer’s	
  response	
  regarding	
  the	
  presence	
  of	
  tumors,	
  tumor	
  conspicuity	
  score	
  and	
  image	
  quality	
  using	
  

3-­‐point	
  Likert	
  scales.	
  The	
  sensitivity	
  and	
  specificity	
  of	
  different	
  reconstruction	
  algorithms	
  were	
  evaluated	
  

with	
  McNemar	
  test.	
  Wilcoxon	
  signed	
  rank	
  test	
  was	
  used	
  to	
  evaluate	
  the	
  tumor	
  conspicuity	
  and	
  image	
  

quality	
  of	
  different	
  algorithms.	
  Then	
  we	
  validate	
  our	
  testing	
  algorithms	
  by	
  retrospectively	
  reviewing	
  

patients’	
  images	
  in	
  our	
  institution.	
  

Results:	
   	
  

Hydroxyapatite-­‐Water	
  material	
  decomposition	
  algorithm	
  achieved	
  higher	
  sensitivity	
  in	
  detecting	
  

isodense	
  lesions	
  as	
  compared	
  to	
  the	
  70	
  keV	
  reconstruction	
  (without	
  torso	
  phantom	
  encasement:	
  94%	
  vs	
  

82%,	
  p=0.031;	
  with	
  torso	
  phantom	
  encasement:	
  38%	
  vs	
  18%,	
  p=0.013).	
  Hydroxyapatite-­‐Water	
  material	
  

decomposition	
  algorithms	
  also	
  possessed	
  higher	
  tumor	
  conspicuity	
  score	
  (p<0.0001)	
  compared	
  to	
  70	
  

keV	
  reconstruction,	
  and	
  was	
  less	
  affected	
  by	
  CT	
  artifacts.	
  

Conclusion:	
   	
  

DECT	
  with	
  hydroxyapatite-­‐water	
  material	
  decomposition	
  may	
  help	
  detect	
  spine	
  marrow	
  metastases,	
  

especially	
  for	
  subtle	
  isodense	
  tumors.	
  Further	
  study	
  in	
  prospective	
  clinical	
  scans	
  is	
  warranted.	
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1   INTRODUCTION  

1.1   Background  

Computed  tomography(CT)  has  been  increasingly  utilized  because  of  its  capability  of  

providing  detailed  information  for  disease  diagnoses  and  treatment.  In  the  United  States(U.S.),  

82  million  CT  scans  were  performed  in  20161.  In  particular,  approximately  25%  of  all  CT  scans2  

were  used  for  cancer  staging  or  follow-­up  in  compliance  to  many  of  the  current  oncologic  

guidelines.  In  cancer  patients,  bone  is  the  third  most  common  metastasis  site  with  painful  and  

untreatable  consequences3,  and  in  U.S.,  more  than  350,000  patients  die  each  year  with  bone  

metastases,  which  might  also  contribute  to  their  death4.  Therefore,  identification  of  bone  

metastasis  is  crucial  for  more  accurate  staging,  re-­staging,  and  tailoring  treatment  plan.  However,  

studies  have  shown  that  the  conventional  single  energy  CT  is  limited  in  detecting  subtle  bone  

metastases  without  obvious  osteolysis/osteosclerosis5.  In  a  meta-­analysis  of  diagnosing  bone  

metastases,  the  sensitivity  and  specificity  of  CT  were  only  77  and  83  percent6.  In  most  of  these  

circumstances,  other  imaging  modalities  such  as  99mTc-­MDP  (methylene  diphosphonate)  

whole-­body  bone  scintigraphy,  positron  emission  tomography  (PET)/CT,  or  magnetic  resonance  

imaging(MRI)  are  required  to  increase  diagnostic  accuracy.  However,  each  of  these  imaging  
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modalities  also  has  its  own  limitations.  Bone  scintigraphy  is  less  sensitive  for  tumors  with  little  or  

no  osteoblastic  activity,  and  can’t  differentiate  bone  metastases  from  other  abnormalities  with  

little  tracer  uptake,  such  as  trauma  or  degenerative  disease7.  Though  MRI  and  PET/CT  have  

higher  sensitivity  and  specificity  on  detecting  bone  metastases8,  the  lack  of  availability,  the  long  

acquisition  time,  and  the  associated  high  cost  hamper  them  from  first-­line  usage.  

The  principle  of  dual-­energy  CT  (DECT)  technique  is  based  on  the  unique  k-­edge  

characteristics  and  energy  dependence  of  the  photoelectric  effect9.  The  likelihood  of  

photoelectric  absorption  increases  as  the  energy  of  an  incident  photon  is  more  closely  matched  

the  K-­shell  binding  energy.  Substance  with  a  high  atomic  number  (Z)  (e.g.,  iodine  and  calcium)  

absorb  more  low-­energy  photons  (70-­100  kVp)  than  high-­energy  photons;;  in  contrast,  human  

soft  tissues  primarily  consisting  with  low  atomic  number  elements  (e.g.,  oxygen  and  hydrogen)  

show  no  substantial  difference  in  absorption  between  high  and  low  energy  photons  because  

neither  the  high  nor  low  energy  x-­ray  beams  match  their  binding  energy.  Therefore,  the  

attenuation  differences  between  the  high  and  low  energy  beams  facilitate  DECT  to  differentiate  

and  classify  different  tissues  based  on  their  distinct  levels  of  photon  absorption10.  Several  studies  

have  shown  that  DECT  can  detect  occult  bone  fractures  and  bruises  when  such  injuries  are  not  
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apparent  on  radiographs  and  conventional  CT11,12.  DECT  has  also  been  used  to  reduce  metallic  

artifacts  through  high  keV  monochromatic  reconstructions  that  reduce  photon  starvation  and  

beam  hardening13.  These  applications  of  DECT  on  skeletal  system  gave  us  incentive  to  further  

explore  the  utilization  of  DECT  on  detecting  bone  metastases.  To  our  knowledge,  there  is  only  

one  study  discussing  the  potential  of  DECT  in  visualizing  bone  metastasis14.  That  study  focused  

on  calcium-­iodine  material  decomposition  and  concluded  that  contrast-­enhanced  DECT  could  

improve  detection  of  small  bone  metastases.     

1.2   Project  Goals:  

Bone  metastases  can  be  either  osteolytic  or  sclerotic,  depending  on  whether  osteoclast  or  

osteoblast  predominates.  However,  in  most  tumors,  bone  resorption  and  formation  usually  

co-­exist,  leading  to  a  dynamic  equilibrium.  In  between  the  two  ends  of  the  tumor  spectrum,  

nearly-­isodense  metastases  fall  into  the  category  that  is  usually  missed  because  of  the  difficulty  

in  discerning  subtle  density  difference  between  tumor  and  background  bone  marrow.  Therefore,  

the  aim  of  this  project  is  to  optimize  CT  bone  metastases  detection  by  dual  energy  CT,  with  

special  focus  on  nearly  isodense  lesions.  In  terms  of  the  algorithm,  rather  than  choosing  the  

calcium-­iodine  material  decomposition,  we  would  like  to  focus  on  the  bone-­water  material  
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decomposition  to  reflect  the  pathological  nature  of  tumors.  We  assume  that  the  bone-­water  

material  decomposition  can  make  bone  metastases  more  discernable  because  the  tumors  are  

primarily  composed  of  these  two  basis  materials.     

Since  lumbar  spine  is  the  most  common  anatomical  site  for  bone  metastases15,  we  plan  to  

build  several  lumbar  spine  phantoms  embedded  with  different  simulated  metastatic  tumors.  Each  

phantom  will  be  scanned  by  DECT  and  reconstructed  in  different  basis-­pair.  Then  we  will  perform  

a  quantitative  analysis  of  acquired  images  to  determine  the  optimal  scan  parameters  and  

develop  material  decomposition  post-­processing  algorithms  which  can  differentiate  water  (major  

composition  of  bone  tumor)  from  calcium  (major  composition  of  normal  bone).  Finally,  we  will  

validate  our  algorithm  with  retrospective  patient  CT  scans  which  were  initially  read  as  negative  

for  bone  marrow  lesions,  but  later  detected  by  other  imaging  modalities  or  at  follow  up  CT.  
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2   MATERIALS  AND  METHODS  

2.1   Phantom:  

2.1.1  Phantom  material:     

2.1.1.1  Simulated  bone  marrow  compartment  composition  

The  vertebral  bone  marrow  compartment  is  composed  of  marrow  adipose  tissue,  bone  

mineral,  hematopoietic  and  stromal  cells  (ground  substance).  To  simulate  the  vertebral  marrow  

compartment,  we  tested  different  materials  with  various  matrices  composed  of  known  ratios  of  

commercially  available  wax  or  oil  (simulating  fat),  calcium  containing  powder  (simulating  bony  

mineral),  and  polyurethane  rubber  (VytaFlex-­30,  Smooth-­On,  PA,  USA)  (simulating  ground  

substance).  The  fat  fraction  in  the  simulated  vertebral  marrow  compartment  was  targeted  to  be  

45%  based  on  the  fact  that  bone  marrow  fat  fraction  increases  with  age  (in  lumbar  spine),  and  is  

45%  on  average  in  the  51-­60  age  group16.  For  determining  the  Hounsfield  unit  (HU)  in  simulated  

vertebral  marrow  compartment,  we  measured  the  vertebral  marrow  compartment  hounsfield  unit  

at  L3  vertebra  from  20  patients’  abdomen  CT  scans  (patients  age  between  51-­60,  excluding  

those  who  had  pathology  in  lumbar  spine),  getting  the  average  HU  of  L3  marrow  compartment  

being  170.  Thus  we  made  our  phantom  vertebral  marrow  compartment  with  a  target  HU  of  170.  
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2.1.1.2  Simulated  metastatic  tumors  composition  

Metastatic  bone  tumors  are  caused  by  cancer  cells  invading  the  bone  marrow  stroma  and  

developing  angiogenesis.  Metastatic  marrow  tumors  do  not  contain  fat  unless  the  tumor  cells  are  

originated  from  primary  fat-­containing  tumors.  Therefore,  the  simulated  metastasis  tumors  were  

composed  of  solely  calcium  containing  powder  (simulating  bone  mineral)  and  polyurethane  

rubber  (simulating  water  in  soft  tissue  component  from  tumors).  We  made  simulated  tumors  with  

three  different  densities:  130  HU  (mild  lytic),  170  HU  (isodense),  and  210  HU  (mild  sclerotic)  at  

70  keV  to  simulate  the  spectrum  from  osteolytic  to  osteoblastic  bone  metastases.     

2.1.1.3  Fat  equivalent  material:     

We  initially  tested  materials  which  were  solids  at  room  temperature,  including  ground  machinable  

wax,  ground  paraffin  powder,  candle  wax  powder  (Vybar103,  The  Candlewic  Company,  USA).  

However,  it  was  difficult  to  avoid  air  bubbles  when  mixing  these  powder  with  Vytaflex.  Moreover,  

the  air  bubbles  would  not  disappear  in  the  vacuum  chamber,  thereby  leading  to  false-­positive  

results  of  the  material  decomposition  algorithm  by  artificially  increasing  the  dual  energy  ratio.  We  

also  tried  to  melt  the  powder  and  mixed  them  with  Vytaflex  before  they  cooled  down.  However,  

when  poured  into  Vytaflex,  all  types  of  melted  wax  turned  back  to  solid  state  and  became  chunky,  
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resulting  in  inhomogeneous  phantoms.  Therefore,  for  the  fat  component,  we  tested  the  canola  oil,  

which  was  liquid  at  room  temperature.  Canola  oil  mixed  evenly  with  Vytaflex  initially,  but  slowly  

seeped  out  soon  before  the  mixture  completely  cured.  This  unfortunate  phenomenon  made  our  

fat  fraction  inaccurate  and  inconsistent.     

In  the  end,  we  chose  commercially  available  coconut  oil  because  its  melting  point  was  75°F.  

Such  a  specific  physical  property  enables  coconut  oil  to  mix  perfectly  with  Vytaflex  in  its  liquid  

state,  and  then  solidify  quickly  once  being  cooled,  without  seeping  out  throughout  the  curing  

process.     

2.1.1.4  Ground  substance  and  water  equivalent  material  

We  initially  considered  using  pure  Vytaflex  as  the  ground  substance  and  water  equivalent  

material  because  its  CT  number  is  known  to  be  0  HU  at  70  keV.  We  tested  our  hypothesis  by  

making  a  test  phantom  constructed  with  a  simulated  background  bone  marrow  compartment  in  

the  center  (average  178  HU  on  70keV,  Figure  1  left),  surrounded  by  a  serial  of  simulated  bone  

lesions  ranging  from  110  HU  to  200  HU  on  70keV  to  serve  as  the  mild  osteolytic,  isodense,  and  

mild  sclerotic  lesions.  In  Figure  1,  under  70  keV,  the  lesion  at  4  o’clock  had  almost  the  same  CT  
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number  (182  HU)  as  the  background  bone  marrow  compartment,  which  represented  an  isodense  

bone  metastatic  lesion.  Also,  the  histogram  (Figure  1  middle)  of  the  background  bone  marrow  

compartment  and  the  lesion  were  almost  entirely  overlapped.  Unexpectedly,  the  GSI  scatter  

plots  (Figure  1  right)  with  water-­cortical  bone  basis  pair  derived  from  DECT  showed  that  the  

background  bone  marrow  compartment  (pink  dots)  and  the  lesion  (green  dots)  largely  

overlapped  with  each  other,  which  meant  we  could  not  differentiate  them  either.     

  

  

After  analyzing  the  spectral  curve  of  the  pure  Vytaflex  (Figure  2),  we  found  that  the  curve  of  pure  

Vytaflex  showed  negative  CT  number  in  the  low-­energy  image  and  plateau  after  120keV.  This  

characteristic  HU  spectral  curve  actually  more  similar  to  the  curve  of  fat  (the  yellow  line)  rather  

than  that  of  water  (the  green  line).  This  finding  explained  why  the  material  decomposition  

Figure	
  1.	
  The	
  simulated	
  marrow	
  compartment	
  (center	
  circle)	
  and	
  the	
  simulated	
  tumor	
  with	
  the	
  
similar	
  CT	
  number	
  (4	
  o’clock	
  circle).	
  Their	
  histogram	
  on	
  70	
  keV	
  reconstruction	
  and	
  material	
  
decomposition	
  GSI	
  scatter	
  plot	
  were	
  largely	
  overlapped.	
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algorithm  of  DECT  could  not  differentiate  the  simulated  lesions  from  the  simulated  background  

bone  marrow  compartment,  for  none  of  them  contained  water  equivalent  material.  To  adjust  the  

spectral  curve  towards  water  equivalent,  we  considered  mixing  polyurethane  rubber  with  another  

element  that  has  a  slightly  higher  atomic  number  to  carbon  (i.e.,  the  principal  element  of  fat)  in  

order  to  increase  its  attenuation  in  the  low-­energy  images17.  Therefore,  we  checked  the  periodic  

table  and  selected  Sodium  and  Magnesium  as  our  candidate  elements.  We  tested  NaCl  doped  

Vytaflex  and  magnesium  doped  Vytaflex  with  different  concentrations.  The  settling  phenomenon  

was  more  obvious  in  NaCl-­Vytaflex  mixture  because  NaCl  has  a  higher  density  than  magnesium.  

After  serial  testing,  we  found  that  doping  7%  magnesium  powder  with  93%  Vytaflex  generated  a  

flatter  spectral  curve  from  40keV  to  140keV,  which  was  more  favorable  to  serve  as  a  water  

equivalent  phantom  material  in  clinical  relevant  x-­ray  energy  (Figure  3).     
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We  performed  another  test  on  comparing  the  discrimination  power  between  70  keV  

reconstruction  and  material  decomposition  algorithms  with  a  new  phantom  made  from  

magnesium  doped  Vytaflex  (Figure  4).  Using  70  keV  reconstruction,  the  background  bone  in  the  

center  circle  and  the  tumor  phantom  at  4  o’clock  had  the  same  CT  number  (152  HU,  Figure  4  

left),  which  failed  to  differentiate  the  tumor  from  normal  bone  marrow  compartment.  However,  the  

tumor  at  4  o’clock  was  clearly  discernable  in  the  water-­cortical  bone  material  decomposition  

image  using  DECT  (Figure  4  middle).  The  GSI  scatter  plot  (Figure  4  right)  also  demonstrated  the  

separation  of  the  simulated  background  bone  marrow  compartment  and  the  simulated  tumors.     

Figure	
  2.	
  The	
  spectral	
  curve	
  of	
  pure	
  Vytaflex	
  
is	
  much	
  similar	
  to	
  coconut	
  oil	
  rather	
  than	
  
water.	
  

Figure	
  3.	
  The	
  spectral	
  curve	
  of	
  Vytaflex	
  
mixed	
  with	
  7%	
  magnesium	
  resulted	
  in	
  a	
  flat	
  
curve	
  from	
  40keV	
  to	
  140keV,	
  similar	
  to	
  
water.	
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2.1.1.5  Bone  equivalent  material  

We  used  commercial  available  bone  meal  powder  (KAL,  Nutraceutical  Corporation,  Utah)  to  

serve  as  the  bone  equivalent  material  not  only  because  it  contains  the  major  salts  in  human  bone,  

such  as  calcium,  phosphorus,  and  magnesium18,  but  also  because  the  bone  powder  could  mix  

evenly  in  Vytaflex.  

2.1.2  Phantom  construction  

2.1.2.1  Spine  mold  (Figure  5A)  

We  3D  printed  a  300mm  cylindrical  column  in  the  shape  of  a  human  lumbar  spine.  The  

distance  between  anterior  vertebral  body  to  spinous  process  is  72mm,  and  the  distance  between  

bilateral  transverse  processes  is  74mm,  which  is  the  average  size  of  adult  L3  vertebra.  We  built  9  

Figure	
  4.	
  New	
  phantom	
  made	
  from	
  magnesium	
  doped	
  Vytaflex.	
  The	
  simulated	
  marrow	
  
compartment	
  (center	
  circle)	
  and	
  the	
  simulated	
  tumor	
  with	
  the	
  similar	
  CT	
  number	
  (4	
  o’clock	
  circle)	
  
on	
  70	
  keV	
  reconstruction	
  and	
  cannot	
  be	
  differentiated.	
  In	
  material	
  decomposition	
  Water-­‐CB	
  image	
  
(middle),	
  the	
  tumor	
  (4’oclock)	
  was	
  discernable	
  from	
  the	
  marrow	
  (center).	
  The	
  GSI	
  scatter	
  plot	
  
(right)	
  also	
  showed	
  that	
  the	
  tumor	
  and	
  the	
  marrow	
  were	
  clearly	
  separated.	
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identical  hollow  molds  (each  has  3  cm  in  height)  out  of  the  3D  printed  spinal  column  with  silicon  

(MoldMax-­30,  Smooth-­On,  PA,  USA).  These  hollow  molds  were  prepared  for  future  casting  with  

simulated  bone  marrow  compartment  mixture.  

2.1.2.2  Simulated  tumors  (Figure  5B)  

We  manually  mixed  the  bone  meal  10.5%,  13.5%  and  16.5%  by  weight  with  the  magnesium  

doped  Vytaflex  to  made  3  mixtures  in  130HU,  170HU,  210  HU.  Placed  the  mixture  on  the  vortex  

mixer  for  2  minutes  and  poured  the  mixture  immediately  into  ice  cube  trays  (spherical  shape  with  

1.8cm  in  diameter)  and  let  them  cure  overnight.     

2.1.2.3  Spine  phantoms  (Figure  5C)  

We  manually  mixed  bone  meal  16.5%  and  liquid  coconut  oil  45%  by  weight  with  the  

magnesium  doped  Vytaflex  to  produce  bone  marrow  compartment  material  in  the  desired  CT  

number  of  170  HU  at  70  keV.  We  placed  the  mixture  on  the  vortex  mixer  for  2  minutes  and  

poured  them  into  the  spine  molds.  Then  we  embedded  aforementioned  simulated  tumors  into  the  

uncured  bone  marrow  compartment  material  and  placed  the  spine  molds  into  refrigerator  

overnight.  The  cooling  process  could  accelerate  the  solidification  of  coconut  oil,  thus  preventing  

the  oil  from  seeping  out  and  mitigating  the  settling  effect  of  the  bone  meal  and  magnesium  
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powder.  For  each  segment  of  spine  phantom,  we  divided  it  into  two  compartments,  left  and  right.  

For  each  compartment,  we  either  left  it  blank  (no  lesion)  or  embedded  one  lesion.  In  the  end,  51  

segments  of  spine  were  randomly  embedded  with  0  to  2  different  kinds  of  tumors.           

2.1.2.4  Inner  encasement  phantom  (Figure  5D)  

We  made  a  hollow  housing  tube  (12cm  in  diameter  and  30cm  in  length)  by  casting  the  3D  printed  

spine  column  in  a  polyethylene  tube  with  pure  Vytaflex.  This  inner  encasement  tube  could  

accommodate  7  segments  of  spine  phantoms  and  allowed  us  to  scan  multi-­segments  at  the  

same  time.  

  

  

Figure	
  5.	
  A)	
  Silicon	
  mold	
  of	
  3-­‐D	
  printed	
  spine.	
  B)	
  Identical	
  tumors	
  made	
  from	
  ice	
  cube	
  trays.	
  C)	
  Spine	
  
phantom	
  with	
  tumor	
  embedded.	
  D)	
  Inner	
  encasement,	
  partly	
  opened,	
  with	
  one	
  spine	
  (arrow)	
  
phantom	
  in	
  place.	
  Room	
  for	
  6	
  other	
  spine	
  phantoms	
  is	
  present.	
  E)	
  Torso	
  encasement,	
  partly	
  opened,	
  
with	
  inner	
  encasement	
  (arrow)	
  in	
  place.	
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2.1.2.5  Adult  human  torso  size  phantom  (Figure  6)  

We  casted  the  inner  encasement  in  a  CIRS  CT  phantom  (model  007TE-­06  small  adult,  30cm  in  

anterior-­posterior  distance,  20cm  in  left-­right  distance)  with  Vytaflex.  We  put  the  spine  phantoms  

into  the  inner  and  torso  encasement  to  simulate  human  scans  (Figure  6  right).  

  

2.2   Patient  selection:  

We  retrospectively  searched  the  PACS  system  in  the  UCSF  medical  center  from  January  2014  to  

March  2017  with  the  keywords  “spine  metastases”,  “vertebral  metastases”,  and  ”vertebrae  

metastases”.  The  inclusion  criteria  was  (a)  >18  years  of  age;;  (b)  confirmed  spine  metastases  by  

bone  scintigraphy,  MRI  or  PET  scan,  and  underwent  DECT  scans  of  abdomen  within  30  days  

either  before  or  after  the  diagnosing  image.  (c)  the  confirmed  lumbar  spine  metastases  were  not  

obvious  on  the  70  keV  reconstruction  in  DECT  (defined  as  the  difference  of  CT  number  between  

tumor  and  normal  background  bone  marrow  compartment  less  than  100HU).  The  exclusion  

Figure	
  6.	
  A)	
  Full	
  assembled	
  phantom	
  B)	
  CT	
  image	
  of	
  the	
  full	
  assembled	
  phantom	
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criteria  was  (a)  underwent  spine  surgery  or  vertebralplasty  which  introduced  significant  image  

artifacts;;  (b)  all  metastatic  lesions  smaller  than  one  centimeter.     

2.3   Image  protocol  and  post  processing:  

First,  we  scanned  one  of  the  torso  phantom  encasement  with  a  rapid-­voltage-­switching  

DECT  scanner  (Discovery  CT750  HD  scanner,  GE  Healthcare,  Milwaukee,  WI)  in  standard  

single-­energy  CT  mode  with  tube  current  modulation  in  order  to  calculate  the  optimal  radiation  

dose.  We  setup  the  protocol  on  DECT  mode  with  the  same  CTDIvol  as  that  in  standard  

single-­energy  CT  mode.  Then  the  51  spine-­only  phantoms  and  the  51  spine  phantoms  with  

human  torso  encasement  were  scanned  with  the  identical  setting  on  in  dual-­energy  spectral  CT  

mode.  The  scanning  parameters  were  as  follows:  dual-­energy  helical  scanning  with  80/140-­kVp  

fast  switching,  GSI  protocol  number  31,  tube  current  fixed  at  360  mA;;  rotation  time,  0.5  second;;  

helical  pitch,  0.984:1.  The  CTDIvol  was  12.92  mGy.  The  CT  images  were  reconstructed  with  the  

following  parameters:  DFOV  (displayed  field  of  view),  25.1cm  x20cm;;  reconstructed  voltage,  70  

keV;;  slice  thickness,  1.25  mm.     

The  patient  and  phantom  studies  were  reconstructed  in  axial  slices  using  a  standard  DECT  

workstation  (GSI  Viewer,  Advantage  Windows  server  2.02,  GE  Healthcare)  with  the  following  five  
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sets  of  postprocessed  images:  70  keV  virtual  monochromatic  spectral  images  (resembling  

conventional  120  kVp  polychromatic  CT  images)19;;  material  decomposition  in  

hydroxyapatite-­water(HAP-­Water),  water-­hydroxyapatite(Water-­HAP),  cortical  

bone-­water(CB-­Water),  and  water-­cortical  bone(Water-­CB).  The  hydroxyapatite-­water  basis  pair  

was  the  stock  algorithm  built  in  the  server.  The  cortical  bone-­water  was  a  new  basis-­pair  we  

created  by  importing  the  mass  attenuation  coefficients  of  cortical  bone  from  the  National  Institute  

of  Standards  and  Technology  (NIST)  database20  into  the  server  (Figure  7).  The  70  keV  images  

were  set  in  the  default  clinical  vertebra  window  (W:2000,  L:350).  The  default  window  level  of  

HAP-­Water  and  Water-­HAP  were  500/150  mg/cm3  and  300/1000  mg/cm3.  The  default  window  of  

cortical  bone-­water,  and  water-­cortical  bone  were  1000/300  mg/cm3  and  300/1000  mg/cm3.     

  

     

Figure	
  7.	
  Spectral	
  HU	
  curve	
  of	
  water,	
  
cortical	
  bone,	
  and	
  hydroxyapatite	
  from	
  
NIST	
  database.	
  
Green:	
  Water	
  
Pink:	
  Cortical	
  bone	
  
Blue:	
  Hydroxyapatite	
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2.4   Quantitative  and  qualitative  image  analysis  

The  reviewers  were  blinded  to  both  the  presentation  and  types  of  tumors  in  the  phantoms  

they  reviewed.  The  five  sets  of  images  were  accessed  by  two  board-­certified  radiologists  (B.Y.  

and  R.S.,  with  20  and  6  years  of  experience,  respectively)  on  the  Advantage  for  Windows  thin  

client  server  2.02  (GE  Healthcare)  independently  for  the  presence  or  absence  of  tumors.  The  

FOV  was  fixed  at  36.3  x  20  cm  for  all  images  on  a  MacBook  Pro  (Apple  Inc.)  monitor  with  226  dpi.  

First,  reviewers  read  the  70  keV  virtual  monochromatic  images  in  default  window-­level  setting  to  

diagnose  if  tumors  presented  or  not,  and  to  judge  the  image  quality  of  reconstruction  according  

to  a  3–point  Likert  score:  0,  artifact  makes  image  non-­diagnostic;;  1,  artifact  present  but  still  be  

able  to  make  a  diagnosis;;  2,  no  significant  artifact.  If  there  were  no  tumors  seen  on  the  default  

window,  then  reviewers  could  adjust  the  window-­level  setting  as  needed  and  re-­evaluate  the  

images.  Whenever  a  tumor  was  identified,  the  readers  further  determined  the  tumor  conspicuity  

according  to  a  3–point  Likert  score:  1,  only  seen  with  non-­standard  windows;;  2,  faintly  seen  with  

default  window;;  3,  clear  cut  abnormality  on  default  window.  After  finishing  the  70keV  images,  

readers  read  the  rest  of  4  material  decomposition  images  in  sequence,  following  the  

aforementioned  protocol.     
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2.5   Statistical  analysis  

Continuous  variables  were  expressed  as  means  ±  standard  deviations.  The  Cohen's  kappa  test  

was  performed  to  evaluate  the  inter-­observer  agreements  regarding  the  presence  of  tumor.  The  

agreements  were  categorized  into  5  groups21:  <0.20:  Slight  agreement;;  0.20–0.40:  Fair  

agreement;;  0.41–0.60:  Moderate  agreement;;  0.61–0.80:  Substantial  agreement;;  0.81–1.00:  

Almost  perfect  agreement.     

The  sensitivity,  specificity  of  the  five  sets  of  images  on  phantoms  were  calculated  on  per  lesion  

basis.  McNemar  test  was  used  to  compare  the  tumor  detection  rates  of  the  5  algorithms.     

Comparison  of  tumor  conspicuity  and  image  quality  between  70keV  and  4  different  material  

decomposition  images  was  conducted  with  the  Wilcoxon  signed  rank  test.  All  statistical  analyses  

were  performed  with  commercially  available  software  (StataCorp.  2003.  Stata  Statistical  

Software:  Release  8.  College  Station,  TX:  StataCorp  LP.).  Those  p  values  smaller  than  0.05  

were  considered  statistically  significant.  
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3   RESULT  

3.1   Phantom  results  

We  scanned  51  spine  phantoms  without  torso  encasement  first  and  then  scanned  these  spine  

phantoms  again  with  human  torso  size  phantom  encasement.  Totally  102  segments  of  spine  

phantoms  were  scanned,  giving  204  compartments  in  which  50  of  them  contained  lytic  tumors,  

50  contained  isodense  tumors,  and  50  contained  sclerotic  tumors.  54  compartments  were  left  

blank  without  embedding  tumors.  The  HU  of  all  tumors  and  surrounding  bone  marrow  

compartment  were  confirmed  by  CT  ROI  measurements.  The  mean  difference  and  standard  

deviation  between  tumors  and  surrounding  bone  marrow  compartment  were  43.1  ±  12.7HU  in  

lytic  tumors,  9.4  ±  5.4HU  in  isodense  tumors,  and  39.6  ±  9.6HU  in  sclerotic  tumors.     

3.1.1  Kappa  analysis  

Interobserver  agreement  for  all  phantoms  (with-­  and  without  torso  encasement)  was  almost  

perfect  (Kappa=0.82;;  95%  CI,0.76-­0.88).  Subgroup  analysis  found  excellent  agreement  in  spine  

phantoms  (Kappa=0.94;;  95%  CI,  0.86-­1),  and  substantial  agreement  in  torso  encasement  

phantoms  (Kappa=0.68;;  95%  CI,  0.6-­0.77).  Further  subgroup  analysis  in  the  torso  encasement  

phantom  images  showed  that  the  agreement  of  diagnosis  is  better  in  70  keV,  HAP-­Water,  and  
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CB-­Water  reconstructions  (Kappa=0.84,  0.76  and  0.73),  but  only  fair  to  moderate  agreement  in  

Water-­HAP  and  Water-­CB  reconstructions  (Kappa  =  0.32  and  0.51).  

3.1.2  Sensitivity  and  specificity  (without  and  with  torso  phantom  encasement)  

We  combined  the  reading  results  from  both  readers  and  summarized  the  sensitivity  and  

specificity  by  different  reconstruction  algorithm  in  Tables  1.  The  70  keV  reconstruction  resembled  

the  conventional  120  kVp  polychromatic  CT  images  under  standard  body  habitus,  and  was  

considered  as  the  reference  standard  to  be  compared  with.  

In  spine  phantoms  without  torso  encasement,  the  sensitivity  in  HAP-­Water  and  Water-­CB  

algorithms  were  significantly  better  than  the  70  keV  reconstruction  (p=0.031  and  0.003).  The  

sensitivity  in  Water-­HAP  algorithm  was  worse  than  the  70  keV  reconstruction  (p=0.016).  The  

difference  of  sensitivity  between  Water-­CB  algorithm  and  70  keV  reconstruction  were  

unremarkable  (p>0.05).  In  torso  encasement  phantoms,  the  sensitivity  in  HAP-­Water  algorithm  

was  significantly  better  than  the  70  keV  reconstruction  (p=0.021).  The  comparison  of  sensitivity  

between  CB-­Water  and  70  keV  reconstruction  were  unremarkable  (p>0.05),  while  those  of  the  

Water-­HAP  and  Water-­CB  reconstruction  were  inferior  than  the  70  keV  reconstruction(p<0.001).  

The  comparison  of  specificity  between  each  algorithm  and  70  keV  reconstruction  using  
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McNemar  test  all  showed  no  statistically  significant  difference.  The  data  are  summarized  in  Table  

1a  and  Table  1b.  

Table  1a:  Spine  phantom  without  encasement  

CT  image  reconstruction   Sensitivity(%)   p  value  
(sensitivity)   Specificity(%)  

70  keV   94%  (141/150)     
[90.7%;;  97.3%]      96.3%  (52/54)  

[93.7%;;  98.9%]  

HAP-­Water   98%  (147/150)     
[96.1%;;  99.9%]   0.031*   98.2%  (53/54)     

[96.3%;;100%)  

Water-­HAP   85.3%  (128/150)     
[80.5%;;  90.2%]   0.016#   100%  (54/54)     

[100%;;  100%)  

CB-­Water   100%  (150/150)     
[100%;;  100%]   0.003*   98.2%  (53/54)     

[96.3%;;100%)  

Water-­CB   96%  (144/150)     
[93.3%;;  98.7%]   0.439   100%  (54/54)     

[100%;;  100%]  
  

Table  1b:  Spine  phantom  with  torso  encasement  

CT  image  reconstruction   Sensitivity(%)   p  value  
(sensitivity)   Specificity(%)  

70  keV   72%  (108/150)  
[65.8%;;  78.2%]      92.6%  (50/54)  

[89%;;  96.2%]  

HAP-­Water   78.7%  (118/150)  
[73.1%;;  84.3%]   0.021*   92.6%  (50/54)  

[89%;;  96.2%]  

Water-­HAP   28.7%  (43/150)  
[22.5%;;  34.9%]   <0.001#   96.3%  (52/54)     

[93.7%;;98.9%]  

CB-­Water   66%  (99/150)  
[59.5%;;  72.5%]   0.16   98.2%  (53/54)     

[96.3%;;100%]  

Water-­CB   38.7%  (58/150)     
[32%;;  45.4%]   <0.001#   98.2%  (53/54)     

[96.3%;;100%]  
  

  

     

Table	
  1a:	
  Spine	
  phantom	
  without	
  encasement.	
  Table	
  1b:	
  Spine	
  phantom	
  with	
  torso	
  encasement.	
   	
  
Sensitivity	
  and	
  specificity	
  with	
  the	
  respective	
  95%	
  confidence	
  intervals	
  based	
  on	
  150	
  lesions	
  in	
  204	
  
compartments	
  of	
  spine.	
  (*	
  The	
  sensitivity	
  which	
  is	
  significantly	
  better	
  than	
  70	
  keV;	
  #	
  The	
  sensitivity	
  which	
  is	
  
significantly	
  worse	
  than	
  70	
  keV	
  on	
  McNemar	
  test).	
  
Note:	
  Data	
  in	
  parentheses	
  are	
  numbers	
  used	
  to	
  calculate	
  percentage,	
  and	
  data	
  in	
  brackets	
  are	
  95%	
  confidence	
  
interval.	
  The	
  p	
  values	
  are	
  testing	
  against	
  the	
  70	
  keV	
  reconstruction.	
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3.1.3  Sensitivity  and  specificity  (by  phantom  type  and  lesion  type)  

In  spine  phantoms  with  isodense  tumors,  the  sensitivity  of  HAP-­Water  and  CB-­Water  algorithms  

were  significantly  better  than  that  of  the  70  keV  reconstruction  (for  HAP-­Water:  94%  v.s.  82%,  

p=0.031;;  for  CB-­Water:  100%  v.s.  82%,  p=  0.004).  For  osteolytic  and  sclerotic  lesions  in  spine  

phantoms,  differences  among  the  5  algorithms  were  unremarkable.     

In  torso  encasement  phantoms  with  isodense  tumors,  the  tumor  detection  rate  of  HAP-­Water  

was  also  significantly  better  than  70  keV  reconstruction  (38%  v.s.  18%,  p=0.013)  (Figure  8).  For  

osteolytic  and  sclerotic  lesions,  the  sensitivity  of  Water-­HAP  and  Water  CB  algorithms  were  

worse  than  the  70  keV  reconstruction  (p<0.0001).     

Table  2  shows  the  subgroup  analysis  by  lesion  type  (lytic,  isodense,  sclerotic)  and  by  phantom  

type  (without  and  with  torso  encasement).  



	
   23	
  

  

     

Figure	
  8.	
  A	
  spine	
  phantom	
  with	
  torso	
  encasement	
  and	
  an	
  isodense	
  tumor	
  embedded	
  in	
  the	
  left	
  

side	
  of	
  vertebral	
  body.	
  The	
  tumor	
  could	
  not	
  be	
  detected	
  in	
  70	
  keV	
  image	
  because	
  the	
  identical	
  

density	
  from	
  bone	
  marrow.	
  In	
  HAP-­‐Water	
  and	
  CB-­‐Water	
  reconstructions	
  (middle	
  row),	
  the	
  tumor	
  

was	
  slightly	
  hypodense	
  because	
  it	
  contained	
  less	
  calcium.	
  There	
  was	
  reciprocal	
  change	
  in	
  

Water-­‐HAP	
  and	
  Water-­‐CB	
  reconstructions	
  (right	
  row):	
  the	
  tumor	
  was	
  slightly	
  brighter	
  than	
  

background	
  marrow	
  because	
  of	
  more	
  water	
  equivalent	
  material	
  in	
  the	
  tumor.	
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Table  2a:  Spine  phantom  without  encasement  

CT  reconstruction  
images  

Sensitivity  %  
(95%  CI)  

p  value     
(comparing  sensitivity)  

Specificity  %  
(95%  CI)  

Lytic   Isodense   Sclerotic   Lytic   Isodense   Sclerotic   Lytic   Isodense  Sclerotic  

70  keV   100  
(100)  

82  
(74.6;;  89.4)  

100  
(100)           

96.3  
(92.7;;  

99.9)  

96.3  
(92.7;;  99.9)  

96.3  
(92.7;;  99.9)  

HAP-­Water   100  
(100)  

94  
(89.4;;  98.6)  

100  
(100)  

1   0.031*   1  
98.2  
(95.6;;  

100)  

98.2  
(95.6;;  100)  

98.2%  
(95.6;;  100)  

Water-­HAP   98  
(95.3;;  100)  

66  
(56.9;;  75.1)  

92  
(86.8;;  97.2)  

1   0.15   0.12  
100  
(100)  

100  
(100)  

100  
(100)  

CB-­Water   100  
(100)  

100  
(100)  

100  
(100)  

1   0.004*   1  
98.2  
(95.6;;  

100)  

98.2  
(95.6;;  100)  

98.2  
(95.6;;  100)  

Water-­CB   100  
(100)  

88  
(81.8;;  94.3)  

100  
(100)  

1   0.6   1  
100  
(100)  

100  
(100)  

100  
(100)  

  

Table  2b:  Spine  phantom  with  torso  encasement  

CT  reconstruction  
images  

Sensitivity  %  
(95%  CI)  

p  value     
(comparing  sensitivity)  

Specificity  %  
(95%  CI)  

Lytic   Isodense   Sclerotic   Lytic   Isodense   Sclerotic   Lytic   Isodense  Sclerotic  

70  keV   98  
(95.3;;  100)  

18  
(10.6;;  25.4)  

100  
(100)           

92.6  
(87.6;;  

97.6)  

92.6  
(87.6;;  97.6)  

92.6  
(87.6;;  97.6)  

HAP-­Water   98  
(95.3;;  100)  

38  
(28.7;;  47.3)  

100  
(100)  

1   0.013*   1  
92.6  
(87.6;;  

97.6)  

92.6  
(87.6;;  97.6)  

92.6  
(87.6;;  97.6)  

Water-­HAP   28  
(19.4;;  36.6)  

26  
(17.6;;  34.4)  

32  
(23;;  41)  

<0.0001#   0.48   <0.0001#  
96.3  
(92.7;;  

99.9)  

96.3  
(92.7;;  99.9  

96.3  
(92.7;;  99.9  

CB-­Water   92  
(86.8;;  97.2)  

34  
(24.9;;  43.1)  

72  
(63.4;;  80.6)  

0.37   0.09   0.0001#  
98.2  
(95.6;;  

100)  

98.2  
(95.6;;  100)  

98.2  
(95.6;;  100)  

Water-­CB   44  
(34.5;;  53.5)  

24  
(15.8;;  32.2)  

48  
(38.4;;  57.6)  

<0.0001#   0.49   <0.0001#  
98.2  
(95.6;;  

100)  

98.2  
(95.6;;  100)  

98.2  
(95.6;;  100)  

  
     

Table	
  2a:	
  Spine	
  phantom	
  without	
  encasement	
  
Table	
  2b:	
  Spine	
  phantom	
  with	
  torso	
  encasement.	
  
Sensitivity	
  and	
  specificity	
  with	
  the	
  respective	
  95%	
  confidence	
  intervals	
  based	
  on	
  lesion	
  types.	
  (*	
  The	
  sensitivity	
  
which	
  is	
  significantly	
  better	
  than	
  70	
  keV;	
  #	
  The	
  sensitivity	
  which	
  is	
  significantly	
  worse	
  than	
  70	
  keV	
  on	
  McNemar	
  
test).	
  
Note:	
  There	
  were	
  50	
  lytic	
  tumors,	
  50	
  isodense	
  tumors,	
  and	
  50	
  sclerotic	
  tumors.	
  There	
  were	
  54	
  compartments	
  
without	
  tumor	
  embedded.	
  The	
  p	
  values	
  are	
  testing	
  against	
  the	
  70	
  keV	
  reconstruction.	
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3.1.4  Sensitivity  and  Specificity  (Combined  basis  pair)  

We  combined  the  diagnostic  results  from  HAP-­Water,  Water-­HAP  images  because  they  were  

basis  pairs  and  the  images  were  generated  simultaneously.  If  the  tumor  was  identified  in  either  

the  HAP-­Water  or  Water-­HAP  algorithm,  we  recorded  the  results  of  reading  as  positive.  The  

sensitivity  of  both  the  “combined  HAP-­Water”  and  “combined  CB-­Water”  algorithms  were  not  

significantly  different  from  the  HAP-­Water  algorithm  or  the  CB-­Water  algorithm  alone,  regardless  

of  lesion  type  or  phantoms  type  (p>0.05).  
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3.1.5  Tumor  conspicuity  (Figure  9)  

In  spine  phantoms  without  torso  encasement,  the  tumor  conspicuity  scores  were  significantly  (all  

p  <  0.0001)  better  in  the  HAP-­Water,  CB-­Water  and  Water-­CB  algorithms  (median  score,  3;;  

range,  1–3)  compared  to  the  70-­keV  images  (median  score,  2;;  range,  1–3)  and  Water-­HAP  

images  (median  score,  2;;  range,  1–3).  With  torso  phantom  encasement,  the  tumor  conspicuity  

scores  were  significantly  better  in  the  HAP-­Water  algorithm  (p<0.0001)  compared  to  the  70-­keV  

images.  Tumor  conspicuity  in  Water-­HAP  and  CB-­Water  images  were  lower  than  the  70-­keV  

images  (p=0.017  and  0.038  respectively).  
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Figure	
  9:	
  Tumor	
  conspicuity	
  score	
  in	
  5	
  different	
  algorithms,	
  sorted	
  by	
  phantom	
  type.	
  Score	
  1,	
  only	
  seen	
  with	
  
non-­‐standard	
  windows;	
  Score	
  2,	
  faintly	
  seen	
  with	
  default	
  window;	
  Score	
  3,	
  clear	
  cut	
  abnormality	
  on	
  default	
  
window.	
  (“Spine”	
  stood	
  for	
  spine	
  phantom	
  without	
  torso	
  phantom	
  encasement;	
  “Torso”	
  stood	
  for	
  spine	
  
phantom	
  with	
  torso	
  phantom	
  encasement.)	
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3.1.6  Image  Quality  (Figure  10)  

All  4  material  decomposition  images  got  lower  scores  on  image  quality  compared  to  70-­keV  

reconstructions  (p<0.0001),  both  in  spine-­only  phantoms  or  in  spine  phantoms  with  torso  

encasement.  Comparing  the  quality  scores  between  spine  phantom  without  and  with  torso  

encasement  in  each  algorithm,  the  quality  scores  were  significantly  lower  when  scanned  with  

torso  encasement  in  Water-­HAP,  CB-­Water,  and  Water-­CB  images  (p=0.0001).  In  contrast,  the  

quality  scores  did  not  differ  between  without  and  with  torso  phantom  encasement  in  70  keV  and  

HAP-­Water  images  (p=0.1  and  0.13).  
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Figure	
  10:	
  Image	
  quality	
  score	
  in	
  5	
  different	
  algorithms,	
  sorted	
  by	
  phantom	
  type.	
  Score	
  0,	
  artifact	
  makes	
  
image	
  non-­‐diagnostic;	
  Score	
  1,	
  artifact	
  present	
  but	
  still	
  be	
  able	
  to	
  make	
  a	
  diagnosis;	
  Score	
  2,	
  no	
  significant	
  
artifact.	
  (“Spine”	
  stood	
  for	
  spine	
  phantom	
  without	
  torso	
  phantom	
  encasement;	
  “Torso”	
  stood	
  for	
  spine	
  
phantom	
  with	
  torso	
  phantom	
  encasement.)	
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3.2   Patient  studies  results  

There  were  1251  patients  with  confirmed  spine  metastases  from  January  2014  to  March  2017.  

Among  them,  32  patients  underwent  DECT  scans  within  30  days  either  before  or  after  the  

diagnosis.  After  measuring  the  ROIs  of  tumors  and  background  bone  marrow  compartment,  we  

exclude  26  patients  whose  tumors  were  too  obvious  on  70-­keV  reconstruction  (difference  

>100HU  from  bone  marrow  compartment).  Finally,  we  found  6  patients,  24  segments  of  lumbar  

spine  (we  excluded  L1-­L3  vertebrae  in  one  patient  due  to  post-­operation  artifacts;;  one  patient’s  

pelvic  CT  scan  only  include  L4  and  L5  vertebrae),  with  9  eligible  tumors  to  validate  our  

algorithms.  Two  reviewers  read  the  images  in  the  same  method  as  that  in  phantom  study  without  

other  clinical  information.  

The  combined  results  from  two  readers  are  summarized  in  Table  3.  

  

CT  image  
reconstruction  

Tumor  detection  rate  (%)  

(Tumor  detected/18  eligible  tumors)     

False  positive  rate  (%)  

(False  positive/30  spine  without  tumors)  

70  keV   55.56%  (10/18)   0  (0/30)  
HAP-­Water   77.78%  (14/18)   6.67%  (2/30)  
Water-­HAP   22.22%  (4/18)   26.67%  (8/30)  

CB-­Water   61.11%  (11/18)   6.67%  (2/30)  
Water-­CB   38.89%  (7/18)   13.3%  (4/30)  

  
Table	
  3:	
  The	
  tumor	
  detection	
  rate	
  and	
  the	
  false	
  positive	
  rate	
  in	
  different	
  algorithms.	
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4   DISCUSSION  

4.1   Performance  of  material  decomposition  algorithms  

In  our  study,  the  sensitivity  of  the  70  keV  virtual  monochromatic  spectral  images  (resembling  

conventional  120  kVp  polychromatic  CT  images)  of  the  torso  encasement  phantom  is  72%  (95%  

CI,  66%-­78%),  close  to  the  sensitivity  of  conventional  CT  from  meta-­analysis  and  literature  

review,  which  was  77.1%6.  This  finding  could  justify  the  usage  of  our  torso  encasement  phantom  

with  70  keV  reconstruction  as  reference  when  examining  the  diagnostic  power  of  other  

algorithms.  Based  on  this  prerequisite,  we  found  that  for  isodense  lesions,  DECT  using  the  

HAP-­Water  algorithms  had  a  better  sensitivity  than  the  70  keV  reconstruction,  while  yielding  an  

equivalent  specificity,  which  meant  that  this  algorithm  had  a  better  diagnostic  performance.  

Furthermore,  the  high  inter-­reviewer  reliability  of  HAP-­Water  algorithm  also  implied  that  DECT  

could  help  decrease  the  image  ambiguity,  make  it  more  favorable  for  clinical  use.  
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In  clinical  practice,  abdomen  CT  scans  of  cancer  patients  were  mainly  used  for  evaluating  

primary  tumors  or  monitoring  treatment  response  in  solid  organs,  rather  than  for  detecting  subtle  

spine  metastases.  Therefore,  spine  metastases  would  be  easily  missed  on  routine  CT  scans  if  

not  being  conspicuous  under  the  default  CT  window.  Our  study  showed  that  the  HAP-­Water  

algorithm  could  provide  better  tumor  conspicuity,  thus  enabling  readers  to  detect  these  incidental  

but  clinically  important  abnormalities  without  adjusting  the  window-­level  (Figure  11).     

  

For  sclerotic  and  osteolytic  lesions,  the  HAP-­Water  algorithm  did  not  demonstrate  a  significantly  

better  sensitivity  than  70  keV  reconstruction  probably  because  of  two  reasons.  First,  70  keV  

reconstruction  already  achieve  good  sensitivity  and  specificity  in  detecting  sclerotic  and  

osteolytic  lesions  so  that  the  superiority  of  material  decomposition  became  less  significant.  

Figure	
  11.	
  A	
  torso	
  phantom	
  encasement	
  with	
  a	
  mild	
  sclerotic	
  tumor	
  embedded	
  in	
  the	
  left	
  side	
  

and	
  a	
  mild	
  lytic	
  tumor	
  in	
  the	
  right	
  side	
  of	
  the	
  vertebral	
  body.	
   	
  

Under	
  default	
  window,	
  the	
  tumor	
  was	
  hardly	
  discernable	
  in	
  70	
  keV	
  image	
  (Left).	
  In	
  HAP-­‐Water	
  

(Middle)	
  and	
  CB-­‐Water	
  (Right)	
  reconstruction,	
  the	
  lytic	
  tumor	
  became	
  darker	
  because	
  of	
  less	
  

calcium	
  content	
  and	
  more	
  discernable.	
  The	
  sclerotic	
  tumor	
  brightened	
  up	
  because	
  of	
  its	
  higher	
  

calcium	
  content.	
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Second,  reviewers  in  this  study  were  instructed  to  look  for  bone  lesions,  thus  might  scrutinize  the  

images  more  carefully.  As  a  result,  subtle  differences  in  HU  between  tumors  and  bone  marrow  

compartment  (-­40HU  in  lytic  lesions,  +40  HU  in  sclerotic  lesions)  on  70  keV  reconstruction  

became  more  easily  detected.  

  

4.2   Effect  of  torso  phantom  encasement  

In  this  study,  we  found  that  the  image  quality  of  spine  with  torso  phantom  encasement  was  worse  

than  the  spine  phantom  without  torso  encasement.  This  result  might  be  due  to  three  reasons:  

beam-­hardening  effect,  imperfect  spectral  filtration  using  single  X-­ray  source,  and  scatter  

artifacts.  Beam-­hardening  occur  when  x-­rays  pass  through  objects  because  the  attenuation  of  

the  low  energy  photons  is  greater  than  high  energy  photons;;  therefore,  the  remaining  x-­ray  beam  

contains  more  high  energy  photons  and  does  not  follow  the  simple  exponential  decay  as  it  is  in  a  

monochromatic  X-­ray  22.  These  artifacts  are  more  prominent  when  x-­rays  pass  through  thick  soft  

tissue  (the  torso  phantoms  encasement  in  our  study),  or  through  high  effective  atomic  number  

material  (such  as  metal).  Although  dual  energy  CT  can  theoretically  help  eliminate  

beam-­hardening  artifacts  in  reconstructed  high  keV  virtual  monochromatic  images,  such  a  

conclusion  is  based  on  the  assumption  of  x-­ray  absorption  spectrum  not  affected  by  K-­edge.  In  
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reality,  the  x-­ray  absorption  spectrums  are  rarely  in  their  ideal  shape23.  Therefore,  the  more  

severe  beam-­hardening  artifacts  associated  with  torso  phantoms  encasement  may  not  be  

completely  eliminated  by  DECT,  thus  leading  to  worse  image  quality.     

The  DECT  used  in  this  study  has  only  one  x-­ray  source,  and  perfect  spectral  filtration  for  both  the  

low-­  and  high-­energy  images  is  difficult  with  rapid-­switching  single  source  CT24.  Lastly,  artifact  

caused  by  scatter  are  proportional  to  the  density  of  material  traversed  and  not  corrected  by  

DECT,  contributing  to  the  poorer  image  quality  in  the  torso  phantom  encasement  (Figure  12).     
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Figure	
  12.	
  The	
  same	
  spine	
  scan	
  without	
  (left)	
  and	
  with	
  torso	
  phantom	
  encasement	
  (right).	
  The	
  

image	
  quality	
  was	
  similar	
  between	
  without	
  and	
  with	
  torso	
  phantom	
  encasement	
  in	
  70	
  keV	
  

and	
  HAP-­‐Water	
  images.	
  In	
  contrast,	
  the	
  image	
  quality	
  was	
  worse	
  with	
  torso	
  phantom	
  

encasement	
  in	
  Water-­‐HAP,	
  CB-­‐Water,	
  and	
  Water-­‐CB	
  algorithms.	
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4.3   Effect  of  reconstruction  algorithms  

In  our  study,  the  image  quality  of  70  keV  virtual  monochromatic  reconstructed  images  was  better  

than  4  other  material  decomposition  algorithms  been  tested,  regardless  of  phantom  type.  This  

phenomenon  also  occurred  in  Winklhofer  et  al’s  study25  of  images  from  phantoms  and  patients,  

showing  that  the  rapid-­kilovoltage-­switching  DECT  material  decomposition  images  suffered  from  

more  severe  beam-­hardening  artifacts  than  the  virtual  monochromatic  images.  Since  the  

concept  of  two  material  decomposition  algorithm  of  DECT  is  that  any  material’s  attenuation  

coefficient  can  be  considered  as  a  linear  combination  of  the  attenuation  coefficients  of  two  other  

constituent  materials24,  the  original  artifacts  will  also  be  erroneously  expressed  in  the  material  

decomposition  images,  compromising  their  image  quality.     

Among  the  four  material  decomposition  algorithms  of  DECT,  image  quality  was  best  in  the  

HAP-­Water  algorithm,  followed  by  CB-­Water  algorithm,  and  worst  in  the  Water-­HAP  and  

Water-­CB  algorithms.  Based  on  the  NIST  database  of  attenuation  coefficient,  the  hydroxyapatite  

has  higher  dual  energy  ratio  (i.e.,  the  CT  number  measured  in  the  low-­energy  divided  by  that  

measured  in  the  high-­energy  image)  than  the  cortical  bone.  Water,  by  definition,  the  CT  number  

is  always  0  regardless  of  energy  change  (Figure  7).  Scatter  artifacts  would  prone  to  be  
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misclassified  as  water  and  expressed  in  water  images  because  it  is  almost  independent  of  

photon  energy25.  This  misclassification  will  decrease  the  diagnostic  performance  of  Water-­HAP  

and  Water-­CB  algorithms.  In  contrast,  the  high  dual  energy  ratio  of  the  hydroxyapatite  makes  it  

less  susceptible  to  artifacts  misclassification.           

4.4   Patient  studies  

The  main  purpose  of  our  patient  study  was  to  validate  the  algorithms  we  developed  from  

phantom  studies.  To  demonstrate  the  superiority  of  DECT  in  showing  isodense  bone  lesions  that  

were  usually  subtle  in  conventional  CT,  we  only  selected  tumors  with  a  HU  difference  less  than  

100HU.  At  our  institution,  routine  CT  is  performed  with  DECT  only  if  the  CT  scanner  is  capable  of  

DECT  and  when  the  radiation  dose  can  be  set  to  approximate  that  of  conventional  single-­energy  

CT;;  as  a  result,  about  one-­third  of  examinations  would  preclude  the  use  of  DECT25.  Because  of  

the  limited  percentage  of  patients  receiving  their  examinations  with  DECT,  as  well  as  the  strict  

inclusion  criteria  for  hardly  discernable  tumors,  we  only  found  6  patients  with  9  eligible  lesions,  

which  were  not  enough  for  statistical  analysis.  Nevertheless,  even  with  these  few  cases,  we  still  

found  that  the  material  decomposition  algorithms  could  help  pick  up  tumors  initially  missed  on  

the  conventional  CT  (Figure  13,  14).     



	
   36	
  

  

Figure	
  13.	
  A	
  28-­‐year-­‐old	
  male	
  with	
  testicular	
  cancer.	
  

Initially,	
  there	
  were	
  suspicious	
  spine	
  metastases	
  on	
  T2W	
  MRI.	
  The	
  DECT	
  done	
  within	
  8	
  days	
  from	
  the	
  

MRI	
  scans	
  was	
  read	
  as	
  negative	
  on	
  70	
  keV	
  reconstruction.	
  After	
  material	
  decomposition	
  algorithms,	
  

the	
  tumors	
  were	
  clearly	
  seen	
  in	
  HAP-­‐Water	
  and	
  CB-­‐Water	
  with	
  corresponding	
  changes	
  in	
  the	
  

Water-­‐HAP	
  and	
  Water-­‐CB	
  images.	
  Both	
  readers	
  picked	
  up	
  these	
  lesions.	
   	
   	
  

The	
  follow	
  up	
  single	
  energy	
  CT	
  done	
  4	
  months	
  later	
  showed	
  there	
  were	
  osteolytic	
  lesions	
  with	
  

sclerotic	
  margin	
  at	
  the	
  same	
  anatomical	
  location	
  that	
  the	
  material	
  decomposition	
  images	
  

demonstrated	
  before.	
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After  these  patient  images  were  re-­analyzed  by  our  readers,  the  tumor  detection  rate  was  higher  

in  the  HAP-­Water  images,  not  jeopardized  by  artifacts.  These  findings  were  compatible  with  the  

results  from  our  phantom  studies  that  HAP-­Water  algorithm  had  a  higher  sensitivity  and  was  less  

affected  by  artifacts.  Similarly,  the  higher  false  positive  rate  and  lower  tumor  detection  rate  in  the  

Water-­HAP  and  Water-­CB  images,  compared  to  70  keV  reconstruction,  were  also  correlated  to  

Figure	
  14.	
  A	
  74-­‐year-­‐old	
  male	
  with	
  multiple	
  myeloma.	
  The	
  DECT	
  with	
  70	
  keV	
  reconstruction	
  showed	
  

subtle	
  mixed	
  osteolytic	
  and	
  osteosclerotic	
  lesions	
  in	
  the	
  right	
  aspect	
  of	
  vertebral	
  body.	
  After	
  material	
  

decomposition	
  algorithms,	
  the	
  tumors	
  became	
  more	
  discernable	
  in	
  HAP-­‐Water	
  and	
  CB-­‐Water	
  with	
  

corresponding	
  changes	
  in	
  the	
  Water-­‐CB	
  images	
  (arrows).	
  No	
  tumor	
  was	
  detected	
  in	
  Water-­‐HAP	
  image	
  

due	
  to	
  severe	
  artifacts.	
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our  findings  that  both  water  images  were  more  prone  to  artifacts  and  thereby  less  sensitive.  

(Figure  15).  

  

  

  

4.5   Clinical  application  

Cancer  patients  usually  undergo  whole-­body  imaging  studies  only  once  for  cancer  staging  before  

starting  treatment.  After  that,  to  reduce  unnecessary  radiation  exposure,  follow-­up  CT  scans  are  

often  region  specific.  Our  study  results  suggested  that  the  usage  of  DECT  and  material  

decomposition  algorithm  might  enable  the  detection  of  subtle  spine  metastases,  which  are  

known  to  be  easily  missed  by  conventional  CT  scans.  In  addition,  studies  have  shown  that  overt  

sclerotic  bone  metastases  usually  cause  less  pain  and  less  disability  to  cancer  patients,  while  

Figure	
  15.	
  

A	
  47-­‐year-­‐old	
  female	
  with	
  

breast	
  cancer.	
   	
  

Besides	
  the	
  punctate	
  sclerotic	
  

spine	
  metastasis(arrow),	
  one	
  

reader	
  falsely	
  diagnosed	
  a	
  

space	
  occupying	
  tumor	
  in	
  the	
  

right	
  side	
  of	
  vertebral	
  body	
  in	
  

Water-­‐HAP	
  image	
  (arrow	
  

head).	
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mixed  type  and  lytic  type  metastases  can  have  greater  impact  on  the  quality  of  life  and  should  to  

be  treated  more  aggressively26;;  hence  the  greater  ability  of  exhibiting  isodense  bone  tumors  can  

help  guiding  the  treatment,  reducing  the  suffering  of  cancer  patients.  Most  importantly,  this  

diagnostic  competence  is  based  upon  the  nature  of  tissue  type,  regardless  of  the  presence  of  

iodinated  contrast,  and  can  be  widely  applied  to  every  patient  with  suspected  bone  metastases.     

4.6   Limitation  

There  are  several  limitations  in  this  study.  First,  we  did  not  perform  quantitative  and  qualitative  

analysis  on  patient  images  because  of  the  small  number  of  cases  identified  during  retrospective  

medical  record  review.  We  only  included  patients  whose  confirmed  lumbar  spine  metastases  

were  not  obvious  (less  than  100HU  difference  in  tumor  and  marrow  compartment)  on  the  70  keV  

reconstruction,  therefore  limiting  the  number  of  eligible  case.  Second,  we  only  tested  our  

phantoms  in  one  type  of  DECT  machine  (single  source  rapid-­kilovoltage-­switching).  The  results  

might  vary  using  different  types  of  scanners  such  as  dual  source  DECT  or  CT  with  photon  

counting  detectors.  Third,  this  study  could  potentially  possess  reviewer  bias  because  reviewers  

might  be  inclined  to  look  for  bone  lesions  and  increase  the  sensitivity  in  detecting  true  lesions.  

Finally,  different  reconstruction  algorithms  (e.g.,  the  usage  of  three-­material  decomposition  
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algorithm)  could  also  result  in  different  material  separation  capability  and  accuracy,  which  need  

to  be  further  explored  in  the  future.     

5   CONCLUSION  

DECT  with  hydroxyapatite-­water  material  decomposition  may  help  detect  spine  marrow  

metastases,  especially  for  subtle  isodense  tumors.  Further  study  in  prospective  clinical  scans  is  

warranted.  
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