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1. BACKGROUND	
  
1.1	
  PULMONARY	
  NODULES	
  
Pulmonary	
  nodules	
  are	
  of	
  high	
  clinical	
  importance,	
  given	
  they	
  
may	
  prove	
  to	
  be	
  an	
  early	
  manifestation	
  of	
  lung	
  cancer.	
  Pulmonary	
  
nodules	
  are	
  small,	
  focal,	
  radiographic	
  opacities	
  that	
  may	
  be	
  soli-­‐
tary	
  or	
  multiple.	
  A	
  solitary	
  pulmonary	
  nodule	
  (SPN)	
  is	
  a	
  single,	
  
small	
  (≤	
  30	
  mm	
  in	
  diameter)	
  opacity	
  (1,	
  2)	
  (Figure	
  1).	
  Larger	
  opaci-­‐
ties	
  are	
  called	
  masses	
  and	
  are	
  often	
  malignant	
  (3)	
  (Figure	
  2).	
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Pulmonary	
  nodules	
  and	
  masses	
  are	
  also	
  known	
  as	
  pulmonary	
  
lesions.	
  

	
  

	
  
Figure1	
  
A	
  solitary	
  pulmonary	
  nodule;	
  this	
  nodule	
  represented	
  an	
  adenocarcino-­‐
ma.	
  
	
  
In	
  studies	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  imaging,	
  most	
  of	
  which	
  were	
  per-­‐
formed	
  in	
  the	
  United	
  States1,	
  the	
  most	
  common	
  causes	
  of	
  malig-­‐
nant	
  SPNs	
  are	
  adenocarcinoma	
  (47%),	
  squamous	
  cell	
  carcinoma	
  
(22%)	
  and	
  solitary	
  metastasis	
  (8%)	
  (4-­‐12).	
  The	
  most	
  common	
  
causes	
  of	
  benign	
  SPNs	
  are	
  healed	
  or	
  nonspecific	
  granulomas	
  
(25%),	
  active	
  granulomatous	
  infections	
  (15%)	
  and	
  hamartomas	
  
(15%)	
  (4-­‐12).	
  

	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
1	
  Unfortunately,	
  data	
  on	
  the	
  causes	
  of	
  pulmonary	
  nodules	
  in	
  Denmark	
  is	
  
not	
  available.	
  Instead,	
  data	
  from	
  the	
  United	
  States	
  is	
  used.	
  

	
  
Figure2	
  
A	
  pulmonary	
  mass;	
  this	
  mass	
  represented	
  a	
  large	
  cell	
  carcinoma.	
  
	
  

1.1.1	
  Prevalence	
  of	
  pulmonary	
  nodules	
  
Although	
  the	
  prevalence	
  of	
  pulmonary	
  nodules	
  depends	
  on	
  the	
  
studied	
  population,	
  the	
  last	
  decades	
  have	
  seen	
  a	
  significant	
  rise	
  in	
  
this	
  prevalence	
  due	
  to	
  improved	
  imaging	
  techniques,	
  especially	
  
the	
  utilization	
  of	
  CT.	
  In	
  a	
  study	
  from	
  the	
  1950s,	
  an	
  SPN	
  was	
  found	
  
in	
  0.2%	
  of	
  all	
  chest	
  radiographs	
  obtained	
  in	
  community	
  settings	
  
(13).	
  In	
  the	
  1990s	
  that	
  prevalence	
  had	
  risen	
  to	
  7%	
  of	
  all	
  chest	
  
radiographs	
  obtained	
  as	
  part	
  of	
  the	
  Early	
  Lung	
  Cancer	
  Action	
  
Program	
  (ELCAP),	
  an	
  American	
  screening	
  study	
  (14).	
  However,	
  the	
  
prevalence	
  was	
  as	
  high	
  as	
  23%	
  in	
  the	
  ELCAP	
  study	
  when	
  utilizing	
  
low-­‐dose	
  CT.	
  In	
  general,	
  the	
  prevalence	
  of	
  pulmonary	
  nodules	
  is	
  
reported	
  to	
  be	
  8%	
  to	
  51%	
  in	
  CT	
  screening	
  studies	
  (3).	
  
The	
  prevalence	
  of	
  malignancy	
  in	
  patients	
  with	
  SPNs	
  varies	
  widely	
  
across	
  studies.	
  In	
  screening	
  studies	
  with	
  low-­‐dose	
  CT,	
  the	
  preva-­‐
lence	
  of	
  malignant	
  SPN	
  has	
  been	
  reported	
  to	
  be	
  roughly	
  1%	
  to	
  
12%	
  in	
  those	
  with	
  nodules	
  (3).	
  However,	
  in	
  a	
  study	
  of	
  patients	
  
with	
  either	
  screening	
  detected	
  or	
  incidentally	
  detected	
  lung	
  
nodules,	
  the	
  prevalence	
  of	
  malignancy	
  was	
  33%	
  to	
  60%	
  in	
  nodules	
  
that	
  measured	
  11	
  to	
  20	
  mm	
  in	
  diameter	
  and	
  64%	
  to	
  82%	
  in	
  nod-­‐
ules	
  that	
  measured	
  >	
  20	
  mm	
  in	
  diameter	
  (3).	
  
This	
  variation	
  in	
  prevalence	
  of	
  malignancy	
  is	
  reflected	
  in	
  this	
  PhD.	
  
In	
  the	
  HRCT	
  study,	
  where	
  size	
  was	
  limited	
  to	
  ≤	
  30	
  mm	
  in	
  diameter	
  
for	
  inclusion,	
  the	
  prevalence	
  of	
  malignancy	
  was	
  48%.	
  On	
  the	
  other	
  
hand,	
  in	
  the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study	
  and	
  in	
  the	
  DCE-­‐
CT	
  study,	
  where	
  size	
  was	
  not	
  a	
  limiting	
  factor,	
  the	
  prevalence	
  of	
  
malignancy	
  was	
  approximately	
  80%.	
  
	
  

1.1.2	
  Imaging	
  of	
  pulmonary	
  nodules	
  
As	
  imaging	
  techniques	
  improve	
  and	
  more	
  nodules	
  are	
  detected,	
  
the	
  optimal	
  management	
  of	
  pulmonary	
  nodules	
  remains	
  unclear.	
  
However,	
  the	
  question	
  of	
  malignancy	
  of	
  any	
  given	
  nodule	
  remains	
  
the	
  same.	
  Current	
  assessment	
  strategies	
  include:	
  no	
  follow-­‐up	
  in	
  
low-­‐risk	
  patients	
  and	
  imaging	
  follow-­‐up	
  in	
  high-­‐risk	
  patients	
  with	
  
very	
  small	
  nodules	
  	
  (<	
  4	
  mm);	
  imaging	
  follow-­‐up	
  in	
  low-­‐risk	
  pa-­‐
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tients	
  and	
  imaging	
  as	
  well	
  as	
  tissue	
  sampling	
  in	
  high-­‐risk	
  patients	
  
with	
  small	
  nodules	
  (4	
  mm	
  to	
  8	
  mm);	
  and	
  imaging	
  as	
  well	
  as	
  tissue	
  
sampling	
  in	
  all	
  patients	
  regardless	
  of	
  risk	
  class	
  with	
  larger	
  nodules	
  
and	
  masses.	
  This	
  is	
  irrespective	
  of	
  whether	
  the	
  nodules	
  are	
  inci-­‐
dental	
  findings	
  or	
  if	
  they	
  are	
  found	
  in	
  patients	
  with	
  suspected	
  
lung	
  cancer	
  (15).	
  
Imaging	
  plays	
  an	
  important	
  role	
  in	
  the	
  assessments	
  of	
  patients	
  
with	
  suspected	
  lung	
  cancer	
  and	
  in	
  the	
  assessment	
  of	
  patients	
  
with	
  incidentally	
  discovered	
  pulmonary	
  nodules.	
  Usually	
  the	
  first	
  
imaging	
  examination	
  is	
  a	
  chest	
  radiograph.	
  This	
  is	
  followed	
  by	
  
contrast-­‐enhanced	
  CT	
  of	
  the	
  thorax	
  and	
  upper	
  abdomen	
  and,	
  
dependant	
  on	
  local	
  arrangements,	
  by	
  whole	
  body	
  integrated	
  F-­‐
18-­‐FDG	
  Positron-­‐Emission	
  Tomography	
  and	
  CT	
  (F-­‐18-­‐FDG	
  
PET/CT).	
  Other	
  imaging	
  examinations	
  are	
  optional	
  and	
  include	
  
Magnetic	
  Resonance	
  Imaging	
  (MRI)	
  of	
  the	
  thorax	
  and,	
  as	
  in	
  this	
  
PhD,	
  Dynamic	
  Contrast-­‐Enhanced	
  CT	
  (DCE-­‐CT)	
  of	
  the	
  thorax.	
  
Over	
  the	
  years,	
  political	
  decisions	
  based	
  on	
  scientific	
  advances	
  
have	
  increased	
  the	
  number	
  of	
  patients	
  referred	
  for	
  CT	
  significant-­‐
ly.	
  Thus,	
  the	
  first	
  patient	
  with	
  suspected	
  lung	
  cancer	
  was	
  CT	
  
scanned	
  at	
  our	
  department	
  in	
  1998.	
  In	
  1999	
  that	
  number	
  had	
  
increased	
  to	
  200	
  patients	
  per	
  year	
  and,	
  little	
  more	
  than	
  10	
  years	
  
later,	
  in	
  2011	
  it	
  has	
  increased	
  to	
  more	
  than	
  1,200	
  patients	
  per	
  
year.	
  In	
  the	
  same	
  period	
  the	
  number	
  of	
  patients	
  diagnosed	
  with	
  
lung	
  cancer	
  in	
  Denmark	
  has	
  increased	
  from	
  3,400	
  per	
  year	
  to	
  
4,300	
  per	
  year.	
  
Modern	
  imaging	
  algorithms	
  are	
  based	
  on	
  combinations	
  of	
  tech-­‐
nical	
  performance,	
  diagnostic	
  performance,	
  diagnostic	
  impact	
  and	
  
therapeutic	
  impact.	
  However,	
  the	
  impact	
  of	
  imaging	
  on	
  the	
  pa-­‐
tients’	
  health	
  remains	
  unclear.	
  The	
  technical	
  performances	
  and	
  
especially	
  the	
  diagnostic	
  performances	
  of	
  the	
  individual	
  modali-­‐
ties	
  will	
  be	
  described	
  later.	
  Typical	
  effective	
  radiation	
  doses	
  are:	
  
chest	
  radiograph,	
  0.1	
  mSv;	
  low	
  dose	
  CT	
  of	
  the	
  thorax	
  and	
  upper	
  
abdomen,	
  1.0	
  to	
  2.0	
  mSv;	
  standard	
  CT	
  of	
  the	
  thorax	
  and	
  upper	
  
abdomen,	
  8.0	
  to	
  10.0	
  mSv;	
  F-­‐18-­‐FDG	
  PET	
  (400	
  MBq),	
  8.0	
  to	
  10.0	
  
mSv;	
  F-­‐18-­‐FDG	
  PET	
  (400	
  MBq)	
  and	
  low	
  dose	
  CT	
  of	
  the	
  thorax	
  and	
  
upper	
  abdomen,	
  8.0	
  to	
  10.0	
  mSv;	
  F-­‐18-­‐FDG	
  PET	
  (400	
  MBq)	
  and	
  
standard	
  CT	
  of	
  the	
  thorax	
  and	
  upper	
  abdomen,	
  16.0	
  to	
  20.0	
  mSv	
  
(16,	
  17).	
  

	
  
The	
  participants	
  in	
  this	
  PhD	
  were	
  all	
  sampled	
  from	
  a	
  population	
  of	
  
patients	
  with	
  suspected	
  lung	
  cancer.	
  Most	
  had	
  received	
  a	
  chest	
  
radiograph	
  prior	
  to	
  the	
  examinations	
  that	
  are	
  part	
  of	
  this	
  PhD.	
  
This	
  is	
  described	
  in	
  detail	
  in	
  the	
  “participants”	
  section.	
  
	
  

1.2	
  LUNG	
  CANCER	
  
In	
  the	
  western	
  world,	
  lung	
  cancer	
  remains	
  the	
  leading	
  cause	
  of	
  
cancer	
  death	
  in	
  both	
  men	
  and	
  women	
  (18).	
  The	
  predominant	
  
cause	
  of	
  lung	
  cancer	
  is	
  exposure	
  to	
  tobacco	
  smoke,	
  with	
  active	
  
smoking	
  causing	
  most	
  cases,	
  but	
  passive	
  smoking	
  also	
  contrib-­‐
uting	
  to	
  the	
  lung	
  cancer	
  burden.	
  
Cigarette	
  smoking	
  is	
  by	
  far	
  the	
  leading	
  cause	
  of	
  lung	
  cancer,	
  ac-­‐
counting	
  for	
  approximately	
  90%	
  of	
  lung	
  cancer	
  cases	
  in	
  the	
  Unit-­‐
ed	
  States	
  and	
  other	
  countries	
  where	
  cigarette	
  smoking	
  is	
  com-­‐
mon	
  (19).	
  Compared	
  with	
  never	
  smokers,	
  smokers	
  have	
  
approximately	
  a	
  20	
  times	
  the	
  risk	
  of	
  others	
  for	
  lung	
  cancer.	
  Few	
  
exposures	
  to	
  environmental	
  agents	
  convey	
  such	
  increased	
  risks	
  of	
  
any	
  disease.	
  In	
  general,	
  lung	
  cancer	
  trends	
  closely	
  reflect	
  smoking	
  
patterns,	
  but	
  rates	
  of	
  occurrence	
  lag	
  after	
  smoking	
  rates	
  by	
  ap-­‐
proximately	
  20	
  years.	
  Analyses	
  using	
  statistical	
  modelling	
  tech-­‐
niques	
  show	
  a	
  close	
  association	
  between	
  national	
  mortality	
  rates	
  
and	
  smoking	
  (20).	
  The	
  unequivocal	
  role	
  of	
  cigarette	
  smoking	
  in	
  

causing	
  lung	
  cancer	
  is	
  one	
  of	
  the	
  most	
  thoroughly	
  documented	
  
causal	
  relationships	
  in	
  biomedical	
  research	
  (21,	
  22).	
  Minor	
  causes	
  
of	
  lung	
  cancer	
  include	
  occupational	
  exposures	
  to	
  carcinogens,	
  
radon	
  (23)	
  and	
  outdoor	
  air	
  pollution	
  (24).	
  
	
  

1.2.1	
  Survival	
  from	
  lung	
  cancer	
  
In	
  Denmark	
  the	
  observed	
  5-­‐year	
  survival	
  rate	
  from	
  lung	
  cancer	
  
was	
  11%	
  for	
  patients	
  diagnosed	
  in	
  2003	
  to	
  2006.	
  The	
  survival	
  rate	
  
has	
  slowly,	
  but	
  steadily	
  been	
  rising	
  since	
  2000	
  (25).	
  
	
  

1.2.2	
  Staging	
  of	
  Non-­‐Small-­‐Cell	
  Lung	
  Carcinoma	
  (NSCLC)	
  
Staging	
  is	
  used	
  to	
  predict	
  survival	
  and	
  to	
  guide	
  the	
  patient	
  toward	
  
the	
  most	
  appropriate	
  treatment	
  regimen	
  or	
  clinical	
  trial.	
  The	
  most	
  
significant	
  division	
  is	
  between	
  those	
  patients	
  who	
  are	
  candidates	
  
for	
  surgery	
  and	
  those	
  who	
  may	
  benefit	
  from	
  chemotherapy,	
  
radiation	
  therapy	
  or	
  both.	
  Distinguishing	
  malignant	
  involvement	
  
of	
  the	
  ipsilateral	
  or	
  contralateral	
  mediastinal	
  lymph	
  nodes	
  (N2	
  or	
  
N3)	
  from	
  the	
  ipsilateralhilar	
  lymph	
  nodes	
  or	
  no	
  lymph	
  nodes	
  (N0	
  
or	
  N1)	
  is	
  critical,	
  because	
  malignant	
  involvement	
  of	
  N2	
  or	
  N3	
  
lymph	
  nodes	
  usually	
  indicates	
  non–surgically	
  resectable	
  disease.	
  
The	
  basis	
  for	
  staging	
  Non-­‐Small-­‐Cell	
  Lung	
  Carcinoma	
  (NSCLC)	
  is	
  
the	
  TNM	
  system	
  (26,	
  27)	
  (Figure	
  3).	
  Patients	
  with	
  stage	
  IA,	
  IB,	
  IIA	
  
and	
  IIB	
  disease	
  can	
  benefit	
  from	
  surgical	
  resection.	
  Patients	
  with	
  
stage	
  IIIA,	
  IIIB	
  and	
  IV	
  disease	
  almost	
  never	
  meet	
  the	
  criteria	
  for	
  
surgery.	
  The	
  role	
  of	
  chemotherapy	
  and	
  radiation	
  therapy	
  fol-­‐
lowed	
  by	
  surgery	
  for	
  stage	
  IIIA	
  and	
  IIIB	
  disease	
  is	
  controversial	
  
(28).	
  

	
  

	
  
Figure3	
  
This	
  chart	
  illustrates	
  the	
  descriptors	
  from	
  the	
  7th	
  edition	
  of	
  the	
  TNM	
  
staging	
  system	
  for	
  lung	
  cancer.	
  With	
  permission(141).	
  
	
  
A	
  variety	
  of	
  imaging	
  modalities	
  are	
  applied	
  for	
  mediastinal	
  stag-­‐
ing	
  of	
  NSCLC.	
  However,	
  in	
  the	
  studies	
  in	
  this	
  PhD	
  only	
  the	
  most	
  
commonly	
  used	
  imaging	
  modalities	
  are	
  used	
  and	
  thus	
  only	
  CT	
  and	
  
F-­‐18-­‐FDG	
  PET/CT	
  are	
  covered	
  in	
  detail.	
  
	
  

2. AIM	
  AND	
  HYPOTHESES	
  
2.1	
  AIM	
  
In	
  2008	
  when	
  this	
  PhD	
  was	
  commenced,	
  patients	
  with	
  suspected	
  
lung	
  cancer	
  received	
  standard	
  contrast-­‐enhanced	
  CT	
  of	
  the	
  thorax	
  
and	
  upper	
  abdomen	
  and	
  HRCT	
  of	
  the	
  thorax;	
  only	
  selected	
  pa-­‐
tients	
  received	
  F-­‐18-­‐FDG	
  PET/CT.	
  However,	
  based	
  on	
  increasing	
  
international	
  experience	
  with	
  F-­‐18-­‐FDG	
  PET/CT,	
  it	
  was	
  about	
  to	
  
be	
  part	
  of	
  the	
  standard	
  clinical	
  work-­‐up	
  of	
  patients	
  with	
  suspect-­‐
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ed	
  lung	
  cancer	
  and	
  patients	
  with	
  NSCLC.	
  DCE-­‐CT	
  was	
  used	
  in	
  
patients	
  with	
  suspected	
  lung	
  cancer	
  on	
  an	
  experimental	
  basis.	
  
Patients	
  who	
  were	
  subsequently	
  diagnosed	
  with	
  lung	
  cancer	
  were	
  
invasively	
  staged	
  using	
  mediastinoscopy	
  and	
  eventually	
  mediasti-­‐
notomy.	
  
3	
  of	
  the	
  papers	
  of	
  this	
  PhD	
  concerns	
  the	
  characterisation	
  of	
  pul-­‐
monary	
  lesions	
  in	
  patients	
  with	
  suspected	
  lung	
  cancer;	
  2	
  of	
  these	
  
papers,	
  the	
  HRCT	
  paper	
  and	
  the	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  paper,	
  eval-­‐
uate	
  the	
  diagnostic	
  performance	
  of	
  the	
  imaging	
  modalities	
  in	
  a	
  
selected	
  population	
  of	
  cancer	
  suspect	
  patients.	
  Thus,	
  these	
  pa-­‐
pers	
  are	
  concerned	
  with	
  the	
  ability	
  of	
  the	
  involved	
  methods	
  to	
  
identify	
  disease	
  correctly	
  and	
  therefore	
  measure	
  sensitivity,	
  
specificity,	
  positive	
  predictive	
  value,	
  negative	
  predictive	
  value	
  and	
  
accuracy	
  of	
  the	
  methods.	
  The	
  last	
  paper	
  concerning	
  the	
  charac-­‐
terisation	
  pulmonary	
  lesions	
  in	
  patients	
  with	
  suspected	
  lung	
  
cancer,	
  the	
  DCE-­‐CT	
  paper	
  is	
  more	
  experimental.	
  None	
  the	
  less,	
  it	
  
measures	
  the	
  diagnostic	
  performance	
  of	
  a	
  qualitative	
  as	
  well	
  as	
  a	
  
quantitative	
  approach	
  to	
  Dynamic	
  Contrast-­‐Enhanced	
  CT,	
  only	
  
this	
  time	
  the	
  quantitative	
  approach	
  use	
  numerical	
  values	
  and	
  p-­‐
values	
  to	
  examine	
  the	
  performance.	
  The	
  fourth	
  paper	
  of	
  this	
  PhD	
  
evaluates	
  the	
  diagnostic	
  performance	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  
for	
  mediastinal	
  staging	
  in	
  patients	
  with	
  NSCLC.	
  That	
  study	
  was	
  a	
  
substantial	
  part	
  of	
  the	
  entire	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  study.	
  
Therefore	
  the	
  paper	
  is	
  also	
  a	
  part	
  of	
  the	
  PhD.	
  
Thus,	
  the	
  aim	
  of	
  this	
  PhD	
  was	
  to	
  examine	
  and	
  validate	
  modern	
  
imaging	
  modalities	
  used	
  to	
  characterise	
  pulmonary	
  lesions	
  in	
  
patients	
  with	
  suspected	
  lung	
  cancer,	
  to	
  aid	
  in	
  the	
  ability	
  of	
  mod-­‐
ern	
  methods	
  to	
  replace	
  older	
  established	
  methods	
  and	
  to	
  aid	
  in	
  
the	
  development	
  of	
  new	
  methods.	
  The	
  desire	
  was	
  to	
  safely	
  dis-­‐
tinguish	
  between	
  malignant	
  and	
  benign	
  lesions	
  without	
  the	
  need	
  
for	
  invasive	
  procedures.	
  This	
  would	
  have	
  a	
  significant	
  diagnostic	
  
impact	
  on	
  patient	
  management.	
  
	
  

2.2	
  HYPOTHESES	
  
The	
  hypotheses	
  for	
  each	
  study	
  were	
  as	
  follows:	
  
	
  
1)	
  HRCT	
  study:	
  The	
  pathological	
  basis	
  of	
  a	
  pulmonary	
  nodule	
  is	
  
reflected	
  in	
  its	
  attenuation,	
  morphology	
  and	
  certain	
  other	
  charac-­‐
teristics.	
  By	
  using	
  High	
  Resolution	
  CT	
  (HRCT)	
  to	
  review	
  the-­‐
se,	
  radiologists	
  can	
  distinguish	
  between	
  malignant	
  and	
  benign	
  
nodules	
  with	
  high	
  to	
  excellent	
  reproducibility.	
  
	
  
2)	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study:	
  Integrated	
  F-­‐18-­‐FDG	
  
Positron-­‐Emission	
  Tomography	
  and	
  low	
  dose	
  Computed	
  Tomog-­‐
raphy	
  (F-­‐18-­‐FDG	
  PET/CT)	
  is	
  as	
  sensitive	
  and	
  specific	
  as	
  CT	
  for	
  
characterising	
  pulmonary	
  nodules	
  and	
  masses	
  in	
  patients	
  with	
  
suspected	
  lung	
  cancer.	
  
	
  
3)	
  DCE-­‐CT	
  study:	
  The	
  angiogenesis	
  of	
  a	
  pulmonary	
  nodule	
  or	
  mass	
  
can	
  be	
  depicted	
  by	
  its	
  perfusion,	
  peak	
  enhancement	
  intensity,	
  
time	
  to	
  peak	
  or	
  blood	
  volume.	
  By	
  using	
  Dynamic	
  Contrast-­‐
Enhanced	
  CT	
  (DCE-­‐CT)	
  to	
  review	
  this,	
  radiologists	
  can	
  distinguish	
  
between	
  malignant	
  and	
  benign	
  nodules.	
  However,	
  concerns	
  have	
  
been	
  raised	
  regarding	
  the	
  reproducibility	
  of	
  these	
  measurements.	
  
	
  
4)	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study:	
  Integrated	
  F-­‐18-­‐FDG	
  
Positron-­‐Emission	
  Tomography	
  and	
  low	
  dose	
  Computed	
  Tomog-­‐
raphy	
  (F-­‐18-­‐FDG	
  PET/CT)	
  is	
  more	
  sensitive	
  and	
  more	
  specific	
  than	
  
CT	
  for	
  staging	
  the	
  mediastinum	
  in	
  patients	
  with	
  NSCLC.	
  
	
  

Approximately	
  500	
  patients	
  with	
  suspected	
  lung	
  cancer,	
  were	
  
included	
  into	
  one	
  retrospective	
  or	
  one	
  of	
  three	
  prospective	
  stud-­‐
ies.	
  All	
  participants	
  received	
  a	
  standard	
  contrast-­‐enhanced	
  CT.	
  
Besides	
  this	
  standard	
  CT,	
  the	
  participants	
  in	
  study	
  1)	
  also	
  received	
  
an	
  HRCT;	
  the	
  participants	
  in	
  study	
  2)	
  also	
  received	
  an	
  F-­‐18-­‐FDG	
  
PET/CT;	
  the	
  participants	
  in	
  study	
  3)	
  also	
  received	
  a	
  DCE-­‐CT	
  and	
  
the	
  participants	
  in	
  study	
  4)	
  also	
  received	
  an	
  F-­‐18-­‐FDG	
  PET/CT.	
  
Reference	
  standard	
  consisted	
  primarily	
  of	
  tissue	
  sampling	
  and	
  in	
  
few	
  cases	
  on	
  CT	
  follow-­‐up	
  (Table	
  1).	
  
	
  
Table	
  1.	
  Overview	
  of	
  this	
  PhD	
  
	
   Study	
  1)	
   Study	
  2)	
   Study	
  3)	
   Study	
  4)	
  
Aim	
   Characterisa-­‐

tion	
  of	
  pulmo-­‐
nary	
  nodules;	
  
reproducibility	
  

Characterisa-­‐
tion	
  of	
  pulmo-­‐
nary	
  lesions;	
  
reproducibility	
  

Characterisa-­‐
tion	
  of	
  pulmo-­‐
nary	
  lesions;	
  
reproducibility	
  

Mediastinal	
  
staging	
  in	
  
NSCLC;	
  
reproducibil-­‐
ity	
  

Partici-­‐
pants	
  

213	
   168	
   59	
   114	
  

Population	
   Patients	
  with	
  
suspected	
  lung	
  
cancer	
  

Patients	
  with	
  
suspected	
  lung	
  
cancer	
  

Patients	
  with	
  
suspected	
  lung	
  
cancer	
  

Patients	
  with	
  
NSCLC	
  

Study	
  
design	
  

Retrospective	
  
cohort	
  

Prospective	
  
cohort	
  

Prospective	
  
cohort	
  

Prospective	
  
cohort	
  

Imaging	
  
modality	
  

HRCT	
   CT;	
  F-­‐18-­‐FDG	
  
PET/CT	
  

DCE-­‐CT	
   CT;	
  F-­‐18-­‐FDG	
  
PET/CT	
  

Reference	
  
standard	
  

Tissue	
  sam-­‐
pling	
  (90%);	
  CT	
  
follow-­‐up	
  
(10%)	
  

Tissue	
  sam-­‐
pling	
  (91%);	
  CT	
  
follow-­‐up	
  (9%)	
  

Tissue	
  sam-­‐
pling	
  (100%)	
  

Tissue	
  
sampling	
  
(100%)	
  

Abbreviations:	
  DCE-­‐CT:	
  Dynamic	
  Contrast-­‐Enhanced	
  CT;	
  F-­‐18-­‐FDG	
  PET/CT:	
  F-­‐18-­‐FDG	
  
Positron-­‐Emission	
  Tomography	
  and	
  CT;	
  HRCT:	
  High	
  Resolution	
  CT;	
  NSCLC:	
  Non-­‐Small-­‐
Cell	
  Lung	
  Carcinoma.	
  
	
  

3. METHODS	
  
In	
  the	
  following	
  section,	
  the	
  methods	
  used	
  in	
  this	
  PhD	
  will	
  be	
  
described.	
  The	
  section	
  is	
  divided	
  into	
  subsections	
  relating	
  to	
  
Participants,	
  Test	
  methods	
  and	
  Statistical	
  methods.	
  
	
  

3.1	
  PARTICIPANTS	
  
In	
  all	
  studies	
  in	
  this	
  PhD,	
  participants	
  were	
  sampled	
  from	
  a	
  popu-­‐
lation	
  of	
  patients	
  with	
  suspected	
  lung	
  cancer.	
  All	
  patients	
  were	
  
referred	
  from	
  their	
  general	
  practitioner	
  to	
  the	
  department	
  of	
  
pulmonology	
  at	
  hospital.	
  Once	
  there,	
  all	
  patients	
  were	
  thoroughly	
  
questioned	
  about	
  their	
  predictors	
  for	
  lung	
  cancer,	
  including	
  their	
  
smoking	
  history;	
  they	
  also	
  received	
  a	
  physical	
  examination	
  and	
  a	
  
chest	
  radiograph.	
  Based	
  on	
  individual	
  predictors	
  and	
  physical	
  
examinations,	
  patients	
  at	
  an	
  increased	
  risk	
  for	
  lung	
  cancer	
  were	
  
referred	
  for	
  a	
  standard	
  contrast-­‐enhanced	
  CT	
  of	
  the	
  chest	
  and	
  
upper	
  abdomen.	
  
However,	
  it	
  is	
  recognised	
  that	
  although	
  it	
  is	
  based	
  on	
  a	
  standard	
  
clinical	
  algorithm,	
  this	
  approach	
  with	
  the	
  initial	
  use	
  of	
  CT	
  intro-­‐
duces	
  a	
  selection	
  bias	
  into	
  the	
  studies.	
  This	
  selection	
  is	
  responsi-­‐
ble	
  for	
  the	
  high	
  prevalence	
  of	
  malignancy	
  in	
  the	
  studies,	
  and	
  in	
  
the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study	
  it	
  may	
  favour	
  CT.	
  As	
  
such,	
  it	
  may	
  also	
  be	
  a	
  possible	
  cause	
  for	
  discrepancies	
  between	
  
our	
  studies	
  and	
  previous	
  works	
  on	
  the	
  subject.	
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3.1.1	
  HRCT	
  study	
  (a	
  retrospective2	
  cohort3	
  study)	
  
Patients	
  with	
  suspected	
  lung	
  cancer,	
  which	
  were	
  referred	
  to	
  a	
  
tertiary	
  sector	
  hospital	
  for	
  diagnosis,	
  were	
  identified	
  for	
  potential	
  
inclusion	
  through	
  medical	
  records	
  and	
  through	
  Picture	
  Archiving	
  
and	
  Communication	
  System	
  (PACS)	
  records.	
  Only	
  those	
  patients	
  
with	
  pulmonary	
  nodules	
  <	
  30	
  mm	
  were	
  included.	
  The	
  search	
  was	
  
limited	
  to	
  the	
  last	
  5½	
  years,	
  as	
  this	
  was	
  the	
  time	
  when	
  the	
  de-­‐
partment	
  introduced	
  digital	
  imaging	
  techniques.	
  1,988	
  consecu-­‐
tive	
  patients	
  were	
  referred	
  for	
  CT,	
  but	
  only	
  213	
  of	
  these	
  patients	
  
had	
  nodules	
  <	
  30	
  mm.	
  
As	
  data	
  was	
  collected	
  after	
  the	
  patients	
  were	
  examined,	
  the	
  study	
  
was	
  defined	
  as	
  a	
  retrospective	
  cohort	
  study.	
  
	
  

3.1.2	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study	
  (a	
  prospective	
  cohort	
  
study)	
  
Patients	
  with	
  suspected	
  lung	
  cancer,	
  which	
  were	
  referred	
  to	
  a	
  
tertiary	
  sector	
  hospital	
  for	
  diagnosis,	
  were	
  prospectively	
  identi-­‐
fied	
  for	
  inclusion	
  over	
  a	
  1	
  ¼	
  -­‐	
  year	
  study	
  period.	
  All	
  patients	
  re-­‐
ceived	
  standard	
  contrast-­‐enhanced	
  CT	
  of	
  the	
  chest	
  and	
  upper	
  
abdomen	
  as	
  part	
  of	
  their	
  clinical	
  work-­‐up.	
  Based	
  on	
  the	
  CT	
  results	
  
the	
  patients	
  were	
  subjects	
  to	
  a	
  multidisciplinary	
  decision.	
  If	
  there	
  
were	
  no	
  pulmonary	
  lesions,	
  or	
  at	
  least	
  no	
  malignancy	
  suspect	
  
pulmonary	
  lesions	
  on	
  CT,	
  the	
  patients	
  were	
  either	
  discharged	
  
without	
  follow-­‐up	
  or	
  received	
  CT	
  follow-­‐up	
  after	
  3,	
  6,	
  12,	
  24	
  
months	
  or	
  longer.	
  On	
  the	
  other	
  hand,	
  if	
  there	
  were	
  indeterminate	
  
lesions	
  or	
  malignancy	
  suspect	
  lesions	
  on	
  CT,	
  they	
  furthermore	
  
received	
  whole	
  body	
  F-­‐18-­‐FDG	
  PET/CT.	
  
Consecutive	
  patients	
  who	
  received	
  both	
  a	
  CT	
  of	
  the	
  thorax	
  and	
  
upper	
  abdomen,	
  and	
  an	
  F-­‐18-­‐FDG	
  PET/CT	
  of	
  the	
  whole	
  body	
  were	
  
included	
  in	
  the	
  study.	
  To	
  ensure	
  equal	
  review	
  terms	
  between	
  CT	
  
and	
  F-­‐18-­‐FDG	
  PET/CT,	
  all	
  examinations	
  made	
  as	
  part	
  of	
  the	
  clini-­‐
cal	
  work-­‐up	
  were	
  blinded,	
  and	
  were	
  reviewed	
  all	
  over	
  as	
  part	
  of	
  
the	
  study.	
  182	
  consecutive	
  patients	
  received	
  a	
  CT	
  as	
  well	
  as	
  an	
  F-­‐
18-­‐FDG	
  PET/CT.	
  However,	
  14	
  patients	
  were	
  excluded	
  due	
  to	
  
discrepancy	
  between	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  nodule	
  location,	
  
incomplete	
  F-­‐18-­‐FDG	
  PET/CT	
  data	
  or	
  incomplete	
  CT	
  data,	
  leaving	
  
168	
  patients	
  for	
  final	
  analysis.	
  Patient	
  sampling	
  preceded	
  both	
  
imaging	
  and	
  reference	
  standard.	
  Therefore	
  the	
  study	
  design	
  was	
  
prospective.	
  
	
  

3.1.3	
  DCE-­‐CT	
  study	
  (a	
  prospective	
  cohort	
  study)	
  
Patients	
  with	
  suspected	
  lung	
  cancer	
  and	
  pulmonary	
  nodules	
  or	
  
masses	
  on	
  a	
  chest	
  radiograph,	
  which	
  were	
  referred	
  to	
  a	
  tertiary	
  
sector	
  hospital	
  for	
  diagnosis,	
  were	
  over	
  a	
  2½-­‐year	
  period	
  prospec-­‐
tively	
  identified	
  for	
  inclusion.	
  They	
  all	
  received	
  standard	
  contrast-­‐
enhanced	
  CT	
  of	
  the	
  chest	
  and	
  upper	
  abdomen.	
  Those	
  who	
  signed	
  
an	
  informed	
  consent	
  form	
  to	
  participate	
  in	
  the	
  study	
  also	
  re-­‐
ceived	
  DCE-­‐CT.	
  67	
  patients	
  signed	
  the	
  informed	
  consent	
  form	
  and	
  
were	
  included	
  in	
  the	
  study.	
  However,	
  due	
  to	
  technical	
  difficulties	
  
only	
  59	
  of	
  these	
  patients	
  were	
  included	
  in	
  the	
  final	
  analysis.	
  
	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
2	
  In	
  a	
  retrospective	
  study,	
  disease	
  status	
  is	
  determined	
  from	
  medical	
  
records	
  produced	
  prior	
  to	
  the	
  beginning	
  of	
  the	
  study	
  but	
  after	
  identifica-­‐
tion	
  of	
  the	
  cohorts.	
  Conversely,	
  in	
  a	
  prospective	
  study,	
  investigators	
  
follow	
  up	
  subjects	
  after	
  study	
  inception	
  to	
  collect	
  information	
  about	
  
development	
  of	
  disease.	
  
3	
  A	
  cohort	
  is	
  a	
  group	
  of	
  individuals.	
  The	
  term	
  is	
  derived	
  from	
  roman	
  mili-­‐
tary	
  tradition;	
  according	
  to	
  this	
  tradition,	
  legions	
  of	
  the	
  army	
  were	
  divided	
  
into	
  10	
  cohorts.	
  

3.1.4	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study	
  (a	
  prospective	
  cohort	
  
study)	
  
Patients,	
  who	
  were	
  recently	
  diagnosed	
  with	
  NSCLC	
  and	
  were	
  
ready	
  for	
  staging,	
  were	
  prospectively	
  identified	
  for	
  inclusion	
  over	
  
a	
  2-­‐year	
  study	
  period.	
  All	
  114	
  consecutive	
  patients	
  received	
  CT	
  as	
  
well	
  as	
  F-­‐18-­‐FDG	
  PET/CT	
  and	
  tissue	
  sampling	
  was	
  obtained	
  on	
  all	
  
patients.	
  As	
  patient	
  inclusion	
  preceded	
  both	
  imaging	
  and	
  refer-­‐
ence	
  standard,	
  the	
  study	
  design	
  was	
  prospective.	
  
	
  

3.2	
  TEST	
  METHODS	
  
As	
  mentioned	
  in	
  the	
  introduction,	
  imaging	
  plays	
  an	
  important	
  role	
  
in	
  the	
  assessments	
  of	
  patients	
  with	
  suspected	
  lung	
  cancer	
  and	
  in	
  
the	
  assessment	
  of	
  patients	
  with	
  incidentally	
  discovered	
  pulmo-­‐
nary	
  nodules.	
  Usually,	
  the	
  first	
  imaging	
  examination	
  is	
  a	
  chest	
  
radiograph.	
  This	
  is	
  followed	
  by	
  a	
  standard	
  CT	
  of	
  the	
  thorax	
  and	
  
upper	
  abdomen	
  and,	
  dependant	
  on	
  local	
  arrangements,	
  by	
  an	
  
integrated	
  F-­‐18-­‐FDG	
  PET/CT	
  of	
  the	
  whole	
  body.	
  Other	
  imaging	
  
examinations	
  are	
  optional	
  and	
  include	
  a	
  DCE-­‐CT	
  of	
  the	
  thorax.	
  
	
  

3.2.1	
  Chest	
  radiography	
  
The	
  majority	
  of	
  lung	
  nodules	
  are	
  first	
  identified	
  on	
  chest	
  radio-­‐
graphs.	
  Depending	
  on	
  the	
  location	
  of	
  lung	
  nodules	
  and	
  the	
  sharp-­‐
ness	
  of	
  their	
  borders,	
  nodules	
  as	
  small	
  as	
  5	
  or	
  6	
  mm	
  can	
  some-­‐
times	
  be	
  identified	
  by	
  chest	
  radiography	
  (29).	
  
The	
  main	
  disadvantage	
  of	
  chest	
  radiographs	
  is	
  that	
  even	
  periph-­‐
erally	
  located,	
  large	
  nodules	
  are	
  often	
  missed	
  on	
  chest	
  radio-­‐
graphs	
  by	
  radiologists	
  and	
  in	
  fact	
  a	
  chest	
  radiograph	
  has	
  low	
  
sensitivity,	
  specificity	
  and	
  positive	
  predictive	
  value	
  for	
  lung	
  nod-­‐
ules	
  (30,	
  31).	
  This	
  has	
  been	
  confirmed	
  in	
  several	
  studies.	
  
The	
  Mayo	
  Clinic	
  screened	
  high-­‐risk	
  patients	
  with	
  chest	
  radiog-­‐
raphy	
  every	
  four	
  months.	
  Of	
  50	
  detected	
  peripheral	
  bronchogenic	
  
carcinomas,	
  45	
  could	
  be	
  identified	
  earlier	
  when	
  reviewed	
  in	
  ret-­‐
rospect	
  and	
  with	
  the	
  exception	
  of	
  one,	
  all	
  were	
  larger	
  than	
  10	
  
mm	
  before	
  they	
  could	
  be	
  identified	
  (32).	
  In	
  a	
  more	
  recent	
  report,	
  
19%	
  of	
  all	
  detected	
  bronchogenic	
  carcinomas	
  could	
  be	
  identified	
  
earlier	
  when	
  reviewed	
  in	
  retrospect	
  (33).	
  These	
  nodule	
  miss	
  rates	
  
have	
  been	
  reported	
  to	
  be	
  significantly	
  higher	
  in	
  some	
  studies.	
  
Finally,	
  in	
  a	
  study	
  of	
  40	
  patients	
  with	
  NSCLC	
  that	
  initially	
  were	
  
missed	
  on	
  chest	
  radiographs,	
  the	
  median	
  diameter	
  of	
  the	
  missed	
  
nodules	
  was	
  1.9	
  cm	
  and	
  85%	
  of	
  the	
  lesions	
  were	
  peripheral	
  in	
  
location	
  (30).	
  To	
  this	
  should	
  be	
  added	
  that	
  there	
  is	
  a	
  lower	
  detec-­‐
tion	
  limit	
  of	
  0.8	
  to	
  1.0	
  cm	
  for	
  lung	
  nodules.	
  Nodules	
  smaller	
  than	
  
that	
  limit	
  may	
  be	
  missed	
  in	
  as	
  many	
  as	
  71%	
  of	
  the	
  cases	
  (33,	
  34).	
  
Due	
  to	
  these	
  considerations	
  chest	
  radiography	
  should	
  always	
  be	
  
followed	
  by	
  CT	
  in	
  patients	
  with	
  suspected	
  lung	
  cancer	
  and	
  in	
  
patients	
  with	
  pulmonary	
  nodules	
  discovered	
  incidentally.	
  
	
  

3.2.2	
  CT	
  
Currently	
  CT	
  is	
  the	
  de	
  facto	
  standard	
  examination	
  for	
  patients	
  
with	
  suspected	
  lung	
  cancer	
  and	
  for	
  patients	
  with	
  incidentally	
  
discovered	
  pulmonary	
  nodules.	
  
There	
  are	
  three	
  main	
  predictors	
  for	
  malignancy:	
  nodule	
  size,	
  edge	
  
morphology	
  and	
  attenuation.	
  
Nodule	
  size	
  measured	
  as	
  the	
  greatest	
  axial	
  diameter	
  on	
  CT:	
  
Screening	
  trials	
  have	
  shown,	
  that	
  for	
  nodules	
  smaller	
  than	
  5	
  mm	
  
in	
  diameter,	
  the	
  prevalence	
  of	
  malignancy	
  is	
  extremely	
  low	
  (<1%);	
  
for	
  nodules	
  larger	
  than	
  5	
  mm,	
  the	
  prevalence	
  is	
  higher	
  (3).	
  
Edge	
  morphology:	
  Studies	
  have	
  shown	
  that	
  the	
  risk	
  for	
  malignan-­‐
cy	
  is	
  low	
  (20%	
  to	
  35%)	
  in	
  nodules	
  with	
  smooth	
  edges;	
  in	
  nodules	
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with	
  irregular	
  or	
  spiculated	
  edges	
  the	
  risk	
  is	
  higher,	
  but	
  varies	
  
from	
  33%	
  to	
  100%	
  (3).	
  
Attenuation:	
  Lung	
  nodules	
  should	
  be	
  classified	
  as	
  solid	
  nodules,	
  
partly	
  solid	
  nodules	
  or	
  Ground-­‐Glass	
  Opacities	
  (GGOs).	
  In	
  two	
  
Asian	
  studies,	
  almost	
  70%	
  of	
  all	
  GGOs	
  were	
  malignant	
  (35,	
  36).	
  
However,	
  in	
  the	
  ELCAP	
  study	
  this	
  number	
  was	
  lower	
  (18%)	
  (37).	
  
Similarly,	
  the	
  prevalence	
  of	
  malignancy	
  was	
  high	
  (50%	
  to	
  60%)	
  in	
  
partly	
  solid	
  lesions,	
  but	
  much	
  lower	
  (<	
  10%)	
  in	
  solid	
  nodules	
  (35,	
  
37).	
  
Currently,	
  the	
  vast	
  majority	
  of	
  CT	
  studies	
  for	
  characterisation	
  of	
  
pulmonary	
  nodules	
  are	
  carried	
  out	
  using	
  contrast	
  enhancement,	
  
as	
  this	
  has	
  been	
  found	
  to	
  be	
  highly	
  sensitive,	
  albeit	
  nonspecific,	
  
for	
  identifying	
  malignant	
  nodules	
  (3).	
  In	
  a	
  multicentre	
  study	
  (38),	
  
Swensen	
  et	
  al	
  enrolled	
  356	
  participants	
  with	
  noncalcified	
  nodules	
  
that	
  measured	
  0.5	
  to	
  4	
  cm	
  in	
  diameter,	
  48%	
  of	
  which	
  were	
  malig-­‐
nant.	
  Using	
  an	
  enhancement	
  threshold	
  of	
  15	
  HU,	
  the	
  sensitivity	
  
and	
  specificity	
  of	
  contrast-­‐enhanced	
  CT	
  were	
  98%	
  and	
  58%,	
  re-­‐
spectively.	
  
The	
  main	
  disadvantages	
  of	
  CT	
  for	
  characterisation	
  of	
  pulmonary	
  
nodules	
  include	
  radiation	
  exposure	
  and	
  adverse	
  effects	
  as	
  a	
  result	
  
of	
  the	
  administration	
  of	
  iodinated	
  contrast	
  media.	
  The	
  magnitude	
  
of	
  the	
  risk	
  associated	
  with	
  radiation	
  exposure	
  from	
  a	
  single	
  CT	
  
scan	
  is	
  likely	
  to	
  be	
  small,	
  but	
  in	
  patients	
  who	
  require	
  multiple	
  
follow-­‐up	
  scans,	
  low-­‐dose	
  techniques4	
  should	
  be	
  used	
  whenever	
  
possible	
  to	
  minimize	
  the	
  uncertain	
  risk	
  associated	
  with	
  repeated	
  
radiation	
  exposure	
  (17).	
  
	
  

3.2.2.1	
  CT	
  for	
  staging	
  NSCLC	
  
CT	
  is	
  the	
  most	
  widely	
  available	
  and	
  commonly	
  used	
  non-­‐invasive	
  
modality	
  for	
  evaluation	
  of	
  the	
  mediastinum	
  in	
  lung	
  cancer.	
  The	
  
vast	
  majority	
  of	
  reports	
  evaluating	
  accuracy	
  of	
  CT	
  scanning	
  for	
  
mediastinal	
  lymph	
  node	
  staging	
  have	
  employed	
  the	
  administra-­‐
tion	
  of	
  iodinated	
  contrast	
  media.	
  Furthermore,	
  the	
  majority	
  of	
  
these	
  reports	
  use	
  a	
  short-­‐axis	
  diameter	
  of	
  ≥	
  1	
  cm	
  on	
  a	
  transverse	
  
CT	
  scan	
  image	
  as	
  a	
  threshold	
  for	
  abnormal	
  nodes.	
  
Thirty-­‐five	
  studies	
  evaluating	
  the	
  accuracy	
  of	
  CT	
  scanning	
  for	
  
staging	
  the	
  mediastinum	
  were	
  analysed	
  in	
  the	
  American	
  College	
  
of	
  Chest	
  Physicians	
  (ACCP)	
  guidelines	
  from	
  2007	
  (28).	
  The	
  pooled	
  
sensitivity	
  and	
  specificity	
  of	
  CT	
  scanning	
  for	
  identifying	
  mediasti-­‐
nal	
  lymph	
  node	
  metastasis	
  were	
  47%	
  to	
  54%	
  (median,	
  51%)	
  and	
  
84%	
  to	
  88%	
  (median,	
  86%),	
  respectively.	
  Although	
  the	
  combined	
  
estimates	
  should	
  be	
  interpreted	
  with	
  caution	
  as	
  the	
  studies	
  were	
  
statistically	
  heterogeneous,	
  these	
  findings	
  closely	
  mirrored	
  previ-­‐
ous	
  analyses	
  addressing	
  the	
  accuracy	
  of	
  CT	
  scanning	
  for	
  staging	
  
the	
  mediastinum	
  in	
  NSCLC	
  by	
  Gould	
  et	
  al	
  (39)	
  and	
  by	
  Dwamena	
  et	
  
al	
  (40).	
  
While	
  it	
  remains	
  the	
  best	
  overall	
  anatomic	
  study	
  available	
  for	
  the	
  
thorax,	
  CT	
  scanning	
  is	
  clearly	
  an	
  imperfect	
  means	
  of	
  staging	
  the	
  
mediastinum.	
  First,	
  approximately	
  20%	
  of	
  all	
  benign	
  nodes	
  are	
  
falsely	
  deemed	
  to	
  be	
  malignant	
  by	
  CT	
  scan	
  criteria	
  (False	
  Positive	
  
Rate	
  or	
  1	
  -­‐	
  specificity)	
  (FPR).	
  Second,	
  approximately	
  20%	
  of	
  all	
  
malignant	
  nodes	
  are	
  deemed	
  to	
  be	
  benign	
  by	
  CT	
  scan	
  criteria	
  

	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
4	
  Although	
  there	
  is	
  no	
  strict	
  definition	
  of	
  low-­‐dose	
  CT	
  techniques,	
  a	
  hint	
  of	
  
what	
  this	
  means	
  can	
  be	
  obtained	
  by	
  closely	
  examining	
  the	
  methods	
  used	
  
in	
  the	
  on-­‐going	
  National	
  Lung	
  Screening	
  Trial	
  (NLST)	
  in	
  the	
  United	
  States.	
  
In	
  this	
  trial,	
  the	
  CT	
  radiation	
  dose	
  is	
  reduced	
  to	
  1.5	
  mSv	
  per	
  examination.	
  
This	
  is	
  achieved	
  through	
  the	
  regulation	
  of	
  the	
  tube	
  voltage	
  and	
  the	
  tube	
  
current.	
  In	
  comparison,	
  the	
  average	
  radiation	
  dose	
  of	
  a	
  diagnostic	
  CT	
  of	
  
the	
  chest	
  and	
  upper	
  abdomen	
  varies	
  widely,	
  but	
  is	
  approximately	
  8	
  to	
  10	
  
mSv.	
  Other	
  methods	
  to	
  achieve	
  a	
  lower	
  radiation	
  dose	
  are	
  the	
  use	
  of	
  
multiple	
  tubes,	
  multiple	
  energies,	
  filters	
  and	
  data	
  reiteration.	
  

(False	
  Negative	
  Rate	
  or	
  1	
  -­‐	
  sensitivity)	
  (FNR).	
  CT	
  scanning	
  can	
  thus	
  
overstage	
  as	
  well	
  as	
  understage	
  the	
  mediastinal	
  nodes.	
  Given	
  
these	
  limitations,	
  it	
  is	
  usually	
  inappropriate	
  to	
  rely	
  solely	
  on	
  CT	
  to	
  
determine	
  mediastinal	
  lymph	
  node	
  status	
  in	
  patients	
  with	
  NSCLC.	
  
Nonetheless,	
  CT	
  continues	
  to	
  play	
  an	
  important	
  and	
  necessary	
  
role	
  in	
  the	
  evaluation	
  of	
  these	
  patients.	
  
	
  

3.2.3	
  F-­‐18-­‐FDG	
  PET	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  
Unlike	
  chest	
  radiography	
  and	
  CT,	
  which	
  are	
  both	
  anatomical	
  
imaging	
  modalities,	
  F-­‐18-­‐FDG-­‐PET	
  is	
  a	
  non-­‐invasive	
  functional	
  
imaging	
  test	
  that	
  is	
  widely	
  used	
  in	
  clinical	
  oncology	
  for	
  tumour	
  
diagnosis,	
  disease	
  staging,	
  and	
  evaluation	
  of	
  treatment	
  response	
  
(41,	
  42).	
  F-­‐18-­‐FDG	
  is	
  taken	
  up	
  selectively	
  by	
  malignant	
  tumour	
  
cells,	
  which	
  overexpress	
  the	
  glucose	
  transporter	
  protein.	
  Inside	
  
the	
  cell,	
  F-­‐18-­‐FDG	
  is	
  phosphorylated	
  once	
  by	
  hexokinase,	
  generat-­‐
ing	
  F-­‐18-­‐FDG-­‐6-­‐phosphate,	
  which	
  is	
  not	
  metabolized	
  further.	
  The	
  
combination	
  of	
  increased	
  uptake	
  of	
  F-­‐18-­‐FDG	
  and	
  a	
  decreased	
  
rate	
  of	
  dephosphorylation	
  by	
  glucose-­‐6-­‐phosphatase	
  in	
  malignant	
  
cells	
  results	
  in	
  an	
  accumulation	
  of	
  F-­‐18-­‐FDG-­‐6-­‐phosphate	
  in	
  these	
  
cells	
  (43,	
  44).	
  F-­‐18-­‐FDG	
  is	
  a	
  positron-­‐emitting	
  radionuclide	
  that	
  
undergoes	
  an	
  annihilation	
  reaction	
  after	
  colliding	
  with	
  a	
  nearby	
  
electron,	
  resulting	
  in	
  the	
  simultaneous	
  release	
  of	
  two	
  high-­‐energy	
  
(511	
  kilo	
  electron	
  volts)	
  photons	
  in	
  opposite	
  directions.	
  Annihila-­‐
tion	
  photons	
  are	
  coincidentally	
  detected	
  by	
  a	
  ring	
  of	
  crystals	
  in	
  
the	
  PET	
  scanner.	
  Electronic	
  circuits	
  and	
  computer	
  software	
  sub-­‐
sequently	
  localize	
  the	
  abnormality,	
  register	
  the	
  intensity	
  of	
  up-­‐
take,	
  and	
  reconstruct	
  cross-­‐sectional	
  images	
  for	
  display	
  (45).	
  
F-­‐18-­‐FDG	
  PET	
  aids	
  in	
  differentiating	
  malignant	
  and	
  benign	
  nod-­‐
ules	
  if	
  these	
  are	
  >	
  10	
  mm	
  in	
  diameter	
  (46-­‐48).	
  For	
  this	
  purpose	
  
sensitivity	
  has	
  been	
  reported	
  to	
  be	
  80%	
  to	
  100%	
  (median,	
  87%)	
  
and	
  specificity	
  to	
  be	
  40%	
  to	
  100%	
  (median,	
  83%)	
  for	
  malignancy	
  
of	
  lung	
  nodules	
  (3).	
  These	
  results	
  are	
  slightly	
  less	
  optimistic	
  than	
  
those	
  reported	
  previously	
  on	
  the	
  subject	
  (49).	
  However,	
  due	
  to	
  
large	
  numbers	
  of	
  false	
  negatives,	
  the	
  use	
  of	
  F-­‐18-­‐FDG	
  PET	
  outside	
  
clinical	
  trials	
  is	
  discouraged	
  for	
  nodules	
  <	
  10	
  mm	
  (50).	
  Besides	
  the	
  
risk	
  of	
  false	
  negatives	
  in	
  nodules	
  <	
  10	
  mm,	
  F-­‐18-­‐FDG	
  PET	
  is	
  also	
  
reported	
  to	
  give	
  false	
  negatives	
  in	
  highly	
  differentiated	
  adenocar-­‐
cinomas	
  and	
  other	
  slow	
  growing	
  cancers	
  as	
  well	
  (6,	
  51).	
  In	
  theory,	
  
uncontrolled	
  hyperglycaemia	
  can	
  also	
  disguise	
  malignant	
  lung	
  
nodules	
  (52).	
  This	
  considerable	
  risk	
  of	
  false	
  negatives	
  means	
  that,	
  
although	
  F-­‐18-­‐FDG	
  PET	
  has	
  been	
  reported	
  to	
  have	
  a	
  consistently	
  
high	
  negative	
  predictive	
  value,	
  the	
  modality	
  cannot	
  be	
  used	
  to	
  
rule	
  out	
  lung	
  nodule	
  malignancy.	
  F-­‐18-­‐FDG	
  PET	
  is	
  also	
  reported	
  to	
  
be	
  false	
  positive	
  in	
  infections	
  and	
  inflammation	
  of	
  all	
  kinds	
  (12,	
  
53).	
  
Modern	
  F-­‐18-­‐FDG	
  PET	
  scanners	
  are	
  integrated	
  with	
  CT	
  scanners	
  
in	
  a	
  single	
  gantry	
  (F-­‐18-­‐FDG	
  PET/CT	
  scanner).	
  The	
  purpose	
  of	
  this	
  
is	
  to	
  couple	
  the	
  functionality	
  of	
  an	
  F-­‐18-­‐FDG	
  PET	
  scanner	
  with	
  the	
  
resolution	
  of	
  a	
  CT	
  scanner,	
  thereby	
  increasing	
  the	
  value	
  of	
  both.	
  
However,	
  there	
  are	
  only	
  few	
  published	
  studies	
  on	
  the	
  matter	
  of	
  
characterisation	
  of	
  pulmonary	
  nodules	
  using	
  integrated	
  F-­‐18-­‐FDG	
  
PET/CT	
  scanners	
  (54-­‐56).	
  
	
  

3.2.3.1	
  F-­‐18-­‐FDG	
  PET	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  for	
  staging	
  NSCLC	
  
F-­‐18-­‐FDG	
  PET	
  has	
  a	
  higher	
  sensitivity	
  and	
  a	
  higher	
  specificity	
  than	
  
CT	
  for	
  the	
  evaluation	
  of	
  mediastinal	
  lymph	
  nodes	
  and	
  it	
  can	
  pro-­‐
vide	
  important	
  information	
  regarding	
  the	
  presence	
  of	
  metastatic	
  
disease	
  outside	
  the	
  thorax	
  (28,	
  39).	
  This	
  holds	
  true	
  even	
  though	
  
standardised	
  quantitative	
  criteria	
  for	
  abnormal	
  F-­‐18-­‐FDG	
  PET	
  
findings	
  in	
  the	
  mediastinum	
  are	
  lacking.	
  Clinical	
  assessments	
  are	
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usually	
  based	
  on	
  a	
  qualitative	
  assessment	
  of	
  uptake	
  in	
  the	
  lesion	
  
or	
  structure	
  in	
  question	
  compared	
  to	
  the	
  background	
  activity	
  of	
  
the	
  lung	
  or	
  liver	
  (57).	
  Despite	
  the	
  lack	
  of	
  standardised	
  criteria	
  
defining	
  positive	
  findings,	
  F-­‐18-­‐FDG	
  PET	
  has	
  proved	
  useful	
  in	
  
differentiating	
  neoplastic	
  from	
  normal	
  tissues.	
  
Forty-­‐four	
  studies	
  evaluating	
  the	
  accuracy	
  of	
  F-­‐18-­‐FDG	
  PET	
  scan-­‐
ning	
  for	
  identifying	
  mediastinal	
  lymph	
  node	
  metastases	
  were	
  
analysed	
  in	
  the	
  ACCP	
  guidelines	
  from	
  2007	
  (28).	
  All	
  studies	
  were	
  
interpreted	
  in	
  conjunction	
  with	
  patients’	
  CT	
  findings	
  so	
  that	
  the	
  F-­‐
18-­‐FDG	
  PET	
  findings	
  were	
  correlated	
  with	
  the	
  anatomic	
  location	
  
of	
  the	
  lesion	
  seen	
  on	
  CT.	
  In	
  all	
  studies,	
  F-­‐18-­‐FDG	
  was	
  the	
  radio-­‐
pharmaceutical	
  used	
  for	
  imaging.	
  Estimates	
  of	
  sensitivity	
  and	
  
specificity	
  for	
  identifying	
  mediastinal	
  metastases	
  were	
  69%	
  to	
  
79%	
  (median,	
  74%)	
  and	
  82%	
  to	
  88%	
  (median,	
  85%),	
  respectively.	
  
As	
  was	
  the	
  case	
  for	
  characterisation	
  of	
  pulmonary	
  nodules,	
  our	
  
results	
  are	
  slightly	
  less	
  optimistic	
  than	
  those	
  previously	
  reported	
  
(39).	
  
Some	
  studies	
  have	
  pointed	
  out	
  that	
  the	
  accuracy	
  of	
  F-­‐18-­‐FDG	
  PET	
  
imaging	
  in	
  the	
  mediastinum	
  is	
  dependent	
  on	
  the	
  size	
  of	
  the	
  nodes	
  
identified	
  on	
  CT	
  (39,	
  58-­‐60).	
  Indeed,	
  F-­‐18-­‐FDG	
  PET	
  is	
  more	
  sensi-­‐
tive	
  (but	
  less	
  specific)	
  when	
  enlarged	
  nodes	
  can	
  be	
  identified	
  on	
  
CT	
  (39,	
  59).	
  In	
  a	
  meta-­‐analysis	
  evaluating	
  the	
  conditional	
  test	
  
performance	
  of	
  F-­‐18-­‐FDG	
  PET	
  and	
  CT,	
  Gould	
  et	
  al	
  reported	
  sensi-­‐
tivity	
  and	
  specificity	
  of	
  F-­‐18-­‐FDG	
  PET	
  of	
  90%	
  to	
  100%	
  (median,	
  
100%)	
  and	
  68%	
  to	
  100%	
  (median,	
  78%),	
  respectively,	
  in	
  patients	
  
with	
  enlarged	
  lymph	
  nodes	
  (39).	
  F-­‐18-­‐FDG	
  PET	
  is	
  thus	
  very	
  accu-­‐
rate	
  in	
  identifying	
  malignant	
  nodal	
  involvement	
  when	
  nodes	
  are	
  
enlarged.	
  However,	
  F-­‐18-­‐FDG	
  PET	
  will	
  falsely	
  identify	
  malignancy	
  
in	
  approximately	
  one	
  fourth	
  of	
  patients	
  with	
  nodes	
  that	
  are	
  en-­‐
larged	
  for	
  other	
  reasons	
  (e.g.	
  inflammation	
  or	
  infection).	
  Positive	
  
F-­‐18-­‐FDG	
  PET	
  findings	
  in	
  this	
  situation	
  should	
  be	
  confirmed	
  by	
  
biopsy.	
  Failure	
  to	
  do	
  so	
  could	
  result	
  in	
  patients	
  with	
  surgically	
  
resectable	
  disease	
  being	
  denied	
  curative	
  surgery.	
  Conversely,	
  F-­‐
18-­‐FDG	
  PET	
  is	
  less	
  sensitive	
  (but	
  more	
  specific)	
  in	
  patients	
  with	
  
normal-­‐sized	
  mediastinal	
  nodes	
  seen	
  by	
  CT.	
  In	
  the	
  meta-­‐analysis	
  
by	
  Gould	
  and	
  colleagues,	
  the	
  sensitivity	
  and	
  specificity	
  of	
  F-­‐18-­‐
FDG	
  PET	
  were	
  65%	
  to	
  100%	
  (median,	
  82%)	
  and	
  92%	
  to	
  100%	
  
(median,	
  93%),	
  respectively,	
  in	
  patients	
  with	
  normal-­‐sized	
  lymph	
  
nodes	
  (39).	
  These	
  data	
  indicate	
  that	
  nearly	
  20%	
  of	
  patients	
  with	
  
normal-­‐sized	
  nodes,	
  but	
  with	
  malignant	
  involvement,	
  had	
  falsely	
  
negative	
  F-­‐18-­‐FDG	
  PET	
  scan	
  findings.	
  This,	
  in	
  turn,	
  addresses	
  the	
  
controversial	
  question	
  of	
  whether	
  a	
  negative	
  PET	
  scan	
  in	
  patients	
  
with	
  normal-­‐sized	
  lymph	
  nodes	
  on	
  CT	
  can	
  obviate	
  the	
  need	
  to	
  
perform	
  further	
  invasive	
  mediastinal	
  evaluation	
  prior	
  to	
  thora-­‐
cotomy.	
  
F-­‐18-­‐FDG	
  PET	
  may	
  provide	
  an	
  additional	
  benefit	
  in	
  that	
  it	
  is	
  a	
  
whole-­‐body	
  study.	
  F-­‐18-­‐FDG	
  PET	
  is	
  able	
  to	
  provide	
  information	
  
about	
  the	
  primary	
  site	
  in	
  the	
  chest	
  as	
  well	
  as	
  intra-­‐thoracic	
  and	
  
extra-­‐thoracic	
  metastases	
  using	
  a	
  single	
  study.	
  Several	
  studies	
  
have	
  reported	
  on	
  the	
  ability	
  of	
  F-­‐18-­‐FDG	
  PET	
  scanning	
  to	
  identify	
  
extra-­‐thoracic	
  metastases	
  in	
  patients	
  whose	
  tumours	
  had	
  been	
  
deemed	
  resectable	
  by	
  conventional	
  imaging	
  (61-­‐63).	
  The	
  rate	
  of	
  
detection	
  of	
  unanticipated	
  M1	
  disease	
  by	
  F-­‐18-­‐FDG	
  PET	
  scanning	
  
has	
  been	
  reported	
  as	
  1%	
  to	
  8%	
  in	
  patients	
  with	
  clinical	
  stage	
  I	
  
disease	
  and	
  7%	
  to	
  18%	
  in	
  patients	
  with	
  clinical	
  stage	
  II	
  disease	
  
(61,	
  62).	
  The	
  identification	
  of	
  unanticipated	
  distant	
  metastases	
  by	
  
F-­‐18-­‐FDG	
  PET	
  scanning	
  in	
  such	
  patients	
  should	
  result	
  in	
  the	
  
avoidance	
  of	
  unwarranted	
  thoracotomies,	
  but	
  all	
  positive	
  findings	
  
in	
  surgical	
  candidates	
  should	
  be	
  confirmed	
  by	
  biopsy	
  unless	
  there	
  
is	
  overwhelming	
  evidence	
  of	
  distant	
  metastasis	
  (64).	
  
	
  

3.2.4	
  Dynamic	
  Contrast-­‐Enhanced	
  CT	
  
Dynamic	
  Contrast-­‐Enhanced	
  CT	
  (DCE-­‐CT),	
  also	
  known	
  as	
  perfusion	
  
CT,	
  is	
  a	
  functional	
  imaging	
  modality	
  that	
  reflects	
  angiogenesis	
  and	
  
is	
  applied	
  to	
  the	
  imaging	
  of	
  patients	
  with	
  suspected	
  or	
  known	
  
cancer	
  (65-­‐67).	
  In	
  DCE-­‐CT	
  the	
  perfusion	
  of	
  tissues	
  is	
  quantified	
  
using	
  dedicated	
  software	
  (68-­‐70).	
  
The	
  basic	
  principle	
  of	
  DCE-­‐CT	
  is	
  based	
  on	
  the	
  temporal	
  changes	
  in	
  
tissue	
  density	
  following	
  intravenous	
  administration	
  of	
  iodinated	
  
contrast	
  media.	
  The	
  chronological	
  changes	
  in	
  tissue	
  density	
  are	
  
dependent	
  on	
  the	
  iodine	
  concentration	
  and	
  are	
  a	
  reflection	
  of	
  the	
  
tissue	
  vascularity.	
  By	
  rapid	
  sequential	
  acquisition	
  of	
  images	
  during	
  
the	
  passage	
  of	
  contrast	
  in	
  the	
  tissues,	
  DCE-­‐CT	
  allows	
  quantifica-­‐
tion	
  of	
  the	
  tissue	
  vascularity.	
  
Following	
  intravenous	
  injection	
  of	
  the	
  contrast	
  media,	
  the	
  con-­‐
trast	
  distributes	
  within	
  the	
  tissues	
  resulting	
  in	
  increasing	
  tissue	
  
density	
  on	
  CT.	
  The	
  tissue	
  enhancement	
  seen	
  following	
  contrast	
  
administration	
  can	
  be	
  divided	
  into	
  two	
  phases	
  based	
  on	
  its	
  distri-­‐
bution	
  in	
  the	
  intra	
  vascular	
  or	
  the	
  extra	
  vascular	
  compartment	
  
(67).	
  In	
  the	
  initial	
  phase	
  following	
  contrast	
  injection,	
  the	
  en-­‐
hancement	
  is	
  mainly	
  due	
  to	
  the	
  contrast	
  within	
  the	
  intravascular	
  
space	
  (67).	
  Later	
  in	
  the	
  second	
  phase	
  as	
  contrast	
  passes	
  from	
  the	
  
intravascular	
  to	
  the	
  extra	
  vascular	
  compartment	
  across	
  the	
  capil-­‐
lary	
  basement	
  membrane,	
  enhancement	
  results	
  from	
  contrast	
  
distribution	
  in	
  both	
  intravascular	
  and	
  extravascular	
  compart-­‐
ments	
  (67).	
  Thus	
  in	
  the	
  initial	
  phase,	
  the	
  enhancement	
  is	
  deter-­‐
mined	
  to	
  a	
  great	
  extent	
  by	
  the	
  blood	
  flow	
  while	
  in	
  the	
  second	
  
phase	
  the	
  enhancement	
  depends	
  on	
  the	
  blood	
  volume	
  and	
  the	
  
permeability	
  of	
  capillaries	
  to	
  the	
  contrast	
  medium	
  (67).	
  
By	
  obtaining	
  a	
  series	
  of	
  image	
  in	
  quick	
  succession	
  in	
  the	
  region	
  of	
  
a	
  particular	
  tissue	
  it	
  is	
  possible	
  to	
  record	
  the	
  temporal	
  changes	
  in	
  
the	
  tissue	
  attenuation	
  occurring	
  after	
  intravenous	
  injection	
  of	
  
contrast.	
  The	
  quantification	
  of	
  perfusion	
  recorded	
  by	
  CT	
  is	
  done	
  
using	
  mathematical	
  modeling	
  techniques,	
  which	
  use	
  data	
  from	
  
the	
  tissue	
  and	
  the	
  vascular	
  system.	
  The	
  two	
  most	
  commonly	
  used	
  
analytical	
  methods	
  for	
  quantifying	
  various	
  perfusion	
  parameters	
  
from	
  the	
  dynamic	
  CT	
  data	
  are:	
  Compartmental	
  analysis	
  and	
  De-­‐
convolution	
  analysis	
  (71,	
  72).	
  Both	
  the	
  analytical	
  methods	
  require	
  
obtaining	
  time	
  attenuation	
  data	
  from	
  the	
  arterial	
  input	
  for	
  esti-­‐
mation	
  of	
  tissue	
  vascularity	
  and	
  to	
  correct	
  for	
  inter	
  patient	
  varia-­‐
tions	
  in	
  bolus	
  geometry	
  (71,	
  72).	
  
Compartmental	
  analysis	
  is	
  based	
  on	
  single	
  compartment	
  model	
  or	
  
the	
  two-­‐compartment	
  model	
  (66,	
  71,	
  72).	
  The	
  single	
  compart-­‐
mental	
  model	
  is	
  used	
  to	
  estimate	
  the	
  tissue	
  perfusion	
  and	
  as	
  the	
  
name	
  suggests	
  it	
  considers	
  the	
  intravascular	
  and	
  extra-­‐vascular	
  
spaces	
  as	
  a	
  single	
  compartment.	
  This	
  model,	
  which	
  is	
  based	
  on	
  
Fick’s	
  principle,	
  calculates	
  tissue	
  perfusion	
  based	
  on	
  conservation	
  
of	
  mass	
  within	
  the	
  system	
  (66,	
  71).	
  It	
  estimates	
  the	
  perfusion	
  
either	
  from	
  the	
  maximal	
  slope	
  or	
  the	
  peak	
  height	
  of	
  the	
  same	
  
tissue	
  concentration	
  curve	
  normalized	
  to	
  the	
  arterial	
  input	
  func-­‐
tion	
  (66,	
  71,	
  73).	
  The	
  two	
  compartmental	
  model	
  is	
  used	
  for	
  the	
  
evaluation	
  of	
  capillary	
  permeability	
  and	
  blood	
  volume	
  (66,	
  71,	
  
73).	
  This	
  model	
  assumes	
  the	
  intravascular	
  and	
  extra	
  vascular	
  
spaces	
  as	
  separate	
  compartments	
  and	
  measures	
  perfusion	
  pa-­‐
rameters	
  using	
  a	
  technique	
  called	
  Patlak	
  analysis.	
  
Deconvolution	
  analysis	
  is	
  based	
  on	
  the	
  use	
  of	
  arterial	
  and	
  tissue	
  
time-­‐concentration	
  curves	
  to	
  calculate	
  the	
  impulse	
  residue	
  func-­‐
tion	
  (IRF)	
  for	
  the	
  tissue.	
  Impulse	
  residue	
  function	
  is	
  a	
  theoretical	
  
tissue	
  curve	
  that	
  is	
  obtained	
  from	
  the	
  direct	
  arterial	
  input	
  assum-­‐
ing	
  that	
  the	
  concentration	
  of	
  contrast	
  material	
  in	
  the	
  tissue	
  is	
  
linearly	
  dependent	
  on	
  the	
  input	
  arterial	
  concentration	
  when	
  the	
  
blood	
  flow	
  is	
  constant	
  (66,	
  71,	
  72).	
  After	
  flow	
  correction,	
  the	
  
height	
  of	
  this	
  curve	
  gives	
  the	
  tissue	
  perfusion	
  and	
  the	
  area	
  under	
  
the	
  curve	
  will	
  decide	
  the	
  relative	
  blood	
  volume	
  (71).	
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Preliminary	
  results	
  have	
  shown	
  that	
  both	
  the	
  techniques	
  are	
  
broadly	
  equivalent.	
  However	
  they	
  differ	
  in	
  terms	
  of	
  their	
  theoret-­‐
ical	
  assumptions,	
  susceptibility	
  to	
  noise	
  and	
  motion	
  (71).	
  Com-­‐
partmental	
  analysis	
  is	
  based	
  on	
  the	
  assumption	
  that	
  the	
  bolus	
  of	
  
contrast	
  media	
  has	
  to	
  be	
  retained	
  within	
  the	
  organ	
  of	
  interest	
  at	
  
the	
  time	
  of	
  measurement,	
  which	
  may	
  result	
  in	
  underestimation	
  of	
  
perfusion	
  values	
  in	
  organs	
  with	
  rapid	
  vascular	
  transit	
  or	
  with	
  large	
  
bolus	
  injection	
  (71).	
  While	
  deconvolution	
  assumes	
  that	
  the	
  shape	
  
of	
  IRF	
  is	
  a	
  plateau	
  with	
  a	
  single	
  exponential	
  washout.	
  	
  
One	
  of	
  the	
  important	
  considerations	
  for	
  adequate	
  assessment	
  of	
  
perfusion	
  of	
  a	
  tissue	
  is	
  the	
  contrast	
  medium	
  bolus	
  used	
  for	
  the	
  
intravenous	
  injection	
  (71,	
  72).	
  A	
  short	
  sharp	
  bolus	
  is	
  essential	
  for	
  
adequate	
  perfusion	
  assessment	
  with	
  compartment	
  method	
  and	
  
hence	
  a	
  small	
  bolus	
  of	
  40-­‐50	
  ml	
  is	
  administered	
  with	
  a	
  higher	
  
injection	
  rate	
  between	
  5	
  to	
  7	
  ml/sec	
  (71,	
  72).	
  Though	
  deconvolu-­‐
tion	
  can	
  tolerate	
  lower	
  injection	
  rates,	
  higher	
  rates	
  (up	
  to	
  7	
  
ml/sec)	
  are	
  still	
  beneficial	
  to	
  maximize	
  tissue	
  enhancement	
  and	
  to	
  
improve	
  signal	
  to	
  noise	
  ratio	
  (71,	
  72).	
  Due	
  to	
  linear	
  relationship	
  of	
  
iodine	
  concentration	
  and	
  tissue	
  enhancement	
  a	
  higher	
  concentra-­‐
tion	
  of	
  contrast	
  media	
  is	
  preferred	
  (370mg	
  Iodine/	
  ml)	
  (71,	
  72).	
  
A	
  consideration	
  in	
  patients	
  with	
  suspected	
  lung	
  cancer	
  is	
  respira-­‐
tory	
  motion,	
  which	
  is	
  of	
  considerable	
  significance	
  during	
  image	
  
acquisition	
  as	
  it	
  can	
  lead	
  to	
  image	
  misregistration	
  and	
  errors	
  in	
  
calculation	
  of	
  perfusion	
  values.	
  Respiratory	
  motion	
  can	
  be	
  re-­‐
stricted	
  to	
  a	
  certain	
  extent	
  by	
  proper	
  instruction	
  to	
  patients	
  re-­‐
garding	
  breathholding	
  and/or	
  shallow	
  breathing.	
  	
  
Finally,	
  the	
  analytical	
  methods	
  used	
  and	
  the	
  acquisitions	
  proto-­‐
cols	
  vary	
  from	
  scanners	
  to	
  scanner	
  and	
  between	
  commercial	
  
vendors.	
  Whereas	
  Philips	
  and	
  Siemens	
  use	
  the	
  slope	
  method,	
  GE	
  
uses	
  the	
  deconvolution	
  approach.	
  
	
  
DCE-­‐CT	
  results	
  for	
  lung	
  cancer	
  have	
  thus	
  far	
  been	
  promising	
  (74-­‐
78).	
  However,	
  there	
  is	
  a	
  continued	
  demand	
  for	
  research	
  and	
  
development	
  before	
  DCE-­‐CT	
  can	
  classify	
  lesions	
  with	
  sufficient	
  
accuracy	
  and	
  reproducibility	
  as	
  to	
  be	
  used	
  in	
  a	
  clinical	
  setting,	
  
thus	
  reducing	
  the	
  need	
  for	
  interventional	
  procedures	
  (77).	
  
According	
  to	
  Zhang	
  et	
  al	
  (78)	
  and	
  Yi	
  et	
  al	
  (65),	
  perfusion	
  and	
  peak	
  
enhancement	
  intensity	
  measurements	
  are	
  higher	
  for	
  malignant	
  
and	
  inflammatory	
  lesions	
  than	
  for	
  benign	
  lesions.	
  The	
  diagnostic	
  
accuracy	
  of	
  DCE-­‐CT,	
  DCE-­‐MRI,	
  F-­‐18-­‐FDG	
  PET	
  and	
  99mTc	
  Depreotide	
  
Single-­‐Photon	
  Emission-­‐CT	
  (SPECT)	
  for	
  the	
  evaluation	
  of	
  solitary	
  
pulmonary	
  nodules	
  was	
  shown	
  to	
  be	
  comparable,	
  with	
  only	
  negli-­‐
gible	
  differences	
  in	
  performance	
  between	
  the	
  tests	
  (79).	
  Sensitivi-­‐
ty	
  of	
  DCE-­‐CT	
  was	
  89%	
  to	
  100%	
  (median,	
  93%)	
  and	
  specificity	
  was	
  
54%	
  to	
  90%	
  (median,	
  76%)	
  for	
  differentiating	
  between	
  malignant	
  
and	
  benign	
  nodules.	
  
In	
  studies	
  using	
  intra-­‐class	
  correlation	
  coefficients	
  (ICCs),it	
  has	
  
been	
  shown	
  that	
  the	
  reproducibility	
  of	
  DCE-­‐CT	
  for	
  early	
  stage	
  lung	
  
cancer	
  is	
  very	
  high	
  (99%)	
  (75,	
  76).	
  However,	
  ICCs	
  can	
  be	
  mislead-­‐
ing	
  and	
  may	
  not	
  reveal	
  the	
  clinical	
  utility	
  of	
  given	
  measurements	
  	
  
(80-­‐82).	
  Thus,	
  Ng	
  et	
  al,	
  in	
  a	
  study	
  regarding	
  late	
  stage	
  lung	
  cancer,	
  
concluded	
  that	
  the	
  broad	
  95%	
  limits	
  of	
  agreement	
  could	
  poten-­‐
tially	
  be	
  of	
  concern	
  	
  (83,	
  84).	
  
DCE-­‐CT	
  measurements	
  may	
  contribute	
  valuable	
  clinical	
  infor-­‐
mation	
  and	
  have	
  been	
  found	
  to	
  correlate	
  with	
  other	
  clinicopatho-­‐
logic	
  parameters,	
  including	
  tumour	
  size,	
  F-­‐18-­‐FDG	
  uptake	
  value	
  
and	
  nodal	
  status.	
  In	
  46	
  patients	
  with	
  surgically	
  resected	
  lung	
  
cancer,	
  tumour	
  perfusion,	
  peak	
  enhancement	
  and	
  blood	
  volume	
  
were	
  significantly	
  higher	
  in	
  tumours	
  <	
  3	
  cm	
  compared	
  with	
  larger	
  
tumours	
  	
  (76).	
  Similar	
  findings	
  were	
  reported	
  in	
  advanced	
  lung	
  
cancer	
  	
  (85,	
  86)	
  and	
  may	
  be	
  explained	
  by	
  the	
  central	
  tumour	
  
necrosis	
  often	
  found	
  in	
  larger	
  tumours	
  	
  (87).	
  A	
  complex	
  relation-­‐
ship	
  between	
  tumour	
  glucose	
  metabolism	
  and	
  tumour	
  perfusion	
  

has	
  been	
  hypothesized	
  	
  (88).	
  In	
  a	
  study	
  of	
  Standardised	
  Uptake	
  
Value	
  (SUV)	
  measured	
  using	
  F-­‐18-­‐FDG	
  PET	
  and	
  Standardised	
  
Perfusion	
  Value	
  (SPV)	
  measured	
  using	
  DCE-­‐CT,	
  ,	
  Miles	
  et	
  al	
  re-­‐
ported	
  a	
  positive	
  correlation	
  between	
  the	
  ratio	
  of	
  SUV	
  to	
  SPV	
  in	
  
lung	
  cancer	
  with	
  higher	
  values	
  found	
  in	
  larger	
  tumours.	
  They	
  also	
  
reported	
  a	
  significant	
  correlation	
  between	
  SUV	
  and	
  SPV	
  for	
  tu-­‐
mours	
  smaller	
  than	
  4.5	
  cm2	
  	
  (85).	
  Additionally,	
  DCE-­‐CT	
  has	
  been	
  
studied	
  as	
  a	
  means	
  of	
  identifying	
  patients	
  at	
  risk	
  for	
  nodal	
  infiltra-­‐
tion.	
  However,	
  results	
  in	
  this	
  area	
  have	
  yet	
  to	
  be	
  published.	
  
Although	
  DCE-­‐CT	
  seems	
  promising,	
  in	
  theory	
  as	
  well	
  as	
  in	
  prac-­‐
tice,	
  a	
  number	
  of	
  challenges	
  still	
  remain,	
  of	
  which	
  the	
  most	
  im-­‐
portant	
  relate	
  to	
  standardisation	
  of	
  practice	
  and	
  quality	
  assur-­‐
ance.	
  
	
  

3.2.5	
  HRCT	
  study	
  
HRCT	
  included	
  only	
  slices	
  with	
  nodules	
  and	
  were	
  performed	
  
immediately	
  following	
  the	
  end	
  of	
  standard	
  CT.	
  HRCT	
  was	
  per-­‐
formed	
  with	
  a	
  Multiple-­‐Row	
  Detector	
  CT	
  (MDCT)	
  scanner	
  (Philips	
  
MX	
  16-­‐channel	
  scanner	
  or	
  brilliance	
  CT	
  64-­‐channel	
  scanner;	
  
Philips	
  Healthcare,	
  Best,	
  The	
  Netherlands).	
  The	
  acquisition	
  pa-­‐
rameters	
  were:	
  16	
  x	
  0.625	
  mm	
  collimation	
  or	
  64	
  x	
  0.625	
  mm	
  
collimation.	
  No	
  contrast	
  medium	
  was	
  administered.	
  Raw	
  picture	
  
data	
  sets	
  were	
  transferred	
  to	
  a	
  Philips	
  Extended	
  Brilliance™	
  
Workspace	
  workstation	
  v4.02	
  and	
  were	
  reviewed	
  with	
  the	
  appli-­‐
cation	
  CT-­‐viewer.	
  
Two	
  consultant	
  radiologists	
  reviewed	
  the	
  studies.	
  Blinded	
  images	
  
were	
  reviewed	
  in	
  four	
  ways:	
  1)	
  based	
  on	
  attenuation,	
  all	
  nodules	
  
were	
  categorised	
  into	
  solid	
  nodules,	
  partly	
  solid	
  nodules	
  or	
  GGOs;	
  
2)	
  based	
  on	
  morphology,	
  solid	
  nodules	
  were	
  rated	
  as	
  low-­‐risk	
  
nodules	
  (smooth	
  edges),	
  intermediate-­‐risk	
  nodules	
  (irregular	
  
edges)	
  or	
  high-­‐risk	
  nodules	
  (spiculated	
  edges);	
  3)	
  Calcifications	
  
and	
  other	
  specific	
  signs	
  of	
  malignancy	
  were	
  described	
  and	
  4)	
  an	
  
overall	
  “potential	
  of	
  malignancy”	
  rating	
  was	
  assigned	
  using	
  the	
  
following	
  rating	
  scale:	
  1)	
  definitely	
  benign,	
  2)	
  probably	
  benign,	
  3)	
  
indeterminate,	
  4)	
  probably	
  malignant	
  and	
  5)	
  definitely	
  malignant.	
  
Both	
  radiologists	
  reviewed	
  all	
  participants'	
  images	
  side	
  by	
  side,	
  to	
  
obtain	
  consensus	
  results	
  for	
  the	
  study.	
  They	
  also	
  reviewed	
  the	
  
images	
  individually,	
  to	
  assess	
  reproducibility.	
  
	
  

3.2.6	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study	
  
CT	
  including	
  the	
  chest	
  and	
  the	
  upper	
  abdomen	
  was	
  performed	
  
with	
  an	
  MDCT	
  scanner	
  (Philips	
  Brilliance	
  CT	
  64-­‐channel	
  scanner;	
  
Philips	
  Healthcare,	
  Best,	
  The	
  Netherlands).	
  CT	
  acquisition	
  param-­‐
eters	
  were:	
  64	
  x	
  0.625	
  mm	
  collimation,	
  section	
  thickness	
  2.0	
  mm,	
  
increment	
  1.0	
  mm.	
  Iodixanole	
  270	
  mg/ml	
  (Visipaque®	
  270;	
  GE	
  
Healthcare,	
  Oslo,	
  Norway)	
  or	
  iohexole	
  300	
  mg/ml	
  (Omnipaque®	
  
300;	
  GE	
  Healthcare,	
  Oslo,	
  Norway),	
  was	
  injected	
  intravenously	
  in	
  
weight-­‐adjusted	
  doses	
  of	
  2	
  ml/kg	
  body	
  weight	
  to	
  compensate	
  for	
  
differences	
  in	
  distribution	
  volume.	
  A	
  bolus	
  tracking	
  technique	
  was	
  
used	
  to	
  compensate	
  for	
  differences	
  in	
  cardiac	
  output.	
  The	
  trigger	
  
ROI	
  was	
  placed	
  in	
  the	
  Aorta	
  and	
  when	
  it	
  exceeded	
  200	
  HU,	
  the	
  
patients	
  were	
  scanned	
  from	
  the	
  root	
  of	
  the	
  neck	
  to	
  the	
  upper	
  
abdomen	
  including	
  the	
  liver	
  and	
  adrenals.	
  CT	
  was	
  performed	
  
after	
  a	
  delay	
  of	
  15	
  seconds	
  for	
  the	
  chest	
  and	
  65	
  seconds	
  for	
  the	
  
upper	
  abdomen	
  and	
  raw	
  picture	
  data	
  sets	
  were	
  transferred	
  to	
  a	
  
Philips	
  Extended	
  Brilliance™	
  Workspace	
  workstation	
  v4.02,	
  where	
  
they	
  were	
  reviewed	
  with	
  the	
  application	
  CT-­‐viewer.	
  
Two	
  consultant	
  radiologists	
  reviewed	
  the	
  studies.	
  The	
  reviewers	
  
were	
  blinded	
  to	
  patient	
  name,	
  patient	
  ID	
  and	
  clinical	
  data.	
  They	
  
assessed	
  three	
  well-­‐documented	
  predictors	
  of	
  malignancy	
  (3):	
  1)	
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lesion	
  size,	
  measured	
  as	
  the	
  greatest	
  axial	
  diameter	
  on	
  CT;	
  2)	
  
lesion	
  morphology,	
  assessed	
  as	
  smooth,	
  irregular	
  or	
  spiculated	
  
and	
  3)	
  lesion	
  attenuation	
  assessed	
  as	
  solid,	
  partly	
  solid	
  or	
  GGO.	
  
Although	
  no	
  formalised	
  score	
  system	
  was	
  used,	
  these	
  predictors	
  
were	
  considered	
  as	
  the	
  reviewers	
  assigned	
  each	
  lesion	
  an	
  overall	
  
“potential	
  of	
  malignancy”	
  rating.	
  The	
  following	
  rating	
  scale	
  was	
  
used:	
  1)	
  definitely	
  benign,	
  2)	
  probably	
  benign,	
  3)	
  indeterminate,	
  
4)	
  probably	
  malignant	
  and	
  5)	
  definitely	
  malignant	
  (Figure	
  4).	
  Both	
  
radiologists	
  reviewed	
  all	
  participants'	
  images	
  side	
  by	
  side,	
  to	
  
obtain	
  consensus	
  results	
  for	
  the	
  study.	
  Six	
  months	
  later,	
  they	
  
reviewed	
  the	
  first	
  100	
  participants'	
  images	
  again,	
  individually,	
  to	
  
assess	
  reproducibility.	
  

	
  

	
  
Figure4	
  
Examples	
  of	
  the	
  5	
  CT	
  ratings.	
  From	
  top	
  left	
  to	
  bottom	
  right,	
  these	
  specif-­‐
ic	
  lesions	
  were	
  rated:	
  definitely	
  benign,	
  probably	
  benign,	
  indeterminate,	
  
probably	
  malignant	
  and	
  definitely	
  malignant.	
  
	
  
As	
  a	
  part	
  of	
  a	
  fast-­‐track	
  work-­‐up	
  for	
  suspected	
  lung	
  cancer,	
  the	
  
patients	
  received	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  within	
  few	
  days,	
  im-­‐
mediately	
  followed	
  by	
  tissue	
  sampling.	
  Whole	
  body	
  F-­‐18-­‐FDG	
  
PET/CT	
  including	
  the	
  head	
  except	
  for	
  the	
  brain,	
  neck,	
  thorax,	
  
abdomen,	
  pelvis	
  and	
  thighs	
  was	
  performed	
  with	
  an	
  integrated	
  
PET/CT	
  scanner	
  (Siemens	
  Biograph	
  w.	
  40-­‐slice	
  CT	
  scanner;	
  Sie-­‐
mens	
  Healthcare,	
  Erlangen,	
  Germany).	
  Participants	
  were	
  instruct-­‐
ed	
  to	
  fast	
  for	
  6	
  hours	
  prior	
  to	
  the	
  examination.	
  Approximately	
  400	
  
MBq	
  F-­‐18-­‐FDG	
  was	
  injected	
  intravenously.	
  F-­‐18-­‐FDG	
  PET/CT	
  scans	
  
were	
  performed	
  after	
  a	
  delay	
  of	
  60	
  minutes.	
  The	
  F-­‐18-­‐FDG	
  PET	
  
images	
  were	
  corrected	
  for	
  scatter	
  and	
  iteratively	
  reconstructed.	
  
CT	
  acquisition	
  parameters	
  were:	
  40	
  x	
  3.0	
  mm	
  collimation,	
  section	
  
thickness	
  5.0	
  mm,	
  increment	
  3.0	
  mm.	
  No	
  contrast	
  medium	
  was	
  
administered.	
  F-­‐18-­‐FDG	
  PET/CT	
  picture	
  data	
  sets	
  were	
  transferred	
  
to	
  a	
  Hermes	
  Gold	
  3™	
  workstation,	
  where	
  they	
  were	
  reviewed	
  
with	
  the	
  application	
  Hermes	
  Hybrid	
  Viewer.	
  
Two	
  consultants	
  in	
  nuclear	
  medicine	
  did	
  the	
  F-­‐18-­‐FDG	
  PET/CT	
  
reviews.	
  The	
  reviewers	
  were	
  blinded	
  to	
  patient	
  names,	
  patient	
  
IDs	
  and	
  clinical	
  data.	
  According	
  to	
  international	
  guidelines	
  (89,	
  
90),	
  F-­‐18-­‐FDG	
  uptake	
  was	
  compared	
  to	
  the	
  background	
  uptake	
  of	
  
the	
  liver.	
  Thus,	
  lesion	
  uptake	
  was	
  rated	
  on	
  a	
  scale	
  of	
  1	
  to	
  4:	
  1)	
  no	
  
uptake,	
  2)	
  mildly	
  increased	
  uptake	
  (i.e.	
  below	
  liver	
  level	
  uptake),	
  
3)	
  moderately	
  increased	
  uptake	
  (i.e.	
  at	
  or	
  slightly	
  above	
  liver	
  level	
  
uptake)	
  and	
  4)	
  intensely	
  increased	
  uptake	
  (i.e.	
  substantially	
  above	
  
liver	
  level	
  uptake)	
  (Figure	
  5).	
  Low	
  dose	
  CT	
  images	
  were	
  used	
  for	
  
attenuation	
  correction,	
  lesion	
  location	
  and	
  measuring	
  purposes	
  
only.	
  Both	
  nuclear	
  medicine	
  consultants	
  reviewed	
  all	
  participants'	
  
images	
  side	
  by	
  side	
  to	
  obtain	
  consensus	
  results	
  for	
  the	
  study.	
  Six	
  
months	
  later,	
  they	
  reviewed	
  the	
  first	
  100	
  participants’	
  images	
  
again,	
  individually,	
  to	
  assess	
  reproducibility.	
  

The	
  consultant	
  radiologists	
  had	
  no	
  access	
  to	
  F-­‐18-­‐FDG	
  PET/CT	
  
images	
  and	
  the	
  consultants	
  in	
  nuclear	
  medicine	
  had	
  no	
  access	
  to	
  
CT	
  images.	
  Thus,	
  the	
  reviewers	
  were	
  completely	
  blinded.	
  

	
  

	
  
Figure5	
  
Examples	
  of	
  the	
  4	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings.	
  From	
  top	
  to	
  bottom	
  these	
  
specific	
  lesions	
  were	
  rated:	
  negative,	
  with	
  mildly	
  increased	
  uptake,	
  with	
  
moderately	
  increased	
  uptake	
  and	
  with	
  intensely	
  increased	
  uptake.	
  
	
  

3.2.7	
  DCE-­‐CT	
  study	
  
DCE-­‐CT	
  examinations	
  included	
  only	
  slices	
  with	
  nodules.	
  DCE-­‐CT	
  
was	
  performed	
  with	
  an	
  MDCT	
  scanner	
  (Philips	
  Brilliance	
  CT	
  64-­‐
channel	
  scanner;	
  Philips	
  Healthcare,	
  Best,	
  The	
  Netherlands).	
  The	
  
acquisition	
  parameters	
  were:	
  64	
  x	
  0.625	
  mm	
  collimation.	
  A	
  short	
  
sharp	
  bolus	
  injection	
  of	
  60	
  ml	
  iodixanole	
  270	
  mg/ml	
  (Visipaque®	
  
270;	
  GE	
  Healthcare,	
  Oslo,	
  Norway)	
  was	
  administered	
  to	
  all	
  pa-­‐
tients	
  at	
  a	
  rate	
  of	
  6	
  ml/second.	
  Patients	
  were	
  scanned	
  every	
  two	
  
seconds	
  for	
  a	
  period	
  of	
  80	
  seconds	
  (40	
  seconds	
  active	
  scan	
  time).	
  	
  
Raw	
  picture	
  data	
  sets	
  were	
  transferred	
  to	
  a	
  Philips	
  Extended	
  
Brilliance™	
  workspace	
  workstation	
  v4.02	
  and	
  were	
  reviewed	
  with	
  
the	
  application	
  Functional	
  CT	
  v.	
  4.5.2.	
  
Blinded	
  images	
  were	
  reviewed.	
  The	
  primary	
  software	
  input	
  con-­‐
sisted	
  of	
  an	
  arterial	
  ROI	
  placed	
  in	
  the	
  aorta.	
  This	
  yielded	
  two	
  
images:	
  a	
  time	
  averaged,	
  morphological	
  image	
  (c40,	
  w350)	
  (78)	
  
and	
  time	
  averaged	
  Maximum	
  Intensifier	
  Projection	
  (tMIP)	
  perfu-­‐
sion	
  maps.	
  Based	
  on	
  this,	
  the	
  qualitative	
  approach	
  to	
  DCE-­‐CT	
  was	
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examined	
  (Figure	
  6).	
  First,	
  perfusion	
  intensities	
  were	
  categorised	
  
into	
  three	
  categories:	
  1)	
  less	
  than	
  25%,	
  2)	
  25%	
  to	
  50%	
  or	
  3)	
  50%	
  
to	
  100%	
  perfused.	
  Second,	
  perfusion	
  patterns	
  were	
  categorised	
  
into	
  five	
  categories:	
  no	
  perfusion,	
  partial	
  rim	
  perfusion,	
  complete	
  
rim	
  perfusion,	
  heterogeneous	
  perfusion	
  or	
  homogenous	
  perfu-­‐
sion.	
  Third,	
  three	
  well	
  documented	
  predictors	
  of	
  malignancy	
  were	
  
assessed	
  (3):	
  1)	
  lesion	
  size,	
  measured	
  as	
  the	
  greatest	
  axial	
  diame-­‐
ter	
  on	
  CT;	
  2)	
  lesion	
  morphology,	
  assessed	
  as	
  smooth,	
  irregular	
  or	
  
spiculated	
  and	
  3)	
  lesion	
  attenuation	
  assessed	
  as	
  solid,	
  partly	
  solid	
  
or	
  GGO.	
  Although	
  there	
  was	
  no	
  formalised	
  score	
  system,	
  these	
  
predictors	
  were	
  considered	
  as	
  the	
  reviewers	
  assigned	
  each	
  lesion	
  
an	
  overall	
  “potential	
  of	
  malignancy”	
  rating	
  using	
  the	
  following	
  
rating	
  scale:	
  1)	
  definitely	
  benign,	
  2)	
  probably	
  benign,	
  3)	
  indeter-­‐
minate,	
  4)	
  probably	
  malignant	
  and	
  5)	
  definitely	
  malignant.	
  	
  

	
  

	
  
Figure6	
  
Examples	
  of	
  perfusion	
  patterns	
  using	
  the	
  qualitative	
  approach:	
  (Top	
  left)	
  
No	
  perfusion;	
  the	
  lesion	
  represents	
  a	
  squamous	
  cell	
  carcinoma.	
  (Top	
  
right)	
  Partial	
  rim	
  perfusion;	
  the	
  lesion	
  represents	
  an	
  adenocarcinoma.	
  
(Bottom	
  left)	
  Complete	
  rim	
  perfusion;	
  the	
  lesion	
  represents	
  an	
  adeno-­‐
carcinoma.	
  (Bottom	
  right)	
  Heterogeneous	
  perfusion;	
  the	
  lesion	
  repre-­‐
sents	
  a	
  squamous	
  cell	
  carcinoma.	
  
	
  
Secondary	
  software	
  input	
  consisted	
  of	
  multiple	
  tissue	
  ROIs	
  placed	
  
in	
  the	
  pulmonary	
  lesions.	
  Using	
  the	
  slope	
  technique,	
  the	
  comput-­‐
er	
  analysed	
  the	
  tissue	
  ROIs	
  voxel	
  by	
  voxel.	
  This	
  yielded	
  four	
  perfu-­‐
sion	
  parameter	
  measurements:	
  perfusion	
  (measured	
  in	
  
ml/min/100	
  ml),	
  peak	
  enhancement	
  intensity	
  (measured	
  in	
  
Hounsfield	
  Units	
  (HU)),	
  time	
  to	
  peak	
  (measured	
  in	
  seconds)	
  and	
  
blood	
  volume	
  (measured	
  in	
  ml/100	
  g).	
  Based	
  on	
  this,	
  the	
  quanti-­‐
tative	
  approach	
  to	
  DCE-­‐CT	
  was	
  examined	
  (Figure	
  7).	
  First,	
  a	
  tissue	
  
ROI	
  was	
  placed	
  over	
  the	
  entire	
  lesion	
  using	
  a	
  morphological	
  im-­‐
age	
  and	
  with	
  the	
  time	
  set	
  to	
  the	
  end	
  of	
  the	
  arterial	
  first	
  pass	
  
(large	
  ROI(1))	
  (91).	
  Second,	
  a	
  tissue	
  ROI	
  was	
  placed	
  over	
  the	
  
entire	
  lesion	
  using	
  perfusion	
  maps	
  with	
  options	
  set	
  to	
  default	
  
values	
  (large	
  ROI(2)).	
  Third,	
  a	
  tissue	
  ROI	
  was	
  placed	
  in	
  the	
  maxi-­‐
mally	
  perfused	
  parts	
  of	
  the	
  lesion	
  using	
  perfusion	
  maps	
  with	
  
options	
  set	
  to	
  default	
  values	
  (small	
  ROI).	
  This	
  process	
  was	
  repeat-­‐
ed	
  for	
  each	
  contiguous	
  axial	
  level	
  of	
  each	
  lesion	
  to	
  ensure	
  com-­‐
plete	
  coverage	
  of	
  the	
  lesion.	
  The	
  vendor	
  specific	
  default	
  values	
  

were:	
  Bone	
  300	
  HU	
  (everything	
  higher	
  than	
  300	
  HU	
  was	
  whit-­‐
ened);	
  Air	
  -­‐500	
  HU	
  (everything	
  below	
  -­‐500	
  HU	
  was	
  blackened)	
  
and	
  Vessels	
  deactivated.	
  Finally,	
  medians	
  of	
  the	
  large	
  ROI(1)	
  
measurements,	
  large	
  ROI(2)	
  measurements	
  and	
  small	
  ROI	
  meas-­‐
urements	
  of	
  each	
  lesion	
  were	
  computed	
  in	
  order	
  to	
  ensure	
  that	
  
each	
  lesion	
  was	
  represented	
  by	
  only	
  one	
  set	
  of	
  large	
  ROI(1)	
  
measurements,	
  only	
  one	
  set	
  of	
  large	
  ROI(2)	
  measurements	
  and	
  
only	
  one	
  set	
  of	
  small	
  ROI	
  measurements.	
  Medians	
  were	
  chosen	
  to	
  
avoid	
  extreme	
  outliers.	
  

	
  

	
  
Figure7	
  
Examples	
  of	
  ROI	
  placements	
  using	
  the	
  quantitative	
  approach:	
  T1,	
  Large	
  
ROI(1);	
  T2,	
  Large	
  ROI(2);	
  and	
  T3,	
  Small	
  ROI;	
  the	
  lesion	
  represented	
  an	
  
adenocarcinoma.	
  
	
  

3.2.8	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study	
  
CT	
  including	
  the	
  chest	
  and	
  the	
  upper	
  abdomen	
  was	
  performed	
  
with	
  an	
  MDCT	
  scanner	
  (Philips	
  Brilliance	
  CT	
  64-­‐channel	
  scanner;	
  
Philips	
  Healthcare,	
  Best,	
  The	
  Netherlands).	
  CT	
  acquisition	
  param-­‐
eters	
  were:	
  64	
  x	
  0.625	
  mm	
  collimation,	
  section	
  thickness	
  2.0	
  mm,	
  
increment	
  1.0	
  mm.	
  Iodixanole	
  270	
  mg/ml	
  (Visipaque®	
  270;	
  GE	
  
Healthcare,	
  Oslo,	
  Norway)	
  or	
  iohexole	
  300	
  mg/ml	
  (Omnipaque®	
  
300;	
  GE	
  Healthcare,	
  Oslo,	
  Norway),	
  was	
  injected	
  intravenously	
  in	
  
weight-­‐adjusted	
  doses	
  of	
  2	
  ml/kg	
  body	
  weight	
  to	
  compensate	
  for	
  
differences	
  in	
  distribution	
  volume.	
  A	
  bolus	
  tracking	
  technique	
  was	
  
used	
  to	
  compensate	
  for	
  differences	
  in	
  cardiac	
  output.	
  The	
  trigger	
  
ROI	
  was	
  placed	
  in	
  the	
  Aorta	
  and	
  when	
  it	
  exceeded	
  200	
  HU,	
  the	
  
patients	
  were	
  scanned	
  from	
  the	
  root	
  of	
  the	
  neck	
  to	
  the	
  upper	
  
abdomen	
  including	
  the	
  liver	
  and	
  adrenals.	
  CT	
  was	
  performed	
  
after	
  a	
  delay	
  of	
  15	
  seconds	
  for	
  the	
  chest	
  and	
  65	
  seconds	
  for	
  the	
  
upper	
  abdomen	
  and	
  raw	
  picture	
  data	
  sets	
  were	
  transferred	
  to	
  a	
  
Philips	
  Extended	
  Brilliance™	
  Workspace	
  workstation	
  v4.02,	
  where	
  
they	
  were	
  reviewed	
  with	
  the	
  application	
  CT-­‐viewer.	
  
Two	
  consultant	
  radiologists	
  reviewed	
  the	
  studies.	
  The	
  reviewers	
  
were	
  blinded	
  to	
  patient	
  name,	
  patient	
  ID	
  and	
  clinical	
  data.	
  Lymph	
  
nodes	
  were	
  characterised	
  as	
  normal-­‐sized	
  or	
  enlarged;	
  a	
  short	
  
axis	
  diameter	
  ≥	
  1	
  cm	
  on	
  a	
  transverse	
  CT	
  scan	
  was	
  considered	
  
enlarged.	
  Mediastinal	
  staging	
  was	
  done	
  on	
  a	
  per-­‐patient	
  basis,	
  in	
  
accordance	
  to	
  the	
  seventh	
  edition	
  of	
  the	
  TNM	
  classification	
  of	
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malignant	
  tumours	
  (92).	
  Both	
  radiologists	
  reviewed	
  all	
  partici-­‐
pants'	
  images	
  side	
  by	
  side,	
  to	
  obtain	
  consensus	
  results	
  for	
  the	
  
study.	
  Six	
  months	
  later,	
  they	
  reviewed	
  the	
  first	
  100	
  participants'	
  
images	
  again,	
  individually,	
  to	
  assess	
  reproducibility.	
  
	
  
As	
  a	
  part	
  of	
  a	
  fast-­‐track	
  work-­‐up	
  for	
  suspected	
  lung	
  cancer,	
  the	
  
patients	
  received	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  within	
  few	
  days,	
  im-­‐
mediately	
  followed	
  by	
  tissue	
  sampling.	
  Whole	
  body	
  F-­‐18-­‐FDG	
  
PET/CT	
  including	
  the	
  head	
  except	
  for	
  the	
  brain,	
  neck,	
  thorax,	
  
abdomen,	
  pelvis	
  and	
  thighs	
  was	
  performed	
  with	
  an	
  integrated	
  
PET/CT	
  scanner	
  (Siemens	
  Biograph	
  w.	
  40-­‐slice	
  CT	
  scanner;	
  Sie-­‐
mens	
  Healthcare,	
  Erlangen,	
  Germany).	
  Participants	
  were	
  instruct-­‐
ed	
  to	
  fast	
  for	
  6	
  hours	
  prior	
  to	
  the	
  examination.	
  Approximately	
  400	
  
MBq	
  F-­‐18-­‐FDG	
  was	
  injected	
  intravenously.	
  F-­‐18-­‐FDG	
  PET/CT	
  scans	
  
were	
  performed	
  after	
  a	
  delay	
  of	
  60	
  minutes.	
  The	
  F-­‐18-­‐FDG	
  PET	
  
images	
  were	
  corrected	
  for	
  scatter	
  and	
  iteratively	
  reconstructed.	
  
CT	
  acquisition	
  parameters	
  were:	
  40	
  x	
  3.0	
  mm	
  collimation,	
  section	
  
thickness	
  5.0	
  mm,	
  increment	
  3.0	
  mm.	
  No	
  contrast	
  medium	
  was	
  
administered.	
  F-­‐18-­‐FDG	
  PET/CT	
  picture	
  data	
  sets	
  were	
  transferred	
  
to	
  a	
  Hermes	
  Gold	
  3™	
  workstation,	
  where	
  they	
  were	
  reviewed	
  
with	
  the	
  application	
  Hermes	
  Hybrid	
  Viewer.	
  
Two	
  consultants	
  in	
  nuclear	
  medicine	
  did	
  the	
  F-­‐18-­‐FDG	
  PET/CT	
  
reviews.	
  The	
  reviewers	
  were	
  blinded	
  to	
  patient	
  names,	
  patient	
  
IDs	
  and	
  clinical	
  data.	
  According	
  to	
  international	
  guidelines	
  (89,	
  
90),	
  F-­‐18-­‐FDG	
  uptake	
  was	
  compared	
  to	
  the	
  background	
  uptake	
  of	
  
the	
  liver.	
  Thus,	
  lymph	
  node	
  uptake	
  was	
  rated	
  on	
  a	
  scale	
  of	
  1	
  to	
  3:	
  
1)	
  no	
  uptake,	
  2)	
  probably	
  increased	
  uptake	
  and	
  3)	
  definitely	
  in-­‐
creased	
  uptake.	
  A	
  rating	
  of	
  1	
  was	
  considered	
  normal,	
  a	
  rating	
  of	
  2	
  
or	
  3	
  was	
  considered	
  abnormal.	
  Mediastinal	
  staging	
  was	
  done	
  on	
  a	
  
per-­‐patient	
  basis,	
  in	
  accordance	
  to	
  the	
  seventh	
  edition	
  of	
  the	
  
TNM	
  classification	
  of	
  malignant	
  tumours	
  (92).	
  Low	
  dose	
  CT	
  imag-­‐
es	
  were	
  used	
  for	
  attenuation	
  correction,	
  lesion	
  location	
  and	
  
measuring	
  purposes	
  only.	
  Both	
  nuclear	
  medicine	
  consultants	
  
reviewed	
  all	
  participants'	
  images	
  side	
  by	
  side	
  to	
  obtain	
  consensus	
  
results	
  for	
  the	
  study.	
  Six	
  months	
  later,	
  they	
  reviewed	
  the	
  first	
  100	
  
participants’	
  images	
  again,	
  individually,	
  to	
  assess	
  reproducibility.	
  
The	
  consultant	
  radiologists	
  had	
  no	
  access	
  to	
  F-­‐18-­‐FDG	
  PET/CT	
  
images	
  and	
  the	
  consultants	
  in	
  nuclear	
  medicine	
  had	
  no	
  access	
  to	
  
CT	
  images.	
  Thus,	
  the	
  reviewers	
  were	
  completely	
  blinded.	
  
	
  

3.2.9	
  Reference	
  standard	
  
In	
  general	
  in	
  this	
  PhD,	
  tissue	
  sampling	
  was	
  the	
  preferred	
  refer-­‐
ence	
  standard.	
  As	
  such,	
  all	
  malignant	
  diagnoses	
  were	
  verified	
  by	
  
tissue	
  sampling	
  and	
  all	
  non-­‐malignant	
  diagnoses	
  were	
  sought	
  
verified	
  by	
  tissue	
  sampling.	
  In	
  this	
  manner	
  three	
  separately	
  ob-­‐
tained	
  non-­‐malignant	
  diagnoses	
  were	
  accepted	
  as	
  a	
  definitely	
  
benign	
  result.	
  
In	
  most	
  cases	
  pulmonary	
  lesion	
  material	
  was	
  obtained	
  by	
  fluoros-­‐
copy-­‐guided	
  or	
  CT-­‐guided	
  Transthoracic	
  Needle	
  Aspiration	
  Biop-­‐
sies	
  (TNAB).However,	
  in	
  selected	
  cases	
  material	
  was	
  obtained	
  by	
  
bronchoscopy	
  or	
  by	
  Video-­‐Assisted	
  Thoracic	
  Surgery(VATS).	
  That	
  
way,	
  definitive	
  diagnoses	
  were	
  obtained	
  in	
  more	
  than	
  90%	
  in	
  all	
  
three	
  studies	
  in	
  this	
  PhD.	
  
Few	
  studies	
  of	
  fluoroscopy-­‐guided	
  TNAB	
  have	
  limited	
  enrolment	
  
to	
  participants	
  with	
  pulmonary	
  nodules	
  <	
  4	
  cm	
  in	
  diameter.	
  In	
  one	
  
study	
  with	
  a	
  very	
  high	
  prevalence	
  of	
  malignancy,	
  a	
  diagnosis	
  was	
  
made	
  by	
  fluoroscope-­‐guided	
  needle	
  aspiration	
  biopsy	
  in	
  84%	
  of	
  
patients	
  with	
  nodules	
  that	
  measured	
  2	
  to	
  4	
  cm	
  in	
  diameter	
  (93).	
  
However,	
  in	
  two	
  other	
  studies	
  with	
  a	
  lower	
  prevalence	
  of	
  malig-­‐
nancy,	
  the	
  diagnostic	
  yield	
  was	
  only	
  36%	
  to	
  43%	
  (94,	
  95).	
  On	
  the	
  
other	
  hand,	
  several	
  studies	
  of	
  CT-­‐guided	
  TNAB	
  have	
  limited	
  en-­‐

rolment	
  to	
  patients	
  with	
  pulmonary	
  nodules	
  <	
  4	
  cm	
  in	
  diameter.	
  
In	
  11	
  studies	
  of	
  CT-­‐guided	
  diagnostic	
  biopsy	
  results,	
  sensitivity	
  
ranged	
  from	
  82%	
  to	
  100%	
  (median,	
  97.5%)	
  (3).	
  However,	
  when	
  
non-­‐diagnostic	
  biopsy	
  results	
  were	
  included	
  in	
  the	
  false	
  negative	
  
column,	
  sensitivity	
  ranged	
  from	
  65%	
  to	
  94%	
  (median,	
  90%).	
  Non-­‐
diagnostic	
  results	
  were	
  recorded	
  in	
  4%	
  to	
  41%	
  of	
  cases	
  (median,	
  
21%):	
  in	
  0%	
  to	
  22%	
  of	
  patients	
  with	
  malignant	
  nodules	
  (median,	
  
8%)	
  and	
  in	
  0%	
  to	
  89%	
  of	
  patients	
  with	
  benign	
  nodules	
  (median,	
  
44%).	
  
Bronchoscopy	
  has	
  traditionally	
  been	
  used	
  for	
  sampling	
  central	
  
airway	
  lesions,	
  mediastinal	
  lymph	
  nodes	
  and	
  parenchymal	
  mass-­‐
es.	
  However,	
  bronchoscopy's	
  role	
  in	
  the	
  management	
  of	
  SPNs	
  has	
  
been	
  small	
  due	
  to	
  very	
  low	
  diagnostic	
  yields.	
  For	
  malignant	
  nod-­‐
ules	
  <	
  20	
  mm,	
  diagnostic	
  yields	
  have	
  been	
  as	
  low	
  as	
  10%	
  -­‐	
  50%	
  
(96-­‐98).	
  For	
  benign	
  nodules,	
  diagnostic	
  yields	
  have	
  been	
  even	
  
lower.	
  
VATS	
  may	
  be	
  used	
  to	
  diagnose	
  peripheral	
  SPN.	
  It	
  is	
  a	
  minimally	
  
invasive	
  technique	
  with	
  a	
  sensitivity	
  and	
  specificity	
  approaching	
  
100%	
  (99-­‐101)	
  and	
  with	
  an	
  associated	
  mortality	
  of	
  approximately	
  
1%	
  (102-­‐107).	
  Thoracotomy	
  is	
  sometimes	
  necessary	
  to	
  make	
  the	
  
diagnosis.	
  The	
  rate	
  of	
  conversion	
  to	
  thoracotomy	
  is	
  approximate-­‐
ly	
  12%.	
  If	
  the	
  nodule	
  proves	
  to	
  be	
  a	
  primary	
  lung	
  malignancy,	
  
then	
  therapeutic	
  resection	
  and	
  staging	
  are	
  often	
  completed	
  in	
  a	
  
single	
  operative	
  procedure.	
  
In	
  cases	
  where	
  it	
  was	
  inappropriate	
  to	
  do	
  an	
  invasive	
  procedure	
  
to	
  achieve	
  a	
  definitive	
  diagnosis	
  CT	
  follow-­‐up	
  was	
  accepted	
  as	
  
reference	
  standard.	
  Studies	
  have	
  shown	
  that	
  solid	
  nodules	
  that	
  
have	
  been	
  stabile	
  for	
  at	
  least	
  2	
  years	
  usually	
  do	
  not	
  require	
  fur-­‐
ther	
  evaluation	
  (108-­‐110),	
  Therefore,	
  CT	
  follow-­‐up	
  was	
  done	
  at	
  3,	
  
6,	
  12	
  and	
  24	
  months.	
  Partly	
  solid	
  nodules	
  and	
  GGOs	
  should	
  be	
  
followed	
  for	
  at	
  least	
  36	
  months.	
  However,	
  as	
  the	
  validity	
  of	
  the	
  
follow-­‐up	
  rules	
  has	
  been	
  questioned	
  (111),	
  the	
  follow-­‐up	
  period	
  
was	
  longer	
  if	
  necessary.	
  Follow-­‐up	
  ceased	
  prematurely	
  if	
  lesions	
  
resolved	
  entirely.	
  The	
  follow-­‐up	
  time	
  was	
  8	
  to	
  28	
  months	
  (medi-­‐
an,	
  12	
  months)	
  in	
  the	
  HRCT	
  study	
  and	
  5	
  to	
  30	
  months	
  (median,	
  18	
  
months)	
  in	
  the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study.	
  All	
  patients	
  
received	
  tissue	
  sampling	
  in	
  the	
  DCE-­‐CT	
  study.	
  
In	
  the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study,	
  mediastinal	
  tissue	
  
sampling	
  was	
  obtained	
  in	
  all	
  cases.	
  This	
  was	
  accomplished	
  primar-­‐
ily	
  through	
  mediastinoscopy	
  with	
  lymph	
  node	
  sampling	
  from	
  
nodal	
  stations	
  2R/L,	
  4R/L	
  and	
  7	
  or	
  through	
  anterior	
  mediasti-­‐
notomy	
  from	
  nodal	
  stations	
  3A,	
  5	
  and	
  6.	
  In	
  patients	
  who	
  received	
  
surgery,	
  tissue	
  sampling	
  was	
  obtained	
  by	
  complete	
  lymph	
  node	
  
resection.	
  
Mediastinoscopy	
  is	
  performed	
  in	
  the	
  operating	
  room	
  under	
  gen-­‐
eral	
  anaesthesia.	
  In	
  most	
  centres,	
  patients	
  are	
  discharged	
  from	
  
the	
  hospital	
  the	
  same	
  day	
  (112-­‐114).	
  The	
  procedure	
  involves	
  an	
  
incision	
  just	
  above	
  the	
  suprasternal	
  notch,	
  insertion	
  of	
  a	
  medias-­‐
tinoscope	
  alongside	
  the	
  trachea	
  and	
  biopsy	
  of	
  the	
  mediastinal	
  
nodes.	
  Rates	
  of	
  morbidity	
  and	
  mortality	
  as	
  a	
  result	
  of	
  this	
  proce-­‐
dure	
  are	
  low	
  (2%	
  and	
  0.08%,	
  respectively)	
  (115).	
  Ideally,	
  nodal	
  
stations	
  2R/L,	
  4R/L	
  and	
  7	
  should	
  routinely	
  be	
  examined,	
  with	
  at	
  
least	
  one	
  node	
  sampled	
  from	
  each	
  station.	
  In	
  19	
  studies	
  of	
  cervi-­‐
cal	
  mediastinoscopy	
  in	
  lung	
  cancer	
  patients,	
  sensitivity	
  of	
  medias-­‐
tinoscopy	
  to	
  detect	
  mediastinal	
  node	
  involvement	
  from	
  cancer	
  
was	
  40%	
  to	
  97%	
  (median,	
  78%)	
  and	
  the	
  False	
  Negative	
  Rate	
  (FNR)	
  
was	
  3%	
  to	
  20%	
  (median,	
  11%)	
  (116).	
  

	
  
This	
  reflects	
  our	
  clinical	
  setup	
  as	
  it	
  was	
  in	
  2008/2009.	
  In	
  our	
  cur-­‐
rent	
  clinical	
  setup,	
  mediastinoscopy	
  is	
  replaced	
  by	
  Endobronchial	
  
Ultrasound	
  with	
  Transbronchial	
  Needle	
  Aspiration	
  (EBUS-­‐TBNA)	
  
and	
  Endoscopic	
  Ultrasound	
  with	
  Needle	
  Aspiration	
  (EUS-­‐FNA):	
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EBUS-­‐TBNA	
  is	
  a	
  relatively	
  new	
  technique	
  for	
  mediastinal	
  staging,	
  
which	
  can	
  be	
  performed	
  on	
  an	
  outpatient	
  basis.	
  EBUS-­‐TBNA	
  can	
  
be	
  used	
  to	
  sample	
  nodal	
  stations	
  1,	
  2R/L,	
  4R/L,	
  7,	
  10R/L,	
  11R/L	
  
and	
  12R/L.	
  In	
  eight	
  studies	
  of	
  EBUS-­‐TBNA	
  of	
  the	
  mediastinum,	
  the	
  
sensitivity	
  was	
  79%	
  to	
  95%	
  (median,	
  90%)	
  and	
  the	
  FNR	
  was	
  1%	
  to	
  
37%	
  (median,	
  24%)	
  (116).	
  
EUS-­‐FNA	
  of	
  mediastinal	
  lymph	
  nodes	
  through	
  the	
  wall	
  of	
  the	
  
oesophagus	
  can	
  also	
  be	
  performed	
  on	
  an	
  outpatient	
  basis.	
  No	
  
mortality	
  has	
  been	
  reported.	
  EUS-­‐FNA	
  is	
  particularly	
  useful	
  for	
  
nodal	
  stations	
  4L,	
  5,	
  7,	
  8	
  and	
  9.	
  In	
  16	
  studies	
  of	
  EUS-­‐FNA	
  of	
  the	
  
mediastinum,	
  the	
  sensitivity	
  was	
  45%	
  to	
  100%	
  (median,	
  84%)	
  and	
  
the	
  FNR	
  was	
  0%	
  to	
  61%	
  (median,	
  19%)	
  for	
  the	
  detection	
  of	
  N2	
  or	
  
N3	
  malignant	
  mediastinal	
  lymph	
  nodes	
  (116).	
  
	
  

3.3	
  STATISTICAL	
  METHODS	
  

3.3.1	
  Estimates	
  and	
  confidence	
  intervals	
  
A	
  confidence	
  interval	
  produces	
  a	
  move	
  from	
  a	
  single	
  value	
  esti-­‐
mate	
  -­‐	
  such	
  as	
  the	
  sample	
  mean,	
  difference	
  between	
  sample	
  
means,	
  etc.	
  -­‐	
  to	
  a	
  range	
  of	
  values	
  that	
  are	
  considered	
  to	
  be	
  plau-­‐
sible	
  for	
  the	
  population.	
  The	
  width	
  of	
  a	
  confidence	
  interval	
  based	
  
on	
  a	
  sample	
  statistic	
  depends	
  partly	
  on	
  its	
  standard	
  error	
  and	
  
hence	
  on	
  both	
  the	
  standard	
  deviation	
  and	
  the	
  sample	
  size.	
  
The	
  investigator	
  can	
  select	
  the	
  degree	
  of	
  confidence	
  associated	
  
with	
  a	
  confidence	
  interval,	
  though	
  95%	
  is	
  the	
  most	
  common	
  
choice.	
  If	
  greater	
  or	
  less	
  confidence	
  is	
  required	
  different	
  intervals	
  
can	
  be	
  constructed:	
  99%,	
  95%	
  and	
  90%	
  confidence	
  intervals.	
  
	
  

3.3.2	
  Measures	
  of	
  diagnostic	
  accuracy	
  

3.3.2.1	
  Receiver	
  Operating	
  Characteristic	
  (ROC)	
  curves	
  
A	
  Receiver	
  Operating	
  Characteristic	
  (ROC)	
  curve	
  is	
  a	
  plot	
  of	
  test	
  
True	
  Positive	
  Rate	
  (TPR)	
  (or	
  sensitivity)	
  (plotted	
  on	
  the	
  y	
  axis)	
  
versus	
  its	
  False	
  Positive	
  Rate	
  (FPR)	
  (or	
  1	
  -­‐	
  specificity)	
  (plotted	
  on	
  
the	
  x	
  axis).	
  
A	
  popular	
  measure	
  of	
  the	
  accuracy	
  of	
  a	
  diagnostic	
  test	
  is	
  the	
  Area	
  
Under	
  the	
  ROC	
  curve	
  (AUC).	
  The	
  ROC	
  curve	
  area	
  can	
  take	
  on	
  
values	
  between	
  0.0	
  and	
  1.0.	
  A	
  test	
  with	
  an	
  area	
  under	
  the	
  ROC	
  
curve	
  of	
  1.0	
  is	
  perfectly	
  accurate	
  because	
  the	
  sensitivity	
  is	
  1.0	
  
when	
  the	
  FPR	
  is	
  0.0.	
  In	
  contrast,	
  a	
  test	
  with	
  an	
  area	
  of	
  0.0	
  is	
  per-­‐
fectly	
  inaccurate.	
  
	
  

3.3.2.2	
  Sensitivity,	
  specificity,	
  False	
  Positive	
  Rate	
  and	
  False	
  Nega-­‐
tive	
  Rate	
  
The	
  sensitivity	
  and	
  specificity	
  are	
  often	
  used	
  to	
  describe	
  test	
  
performance.	
  The	
  result	
  of	
  a	
  test	
  can	
  be	
  classified	
  as	
  a	
  True	
  Posi-­‐
tive	
  (TP)	
  (sensitivity),	
  a	
  True	
  Negative	
  (TN)	
  (specificity),	
  a	
  False	
  
Positive	
  (FP)	
  or	
  a	
  false	
  negative	
  (FN)	
  (Table	
  2).	
  The	
  test	
  can	
  have	
  
two	
  types	
  of	
  errors,	
  false	
  positive	
  errors	
  and	
  false	
  negative	
  errors.	
  
An	
  ideal	
  test	
  has	
  no	
  false	
  positives	
  and	
  no	
  false	
  negatives.	
  

	
  
Table	
  2.	
  Classification	
  of	
  test	
  results	
  by	
  disease	
  status	
  
	
   Disease	
  =	
  1	
   Disease	
  =	
  0	
  
Test	
  result	
  =	
  1	
   True	
  positive	
  (TP)	
   False	
  positive	
  (FP)	
  
Test	
  result	
  =	
  0	
   False	
  negative	
  (FN)	
   True	
  negative	
  (TN)	
  

	
  
Sensitivity	
  is	
  a	
  measure	
  of	
  the	
  conditional	
  probability	
  that	
  a	
  per-­‐
son	
  having	
  a	
  disease	
  will	
  be	
  correctly	
  identified	
  by	
  a	
  clinical	
  test.	
  It	
  
is	
  defined	
  as	
  the	
  number	
  of	
  true	
  positive	
  results	
  divided	
  by	
  the	
  

total	
  number	
  of	
  those	
  with	
  the	
  disease.	
  Sensitivity	
  is	
  calculated	
  as	
  
TP/(TP	
  +	
  FN).	
  
Specificity	
  is	
  a	
  measure	
  of	
  the	
  conditional	
  probability	
  that	
  a	
  per-­‐
son	
  not	
  having	
  a	
  disease	
  will	
  be	
  correctly	
  identified	
  by	
  a	
  clinical	
  
test.	
  It	
  is	
  defined	
  as	
  the	
  number	
  of	
  true	
  negative	
  results	
  divided	
  
by	
  the	
  total	
  number	
  of	
  those	
  without	
  the	
  disease.	
  Specificity	
  is	
  
calculated	
  as	
  TN/(FP	
  +	
  TN).	
  
False	
  Positive	
  Rate	
  (FPR)	
  is	
  defined	
  as	
  the	
  rate	
  of	
  occurrence	
  of	
  
positive	
  test	
  results	
  in	
  subjects	
  known	
  to	
  be	
  free	
  of	
  a	
  disease	
  for	
  
which	
  an	
  individual	
  is	
  being	
  tested.	
  FPR	
  is	
  calculated	
  as	
  (1	
  -­‐	
  speci-­‐
ficity).	
  
False	
  negative	
  Rate	
  (FNR)	
  is	
  defined	
  as	
  the	
  rate	
  of	
  occurrence	
  of	
  
negative	
  test	
  results	
  in	
  subjects	
  known	
  to	
  have	
  a	
  disease	
  for	
  
which	
  an	
  individual	
  is	
  being	
  tested.	
  FNR	
  is	
  calculated	
  as	
  (1	
  -­‐	
  sensi-­‐
tivity).	
  
	
  

3.3.2.3	
  Positive	
  and	
  negative	
  predictive	
  values	
  
Because	
  sensitivity	
  and	
  specificity	
  provide	
  an	
  incomplete	
  picture	
  
of	
  the	
  clinical	
  usefulness	
  of	
  an	
  imaging	
  examination,	
  two	
  addi-­‐
tional	
  measurements	
  that	
  have	
  much	
  greater	
  clinical	
  relevance	
  
and	
  intuitive	
  appeal	
  will	
  also	
  be	
  discussed:	
  positive	
  and	
  negative	
  
predictive	
  values.	
  
The	
  Positive	
  Predictive	
  Value	
  (PPV)	
  indicates	
  the	
  likelihood	
  of	
  
disease	
  given	
  a	
  positive	
  examination.	
  PPV	
  is	
  defined,	
  as	
  the	
  prob-­‐
ability	
  of	
  disease	
  in	
  a	
  patient	
  whose	
  examination	
  result	
  is	
  abnor-­‐
mal:	
  TP/(TP	
  +	
  FP).	
  This	
  value	
  is	
  sometimes	
  referred	
  to	
  as	
  “post-­‐
test	
  likelihood”	
  or	
  “post-­‐test	
  probability	
  of	
  disease”	
  because	
  the	
  
predictive	
  value	
  simply	
  reflects	
  the	
  probability	
  of	
  disease	
  after	
  the	
  
examination	
  result	
  is	
  known.	
  
The	
  Negative	
  Predictive	
  Value	
  (NPV)	
  indicates	
  the	
  likelihood	
  of	
  no	
  
disease	
  given	
  a	
  negative	
  examination.	
  NPV	
  is	
  defined,	
  as	
  the	
  
probability	
  that	
  disease	
  is	
  absent	
  in	
  a	
  patient	
  whose	
  examination	
  
result	
  is	
  negative:	
  TN/(FN	
  +	
  TN).	
  
Although	
  predictive	
  values	
  have	
  substantial	
  clinical	
  usefulness,	
  a	
  
short	
  discussion	
  of	
  their	
  weaknesses	
  is	
  warranted.	
  The	
  most	
  
important	
  weakness	
  is	
  the	
  dependence	
  of	
  predictive	
  values	
  on	
  
the	
  pre-­‐examination	
  probability	
  or	
  the	
  prevalence	
  of	
  disease	
  in	
  
the	
  imaged	
  population:	
  the	
  higher	
  the	
  pre-­‐examination	
  probabil-­‐
ity	
  of	
  disease,	
  the	
  higher	
  the	
  post-­‐examination	
  probability	
  of	
  
disease.	
  
	
  

3.3.3	
  Observer	
  agreement	
  
Cohen’s	
  kappa	
  is	
  a	
  dominant	
  technique	
  for	
  evaluating	
  reader	
  
agreement	
  in	
  the	
  radiology	
  literature.	
  Another	
  technique	
  is	
  Bland	
  
and	
  Altman’s	
  95%	
  Limits	
  of	
  Agreement.	
  
	
  

3.3.3.1	
  Kappa	
  
Kappa	
  is	
  a	
  technique	
  for	
  estimating	
  paired	
  inter-­‐rater	
  agreement	
  
for	
  nominal	
  and	
  ordinal-­‐level	
  data	
  (117).	
  Kappa	
  is	
  a	
  coefficient	
  
that	
  represents	
  agreement	
  obtained	
  between	
  two	
  readers	
  be-­‐
yond	
  that	
  which	
  would	
  be	
  expected	
  by	
  chance	
  alone	
  (118).	
  Key	
  
assumptions	
  for	
  using	
  kappa	
  include	
  that	
  the	
  raters	
  as	
  well	
  as	
  the	
  
rated	
  elements	
  must	
  be	
  independent	
  of	
  each	
  other	
  (119).	
  
Weighted	
  kappa	
  is	
  used	
  when	
  the	
  magnitude	
  of	
  disagreements	
  is	
  
important.	
  The	
  observed	
  and	
  expected	
  proportions	
  of	
  each	
  cell	
  
are	
  multiplied	
  by	
  a	
  weight	
  before	
  using	
  them	
  to	
  calculate	
  kappa	
  
(120).	
  
Kappa	
  has	
  the	
  advantage	
  that	
  it	
  is	
  corrected	
  for	
  agreement	
  with	
  
statistical	
  chance	
  and	
  that	
  there	
  is	
  an	
  accepted	
  method	
  for	
  com-­‐
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puting	
  confidence	
  intervals.	
  The	
  main	
  disadvantage	
  of	
  κ	
  is	
  that	
  
the	
  scale	
  is	
  not	
  free	
  of	
  dependence	
  on	
  disease	
  prevalence	
  or	
  the	
  
number	
  of	
  rating	
  categories.	
  As	
  a	
  consequence,	
  it	
  is	
  difficult	
  to	
  
interpret	
  the	
  meaning	
  of	
  any	
  absolute	
  value	
  of	
  κ,	
  although	
  it	
  is	
  
still	
  useful	
  in	
  experiments	
  in	
  which	
  a	
  control	
  is	
  used	
  for	
  preva-­‐
lence	
  and	
  for	
  the	
  number	
  of	
  categories.	
  
A	
  κ	
  of	
  1.00	
  means	
  that	
  there	
  is	
  perfect	
  agreement	
  and	
  a	
  κ	
  of	
  zero	
  
means	
  that	
  there	
  is	
  no	
  agreement	
  beyond	
  chance.	
  Interpretations	
  
of	
  intermediate	
  values	
  are	
  subjective,	
  but	
  an	
  often-­‐used	
  range	
  of	
  
κ	
  values	
  was	
  suggested	
  by	
  Landis	
  and	
  Koch	
  (118).	
  
	
  

3.3.3.2	
  95%	
  Limits	
  of	
  agreement	
  
95%	
  limits	
  of	
  agreement	
  is	
  a	
  method	
  to	
  describe	
  the	
  agreement	
  
between	
  methods	
  of	
  measurement	
  (81,	
  82).	
  
In	
  order	
  to	
  describe	
  the	
  agreement	
  between	
  two	
  methods	
  of	
  
measurement,	
  the	
  difference	
  between	
  the	
  measurements	
  by	
  the	
  
two	
  methods,	
  one	
  minus	
  the	
  other,	
  is	
  calculated.	
  Having	
  obtained	
  
a	
  set	
  of	
  numbers,	
  the	
  mean	
  and	
  standard	
  deviation	
  (sd)	
  can	
  be	
  
calculated.	
  95%	
  of	
  the	
  differences	
  can	
  then	
  be	
  found	
  in	
  the	
  inter-­‐
val	
  mean	
  ±	
  1.96	
  sd.	
  The	
  differences	
  (plotted	
  on	
  the	
  y	
  axis)	
  against	
  
the	
  averages	
  (plotted	
  on	
  the	
  x	
  axis)	
  of	
  the	
  two	
  methods	
  are	
  then	
  
plotted.	
  The	
  mean	
  and	
  the	
  limits	
  of	
  agreement	
  can	
  be	
  added	
  as	
  
horizontal	
  lines	
  in	
  the	
  difference	
  versus	
  average	
  plot,	
  which	
  
should	
  then	
  include	
  approximately	
  95%	
  of	
  the	
  observations.	
  
The	
  95%	
  limits	
  of	
  agreement	
  depend	
  on	
  some	
  assumptions	
  about	
  
the	
  data:	
  that	
  the	
  mean	
  and	
  sd	
  of	
  the	
  differences	
  are	
  constant	
  
throughout	
  the	
  range	
  of	
  measurements	
  and	
  that	
  these	
  differ-­‐
ences	
  are	
  from	
  an	
  approximately	
  normal	
  distribution.	
  
	
  

3.3.4	
  Statistical	
  methods	
  in	
  this	
  PhD	
  
As	
  this	
  PhD	
  deals	
  with	
  studies	
  of	
  diagnostic	
  performance,	
  in	
  gen-­‐
eral	
  three	
  statistical	
  methods	
  were	
  used	
  to	
  describe	
  the	
  data:	
  the	
  
area	
  under	
  the	
  ROC	
  curve	
  was	
  used	
  to	
  describe	
  the	
  overall	
  diag-­‐
nostic	
  accuracy;	
  sensitivity	
  and	
  specificity	
  were	
  used	
  to	
  describe	
  
the	
  classification	
  probabilities;	
  and	
  kappa	
  or	
  95%	
  limits	
  of	
  agree-­‐
ment	
  were	
  used	
  to	
  describe	
  the	
  reproducibility.	
  Furthermore,	
  
according	
  to	
  accepted	
  scientific	
  standard,	
  all	
  data	
  were	
  reported	
  
using	
  95%	
  confidence	
  intervals.	
  Exact	
  measures	
  were	
  used	
  when-­‐
ever	
  possible.	
  
Sample	
  test	
  statistics	
  was	
  used	
  when	
  appropriate;	
  in	
  these	
  in-­‐
stances	
  Fisher’s	
  exact	
  test	
  was	
  used	
  to	
  test	
  for	
  correlation	
  be-­‐
tween	
  categorised	
  (nominal)	
  variables,	
  and	
  Spearman’s	
  rho	
  was	
  
used	
  to	
  test	
  for	
  correlation	
  between	
  ordered	
  categorised	
  (ordinal)	
  
variables.	
  The	
  chi-­‐square	
  test	
  was	
  used	
  to	
  test	
  for	
  non-­‐
independence	
  of	
  the	
  areas	
  under	
  the	
  ROC	
  curves	
  of	
  CT	
  and	
  F-­‐18-­‐
FDG	
  PET/CT.	
  P-­‐values	
  <	
  0.05	
  were	
  considered	
  statistically	
  signifi-­‐
cant,	
  and	
  p-­‐values	
  <	
  0.001	
  were	
  considered	
  highly	
  statistically	
  
significant.	
  
The	
  licensed	
  statistical	
  software	
  package	
  STATA/IC	
  10	
  (STATAcorp	
  
LP,	
  College	
  Station,	
  Texas,	
  United	
  States)	
  or	
  STATA/SE	
  11	
  
(STATAcorp	
  LP,	
  College	
  Station,	
  Texas,	
  United	
  States),	
  was	
  used.	
  
Pulmonary	
  lesions	
  were	
  rated	
  on	
  an	
  ordinal	
  scale	
  from	
  1	
  to	
  5	
  (CT)	
  
or	
  from	
  1	
  to	
  4	
  (F-­‐18-­‐FDG	
  PET/CT),	
  with	
  higher	
  values	
  being	
  indica-­‐
tive	
  of	
  malignancy	
  (121).	
  In	
  all	
  studies,	
  diagnostic	
  accuracy	
  was	
  
defined	
  as	
  the	
  area	
  under	
  the	
  fitted	
  ROC	
  curve	
  and	
  was	
  computed	
  
using	
  the	
  ratings	
  with	
  a	
  maximum-­‐likelihood	
  ROC	
  model	
  assuming	
  
bivariate	
  normal	
  distributions	
  (122).	
  Sensitivity,	
  specificity,	
  posi-­‐
tive	
  predictive	
  value	
  and	
  negative	
  predictive	
  value	
  were	
  comput-­‐
ed	
  from	
  the	
  resulting	
  2x2	
  contingency	
  tables.	
  Two	
  different	
  clini-­‐
cal	
  situations	
  relating	
  to	
  CT’s	
  role	
  as	
  the	
  first	
  examination	
  in	
  a	
  line	
  

of	
  examinations,	
  were	
  addressed:	
  1)	
  What	
  were	
  the	
  sensitivity,	
  
specificity	
  and	
  positive	
  predictive	
  value	
  if	
  CT	
  was	
  used	
  to	
  identify	
  
patients	
  with	
  lung	
  cancer?	
  In	
  this	
  situation	
  it	
  was	
  important	
  to	
  
achieve	
  a	
  high	
  positive	
  predictive	
  value.	
  Therefore	
  CT	
  ratings	
  1	
  to	
  
3	
  were	
  considered	
  benign	
  results,	
  and	
  CT	
  ratings	
  4	
  and	
  5	
  were	
  
considered	
  malignant	
  results.	
  2)	
  What	
  were	
  the	
  sensitivity,	
  speci-­‐
ficity	
  and	
  negative	
  predictive	
  value	
  if	
  CT	
  was	
  used	
  to	
  rule	
  out	
  
cancer?	
  In	
  this	
  situation	
  it	
  was	
  important	
  to	
  achieve	
  a	
  high	
  sensi-­‐
tivity	
  and	
  a	
  high	
  negative	
  predictive	
  value.	
  Therefore	
  CT	
  ratings	
  1	
  
and	
  2	
  were	
  considered	
  benign	
  test	
  results,	
  and	
  CT	
  ratings	
  3	
  to	
  5	
  
were	
  considered	
  malignant	
  test	
  results.	
  In	
  both	
  situations	
  F-­‐18-­‐
FDG	
  PET/CT	
  rating	
  1	
  was	
  considered	
  a	
  benign	
  test	
  result,	
  and	
  F-­‐
18-­‐FDG	
  PET/CT	
  ratings	
  2	
  to	
  4	
  were	
  considered	
  malignant	
  test	
  
results.	
  The	
  reproducibility	
  of	
  the	
  results	
  was	
  assessed	
  with	
  
weighted	
  kappa	
  of	
  the	
  original	
  ratings.	
  
In	
  the	
  quantitative	
  part	
  of	
  the	
  DCE-­‐CT	
  study,	
  three	
  different	
  
methods	
  of	
  measurement	
  were	
  compared.	
  Only	
  the	
  first	
  meas-­‐
urement	
  by	
  each	
  method	
  was	
  used	
  to	
  compare	
  the	
  methods;	
  the	
  
second	
  measurement	
  was	
  used	
  to	
  study	
  the	
  reproducibility.	
  
Analyses	
  were	
  made	
  on	
  the	
  logarithmic	
  scale	
  due	
  to	
  non-­‐normal	
  
distribution	
  of	
  the	
  individual	
  measurements,	
  as	
  well	
  as	
  due	
  to	
  
variance	
  inhomogeneity	
  of	
  the	
  differences	
  between	
  the	
  methods	
  
of	
  measurement.	
  After	
  logarithmic	
  transformation,	
  the	
  individual	
  
measurements	
  approached	
  the	
  normal	
  distribution	
  and	
  the	
  vari-­‐
ance	
  of	
  the	
  differences	
  between	
  the	
  methods	
  of	
  measurement	
  
approached	
  homogeneity.	
  Log	
  scale	
  means	
  and	
  mean	
  differences	
  
between	
  methods	
  of	
  measurement	
  were	
  computed	
  and	
  paired	
  t-­‐
tests	
  were	
  used	
  to	
  assess	
  whether	
  there	
  were	
  statistically	
  signifi-­‐
cant	
  differences	
  between	
  the	
  methods	
  of	
  measurement.	
  Results	
  
were	
  presented	
  as	
  medians	
  and	
  median	
  ratios	
  and	
  with	
  95%	
  
limits	
  of	
  agreement.	
  All	
  transformations	
  were	
  done	
  according	
  to	
  
the	
  mathematical	
  relationship	
  log	
  (b)	
  -­‐	
  log	
  (a)	
  =	
  log	
  (b/a)	
  →	
  exp	
  
[log	
  (b)	
  –	
  log	
  (a)]	
  =	
  b/a	
  
Log	
  scale	
  means	
  and	
  mean	
  differences	
  between	
  malignant	
  and	
  
benign	
  nodules	
  were	
  computed	
  and	
  unpaired	
  t-­‐tests	
  were	
  used	
  to	
  
assess	
  whether	
  any	
  of	
  the	
  perfusion	
  parameters	
  could	
  be	
  used	
  to	
  
distinguish	
  between	
  malignant	
  and	
  benign	
  lesions.	
  Results	
  were	
  
presented	
  as	
  medians	
  and	
  illustrated	
  by	
  box	
  and	
  whiskers	
  plots.	
  	
  
Log	
  scale	
  agreement	
  plots	
  were	
  used	
  to	
  assess	
  the	
  reproducibility	
  
of	
  the	
  three	
  methods.	
  Results	
  were	
  presented	
  as	
  median	
  ratios	
  
and	
  with	
  95%	
  limits	
  of	
  agreement	
  as	
  described	
  by	
  Bland	
  and	
  
Altman	
  (81,	
  82).	
  
In	
  the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study,	
  according	
  to	
  the	
  
significance	
  of	
  involvement	
  of	
  N2	
  or	
  N3	
  lymph	
  nodes,	
  all	
  partici-­‐
pants	
  were	
  classified	
  as	
  having	
  either	
  positive	
  (N2	
  or	
  N3)	
  or	
  nega-­‐
tive	
  (N0	
  or	
  N1)	
  staging	
  results	
  and	
  as	
  having	
  or	
  not	
  having	
  medi-­‐
astinal	
  lymph	
  node	
  involvement	
  as	
  determined	
  by	
  the	
  reference	
  
standard.	
  Again,	
  diagnostic	
  accuracy,	
  defined	
  as	
  the	
  area	
  under	
  
the	
  fitted	
  ROC	
  curve,	
  was	
  computed	
  using	
  the	
  ratings	
  with	
  a	
  
maximum-­‐likelihood	
  model	
  assuming	
  bivariate	
  normal	
  distribu-­‐
tions	
  (122).	
  Sensitivity	
  and	
  specificity	
  were	
  computed	
  from	
  the	
  
resulting	
  2x2	
  contingency	
  tables.	
  The	
  reproducibility	
  of	
  these	
  
results	
  was	
  assessed	
  with	
  weighted	
  kappa	
  of	
  the	
  original	
  ratings.	
  
	
  

4. RESULTS	
  
4.1	
  HRCT	
  STUDY	
  
First,	
  all	
  nodules	
  were	
  categorised	
  by	
  their	
  attenuation:	
  92%	
  
(196/213)	
  were	
  solid	
  nodules,	
  7%	
  (15/213)	
  were	
  partly	
  solid	
  
nodules	
  and	
  1%	
  (2/213)	
  were	
  GGOs.	
  57%	
  (112/196)	
  of	
  the	
  solid	
  
nodules,	
  73%	
  (11/15)	
  of	
  the	
  partly	
  solid	
  nodules	
  and	
  50%	
  (1/2)	
  of	
  
the	
  GGOs	
  were	
  malignant;	
  reproducibility	
  was	
  substantial	
  (κ	
  =	
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0.73).	
  Second,	
  all	
  solid	
  nodules	
  were	
  rated	
  by	
  their	
  edge	
  mor-­‐
phology:	
  53%	
  (59/112)	
  of	
  the	
  malignant,	
  solid	
  nodules	
  were	
  cate-­‐
gorised	
  as	
  high-­‐risk	
  nodules,	
  38%	
  (43/112)	
  as	
  intermediate-­‐risk	
  
nodules	
  and	
  only	
  9%	
  (10/112)	
  as	
  low-­‐risk	
  nodules	
  (Spearman’s	
  
rho	
  =	
  0.54;	
  p	
  <	
  0.001);	
  reproducibility	
  was	
  substantial	
  (κ	
  =	
  0.67)	
  
(Figure	
  8).	
  Third,	
  all	
  solid	
  nodules	
  with	
  calcifications	
  were	
  rated	
  by	
  
the	
  calcification	
  patterns:	
  all	
  malignant	
  nodules	
  were	
  rated	
  as	
  
“malignant”	
  or	
  "indeterminate”	
  and	
  all	
  benign	
  nodules	
  were	
  
rated	
  “benign”	
  (Spearman’s	
  rho	
  =	
  0.92;	
  p	
  <	
  0.001);	
  reproducibility	
  
was	
  substantial	
  (κ	
  =	
  0.74).	
  Fourth,	
  all	
  solid	
  nodules	
  with	
  one	
  or	
  
more	
  specific	
  morphological	
  features	
  were	
  identified:	
  one	
  specific	
  
feature,	
  retraction	
  of	
  the	
  pleura,	
  was	
  highly	
  associated	
  with	
  ma-­‐
lignancy	
  (p	
  <	
  0.001);	
  reproducibility	
  was	
  substantial	
  (κ	
  =	
  0.56).	
  
Other	
  specific	
  features	
  were	
  also	
  identified,	
  but	
  these	
  were	
  either	
  
insignificantly	
  associated	
  to	
  malignancy	
  or	
  had	
  poor	
  reproducibil-­‐
ity.	
  

	
  

	
  
Figure8	
  
(Top	
  left)	
  Solid	
  nodule	
  with	
  smooth	
  edges	
  (low-­‐risk	
  nodule)	
  and	
  benign	
  
calcifications;	
  this	
  nodule	
  represented	
  a	
  hamartoma.	
  (Top	
  right)	
  Solid	
  
nodule	
  with	
  spiculated	
  edges	
  (high-­‐risk	
  nodule);	
  this	
  nodule	
  represented	
  
a	
  squamous	
  cell	
  carcinoma.	
  (Bottom	
  left)	
  Partly	
  solid	
  nodule	
  (partly	
  solid	
  
nodules	
  and	
  GGOs	
  were	
  not	
  risk	
  rated);	
  this	
  nodule	
  represented	
  an	
  
adenocarcinoma.	
  (Bottom	
  right)	
  Solid	
  nodule	
  with	
  irregular/lobulated	
  
edges	
  (intermediate-­‐risk	
  nodule);	
  this	
  nodule	
  represented	
  an	
  adenocar-­‐
cinoma.	
  (All:	
  C-­‐425	
  to	
  W1400)	
  
	
  
Overall	
  accuracy	
  was	
  87%	
  (83%	
  to	
  92%).	
  If	
  HRCT	
  was	
  used	
  to	
  
identify	
  patients	
  with	
  lung	
  cancer,	
  sensitivity,	
  specificity,	
  positive	
  
predictive	
  value	
  and	
  negative	
  predictive	
  value	
  were	
  82%	
  (74%	
  to	
  
89%),	
  72%	
  (61%	
  to	
  81%),	
  80%	
  (72%	
  to	
  87%)	
  and	
  74%	
  (64%	
  to	
  
83%),	
  respectively;	
  FPR	
  was	
  28%.	
  If	
  HRCT	
  was	
  used	
  to	
  rule	
  out	
  
cancer,	
  sensitivity,	
  specificity,	
  positive	
  predictive	
  value	
  and	
  nega-­‐
tive	
  predictive	
  value	
  were	
  98%	
  (94%	
  to	
  100%),	
  23%	
  (14%	
  to	
  33%),	
  
64%	
  (57%	
  to	
  71%)	
  and	
  91%	
  (71%	
  to	
  99%),	
  respectively;	
  FNR	
  was	
  
1.6%.	
  Reproducibility	
  of	
  these	
  results	
  was	
  substantial	
  (κ	
  =	
  0.76).	
  
HRCT	
  ratings	
  are	
  presented	
  in	
  Table	
  3.	
  

	
  
Table	
  3.	
  HRCT	
  ratings	
  (Spearman’s	
  rho	
  =	
  0.62;	
  p	
  <	
  0.001)	
  

	
  
Def.	
  
be-­‐
nign	
  

Prob.	
  
be-­‐
nign	
  

Indetermi-­‐
nate	
  

Prob.	
  
malig-­‐
nant	
  

Def.	
  
malig-­‐
nant	
  

To-­‐
tal	
  

Benign	
   8	
   12	
   44	
   18	
   7	
   89	
  
Malig-­‐
nant	
   0	
   2	
   20	
   21	
   81	
   124	
  

Total	
   8	
   14	
   64	
   39	
   88	
   213	
  
	
  

4.2	
  CT	
  VERSUS	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  STUDY	
  

4.2.1	
  Overall	
  results	
  
89	
  males	
  and	
  79	
  females	
  ages	
  34	
  to	
  88	
  years	
  (mean,	
  66	
  years)	
  
participated	
  in	
  the	
  study.	
  Each	
  participated	
  with	
  a	
  single	
  pulmo-­‐
nary	
  lesion.	
  81%	
  (136/168)	
  of	
  the	
  lesions	
  were	
  malignant	
  and	
  19%	
  
(32/168)	
  were	
  benign.	
  The	
  malignant	
  lesions	
  had	
  the	
  following	
  
distribution:	
  47%	
  (64/136)	
  adenocarcinomas,	
  30%	
  (41/136)	
  
squamous	
  cell	
  carcinomas,	
  4%	
  (6/136)	
  large	
  cell	
  carcinomas,	
  9%	
  
(12/136)	
  other	
  or	
  undifferentiated	
  NSCLCs,	
  8%	
  (11/136)	
  Small	
  Cell	
  
Lung	
  Carcinomas	
  (SCLCs)	
  and	
  1%	
  (2/136)	
  metastases	
  from	
  extra-­‐
thoracic	
  cancers.	
  
There	
  was	
  no	
  significant	
  difference	
  between	
  the	
  areas	
  under	
  the	
  
ROC	
  curves	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (χ2	
  =	
  0.07;	
  p	
  =	
  0.80)	
  (Fig-­‐
ure	
  9).	
  Although	
  based	
  on	
  different	
  criteria,	
  CT	
  and	
  F-­‐18-­‐FDG	
  
PET/CT	
  ratings	
  were	
  both	
  highly	
  associated	
  to	
  malignancy	
  (both	
  p	
  
<	
  0.001).	
  Likewise,	
  the	
  overall	
  accuracy	
  was	
  higher	
  than	
  80%	
  for	
  
both	
  imaging	
  modalities.	
  This	
  was	
  irrespective	
  if	
  whether	
  CT	
  was	
  
used	
  to	
  identify	
  lung	
  cancer	
  or	
  to	
  rule	
  out	
  cancer.	
  

	
  

	
  
Figure9	
  
These	
  two	
  parametric	
  ROC	
  curves	
  illustrate	
  the	
  overall	
  lesion	
  characteri-­‐
sation	
  results	
  for	
  CT	
  (left)	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (right).	
  In	
  this	
  study	
  the	
  
overall	
  diagnostic	
  accuracy	
  of	
  CT	
  and	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  was	
  defined	
  as	
  
the	
  area	
  under	
  the	
  parametric	
  ROC	
  curves.	
  The	
  two	
  ROC	
  curves	
  were	
  
compared	
  using	
  the	
  chi-­‐square	
  test.	
  
	
  
The	
  sensitivity	
  of	
  CT	
  did	
  not	
  vary	
  significantly,	
  irrespective	
  of	
  
whether	
  the	
  imaging	
  modality	
  was	
  used	
  to	
  identify	
  lung	
  cancer	
  
(93%)	
  (126/136)	
  or	
  to	
  rule	
  out	
  cancer	
  (96%)	
  (131/136).	
  However,	
  
specificity	
  was	
  almost	
  20	
  percentage	
  points	
  higher	
  if	
  CT	
  was	
  used	
  
to	
  identify	
  lung	
  cancer	
  (53%)	
  (17/32)	
  than	
  to	
  rule	
  out	
  cancer	
  
(34%)	
  (11/32)	
  (Table	
  5).	
  Reproducibility	
  of	
  the	
  CT	
  ratings	
  was	
  
substantial	
  (κ	
  =	
  0.62	
  (0.41	
  to	
  0.76)).	
  
F-­‐18-­‐FDG	
  PET/CT	
  results	
  were	
  very	
  similar	
  to	
  CT	
  results;	
  sensitivi-­‐
ty	
  for	
  F-­‐18-­‐FDG	
  PET/CT	
  was	
  97%	
  (132/136),	
  specificity	
  was	
  47%	
  
(15/32)	
  (Table	
  5).	
  Reproducibility	
  of	
  the	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  
was	
  substantial	
  (κ	
  =	
  0.73	
  (0.43	
  to	
  0.89)).	
  
When	
  the	
  false	
  positives	
  and	
  false	
  negatives	
  were	
  reviewed,	
  the	
  
modalities	
  also	
  yielded	
  very	
  similar	
  results	
  (Table	
  5,	
  Figure	
  10	
  and	
  
Figure	
  11).	
  The	
  false	
  positive	
  rate	
  (or	
  1	
  –	
  specificity),	
  at	
  approxi-­‐
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mately	
  50%,	
  was	
  clearly	
  too	
  high;	
  this	
  was	
  irrespective	
  of	
  imaging	
  
modality	
  and	
  of	
  the	
  clinical	
  situation.	
  On	
  the	
  other	
  hand,	
  the	
  false	
  
negative	
  rate	
  (or	
  1	
  –	
  sensitivity)	
  was	
  well	
  below	
  5%	
  in	
  rule	
  out	
  
instances.	
  Of	
  special	
  note,	
  the	
  false	
  negative	
  lesions	
  of	
  F-­‐18-­‐FDG	
  
PET/CT	
  were	
  comprised	
  of	
  three	
  adenocarcinomas	
  and	
  a	
  transi-­‐
tional	
  cell	
  carcinoma	
  metastasis.	
  The	
  size	
  of	
  these	
  lesions	
  ranged	
  
from	
  7	
  mm	
  to	
  24	
  mm	
  (median,	
  17	
  mm).	
  

	
  

	
  
Figure10	
  
This	
  figure	
  illustrates	
  four	
  false	
  negative	
  lesions	
  on	
  CT.	
  Both	
  nodules	
  in	
  
the	
  top	
  row	
  were	
  rated	
  "definitely	
  benign"	
  and	
  both	
  nodules	
  in	
  the	
  
bottom	
  row	
  were	
  rated	
  "probably	
  benign".	
  Both	
  nodules	
  in	
  the	
  top	
  row	
  
and	
  the	
  nodule	
  in	
  the	
  bottom	
  left	
  represent	
  adenocarcinomas;	
  the	
  
nodule	
  in	
  the	
  bottom	
  right	
  represents	
  a	
  large	
  cell	
  carcinoma	
  (bottom	
  
right).	
  In	
  retrospect,	
  the	
  large	
  cell	
  carcinoma	
  could	
  have	
  been	
  rated	
  
differently.	
  (All:	
  C-­‐450;	
  W1400).	
  
	
  
	
  

	
  
Figure11	
  
This	
  figure	
  illustrates	
  four	
  false	
  negative	
  lesions	
  on	
  F-­‐18-­‐FDG	
  PET/CT:	
  
The	
  lesions	
  in	
  rows	
  1	
  to	
  3	
  represent	
  adenocarcinomas;	
  the	
  lesion	
  in	
  row	
  
4	
  represents	
  a	
  transitional	
  cell	
  carcinoma	
  metastasis.	
  
	
  
CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  are	
  presented	
  in	
  “wide”	
  layout	
  in	
  
Table	
  4	
  (123).	
  Derived	
  classification	
  probabilities	
  and	
  predictive	
  
values	
  are	
  presented	
  in	
  Table	
  5	
  and	
  Table	
  6.	
  

	
  
Table	
  4a.	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  
Reference	
  
std.	
  
benign	
  

Def.	
  
be-­‐
nign	
  

Prob.	
  
be-­‐
nign	
  

Indetermi-­‐
nate	
  

Prob.	
  
malig-­‐
nant	
  

Def.	
  
malig-­‐
nant	
  

To-­‐
tal	
  

No	
  uptake	
   6	
   1	
   4	
   1	
   3	
   15	
  
Mildly	
  
increased	
  
uptake	
  

2	
   0	
   0	
   1	
   2	
   5	
  

Moderate-­‐
ly	
  in-­‐
creased	
  
uptake	
  

0	
   0	
   1	
   0	
   2	
   3	
  

Intensely	
  
increased	
  
uptake	
  

2	
   0	
   1	
   0	
   6	
   9	
  

Total	
   10	
   1	
   6	
   2	
   13	
   32	
  
Paired	
  CT	
  (columns)	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (rows)	
  ratings	
  when	
  the	
  reference	
  std.	
  
was	
  indeed	
  benign.	
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Table	
  4b.	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  
Reference	
  
std.	
  
malignant	
  

Def.	
  
be-­‐
nign	
  

Prob.	
  
be-­‐
nign	
  

Indetermi-­‐
nate	
  

Prob.	
  
malig-­‐
nant	
  

Def.	
  
malig-­‐
nant	
  

To-­‐
tal	
  

No	
  uptake	
   1	
   0	
   0	
   1	
   2	
   4	
  
Mildly	
  
increased	
  
uptake	
  

0	
   1	
   1	
   0	
   3	
   5	
  

Moderate-­‐
ly	
  in-­‐
creased	
  
uptake	
  

0	
   1	
   0	
   1	
   22	
   24	
  

Intensely	
  
increased	
  
uptake	
  

1	
   1	
   4	
   4	
   93	
   103	
  

Total	
   2	
   3	
   5	
   6	
   120	
   136	
  
Paired	
  CT	
  (columns)	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (rows)	
  ratings	
  when	
  the	
  reference	
  std.	
  
was	
  indeed	
  malignant.	
  

	
  
	
  

Table	
  5.	
  Overall	
  results	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  

	
   CT	
  used	
  to	
  id	
  lung	
  
cancer	
  

CT	
  used	
  to	
  rule	
  
out	
  cancer	
   F-­‐18-­‐FDG	
  PET/CT	
  

Sensitivity	
   93%	
  (87%	
  to	
  96%)	
   96%	
  (92%	
  to	
  99%)	
   97%	
  (93%	
  -­‐	
  99%)	
  
Specificity	
   53%	
  (35%	
  to	
  71%)	
   34%	
  (19%	
  to	
  53%)	
   47%	
  (29%	
  -­‐	
  65%)	
  
PPV	
   89%	
  (83%	
  to	
  94%)	
   86%	
  (80%	
  to	
  91%)	
   89%	
  (82%	
  -­‐	
  93%)	
  
NPV	
   63%	
  (42%	
  to	
  81%)	
   69%	
  (41%	
  to	
  89%)	
   79%	
  (54%	
  -­‐	
  94%)	
  
FPR	
   47%	
   66%	
   53%	
  
FNR	
   7.3%	
   3.7%	
   2.9%	
  
Note:	
  the	
  positive	
  predictive	
  value	
  always	
  reflects	
  the	
  likelihood	
  of	
  disease	
  given	
  a	
  
positive	
  examination.	
  Likewise,	
  the	
  negative	
  predictive	
  value	
  always	
  reflects	
  the	
  
likelihood	
  of	
  no	
  disease	
  given	
  a	
  negative	
  examination.	
  This	
  is	
  irrespective	
  of	
  whether	
  
CT	
  is	
  used	
  to	
  id	
  lung	
  cancer	
  or	
  if	
  it	
  used	
  to	
  rule	
  out	
  cancer.	
  Derived	
  from	
  Table	
  4.	
  
	
  

4.2.2	
  Stratified	
  results	
  
Next,	
  CT	
  results	
  were	
  used	
  to	
  stratify	
  F-­‐18-­‐FDG	
  PET/CT	
  results	
  
into	
  subgroups.	
  
If	
  CT	
  was	
  used	
  to	
  identify	
  patients	
  with	
  lung	
  cancer	
  (i.e.	
  lesions	
  
reviewed	
  as	
  being	
  probably	
  malignant	
  or	
  definitely	
  malignant	
  on	
  
CT	
  (n	
  =	
  141)),	
  a	
  positive	
  F-­‐18-­‐FDG	
  PET/CT	
  examination	
  would	
  
make	
  the	
  likelihood	
  of	
  malignancy	
  even	
  higher.	
  For	
  this	
  purpose,	
  
sensitivity	
  and	
  specificity	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  98%	
  (123/126)	
  
and	
  27%	
  (4/15),	
  respectively;	
  the	
  false	
  positive	
  rate	
  was	
  73%	
  
(Table	
  6).	
  
If	
  CT	
  was	
  used	
  to	
  rule	
  out	
  cancer	
  (i.e.	
  lesions	
  reviewed	
  as	
  being	
  
probably	
  benign	
  or	
  definitely	
  benign	
  on	
  CT	
  (n=16)),	
  obviously	
  the	
  
clinical	
  issue	
  would	
  be	
  to	
  rule	
  out	
  cancer.	
  For	
  this	
  purpose,	
  sensi-­‐
tivity	
  and	
  specificity	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  80%	
  (4/5)	
  and	
  64%	
  
(7/11),	
  respectively;	
  the	
  false	
  negative	
  rate	
  was	
  20%	
  (Table	
  6).	
  
Finally,	
  if	
  CT	
  was	
  indeterminate	
  (i.e.	
  lesions	
  reviewed	
  as	
  being	
  
indeterminate	
  on	
  CT	
  (n	
  =	
  11)),	
  sensitivity	
  and	
  specificity	
  of	
  F-­‐18-­‐
FDG	
  PET/CT	
  were	
  100%	
  (5/5)	
  and	
  67%	
  (4/6),	
  respectively;	
  the	
  
false	
  positive	
  rate	
  was	
  33%.	
  There	
  were	
  no	
  false	
  negatives	
  (Table	
  
6).	
  
	
  
Table	
  6.	
  Stratified	
  results	
  of	
  F-­‐18-­‐FDG	
  PET/CT,	
  if	
  
	
   CT	
  was	
  used	
  to	
  id	
  

lung	
  cancer	
  
CT	
  was	
  used	
  to	
  
rule	
  out	
  cancer	
  

CT	
  was	
  indeter-­‐
minate	
  

Sensitivity	
   98%	
  (93%	
  to	
  
100%)	
  

80%	
  (28%	
  to	
  
100%)	
  

100%	
  (48%	
  to	
  
100%)	
  

Specificity	
   27%	
  (8%	
  to	
  55%)	
   64%	
  (31%	
  to	
  89%)	
   67%	
  (22%	
  to	
  96%)	
  
PPV	
   92%	
  (86%	
  to	
  96%)	
   50%	
  (16%	
  to	
  84%)	
   71%	
  (29%	
  to	
  96%)	
  

NPV	
   57%	
  (18%	
  to	
  90%)	
   88%	
  (47%	
  to	
  
100%)	
  

100%	
  (40%	
  to	
  
100%)	
  

FPR	
  (1-­‐spec)	
   73%	
   36%	
   33%	
  
FNR	
  (1-­‐sens)	
   2%	
   20%	
   0%	
  
Derived	
  from	
  Table	
  4.	
  
	
  

4.3	
  DCE-­‐CT	
  STUDY	
  

4.3.1	
  Qualitative	
  approach	
  
Using	
  the	
  qualitative	
  approach,	
  a	
  statistically	
  significant	
  correla-­‐
tion	
  was	
  established	
  between	
  perfusion	
  patterns	
  and	
  malignancy	
  
(p	
  =	
  0.022).	
  Overall	
  accuracy	
  was	
  89%	
  (81%	
  to	
  98%).	
  If	
  DCE-­‐CT	
  
was	
  used	
  to	
  identify	
  patients	
  with	
  lung	
  cancer,	
  sensitivity,	
  speci-­‐
ficity,	
  positive	
  predictive	
  value	
  and	
  negative	
  predictive	
  value	
  were	
  
83%	
  (69%	
  to	
  92%),	
  83%	
  (52%	
  to	
  98%),	
  95%	
  (84%	
  to	
  99%)	
  and	
  56%	
  
(31%	
  to	
  79%),	
  respectively.	
  If	
  DCE-­‐CT	
  was	
  used	
  to	
  rule	
  out	
  cancer,	
  
sensitivity,	
  specificity,	
  positive	
  predictive	
  value	
  and	
  negative	
  
predictive	
  value	
  were	
  96%	
  (86%	
  to	
  100%),	
  33%	
  (10%	
  to	
  65%),	
  85%	
  
(72%	
  to	
  93%)	
  and	
  67%	
  (22%	
  to	
  96%),	
  respectively.	
  
	
  

4.3.2	
  Quantitative	
  approach	
  
Using	
  the	
  quantitative	
  approach,	
  three	
  separate	
  sets	
  of	
  tissue	
  
ROIs	
  were	
  placed:	
  large	
  ROIs(1)	
  placed	
  using	
  morphological	
  imag-­‐
es,	
  large	
  ROIs(2)	
  placed	
  using	
  perfusion	
  maps	
  and	
  small	
  ROIs	
  
placed	
  using	
  perfusion	
  maps.	
  This	
  yielded	
  a	
  plethora	
  of	
  results,	
  as	
  
follows.	
  
First,	
  because	
  of	
  their	
  non-­‐normal	
  nature,	
  DCE-­‐CT	
  measurements	
  
must	
  be	
  analysed	
  using	
  the	
  log	
  scale.	
  Second,	
  there	
  were	
  no	
  
measurable	
  differences	
  between	
  large	
  ROIs(1)	
  and	
  large	
  ROIs(2).	
  
On	
  the	
  other	
  hand,	
  there	
  were	
  measurable	
  differences	
  between	
  
large	
  ROIs(2)	
  and	
  small	
  ROIs.	
  In	
  general,	
  small	
  ROI	
  measurements	
  
were	
  higher.	
  This	
  was	
  supported	
  by	
  median	
  ratios	
  and	
  by	
  95%	
  
limits	
  of	
  agreement	
  and	
  was	
  highly	
  significant	
  for	
  perfusion	
  (p	
  <	
  
0.001),	
  peak	
  enhancement	
  intensity	
  (p	
  <	
  0.001)	
  and	
  blood	
  volume	
  
(p	
  <	
  0.001).	
  Third,	
  neither	
  perfusion,	
  peak	
  enhancement	
  intensity,	
  
time	
  to	
  peak,	
  nor	
  blood	
  volume	
  could	
  be	
  used	
  to	
  distinguish	
  
between	
  malignant	
  and	
  benign	
  lesions.	
  This	
  was	
  irrespective	
  of	
  
the	
  method	
  of	
  quantification	
  [large	
  ROI(1),	
  (0.13	
  <	
  p	
  <	
  0.96);	
  large	
  
ROI(2),	
  (0.13	
  <	
  p	
  <	
  0.76);	
  and	
  small	
  ROI,	
  (0.084	
  <	
  p	
  <	
  0.73)].	
  
Fourth,	
  although	
  there	
  were	
  no	
  indications	
  of	
  systematic	
  repro-­‐
ducibility	
  bias,	
  the	
  95%	
  limits	
  of	
  agreement	
  were	
  so	
  broad,	
  that	
  
the	
  risk	
  of	
  disagreement	
  could	
  potentially	
  affect	
  the	
  clinical	
  utility	
  
of	
  the	
  measurements.	
  This	
  was	
  irrespective	
  of	
  the	
  method	
  of	
  
quantification.	
  
	
  

4.4	
  CT	
  VERSUS	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  STUDY	
  

4.4.1	
  Overall	
  results	
  
114	
  patients	
  participated	
  in	
  the	
  study.	
  89	
  of	
  these	
  patients	
  re-­‐
ceived	
  surgery	
  with	
  complete	
  lymph	
  node	
  resection;	
  25	
  received	
  
mediastinoscopy/-­‐tomy	
  only.	
  The	
  nodal	
  stage	
  distribution	
  was	
  
61%	
  (69/114)	
  N0,	
  13%	
  (15/114)	
  N1,	
  23%	
  (26/114)	
  N2	
  and	
  4%	
  
(4/114)	
  N3.	
  
There	
  was	
  no	
  significant	
  difference	
  between	
  the	
  areas	
  under	
  the	
  
ROC	
  curves	
  of	
  CT	
  and	
  F-­‐	
  18-­‐FDG	
  PET/CT	
  (χ2	
  =	
  0.53;	
  p	
  =	
  0.47)	
  (Fig-­‐
ure	
  12).	
  However,	
  whereas	
  CT	
  results	
  were	
  significantly	
  associat-­‐
ed	
  to	
  reference	
  standard	
  results	
  (ρ	
  =	
  0.29;	
  p	
  =	
  0.002),	
  F-­‐18-­‐FDG	
  
PET/CT	
  results	
  were	
  not	
  (ρ	
  =	
  0.16;	
  p	
  =	
  0.08).	
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These	
  two	
  parametric	
  ROC	
  curves	
  illustrate	
  the	
  overall	
  mediastinal	
  
staging	
  results	
  of	
  CT	
  (left)	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (right).	
  In	
  this	
  study	
  the	
  
overall	
  diagnostic	
  accuracy	
  of	
  CT	
  and	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  was	
  defined	
  as	
  
the	
  area	
  under	
  the	
  parametric	
  ROC	
  curves.	
  The	
  two	
  ROC	
  curves	
  were	
  
compared	
  using	
  the	
  chi-­‐square	
  test.	
  
	
  
CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  are	
  presented	
  in	
  “wide”	
  layout	
  in	
  
Table	
  7	
  (123).	
  Derived	
  classification	
  probabilities	
  and	
  predictive	
  
values	
  are	
  presented	
  in	
  Table	
  8	
  and	
  Table	
  9.	
  
	
  
Table	
  7a.	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  
Reference	
  std.	
  N0/N1	
   N0	
  (CT)	
   N1	
  (CT)	
   N2	
  (CT)	
   N3	
  (CT)	
   Total	
  
N0	
  (F-­‐18-­‐FDG	
  PET/CT)	
   31	
   7	
   8	
   8	
   54	
  
N1	
  (F-­‐18-­‐FDG	
  PET/CT)	
   5	
   2	
   0	
   1	
   8	
  
N2	
  (F-­‐18-­‐FDG	
  PET/CT)	
   3	
   1	
   7	
   2	
   13	
  
N3	
  (F-­‐18-­‐FDG	
  PET/CT)	
   4	
   0	
   1	
   4	
   9	
  
Total	
   43	
   10	
   16	
   15	
   84	
  
Paired	
  CT	
  (columns)	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (rows)	
  ratings	
  when	
  the	
  reference	
  std.	
  
was	
  indeed	
  N0/N1.	
  
	
  
Table	
  7b.	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  ratings	
  
Reference	
  std.	
  N2/N3	
   N0	
  (CT)	
   N1	
  (CT)	
   N2	
  (CT)	
   N3	
  (CT)	
   Total	
  
N0	
  (F-­‐18-­‐FDG	
  PET/CT)	
   4	
   3	
   3	
   3	
   13	
  
N1	
  (F-­‐18-­‐FDG	
  PET/CT)	
   1	
   0	
   1	
   0	
   2	
  
N2	
  (F-­‐18-­‐FDG	
  PET/CT)	
   0	
   1	
   7	
   4	
   12	
  
N3	
  (F-­‐18-­‐FDG	
  PET/CT)	
   0	
   0	
   0	
   3	
   3	
  
Total	
   5	
   4	
   11	
   10	
   30	
  
Paired	
  CT	
  (columns)	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  (rows)	
  ratings	
  when	
  the	
  reference	
  std.	
  
was	
  indeed	
  N2/N3.	
  
	
  
CT	
  correctly	
  classified	
  65%	
  (74/114)	
  of	
  the	
  cases.	
  27%	
  (31/114)	
  
were	
  falsely	
  overstaged	
  and	
  7%	
  (9/114)	
  were	
  falsely	
  understaged.	
  
The	
  overall	
  sensitivity	
  and	
  specificity	
  of	
  CT	
  for	
  mediastinal	
  staging	
  
were	
  70%	
  (21/30)	
  and	
  63%	
  (53/84),	
  respectively	
  (Table	
  8).	
  Repro-­‐
ducibility	
  of	
  the	
  CT	
  stagings	
  was	
  substantial	
  (κ	
  =	
  0.63	
  (0.47	
  to	
  
0.77))	
  
F-­‐18-­‐FDG	
  PET/CT	
  correctly	
  classified	
  68%	
  (77/114)	
  of	
  the	
  cases.	
  
19%	
  (22/114)	
  were	
  falsely	
  overstaged	
  and	
  13%	
  (15/114)	
  were	
  
falsely	
  understaged.	
  The	
  overall	
  sensitivity	
  and	
  specificity	
  of	
  F-­‐18-­‐
FDG	
  PET/CT	
  for	
  mediastinal	
  staging	
  were	
  50%	
  (15/30)	
  and	
  74%	
  
(62/84),	
  respectively	
  (Table	
  8).	
  Reproducibility	
  of	
  the	
  F-­‐18-­‐FDG	
  
PET/CT	
  stagings	
  was	
  moderate	
  (κ	
  =	
  0.57	
  (0.39	
  to	
  0.72))	
  
The	
  false	
  positive	
  rates	
  (or	
  1	
  –	
  specificity)	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  
PET/CT	
  were	
  37%	
  and	
  26%,	
  respectively;	
  the	
  false	
  negative	
  rates	
  
(or	
  1	
  –	
  sensitivity)	
  were	
  30%	
  and	
  50%,	
  respectively.	
  The	
  false	
  
negative	
  lymph	
  nodes	
  were	
  located	
  at	
  stations	
  3A,	
  4R/L	
  and	
  7,	
  
irrespective	
  of	
  imaging	
  modality.	
  

	
  
Table	
  8.	
  Overall	
  results	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  
	
   CT	
   F-­‐18-­‐FDG	
  PET/CT	
  
Sensitivity	
   70%	
  (51%	
  to	
  85%)	
   50%	
  (31%	
  to	
  69%)	
  
Specificity	
   63%	
  (52%	
  to	
  73%)	
   74%	
  (63%	
  to	
  83%)	
  
Positive	
  predictive	
  value	
   40%	
  (27%	
  to	
  55%)	
   41%	
  (25%	
  to	
  58%)	
  
Negative	
  predictive	
  value	
   86%	
  (74%	
  to	
  93%)	
   81%	
  (70%	
  to	
  89%)	
  
False	
  positive	
  rate	
   37%	
   26%	
  
False	
  negative	
  rate	
   30%	
   50%	
  
Derived	
  from	
  Table	
  7.	
  
	
  

4.4.2	
  Stratified	
  results	
  
Next,	
  CT	
  results	
  were	
  used	
  to	
  stratify	
  F-­‐18-­‐FDG	
  PET/CT	
  results	
  
into	
  subgroups.	
  
In	
  patients	
  with	
  enlarged	
  lymph	
  nodes	
  on	
  CT	
  (n	
  =	
  52),	
  the	
  sensitiv-­‐
ity	
  and	
  specificity	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  67%	
  (14/21)	
  and	
  55%	
  
(17/31),	
  respectively;	
  the	
  false	
  positive	
  rate	
  was	
  45%	
  (Table	
  9).	
  
In	
  patients	
  without	
  enlarged	
  lymph	
  nodes	
  on	
  CT	
  (n	
  =	
  62),	
  the	
  
sensitivity	
  and	
  specificity	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  11%	
  (1/9)	
  and	
  
85%	
  (45/53),	
  respectively;	
  the	
  false	
  negative	
  rate	
  was	
  89%	
  (Table	
  
9).	
  
	
  
Table	
  9.	
  Stratified	
  results	
  of	
  F-­‐18-­‐FDG	
  PET/CT,	
  in	
  patients	
  

	
   with	
  enlarged	
  lymph	
  
nodes	
  on	
  CT	
  

without	
  enlarged	
  lymph	
  
nodes	
  on	
  CT	
  

Sensitivity	
   67%	
  (43%	
  to	
  85%)	
   11%	
  (0%	
  to	
  48%)	
  
Specificity	
   55%	
  (36%	
  to	
  73%)	
   85%	
  (72%	
  to	
  93%)	
  
Positive	
  predictive	
  value	
   50%	
  (31%	
  to	
  69%)	
   11%	
  (0%	
  to	
  48%)	
  
Negative	
  predictive	
  value	
   71%	
  (49%	
  to	
  87%)	
   85%	
  (72%	
  to	
  93%)	
  
False	
  positive	
  rate	
   45%	
   15%	
  
False	
  negative	
  rate	
   33%	
   89%	
  
Derived	
  from	
  Table	
  7.	
  
	
  

4.4.3	
  Metastases	
  
CT	
  identified	
  a	
  total	
  of	
  29	
  patients	
  with	
  metastases.	
  Most	
  of	
  these	
  
metastases	
  were	
  located	
  to	
  the	
  pleural	
  or	
  pericardial	
  fluid	
  or	
  the	
  
contralateral	
  lung.	
  8	
  of	
  the	
  metastases	
  were	
  verified	
  by	
  biopsy.	
  
F-­‐18-­‐FDG	
  PET/CT	
  identified	
  a	
  total	
  of	
  44	
  patients	
  with	
  metastases.	
  
Most	
  of	
  these	
  metastases	
  were	
  located	
  to	
  the	
  bones	
  or	
  the	
  con-­‐
tralateral	
  lung.	
  9	
  of	
  the	
  metastases	
  were	
  verified	
  by	
  biopsy.	
  
	
  

5. DISCUSSION	
  
The	
  discussion	
  will	
  evolve	
  around	
  the	
  main	
  question	
  of	
  this	
  PhD:	
  
The	
  performance	
  characteristics	
  of	
  the	
  standardized	
  imaging	
  
modalities	
  chest	
  radiography,	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  for	
  charac-­‐
terisation	
  of	
  pulmonary	
  lesions,	
  followed	
  by	
  a	
  discussion	
  of	
  the	
  
experimental	
  imaging	
  modality	
  DCE-­‐CT.	
  The	
  performance	
  charac-­‐
teristics	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  for	
  mediastinal	
  staging	
  in	
  
NSCLC	
  are	
  also	
  discussed.	
  Finally,	
  general	
  limitations	
  of	
  the	
  stud-­‐
ies	
  and	
  comments	
  on	
  the	
  evolvement	
  of	
  the	
  imaging	
  algorithms	
  
in	
  the	
  past	
  few	
  years	
  are	
  discussed.	
  
	
  

5.1	
  CHARACTERISATION	
  OF	
  PULMONARY	
  NODULES	
  

5.1.4	
  HRCT	
  study	
  
The	
  distribution	
  of	
  solid	
  nodules,	
  partly	
  solid	
  nodules	
  and	
  GGOs	
  in	
  
our	
  study	
  did	
  not	
  match	
  that	
  of	
  the	
  ELCAP	
  study.	
  Like	
  in	
  the	
  
ELCAP	
  study	
  however,	
  there	
  was	
  an	
  overweight	
  of	
  malignancy	
  
among	
  the	
  partly	
  solid	
  nodules.	
  The	
  first	
  part	
  of	
  our	
  study	
  was	
  
based	
  on	
  a	
  previous	
  study	
  in	
  which	
  Furuya	
  et	
  al	
  cross-­‐tabulated	
  
edge	
  morphology	
  with	
  malignancy	
  and	
  came	
  to	
  highly	
  significant	
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results	
  (124).	
  However,	
  these	
  results	
  have	
  later	
  been	
  questioned	
  
(125).	
  In	
  our	
  study,	
  focus	
  was	
  on	
  edge	
  morphology	
  of	
  solid	
  nod-­‐
ules	
  only.	
  These	
  were	
  organised	
  into	
  categories	
  according	
  to	
  
patient	
  risk.	
  On	
  that	
  basis,	
  a	
  highly	
  significant	
  association	
  with	
  
malignancy	
  was	
  achieved	
  with	
  clinically	
  acceptable	
  reproducibil-­‐
ity.	
  Similarly,	
  for	
  calcification	
  patterns,	
  a	
  highly	
  significant	
  associa-­‐
tion	
  with	
  malignancy	
  was	
  found	
  and	
  also	
  this	
  time	
  with	
  an	
  ac-­‐
ceptable	
  reproducibility.	
  In	
  addition,	
  a	
  highly	
  significant	
  
association	
  was	
  found	
  between	
  retraction	
  of	
  the	
  pleura	
  and	
  ma-­‐
lignancy.	
  
This	
  study	
  confirmed	
  that	
  attenuation	
  and	
  edge	
  morphology	
  are	
  
easy	
  to	
  apply	
  in	
  clinical	
  practice,	
  although	
  certain	
  types	
  of	
  edges	
  
are	
  hard	
  to	
  discriminate	
  (Figure	
  13).	
  However,	
  data	
  from	
  this	
  
study	
  show	
  that	
  when	
  further	
  organised	
  by	
  their	
  inherent	
  risk	
  of	
  
malignancy,	
  the	
  clinical	
  impact	
  of	
  these	
  discrepancies	
  is	
  of	
  minor	
  
importance	
  and	
  that	
  the	
  reproducibility	
  of	
  dividing	
  patients	
  into	
  
risk	
  of	
  malignancy	
  groups	
  is	
  high.	
  Calcification	
  patterns	
  and	
  pleu-­‐
ral	
  retraction	
  are	
  also	
  easy	
  to	
  apply	
  in	
  the	
  daily	
  clinical	
  practice	
  
and	
  these	
  features	
  have	
  high	
  reproducibility	
  as	
  well.	
  

	
  

	
  
Figure13	
  
	
  (Top	
  row)	
  Two	
  HRCT	
  images	
  of	
  the	
  same	
  SPN	
  on	
  two	
  different	
  slices	
  4	
  
mm	
  apart.	
  (Bottom	
  row)	
  Two	
  HRCT	
  images	
  of	
  another	
  SPN	
  on	
  two	
  
different	
  slices	
  5	
  mm	
  apart.	
  These	
  images	
  illustrate	
  that	
  the	
  same	
  nod-­‐
ule	
  can	
  look	
  very	
  different	
  on	
  slices	
  closely	
  apart.	
  Naturally,	
  this	
  affects	
  
the	
  reproducibility	
  of	
  edge	
  morphology	
  and	
  is	
  the	
  reason	
  behind	
  the	
  
need	
  to	
  organize	
  nodules	
  into	
  risk	
  categories.	
  (All:	
  C	
  425	
  to	
  W1400)	
  
	
  
The	
  second	
  part	
  of	
  the	
  study	
  dealt	
  with	
  the	
  diagnostic	
  accuracy	
  of	
  
using	
  HRCT	
  to	
  identify	
  patients	
  with	
  lung	
  cancer	
  or	
  to	
  rule	
  out	
  
cancer.	
  Although	
  it	
  was	
  not	
  possible	
  to	
  identify	
  previous	
  studies	
  
applying	
  HRCT	
  in	
  this	
  way,	
  the	
  sensitivity	
  and	
  specificity	
  of	
  our	
  
study	
  closely	
  matched	
  international	
  reports	
  in	
  which	
  standard	
  
contrast-­‐enhanced	
  CT	
  were	
  used	
  to	
  identify	
  patients	
  with	
  lung	
  
cancer	
  (3,	
  49).	
  It	
  was	
  not	
  possible	
  to	
  identify	
  previous	
  reports	
  in	
  
which	
  CT	
  was	
  used	
  specifically	
  to	
  rule	
  out	
  cancer.	
  
One	
  issue	
  remains,	
  however.	
  In	
  the	
  identification	
  of	
  patients	
  with	
  
lung	
  cancer,	
  a	
  strategy	
  intended	
  to	
  maximize	
  the	
  positive	
  predic-­‐
tive	
  value	
  was	
  chosen.	
  In	
  spite	
  of	
  this	
  strategy,	
  there	
  was	
  a	
  false	
  
positive	
  rate	
  of	
  28%.	
  Thus,	
  there	
  is	
  a	
  substantial	
  risk	
  of	
  overdiag-­‐

nosis	
  of	
  cancer-­‐free	
  individuals.	
  In	
  contrast,	
  a	
  strategy	
  intended	
  to	
  
maximize	
  the	
  negative	
  predictive	
  value	
  was	
  applied	
  to	
  rule	
  out	
  
cancer.	
  In	
  this	
  case	
  there	
  was	
  a	
  false	
  negative	
  rate	
  of	
  2%.	
  These	
  
numbers	
  indicate	
  that	
  HRCT	
  is	
  in	
  fact	
  best	
  suited	
  to	
  rule	
  out	
  can-­‐
cer.	
  
In	
  conclusion,	
  HRCT	
  of	
  a	
  solitary	
  pulmonary	
  nodule,	
  assessed	
  
using	
  attenuation	
  and	
  morphological	
  criteria	
  is	
  fast,	
  widely	
  avail-­‐
able	
  and	
  effective	
  method	
  for	
  diagnosing	
  lung	
  cancer	
  correctly,	
  
and	
  especially	
  for	
  ruling	
  out	
  cancer.	
  
	
  

5.1.5	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study	
  
Previous	
  studies	
  by	
  our	
  research	
  group	
  have	
  indicated	
  that	
  the	
  
prevalence	
  of	
  lung	
  cancer	
  is	
  15%	
  to	
  20%	
  in	
  the	
  population	
  re-­‐
ferred	
  to	
  CT	
  (126,	
  127).	
  However,	
  in	
  this	
  study	
  the	
  “pre-­‐study”	
  
standard	
  contrast-­‐enhanced	
  CT	
  raised	
  the	
  prevalence	
  of	
  malig-­‐
nancy	
  to	
  more	
  than	
  80%,	
  a	
  significant	
  result	
  in	
  itself.	
  It	
  was	
  obvi-­‐
ous	
  from	
  the	
  overall	
  results,	
  that	
  standard	
  contrast-­‐enhanced	
  CT	
  
is	
  better	
  suited	
  to	
  diagnose	
  patients	
  with	
  lung	
  cancer,	
  than	
  to	
  rule	
  
out	
  cancer;	
  all	
  other	
  things	
  being	
  equal,	
  the	
  specificity	
  for	
  the	
  
former	
  purpose	
  was	
  20	
  percentage	
  points	
  higher	
  than	
  for	
  the	
  
latter	
  one.	
  On	
  the	
  other	
  hand,	
  there	
  was	
  strikingly	
  little	
  difference	
  
between	
  overall	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  results.	
  
These	
  results	
  raised	
  a	
  need	
  for	
  stratification	
  according	
  to	
  CT	
  
results	
  in	
  order	
  to	
  mimic	
  the	
  setup	
  in	
  the	
  daily	
  practice.	
  When	
  
reviewing	
  the	
  stratified	
  results,	
  it	
  appeared	
  that	
  F-­‐18-­‐FDG	
  PET/CT	
  
could	
  be	
  an	
  effective	
  examination	
  for	
  patients,	
  if	
  these	
  were	
  
previously	
  identified	
  with	
  lung	
  cancer	
  on	
  CT	
  or	
  if	
  the	
  CT	
  was	
  inde-­‐
terminate.	
  However,	
  in	
  a	
  clinical	
  setting,	
  these	
  patients	
  would	
  
already	
  be	
  considered	
  highly	
  suspicious	
  for	
  malignant	
  disease	
  and	
  
though	
  F-­‐18-­‐FDG	
  PET/CT	
  might	
  make	
  the	
  likelihood	
  of	
  lung	
  cancer	
  
even	
  higher,	
  the	
  need	
  to	
  obtain	
  a	
  lesion	
  biopsy	
  would	
  in	
  most	
  
cases	
  make	
  further	
  diagnostic	
  imaging	
  redundant.	
  Thus,	
  in	
  this	
  
context,	
  F-­‐18-­‐FDG	
  PET/CT	
  would	
  make	
  no	
  difference	
  to	
  these	
  
patients.	
  The	
  next	
  question	
  was	
  whether	
  F-­‐18-­‐FDG	
  PET/CT	
  should	
  
be	
  offered	
  to	
  patients,	
  if	
  these	
  were	
  previously	
  deemed	
  cancer-­‐
free	
  on	
  CT.	
  Obviously,	
  for	
  these	
  patients	
  the	
  major	
  clinical	
  issue	
  
would	
  be	
  to	
  rule	
  out	
  cancer.	
  However,	
  the	
  low	
  prevalence	
  of	
  
malignancy	
  in	
  these	
  patients	
  combined	
  with	
  the	
  rather	
  significant	
  
false	
  negative	
  rate	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  indicates	
  that	
  the	
  chance	
  
of	
  finding	
  an	
  additional	
  lung	
  cancer	
  in	
  this	
  group	
  would	
  be	
  so	
  low	
  
that	
  it	
  would	
  hardly	
  justify	
  further	
  workup.	
  Therefore,	
  clinically,	
  it	
  
would	
  make	
  more	
  sense	
  to	
  follow	
  these	
  patients	
  with	
  CT.	
  
The	
  results	
  of	
  this	
  study	
  are	
  fairly	
  close	
  to	
  those	
  previously	
  re-­‐
ported	
  on	
  the	
  subject,	
  further	
  bolstering	
  these.	
  In	
  the	
  present	
  
study,	
  the	
  prevalence	
  of	
  malignancy	
  was	
  81%.	
  If	
  CT	
  was	
  used	
  to	
  
identify	
  patients	
  with	
  lung	
  cancer,	
  sensitivity	
  and	
  specificity	
  were	
  
93%	
  and	
  53%,	
  respectively;	
  F-­‐18-­‐FDG	
  PET/CT	
  sensitivity	
  and	
  speci-­‐
ficity	
  were	
  97%	
  and	
  47%,	
  respectively.	
  In	
  comparison,	
  in	
  analysis	
  
by	
  Wahidi	
  et	
  al	
  from	
  2007	
  (3),	
  the	
  prevalence	
  of	
  malignancy	
  was	
  
48%	
  to	
  73%	
  in	
  8	
  studies	
  of	
  CT	
  imaging.	
  In	
  the	
  same	
  analysis,	
  the	
  
prevalence	
  of	
  malignancy	
  was	
  46%	
  to	
  82%	
  in	
  17	
  studies	
  of	
  F-­‐18-­‐
FDG	
  PET	
  imaging.	
  CT	
  sensitivity	
  was	
  98%	
  to	
  100%	
  (median,	
  100%)	
  
and	
  specificity	
  was	
  54%	
  to	
  95%	
  (median,	
  75%);	
  F-­‐18-­‐FDG	
  PET/CT	
  
sensitivity	
  was	
  80%	
  to	
  100%	
  (median,	
  87%)	
  and	
  specificity	
  was	
  
40%	
  to	
  100%	
  (median,	
  83%).	
  In	
  turn,	
  those	
  results	
  were	
  slightly	
  
less	
  optimistic	
  than	
  those	
  of	
  40	
  studies	
  of	
  F-­‐18-­‐FDG	
  PET	
  analysed	
  
by	
  Gould	
  et	
  al	
  in	
  2001	
  (49).	
  
There	
  were	
  some	
  limitations	
  to	
  the	
  design	
  of	
  this	
  study,	
  the	
  most	
  
significant	
  of	
  which	
  was	
  whether	
  it	
  was	
  justifiable	
  to	
  let	
  the	
  out-­‐
come	
  of	
  one	
  imaging	
  test	
  determine	
  whether	
  the	
  next	
  should	
  be	
  
carried	
  out.	
  However,	
  as	
  mentioned	
  above,	
  this	
  trial	
  was	
  per-­‐
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formed	
  in	
  the	
  clinical	
  setting	
  and	
  represented	
  everyday	
  imaging	
  
algorithms	
  and	
  problems.	
  Clinically,	
  it	
  would	
  not	
  be	
  feasible	
  to	
  
suggest	
  F-­‐18-­‐FDG	
  PET/CT	
  as	
  the	
  first	
  examination	
  for	
  patients	
  
with	
  suspected	
  lung	
  cancer	
  due	
  to	
  cost-­‐benefit	
  analyses	
  as	
  well	
  as	
  
due	
  to	
  radiation	
  exposure	
  considerations.	
  
Conversely,	
  our	
  study’s	
  strengths	
  must	
  also	
  be	
  mentioned.	
  Pa-­‐
tient	
  sampling	
  preceded	
  both	
  imaging	
  and	
  reference	
  standard.	
  
This	
  prospective	
  design,	
  as	
  well	
  as	
  the	
  blinding	
  procedure	
  con-­‐
forms	
  to	
  the	
  STARD	
  statement	
  from	
  2003,	
  which	
  dictates	
  that	
  
these	
  are	
  both	
  natural	
  requisites	
  in	
  studies	
  of	
  diagnostic	
  accuracy	
  
(128).	
  Furthermore,	
  there	
  was	
  the	
  large	
  study	
  size:	
  168	
  partici-­‐
pants	
  with	
  pulmonary	
  lesions	
  were	
  included.	
  This	
  should	
  be	
  com-­‐
pared	
  to	
  an	
  average	
  study	
  size	
  of	
  37	
  to	
  66	
  participants	
  per	
  study	
  
for	
  both	
  CT	
  and	
  for	
  F-­‐18-­‐FDG	
  PET/CT	
  in	
  most	
  studies	
  (3,	
  49),	
  
making	
  our	
  study	
  comparably	
  strong.	
  In	
  addition,	
  all	
  results	
  in	
  this	
  
study	
  were	
  controlled	
  for	
  reproducibility.	
  Though	
  this	
  has	
  been	
  
standard	
  for	
  CT	
  since	
  the	
  STARD	
  statement,	
  to	
  the	
  best	
  of	
  our	
  
knowledge,	
  reproducibility	
  has	
  not	
  previously	
  been	
  controlled	
  for	
  
F-­‐18-­‐FDG	
  PET/CT.	
  
In	
  conclusion,	
  this	
  study	
  was	
  initiated	
  to	
  compare	
  CT	
  with	
  F-­‐18-­‐
FDG	
  PET/CT	
  for	
  characterisation	
  of	
  pulmonary	
  lesions	
  in	
  patients	
  
with	
  suspected	
  lung	
  cancer.	
  When	
  used	
  early	
  in	
  the	
  work-­‐up	
  of	
  
the	
  lesions,	
  CT	
  raised	
  the	
  prevalence	
  of	
  lung	
  cancer	
  in	
  the	
  popula-­‐
tion	
  to	
  the	
  point	
  at	
  which	
  further	
  diagnostic	
  imaging	
  examination	
  
could	
  be	
  considered	
  redundant.	
  Standard	
  contrast-­‐enhanced	
  CT	
  
seems	
  better	
  suited	
  to	
  identify	
  patients	
  with	
  lung	
  cancer	
  than	
  to	
  
rule	
  out	
  cancer.	
  Finally,	
  the	
  overall	
  diagnostic	
  accuracy	
  as	
  well	
  as	
  
the	
  classification	
  probabilities	
  and	
  predictive	
  values	
  of	
  the	
  two	
  
modalities	
  were	
  not	
  significantly	
  different.	
  The	
  reproducibility	
  of	
  
the	
  above	
  results	
  was	
  substantial.	
  
	
  

5.3.6	
  DCE-­‐CT	
  study	
  
To	
  our	
  knowledge,	
  a	
  qualitative	
  approach	
  to	
  DCE-­‐CT	
  has	
  not	
  
previously	
  been	
  reported.	
  In	
  that	
  sense,	
  these	
  results	
  are	
  unique.	
  
However,	
  we	
  had	
  to	
  conclude,	
  that	
  although	
  we	
  established	
  a	
  
connection	
  between	
  perfusion	
  patterns	
  and	
  malignancy,	
  and	
  
although	
  we	
  achieved	
  acceptable	
  overall	
  accuracy,	
  sensitivity,	
  and	
  
specificity,	
  these	
  results	
  were	
  less	
  impressive	
  when	
  compared	
  to	
  
our	
  previous	
  studies	
  of	
  CT	
  alone	
  (126),	
  as	
  well	
  as	
  of	
  CT	
  with	
  an	
  
additional	
  HRCT	
  (127).	
  In	
  fact,	
  we	
  had	
  to	
  conclude	
  that	
  this	
  new	
  
qualitative	
  approach	
  to	
  DCE-­‐CT	
  does	
  not	
  contribute	
  anything	
  new	
  
in	
  patients	
  with	
  suspected	
  lung	
  cancer.	
  
If	
  we	
  turn	
  to	
  the	
  quantitative	
  approach	
  to	
  DCE-­‐CT,	
  the	
  last	
  decade	
  
has	
  seen	
  positive	
  reports	
  of	
  the	
  benefits	
  of	
  DCE-­‐CT	
  in	
  the	
  diagno-­‐
sis	
  of	
  colorectal	
  cancer	
  	
  (129-­‐131),	
  head	
  and	
  neck	
  cancer	
  	
  (132,	
  
133)	
  and	
  lung	
  cancer	
  	
  (74-­‐78).	
  So	
  far,	
  however,	
  logarithmic	
  scale	
  
data	
  transformation	
  prior	
  to	
  analysis	
  has	
  not	
  been	
  standard	
  in	
  
quantitative	
  approaches;	
  none	
  the	
  less,	
  our	
  data	
  was	
  unambigu-­‐
ously	
  in	
  favour	
  of	
  data	
  transformation.	
  Logarithmic	
  scale	
  data	
  
transformation	
  lowered	
  variance	
  and	
  made	
  analyses	
  as	
  well	
  as	
  
results	
  more	
  robust.	
  Therefore,	
  it	
  seems	
  reasonable	
  that	
  loga-­‐
rithmic	
  scale	
  data	
  transformation	
  should	
  be	
  used	
  in	
  other	
  DCE-­‐CT	
  
studies	
  as	
  well.	
  
We	
  were	
  not	
  able	
  to	
  distinguish	
  between	
  malignant	
  and	
  benign	
  
lesions;	
  this	
  is	
  despite	
  the	
  fact	
  that	
  we	
  examined	
  three	
  different	
  
ROI	
  methods.	
  At	
  least	
  for	
  small	
  ROIs	
  this	
  came	
  as	
  a	
  surprise	
  to	
  us,	
  
as	
  small	
  ROIs,	
  in	
  theory,	
  only	
  reflect	
  viable	
  lesion	
  tissue.	
  On	
  that	
  
basis,	
  we	
  find	
  it	
  somewhat	
  difficult	
  to	
  recommend	
  DCE-­‐CT	
  for	
  
patients	
  with	
  suspected	
  lung	
  cancer,	
  and	
  thus,	
  find	
  ourselves	
  in	
  
dissent	
  to	
  previous	
  studies	
  on	
  the	
  matter.	
  As	
  reported	
  in	
  the	
  
methodology	
  section,	
  Zhang	
  et	
  al	
  (78),	
  and	
  Yi	
  et	
  al	
  (65)	
  reported	
  

that	
  perfusion	
  and	
  peak	
  enhancement	
  intensity	
  measurements	
  
are	
  higher	
  for	
  malignant	
  and	
  inflammatory	
  lesions	
  than	
  for	
  benign	
  
lesions.	
  However,	
  in	
  none	
  of	
  these	
  reports	
  did	
  the	
  authors	
  use	
  log	
  
scale	
  data	
  transformation	
  of	
  data	
  prior	
  to	
  analysis;	
  and,	
  as	
  they	
  
furthermore	
  did	
  not	
  discriminate	
  between	
  malignant	
  and	
  inflam-­‐
matory	
  lesions,	
  these	
  results	
  are	
  of	
  little	
  clinical	
  value	
  and	
  will	
  
remain	
  so	
  until	
  valid	
  cut-­‐offs	
  can	
  be	
  established	
  that	
  can	
  discrimi-­‐
nate	
  between	
  malignant	
  lesions	
  and	
  all	
  types	
  of	
  benign	
  lesions.	
  
The	
  reproducibility	
  was	
  also	
  troublesome.	
  The	
  more	
  specific	
  the	
  
tissue	
  ROIs	
  got,	
  the	
  more	
  the	
  reproducibility	
  fell,	
  along	
  with	
  the	
  
validity	
  of	
  the	
  results.	
  Although	
  there	
  were	
  no	
  indications	
  of	
  
systematic	
  reproducibility	
  bias,	
  the	
  95%	
  limits	
  of	
  agreement	
  were	
  
too	
  broad.	
  Unfortunately,	
  as	
  long	
  as	
  no	
  current	
  software	
  suites	
  
automatically	
  draw	
  reliable	
  ROIs	
  and	
  propagate	
  them	
  throughout	
  
the	
  sequences,	
  lack	
  of	
  reproducibility	
  must	
  be	
  expected.	
  This	
  has	
  
been	
  experienced	
  for	
  all	
  functional	
  modalities	
  that	
  rely	
  on	
  the	
  
application	
  of	
  tissue	
  ROIs.	
  We	
  consider	
  this	
  lack	
  of	
  reproducibility	
  
another	
  setback	
  for	
  the	
  clinical	
  utility	
  of	
  DCE-­‐CT	
  for	
  patients	
  with	
  
suspected	
  lung	
  cancer	
  (123).	
  In	
  that	
  sense,	
  we	
  tend	
  to	
  agree	
  with	
  
Ng	
  et	
  al,	
  who,	
  in	
  a	
  study	
  regarding	
  late	
  stage	
  lung	
  cancer,	
  con-­‐
cluded	
  that	
  the	
  broad	
  95%	
  limits	
  of	
  agreement	
  could	
  potentially	
  
be	
  of	
  concern	
  (83,	
  84).	
  In	
  our	
  study,	
  lack	
  of	
  reproducibility	
  repre-­‐
sented	
  a	
  setback	
  for	
  DCE-­‐CT.	
  
This	
  study’s	
  strengths	
  must	
  also	
  be	
  mentioned.	
  As	
  patient	
  sam-­‐
pling	
  preceded	
  both	
  imaging	
  and	
  reference	
  standard,	
  the	
  study	
  
design	
  was	
  prospective,	
  and	
  as	
  in	
  both	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  
studies,	
  this	
  design	
  is	
  follows	
  the	
  STARD	
  statement.	
  It	
  is	
  also	
  
essential	
  to	
  mention	
  that	
  most	
  of	
  the	
  preliminary	
  studies	
  cited	
  in	
  
this	
  report	
  have	
  included	
  15	
  to	
  30	
  participants,	
  whereas	
  the	
  more	
  
thorough	
  studies	
  have	
  included	
  approximately	
  60	
  participants,	
  
making	
  this	
  study,	
  with	
  its	
  59	
  participants	
  comparatively	
  strong.	
  
In	
  conclusion,	
  the	
  results	
  of	
  the	
  qualitative	
  approach	
  were	
  ac-­‐
ceptable	
  in	
  their	
  own	
  right.	
  They	
  did	
  not,	
  however,	
  add	
  anything	
  
new	
  when	
  compared	
  to	
  standard	
  CT.	
  The	
  quantitative	
  approach	
  
gave	
  rise	
  to	
  several	
  conclusions	
  concerning	
  DCE-­‐CT	
  analysis	
  as	
  
well	
  as	
  the	
  use	
  of	
  DCE-­‐CT	
  in	
  the	
  diagnosis	
  of	
  lung	
  cancer:	
  First,	
  
that	
  DCE-­‐CT	
  is	
  best	
  analysed	
  using	
  logarithmic	
  scale	
  data	
  trans-­‐
formation;	
  second,	
  that	
  irrespective	
  of	
  the	
  ROI	
  method	
  applied,	
  it	
  
was	
  not	
  possible	
  to	
  discriminate	
  malignant	
  and	
  benign;	
  and,	
  third,	
  
that	
  the	
  lack	
  of	
  reproducibility	
  should	
  be	
  addressed.	
  
	
  
5.2	
  Mediastinal	
  staging	
  in	
  NSCLC	
  
Staging	
  is	
  used	
  to	
  predict	
  survival	
  and	
  to	
  guide	
  the	
  patient	
  toward	
  
the	
  most	
  appropriate	
  treatment	
  regimen	
  or	
  clinical	
  trial.	
  The	
  most	
  
important	
  distinction	
  is	
  between	
  those	
  patients	
  who	
  are	
  candi-­‐
dates	
  for	
  surgery	
  and	
  those	
  who	
  may	
  benefit	
  from	
  chemotherapy,	
  
radiation	
  therapy	
  or	
  both.	
  Distinguishing	
  malignant	
  involvement	
  
of	
  the	
  ipsilateral	
  or	
  contralateral	
  mediastinal	
  lymph	
  nodes	
  (N2	
  or	
  
N3)	
  from	
  the	
  ipsilateralhilar	
  lymph	
  nodes	
  or	
  no	
  lymph	
  nodes	
  (N0	
  
or	
  N1)	
  is	
  critical,	
  because	
  malignant	
  involvement	
  of	
  N2	
  or	
  N3	
  
lymph	
  nodes	
  usually	
  indicates	
  non–surgically	
  resectable	
  disease.	
  
	
  

5.2.3	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study	
  
The	
  overall	
  prevalence	
  of	
  N2	
  or	
  N3	
  disease	
  was	
  26%	
  in	
  our	
  study	
  
population.	
  There	
  was	
  no	
  significant	
  difference	
  between	
  CT	
  and	
  
F-­‐18-­‐FDG	
  PET/CT	
  staging	
  results.	
  As	
  such,	
  approximately	
  two-­‐
thirds	
  of	
  the	
  patients	
  were	
  correctly	
  staged	
  using	
  either	
  CT	
  or	
  F-­‐
18-­‐FDG	
  PET/CT;	
  the	
  remaining	
  one-­‐third	
  of	
  the	
  patients	
  were	
  
incorrectly	
  staged.	
  Whereas	
  CT	
  tended	
  to	
  overstage	
  the	
  mediasti-­‐
nal	
  nodes,	
  F-­‐18-­‐FDG	
  PET/CT	
  tended	
  to	
  overstage	
  as	
  well	
  as	
  under-­‐
stage.	
  The	
  sensitivity	
  and	
  specificity	
  of	
  CT	
  were	
  70%	
  and	
  63%,	
  



 DANISH MEDICAL JOURNAL  20	
  

respectively	
  and	
  the	
  sensitivity	
  and	
  specificity	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  
were	
  50%	
  and	
  74%,	
  respectively.	
  When	
  the	
  false	
  positives	
  and	
  
false	
  negatives	
  were	
  reviewed,	
  it	
  was	
  noteworthy	
  that	
  the	
  false	
  
positive	
  rates	
  of	
  both	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  approximate-­‐
ly	
  30%	
  to	
  33%,	
  while	
  the	
  false	
  negative	
  rate	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  
was	
  as	
  high	
  as	
  50%.	
  Two	
  important	
  messages	
  emerged	
  from	
  
these	
  results.	
  First,	
  approximately	
  one-­‐third	
  of	
  all	
  benign	
  nodes	
  
are	
  falsely	
  deemed	
  to	
  be	
  malignant,	
  irrespective	
  of	
  the	
  imaging	
  
modality.	
  Second,	
  as	
  many	
  as	
  half	
  of	
  all	
  malignant	
  nodes	
  are	
  
falsely	
  deemed	
  to	
  be	
  benign	
  on	
  F-­‐18-­‐FDG	
  PET/CT.	
  Thus,	
  both	
  
imaging	
  modalities	
  overstageand	
  understage	
  the	
  mediastinal	
  
nodes.	
  
Next,	
  the	
  presence	
  of	
  enlarged	
  lymph	
  nodes	
  on	
  CT	
  was	
  used	
  to	
  
stratify	
  F-­‐18-­‐FDG	
  PET/CT	
  results	
  into	
  subgroups.	
  If	
  there	
  were	
  
enlarged	
  lymph	
  nodes	
  on	
  CT,	
  the	
  number	
  of	
  true	
  positives	
  (sensi-­‐
tivity)	
  and	
  false	
  positives	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  increased.	
  Thus,	
  in	
  
patients	
  with	
  enlarged	
  lymph	
  nodes,	
  F-­‐18-­‐FDG	
  PET/CT	
  is	
  more	
  
likely	
  to	
  reveal	
  true	
  positive	
  findings	
  that	
  are	
  due	
  to	
  lymph	
  node	
  
metastasis	
  as	
  well	
  as	
  false	
  positive	
  findings	
  that	
  are	
  due	
  to	
  infec-­‐
tion	
  or	
  inflammation.	
  However,	
  because	
  the	
  negative	
  conse-­‐
quences	
  of	
  false	
  positives	
  are	
  so	
  serious,	
  a	
  positive	
  F-­‐18-­‐FDG	
  
PET/CT	
  should	
  not	
  automatically	
  “rule	
  in”	
  N2	
  or	
  N3	
  disease	
  and	
  
these	
  patients	
  should	
  receive	
  mediastinoscopy,	
  EBUS-­‐TBNA	
  
and/or	
  EUS-­‐NA,	
  unless	
  distant	
  metastases	
  were	
  proven	
  before-­‐
hand.	
  Failure	
  to	
  do	
  so	
  could	
  result	
  in	
  patients	
  with	
  surgically	
  
resectable	
  disease	
  being	
  denied	
  curative	
  surgery.	
  In	
  fact,	
  in	
  that	
  
context,	
  F-­‐18-­‐FDG	
  PET/CT	
  made	
  no	
  clinical	
  difference	
  in	
  this	
  
group	
  of	
  patients.	
  Conversely,	
  if	
  there	
  were	
  no	
  enlarged	
  lymph	
  
nodes	
  on	
  CT,	
  the	
  numbers	
  of	
  true	
  negatives	
  (specificity)	
  of	
  F-­‐18-­‐
FDG	
  PET/CT	
  rose	
  substantially,	
  but	
  there	
  were	
  89%	
  false	
  nega-­‐
tives!	
  Thus,	
  according	
  to	
  our	
  results,	
  a	
  negative	
  F-­‐18-­‐FDG	
  PET/CT	
  
would	
  not	
  obviate	
  the	
  need	
  for	
  mediastinoscopy,	
  EBUS-­‐TBNA	
  
and/or	
  EUS-­‐NA	
  in	
  these	
  patients.	
  In	
  that	
  context,	
  an	
  F-­‐18-­‐FDG	
  
PET/CT	
  examination	
  would	
  not	
  make	
  any	
  difference	
  to	
  these	
  
patients	
  either.	
  	
  
These	
  results	
  are	
  somewhat	
  controversial,	
  considering	
  the	
  pre-­‐
sent	
  general	
  agreement	
  on	
  F-­‐18-­‐FDG	
  PET/CT	
  being	
  highly	
  accu-­‐
rate	
  for	
  mediastinal	
  staging	
  of	
  NSCLC	
  and	
  being	
  superior	
  to	
  CT.	
  In	
  
two	
  large	
  meta-­‐analyses	
  of	
  relevant	
  articles	
  published	
  since	
  the	
  
mid	
  1990s	
  (28,	
  39),	
  F-­‐18-­‐FDG	
  PET	
  sensitivity	
  and	
  specificity	
  for	
  
mediastinal	
  staging	
  of	
  NSCLC	
  have	
  been	
  found	
  to	
  be	
  almost	
  90%.	
  
Although	
  the	
  overall	
  prevalence	
  of	
  N2	
  and	
  N3	
  disease	
  of	
  our	
  
study	
  (26%)	
  is	
  almost	
  exactly	
  identical	
  to	
  the	
  prevalence	
  in	
  these	
  
meta-­‐analyses	
  (29%	
  and	
  32%,	
  respectively),	
  we	
  are	
  nowhere	
  near	
  
their	
  results.	
  Most	
  likely	
  some	
  or	
  all	
  of	
  the	
  studies	
  included	
  in	
  the	
  
meta-­‐analyses	
  represent	
  highly	
  selected	
  study	
  participants,	
  
whereas	
  our	
  study	
  is	
  set	
  in	
  our	
  everyday	
  clinical	
  population.	
  Thus,	
  
our	
  results	
  seem	
  to	
  resemble	
  the	
  results	
  from	
  some	
  newer	
  stud-­‐
ies	
  on	
  the	
  matter	
  in	
  which	
  F-­‐18-­‐FDG	
  PET/CT	
  results	
  are	
  less	
  opti-­‐
mistic	
  (134-­‐139).	
  
There	
  are	
  some	
  limitations	
  to	
  our	
  study,	
  the	
  most	
  important	
  
being	
  whether	
  all	
  mediastinal	
  lymph	
  node	
  metastases	
  were	
  de-­‐
tected	
  by	
  the	
  reference	
  standard.	
  Especially	
  in	
  the	
  patients	
  that	
  
were	
  only	
  examined	
  with	
  mediastinoscopy/-­‐tomy,	
  this	
  could	
  be	
  
an	
  issue.	
  The	
  diagnostic	
  yield	
  of	
  mediastinoscopy/-­‐tomy	
  is	
  opera-­‐
tor	
  dependent	
  and	
  the	
  false	
  negative	
  rate	
  is	
  estimated	
  to	
  be	
  
between	
  3%	
  and	
  20%	
  (28).	
  	
  However,	
  considering	
  that	
  these	
  
procedures	
  were	
  only	
  used	
  to	
  confirm	
  N2	
  or	
  N3	
  disease,	
  they	
  
were	
  accepted	
  as	
  reference	
  standard.	
  
Conversely,	
  our	
  study’s	
  strengths	
  must	
  be	
  mentioned.	
  Patient	
  
sampling	
  preceded	
  both	
  imaging	
  and	
  reference	
  standard.	
  This	
  
prospective	
  design	
  as	
  well	
  as	
  the	
  blinding	
  procedure	
  conforms	
  to	
  
the	
  STARD	
  statement	
  from	
  2003,	
  which	
  dictates	
  that	
  these	
  are	
  

both	
  natural	
  requisites	
  in	
  studies	
  of	
  diagnostic	
  accuracy	
  (128).	
  
Furthermore,	
  there	
  is	
  the	
  large	
  study	
  size:	
  114	
  participants	
  with	
  
NSCLC	
  were	
  included	
  in	
  our	
  study	
  and	
  all	
  participants	
  were	
  exam-­‐
ined	
  both	
  with	
  CT	
  and	
  with	
  F-­‐18-­‐FDG	
  PET/CT.	
  This	
  should	
  be	
  
compared	
  to	
  an	
  average	
  study	
  size	
  of	
  118	
  participants	
  for	
  CT	
  (28),	
  
65	
  participants	
  for	
  F-­‐18-­‐FDG	
  PET	
  (28)	
  and	
  51	
  participants	
  for	
  both	
  
CT	
  and	
  F-­‐18-­‐FDG	
  PET	
  (39),	
  making	
  our	
  study	
  comparably	
  strong.	
  
In	
  addition,	
  all	
  results	
  in	
  this	
  study	
  were	
  controlled	
  for	
  reproduci-­‐
bility.	
  Though	
  this	
  has	
  been	
  standard	
  for	
  CT	
  since	
  the	
  STARD	
  
statement,	
  to	
  the	
  best	
  of	
  our	
  knowledge,	
  reproducibility	
  has	
  not	
  
previously	
  been	
  controlled	
  for	
  F-­‐18-­‐FDG	
  PET/CT.	
  
In	
  addition	
  to	
  the	
  mediastinal	
  staging,	
  we	
  also	
  examined	
  whether	
  
the	
  modalities	
  could	
  contribute	
  to	
  the	
  detection	
  of	
  distant	
  metas-­‐
tases.	
  Thus,	
  all	
  detected	
  metastases	
  were	
  noted	
  and	
  some	
  were	
  
biopsied.	
  However,	
  in	
  cases	
  where	
  more	
  than	
  one	
  metastasis	
  was	
  
detected,	
  only	
  the	
  most	
  accessible	
  was	
  biopsied.	
  29	
  patients	
  with	
  
metastases	
  were	
  identified	
  by	
  CT	
  and	
  44	
  patients	
  with	
  metastases	
  
were	
  identified	
  by	
  F-­‐18-­‐FDG	
  PET/CT.	
  However,	
  as	
  not	
  all	
  of	
  these	
  
metastases	
  were	
  biopsy	
  verified,	
  we	
  found	
  it	
  inappropriate	
  to	
  
analyse	
  these	
  results	
  further,	
  just	
  as	
  it	
  would	
  be	
  inappropriate	
  to	
  
use	
  these	
  results	
  to	
  comment	
  on	
  the	
  future	
  of	
  F-­‐18-­‐FDG	
  PET/CT.	
  
It	
  must	
  be	
  mentioned	
  however,	
  that	
  F-­‐18-­‐FDG	
  PET/CT	
  is	
  increas-­‐
ingly	
  used	
  to	
  identify	
  otherwise	
  unexpected	
  metastases	
  and	
  
thereby	
  to	
  avoid	
  futile	
  thoracotomies.	
  It	
  is	
  also	
  increasingly	
  used	
  
to	
  facilitate	
  oncological	
  treatment	
  decisions	
  and	
  for	
  treatment	
  
monitoring.	
  
In	
  conclusion,	
  no	
  measureable	
  difference	
  could	
  be	
  found	
  be-­‐
tween	
  the	
  CT	
  and	
  the	
  F-­‐18-­‐FDG	
  PET/CT	
  mediastinal	
  staging	
  re-­‐
sults;	
  overall	
  two-­‐thirds	
  of	
  the	
  participants	
  in	
  the	
  study	
  were	
  
correctly	
  staged	
  and	
  almost	
  one-­‐third	
  of	
  the	
  participants	
  were	
  
falsely	
  staged.	
  However,	
  the	
  false	
  positives	
  and	
  false	
  negatives	
  
were	
  balanced	
  in	
  CT,	
  whereas	
  the	
  false	
  negatives	
  were	
  predomi-­‐
nant	
  in	
  F-­‐18-­‐FDG	
  PET/CT.	
  Furthermore,	
  according	
  to	
  the	
  stratified	
  
results	
  of	
  F-­‐18-­‐FDG	
  PET/CT,	
  the	
  need	
  for	
  further	
  investigations	
  
prior	
  to	
  thoracotomy	
  could	
  not	
  be	
  avoided,	
  no	
  matter	
  the	
  size	
  of	
  
the	
  mediastinal	
  lymph	
  nodes.	
  

	
  
In	
  our	
  current	
  clinical	
  setting,	
  all	
  patients	
  are	
  invasively	
  examined	
  
with	
  either	
  Endobronchial	
  Ultrasound	
  (EBUS)	
  or	
  with	
  Endoscopic	
  
Ultrasound	
  (EUS).	
  An	
  exception	
  to	
  this	
  rule	
  is	
  patients	
  that	
  are	
  
found	
  to	
  have	
  metastatic	
  disease.	
  
	
  

5.3	
  LIMITATIONS	
  
The	
  discussion	
  of	
  the	
  limitations	
  of	
  this	
  PhD	
  are	
  mainly	
  related	
  to	
  
study	
  design,	
  study	
  population	
  and	
  statistical	
  power.	
  
	
  
As	
  previously	
  mentioned,	
  the	
  initial	
  use	
  of	
  CT	
  introduces	
  a	
  strong	
  
selection	
  bias	
  into	
  the	
  studies.	
  This	
  selection	
  is	
  responsible	
  for	
  the	
  
high	
  prevalence	
  of	
  malignancy	
  in	
  the	
  studies,	
  and	
  in	
  the	
  CT	
  versus	
  
F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study	
  it	
  may	
  favour	
  CT.	
  As	
  such,	
  it	
  may	
  also	
  
be	
  a	
  possible	
  cause	
  for	
  discrepancies	
  between	
  our	
  studies	
  and	
  
previous	
  works	
  on	
  the	
  subject.	
  However,	
  it	
  should	
  also	
  be	
  recog-­‐
nised	
  that	
  although	
  the	
  population	
  is	
  selected,	
  it	
  represents	
  our	
  
standard	
  clinical	
  work-­‐up	
  for	
  patients	
  with	
  suspected	
  lung	
  cancer	
  
in	
  2008.	
  We	
  consider	
  this	
  selection	
  a	
  strength,	
  and	
  notice	
  that	
  it	
  
raises	
  the	
  prevalence	
  of	
  disease	
  in	
  the	
  examined	
  population	
  to	
  
more	
  than	
  80%.	
  This	
  is	
  a	
  significant	
  result	
  in	
  itself.	
  	
  
Obviously,	
  the	
  optimal	
  trial	
  setting	
  would	
  be	
  either	
  an	
  observa-­‐
tional	
  study,	
  or	
  even	
  better,	
  a	
  multicentre,	
  Randomized	
  Con-­‐
trolled	
  Trial	
  (RCT)	
  comparing	
  CT	
  with	
  HRCT	
  or	
  CT	
  with	
  CT	
  plus	
  
HRCT,	
  or	
  comparing	
  CT	
  with	
  F-­‐18-­‐FDG	
  PET/CT	
  or	
  CT	
  with	
  CT	
  plus	
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F-­‐18-­‐FDG	
  PET/CT	
  in	
  patients	
  with	
  suspected	
  lung	
  cancer.	
  With	
  
such	
  studies	
  it	
  would	
  be	
  possible	
  to	
  measure	
  the	
  diagnostic	
  per-­‐
formance	
  CT,	
  HRCT	
  and	
  F-­‐18-­‐FDG	
  PET/CT,	
  and	
  to	
  address	
  the	
  
false	
  positives	
  and	
  false	
  negatives	
  of	
  each	
  modality	
  more	
  closely.	
  
Furthermore,	
  in	
  an	
  RCT	
  it	
  would	
  be	
  possible	
  to	
  address	
  the	
  diag-­‐
nostic,	
  therapeutic	
  and	
  even	
  the	
  health	
  impact	
  of	
  the	
  modalities.	
  
However,	
  the	
  implication	
  of	
  these	
  study	
  designs	
  would	
  be	
  a	
  signif-­‐
icant	
  increase	
  in	
  radiation	
  exposure	
  to	
  the	
  patients	
  as	
  well	
  as	
  a	
  
significant	
  increase	
  in	
  health	
  related	
  costs.	
  This	
  is	
  especially	
  rele-­‐
vant	
  when	
  considering	
  that	
  only	
  20%	
  to	
  25%	
  of	
  the	
  patients	
  with	
  
suspected	
  lung	
  cancer	
  are	
  eventually	
  diagnosed	
  with	
  cancer.	
  For	
  
those	
  reasons	
  it	
  would	
  not	
  have	
  been	
  possible	
  in	
  2008	
  to	
  setup	
  an	
  
RCT	
  comparing	
  CT,	
  HRCT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  for	
  characterisa-­‐
tion	
  of	
  patients	
  suspected	
  with	
  lung	
  cancer.	
  In	
  2012	
  on	
  the	
  other	
  
hand,	
  an	
  RCT	
  could	
  be	
  interesting.	
  This	
  could	
  be	
  a	
  perspective	
  for	
  
future	
  research.	
  
	
  
Statistical	
  power	
  is	
  the	
  probability	
  that	
  a	
  statistical	
  test	
  will	
  indi-­‐
cate	
  a	
  significant	
  difference	
  when	
  there	
  truly	
  is	
  one.	
  In	
  a	
  study	
  
comparing	
  two	
  groups	
  of	
  individuals,	
  the	
  power	
  of	
  a	
  statistical	
  
test	
  must	
  be	
  sufficient	
  to	
  enable	
  detection	
  of	
  a	
  statistically	
  signifi-­‐
cant	
  difference	
  between	
  the	
  two	
  groups	
  if	
  a	
  difference	
  is	
  truly	
  
present.	
  This	
  issue	
  becomes	
  important	
  if	
  the	
  study	
  results	
  were	
  to	
  
demonstrate	
  no	
  statistically	
  significant	
  difference.	
  If	
  such	
  a	
  nega-­‐
tive	
  result	
  were	
  to	
  occur,	
  there	
  would	
  be	
  two	
  possible	
  interpreta-­‐
tions.	
  The	
  first	
  is	
  that	
  the	
  results	
  of	
  the	
  statistical	
  test	
  are	
  correct	
  
and	
  that	
  there	
  truly	
  is	
  no	
  statistically	
  significant	
  difference	
  (a	
  true-­‐
negative	
  result).	
  The	
  second	
  is	
  that	
  the	
  results	
  of	
  the	
  statistical	
  
test	
  are	
  erroneous	
  and	
  that	
  there	
  is	
  actually	
  an	
  underlying	
  differ-­‐
ence,	
  but	
  the	
  study	
  was	
  not	
  powerful	
  enough	
  to	
  find	
  the	
  differ-­‐
ence,	
  yielding	
  a	
  false-­‐negative	
  result.	
  In	
  statistical	
  terminology,	
  a	
  
false-­‐negative	
  result	
  is	
  known	
  as	
  a	
  type	
  II	
  error.	
  	
  In	
  studies,	
  which	
  
measure	
  certain	
  characteristics	
  of	
  a	
  single	
  group	
  against	
  a	
  refer-­‐
ence	
  standard	
  (descriptive	
  studies),	
  power	
  calculations	
  are	
  of	
  
little	
  use.	
  Thus,	
  statistical	
  power	
  is	
  relevant	
  in	
  the	
  CT	
  versus	
  F-­‐18-­‐
FDG	
  PET/CT	
  studies.	
  	
  
However,	
  before	
  discussing	
  the	
  statistical	
  power	
  of	
  the	
  studies,	
  
the	
  preliminary	
  sample	
  size	
  assessments	
  of	
  these	
  studies	
  should	
  
be	
  mentioned:	
  In	
  2007	
  a	
  series	
  of	
  comprehensive	
  meta-­‐analyses	
  
on	
  the	
  performance	
  characteristics	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  for	
  
diagnosis	
  and	
  staging	
  of	
  lung	
  cancer	
  were	
  published	
  in	
  Chest	
  (3,	
  
28).	
  According	
  to	
  the	
  sensitivities	
  and	
  specificities	
  reported	
  in	
  
these	
  analyses,	
  sample	
  size	
  calculations	
  were	
  made.	
  In	
  the	
  study	
  
on	
  suspected	
  lung	
  cancer	
  96	
  patients	
  (sensitivity)	
  and	
  55	
  patients	
  
(specificity)	
  should	
  be	
  included	
  in	
  each	
  group	
  (95%	
  confidence,	
  
90%	
  power).	
  In	
  the	
  study	
  on	
  mediastinal	
  staging	
  74	
  patients	
  (sen-­‐
sitivity)	
  and	
  21,232	
  patients	
  (specificity)	
  should	
  be	
  included	
  in	
  
each	
  group	
  (95%	
  confidence,	
  90%	
  power).	
  These	
  sample	
  size	
  
assessments	
  were	
  discussed	
  in	
  the	
  research	
  group	
  and	
  since	
  most	
  
of	
  the	
  sample	
  sizes	
  were	
  definitely	
  obtainable	
  it	
  was	
  decided	
  to	
  
initiate	
  the	
  study.	
  
After	
  finishing	
  the	
  studies,	
  it	
  is	
  obvious	
  that	
  study	
  power	
  repre-­‐
sents	
  a	
  challenge.	
  Nobody	
  expected	
  the	
  sensitivities	
  and	
  specifici-­‐
ties	
  of	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  would	
  be	
  so	
  alike.	
  Using	
  a	
  two-­‐
tailed	
  power	
  test,	
  the	
  power	
  of	
  the	
  first	
  study	
  is	
  39%	
  (sensitivity)	
  
and	
  20%	
  (specificity)	
  if	
  CT	
  is	
  used	
  to	
  id	
  lung	
  cancer.	
  If,	
  on	
  the	
  
other	
  hand	
  CT	
  is	
  used	
  to	
  rule	
  out	
  cancer	
  the	
  power	
  is	
  7.9%	
  (sensi-­‐
tivity)	
  and	
  68%	
  (specificity).	
  In	
  the	
  mediastinal	
  staging	
  study	
  the	
  
statistical	
  power	
  is	
  87%	
  (sensitivity)	
  and	
  43%	
  (specificity).	
  In	
  fact,	
  
these	
  percentages	
  make	
  it	
  possible	
  that	
  both	
  these	
  studies	
  suffer	
  
from	
  a	
  type	
  II	
  error.	
  
In	
  the	
  words	
  of	
  the	
  Statistician	
  John	
  Eng,	
  a	
  conclusion	
  on	
  this	
  
increased	
  risk	
  of	
  a	
  type	
  II	
  error	
  could	
  be	
  that:	
  “One	
  could	
  argue	
  

that	
  it	
  is	
  as	
  wasteful	
  and	
  inappropriate	
  to	
  conduct	
  a	
  study	
  with	
  
inadequate	
  power	
  as	
  it	
  is	
  to	
  obtain	
  a	
  diagnostic	
  test	
  of	
  insufficient	
  
sensitivity	
  to	
  rule	
  out	
  a	
  disease.”	
  (140).	
  On	
  the	
  other	
  hand,	
  one	
  
could	
  also	
  argue	
  that	
  our	
  studies	
  are	
  among	
  the	
  largest	
  studies	
  
published	
  on	
  the	
  matter.	
  As	
  such,	
  168	
  patients	
  in	
  the	
  CT	
  versus	
  F-­‐
18-­‐FDG	
  PET/CT	
  (1)	
  study	
  should	
  be	
  compared	
  to	
  an	
  average	
  of	
  37	
  
to	
  66	
  participants	
  in	
  other	
  similar	
  studies	
  (3,	
  49).	
  In	
  the	
  CT	
  versus	
  
F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study	
  114	
  included	
  participants	
  should	
  be	
  
compared	
  to	
  an	
  average	
  study	
  size	
  of	
  118	
  for	
  CT	
  (28),	
  65	
  partici-­‐
pants	
  for	
  F-­‐18-­‐FDG	
  PET/CT	
  (28)	
  and	
  51	
  participants	
  for	
  both	
  CT	
  
and	
  F-­‐18-­‐FDG	
  PET/CT	
  (39).	
  Thus,	
  there	
  appears	
  to	
  be	
  a	
  continuing	
  
need	
  for	
  large	
  clinical	
  studies,	
  just	
  as	
  more	
  meta-­‐analyses	
  are	
  
required	
  before	
  evidence	
  based	
  guidelines	
  can	
  be	
  established.	
  
However,	
  instead	
  of	
  dismissing	
  the	
  studies	
  as	
  the	
  innocent	
  victims	
  
of	
  flawed	
  study	
  designs	
  and	
  poor	
  statistical	
  power,	
  they	
  should	
  be	
  
recognised	
  for	
  their	
  inherent	
  quality:	
  they	
  represent	
  the	
  diagnos-­‐
tic	
  setup	
  in	
  2008	
  and	
  they	
  question	
  the	
  value	
  of	
  new	
  modalities,	
  
which	
  are	
  supposed	
  to	
  replace	
  older	
  established	
  ones.	
  Despite	
  
the	
  flaws,	
  the	
  results	
  of	
  the	
  studies	
  stand	
  and,	
  more	
  than	
  any-­‐
thing	
  else,	
  these	
  results	
  indicate	
  that	
  more	
  research	
  is	
  needed.	
  
Thus,	
  the	
  studies	
  should	
  be	
  considered	
  indicators	
  of	
  where	
  to	
  go	
  
next	
  and	
  to	
  the	
  perspectives	
  of	
  more	
  complex	
  randomised	
  studies	
  
comparing	
  CT	
  with	
  other	
  modalities.	
  
	
  

6. CONCLUSION	
  AND	
  PERSPECTIVES	
  
In	
  daily	
  clinical	
  practice,	
  the	
  work-­‐up	
  of	
  pulmonary	
  nodules	
  and	
  
masses	
  is	
  a	
  challenge	
  in	
  both	
  the	
  numbers	
  of	
  referred	
  patients	
  
and	
  in	
  the	
  complexity.	
  A	
  standard	
  contrast-­‐enhanced	
  CT	
  is	
  often	
  
the	
  first	
  examination,	
  followed	
  by	
  a	
  number	
  of	
  other	
  examina-­‐
tions.	
  	
  
In	
  Aarhus,	
  Denmark	
  the	
  first	
  patient	
  with	
  suspected	
  lung	
  cancer	
  
received	
  CT	
  in	
  1998.	
  Though	
  based	
  on	
  5-­‐10	
  mm	
  slices,	
  this	
  was	
  
immediate	
  success.	
  Already	
  the	
  next	
  year,	
  in	
  1999,	
  as	
  many	
  as	
  
200	
  patients	
  with	
  suspected	
  lung	
  cancer	
  received	
  CT.	
  Since	
  then,	
  
the	
  number	
  of	
  these	
  patients	
  receiving	
  CT	
  has	
  just	
  kept	
  increasing	
  
and	
  presently	
  as	
  many	
  as	
  1,200	
  of	
  these	
  patients	
  receive	
  CT	
  each	
  
year.	
  Today,	
  standard	
  CT	
  is	
  the	
  mainstay	
  of	
  cancer	
  imaging	
  
worldwide.	
  
Not	
  surprisingly,	
  this	
  increase	
  in	
  patients	
  receiving	
  CT	
  has	
  led	
  to	
  a	
  
significant	
  increase	
  in	
  the	
  prevalence	
  of	
  patients	
  diagnosed	
  with	
  
pulmonary	
  lesions	
  as	
  well	
  as	
  increase	
  in	
  the	
  number	
  of	
  patients	
  
diagnosed	
  with	
  lung	
  cancer.	
  However,	
  the	
  survival	
  of	
  these	
  pa-­‐
tients	
  has	
  only	
  increased	
  marginally.	
  According	
  to	
  the	
  Danish	
  Lung	
  
Cancer	
  Database,	
  the	
  survival	
  of	
  the	
  patients	
  is	
  statistically	
  signifi-­‐
cantly	
  increasing,	
  but	
  it	
  is	
  unclear	
  whether	
  this	
  is	
  caused	
  by	
  im-­‐
proved	
  diagnosis	
  and	
  staging,	
  by	
  improved	
  treatment,	
  or	
  by	
  both.	
  
Obviously,	
  the	
  implications	
  of	
  this	
  are	
  unclear.	
  
Questions	
  regarding	
  the	
  safety	
  and	
  cost-­‐effectiveness	
  of	
  aggres-­‐
sively	
  examining	
  a	
  selected	
  population	
  at	
  an	
  increased	
  risk	
  for	
  
lung	
  cancer	
  with	
  CT	
  are	
  not	
  unlike	
  those	
  asked	
  regarding	
  low	
  dose	
  
CT	
  screening	
  of	
  symptom-­‐free	
  individuals.	
  However,	
  it	
  should	
  be	
  
stressed	
  that	
  the	
  two	
  populations	
  are	
  not	
  identical	
  and	
  some	
  of	
  
the	
  adverse	
  health	
  considerations,	
  which	
  should	
  be	
  taken	
  in	
  a	
  
screening	
  population,	
  are	
  of	
  less	
  importance	
  in	
  patients	
  at	
  an	
  
increased	
  risk	
  of	
  lung	
  cancer.	
  
Thus,	
  the	
  point	
  of	
  aggressively	
  examining	
  these	
  risk	
  patients	
  with	
  
CT	
  is	
  to	
  increase	
  the	
  number	
  of	
  lung	
  cancer	
  patients	
  identified	
  at	
  
early	
  disease	
  stages.	
  Treatment	
  of	
  patients	
  with	
  early-­‐stage	
  lung	
  
cancer	
  should	
  decrease	
  the	
  number	
  of	
  patients	
  identified	
  at	
  late	
  
disease	
  stages,	
  resulting	
  in	
  a	
  stage	
  shift	
  toward	
  earlier	
  disease	
  for	
  
the	
  population	
  as	
  a	
  whole	
  and	
  thus,	
  in	
  turn	
  decrease	
  the	
  mortali-­‐
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ty	
  from	
  lung	
  cancer.	
  However,	
  it	
  should	
  be	
  noted	
  that	
  the	
  diagno-­‐
sis	
  of	
  early-­‐stage	
  lung	
  cancer	
  and	
  thus	
  the	
  prolongation	
  of	
  life	
  
with	
  lung	
  cancer	
  is	
  not	
  an	
  aim	
  in	
  itself,	
  as	
  this	
  may	
  be	
  representa-­‐
tive	
  of	
  lead-­‐time	
  bias.	
  Also	
  the	
  diagnosis	
  of	
  more	
  cancers	
  is	
  not	
  an	
  
aim	
  in	
  itself,	
  as	
  this	
  may	
  be	
  representative	
  of	
  length	
  time	
  bias	
  
and/or	
  overdiagnosis.	
  Thus,	
  the	
  aim	
  is	
  to	
  reduce	
  the	
  mortality	
  
from	
  lung	
  cancer,	
  and	
  subsequently	
  to	
  demonstrate	
  this	
  reduc-­‐
tion.	
  
	
  
HRCT	
  using	
  thin	
  slices	
  and	
  a	
  special	
  edge	
  enhancing	
  reconstruc-­‐
tion	
  was	
  introduced	
  to	
  patients	
  with	
  suspected	
  lung	
  cancer	
  in	
  
2000,	
  to	
  determine	
  the	
  precise	
  location	
  and	
  characteristics	
  of	
  
lung	
  nodules.	
  Being	
  highly	
  sensitive,	
  HRCT	
  was	
  used	
  for	
  almost	
  a	
  
decade	
  and	
  was	
  only	
  abandoned	
  recently,	
  when	
  HRCT-­‐like	
  recon-­‐
structions	
  with	
  thin	
  slices	
  and	
  edge	
  enhancement	
  were	
  possible	
  
from	
  standard	
  CT	
  raw	
  data.	
  
Though	
  F-­‐18-­‐FDG	
  PET	
  had	
  existed	
  for	
  years	
  as	
  an	
  experimental	
  
imaging	
  modality	
  in	
  oncology,	
  it	
  was	
  not	
  systematically	
  intro-­‐
duced	
  to	
  patients	
  with	
  suspected	
  lung	
  cancer	
  at	
  our	
  hospital	
  prior	
  
to	
  2008.	
  	
  However,	
  internationally	
  F-­‐18-­‐FDG	
  PET	
  had	
  for	
  years	
  
been	
  recognized	
  for	
  its	
  superior	
  ability	
  to	
  characterise	
  pulmonary	
  
lesions	
  in	
  patients	
  with	
  suspected	
  lung	
  cancer,	
  but	
  especially	
  for	
  
its	
  ability	
  to	
  stage	
  the	
  mediastinum	
  in	
  patients	
  with	
  NSCLC.	
  Thus,	
  
there	
  was	
  a	
  growing	
  awareness	
  of	
  the	
  need	
  to	
  systematically	
  
introduce	
  F-­‐18-­‐FDG	
  PET	
  locally.	
  However,	
  due	
  to	
  lack	
  of	
  evidence-­‐
based	
  guidelines	
  on	
  the	
  use	
  of	
  F-­‐18-­‐FDG	
  PET	
  in	
  suspected	
  lung	
  
cancer,	
  it	
  was	
  unclear	
  how.	
  Considering	
  the	
  expected	
  diagnostic	
  
and	
  therapeutic	
  impact	
  of	
  the	
  modality,	
  F-­‐18-­‐FDG	
  PET/CT	
  was	
  
initially	
  offered	
  to	
  patients,	
  who	
  were	
  expected	
  to	
  receive	
  surgical	
  
treatment.	
  The	
  hope	
  was	
  that	
  F-­‐18-­‐FDG	
  PET	
  could	
  improve	
  the	
  
mediastinal	
  staging	
  of	
  the	
  patients,	
  detect	
  metastases	
  and	
  pre-­‐
vent	
  futile	
  thoracotomies.	
  That	
  way,	
  F-­‐18-­‐FDG	
  PET	
  (as	
  part	
  of	
  the	
  
dual	
  modality	
  F-­‐18-­‐FDG	
  PET/CT)	
  was	
  introduced	
  into	
  our	
  standard	
  
clinical	
  algorithm.	
  However,	
  due	
  to	
  an	
  increasing	
  awareness	
  of	
  
the	
  inadequacies	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  in	
  patients	
  with	
  suspected	
  
lung	
  cancer,	
  since	
  then	
  our	
  clinical	
  algorithm	
  has	
  been	
  altered.	
  F-­‐
18-­‐FDG	
  PET/CT	
  is	
  no	
  longer	
  used	
  to	
  characterise	
  pulmonary	
  le-­‐
sions	
  in	
  patients	
  with	
  suspected	
  lung	
  and	
  to	
  a	
  lesser	
  extent	
  to	
  
stage	
  the	
  mediastinum	
  in	
  patients	
  with	
  NSCLC.	
  Instead	
  it	
  is	
  now	
  
mainly	
  used	
  to	
  detect	
  distant	
  metastases	
  and	
  to	
  guide	
  oncological	
  
therapy,	
  that	
  is	
  chemotherapy	
  and	
  radiation	
  therapy.	
  However,	
  
this	
  has	
  not	
  diminished	
  the	
  use	
  of	
  F-­‐18-­‐FDG	
  PET/CT.	
  On	
  the	
  con-­‐
trary,	
  more	
  patients	
  than	
  ever	
  receive	
  F-­‐18-­‐FDG	
  PET/CT.	
  
DCE-­‐CT	
  was,	
  and	
  remains,	
  experimental.	
  
As	
  already	
  briefly	
  mentioned,	
  the	
  clinical	
  algorithm	
  has	
  changed,	
  
making	
  some	
  of	
  the	
  results	
  of	
  this	
  PhD	
  redundant.	
  However,	
  
instead	
  of	
  regretting	
  this	
  fact,	
  it	
  could	
  be	
  claimed	
  that	
  the	
  com-­‐
bined	
  results	
  of	
  this	
  PhD	
  provide	
  qualified	
  validations	
  of	
  modern	
  
international	
  trends.	
  Thus,	
  according	
  to	
  our	
  results	
  HRCT	
  was	
  fast,	
  
widely	
  available	
  and	
  effective.	
  Although	
  HRCT	
  has	
  been	
  aban-­‐
doned	
  as	
  an	
  individual	
  examination,	
  it	
  is	
  replaced	
  by	
  iterative	
  
reconstructions	
  with	
  thin	
  slices	
  and	
  edge	
  enhancement	
  from	
  the	
  
raw	
  scan	
  data.	
  This	
  is	
  possible	
  because	
  of	
  modern	
  computer	
  
power.	
  Likewise,	
  the	
  results	
  of	
  this	
  PhD	
  support	
  an	
  increasing	
  
number	
  of	
  modern	
  clinical	
  studies	
  diminishing	
  the	
  superiority	
  of	
  
F-­‐18-­‐FDG	
  PET/CT	
  for	
  lesion	
  characterisation	
  in	
  patients	
  with	
  sus-­‐
pected	
  lung	
  cancer	
  and	
  for	
  mediastinal	
  staging	
  in	
  patients	
  with	
  
NSCLC.	
  Thus,	
  our	
  studies	
  along	
  with	
  these	
  international	
  studies	
  
have	
  changed	
  the	
  main	
  indications	
  for	
  F-­‐18-­‐FDG	
  PET/CT	
  in	
  these	
  
patients.	
  Whereas	
  the	
  main	
  indications	
  in	
  2008	
  were	
  characteri-­‐
sation	
  of	
  pulmonary	
  lesions	
  in	
  patients	
  with	
  suspected	
  lung	
  can-­‐
cer	
  and	
  mediastinal	
  staging	
  in	
  patients	
  with	
  NSCLC,	
  today	
  the	
  
main	
  indications	
  are	
  mediastinal	
  staging	
  in	
  patients	
  with	
  NSCLC,	
  

detection	
  of	
  distant	
  metastases	
  in	
  patients	
  with	
  NSCLC	
  and	
  guid-­‐
ance	
  of	
  oncological	
  therapy	
  in	
  patients	
  with	
  NSCLC.	
  Finally,	
  this	
  
PhD	
  questions	
  the	
  value	
  of	
  DCE-­‐CT	
  in	
  suspected	
  lung	
  cancer.	
  
These	
  studies	
  reflect	
  the	
  setting	
  in	
  which	
  they	
  were	
  initiated	
  in	
  
2008.	
  That	
  fact	
  that	
  time	
  has	
  made	
  some	
  of	
  the	
  results	
  redundant	
  
is	
  simply	
  a	
  product	
  of	
  scientific	
  advances.	
  
	
  
Thus,	
  the	
  aim	
  of	
  this	
  PhD	
  was	
  to	
  examine	
  and	
  validate	
  modern	
  
imaging	
  modalities	
  used	
  to	
  characterise	
  pulmonary	
  lesions	
  in	
  
patients	
  with	
  suspected	
  lung	
  cancer,	
  to	
  aid	
  in	
  the	
  ability	
  of	
  mod-­‐
ern	
  methods	
  to	
  replace	
  older	
  established	
  methods	
  and	
  to	
  aid	
  in	
  
the	
  development	
  of	
  new	
  methods.	
  The	
  desire	
  was	
  to	
  safely	
  dis-­‐
tinguish	
  between	
  malignant	
  and	
  benign	
  lesions	
  without	
  the	
  need	
  
for	
  invasive	
  procedures.	
  This	
  would	
  have	
  a	
  significant	
  diagnostic	
  
impact	
  on	
  patient	
  management.	
  The	
  technical	
  and	
  diagnostic	
  
performance	
  and	
  validity	
  of	
  the	
  standard	
  contrast-­‐enhanced	
  CT	
  
for	
  patients	
  with	
  suspected	
  lung	
  cancer	
  was	
  examined,	
  along	
  with	
  
that	
  of	
  three	
  other	
  imaging	
  modalities,	
  HRCT,	
  F-­‐18-­‐FDG	
  PET/CT,	
  
and	
  DCE-­‐CT.	
  Standard	
  contrast-­‐enhanced	
  CT	
  and	
  F-­‐18-­‐FDG	
  
PET/CT	
  were	
  also	
  examined	
  for	
  mediastinal	
  staging	
  in	
  patients	
  
with	
  NSCLC.	
  

	
  
1)	
  213	
  participants	
  with	
  pulmonary	
  nodules	
  on	
  CT	
  were	
  examined	
  
with	
  an	
  additional	
  HRCT.	
  It	
  was	
  concluded	
  that	
  HRCT	
  of	
  a	
  solitary	
  
pulmonary	
  nodule,	
  assessed	
  using	
  attenuation	
  and	
  morphological	
  
criteria	
  is	
  fast,	
  widely	
  available	
  and	
  effective	
  method	
  for	
  diagnos-­‐
ing	
  lung	
  cancer	
  correctly,	
  and	
  especially	
  for	
  ruling	
  out	
  cancer.	
  
	
  
2)	
  168	
  patients	
  with	
  pulmonary	
  lesions	
  on	
  CT	
  were	
  examined	
  with	
  
an	
  additional	
  F-­‐18-­‐FDG	
  PET/CT.	
  It	
  was	
  concluded	
  that	
  when	
  used	
  
early	
  in	
  the	
  work-­‐up	
  of	
  the	
  lesions,	
  CT	
  raised	
  the	
  prevalence	
  of	
  
lung	
  cancer	
  in	
  the	
  population	
  to	
  the	
  point	
  at	
  which	
  further	
  diag-­‐
nostic	
  imaging	
  examination	
  could	
  be	
  considered	
  redundant.	
  
Standard	
  contrast-­‐enhanced	
  CT	
  seems	
  better	
  suited	
  to	
  identify	
  
patients	
  with	
  lung	
  cancer	
  than	
  to	
  rule	
  out	
  cancer.	
  Finally,	
  the	
  
overall	
  diagnostic	
  accuracy	
  as	
  well	
  as	
  the	
  classification	
  probabili-­‐
ties	
  and	
  predictive	
  values	
  of	
  the	
  two	
  modalities	
  were	
  not	
  signifi-­‐
cantly	
  different.	
  The	
  reproducibility	
  of	
  the	
  above	
  results	
  was	
  
substantial.	
  
	
  
3)	
  59	
  patients	
  with	
  pulmonary	
  lesions	
  on	
  chest	
  radiography	
  were	
  
examined	
  with	
  an	
  additional	
  DCE-­‐CT.	
  A	
  qualitative	
  as	
  well	
  as	
  a	
  
quantitative	
  assessment	
  method	
  was	
  examined.	
  It	
  was	
  concluded	
  
that	
  although	
  the	
  results	
  of	
  the	
  qualitative	
  approach	
  were	
  ac-­‐
ceptable	
  in	
  their	
  own	
  right,	
  they	
  did	
  not,	
  however,	
  add	
  anything	
  
new	
  when	
  compared	
  to	
  standard	
  CT.	
  The	
  quantitative	
  approach	
  
gave	
  rise	
  to	
  several	
  conclusions	
  concerning	
  DCE-­‐CT	
  analysis	
  as	
  
well	
  as	
  the	
  use	
  of	
  DCE-­‐CT	
  in	
  the	
  diagnosis	
  of	
  lung	
  cancer:	
  First,	
  
that	
  DCE-­‐CT	
  is	
  best	
  analysed	
  using	
  logarithmic	
  scale	
  data	
  trans-­‐
formation;	
  second,	
  that	
  irrespective	
  of	
  the	
  ROI	
  method	
  applied,	
  it	
  
was	
  not	
  possible	
  to	
  discriminate	
  malignant	
  and	
  benign;	
  and,	
  third,	
  
that	
  the	
  lack	
  of	
  reproducibility	
  should	
  be	
  addressed.	
  These	
  results	
  
show	
  us	
  that	
  DCE-­‐CT	
  is	
  currently	
  not	
  a	
  clinically	
  feasible	
  method	
  
for	
  analysing	
  pulmonary	
  lesions.	
  This	
  does	
  not	
  necessarily	
  mean	
  
that	
  DCE-­‐CT	
  should	
  be	
  abandoned,	
  but	
  it	
  does	
  signify	
  the	
  need	
  for	
  
further	
  development	
  of	
  the	
  current	
  DCE-­‐CT	
  methods.	
  
	
  
4)	
  114	
  patients	
  with	
  NSCLC	
  were	
  examined	
  with	
  both	
  a	
  CT	
  and	
  
with	
  an	
  additional	
  F-­‐18-­‐FDG	
  PET/CT.	
  It	
  was	
  concluded	
  that	
  there	
  
was	
  no	
  significant	
  difference	
  in	
  the	
  overall	
  diagnostic	
  accuracy	
  of	
  
the	
  two	
  modalities	
  when	
  imaging	
  the	
  mediastinum	
  for	
  staging	
  
purposes.	
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After	
  carrying	
  out	
  these	
  studies,	
  the	
  hypotheses	
  of	
  the	
  studies,	
  as	
  
they	
  were	
  expressed	
  in	
  the	
  Hypotheses	
  section,	
  may	
  be	
  answered	
  
as	
  follows:	
  

	
  
	
  

1)	
  HRCT	
  study:	
  
HRCT	
  was	
  useful	
  to	
  assess	
  attenuation,	
  morphology	
  and	
  special	
  
features	
  of	
  pulmonary	
  nodules.	
  There	
  was	
  an	
  overweight	
  of	
  ma-­‐
lignancy	
  among	
  the	
  partly	
  solid	
  nodules.	
  There	
  was	
  also	
  an	
  over-­‐
weight	
  of	
  malignancy	
  among	
  the	
  nodules	
  with	
  pleural	
  retraction.	
  
Based	
  on	
  an	
  assessment	
  of	
  these	
  features,	
  HRCT	
  had	
  a	
  high	
  sensi-­‐
tivity,	
  a	
  high	
  negative	
  predictive	
  value	
  and	
  a	
  low	
  false	
  negative	
  
rate	
  for	
  ruling	
  out	
  lung	
  cancer.	
  All	
  these	
  results	
  were	
  highly	
  re-­‐
producible.	
  
Naturally,	
  the	
  high	
  sensitivity,	
  high	
  negative	
  predictive	
  value	
  and	
  
low	
  false	
  negative	
  rate	
  had	
  to	
  have	
  consequences.	
  As	
  such,	
  based	
  
on	
  our	
  results,	
  we	
  could	
  highly	
  recommend	
  the	
  continued	
  used	
  of	
  
HRCT	
  of	
  pulmonary	
  nodules.	
  However,	
  in	
  the	
  few	
  years	
  that	
  have	
  
passed	
  since	
  the	
  study	
  data	
  was	
  collected,	
  reality	
  has	
  overtaken	
  
our	
  results.	
  When	
  the	
  study	
  was	
  initiated,	
  a	
  spiral	
  HRCT	
  of	
  the	
  
slices	
  with	
  pulmonary	
  nodules	
  was	
  performed.	
  Today,	
  however,	
  
the	
  technology	
  has	
  evolved,	
  and	
  all	
  patients	
  with	
  suspected	
  lung	
  
cancer	
  are	
  scanned	
  once.	
  Images	
  are	
  reconstructed	
  with	
  both	
  
standard	
  CT	
  and	
  HRCT	
  algorithms	
  and	
  raw	
  image	
  data	
  is	
  stored	
  in	
  
PACS.	
  These	
  reconstructions	
  are	
  useful	
  not	
  only	
  for	
  the	
  character-­‐
isation	
  of	
  pulmonary	
  nodules,	
  but	
  also	
  for	
  further	
  assessment	
  of	
  
pulmonary	
  interstitial	
  disease.	
  Although	
  this	
  involves	
  the	
  storage	
  
of	
  huge	
  amounts	
  of	
  data,	
  the	
  technical	
  developments	
  within	
  the	
  
last	
  half-­‐decade	
  now	
  make	
  this	
  possible.	
  For	
  this,	
  we	
  use	
  256	
  row	
  
scanners,	
  computers	
  with	
  minimal	
  reconstruction	
  times	
  and	
  a	
  
huge	
  PACS	
  storage.	
  This	
  was	
  not	
  possible	
  only	
  a	
  few	
  years	
  ago	
  
when	
  this	
  PhD	
  was	
  initiated.	
  
	
  
2)	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study:	
  
CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  equally	
  sensitive	
  and	
  specific	
  for	
  
identifying	
  lung	
  cancer.	
  Furthermore,	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  
results	
  were	
  equally	
  reproducible.	
  
Based	
  on	
  the	
  results	
  of	
  previous	
  studies	
  on	
  the	
  matter,	
  the	
  de-­‐
mand	
  for	
  F-­‐18-­‐FDG	
  PET/CT	
  has	
  been	
  overwhelming.	
  It	
  has	
  been	
  
suggested	
  by	
  physicians	
  as	
  well	
  as	
  by	
  several	
  patient	
  organisa-­‐
tions	
  that	
  F-­‐18-­‐FDG	
  PET/CT	
  should	
  be	
  the	
  first	
  examination	
  for	
  
patients	
  with	
  suspected	
  lung	
  cancer.	
  Our	
  results	
  suggest	
  other-­‐
wise.	
  
Considering	
  that	
  CT	
  and	
  F-­‐18-­‐FDG	
  PET/CT	
  were	
  equally	
  sensitive	
  
and	
  specific	
  for	
  identifying	
  lung	
  cancer,	
  the	
  decision	
  of	
  which	
  
modality	
  should	
  be	
  the	
  first	
  should	
  be	
  determined	
  by	
  other	
  con-­‐
siderations.	
  Special	
  advantages/disadvantages,	
  radiation	
  expo-­‐
sure	
  and	
  cost-­‐benefit	
  of	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  should	
  be	
  
considered.	
  
In	
  that	
  sense,	
  the	
  most	
  important	
  advantage	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  
is	
  the	
  fact	
  that	
  it	
  is	
  a	
  whole	
  body	
  examination.	
  As	
  such,	
  it	
  is	
  gen-­‐
erally	
  accepted	
  that	
  it	
  is	
  a	
  major	
  advantage	
  that	
  F-­‐18-­‐FDG	
  PET/CT	
  
may	
  detect	
  unsuspected	
  distant	
  metastases,	
  thereby	
  relieving	
  
inoperable	
  patients	
  the	
  distress	
  of	
  a	
  futile	
  thoracotomy.	
  On	
  the	
  
other	
  hand,	
  the	
  high	
  number	
  of	
  false	
  positives	
  as	
  well	
  as	
  false	
  
negatives	
  is	
  considered	
  to	
  be	
  a	
  big	
  disadvantage	
  of	
  the	
  modality.	
  
As	
  such,	
  there	
  are	
  arguments	
  both	
  for	
  and	
  against	
  the	
  initial	
  use	
  
of	
  F-­‐18-­‐FDG	
  PET/CT	
  in	
  suspected	
  lung	
  cancer.	
  
The	
  radiation	
  exposure	
  associated	
  with	
  a	
  standard	
  CT	
  of	
  the	
  
thorax	
  and	
  upper	
  abdomen,	
  and	
  the	
  radiation	
  exposure	
  associat-­‐
ed	
  with	
  an	
  F-­‐18-­‐FDG	
  PET/low	
  dose	
  CT	
  is	
  approximately	
  the	
  same,	
  
as	
  mentioned	
  in	
  the	
  background	
  section.	
  Thus,	
  this	
  consideration	
  
should	
  not	
  play	
  a	
  role.	
  However,	
  this	
  also	
  means	
  that	
  an	
  integrat-­‐

ed	
  F-­‐18-­‐FDG	
  PET/diagnostic	
  CT	
  involves	
  twice	
  the	
  radiation	
  expo-­‐
sure	
  of	
  each	
  of	
  the	
  individual	
  examinations.	
  As	
  such,	
  F-­‐18-­‐FDG	
  
PET/diagnostic	
  CT	
  cannot	
  be	
  recommended.	
  
In	
  the	
  light	
  of	
  cost-­‐benefit,	
  CT	
  is	
  clearly	
  the	
  preferable	
  alternative.	
  
Currently,	
  a	
  standard	
  CT	
  of	
  the	
  thorax	
  and	
  upper	
  abdomen	
  is	
  
performed	
  in	
  a	
  few	
  minutes,	
  whereas	
  an	
  F-­‐18-­‐FDG	
  PET/CT	
  takes	
  
hours;	
  both	
  these	
  time	
  estimates	
  include	
  patient	
  preparation.	
  
Furthermore,	
  for	
  practical	
  reasons,	
  CT	
  can	
  be	
  performed	
  almost	
  
everywhere	
  and	
  at	
  all	
  times;	
  this	
  is	
  contrary	
  to	
  F-­‐18-­‐FDG	
  PET/CT,	
  
which	
  is	
  a	
  more	
  specialised	
  examination	
  that	
  furthermore	
  de-­‐
pends	
  on	
  the	
  proximity	
  of	
  a	
  cyclotron.	
  Due	
  to	
  these	
  considera-­‐
tions,	
  CT	
  should	
  still	
  be	
  considered	
  workhorse	
  of	
  initial	
  lung	
  can-­‐
cer	
  assessment	
  and	
  as	
  such,	
  the	
  gatekeeper	
  to	
  further	
  
examinations.	
  
In	
  perspective,	
  a	
  few	
  aspects	
  of	
  future	
  developments	
  of	
  CT	
  and	
  F-­‐
18-­‐FDG	
  PET/CT	
  must	
  be	
  mentioned.	
  Recognizing	
  that	
  the	
  most	
  
serious	
  disadvantage	
  of	
  CT	
  is	
  radiation	
  exposure,	
  CT	
  vendors	
  are	
  
currently	
  putting	
  much	
  effort	
  into	
  reducing	
  this.	
  Currently	
  the	
  
buzzword	
  is	
  iterative	
  reconstruction.	
  Although	
  this	
  reconstruction	
  
technique	
  has	
  been	
  used	
  in	
  nuclear	
  medicine	
  for	
  years,	
  it	
  has	
  only	
  
recently	
  found	
  its	
  way	
  to	
  radiology	
  and	
  CT.	
  A	
  new	
  generation	
  of	
  
CT	
  scanners	
  using	
  iterative	
  reconstruction	
  is	
  now	
  commercially	
  
available.	
  Along	
  with	
  other	
  radiation	
  dose	
  reduction	
  techniques,	
  
these	
  CT	
  scanners	
  are	
  able	
  to	
  lower	
  the	
  radiation	
  dose	
  of	
  a	
  chest	
  
CT	
  to	
  less	
  than	
  1	
  mSv	
  without	
  significant	
  losses	
  in	
  image	
  quality.	
  
Although	
  still	
  scientifically	
  unverified,	
  the	
  technique	
  holds	
  the	
  
promise	
  of	
  reconstructing	
  even	
  very	
  low	
  dose	
  CT	
  scans	
  to	
  the	
  
point	
  where	
  they	
  cannot	
  be	
  distinguished	
  from	
  regular	
  dose	
  CT	
  
scans.	
  
For	
  F-­‐18-­‐FDG	
  PET/CT,	
  the	
  future	
  holds	
  less	
  promise.	
  After	
  being	
  
widely	
  heralded	
  when	
  it	
  was	
  first	
  introduced,	
  the	
  imaging	
  modali-­‐
ty	
  is	
  now	
  mainly	
  used	
  to	
  detect	
  distant	
  metastases	
  in	
  malignan-­‐
cies	
  in	
  general	
  and	
  to	
  diagnose,	
  stage	
  and	
  monitor	
  haematological	
  
malignancies.	
  The	
  development	
  of	
  a	
  super-­‐sensitive	
  and	
  specific	
  
tracer	
  for	
  use	
  with	
  PET/CT	
  or	
  SPECT	
  could	
  be	
  a	
  game	
  changer,	
  
however,	
  but	
  this	
  is	
  speculative	
  and	
  as	
  of	
  yet,	
  no	
  such	
  tracer	
  
exists	
  yet.	
  
	
  
3)	
  DCE-­‐CT	
  study:	
  
We	
  found	
  that	
  perfusion,	
  peak	
  enhancement	
  intensity,	
  time	
  to	
  
peak	
  and	
  blood	
  volume	
  could	
  not	
  be	
  used	
  to	
  distinguish	
  between	
  
malignant	
  and	
  benign	
  pulmonary	
  nodules	
  or	
  masses;	
  this	
  was	
  
irrespective	
  of	
  the	
  ROI	
  method.	
  We	
  also	
  found	
  that	
  the	
  lack	
  of	
  
reproducibility	
  could	
  be	
  a	
  serious	
  challenge	
  for	
  the	
  method	
  if	
  
used	
  clinically.	
  
Naturally,	
  the	
  perspectives	
  of	
  this	
  study	
  relate	
  to	
  the	
  future	
  use	
  of	
  
DCE-­‐CT.	
  
DCE-­‐CT	
  is	
  an	
  interesting	
  imaging	
  modality,	
  especially	
  in	
  theory.	
  
However,	
  in	
  our	
  study	
  we	
  found	
  that	
  although	
  we	
  could	
  identify	
  
patients	
  with	
  lung	
  cancer	
  with	
  reasonable	
  accuracy	
  by	
  a	
  qualita-­‐
tive	
  assessment	
  of	
  colour	
  maps,	
  this	
  was	
  not	
  the	
  case	
  when	
  using	
  
the	
  quantitative	
  method.	
  Furthermore,	
  we	
  found	
  the	
  results	
  to	
  be	
  
troubled	
  by	
  a	
  lack	
  of	
  reproducibility.	
  On	
  that	
  basis,	
  we	
  could	
  not	
  
recommend	
  the	
  modality	
  for	
  clinical	
  use	
  in	
  suspected	
  lung	
  cancer,	
  
but	
  concluded	
  that	
  significant	
  modifications	
  were	
  needed	
  before	
  
this	
  was	
  an	
  option.	
  These	
  modifications	
  should	
  preferably	
  include	
  
the	
  development	
  of	
  automatic	
  segmentation	
  of	
  and	
  quantifica-­‐
tion	
  of	
  entire	
  tumours	
  with	
  a	
  reasonably	
  acceptable	
  reproducibil-­‐
ity,	
  and	
  tools	
  to	
  reduce	
  motion	
  artefacts.	
  Until	
  then,	
  DCE-­‐CT	
  
remains	
  experimental	
  and	
  should	
  only	
  be	
  used	
  as	
  such.	
  
	
  
4)	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2)	
  study:	
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Controversially,	
  according	
  to	
  our	
  results,	
  CT	
  was	
  superior	
  to	
  F-­‐18-­‐
FDG	
  PET/CT	
  for	
  mediastinal	
  staging	
  of	
  NSCLC	
  in	
  more	
  ways	
  than	
  
one.	
  We	
  found	
  that	
  the	
  sensitivity	
  of	
  CT	
  was	
  higher	
  than	
  for	
  F-­‐18-­‐
FDG	
  PET/CT,	
  and	
  more	
  importantly,	
  that	
  the	
  number	
  of	
  false	
  
negatives	
  of	
  CT	
  was	
  lower	
  than	
  for	
  F-­‐18-­‐FDG	
  PET/CT.	
  However,	
  
we	
  also	
  found	
  that	
  neither	
  CT	
  nor	
  F-­‐18-­‐FDG	
  PET/CT	
  could	
  obviate	
  
the	
  need	
  for	
  further	
  invasive	
  staging	
  prior	
  to	
  thoracotomy	
  in	
  
patients	
  with	
  NSCLC;	
  for	
  that	
  purpose,	
  the	
  results	
  of	
  both	
  modali-­‐
ties	
  were	
  too	
  meagre.	
  Finally,	
  we	
  found	
  that	
  F-­‐18-­‐FDG	
  PET/CT	
  
was	
  not	
  clinically	
  feasible	
  -­‐	
  regardless	
  of	
  whether	
  the	
  patients	
  had	
  
or	
  did	
  not	
  have	
  enlarged	
  lymph	
  nodes	
  on	
  CT.	
  
The	
  clinical	
  perspective	
  of	
  this	
  study	
  relates	
  to	
  whether	
  CT	
  or	
  F-­‐
18-­‐FDG	
  PET/CT	
  can	
  obviate	
  the	
  need	
  for	
  invasive	
  staging	
  prior	
  to	
  
thoracotomy.	
  
According	
  to	
  our	
  results	
  neither	
  CT	
  nor	
  F-­‐18-­‐FDG	
  PET/CT,	
  individ-­‐
ually	
  or	
  in	
  combination,	
  can	
  obviate	
  the	
  need	
  for	
  invasive	
  staging	
  
prior	
  to	
  thoracotomy.	
  This	
  is	
  regardless	
  of	
  whether	
  the	
  patients	
  to	
  
be	
  staged	
  are	
  unselected	
  or	
  if	
  they	
  are	
  initially	
  CT	
  scanned,	
  and	
  
then	
  F-­‐18-­‐FDG	
  PET/CT	
  scanned.	
  There	
  are	
  too	
  many	
  false	
  posi-­‐
tives	
  and	
  especially	
  too	
  many	
  false	
  negatives.	
  Therefore,	
  these	
  
patients	
  still	
  depend	
  on	
  invasive	
  staging	
  methods.	
  In	
  our	
  study,	
  
invasive	
  staging	
  was	
  accomplished	
  by	
  mediastinoscopy.	
  However,	
  
today	
  this	
  is	
  increasingly	
  overtaken	
  by	
  EBUS	
  or	
  EUS,	
  which	
  have	
  
both	
  shown	
  promising	
  results	
  and	
  have	
  been	
  included	
  in	
  our	
  daily	
  
clinical	
  algorithm	
  (116).	
  
	
  
In	
  conclusion,	
  although	
  standard	
  contrast-­‐enhanced	
  CT	
  has	
  
brought	
  us	
  far	
  in	
  the	
  characterisation	
  of	
  pulmonary	
  nodules	
  and	
  
masses,	
  the	
  last	
  decade	
  has	
  seen	
  a	
  constant	
  move	
  away	
  from	
  
strictly	
  anatomical	
  approaches	
  to	
  imaging,	
  towards	
  more	
  func-­‐
tional	
  or	
  analytical	
  approaches.	
  The	
  desire	
  has	
  been	
  to	
  be	
  able	
  to	
  
safely	
  distinguish	
  between	
  malignant	
  and	
  benign	
  nodules	
  without	
  
the	
  need	
  for	
  invasive	
  procedures.	
  Though	
  this	
  was	
  also	
  the	
  aim	
  of	
  
this	
  PhD,	
  the	
  conclusions	
  are	
  somewhat	
  away	
  from	
  that	
  goal	
  and	
  
should	
  lead	
  to	
  reflections	
  over	
  the	
  future	
  practise	
  in	
  these	
  pa-­‐
tients.	
  
	
  

6.1	
  THOUGHTS	
  ON	
  A	
  FUTURE	
  WORKFLOW	
  
Considering	
  the	
  results	
  of	
  these	
  studies,	
  standard	
  contrast-­‐
enhanced	
  CT	
  must	
  be	
  recommended	
  as	
  the	
  first	
  examination	
  in	
  
patients	
  with	
  suspected	
  lung	
  cancer.	
  As	
  concluded	
  in	
  the	
  HRCT	
  
study	
  and	
  in	
  the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (1)	
  study,	
  CT	
  is	
  fast,	
  
widely	
  available	
  and	
  has	
  high	
  to	
  very	
  high	
  sensitivity	
  for	
  even	
  very	
  
small	
  lung	
  nodules.	
  Besides	
  these	
  cost-­‐effective	
  considerations,	
  
the	
  radiation	
  exposure	
  of	
  CT	
  is	
  lower	
  than	
  that	
  of	
  other	
  imaging	
  
modalities.	
  Finally,	
  CT	
  using	
  thin	
  slices	
  is	
  anatomically	
  highly	
  
accurate	
  and	
  therefore	
  ideal	
  as	
  a	
  lesion	
  biopsy	
  guide.	
  
Patients	
  at	
  an	
  increased	
  risk	
  for	
  lung	
  cancer	
  after	
  CT	
  should	
  be	
  
subject	
  to	
  invasive	
  methods,	
  both	
  to	
  establish	
  the	
  diagnosis	
  of	
  
lung	
  cancer,	
  but	
  also	
  to	
  subclassify	
  the	
  cancer	
  and	
  thereby	
  facili-­‐
tate	
  eventual	
  chemotherapeutic	
  treatment.	
  Which	
  invasive	
  
method	
  is	
  used	
  to	
  diagnose	
  the	
  cancer	
  depends	
  on	
  the	
  anatomic	
  
location	
  and	
  could	
  be	
  either	
  fluoroscopically	
  guide	
  needle	
  biopsy,	
  
CT	
  guided	
  needle	
  biopsy	
  or	
  Ultrasound	
  guided	
  biopsy	
  or	
  other.	
  
However,	
  a	
  thorough	
  discussion	
  of	
  invasive	
  methods	
  is	
  beyond	
  
the	
  scope	
  of	
  this	
  PhD.	
  
When	
  lung	
  cancer	
  is	
  diagnosed,	
  patients	
  should	
  receive	
  F-­‐18-­‐FDG	
  
PET/CT	
  to	
  aid	
  in	
  the	
  mediastinal	
  staging	
  and	
  more	
  importantly	
  to	
  
detect	
  distant	
  metastases	
  and	
  to	
  guide	
  subsequent	
  invasive	
  stag-­‐
ing.	
  Although,	
  as	
  concluded	
  in	
  the	
  CT	
  versus	
  F-­‐18-­‐FDG	
  PET/CT	
  (2),	
  
F-­‐18-­‐FDG	
  PET/CT	
  is	
  limited	
  by	
  both	
  false	
  positives	
  and	
  by	
  false	
  

negatives,	
  F-­‐18-­‐FDG	
  PET/CT	
  is	
  a	
  whole	
  body	
  examination,	
  which	
  
has	
  proved	
  itself	
  through	
  numerous	
  clinical	
  studies.	
  Although	
  
matched	
  by	
  CT	
  for	
  lesion	
  characterisation	
  in	
  patients	
  with	
  sus-­‐
pected	
  lung	
  cancer	
  and	
  for	
  mediastinal	
  staging	
  in	
  patients	
  with	
  
NSCLC,	
  no	
  imaging	
  modality	
  comes	
  close	
  to	
  matching	
  F-­‐18-­‐FDG	
  
PET/CT	
  in	
  metastases	
  detection	
  and	
  thus	
  in	
  the	
  prevention	
  of	
  
unnecessary	
  thoracotomies.	
  This	
  means	
  that	
  the	
  diagnostic	
  im-­‐
pact	
  and	
  also	
  the	
  therapeutic	
  impact	
  of	
  F-­‐18-­‐FDG	
  PET/CT	
  are	
  
unparalleled	
  in	
  patients	
  with	
  metastases.	
  
According	
  to	
  our	
  results	
  in	
  the	
  DCE-­‐CT	
  study,	
  with	
  limited	
  diag-­‐
nostic	
  performance	
  and	
  poor	
  reproducibility,	
  DCE-­‐CT	
  should	
  only	
  
be	
  used	
  in	
  protocolled	
  clinical	
  trials.	
  	
  
Finally,	
  all	
  patients	
  with	
  no	
  sign	
  of	
  distant	
  metastases	
  should	
  
receive	
  EUS/EBUS	
  to	
  clarify	
  the	
  clinical	
  stage	
  and	
  determine	
  the	
  
next	
  therapeutic	
  procedure.	
  Although	
  not	
  a	
  part	
  of	
  this	
  PhD,	
  it	
  
seems	
  logical	
  that	
  the	
  modern	
  invasive	
  methods	
  EUS-­‐FNA	
  and	
  
EBUS-­‐TBNA	
  replace	
  the	
  established	
  methods	
  mediastinoscopy/-­‐
tomy.	
  The	
  modern	
  methods	
  have	
  a	
  higher	
  diagnostic	
  perfor-­‐
mance,	
  and	
  thus	
  a	
  higher	
  diagnostic	
  impact	
  and	
  therapeutic	
  
impact	
  than	
  mediastinoscopy/-­‐tomy	
  and	
  are	
  gentler	
  on	
  patients.	
  
Considering	
  the	
  lack	
  of	
  clinical	
  studies	
  as	
  well	
  as	
  of	
  evidence-­‐
based	
  guidelines,	
  MRI	
  is	
  not	
  recommended	
  for	
  patients	
  with	
  
suspected	
  lung	
  cancer.	
  
Using	
  this	
  workflow,	
  the	
  diagnostic	
  performance	
  and	
  also	
  the	
  
diagnostic	
  and	
  therapeutic	
  impact	
  would	
  be	
  high	
  on	
  all	
  levels	
  of	
  
decision	
  while	
  maintaining	
  a	
  high	
  degree	
  of	
  cost-­‐effectiveness.	
  A	
  
positive	
  side	
  effect	
  for	
  the	
  patients	
  would	
  be	
  quick	
  diagnosis	
  and	
  
staging	
  and	
  a	
  strong	
  basis	
  for	
  initiation	
  of	
  surgery	
  or	
  oncological	
  
treatment.	
  
	
  

7. SUMMARY	
  
Pulmonary	
  nodules	
  are	
  of	
  high	
  clinical	
  importance,	
  as	
  they	
  may	
  
prove	
  to	
  be	
  an	
  early	
  manifestation	
  of	
  lung	
  cancer.	
  Pulmonary	
  
nodules	
  are	
  small,	
  focal	
  opacities	
  that	
  may	
  be	
  solitary	
  or	
  multiple.	
  
A	
  solitary	
  pulmonary	
  nodule	
  (SPN)	
  is	
  a	
  single,	
  small	
  (≤	
  30	
  mm	
  in	
  
diameter)	
  radiographic	
  opacity.	
  Larger	
  opacities	
  are	
  called	
  masses	
  
and	
  are	
  often	
  malignant.	
  As	
  imaging	
  techniques	
  improve	
  and	
  
more	
  nodules	
  are	
  detected,	
  the	
  optimal	
  management	
  of	
  SPNs	
  
remains	
  unclear.	
  Current	
  strategies	
  include	
  tissue	
  sampling	
  or	
  CT	
  
follow-­‐up.	
  
The	
  aim	
  of	
  this	
  PhD	
  was	
  to	
  examine	
  current	
  non-­‐invasive	
  meth-­‐
ods	
  used	
  to	
  characterise	
  pulmonary	
  nodules	
  and	
  masses	
  in	
  pa-­‐
tients	
  with	
  suspected	
  lung	
  cancer	
  and	
  to	
  stage	
  NSCLC.	
  In	
  doing	
  so,	
  
this	
  PhD	
  helps	
  to	
  validate	
  the	
  existing	
  methods	
  used	
  to	
  diagnose	
  
and	
  stage	
  lung	
  cancer	
  correctly	
  and,	
  hopefully,	
  aids	
  in	
  the	
  devel-­‐
opment	
  of	
  new	
  methods.	
  
In	
  the	
  first	
  study,	
  213	
  participants	
  with	
  pulmonary	
  nodules	
  on	
  CT	
  
were	
  examined	
  with	
  an	
  additional	
  HRCT.	
  In	
  this	
  study,	
  it	
  was	
  
concluded	
  that	
  HRCT	
  of	
  a	
  solitary	
  pulmonary	
  nodule,	
  assessed	
  
using	
  attenuation	
  and	
  morphological	
  criteria	
  is	
  fast,	
  widely	
  avail-­‐
able	
  and	
  effective	
  method	
  for	
  diagnosing	
  lung	
  cancer	
  correctly,	
  
and	
  especially	
  for	
  ruling	
  out	
  cancer.	
  
In	
  the	
  second	
  study,	
  168	
  patients	
  with	
  pulmonary	
  lesions	
  on	
  CT	
  
were	
  examined	
  with	
  an	
  additional	
  F-­‐18-­‐FDG	
  PET/CT.	
  It	
  was	
  con-­‐
cluded	
  that	
  when	
  used	
  early	
  in	
  the	
  work-­‐up	
  of	
  the	
  lesions,	
  CT	
  
raised	
  the	
  prevalence	
  of	
  lung	
  cancer	
  in	
  the	
  population	
  to	
  the	
  
point	
  at	
  which	
  further	
  diagnostic	
  imaging	
  examination	
  could	
  be	
  
considered	
  redundant.	
  Standard	
  contrast-­‐enhanced	
  CT	
  seems	
  
better	
  suited	
  to	
  identify	
  patients	
  with	
  lung	
  cancer	
  than	
  to	
  rule	
  out	
  
cancer.	
  Finally,	
  the	
  overall	
  diagnostic	
  accuracy	
  as	
  well	
  as	
  the	
  
classification	
  probabilities	
  and	
  predictive	
  values	
  of	
  the	
  two	
  modal-­‐
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ities	
  were	
  not	
  significantly	
  different.	
  The	
  reproducibility	
  of	
  the	
  
above	
  results	
  was	
  substantial.	
  
In	
  the	
  third	
  study,	
  59	
  patients	
  with	
  pulmonary	
  nodules	
  or	
  masses	
  
on	
  chest	
  radiography	
  were	
  examined	
  with	
  an	
  additional	
  DCE-­‐CT.	
  
A	
  qualitative	
  as	
  well	
  as	
  a	
  quantitative	
  assessment	
  method	
  was	
  
examined.	
  It	
  was	
  concluded	
  that	
  although	
  the	
  results	
  of	
  the	
  quali-­‐
tative	
  approach	
  were	
  acceptable	
  in	
  their	
  own	
  right,	
  they	
  did	
  not,	
  
however,	
  add	
  anything	
  new	
  when	
  compared	
  to	
  standard	
  CT.	
  The	
  
quantitative	
  approach	
  gave	
  rise	
  to	
  several	
  conclusions	
  concerning	
  
DCE-­‐CT	
  analysis	
  as	
  well	
  as	
  the	
  use	
  of	
  DCE-­‐CT	
  in	
  the	
  diagnosis	
  of	
  
lung	
  cancer:	
  First,	
  that	
  DCE-­‐CT	
  is	
  best	
  analysed	
  using	
  logarithmic	
  
scale	
  data	
  transformation;	
  second,	
  that	
  irrespective	
  of	
  the	
  ROI	
  
method	
  applied,	
  it	
  was	
  not	
  possible	
  to	
  discriminate	
  malignant	
  and	
  
benign;	
  and,	
  third,	
  that	
  the	
  lack	
  of	
  reproducibility	
  should	
  be	
  ad-­‐
dressed.	
  These	
  results	
  show	
  us	
  that	
  DCE-­‐CT	
  is	
  currently	
  not	
  a	
  
clinically	
  feasible	
  method	
  for	
  analysing	
  pulmonary	
  lesions.	
  This	
  
does	
  not	
  necessarily	
  mean	
  that	
  DCE-­‐CT	
  should	
  be	
  abandoned,	
  but	
  
it	
  does	
  signify	
  the	
  need	
  for	
  further	
  development	
  of	
  the	
  current	
  
DCE-­‐CT	
  methods.	
  
Finally,	
  in	
  the	
  fourth	
  study,	
  114	
  patients	
  with	
  NSCLC	
  were	
  exam-­‐
ined	
  with	
  both	
  a	
  CT	
  and	
  with	
  an	
  additional	
  F-­‐18-­‐FDG	
  PET/CT.	
  It	
  
was	
  concluded	
  that	
  there	
  was	
  no	
  significant	
  difference	
  in	
  the	
  
overall	
  diagnostic	
  accuracy	
  of	
  the	
  two	
  modalities	
  when	
  imaging	
  
the	
  mediastinum	
  for	
  staging	
  purposes.	
  
In	
  conclusion,	
  although	
  standard	
  contrast-­‐enhanced	
  CT	
  has	
  
brought	
  us	
  far	
  in	
  the	
  characterisation	
  of	
  pulmonary	
  nodules	
  and	
  
masses,	
  the	
  last	
  decade	
  has	
  seen	
  a	
  constant	
  move	
  away	
  from	
  
strictly	
  anatomical	
  approaches	
  to	
  imaging,	
  towards	
  more	
  func-­‐
tional	
  or	
  analytical	
  approaches.	
  The	
  desire	
  is,	
  of	
  course,	
  to	
  be	
  able	
  
to	
  safely	
  distinguish	
  between	
  malignant	
  and	
  benign	
  nodules	
  
without	
  the	
  need	
  for	
  invasive	
  procedures.	
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