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The old imaging chain…

Tx http://apachetechnology.in/KC/Multimedia/DIP/Medical/DigitalXRay.aspx



…but today, the longer chain
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UNCERTAINTY BIOLOGYUNCERTAINTY: BIOLOGY
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What is cancer?

Tx Hanahan and Weinberg, Cell, 100(1), 57–70, 2000



What is cancer?

Tx Hanahan and Weinberg, Cell, 144(5), 2011, 646–674



Tumor development

Tx http://www.slideshare.net/terrybear11/oncology‐care‐of‐the‐patient‐with‐cancer



When should we detect cancer?

Tx http://www.slideshare.net/terrybear11/oncology‐care‐of‐the‐patient‐with‐cancer



When should we TREAT cancer?

Tx http://www.slideshare.net/terrybear11/oncology‐care‐of‐the‐patient‐with‐cancer



Disease growth and detection

Tx



Ductal Carcinoma In Situ (DCIS)

Tx National Cancer Institute



In situ cancers reported separately
Detected  Detected  Detected  Detected 
DBT total  DBT alone  DM total  DM alone

Total 67  21  47  1
Total invasive 
cancers  58 17 41 ‐

Total in situ 
cancers  9 4 6 1

Tx Lång et al. Eur Radiol (2016) 26: 184



Over‐detection?

ImagingImaging
Ph i lPhysical exam
Genetic testing

Tx M Helvie, RSNA 2016



Over‐diagnosis?

PathologyPathology

Tx M Helvie, RSNA 2016



Over‐treatment?

Lumpectomy orLumpectomy or 
M t tMastectomy
Radiotherapy
Chemotherapypy

Tx M Helvie, RSNA 2016



Co‐morbidities
Death due to HR
Other coronary heart diseases 1 14Other coronary heart diseases 1.14
Heart failure 1.29
Other heart disease 1 24Other heart disease 1.24
Gastrointestinal disease 1.1
External causes 1 14External causes 1.14

Suicide 1.39
Symptoms 1 09Symptoms 1.09
Diabetes 1.18
Pulmonary circulation 1.51Pulmonary circulation 1.51
Urinary system disease 1.16
Other bacterial disease 1.2

Tx Riihimäki et al, Annals of Oncology, Ann Oncol (2012) 23 (3): 604‐610



Estimating over‐diagnosis

Tx UK Panel on Breast Cancer Screening, Lancet, 380(9855), 17–23, 2012, 1778–1786



To be continued…

Tx



So don’t over‐treat…

Which ones?Which ones?

Tx



The LORIS trial: 932 patients

Tx Francis et al, European Journal of Cancer (2015) 51, 2296– 2303



The LORD trial
1240 women aged1240 women aged 
45 years 

asymptomatic, screen‐detected, 
l d DCISpure low‐grade DCIS 

microcalcifications onlymicrocalcifications only. 

Tx



The LORD trial
Standard treatment + annual mammoStandard treatment   annual mammo
vs.
Annual mammo only

Primary end point: 10 year ipsilateralPrimary end‐point: 10‐year ipsilateral
invasive breast cancer freeinvasive breast cancer free 
percentage
Tx



UNCERTAINTY: Biology

Different types andDifferent types and 
f (b )stages of (breast) 

cancercancer
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UNCERTAINTY: Biology

Some tumors will neverSome tumors will never 
k llkill you
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UNCERTAINTY: Biology

Need to discriminateNeed to discriminate 
h hwhich ones
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UNCERTAINTY: Biology

How should they beHow should they be 
d l h?dealt with?
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UNCERTAINTY ENGINEERINGUNCERTAINTY: ENGINEERING
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Indirect digital detector
Contact 
fingersContact leads for 

Amorphous 
silicon arrayg

readout 
electronics

silicon array
Thin‐film 
transistor

Glass 
substrate

Scintillator 
(CsI:Tl)

Tx Courtesy of GE Medical Systems



Indirect digital detector
X‐rays

CsI:Tl structured 
scintillator

Protective layer

Photodetector
elements

Glass 
substrate

elements
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Tx Freed et al, Medical Physics 36(11), 2009.



Tx Freed et al, Medical Physics 36(11), 2009.



How do you simulate that?

Tx Freed et al, Medical Physics 36(11), 2009.



Point Spread Functions

Tx Freed et al, Medical Physics 36(11), 2009.



Contrast‐Detail Phantom
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Contrast‐Detail Phantom
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Contrast‐Detail Curve
t

nt
ra
s

Worse

Co
n

Detectability

Better 

Size (detail) Detectability

Tx 38



Point Spread Functions

Tx Freed et al, Medical Physics 36(11), 2009.



Contrast‐Detail Phantom
Simulations Experimental

Tx



Example deblurring study

Tx Jannetta et al, PMB, 49(21), 2004, 4997



Tx Jannetta et al, PMB, 49(21), 2004, 4997



Tx Jannetta et al, PMB, 49(21), 2004, 4997



Tx Jannetta et al, PMB, 49(21), 2004, 4997



Observer scores
Mode Original MEM
1.8BF 51 77
1 8FF 54 5 811.8FF 54.5 81
3.0FF 79 104

Tx Jannetta et al, PMB, 49(21), 2004, 4997



Best metric

Receiver operatingReceiver operating 
characteristics

Tx



But…

E iExpensivep

Tx



Contrast‐detail analysis
Pattern effectPattern effect
Detection task (to be continued)
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Visual Grading Analysis

Tx Rahn et al, Radiation Protection Dosimetry (2005), Vol. 114, Nos 1‐3, pp. 389–394



JAFROC Results

Tx Zanca et al, BJR, 85 (2012), 1233–1241



VGA Results

Tx Zanca et al, BJR, 85 (2012), 1233–1241



UNCERTAINTY: Engineering

Imperfect detectorImperfect detector 
response

Tx



UNCERTAINTY: Engineering

PSF modeledPSF modeled 
ll dexperimentally and 

simulationsimulation

Tx



UNCERTAINTY: Engineering

True PSF(s) unknownTrue PSF(s) unknown

Tx



UNCERTAINTY: Engineering

Single PSF is anSingle PSF is an 
approximation

Tx



UNCERTAINTY: Engineering

Blind deconvolution (?)Blind deconvolution (?)

Tx



UNCERTAINTY: Engineering

How should weHow should we 
levaluate image 

quality?quality?

Tx



UNCERTAINTY: Engineering

What should we aim toWhat should we aim to 
?improve?
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UNCERTAINTY PERCEPTIONUNCERTAINTY: PERCEPTION
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Radiologists are not perfect…

Tx



…and their imperfections vary

Tx



Inter‐reader variability
rs

Re
ad
er

R

Normals Cancers

Mammography alone, 17 readers, 164 cases

Tx Drukker et al, Academic Radiology, Vol 20, No 7, July 2013



Inter‐reader variability
rs

Re
ad
er

R

Normals Cancers

Mammo + ABUS, 17 readers, 164 cases

Tx Drukker et al, Academic Radiology, Vol 20, No 7, July 2013



Inter‐reader variability

Tx Drukker et al, Academic Radiology, Vol 20, No 7, July 2013



Inter‐reader variability
Mammographyg p y
8 readers, 45 cases

d d2 reads per reader per case

Tx Ciccone et al, Eur J Cancer, 28A(6/7), 1054, 1992



Inter‐reader variability

Inter‐reader kappa:  0.45 (first read)
( d d)0.44 (second read)

(moderate)(moderate)

Tx Ciccone et al, Eur J Cancer, 28A(6/7), 1054, 1992



B t lBut also…

Tx



Intra‐reader variability

Intra‐reader kappa:  0.35 – 0.67
mean: 0.56
(moderate)(moderate)

Tx Ciccone et al, Eur J Cancer, 28A(6/7), 1054, 1992



What does it take to 
detect a lesion?detect a lesion?

Tx



Tx Kopans, NEJM, 1994, 331(22), 1521.



Three steps to detection

Search
RecognitionRecognition
DecisionDecision

Tx



Search: Did the eyes pass y p
by the lesion?by the lesion?

Tx



Search

Tx Krupinski, Displays for Medical Imaging, Chapter 5: Human factors & Observer
Performance, SIIM



Search

Tx Krupinski, Displays for Medical Imaging, Chapter 5: Human factors & Observer
Performance, SIIM



Tx Krupinski et al, Human Pathology, Volume 44, Issue 3, March 2013, Pages 357–364



Recognition: Was theRecognition: Was the  
l i i dlesion recognized as 
such?

Tx



W i i l kiWasting time looking at 
irrelevant areasirrelevant areas…

Year 1 Year 2 Year 3 Year 4

Relevant 96.25% 99.58% 99.17% 100%

Not relevant 3.75% 0.42% 0.83% 0%

Tx Krupinski et al, Human Pathology, Volume 44, Issue 3, March 2013, Pages 357–364



Decision: Is what I’m 
looking at a cancer?looking at a cancer?

Tx



Reasons for false negatives
Experienced Inexperienced

False negatives 8 21
Search 24% 29%Search 24% 29%
Recognition 24% 42%
Decision 52% 29%

Tx Krupinski, Acad Radiol 1996 ;3:137‐144



False negatives: mammo vs tomo
Tomo +  Tomo ‐

Mammo ‐ Mammo +
i ibiliVisibility 13 0

Radiographic 3 1Radiographic 
appearance

3 1

Interpretative 
error

3 6
error

Tx Lång et al, Br J Radiol 2014;87:20140080



Don’t make lesions justDon t make lesions just 
t thmore apparent so they 

can be seen….

Tx



…make them clearer so 
they can be characterized…they can be characterized…

Tx



UNCERTAINTY: Perception

(for now?) Humans(for now?) Humans 
d d lread radiology images

Tx



UNCERTAINTY: Perception

Mistakes happenMistakes happen 
(d ff l !)(differently!)

Tx



UNCERTAINTY: Perception

Our research shouldOur research should 
hpay attention to these 

perception resultsperception results

Tx



UNCERTAINTY EPIDEMIOLOGYUNCERTAINTY: EPIDEMIOLOGY
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Screening for breast 
cancer works…

right?….right?

Tx



Sure!

People live longer!People live longer!

Tx



"The five‐year survival rate for all y
cancers improved from 51 percent in 
the early 1980s to almost 60 percent 
in the earl 1990s since the 1971in the early 1990s. . . . since the 1971 
National Cancer Act much of theNational Cancer Act, much of the 
research into early cancer detection y
and treatment has paid off."

Tx Cancer survivorship [press release]. Washington, DC: US Dept of Health and 
Human Services; August 12, 1999.



Take one cancer patient…

Tx By Mcstrother ‐ Own work, CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=15703636



Take another cancer patient…

Tx By Mcstrother ‐ Own work, CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=15703636



Lead time bias

Tx By Mcstrother ‐ Own work, CC BY 3.0, 
https://commons.wikimedia.org/w/index.php?curid=15703636



X year survival can’t beX‐year survival can t be 
d f dused for determining 

screeningscreening 
effectivenesseffectiveness
Tx



In some cases two cohorts are available

Tx Hofvind et al. Cancer, 119(17), 3106‐3112, 2013 



Comparison pre‐screening

Tx Breast Cancer in England, 2010 Release



but…

Tx Breast Cancer in England, 2010 Release



also...

Tx Berry DA et al. N Engl J Med 2005;353:1784‐1792.



Screening or therapy?

Tx Berry DA et al. N Engl J Med 2005;353:1784‐1792.



Important and challenging

Incidence must be theIncidence must be the 
same
(or corrected for)(or corrected for)

Tx



Example:

Modeling incidence toModeling incidence to 
estimate 
over‐diagnosisover diagnosis

Tx



“in 2008, breast cancer wasin 2008, breast cancer was 
overdiagnosed in more than 70,000 
women…31% of all breast cancers 
di d ”diagnosed.”

Tx Bleyer and Welch. N Engl J Med 2012; 367:1998-2005



Underlying breast cancer risk

Estimate
Incidence increase 

(%/yr) OverdiagnosisEstimate (%/yr) Overdiagnosis
Base case constant
Best guess 0 25% 31%Best guess 0.25% 31%
Extreme assumption 0.50% 26%

0.5% + highest 
Very extreme assumption

g
baseline 22%

Tx Bleyer and Welch. N Engl J Med 2012; 367:1998-2005



Underlying breast cancer risk
160

120

80
incidence US

80
'extreme' (26%)

'best guess' (31%)
40

g ( )

0
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000

Tx Courtesy of Mireille Broeders and Nicolien van Ravesteijn
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Underlying breast cancer risk
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Estimating over‐diagnosis

Tx Puliti et al, J Med Screen 2012



UNCERTAINTY: Epidemiology

Survival rate misleadingSurvival rate misleading 
ffor screening  
effectivenesseffectiveness

Tx



UNCERTAINTY: Epidemiology

Determining trueDetermining true 
improvement in 
outcome involvesoutcome involves 
modelingmodeling
Tx



UNCERTAINTY: Epidemiology

Modeling introducesModeling introduces 
uncertainty

Tx



In short…
Earliest possible moment toEarliest possible moment to 
detect/diagnose/treat cancer might 
not be optimal

Tx



In short…
We could estimate and deblur due toWe could estimate and deblur due to 
PSF on average, but not for each pixel

Tx



In short…
How do we determine image qualityHow do we determine image quality 
improvement?

Tx



In short…
We need to improve image quality in aWe need to improve image quality in a 
way that would address where the 
errors are made most often

Tx



In short…
The impact of medical imaging is notThe impact of medical imaging is not 
always that easy to quantify!

Tx
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