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ObjectivesObjectives

ØWhat

ØWhy

Ø How

ØWhat

ØWhy

Ø How

is image registration ?

do we want to do it ?

do we do it ?

is image registration ?

do we want to do it ?

do we do it ?

the mechanics !the mechanics !
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What is Image Fusion?What is Image Fusion?

Multi-Sensor Data FusionMulti-Sensor Data Fusion

imaging devicesimaging devices

outputs of the devicesoutputs of the devices

integration and displayintegration and display
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This is 

NOT New!

This is 

NOT New!

Multi-Sensor Data FusionMulti-Sensor Data Fusion
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Multi-Sensor Data FusionMulti-Sensor Data Fusion
Golf

Courses
Galore!

~ 30 years old,  LANDSAT I launched 7/23/72~ 30 years old,  LANDSAT I launched 7/23/72

LANDSAT
VII



Multimodality Imaging in Radiation Oncology:
Registration and Fusion

Marc L Kessler, PhD
2

Marc L Kessler, PhD   AAPM 2003

Multi-Sensor Data FusionMulti-Sensor Data Fusion

• Landsat MSS / TM 

• Radar / Sonar 

• Aerial Photographs

• Elevation Models 

• Geophysical Data 

• Landsat MSS / TM 

• Radar / Sonar 

• Aerial Photographs

• Elevation Models 

• Geophysical Data 
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Multi-Sensor Data FusionMulti-Sensor Data Fusion

... over both space and time!... over both space and time!

19841984 Change!Change!19931993

Marc L Kessler, PhD   AAPM 2003

Why ?Why ?

3D Scalar Data3D Scalar Data 4D Vectors 4D Vectors 

MR  Spin Echo FDG-PET

MR + PET CT + Dose

Marc L Kessler, PhD   AAPM 2003

Why ?Why ?

MR  Spin Echo FDG-PET

MR + PET CT + Dose

… patient models must 
include functional and 
physiologic information 
as well as anatomic and 
physical data.

… patient models must 
include functional and 
physiologic information 
as well as anatomic and 
physical data.

… not just 3D scalars, 
but 4D vectors which 
include dose-to-date.

… not just 3D scalars, 
but 4D vectors which 
include dose-to-date.
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Why ?Why ?

??

??

X-ray CTX-ray CT 18FDG-PET18FDG-PET

P

S A

C

Target Volume Definition using FDG-PETTarget Volume Definition using FDG-PET
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Why ?Why ?

Pickett / UCSFPickett / UCSF

Localized spectroscopy and MR image dataLocalized spectroscopy and MR image data

Functional Imaging using Magnetic ResonanceFunctional Imaging using Magnetic Resonance

cholinecholine creatinecreatine

citratecitrate

ppmppm 3.5         3.5         3.0         3.0         2.5         2.5         2.0         2.0         1.5         1.5         
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Why ?Why ?

Hamilton / U ChicagoHamilton / U Chicago

- silent word task -

BOLD - Blood Oxygen Level Dependent Technique BOLD - Blood Oxygen Level Dependent Technique 

Functional Imaging using Magnetic ResonanceFunctional Imaging using Magnetic Resonance
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Why ?Why ?

CT Images before and after chemotherapyCT Images before and after chemotherapy

Repeat imaging during treatment courseRepeat imaging during treatment course

Wolfe / MichiganWolfe / Michigan
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Why ?Why ?

“… construct as complete 

and accurate a model of 

the patient as possible.”

“… construct as complete 

and accurate a model of 

the patient as possible.”

Marc L Kessler, PhD
August 12,2003

Marc L Kessler, PhD
August 12,2003
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How ?How ?

Compute the geometric transformation 
that relates the coordinate systems of 
two datasets

Compute the geometric transformation 
that relates the coordinate systems of 
two datasets

Apply the computed transformation 
to map information from one dataset 
to another

Apply the computed transformation 
to map information from one dataset 
to another

registrationregistration

data fusiondata fusion

11

22
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RegistrationRegistration

Study AStudy A Study BStudy B

rotate, scale

translate, ...

rotate, scale

translate, ...

XB = F ( XA , { ß })XB = F ( XA , { ß })

??
b1

b2

b3

a1

a2

a3
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FusionFusion

Study AStudy A Study BStudy B

tumor volumes

3D doses, ...

tumor volumes

3D doses, ...

XB = F( XA , { ß })XB = F( XA , { ß })

??

Computer graphics and image processingComputer graphics and image processing
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What is F ?What is F ?

Ø Rigid / Affine 

Ø Piecewise Rigid ( & Limited FOV)

Ø Full 3D / 4D Warping

Ø Finite Element Models

Ø Rigid / Affine 

Ø Piecewise Rigid ( & Limited FOV)

Ø Full 3D / 4D Warping

Ø Finite Element Models
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What is F ?What is F ?

Affine Assumption

y=mx+b … in three dimensions

xb = A xA + b … up to 12 DOF

Affine Assumption

y=mx+b … in three dimensions

xb = A xA + b … up to 12 DOF

Otherwise

Spatially variant function

Thin-plate spline         … lots of DOF

Otherwise

Spatially variant function

Thin-plate spline         … lots of DOF
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Degrees of FreedomDegrees of Freedom

Patient dependent 
– rotation                    ( θx , θy , θz)

– translation               ( tx , ty , tz )

– distortion many DOF

Machine dependent
– pixel size

– slice thickness

– distortion many DOF

Patient dependent 
– rotation                    ( θx , θy , θz)

– translation               ( tx , ty , tz )

– distortion many DOF

Machine dependent
– pixel size

– slice thickness

– distortion many DOF

{ß}{ß}

( sx , sy , sz )( sx , sy , sz )
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How ?How ?

Prospective
Ø reproduce imaging geometry exactly

Ø attach coordinate system to patient

• frames / fiducials

Retrospective

Ø patient intrinsic

• anatomy / shape / image intensities

Prospective
Ø reproduce imaging geometry exactly

Ø attach coordinate system to patient

• frames / fiducials

Retrospective

Ø patient intrinsic

• anatomy / shape / image intensities
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ProspectiveProspective

F = Identity          XB = XAF = Identity          XB = XA
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ProspectiveProspective

… attach a
coordinate
system to

the patient!

… attach a
coordinate
system to

the patient!

… stereotactic radiosurgery… stereotactic radiosurgery

ouch
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RetrospectiveRetrospective

Surface-basedSurface-based Intensity-basedIntensity-based

– rotate
– translate
– scale
– shear
– warping

?

Interactive or AutomatedInteractive or Automated

CT

MR
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RetrospectiveRetrospective

Construct a metric that measures the 
mismatch between two datasets

Construct a metric that measures the 
mismatch between two datasets

Apply a minimization algorithm to 
determine the parameters (DOF) 
that minimize this metric

Apply a minimization algorithm to 
determine the parameters (DOF) 
that minimize this metric

22

11
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RetrospectiveRetrospective

Ø Point Matching

Least Squares                 

Ø Surface Matching

Chamfer Matching

Ø Voxel Intensities

Mutual Information

Ø Point Matching

Least Squares                 

Ø Surface Matching

Chamfer Matching

Ø Voxel Intensities

Mutual Information
p(A,B)p(A,B)

( XB - XA ) 2( XB - XA ) 2

min distance 2min distance 2

p(A) p(B)p(A) p(B)-Σ-Σ

ΣΣ

ΣΣ

p(A,B)p(A,B) loglog
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Surface-basedSurface-based

Catallo / U MichCatallo / U Mich

aa bb cc??

objects
misaligned

objects
misaligned

compute
mismatch
compute
mismatch

mismatch
minimized
mismatch
minimized

d 2d 2ΣΣ
ii
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Intensity-basedIntensity-based

Mutual InformationMutual Information

H(IA )H(IA ) H(IB)H(IB) H(IA ,IB) H(IA ,IB) 

CT MR

??
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p(IA, IB) 

p(IA) p(IB)

p(IA, IB) 

p(IA) p(IB)ΣΣMI(IA,IB) =     p(IA, IB) log2MI(IA,IB) =     p(IA, IB) log2

Mutual InformationMutual Information

H(IA ,IB) = H(IA ) + H(IB) - MI(IA ,IB)H(IA ,IB) = H(IA ) + H(IB) - MI(IA ,IB)

‘48  Shannon - Bell Labs  /  ‘95  Viola - MIT‘48  Shannon - Bell Labs  /  ‘95  Viola - MIT

… MI can be used as a metric… MI can be used as a metric

Joint 
Entropy
Joint 

Entropy
Mutual 

Information
Mutual 

Information
Individual 
Entropies

Individual 
EntropiesThe mutual information of two image 

datasets is a maximum when they are 
geometrically registered …

The mutual information of two image 
datasets is a maximum when they are 
geometrically registered …
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Mutual InformationMutual Information

Should we really describe this?Should we really describe this?

Yes, … go to next slideYes, … go to next slide

No, … skip past this sectionNo, … skip past this section
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Mutual InformationMutual Information

H(X) =  - EX [ log2 p(x)]H(X) =  - EX [ log2 p(x)]

The entropy or information content of 
an image with a frequency distribution 
p(X), is defined by:

The entropy or information content of 
an image with a frequency distribution 
p(X), is defined by:

=       p(x) log2=       p(x) log2
1 

p(x)
1 

p(x)ΣΣ
xx
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Mutual InformationMutual Information
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Mutual InformationMutual Information
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Mutual InformationMutual Information

fr
e

q
u

e
n

cy

intensityintensity

fat

tissue
bone

air

3D CT 
Grayscale Data

3D CT 
Grayscale Data

grayscale
histogram
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b
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b
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p(X)p(ICT)

Frequency
Distribution
Frequency
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Mutual InformationMutual Information

The joint entropy or combined 
information content of a pair of 
images with image with a joint 
frequency distribution p(X,Y), is:

The joint entropy or combined 
information content of a pair of 
images with image with a joint 
frequency distribution p(X,Y), is:

H(X,Y) = -H(X,Y) = - p(x,y) log2p(x,y) log2
1 

p(x,y)
1 

p(x,y)ΣΣ ΣΣ
xxyy
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Mutual InformationMutual Information

2D joint intensity
histogram

2D joint intensity
histogram

original MRoriginal MR

reformatted
CT

reformatted
CT

ICT

IMR
0 256

256

co
u

n
ts

n+1
n
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Mutual InformationMutual Information

H(X,Y) = H(X) + H(Y)H(X,Y) = H(X) + H(Y)

… if X and Y are independent… if X and Y are independent

H(Y)H(Y)H(X)H(X)
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Mutual InformationMutual Information

H(IMR)H(IMR)H(ICT)H(ICT)

H(ICT,IMR) = H(ICT) + H(IMR)H(ICT,IMR) = H(ICT) + H(IMR)

… if CT and MR are independent… if CT and MR are independent
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H(ICT,IMR) = H(ICT) + H(IMR) - ?H(ICT,IMR) = H(ICT) + H(IMR) - ?

Mutual InformationMutual Information

H(IMR)H(IMR)H(ICT)H(ICT)

CT and MR dependentCT and MR dependent

?
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Mutual InformationMutual Information

H(IMR)H(IMR)H(ICT)H(ICT)

CT and MR dependentCT and MR dependent

MI

H(ICT,IMR) = H(ICT) + H(IMR) - MIH(ICT,IMR) = H(ICT) + H(IMR) - MI
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p(IA, IB) 

p(IA) p(IB)

p(IA, IB) 

p(IA) p(IB)ΣΣMI(IA,IB) =     p(IA, IB) log2MI(IA,IB) =     p(IA, IB) log2

Mutual InformationMutual Information

H(IA ,IB) = H(IA ) + H(IB) – MIH(IA ,IB) = H(IA ) + H(IB) – MI

This is our metric!This is our metric!
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Mutual InformationMutual Information

2D joint intensity
histogram

2D joint intensity
histogram

p(ICT, IMR) MI = .99

I MR

I 
CT

Aligned!Aligned!

original MRoriginal MR

reformatted
CT

reformatted
CT
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Mutual InformationMutual Information

2D joint intensity
histogram

2D joint intensity
histogram

p(ICT, IMR) MI = .62

I MR

I 
CT

Aligned!Aligned!

original MRoriginal MR

reformatted
CT

reformatted
CT

Not soNot so
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Mutual InformationMutual Information

H(IA ,IB) = H(IA ) + H(IB) - MI(IA ,IB)H(IA ,IB) = H(IA ) + H(IB) - MI(IA ,IB)

‘48  Shannon - Bell Labs  /  ‘95  Viola - MIT‘48  Shannon - Bell Labs  /  ‘95  Viola - MIT

… MI can be used as a metric… MI can be used as a metric

The mutual information of two image 
datasets is a maximum when they are 
geometrically registered …

The mutual information of two image 
datasets is a maximum when they are 
geometrically registered …
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Mutual InformationMutual Information
- MI vs. transformation parameters- MI vs. transformation parameters

H(ICT) = 6.44H(ICT) = 6.44

ReferenceReference HomologousHomologous

fixedfixed zz

xx

(bits)(bits)
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Mutual InformationMutual Information
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Mutual InformationMutual Information

H(IPET)
1.83

H(IPET)
1.83

H(ICT)
3.98

FDG PET

X-ray CT

Manipulate CT to
match FDG-PET

- rotate / translate -

Manipulate CT to
match FDG-PET

- rotate / translate -

CTCT

PETPET
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Mutual InformationMutual Information

Starting MI

-0.197

Starting MI

-0.197

? ? ?? ? ?

CTCT

PETPET
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Mutual InformationMutual Information

# Iterations

150

Wall Clock

~1 minutes

-MI

-0.197

-0.479

# Iterations

150

Wall Clock

~1 minutes

-MI

-0.197

-0.479
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In the BrainIn the Brain

Multimodality image registration in 
the cranium is a solved problem!
Multimodality image registration in 
the cranium is a solved problem!

CT / MR             PET / CT          MR  / PETCT / MR             PET / CT          MR  / PET
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Outside the BrainOutside the Brain

Ø Rigid / Affine  ( if we’re careful ! )

Ø Full 3D / 4D Warping

Ø Finite Element Models

Ø Piecewise Rigid ( & Limited FOV)

Ø Rigid / Affine  ( if we’re careful ! )

Ø Full 3D / 4D Warping

Ø Finite Element Models

Ø Piecewise Rigid ( & Limited FOV)
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Rigid Assumption ?Rigid Assumption ?

Reproduce patient orientation as closely as 
possible using an immobilization device
Reproduce patient orientation as closely as 
possible using an immobilization device

Custom-molded

Styrofoam cradle

Thorax Board
Sinmed BV
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Rigid Assumption ?Rigid Assumption ?

FDG PETFDG PET X-ray CTX-ray CT

crop spurious PET data        window/level datasetscrop spurious PET data        window/level datasets

Register CT data with PET emission dataRegister CT data with PET emission data
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Rigid Assumption ?Rigid Assumption ?

Auto-segmented boundaries from CT mapped to PETAuto-segmented boundaries from CT mapped to PET

Visual validation of registrationVisual validation of registration
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What about Warping ?What about Warping ?

Meyer / UMMeyer / UM

Allow Spatial Variant Transformations
Thin-Plate Splines,  Finite Element Models, etc

Allow Spatial Variant Transformations
Thin-Plate Splines,  Finite Element Models, etc

PETPET CTCT
PET in cradle,  CT not
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What about Warping ?What about Warping ?

Meyer / UMMeyer / UM

Thin-plate Spline Transformation and

Mutual Information Metric

Thin-plate Spline Transformation and

Mutual Information Metric
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Finite Element ModelingFinite Element Modeling

Brock / UMBrock / UM

ExhaleExhale

InhaleInhale

Take into account physical 
tissue properties
Take into account physical 
tissue properties
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The Future ?The Future ?

Finite Element Family
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Piecewise RigidPiecewise Rigid

Too Little ?Too Little ? Too Much ?Too Much ?

A simple rotate-translate model can 
work over a limited spatial extent.
A simple rotate-translate model can 
work over a limited spatial extent.

PremisePremise

Global RigidGlobal Rigid Full WarpingFull WarpingPiecewise RigidPiecewise Rigid
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Piecewise RigidPiecewise Rigid

Anatomic structuresAnatomic structuresGeometric primitivesGeometric primitives

Partition data into 1 or more sub-regionsPartition data into 1 or more sub-regions
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Piecewise Rigid AssumptionPiecewise Rigid Assumption

CTCT MRMR Regions

Of Interest

Regions

Of Interest

Region
1

Region
1

Region
2

Region
2

( Therapy )( Therapy ) ( Diagnostic )( Diagnostic )
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Region 2
Registration

Region 2
Registration

Piecewise Rigid AssumptionPiecewise Rigid Assumption

Region 1
Registration

Region 1
Registration
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Limited Field-of-ViewLimited Field-of-View

MR 
CT

MR data
discarded
MR data

discarded

radioactive
seeds

radioactive
seeds

curvedcurved flatflat
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Limited Field-of-ViewLimited Field-of-View

CTCTMRMR
( Therapy )( Therapy )( Diagnostic )( Diagnostic )

particularly
poor

particularly
poor

Marc L Kessler, PhD   AAPM 2003

Limited Field-of-ViewLimited Field-of-View
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The Big PictureThe Big Picture

Patient

(Actual)

Patient

(Actual)

Imaging
Studies

(Digitized)

Imaging
Studies

(Digitized)

Patient

(Virtual)

Patient

(Virtual)

Process
Images
(Register,
Segment)

Process
Images
(Register,
Segment)

Radio
graphs

(Actual)

Radio
graphs

(Actual)

Patient
+

Dose
(Actual)

Patient
+

Dose
(Actual)

Tx
Plan

(Virtual)

Tx
Plan

(Virtual)

DRRs

(Virtual)

DRRs

(Virtual)

……
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The Big PictureThe Big Picture

Radio
graphs

(Actual)

Radio
graphs

(Actual)

Patient
+

Dose
(Actual)

Patient
+

Dose
(Actual)

Tx
Plan

(Virtual)

Tx
Plan

(Virtual)

DRRs

(Virtual)

DRRs

(Virtual)

……

Does what we just saw mean that 
we could use soft tissue imaging to 
localize and position targets ?

Does what we just saw mean that 
we could use soft tissue imaging to 
localize and position targets ?
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Ø Ignore

OK in many or most cases!

Ø Interpolate

distance weighting, … 

Ø Ignore

OK in many or most cases!

Ø Interpolate

distance weighting, … 

Piecewise RigidPiecewise Rigid

Anatomy outside sub-regions ?Anatomy outside sub-regions ?

??
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Piecewise RigidPiecewise Rigid

Distance-weighted interpolationDistance-weighted interpolation

AA

BB

Rigid objectsRigid objects 3D Distance fields3D Distance fields

AA

BB
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Piecewise RigidPiecewise Rigid

Distance-weighted interpolationDistance-weighted interpolation

Rotate objectsRotate objects

AA

BB

Distance fieldsDistance fields

AA

BB
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How …How …

do we know these algorithms work?

Ø build phantoms and test them

we can know the truth!

Ø provide tools to examine results

we don’t know the truth!

do we know these algorithms work?

Ø build phantoms and test them

we can know the truth!

Ø provide tools to examine results

we don’t know the truth!
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Multimodality PhantomsMultimodality Phantoms

CTCT

MRMR

19861986
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van Herk / NKIvan Herk / NKI

Multimodality PhantomsMultimodality Phantoms
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Registration ValidationRegistration Validation

“Magic Window”“Magic Window” Image CompareImage Compare

Original
MR

Original
MR

Reformatted
CT

Reformatted
CT

- Visual Analysis -- Visual Analysis -
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Registration ValidationRegistration Validation
- Visual Analysis -- Visual Analysis -

Display datasets as “color gels”Display datasets as “color gels”
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Registration ValidationRegistration Validation

Native OutlinesNative Outlines Mapped OutlinesMapped Outlines

- Visual Analysis -- Visual Analysis -
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Clinical ExamplesClinical Examples

Target Volume Definition
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