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e Contact data:
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Literature

Gonzalez and Woods, Digital Image Processing, 4th Ed., Pearson,
ISBN: 9780133356724

Kristy K. Brock, Image Processing in Radiation Therapy, CRC Press,
ISBN: 9781439830178

Isaac H Bankman, Handbook of Medical Image Processing and Analysis,
2nd Edition, Academic Press, ISBN 0123739047

Additional topic specific references will be indicated for each lecture
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Introduction to digital imaging

Fundamentals of image processing and enhancement

Image enhancement in the spatial domain
Image enhancement in the frequency domain
Image segmentation basics

EXERCISE: Enhancement in spatial domain
Advanced image segmentation
Morphological filters & 3D surface modeling
Image feature extraction

EXERCISE: Enhancement in frequency domain
Wavelets and compressed Sensing

Radiomics

Holiday

EXERCISE: Segmentation

Image registration: rigid

Image registration: deformable

Image registration: validation issues
EXERCISE: Compressed sensing

Neural networks in image processing
EXERCISE: Registration and B-splines

Deep learning in medical image processing (1)
Deep learning in medical image processing (2)
Image pattern classification

EXERCISE: Machine learning

Image visualization and rendering

Imaging standards: DICOM and DICOM-RT

Data transmission and networking: PACS, RECORD and VERIFY

EXERCISE: DICOM




Notes on exercises and exam

* The exercise sheet / assignment will be delivered at least 1 week in
advance

* Calculations / coding assignment based on lectures
* Solutions will be discussed in the exercise class
* Bonus for delivering solutions to the exercises

e Solutions will be evaluated (4 out of 7, selection on your choice!) and
contribute to the overall exam score

 The exam will be oral (update on COVID-19 later in the semester)




Lecture 01

INTRODUCTION TO DIGITAL
IMAGING



Digital imaging technologies

| MRI

us

PET-CT

PET

Spatial resolution (anatomic detail)

Planar NM

Functional information (tissue composition)

ISBN: 978-0387289861




Pixels / voxels

Digital
radiography
2048 x 1536

Digital image samples in 2D / 3D images:

* Image intensities are defined on a specific sampling grid

* Isotropic / anisotropic grid size

* Several applications (e.g. segmentation, registration) require interpolation within the
grid ’

AAAAAAAAAA



2D image: projective geometry

Panel rotations

@ SOURCE

Imaging Isocenter




3D image: slice orientation

Transverse Coronal
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Image sampling / quantization

Let us assume x=0,1,2,...M-1 andy=0,1,2,...,N-1

Y‘Orig'n ( )
f Y. _ f X,Y) =
00 1 2zz j 5 N-T, y
e = i - £(0,0) f01) .. f(ON—-1)
N f(1,0) f(LN-1)
t <fivel f(.) i fM=10) f(M—-11) .. f(M—1,N—1)]
X, M
LCenter
where each single entry can take intensity values
coded in a given number of bits. Let us assume L is
Image f(x, y) the total number of bits, then intensity values are
- 1 in the range:

-
-

(0,...,2L-1)




Image sampling / quantization

ab
cd

FIGURE 2.16

{a) Continuous
image. (b) A
scan line show- A
ing intensity .-
variations along
line AR in the
continuous image.
{c) Sampling and
quantization.

{d) Digital scan
line. (The black
border in (a) is
inetaded for A el AL LB
clarity. It is not '

part of the image).

T
|
Quantization
|

Sampling
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Basic geometrical concepts

Size=7x6 Segmentation /
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Example: Metalmage format

¥ wv:the 4D Slicer

= X
File Overlay Screenshots Tools Help
+ < |Window :{1223,731 5 D' Level : -262,857 |+ |Preset : User Scale ~ Colormap : B&W ~ Al Slice to World  ~ [
Images  Overlay ROI  Llink  landmarks
TL TR BL BR Name
M M M4 @ CT_UNTAGGED3MM_0.mhd
Image : CT_UNTAGGEDIMM_0.mhd
Creation time : Mo creation time
Dimension : 3 (short)
Size (pixel) : 512 512 117

; . Size in mm : G00.003 600.003 351
Image : CT_UNTAGGED3MM_0.mhd 2

Creation time : No creation time

Dimension : 3 (short) ﬂl‘lgh'l g '3'}'} '3':“:' 't_'l':lgﬁ
Size (pixel) : 512 512 117 S .
Size inmm : 600.003 600.003 351 . > Spacu'lg . 11?188 ]]_FIE,E, 3
Origin : 300 -300 -609.5 sosior
Spacha; LTS8 LTS8 3 : ‘ # pixels : 30670848 (59Mb)
# pixels : 30670848 (59Mb)

Cross hair : .
Position (pixel): 23232677580 Cross hair :
Position (mm): 27.713.7 -435.5

Pixel value : m Position (pixel): 24323 267.7 58.0
Position (mm): L7 13.7 433.5

Pixel value :

Transformation Matrix:

Type 'F1" on image to display help on navigation
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Image interpolation

a)
]
Q
]
0,.”’? . . i
(a]
—
Q
=]

Voxel
(sample)

Compute image intensities in-between voxels
- Trilinear interpolation

Required for segmentation and registration

Three steps of linear interpolation

e Step 1: find intensity in a, b, cand d
e Step 2:find intensityine, f

e Step 3: find intensity in g

I(a) =

tx
1(c110) +
Xc110 — Xc010

X — X — tx
I(CO].O) c110 c010

Xc110 — Xc010



Multi-resolution

coarse w‘\ 1=2
\

/
medium ﬁ \ \ =1
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Voxel size
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Digital image processing in adaptive RT

Diagnosis
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Image enhancement

Diagnosis
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Enhancement in the spatial domain

N T MxN image
e \} mxn  filter mask (odd filter size)
7 / a b
Lt glx,y) = Z Z w(s, t)f(x+s,y+t)
_/f s=—at=-b
m-—1
with: aqa = ——
lmag 2
i b= n—1
w(l,—1) w(1,0) w(l,1) — 2

Filter coefficients

flx—=1,y-1) fla—=1y+1)

Image convolution with a filter
(kernel)

fle.y+1)

flx+Ly—-1) flx+Ly) |flx+1,y+1)




Enhancement in the frequency domain

A
2-D Fourier
transform
F(u,v)

» X

1-D Fourie\r\‘

transform




Compressed sensing

Multislice 2-D Cartesian Nyquist i ow-Hesolirtion cs

Sampling Configuration Sampling Sampling Linear Wavelet + TV

Compresses sensing in MRI:

e uses sparse representation in an appropriate transform domain (e.g wavelets)

e acquisition of encoded samples, rather than direct pixel samples (e.g., in spatial-
frequency encoding)
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Image segmentation

Diagnosis
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Image segmentation

Manual / assisted / automated
techniques

Level lIb E ™ Level lIb
i -

nodal region 4 '), nodal region

Create a binary image (inside /

FVelb: . outside)
enemmt-_, i "\ * 3D model needed for planning

@ ,
v A t\ sterior | Sc.alg‘he Musére »

e Same sampling grid of the original
image

* Refinement possible with
morphological filters

* May need to reach sub-voxel
accuracy — tessellation

Med Phys. 2014 May;41(5):050902. LMW | s




Morphological filters

—

/

(a) Binary set X and (b) Dilation of X by B (c) Erosion of X by B
structuring element B

Basic operations on binary images:

e Contour refinement

* Merging of contours

* Expansions (e.g. application of margins)




Modeling of 3D surfaces
(b)

stack and tesselate transform and re-slice

Med Phys. 2017 Jul;:44(7):e43-e76

1

Transfer contours

Beam aperture EE)



Image feature extraction

Diagnosis
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Image feature extraction

Figure 1. FDG-PET and MRI diagnostic images of two patients with soft-tissue
sarcomas of the extremities. Top row: patient that did not develop lung metastases.
Bottom row: patient that eventually developed lung metastases. 1st column: FDG-PET
images, axial plane. 2nd column: T1-weighted images, axial plane. 3rd column: T2-
weighted fat-saturated images, axial plane. 4th column: short tau inversion recovery
images, sagittal plane. The green lines in the two images of the 4th column correspond
to the plane shown in the three other respective images.

Extraction of global/local

image features:

* Automation preferred

* Identification of specific
structures

* Matching with different
imaging studies
(different image / time
series)

* Correlation with
clinically relevant
outcome?
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Image feature extraction: radiomics




Image registration

Diagnosis
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Image registration

Fixed Image

voxels

Moving Image

voxels

Fitness
value

_ Optimization

Metric

7\

voxels

Vv

Interpolator

algorithm

\

N

Transformation




Rigid / deformable image registration

Y

inhale exhale




Registration validation: qualitative

Split view,.,

Med Phys. 2017 Jul;44(7).e43-e76




Registration validation: quantitative

|
I expected to reduce in volume, greater than 1 for
: structures expected to expand in volume)
| Consistency Independence of an algorithm to the direction of the registration Maximum voxel dimension (~2-3 mm)

(image A to image B or image B to image A)

b o o e e e e e e e e e o e o e o e e e e e e e e e e e e e e e e e e

Technique Evaluation metric Tolerance
Target registration error (TRE) Point-based accuracy metric using implanted or naturally Maximum voxel dimension (~2-3 mm)
occurring landmarks visualized on a pair of images
| = = = e e e e e e e e e e s e e e e e e e e e s e e e e e e e e e e e - - - - = - - - =
| Mean distance to agreement (MDA) Mean surface distance between 2 contours on registered images Within the contouring uncertainty of the structure |
or maximum voxel dimension (~2-3 mm
| 1d 2-3 |
| Dice similarity coefficient (DSC) Volumetric overlap of 2 contours on registered images Within the contouring uncertainty of the structure |
| (~0.80-0.90%) |
d
Jacobian determinant Volume expansion or contraction resulting from a deformable No negative values, values deviating from [ as |
image registration expected from clinical scenario (0-1 for structures |
I
|
I
|

“DSC calculations are dependent on the volume of the structure, therefore very large or very small structures may have different expected DSC values for contour uncer-
tainty.

= == == : Contour-based metrics

= = = * \Vector-field based metrics

Med Phys. 2017 Jul;44(7).e43-e76



Image pattern classification

Diagnosis
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Image pattern classification

- v

) o Convertto
o) grey values “

Threshold

Find(pixel_values)>0.9

Template
mask

-

Template Matching

L -
MAXIMILIANS-

LMU UNIVERSITAT |
MONCHEN

T E—ea



Neural networks and deep learning

Diagnosis
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Neural networks and deep learning

+1or -1

Convolution + Bias + Activation Comvolution
| +
o Subsampling BE‘“ =0 -0 . .
i Activation B 0= T~ SO~
T | E o= O oo,
' » 2 e & 0T
Receptive field Subsampling o g |
- = P
'D._ : E u
=
WO . T
ot o O
Input image Feature maps Fully connected
neural net
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Neural networks and deep learning

Example: generation of synthetic CT (sCT) from MRI in MR-guided RT:
* No correlation to CT intensity

* Air and bone have no signal

* What about Unets for this image-to-image translation task?

Input 5| U-Net >| Output |e Loss

f [l Conv3x3 + Relu . .
ﬁ B Max Pooling Aim:
2 Bu li .
ﬂ 0 copy Translate MRI into CT

B Convixl

Han, Med.Phys. 2017

Encoding ! Decoding

Courtesy of Prof. Landry



Visualization and rendering
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Visualization and rendering

2D visualization:
image slices

Image volume
visualization

Indirect
3D visualization:
isosurface

Direct

3D visualization
(direct volume
rendering)
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Imaging standards: DICOM

Data Set

— = order oftransmission —_— C0|umns= 512
Data Elem. Data Elem. %Elen\ - - - Data Elem. ) g
I~ A

512x512
PD

Data Element

Value
T )
ag % Length Value Field

— optional field - dependent on
negotiated Transfer Syntax

Rows =512

Examples:

* Rows (0028,0010)
* Columns (0028,0011)
* Slice Thickness (0018,0050)
* Slice Location (0020,1041)

V';'),a "

* PixelSpacing (0028,0030) e e
LMU | coverers ﬁ
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Treatment Planning

Treatment Delivery ———» =

Data transmission and networking

[1] Acquisition DICOM
o

[2] Field planning  ©
at Treatment
Planning System

[3) Generation of
DRR as reference

image

[4] Transfer of
radiation plan

DICOM-RT Extension

RT Plan

prescrplion == prescription Sheet
sheet =)

Jun;29(3):655-67

Radiographics. 2009 May-

IIIIIIIIIIII
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Data transmission and networking

Treatment planning Hospital information
Imaging and simulation system i
gng y Patient
management
(schedule)
Image Prescripton . . & & i
transfer Imm-:]billjization Patient |
\ identification \
: l
i Patient set-up i
I I
| I |
! Console
] | Plan transfer ) n
Treatment planning | Set-up transfer Record and verify !
system : system |
I . ! .
| DRR transfer Machine set-up Treatment machine
l l
I I
| |
| |
| |
| |
| Set‘u_p | Treatment
! correction | delivery
| |
I :
| |
| Position |
| verification i
T T informaation, e | T T T T
DRRs, portal
images
Patient electronic
chart




