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 Intro on 3D localization
* From 3D localization to motion detection
 Motion detection in external beam therapy

— External surface
— Internal anatomy

— Combined approaches
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3D motion detection:

 External surface
— Point-based localization

— Surface imaging

Combined
approaches

—

* Internal anatomy
— Implanted landmarks
— Imaging
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v" 3D localization systems:
- measure specific surface markers (landmarks)
- 3 basic technologies
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The Field Generator emits a low-
intensity, varying electromagnetic
field and establishes the position of
the tracking volume

Sensors: induced coil voltage is
readout to determine the sensor
spatial location based on the prior
knowledge of strength and phase of
the exciting field.
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Cube Volume Dome Volume

RMS 95% ClI RMS 95% ClI
Accuracy — 5DOF Sensors”
Position 0.70mm 1.40 mm 1.10 mm 2.00 mm
Orientation 0.20° 0.35° 0.20° 0.40°
Accuracy — 6DOF Sensors”
Position 0.48 mm 0.88 mm 0.70 mm 1.40 mm

Orientation 0.30° 0.48° 0.30° 0.55°

*All data collected with the Aurora V2 System in an environment free of electromagnetic

disturbances. Accuraci deiends on tool desiin and the iresence of metal.
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v Optical (infrared, IR) system for motion tracking
- actual standard in medical applications

- computer vision techniques are applied for point (marker)
localization

- accurate, real-time, 3D
- visibility needs to be ensured for reconstruction

Active markers Act/vé markers .
(cabled) (wireless) Passive markers
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v IR optical tracker
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Processing |
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sensor

- optical component: CCD TV cameras (high frequency)
- image processing (marker recognition)

- marker classification and tracking

- 3D reconstruction
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v" IR optical tracker:

- optical component:

- CCD TV cameras CCD (frequency
50-100 Hz)

- IR illumination (760 nm) for
passive markers

- passive markers: plastic spheres
/emispheres covered with reflective
coating (3M Scotchlite™)

- different size (2-20 mm radius)

- self-adhesive or through support
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v" IR optical tracker. shape recognition (correlation)
- output: local correlation value with the kernel
(above threshold)

OUTPUT

MARKER

Ly
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v" IR optical tracker. stereometric 3D reconstruction

F point (1)

2D proj (2)
2D proj (1)
Colinearity equation: projective model

My, (X = Xo)+my, (Y =Yy)+m(Z-2Z,)
Mgy (X = Xo) +My, (Y =Yo) + Mg (Z - Z;)
m21(X - Xo)"‘mzz (Y_Yo)+m23(z_zo) .
Mgy (X = Xo) + Mg, (Y =Yo) + Mgy (Z = Z)

(X=Xy)=—C

(y_YO) =—C
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v" Stereo-photogrammetry concepts:

- 9 parameters for each TVC:
- Xo, Yo, 4, : TVC position
- Myy...Ms3 TVC orientation matrix
(3 free parameters, i.e. angles)

- ¢ (f in figure): focal lenght

- Xy, Yo, principal point (projection of
focal point on the sensor plane)

mll(X - Xo) + le(Y _Yo) + mlS(Z _Zo) .
m31(x o Xo)"' msz(Y _Yo) + m33(Z _Zo) |
M,, (X = Xg) + My (Y =Yo) +myu(Z-2,) .
My (X = Xo) +May (Y =Yg) + My (Z - Z,)

(X_Xo) =—C

(y_yo) =—C
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Hybrid Polaris Spectrae | Passive Polaris Spectrae Polaris Vicra"
Performance
Accuracy:
Volumetric'? Pyramid: 0.25 mm RMS Extended Pyramid: 0.30 mm RMS? 0.25 mm RMS
AAK 0.35 mm RMS 0.35 mm RMS
95% Confidence Interval Pyramid: 0.5 mm Extended Pyramid: 0.6 mm 0.5 mm
Maximum Update Rate? 60 Hz 20 Hz
Operating Temperature® 10C° to 40°C 10°C to 30°C
Measurement Volume Pyramid and Extended Pyramid Vicra Volume
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Radiat Oncol. 2017 Mar 31;12(1):63




* Sub-mm accuracy in controlled lab conditions.

* The measurement error in case of close
proximity to a CT scanner is up to 10.5 mm
and precludes its use for the monitoring of
respiratory motion during 4DCT acquisitions.

* Similarly, the motion of the treatment gantry
distorts up to 22 mm the tracking result.
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Contact

Contact free

——— Destructive

—— Microtomy / Cryosectioning

—» Non destructive — Mechanical arm

» Acoustic = US
Magnetic » MRI
— Ionizing » CT
[ e i e e e e R e e 1
| .
: . Laser scanning I
:Optlcal Active Structured light |

Video images

——+ Passive Pictures
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Manufacturing

* Quality control
Virtual reality
Reverse engeneering
Custom prototyping

~

wOncren applications

-

Biomedical Applications
* Planning and simulation of
the surgical intervention
* Surgical outcome assessment
* Custom prosthesis and orthesis
* 3D morphologic analysis
* 3D antropometry

Arts
* Virtual databases
* Statue replicas

Forensic pathology

* Wounds reconstruction
* Face reconstruction

* 3D crime scene analysis
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Pros:
* Speed: complete scan in ~2.5s
* Accuracy: 3D error~0.01mm

Cons:
* Multiple scans needed

Pros:
+ Single scan
» Accuracy: 3D error ~0.01mm

Cons:
* Tracking of the scanning system
* Long acquisistions
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Interferometry
Structured light

Pros.:

» Speed

* Precision

« Accuracy (0.1 mm)

Cons:

 Illumination and color
sensitivity

» Costl!!!
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Light patterns

Interferometry
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Operational modes:
» visible light (flash)
* near infrared (no flash)
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reconstruction

- Correspondent points on
speckle cameras

Camera 2

- 3D stereo-photogrammetry
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. A——

alignrt Verify

S — T—

Treatment site: Date-time stamp:

Page

Couch Deltas

Couch Coordinates Posture Rotations
0.27cm
0.38cm
-0.09cm 0.60°
-0.30°

3D Display

IEC 60601-2-1

Radiat Oncol. 2009 Feb 22;4:9.
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* Patterns of light are projected onto
an object

* With knowledge of relevant camera
and projector geometry, depth can
be calculated by triangulation

* The challenge in optical triangulation
is obtaining correspondence
between points in the projected
pattern and pixels in the image
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The patient’s position in the room
is determined by means of optical
triangulation of the reflected light
and the Catalyst™ software
calculates the patient’s surface
using a non-rigid registration
algorithm.

@ catalyst

Radiat Oncol. 2016 Nov 24;11(1):154.
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Monitoring of a small surface patch (few cm?) is feasible at frequencies compatible
with motion
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From external surface to internal anatomy:

* Verification of rigid-body assumption
— Stereotactic localization

— Correlation model

 Direct localization:
— Imaging

— Localization w/wo implanted landmarks
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* Concept taken from
neurosurgery applications

* The use of a reference system

- (real / virtual) built on

external landmarks helps in
localizing internal anatomy

!

RIGID BODY

from Greek: stereo- three-dimensional
+

taxis ‘orientation’
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v" Rigid body approach

- Measuring inner target points

External The following applies:

markers® ' Lp:“|\—/|'|' IMp

Local (stereotactic) target
coordinates are derived
from imaging (e.g. CT)

Ym * internal target P
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v" Rigid body approach

- Measuring inner target points

Ap=ATLp

where P are the same
derived from imaging
data (rigid body
assumption)

X

The internal target can be localized
AY. even in absence of imaging
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Extend beyond the rigid body assumption:
* Real-time tumor tracking based on correlation models

* Trade-off between accuracy / imaging dose

IR IR Vero

ExacTrac l I

CyberKnife
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External markers

Synchronized Correlation

A 4

model

acquisition

ig

Robotic | compensation

Pre-treatment (~15 images)

Internal clip
3 Update (single snapshot)

_______________________________________________________________________
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models

Respiratory motion model = mathematical
description of anatomical motion due to
breathing in a certain region of interest (ROI)

T

* Provide tools for computer simulations
— Treatment planning studies

Comprehensive
evaluation of motion

* Facilitate motion estimation

— Motion management
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Model initialization (Treatment planning)

e —— Al EXxtract breathing surrogate
4D-CT(MRI) images
Image-based” Apply model

Parameterize vector field - Virtual «4D-CT of the day
_PCA* External surrogate

-Amplitude/phase/baseline™

*Zhang Y et al, Phys. Med Biol. 2013;58:8621-8645
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Planning 4DCT

Estimation

- 7 4
— .
External surrogate during treatment Re.splr atory
| motion model

v

Application

e Estimate CT volumes at arbitrary respiratory phases
* Once the model is built, only the surrogate is required (no imaging!)

* Validation issues
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localization

v Direct internal localization

v"Marker-based methods

\/X-ray [Shirato et al. Cancer Sci 2012;103:1-6]

v"Markerless

‘/U ltrasound [Schlosser et al Med Phys 2010,37:6357-67]

v'Real-time X-ray image registration

[Gendrin et al Radiother Oncol 2012; 102:274-80]
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* Implanted EM transponders: powered by
resonant frequencies of 300, 400, or 500 kHz
from a source array.

* When energized, the transponder emits a
response signal which may be localized
relative to an array of sensor coils located in
an electromagnetic array placed above
Isocenter.
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g \ Positive displacement

L]

g, Isocenter | =
——{ Negative displacement

e
e, DS placement .'M;sem'. A Phase S0%

Journal of Applied Clinical Medical Physics
Volume 17, Issue 4, pages 223-234, 8 JUL 2016
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@ (b)
Int J Radiat Oncol Biol Phys. 2013 Jul 1;86(3):477-83
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Int J Radiat Oncol Biol Phys. 2013 Jul 1;86(3):477-83
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IOP Publishing | Institute of Physics and Engineering in Medicine Physics in Medicine & Biology

Phys. Med. Biol. 62 (2017) 84708482 https://doi.org/10.1088/1361-6560/aa8ded

A Monte-Carlo study to assess the effect
stwie OF 1.5 T magnetic fields on the overall
“®__ robustness of pencil-beam scanning
proton radiotherapy plans for prostate
i\ cancer

Christopher Kurz!, Guillaume Landry?, Andreas F Resch?’,
George Dedes?, Florian Kamp*, Ute Ganswindt?,
Claus Belka*>, Bas W Raaymakers' and Katia Parodi’
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Coronal cineMRI_inhale Sagittal cineMRI_inhale

Treatment planning:
volumetric (breath hold, 4D)
In-room MRI imaging

Motion tracking in MRI limited by spatial/temporal

resolution trade-off:

» 2D sagittal/coronal cineMRI images at =200 ms
sampling
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Real-time motion tracking with MRI-linac
requires:

* Fast image processing

* Motion prediction (=200 ms acquisition time
+ image processing time)
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Real-time tracking

Real time tracking:

* based on optical
flow registration

* Speed-up relying
on image similarity
matching

Seregni et al, IEEE Trans Biomed Eng. 2017 Apr 24. [ahead of print]
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* Motion tracking of the external surface:

— optical technologies are established (point /
surface localization)

— Correlation with anatomical motion can be
measured through imaging

* Motion detection of internal anatomy

— EM tracking available, requires marker
implantation

— MRI imaging is promising, need extension to real-
time 3D
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Thank you




