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Learning Objectives
• Provide an overview of EM tracking technologies

• Understand the expected accuracy and precision of EM tracking

• Illustrate possible usage scenarios

Definition - Tracking

Noun
• 1. the act or process of following something or someone
Collins English Dictionary. Copyright © HarperCollins Publishers

Google image search – PCMag.com

Tracking and beyond

Daniel Burrus, LinkedIn 2013

Augmented RealityTracking = Real-time guidance

https://www.collinsdictionary.com/dictionary/english/following
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Tracking in RT

Interventional Procedures / Optical Tracking
Limited to line of sight
– Same for white light camera

Tracking in Brachytherapy?
• Position of needle, catheter or applicator in real-time
– Angulation/rotation

• Automated, fast and accurate channel reconstruction
– Tip localization
– Detection of catheter motions

• Potentially tracking in real-time the source position
– Detection of wrong connection between transfer tube and afterloader

• Enabler for new brachytherapy and interventional procedures
– True on the fly decision -> dynamical replanning
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Technologies
• Image-based tracking: CT, MR or US
–Organ(s) and device(s) tracking

Accuracy of Catheter Reconstruction?

See e.g. F.-A. Siebert et al, Med Phys 36 (2009) 3406-3412.

Technologies
• Applicator-, catheter- and source-based tracking
– Optical IR tracking

– EM with passive sensors

– EM with active MR coils

– Optical Fiber Shape Sensing } MR compatible

} Need direct line of sight
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Electromagnetic tracking system (EMTS)
• Electromagnetic Tracking in Medicine—A Review of Technology, Validation, and 

Applications. Franz et al., IEEE Transactions on Medical Imaging 33 (2014)

• Electromagnetic tracking for catheter reconstruction in ultrasound-guided high-dose-rate 
brachytherapy of the prostate. Bharat S, Kung C, Dehghan E, Ravi A, Venugopal N, Bonillas A, Stanton D and 
Kruecker J. Brachytherapy 13 (2014) 640–50

• EM-Navigated Catheter Placement for Gynecologic Brachytherapy: An Accuracy Study. Mehrtash A, 
Damato A, Pernelle G, Barber L, Farhat N, Viswanathan A, Cormack R and Kapur T. Proc Soc Photo Opt Instrum Eng 
(2014) 9036 90361F

• A system to use electromagnetic tracking for the quality assurance of brachytherapy catheter 
digitization. Damato A L, Viswanathan A N, Don S M, Hansen J L and Cormack R A. Med. Phys. 41 (2014) 101702

• Fast, automatic, and accurate catheter reconstruction in HDR brachytherapy using an 
electromagnetic 3D tracking system. Poulin E, Racine E, Binnekamp D and Beaulieu L. Med. Phys. 42 (2015) 
1227–32

• Performance and suitability assessment of a real-time 3D electromagnetic needle tracking system for 
interstitial brachytherapy. Boutaleb S, Racine E, Filion O, Bonillas A, Hauvast G, Binnekamp D and Beaulieu L. J 
Contemp Brachytherapy 7 (2015) 280–9

• Real-time electromagnetic seed drop detection for permanent implants brachytherapy: Technology 
overview and performance assessment. Racine E, Hautvast G, Binnekamp D and Beaulieu L Med. Phys. 43 
(2016) 6217–25

• And many more since 2016…

Example: Aurora® from Northen Digital Inc. (Ontario, Canada)

System Control Unit

Planar  Field
Generator (PFG)

Tool containing EM sensor:

Sensor Interface
Unit (SIU)

http://www.ndigital.com/msci/products/aurora/

40 Hz acquisition:
NDI ToolBox

Electromagnetic tracking system (EMTS)

Planar field generator - AC
• NDI Aurora system (Principal: Seiler et al. PMB 2000) 

Six differential coils

S-N-N-S çè N-S-S-N
12kHz
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Planar field generator - AC
• Sensor = induction coil

• Alternating current of � 2 A at 12 kHz for 3.3 ms each differential coil will create 6 
different voltages at the sensor

• If 5DOF needle: 6 measurements and 5 unknown

• If 6DOF: 2 sensor coils

From Franz et al, 2014

Active MR micro-coils

• Use the MR as an intrinsic field 
generator.

• Sensors are active micro-coils

• Sensors positions are de facto in the 
imager reference frame!
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ACTIVE MR TRACKING

Damato, 2017-06-13

Wang et al., Magn Reson Med. 2015 May; 73(5):1803-11

Needle Guided MR Resampling of Initial Scan

Courtesy: Robert Cormack

EMT in the Clinical Environment

Brachytherapy 13 640–50
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EMT in the Clinical Environment

• Sub-mm and 1° accuracy/precision
• Insensitive to US probe and needles/catheters
• Metal close to (but not in) the field OK as long as the configuration 

does not move/change during the procedure (e.g. stir-up)

HDR Brachytherapy Applications
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Error Simulations – 15 catheters

105 possible swap errors

Damato et al. Med. Phys. 41 101702

105 possible mix errors from 0 to 3 mm shifts 
(in 0.1 mm increments)

465 possible shift errors

à

ShiftMixSwap

Shift Error 
Sensitivity

Swap and Mix Error: 
100% Sensitivity and Specificity

Shift Error: 
1.8 mm mean detected shift
1.9 mm mean identified shift
100% Specificity (shifts ≥ 2.7mm)

Damato et al. Med. Phys. 41 101702

Medical Physics 2015;42(3):1227–32. 

Auto. Catheter/Applicator Channel Reconstruction

• EM reconstructions at 40 Hz 

• μCT reconstruction (GE) at 89 μm
(reference)

• CT reconstructions (Philips 
BigBore) at 2 mm

• Reconstructions using the EM 
stylet were compared to μCT and 
CT (3D distances used; tips as 
reference).
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0.69±0.29 mm

1.08±0.67 mm

Unpaired Student t-test show statistically significance difference
Poulin et al, Medical Physics 2015;42(3):1227–32. 

* Comparison between EM  vs US-only reconstruction, Brachytherapy 15 S194–5 (2016) 

US vs EM

2.73±2.28 mm

Auto. Channel reconstruction

• Automated applicator/catheter reconstruction
• Online channel set-up QA

Vision 2020 BrachyNext meeting, Miami, 2014

Tracking the Source Position: Afterloading Brachy

Next slides will present Research/Investigational Devices
• Not clinically available yet
– Only to provide a sense of what such systems could look like

• One is waiting for Health Canada approval as investigational device 
for first-in men study
– Extension of the UroNavTM EM tracked Biopsy System
• New real-time TPS for brachytherapy

• Another is taking data under institutional ERB approval.
– EMT system integrated in the afterloader.
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Example: Flexitron with integrated EMT

• EMT data of ~50 patients collected since 2015
• 07/2016: Flexitron with EMT 

sensor on additional drive
• New acquisition workflow

and algorithms
• Integration of sensor

position data from 
afterloader feasible

Courtesy: C. Bert Karoline Kallis et al. Phys. Med. Biol. 2018

Breast Data Collection

• Treatment: microSelectron
EMT measurements: Flexitron prototype

• Improved sensor placement on skin
– Compensation for breathing motion 

by three 6 dof sensors on breast

Karoline Kallis et al. Phys. Med. Biol. 2018Courtesy: C. Bert

Example data

9

K Kallis et al

like the measurement routine (see appendix, section 9.2 Measurement routine analysis) has to be addressed and 
discussed in order to make the most of the measurement system.

4.1. Measurement procedure
Depending on the routine and the number of catheters each EMT measurement adds between 6–10 min to the 
treatment time, but could replace the check cable procedure in the future. With the measurement, irradiation 
and preparation, the patients have to remain on the treatment couch at least 45 min. The main time consumption 
of the assessment was caused by the time needed to connect the HTDS after irradiation and to place the markers 
and the FG. The patients did not complain about inconvenience during the measurement. In a fully developed 
stage re-connection of the transfer tubes can be omitted since the HTDS will then include an active source 
for the irradiation. The EMT measurement assessment was straightforward and advantageous to manual 
measurements (Poulin et al 2015, Kellermeier et al 2017b). This is due to the fact that additional source position 
information of the path of the sensor is obtained, which makes reconstruction of the DPs more accurate and less 
error-prone. Furthermore, all measurement parameters, like the sensor velocity, stopping positions, stopping 
time and measurement length, are pre-defined and hence the user variability is minimized in comparison to 
manual measurements.

4.2. Evaluation routine
The in-house evaluation scheme is able to reconstruct the DPs and detect simulated uncertainties, such as 
catheter swaps and shifts. The accuracy of reconstruction depends on the quality of registration, CT image 
resolution and distortions of the EMT measurement. One problem to evaluate the goodness of registration and 
the quality of DP reconstruction is the lack of a ground truth given that the catheters defined in the planning CT 
depend on the user, the CT resolution, the catheter visibility and also the catheters suffer under motion within the 
week of treatment.

The registration as initial step is based on a rigid CPD algorithm and is working reliably. However, minimiz-
ing the distance between the catheter measurements could diminish possible uncertainties, such as small shifts. 
The algorithm compensates this problem by only using these catheters for the registration process that fit well 
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Figure 6. Exemplary comparison of DP CT to DP EMT for patient 15. Figure (a) shows the EMT measurement after the third 
fraction of irradiation. The colored stars represent the superficial reference sensors. Figure (b) presents the DP (colored points) and 
catheter traces, indicated by the black crosses, defined in the planning CT image, which served as reference. Figure (c) shows the 
deviations of the DPs at the 4th fraction. Figure (d) presents the course of the DP deviations within the week of treatment. In the 
boxplots outliers are not presented. Outliers are defined as points 1.5 times the interquartile range above the upper (3rd) quartile 
and below the lower (1st) quartile. The bottom and the top of the whisker represent the 75th percentile and 25th percentile. The 
band inside of the box indicates the median value.

Phys. Med. Biol. 63 (2018) 095008 (13pp)

Karoline Kallis et al. Phys. Med. Biol. 2018
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Treatment planning 
software

Real-time 
3DUS:
1Hz

NDI Aurora EM 
tracking system: 40Hz

Tracked HDR Stylet

Field generator

3D matrix 
probe

Real-time EMT System: Lab Prototype

Workflow

Beaulieu et al. Brachytherapy 17 (2017) 103–10

Workflow Efficiency
• Image acquisition: 1 sec

• Contouring: 5-15 min

• Planning: 7.6±2.5 sec è more time reviewing/rerun!

• Insertion:
- 27.6±6.7 sec/catheter or needle on phantom
- ≈ 60 sec/catheter or needle expected for actual patient

• Catheter/Tip Reconstruction: 
- First one included with insertion time (free!)
- Additional: 10.5±3.1 sec/catheter or needle

Complete procedure under 1 hour potentially feasible

Running time
(min)
5-15

10-20

26-36

30-40

Beaulieu et al. Brachytherapy 17 (2017) 103–10
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UronavTherapy system: a) EM generator fixed on the articulated arm, b) UronavTherapy cart, c) US probe mounted on the
stepper, with the DK template in place and two EM sensors, d) stepper, e) BK 400 ultrasound, f) EM sensors, one on the
side of the template and the other one on the right side of the stepper.

f) EM 
sensors

a)
b)

c)

e)

d)

Real-time EMT Prostate HDR System: First-in-Men 

Key Issue: Calibration to a Relevant Reference Frame
• Sensor to needle/stylet tip or relevant applicator position

• Template (if used) to EM coordinate system

• Image to EM coordinate system
– i.e. US to EM in the example shown previously

Each of the above will have an impact on the overall accuracy 
of the clinical system

Possibilities / Limitations

• Error detection:
– Swaps, (large) shifts, + several other errors can be 

detected even w/o registration EMT-CT

Bert  et al. JCM 2016Courtesy: C. Bert
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EM Tracking Technologies

They are coming

• Real-time position/angulation information

• Can be used in or couple to needle, catheter or applicator (iCatheter and 

iApplicator!)
• Fast and accurate HDR channel and tips reconst.

Could be incorporated in specific workflows

• Automated imaging plane display

• Real-time continuous dosimetry and replanning (Seed, HDR, Focal, …)

• QA of channels (reconstr., swapped, …)

Joint AAPM-ESTRO TG

In memory of Jean Pouliot

Early EMT Concepts and Ideas - Philips Laboratory, USA 2011


