
 
 
 
 
 
 
 

DEVELOPMENT AND EVALUATION OF A NOVEL TECHNOLOGY FOR 
MONITORING PATIENT MOTION DURING STEREOTACTIC RADIOTHERAPY 

 
 
 
 

by 
 
 
 
 

Parisa Sadeghi 
 
 
 

Submitted in partial fulfilment of the requirements 
for the degree of Doctor of Philosophy 

 
 

at 
 
 

Dalhousie University 
Halifax, Nova Scotia 

August 2021 
 
 
 
 
 
 
 

© Copyright by Parisa Sadeghi, 2021 
  



 

ii 
 

TABLE OF CONTENTS 
 

LIST OF TABLES .......................................................................................................................... vi 

LIST OF FIGURES ....................................................................................................................... vii 

ABSTRACT .................................................................................................................................... xi 

LIST OF ABBREVIATIONS USED  ........................................................................................... xii 

ACKNOWLEDGEMENTS .......................................................................................................... xiii 

CHAPTER 1 INTRODUCTION  .................................................................................................... 1 

1.1  PREAMBLE  .................................................................................................................. 1 

1.2  CANCER AND RADIATION THERAPY  .......................................................................... 1 

1.2.1  Stereotactic Radiosurgery ............................................................................ 2 

1.2.1.1 SRS Indications .......................................................................... 3 

1.2.1.2  SRS Treatment Delivery ............................................................ 3 

1.2.2  Stereotactic Body Radiotherapy  ................................................................. 6 

1.3  MOTION IN SRS AND SBRT ........................................................................................ 7 

1.3.1  Cranial Motion Observed in Patient Studies  .............................................. 8 

1.3.2  Management and Monitoring of Cranial Motion in SRS/SRT .................. 14 

1.3.2.1 Motion Monitoring Techniques ................................................ 14 

1.3.3  Extracranial Motion  .................................................................................. 15 

1.3.4  Management and Monitoring of Extracranial Motion in SBRT ................ 16 

1.3.4.1 Motion Monitoring Techniques  ............................................... 16 

1.4  CAPACITIVE MONITORING TECHNIQUE  ................................................................... 18 

1.4.1  Capacitance ............................................................................................... 18 

1.4.1.1  Polarization Effects .................................................................. 19 

1.4.1.2  Frequency Effects ..................................................................... 23 

1.4.2  Electrical Conductivity of Human Body ................................................... 25 

1.4.3  Capacitive Sensing  ................................................................................... 28 

1.5  RESEARCH OBJECTIVES ............................................................................................ 29 

CHAPTER 2 A NOVEL INTRAFRACTION MOTION MONITORING SYSEM FOR 
STEREOTACTIC RADIOSURGURY: PROOF OF CONCEPT ................................................. 32 



 

iii 
 

2.1  PREAMBLE ................................................................................................................. 32 

2.2  ABSTRACT  ................................................................................................................ 32 

2.3  INTRODUCTION  ......................................................................................................... 34 

2.4  MATERIALS AND METHODS  ..................................................................................... 35 

2.4.1  Detector Design ......................................................................................... 35 

2.4.1.1  Capacitive Array Design  ......................................................... 38 

2.4.2  Array Calibration and Readout Using a Human Subject ........................... 39 

2.4.3  System Stability in Linac Environment and in the Presence of Ionizing 
Radiation .............................................................................................................. 41 

2.5  RESULTS .................................................................................................................... 41 

2.5.1  Detector Design ......................................................................................... 41 

2.5.2  Array Calibration and Readout Using a Human Subject ........................... 42 

2.5.2.1 Anterior-Posterior Motion ........................................................ 47 

2.5.3  System Stability in Linac Environment and in the Presence of Ionizing 
Radiation .............................................................................................................. 48 

2.6  DISCUSSION ............................................................................................................... 50 

2.7  CONCLUSION ............................................................................................................. 53 

CHAPTER 3 FINITE ELEMENT ANALYSIS OF A CAPACITIVE ARRAY FOR 6D 
MOTION DETECTION DURING STEREOTACTIC RADIOSURGERY ................................. 54 

3.1  PREAMBLE  ................................................................................................................ 54 

3.2  ABSTRACT  ................................................................................................................ 55 

3.3  INTRODUCTION  ......................................................................................................... 55 

3.4  MATERIALS AND METHODS  ..................................................................................... 58 

3.4.1  Array Design ............................................................................................. 58 

3.4.2  Finite Elements Analysis ........................................................................... 63 

3.4.2.1  Comparison of FEA Model to Experimental Prototype ........... 66 

3.4.2.2  Comparison of Array Designs .................................................. 67 

3.5  RESULTS .................................................................................................................... 70 

3.5.1  Finite Elements Analysis ........................................................................... 70 

3.5.1.1  Comparison of FEA Model to Experimental Prototype ........... 70 

3.5.1.2  Comparison of Array Designs .................................................. 73 



 

iv 
 

3.6  DISCUSSION ............................................................................................................... 75 

3.7  CONCLUSION ............................................................................................................. 76 

CHAPTER 4 SIX-DIMENSIONAL INTRAFRACTION MOTION DETECTION USING A 
NOVEL CAPACITIVE MONITORING TECHNIQUE: EVALUATION WITH HUMAN 
SUBJECTS .................................................................................................................................... 78 

4.1  PREAMBLE  ................................................................................................................ 78 

4.2  ABSTRACT  ................................................................................................................ 78 

4.3  INTRODUCTION  ......................................................................................................... 79 

4.4  MATERIALS AND METHODS  ..................................................................................... 81 

4.4.1 Detector and Array Design ........................................................................ 81 

4.4.2  Human Study ............................................................................................. 82 

4.4.2.1  Data Processing ........................................................................ 84 

4.4.2.1.1 Classification ........................................................... 85 

4.4.2.1.2  Calibration ............................................................... 87 

4.4.2.1.3  Detection Precision .................................................. 88 

4.5  RESULTS .................................................................................................................... 89 

4.5.1  Human Study ............................................................................................. 89 

4.5.1.1 Data Processing ........................................................................ 91 

4.5.1.1.1  Classification ........................................................... 93 

4.5.1.1.2  Calibration ............................................................... 94 

4.5.1.1.3 Detection Precision .................................................. 96 

4.6  DISCUSSION ............................................................................................................... 96 

4.7  CONCLUSION ............................................................................................................. 99 

CHAPTER 5 CAPACITIVE MONITORING SYSTEM FOR REAL-TIME RESPIRATORY 
MOTION MONITORING DURING RADIATION THERAPY ................................................ 100 

5.1  PREAMBLE  .............................................................................................................. 100 

5.2  ABSTRACT  .............................................................................................................. 100 

5.3  INTRODUCTION  ....................................................................................................... 101 

5.4  MATERIALS AND METHODS  ................................................................................... 104 

5.4.1  Capacitive Sensing and Prototype Design ............................................... 104 

5.4.2  Respiratory Motion Detection ................................................................. 107 



 

v 
 

5.4.2.1  Free Breathing ........................................................................ 109 

5.4.2.2  Deep Inspiration/Expiration Breath-Hold .............................. 109 

5.4.2.3 Motion Detection with Obstructed View  .............................. 110 

5.4.3  Effect of Sensor-Body Separation on Signal to Noise Ratio (SNR) ......  110 

5.5  RESULTS  ................................................................................................................. 111 

5.5.1  Capacitive Sensing and Prototype Design ............................................... 111 

5.5.2  Free Breathing ......................................................................................... 112 

5.5.3 Deep Inspiration/Expiration Breath-Hold ............................................... 112 

5.5.4  Motion Detection with Obstructed View  ............................................... 115 

5.5.5  Effect of Sensor-Body Separation on Signal to Noise Ratio (SNR) ......  115 

5.6  DISCUSSION ............................................................................................................. 115 

5.7  CONCLUSION ........................................................................................................... 120 

CHAPTER 6 CONCLUSION ...................................................................................................... 121 

6.1  SUMMARY  .............................................................................................................. 121 

6.2  FUTURE WORK ........................................................................................................ 122 

BIBLIOGRAPHY ........................................................................................................................ 124 

  



 

vi 
 

LIST OF TABLES 

 

Table 1.1 Conductivity values for intracranial tissue .......................................................... 27 

Table 2.1 Signal Stability in linac room conditions. Comparison of capacitive array 
signal in the radiation field under beam-on and beam-off conditions. 
Student’s t-test showed no significant difference between the data acquired 
under beam-on and beam-off conditions (p < 0.001). SNR is defined as 
mean signal divided by the standard deviation .................................................... 49 

Table 3.1 Simulated array sensitivity to translation and rotation. The underlined values 
specify the cases where the average sensitivity was lower than the associated 
error value. ........................................................................................................... 73 

 

  



 

vii 
 

LIST OF FIGURES 

 

Figure 1.1 First Radiosurgery treatment using a kVp x-ray tube mounted on a 
stereotactic frame 1  ................................................................................................ 4 

Figure 1.2 Lars Leksell and the first Gamma Knife unit 1  ..................................................... 5 

Figure 1.3 Illustrations of SRS treatment delivery systems: (a)  Gamma Knife 2, and (b) 
linear accelerator  ................................................................................................... 6 

Figure 1.4 (a) Stereotactic head-frame system affixed to the skull (Brainlab AG) and 
(b) stereotactic localizer box 3 .............................................................................. 10 

Figure 1.5 (a) A full-face patient-specific thermoplastic mask molded to the facial 
features 4. (b) A combination of thermoplastic mask and a patient-specific 
bite block 5. (c) A similar system can be used without the use of bite block 6. 
(d) A thermoplastic “cradle” coupled with a bite block and an active suction 
system 7 ................................................................................................................ 11 

Figure 1.6 A histogram of 3D intrafraction motion for frame-based (BRW) versus 
mask-based (Brainlab Mask system) immobilization 8  ....................................... 12 

Figure 1.7 Six-dimensional intrafraction cranial motion information during SRS 
treatment using frameless immobilization 9  ........................................................ 13 

Figure 1.8 (a) Orientation of polar molecules in the absence of an electric field. (b) 
Alignment of molecular dipoles in the presence of external electric field 
resulting from the charged parallel plate capacitor and �⃗�  represents the total 
electric field ......................................................................................................... 20 

Figure 1.9 (a) Orientation of non-polar molecules in the absence of an electric field. (b) 
Induced electric dipole moments in the presence of external electric field 
resulting from the charged parallel plate capacitor and �⃗�  represents the total 
electric field ......................................................................................................... 21 

Figure 1.10 Frequency- dependant change in permittivity and conductivity for a 
biological sample (spleen) 10  ............................................................................... 25 

Figure 1.11 Different modes of capacitive sensing: (a) loading mode, (b) shunt mode, 
and (c) transmit mode 11  ...................................................................................... 29 

Figure 2.1 Equivalent circuit diagram of a non-ideal capacitor ............................................ 37 

Figure 2.2 Diagram of the array sensor positions with respect to patient cranium. 
Superior, right, lateral, and anterior plates are marked as SUP, LAT (R), 
LAT (L), and ANT, respectively  ........................................................................ 39 

Figure 2.3 Experimental setup in the linac environment. The detector array is placed 
around the thermoplastic mask. The hexapod stage on the left is used to 
simulate motion by translating the array. The white arrows point to the 
copper plates in the picture .................................................................................. 40 



 

viii 
 

Figure 2.4 Sensitivity comparison between different sizes of Mylar and copper 
conductive plates (left), and sensitivity comparison between different 
thicknesses of copper conductive plates (right)  .................................................. 42 

Figure 2.5 Plots showing the ADC signal at different cranial distances. Direction-
specific change in signal is observed that corresponds to the respective 
direction of motion. The error bars depict two standard deviations  ................... 43 

Figure 2.6 Capacitive signal collected in the absence of the volunteer, in the presence 
and absence of the thermoplastic mask  ............................................................... 44 

Figure 2.7 (a) Signal resulting from controlled motion, introducing 0.5 mm translations 
in the superior and lateral dimensions. Vertical lines indicate time points of 
introducing translations. (b) Detected lateral motion. Horizontal lines depict 
the average detected position. Motion is detected with 0.1 mm accuracy for 
0.5 mm steps. (c) Detected superior motion. Horizontal lines depict the 
average detected position. Motion is detected with 0.1 mm accuracy for 0.5 
mm steps  ............................................................................................................. 46 

Figure 2.8 Signal from the anterior sensor plate at different distances from the mask 
(left). Detected motion for anterior plate mounted at 5 mm distance from the 
mask with lines showing the average detected position in each step (right) ......  48 

Figure 2.9 Histogram of signal in linac room conditions. Comparison of capacitive 
array signal in the radiation field under beam on (blue) and beam off 
(orange) conditions. Brown regions depict overlap of the two data sets  ............ 49 

Figure 3.1 Different operation modes for capacitive proximity sensing  .............................. 59 

Figure 3.2 Four cranial array designs with four, five and six sensor plates  ......................... 62 

Figure 3.3 The experimental setup with the volunteer fitted with an S-frame 
thermoplastic mask. The capacitive array is positioned at the cranial vertex. 
The illustrated X, Y, and Z axes represent the lateral, superior-inferior, and 
anterior-posterior cranial motion, respectively .................................................... 67 

Figure 3.4 Normalized capacitive signal acquired during volunteer experiments of 
translation motion detection (a, c, e) and the corresponding normalized 
simulated capacitive signal using FEA modelling (b, d, f) .................................  71 

Figure 3.5 Normalized capacitive signal acquired during volunteer experiments of 
rotation detection (a, c, e) and the corresponding normalized simulated 
capacitive signal using FEA modelling (b, d, f) .................................................  72 

Figure 3.6 Rounded Spearman correlation matrices for (a) array design I, (b) array 
design II, (c) array design III, and (d) array design IV. The colored cells 
represent the unique elements of the matrix. The numbers on the rows and 
columns of each matrix correspond to the sensor plates of each array design. 
The diagrams encircled with lines of the same color exhibit the same 
correlation matrix for the specified motion dimensions  ..................................... 74 

Figure 4.1 Shunt mode for capacitive proximity sensing  ..................................................... 81 



 

ix 
 

Figure 4.2 The array is comprised of four quadrant sensors and located at the cranial 
vertex. The backing is 3D printed using PLA (shown in green) covered with 
copper foil to form the conductive sensors. The array is connected to the 
hexapod stage and moved to simulate cranial motion  ........................................ 83 

Figure 4.3 An excluded dataset gathered during lateral translation from a subject with 
excessive involuntary motion (blue) and a similar dataset from a compliant 
subject (red) ........................................................................................................  90 

Figure 4.4 (a) The cranial size distribution for the volunteer cohort and (b) the distance 
between the thermoplastic mask and the center of the array ............................... 90 

Figure 4.5 (a) The raw signal acquired from each sensor plate during anterior-posterior 
motion. The red section shows the section of the signal resulting from 
involuntary motion during the steady state. (b) The cleaned data are shifted 
to the by subtracting the baseline, and (c) the cleaned and shifted data are 
filtered using a rolling average filter with a window width of 41 samples  ......... 92 

Figure 4.6 Confusion matrices showing the performance of (a) the classifier acting on 
the data from the first day of experiments (training data) with an average 
success rate of 96.4 % and (b) the trained classifier on subsequent data with 
an average success rate of 92.6 %  ....................................................................... 93 

Figure 4.7 Residual error associated with calibration of the different motion dimensions 
of (a) superior-inferior translation, (b) left-right translation, (c) anterior-
posterior translation, (d) roll rotation, (e) pitch rotation, and (f) yaw rotation. 
The mean value and standard deviation of the residual error is shown for 
each day of the experiment for the whole volunteer cohort (N=18)  ................... 95 

Figure 4.8 Detection precision averaged over the volunteer cohort (N=18) for (a) 
translational motion (X, Y, and Z represent superior-inferior, left-right, and 
anterior-posterior dimensions, respectively) and (b) rotational motion (U, V, 
and W represent roll, pitch, and yaw dimensions, respectively)  ......................... 96 

Figure 5.1 The design of a relocatable respiratory CMS prototype. Three capacitive 
pads are 5 cm by 10 cm each and mounted 5 cm apart. The current prototype 
is 60 cm wide, 20 cm deep, and 41 cm high. ..................................................... 105 

Figure 5.2 (a) Cone beam CT acquired of the CMS prototype with an anthropomorphic 
phantom on the linac couch at 95 cm SSD on the Xiphoid position shows no 
significant image artifacts due to the presence of the copper sensors. The 
three copper sensors are marked with arrows on the image. (b) The setup 
and gantry clearance  ......................................................................................... 107 

Figure 5.3 Simultaneous RPM and CMS breathing signal gathered from (a) chest free 
breathing and (b) abdominal free breathing for central, left lateral and right 
lateral locations. The central sensor was places on the xiphoid process and 
10 cm inferior to the xiphoid process for chest and abdominal breathing, 
respectively. The lateral sensors were positioned 5 cm lateral to central 
sensor ................................................................................................................. 113 



 

x 
 

Figure 5.4 Histogram of normalized amplitude difference between CMS and RPM 
systems during chest (a) and abdominal (b) breathing. Data were gathered 
using the central sensor ...................................................................................... 114 

Figure 5.5 Simultaneous RPM and CMS breathing signal gathered during (a) DIBH 
and (b) DEBH. Sensors were placed over the xiphoid process on bare chest. 
(c) CMS breathing signal gathered using the central sensor during DIBH 
with obstructed view of the chest (the volunteer was clothed)  ......................... 114 

Figure 5.6 Normalized raw and post-processed CMS signal acquired during abdominal 
respiration at different sensor-body distances. Signal to noise ratio for the 
raw signal is shown on each graph. The data are acquired at 200 Hz and 
processed using an exponential weighting method with a forgetting factor of 
0.99 followed by a moving average filter of 10 samples (0.05 s) to reduce 
random noise ...................................................................................................... 116 

 

 

 

 

 

 

 

 

 

 

 

 
     



 

xi 
 

  

ABSTRACT 
 
Stereotactic Radiosurgery (SRS) and stereotactic Body Radiotherapy (SBRT) are two of 
the most precise therapeutic radiation delivery techniques available. These techniques 
involve accurate delivery of high radiation doses to the target volume while minimizing 
the amount of radiation received by the adjacent healthy tissue. To achieve this precision, 
patients need to be accurately positioned with respect to the treatment unit, and the position 
must be maintained throughout the treatment delivery. While immobilization techniques 
reduce patient motion, they do not eliminate it. Thus, there exists a need for continuous 
position monitoring during treatment. An ideal monitoring system would provide real-time, 
high-accuracy measurements of patient position without using ionizing radiation or 
reliance on deformable surrogates such as skin. Additionally, the ideal system would be 
insensitive to the thermoplastic immobilization material and would not require direct view 
of the patient. While multiple monitoring systems are used in practice currently, none meet 
all of these requirements. Our research is focused on the development of a novel and non-
invasive capacitive monitoring method that can fulfill the above-mentioned prerequisites.  
 
This thesis includes four manuscripts. The first, entitled “A novel intra-fraction motion 
monitoring system for stereotactic radiosurgery: proof of concept,” describes the design 
and implementation of a prototype capacitive monitoring device capable of performing 3D 
motion detection. The second manuscript, “Finite Element Analysis of a capacitive array 
for 6D intrafraction motion detection during stereotactic radiosurgery,” focuses on the use 
of finite element analysis to simulate different array designs and introduces a method to 
compare the sensitivity of different designs to determine a capacitive array design capable 
of 6D cranial motion detection. The third manuscript, “Six-dimensional intrafraction 
cranial motion detection using a novel capacitive monitoring technique: evaluation with 
human subjects,” presents the results of a volunteer study with the most promising 
capacitive array for 6D cranial motion detection. The fourth manuscript, “Capacitive 
monitoring system for real‐time respiratory motion monitoring during radiation therapy,” 
describes the implementation of capacitive monitoring technique for respiratory motion 
detection during SBRT.  
 
These manuscripts form the basis for design, fabrication, and performance evaluation of 
capacitive monitoring systems for cranial and respiratory-induced intrafraction motion.  
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CHAPTER 1 INTRODUCTION 

1.1 PREAMBLE  

This thesis presents a novel technology for continuous motion monitoring for 

patients during radiation therapy treatment. The system is designed to be modular, non-

ionizing, and non-contact. Importantly, the system is insensitive to thermoplastic masks, 

which are commonly used for patient immobilization during treatment. Development of 

this technology was done with the aim that the use of such a system during treatment 

could detect patient motion and help reduce the radiation dose received by surrounding 

healthy tissue by reducing geometric uncertainty resulting from intrafraction patient 

motion during stereotactic radiosurgery or radiotherapy. 

The objective of this work is to introduce capacitive monitoring as a tool for 

motion management and design and construct a prototype to investigate the detection 

capabilities of the system. To this end, this thesis is divided into multiple major bodies of 

work, each examining one aspect of the design, utilization, or implementation of the 

capacitive monitoring system for a specific treatment site. The main focus of this research 

is on cranial motion detection with some additional information for motion monitoring in 

extracranial treatment sites.    

1.2 CANCER AND RADIATION THERAPY 

Nearly 1 in 2 Canadians (45 % of men and 43 % of women) is expected to develop 

cancer during their lifetimes and about 1 out of 4 Canadians (26 % of men and 23 % of 

women) is expected to die from cancer 12. Cancer treatments vary based on the pathology 
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and progression of disease, but most common treatment regimens could include a 

combination of surgery, chemotherapy, and radiation therapy 13 with roughly 60 % of 

cancer patients indicated for receiving radiation therapy 14.  

Radiation therapy can help by damaging the DNA of the target cells, thus 

triggering cell death or causing ablative effects 15. To this end, accurate and precise 

delivery of radiation is required to localize radiation dose to the target volume while 

minimizing the damage to healthy tissue.  

Radiation therapy can be delivered with internal and external sources. Internal 

radiation delivery (brachytherapy) involves the placement of the radiation source on the 

surface of, or within the patient’s body to irradiate the target volume. External beam 

radiotherapy, which is the type of radiation delivery associated with the devices focused 

on in this thesis, involves directing a radiation source from outside of the patient’s body. 

This treatment can be delivered through different fractionation schemes. Below, we will 

discuss two major hypo-fractionated delivery regimens which are the focus of this study. 

1.2.1 Stereotactic Radiosurgery/Radiotherapy 

Stereotactic Radiosurgery and Stereotactic Radiotherapy (SRS/SRT) are the 

treatment of small volume(s) of tissue within the brain with large doses of radiation 

delivered in a single or a few treatment fractions. In these methods, high radiation doses 

are accurately delivered to the affected areas of the brain while minimizing the amount of 

radiation received by the healthy tissue immediately adjacent to the target. 
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SRS is one of the most precise and accurate radiation delivery techniques available 

with high positional accuracy (often within ± 1 mm) and accurate dose delivery to the 

target volume (within ± 5 %) 16–18.  

1.2.1.1 SRS/SRT Indications 

SRS is largely used in treatment of small brain tumors and metastases  19–21 

secondary to lung, melanoma, breast, renal, and colorectal cancer 22. Some of the main 

indications are non-malignant tumors. For example, SRS/SRT offers high control rates 

and lower likelihood of hearing loss and morbidity compared to surgical alternatives in 

treatment of acoustic neuroma 23,24 and provides growth control in cases of meningioma 

with or without prior surgical intervention 24–26. SRS/SRT is also an important tool for 

treatment of other brain abnormalities such as deep-seated arteriovenous malformations 

(AVMs) 27,28 leading to symptomatic relief from seizures and reduction in likelihood of 

hemorrhage 24. Functional disorders such as drug resistant epilepsy 24,29,30 and trigeminal 

neuralgia 29,31,32 can also be treated with SRS/SRT without the risk of peri-surgical 

complications such as bleeding, infection and post-operative pain.  

1.2.1.2 SRS/SRT Treatment Delivery 

Since its inception in 1951 by Lars Leksell 33 Stereotactic Radiosurgery treatment 

delivery methods have been refined significantly. The initial delivery system employed a 

stereotactic frame and orthovoltage (100keV to 500 keV) x-ray beams, as shown in figure 

1.1. The setup involved an arc-centered frame attached to the patient’s skull to establish a 

three-dimensional coordinate system with the principle of having the target in the center 
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of a semicircular arc and irradiating the target by cross-firing with narrow radiation 

beams. 

This specific setup was first used for the treatment of trigeminal neuralgia 33. Since 

orthovoltage x-rays could not provide the required penetration for deeper targets, and Co-

60, with an average energy of 1.25 MeV and a half-life of 5.26 years, was already used as 

a radiation source for external beam radiotherapy 34, a refined SRS treatment delivery 

system was developed using Co-60 as a radiation source. The first such unit included 179 

sources and was used for treatment of arteriovenous malformations (AVMs) , tumors, and 

functional disorders 35,36.  

The promising results of the first unit, led to the development of a second SRS 

treatment unit capable of delivering circular radiation beams. These machines were 

referred to as Gamma Knife, as shown in figure 1.2, and are currently manufactured by 

Elekta (Elekta AB, Stockholm, Sweden).  The modern Gamma Knife units use Co-60 as 

Figure 1.1 First Radiosurgery treatment using a 200 kVp x-ray tube mounted on a stereotactic 

frame 1. 
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a radiation source and deliver circularly collimated beams of radiation with different 

collimation sizes (4 mm, 8 mm, 14 mm, and 18 mm) and radiation treatment is delivered 

using different collimators, to different stereotactic locations, using differing dwell times 

37. 

 Following the introduction of Gamma Knife Radiosurgery, multiple attempts were 

made to adopt this technique on the conventional isocentrically-mounted linear 

accelerator machine. Earliest examples of linac-based radiosurgery were introduced in 

1982 by Betti et al. in Buenos Aires 38, followed by Columbo et al. in Vicenza 39 and 

Lutz et al. in Boston 40. Linac-based radiosurgery combines the use of 6 MV to 10 MV x-

ray photons with small field collimation (10 mm to 40 mm) to deliver the radiation dose 

to the target volume. High precision collimation is achieved either in the form of a set of 

collimators (radiosurgical cones) to define small circular diameter radiosurgical beams or 

a micro multileaf collimator (MLC), capable of defining small irregularly shaped fields. 

Figure 1.2 Lars Leksell and the first Gamma Knife unit 1. 
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Linac-based radiosurgery is performed with high positional accuracy (often within ± 1 

mm) and provides accurate dose delivery to the target volume (within ± 5  %) 16–18. SRS 

is often used to deliver prescribed doses larger than 10 Gy to small planning target 

volumes, typically ranging from 1 cm3 to 35 cm3 16. One advantage of linac-based SRS 

treatment delivery is that it uses a standard isocentric linac with stringent mechanical and 

dosimetric tolerances sufficient for radiosurgery and therefore, unlike the Gamma Knife, 

the machine is not limited to radiosurgery treatment delivery. Furthermore, linac-based 

radiosurgery and Gamma Knife systems have shown comparable dosimetric outcomes for 

the same indications 41. Figure 1.3 illustrates the two modern Gamma Knife and linear 

accelerator systems used for SRS treatment. 

1.2.2 Stereotactic Body Radiotherapy 

The success of SRS techniques for cranial treatments led to the adaptation of 

radiosurgical methods for treatment of extracranial treatment sites. This method of 

radiation treatment, referred to as Stereotactic Body Radiotherapy (SBRT), most 

(a)  

Figure 1.3  Illustrations of SRS treatment delivery systems: (a)  Gamma Knife 2 , and 

(b) linear accelerator (Varian TrueBeam STx). 

 
 

(b) 
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commonly involves the delivery of a high dose of radiation in 1 to 6 fractions 42. In order 

to minimize damage to the surrounding healthy tissue, conforming the high doses to the 

target and ensuring rapid fall-off of doses away from the target is critical 43. With 

improvements in hardware and image guidance, the SBRT technique has become highly 

effective in the treatment of early stage primary and metastatic cancers in abdominal, 

pelvic, and thoracic regions as well as spinal and paraspinal areas, with outcomes 

comparable to surgery and with minimal adverse effects 42–44.  Multiple clinical studies 

have shown improved outcome and disease control as well as reduced toxicity in SBRT 

treatment of lung tumors 45,46, liver primary and metastatic tumors 47–49, spinal tumors and 

metastases 50–52, pancreatic cancer 53,54, and breast tumors 55,56.   

1.3 MOTION IN SRS/SRT AND SBRT 

A fundamental aspect of the safe application of radiosurgical treatment modalities 

is the high spatial precision and accuracy of treatment delivery. This includes two 

aspects: the accuracy of delivering the radiation distribution at the prescribed location, 

and the sharp dose fall off from the target volume. The large treatment dose and 

conformal nature of SRS/SRT and SBRT treatments require a high level of confidence in 

the accuracy of the entire treatment delivery since any spatial inaccuracies in radiation 

delivery may lead to irradiating normal tissue to dangerously high dose levels that are 

associated with a much greater risk of long-term toxicity.  The accuracy of SRS/SRT and 

SBRT treatments are generally considered to be approximately 1 mm to 2 mm using 

modern radiotherapy delivery methods, appropriate quality assurance, and image 

guidance 43,57. To this end, minimizing or accounting for patient motion, is an important 
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step in accurate radiation delivery. While imaging techniques, such as stereoscopic x-ray 

imaging and Cone Beam CT (CBCT), are often used to ensure accurate patient 

positioning at the beginning of or at a few time points during treatment, intrafraction 

patient motion during radiation treatment delivery remains a source of geometrical 

inaccuracy 58 and is the main focus of this research. The following section provides a 

review of different patient motion and monitoring techniques for SRS/SRT and SBRT. 

1.3.1 Cranial Motion Observed in Patient Studies  

SRS and SRT treatments deliver a high radiation dose in a single or a few fractions 

and therefore are often accompanied by stringent patient immobilization during 

treatment. While immobilization can reduce the intrafraction motion, it cannot fully 

eliminate it 7–9,59,60. Several studies have been conducted to investigate the extent and 

patterns of intrafraction cranial motion during SRS/SRT treatment.  Multiple studies have 

shown motion to be highly patient dependent with some patients consistently exhibiting 

larger and more frequent cranial motion than others 4,60,61. The largest study performed by 

Murphy et al. identified 18 patients out of 250 (7.2 %) who exhibited repeated (three or 

more instances of) translational shifts larger than 2 mm during one treatment, while 109 

patients (43.6 %) moved by this amount only once or twice 4,60,61. Furthermore, the 

treatment duration has been shown to play an important role in the extent of motion 

exhibited by patients 59,62–64. Tarnavski et al. investigated the frequency of patient motion 

during the first five minutes of treatment, the second five minute interval of treatment, 

and after the first ten minutes of treatment time had passed.  They reported a significant 

increase in frequency of large patient motion (more than 2 mm of translation or 2 of 

rotation) with progression in treatment duration 63. Similarly, Mangesius et al. 
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investigated intrafraction patient motion during treatments that were no longer than 20 

minutes, and reported better positioning accuracy within the first six minute interval of 

treatment delivery compared to the rest of the treatment 62. Guckenberger et al. reported a 

significant increase in intrafraction motion for treatments longer that 23 minutes, 59 and 

Kang et al. recommended different treatment margin considerations for longer treatment 

durations 64.  

The immobilization technique utilized during treatment can also affect the 

intrafraction motion. The SRS immobilization techniques fall into two major categories 

of frame-based and frameless immobilization. Frame-based immobilization involves the 

attachment of a metal stereotactic frame to the skull using metal pins. The frame serves as 

an immobilizer as well as a localizer by providing a reference frame for patient 

positioning during treatment. To this end, a localizer box is used for imaging to define a 

coordinate system around the cranium. Figure 1.4 shows a frame-based immobilizer and 

a localizer box. The fiducials embedded in the localizer box appear in the CT data and 

define a three-dimensional Cartesian coordinate system, referred to as “stereotactic 

coordinates”.  
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Alternatively, non-invasive thermoplastic masks can be molded to the patient’s 

cranium and facial features to produce a relocatable frameless immobilization device.  

There are a variety of mask systems available for frameless immobilization, some of 

which are shown in figure 1.5. Figure 1.5 (a) 4 shows a simple patient-specific 

thermoplastic mask molded to the facial features (Civco Medical, Iowa). Figure 1.5 (b) 

shows a combination of thermoplastic mask and a patient specific dental mold (BrainLab 

AG, Munich). The mold is used as a bite block to further help in reducing cranial motion 

5. The system can also be used without the bite block, as shown in figure 1.5 (c) 6. Figure 

1.5 (d) shows a patient fitted with a near-rigid relocatable head frame (Aktina Medical, 

NY).  This system uses a head fixation device coupled with a bite block attached to a 

vacuum device via tubing that provides suction. The bite block contains a patient-specific 

dental mouthpiece with continuous mild vacuum suction to the upper hard palate. An 

external component consists of the dental mouthpiece secured to a metal arch frame that 

Figure 1.4  (a) Stereotactic head-frame system affixed to the skull (Brainlab AG) and (b) 

stereotactic localizer box 3. 

 

 

(a
)  

(b
)  
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is affixed to the treatment couch. The patient-specific thermoplastic head support is 

formed by creating an impression of the back of the skull 7.  

Frame-based systems are generally considered to be the gold standard for their 

ability in restricting intrafraction motion 7,8. A study by Ramakrishna et al. evaluated 3-

dimensional intrafraction motion for 102 cases of frame-based and 110 cases of frameless 

immobilization by acquiring pre-treatment and post-treatment stereoscopic x-ray images 

8.  The results shown in figure 1.6 illustrate a cumulative histogram of the 3D 

intrafraction motion for frame-based and frameless immobilization. The data indicate that 

about 22 % of patients with frameless immobilization exhibited intrafraction motion over 

(a)  (b
)  

(c)  (d
)  

Figure 1.5  (a) A full-face patient-specific thermoplastic mask molded to the facial features 4. 

(b) A combination of thermoplastic mask and a patient-specific bite block 5. (c) A similar 

system can be used without the use of bite block 6. (d) A thermoplastic “cradle” coupled with 

a bite block and an active suction system 7.  
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1 mm while the number was reduced to about 4 % for the patients with frame-based 

immobilization. Furthermore, the frameless immobilization allowed for a larger degree of 

motion (< 2.6 mm) compared to the extent of motion observed with frame-based 

immobilization (< 1.6 mm). 

However, frame-based immobilization systems are invasive, require longer 

recovery time, and patients could experience side effects such as pain and bleeding 65. 

Additionally, with frame-based systems the process of imaging, planning, and treatment 

needs to happen in one day, and cranial motion is still not fully eliminated. As a result, 

rigid, relocatable mask-based immobilization techniques are commonly used during 

SRS/SRT treatment delivery. As such, multiple studies have been performed to 

investigate cranial intrafraction motion using frameless immobilization techniques.   

Figure 1.6  A histogram of 3D intrafraction motion for frame-based (BRW) versus mask-based 

(Brainlab Mask system) immobilization 8.     
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A study into translational and rotational intrafraction motion 9 using the Brainlab 

SRS mask system was conducted with a cohort of 40 patients by Gevaert et al. They 

acquired stereoscopic x-ray images before and after the treatment to investigate the 

degree of patient motion during treatment. The results shown in figure 1.7 illustrate 

intrafraction translational motion as high as 0.9 mm, 1.75 mm, and 1.4 mm in vertical, 

longitudinal, and lateral directions, respectively. Maximum intrafraction rotations were 

reported around the vertical, longitudinal, and lateral axes as 1.25°, 0.9°, and 1.6°, 

respectively.  While intrafraction motion over 1 mm and 1is observed in some cases, a 

population study of 967 treatment setups performed by Badakhshi et al. concluded that 

the average proportion of intrafraction translational motions exceeding 1, 2, and 3 mm in 

each direction were 12 %, 3 %, and 1 %, respectively 66,67.  

Figure 1.7  Six-dimensional intrafraction cranial motion information during SRS treatment 

using frameless immobilization 9. 
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While large intrafraction motion is often observed in a smaller cohort of patients 

and the extent of intrafraction motion may vary based on the mask system used 7, it is 

evident that intrafraction motion can occur during SRS/SRT treatment, and therefore the 

use of a patient position monitoring system is recommended in conjunction with 

frameless immobilization techniques 4,9.  

1.3.2 Management and Monitoring of Cranial Motion in SRS/SRT 

Multiple non-invasive monitoring devices are commercially available to detect 

intrafraction motion during SRS/SRT treatment. In addition to increasing the accuracy of 

treatment delivery, accurate and near real-time patient position monitoring may allow for 

less rigid and more comfortable immobilization for patients.  

1.3.2.1 Motion Monitoring Techniques 

Some non-invasive motion monitoring systems employ stereoscopic imaging to 

provide 3D motion information. Stereoscopic imaging uses two different views of the 

same scene in a fixed geometry. The system identifies spatially invariant or known 

features in the first image (feature extraction) and locates the corresponding features in 

the second image (feature correspondence). The system then computes the 3D 

coordinates of the features using the intersection of the perspective projections. 

Therefore, the features must be clearly visible in both images. These features could be 

original parts of the image scene or could be added to the image 68,69. Stereoscopic 

imaging systems, such as ExacTrac (Brainlab AG, Munich), implement this method with 

x-ray images acquired simultaneously from the patient, providing 3D positional 

information by using the bony anatomy as stereoscopic features. Repeating the imaging 
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process could provide information regarding patient motion between discrete time points. 

Due to the nature of x-ray imaging, the system provides motion information by detecting 

the cranium rather than relying on surrogates and provides positional information with 

sub-millimeter and sub-degree accuracy 70,71. However, this form of imaging uses 

ionizing radiation and is often not continuous.     

The premise of stereoscopic imaging can also be used in conjunction with optical 

imaging in the form of photogrammetry. A known pattern of structured light projected 

onto the patient adds known features to the image. The cameras use these features to 

extract 3D information. This method provides continuous motion monitoring without the 

use of ionizing radiation. However, this method detects facial motion by monitoring the 

patient skin during treatment. Using a deformable surrogate such as skin to determine 

cranial motion could lead to false positive and false negative results 72,73. Additionally, 

the system requires unobstructed view of the target to perform motion detection. As a 

result, less restrictive open-faced mask systems need to be used in conjunction with the 

optical monitoring system.  Most recently, MR imaging systems have been used in 

conjunction with linac treatment units.  These MR-Linacs provide 2D snapshots in near 

real-time to monitor patient motion. However, patients with metal implants, for example, 

non-MRI-compatible pacemakers and prosthetics, or large patients cannot be imaged 

using this technology 74. 

1.3.3 Extracranial Motion  

Respiratory motion is one of the most prevalent causes of extracranial intrafraction 

motion in treatment of thoracic, abdominal, and pelvic tumors 75–78. A recent review 
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showed that live respiratory motion management plays a large factor in reduction of 

toxicity outcomes in these treatment sites 78.  With regards to extracranial SBRT, this 

thesis focuses on the respiratory motion as the most common source of intrafraction 

motion. 

1.3.4 Management and Monitoring of Extracranial Motion During SBRT  

Various attempts have been made to synchronize the delivery of radiation with 

respiration as early as 1989 79. Since then, different techniques and technologies have 

been introduced to reduce or mitigate the effects of respiratory-induced motion. 

In general, these techniques fall into two major categories of motion suppression 

and motion monitoring 74. A detailed description of these methods is provided below. 

1.3.4.1 Motion Monitoring Techniques 

The first step to minimizing the effects of respiratory-induced motion is restricting  

the motion 76. This can be achieved using breath hold maneuvers such as deep inspiration 

breath hold (DIBH) or deep expiration breath hold (DEBH) where the patient is coached 

to hold their breath at the deep inhale or exhale position and radiation is delivered in the 

absence of normal respiratory motion. A reproducible DIBH state is advantageous for 

treating thoracic tumors. Not only can it significantly reduce respiratory tumor motion, 

but it also changes internal anatomy in a way that often protects critical normal tissues by 

moving the heart posteriorly and inferiorly away from the breast which may reduce 

cardiac and lung toxicity 74,75. However DEBH maneuvers have reportedly shown higher 

reproducibility and stability 80,81. 
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Alternatively, abdominal compression devices can limit respiratory motion by 

applying external pressure to the upper abdominal region, forcing the patients to adopt 

shallow breathing.  This technique has been shown to minimize respiratory-induced 

tumor motion for lung and liver targets 76,82,83.  

Spirometry techniques can also be used to measure and monitor the airflow into the 

lungs which in turn, are used to estimate the volume of air inside the lungs. To this end, 

the patient is instructed to breathe through a mouthpiece while wearing a nose clip to 

ensure breathing occurs exclusively through the mouth. Additionally, a scissor valve can 

be added to maintain the air volume at a pre-specified level, therefore ensuring the 

reproducibility of the DIBH/DEBH states 74–76.  

Another technique that aims to limit the respiratory-induced motion during 

treatment is gating, i.e., synchronizing the treatment delivery with respiratory motion by 

gating the treatment beam. The treatment beam can be turned on and off at specific 

breathing phases or amplitudes, leading to the treatment delivery during a portion of the 

breathing cycle 58,76.  

Multiple non-invasive monitoring devices are available to provide information 

regarding the respiratory motion to facilitate gating or breath-hold maneuvers. A belt 

equipped with pressure sensors and placed around the abdominal section of the patient 

can detect respiratory motion and monitor the respiratory cycle. This information can be 

used for respiratory gating or monitoring DIBH or DEBH states 74. The Anzai belt system 

(Anzai Medical, Tokyo) is an example of this technology.  
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Infrared markers can also be used to monitor the breathing cycle during treatment. 

The combination of infrared (IR) markers placed on the patient’s chest or abdomen, and a 

camera that monitors the position of the markers, can provide continuous information 

regarding the respiratory cycle. Examples of this technology are the Real time Position 

Management (RPM) system and the Respiratory Gating for Scanners (RGSC) system 

(Varian Medical Systems, California) which use a plastic block with different 

arrangements of IR reflective markers where the plastic block is placed on the chest or 

abdomen and monitor the motion using a room-mounted IR-sensitive camera.   

Optical stereoscopic systems can also be used to provide continuous respiratory 

motion information 74.  These systems require room-based cameras and a direct 

unobstructed view of the target.  

1.4 CAPACITIVE MONITORING TECHNIQUE 

The focus of this thesis is a technology that uses capacitive monitoring to provide 

continuous intrafraction motion monitoring during SRS and SBRT treatment. Below, we 

describe the fundamental physics behind the design and development of this technology. 

1.4.1 Capacitance 

Capacitance is a quality associated with a conductor or arrangement of conductors 

and is the ratio of the charge stored on the conductors (𝑄) and the voltage applied to the 

conductors (𝑉) as shown in equation 1.1, where 𝐶 represents capacitance. 

 

𝐶 =  𝑄 𝑉⁄                                eq 1.1 



 

19 
 

 

By definition, capacitance can be defined for any single conductive object capable 

of holding electric charge, where the electric potential difference is measured between the 

object and ground 84. This is referred to as self-capacitance 84. Mutual capacitance, most 

commonly referred to as capacitance, is defined for an arrangement of two conductive 

objects in close proximity. Capacitors can be used to store charge and electric potential 

energy and are commonly used in a variety of electric circuits. The stored potential 

energy (𝑊) can be calculated using equation 1.2 where 𝐶 and 𝑉 represent the system 

capacitance and voltage across the capacitor, respectively.  

 

𝑊 = 1
2⁄  𝐶𝑉2                               eq 1.2 

 

In general, the capacitance of a system is solely dependent on the system geometry 

(shape, size and separation of the two conductors) and the dielectric material between the 

conductors 85.  We present a detailed discussion on the behavior of dielectric materials in 

the presence of an electric field in the following section. 

1.4.1.1 Polarization Effects 

When a dielectric material is introduced in the gap between the conductors, it 

results in an increase in the capacitance. This capacitance increase can be explained from 

a molecular point of view. The dielectric response to the external electric field depends 

on the type of dielectric used. Dielectrics may be polar or non-polar. Polar dielectrics 

have molecules with permanent electric dipole moments. In the absence of an external 
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electric field, the dipole molecules are oriented randomly. When an external field is 

applied, the dipoles rearrange themselves to further align with the field. This behavior is 

illustrated in figure 1.8. Even though the alignment is not complete due to random 

thermal motion of the molecules, the aligned dipoles generate an electric field. This 

electric field is smaller in magnitude and in opposite direction compared to the external 

electric field.  

The second type of dielectrics is non-polar, with molecules that do not possess 

permanent electric dipoles. When exposed to an external electric field however, electric 

dipole moments are induced in the molecules. Figure 1.9 illustrates the behavior of a non-

polar dielectric material in the absence and presence of external electric field. Induced 

dipole moments align in the field and generate an electric field that is smaller in 

magnitude and in opposite direction compared to the external electric field.  

 

Figure 1.8  (a) Orientation of polar molecules in the absence of an electric field.  

(b) Alignment of molecular dipoles in the presence of external electric field resulting from the 

charged parallel plate capacitor and �⃗�  represents the total electric field. 

(a)                                                           (b) 
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The effect of the dielectric material on the net electric field depends on the average 

electric field produced by the alignment of the dipole moments within the dielectric. In 

general, an electric dipole moment (𝑝 ) resulting from a negative and a positive point 

charge (q) separated by a distance of  𝑑   is defined by equation 1.3 where 𝑝  and 𝑑  vectors 

point from the negative charge towards the positive. The polarization of a region (�⃗� ) is 

defined as the sum of dipole moments (𝑝 ) per unit volume (V) as shown in equation1.4. 

Since electric fields resulting from the arranged dipoles are in the opposite direction of 

the polarization vector (�⃗� ), the total electric field resulting from the polarization within 

the dielectric (�⃗� 𝑝) can be calculated using equation 1.5, where 𝜀𝑜 is vacuum permittivity. 

 

    𝑝 = 𝑞 𝑑                                                        eq 1.3 

Figure 1.9  (a) Orientation of non-polar molecules in the absence of an electric field.  

(b) Induced electric dipole moments in the presence of external electric field resulting from the 

charged parallel plate capacitor and �⃗�  represents the total electric field. 

 

(a)                                                           (b) 



 

22 
 

     �⃗� =
∑𝑝 

𝑉
⁄                                                  eq 1.4 

    �⃗� 𝑝 = − �⃗� 𝜀𝑜
⁄                                                eq 1.5 

 

On the other hand, the electric field resulting from the arranged dipoles are in the 

opposite direction of the external field (�⃗� 𝑜). Therefore, the total electric field (�⃗� ) can be 

defined by equation 1.6.  

 

�⃗� = �⃗� 𝑜 + �⃗� 𝑝 = �⃗� 𝑜 − �⃗� 𝜀𝑜
⁄                                eq 1.6 

 

Since the polarization and dipole arrangement is a direct result of the external 

electric field, in most cases (with some exceptions such as ferroelectric materials), the 

polarization (�⃗� ) is linearly proportional to the external electric field (�⃗� 𝑜) and the total 

electric field (�⃗� ). Such materials are referred to as linear dielectrics and the relationship 

between the polarization (�⃗� ) and total electric field (�⃗� ) can be described by equation 1.7, 

where the coefficient 𝜒𝑒 is referred to as electric susceptibility. 

 

         �⃗� = 𝜀𝑜 𝜒𝑒 �⃗�                                          eq 1.7 

 

Combining equations 1.6 and 1.7 results in equation 1.8, where 𝜀𝑟 is the relative 

dielectric constant.  

 

       �⃗� 𝑜 = (1 + 𝜒𝑒 )�⃗� = 𝜀𝑟 �⃗�                      eq 1.8 
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Since electric susceptibility is a positive value, the relative dielectric constant is 

always larger than one, and therefore, the presence of dielectric material in the capacitor 

will always result in a decrease of the total electric field. Equation 1.9 describes the 

relationship between the electric potential (V) and electric field (�⃗� ) according to 

Maxwell’s equations, where a decrease in the electric field leads to a decrease in electric 

potential. Since capacitance of the system is inversely related to the electric potential 

(equation 1.1), the presence of a dielectric material leads to an increase in capacitance of 

the system.  

 

       �⃗� =  − ∇ 𝑉                    eq 1.9 

 

1.4.1.2 Frequency Effects 

The description in the previous section shows linearity between the external electric 

field and the total field resulting from the superposition of the external field and dipole-

induced electric field as per equation 1.8. As such, if the external field is oscillating, the 

total electric field would be oscillating as well. Since polarization is directly correlated to 

the electric field (equation 1.7), this affects the behavior of the dipoles and results in the 

absorption of electric energy by the dielectric subjected to an alternating electric field 86–

88 . This effect is known as dielectric loss. As a result, the dielectric constant 

(permittivity) becomes a function of the electric field oscillation. The dielectric function 

of a material is generally described as a complex number using equation 1.10 below, 

where 𝜀′ is the relative permittivity of the material and 𝜀′′ is the loss factor. The loss 
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factor is defined by equation 1.11, where 𝜎 is the total conductivity of the material, 𝜀𝑜 is 

the permittivity of free space, and 𝜔 is the angular frequency 88.  

 

𝜀 = 𝜀′ − 𝑗𝜀′′                               eq 1.10 

 

𝜀′′ =
𝜎(𝜔)

𝜔𝜀𝑜
⁄                           eq 1.11 

 

It is important to note that conductivity is also frequency dependent 89–91 and can be 

defined using the universal dynamic response model, as shown in equation 1.12, where 

𝜎𝑜 is the conductivity in direct current (DC) conditions and 𝐴 is a coefficient dependent 

on the material and thermal conditions 89,92. 

 

𝜎(𝜔) = 𝜎𝑜 + 𝐴 𝜔𝑛   ,     0 < 𝑛 < 1                                eq 1.12 

 

It should be noted that conductivity is not a binary attribute. As such, conductors 

used in real-life have some inherent resistance. Similarly, dielectric materials can have 

some inherent electrical conductivity. The next section provides a detailed review on the 

conductivity and permittivity of biological tissue.   

1.4.2 Electrical Conductivity of Human Body 

In this research, we are focused on the behavior of biological materials in the 

presence of electrical fields. The dielectric properties of biological tissue result from 

interactions between the electric field and the biological tissue on a cellular and 
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molecular level. Tissues also have finite ionic conductivities associated with the nature 

and extent of their electrolyte content and ionic mobility 10,88,93,94.  

In general, the behavior of the biological tissue in alternating fields can be 

explained based on equations 1.10-1.12. An increase in electric field frequency has been 

experimentally observed to result in an increase in conductivity and a reduction in 

permittivity 10,88,95. Figure 1.10 displays the frequency-dependent change in permittivity 

and conductivity for a biological sample (spleen) 10.  

Permittivity      

Conductivity 

Figure 1.10  Frequency- dependant change in permittivity and conductivity for a biological 

sample (spleen) 10. 
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Different reports of conductivity and permittivity of biological tissues have been 

published. The reported values cover a wide range depending on the sample, method of 

measurement, and sample temperature 10,88,95–97. Most reported values are measured on 

excised tissue of different animals and are prone to underestimations of the conductivity 

98,99. Even conductivity measurements performed on living intracranial tissue samples in 

patients with brain tumors have shown inter- and intra-patient variations 98. Conductivity 

values reported in table 1.1 for grey matter, white matter, and cerebellum are acquired 

using experimental measurements fitted to theoretical equations at human body 

temperature (37°C) 10,96. Conductivity of human cerebrospinal fluid (CSF) at body 

temperature has been reported by Bauman et al. as 1.79 S/m 99. A review of electrical 

properties of bone performed by Singh et al. reported that conductivity values can vary 

based on the sample 100, but in general, bone exhibits low conductivity in the range of 4.5 

× 10-3 S/m to 10-2 S/m. Skin also exhibits low conductivity with values around 10-5 S/m at 

low frequencies 101 and is considered an insulator 102. Muscle tissue possesses a 

conductivity of 0.2 S/m to 0.3 S/m 95.  Cranial tissue conductivity values in a DC electric 

field are listed in table 1.1.  

The information in table 1.1 is used in the modelling of the cranium for biomedical 

applications with skin and bone modelled as insulating layers enclosing a conductive core 

(brain) 103,104. Alternatively, more detailed models of layered volumes with different brain 

tissues incorporated into the model can be used to simulate the behavior of cranial tissue 

in the presence of electric field 103,104. The relative dielectric constant values for bone 96 

and skin 96 are reported as 14.9 to 22.1 and 104 to 106, respectively. 
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In general, the conductivity of human body is primarily due to the electrolyte 

content, and tissues with higher electrolyte content show higher conductivity 105.  As 

such, multiple studies have looked at the experimental and theoretical behavior of 

different concentrations of electrolytes in alternating fields of different frequencies 96,106. 

They concluded that higher concentration electrolytes exhibit higher conductivity and the 

relationship holds up to at least the 10 MHz frequency range 96,106. 

Table 1.1 Conductivity values for intracranial tissue. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 

In the context of our study, skin and bone are considered non conductive and 

cranial tissue (due to its higher electrolyte concentration) is considered conductive. A 

more detailed discussion is provided in chapter 3. 

Tissue Conductivity (S/m) 

Cerebrospinal fluid (CSF)  1.79 

Grey matter 1.03 

Cerebellum 0.89 

White matter  0.47 

Brainstem 0.47 

Muscle 0.2 - 0.3 

Bone ≤ 0.01 

Skin 10-5 
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1.4.3 Capacitive Sensing 

The conductivity of human tissue is a feature that can be leveraged in capacitive 

sensing. In a simple case of an ideal parallel plate capacitor, two conductive plates are 

placed in proximity of each other to form a capacitor. Ignoring the fringe field effects, the 

system capacitance (𝐶) can be defined by equation 1.13, where (𝐴) is the surface area of 

the plate, (𝑑) is the distance between the conductive plates, (𝜀𝑟) is the relative permittivity 

of the dielectric material in-between the plates, and (𝜀𝑜) is the permittivity of vacuum 

with a value of 8.854 × 10-12 F/m.  

 

𝐶 = 𝜀𝑟𝜀𝑜
𝐴

𝑑⁄                        eq 1.13 

 

Now consider replacing a conductor plate with a human body (hand) where the 

human motion would result in a change in distance (𝑑) and, subsequently, a change in 

capacitance. This sensing mode is referred to as the loading mode and is illustrated in 

figure 1.11(a). This method is used in detecting human hand gestures in air 107 as well as 

its proximity to objects 108, and tracking a human’s position on conductive tile flooring 

109. Alternatively, the human body can be introduced in between two capacitors to alter 

the electric field. This detection method is often used to increase operator safety and 

detect the presence of workers in the vicinity of production lines 110, for example. This 

method of sensing can be accomplished through two different modes, namely the shunt 

mode and the transmit mode. In both cases the human body is introduced into the field. In 

shunt mode, the body effectively becomes a grounded shield as the electric field lines 

from the conductive plate couple into the hand and are directed away from the second 
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conductive plate forming the original capacitor 11 as illustrated in figure 1.11 (b). 

Alternatively, if the body lies close to or contacts the conductive plate, the body becomes 

an extension of the conductive plate. The capacitance now increases as a function of body 

proximity to the conductive plate 11. This mode is illustrated in figure 1.11 (c).   

 

 

1.5 RESEARCH OBJECTIVES 

This thesis explores the use of capacitive monitoring as a continuous motion 

monitoring system during radiation therapy treatment, primarily for cranial motion 

detection in SRS/SRT, but the technology has also been extended for respiratory motion 

management in SBRT. An ideal monitoring system would provide real-time, high-

accuracy measurements of patient position without using ionizing radiation or reliance on 

deformable surrogates such as skin. Additionally, the ideal system would be insensitive to 

the thermoplastic immobilization material and would not require direct view of the 

patient. Our research is focused on the development of a novel and non-invasive 

capacitive monitoring method that can fulfill the above-mentioned prerequisites. A series 

a)                                                     b)                                                          c) 

Figure 1.11  Different modes of capacitive sensing: (a) loading mode, (b) shunt mode, and (c) 

transmit mode 11. 
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of manuscripts is included, addressing the following separate research objectives: proof 

of concept for capacitive monitoring and clinical potential, optimizing the capacitive 

array design to detect cranial rotation and translation motion, investigation of system 

performance through a volunteer study, and adaptation of the technology for respiratory 

motion detection. 

 Manuscript 1 is presented in chapter 2 and addresses the first research objective. It 

describes the design and implementation of a prototype capacitive monitoring device 

capable of performing 3D motion detection for SRS/SRT. This work also investigates the 

effect of radiation on the detection system output, as well as the capability of the 

monitoring system to detect the cranium through the thermoplastic immobilization 

device.  

 Manuscript 2 is presented in chapter 3 and addresses the second research 

objective. Following the proof-of-concept established in manuscript 1, it aims to identify 

a more optimal array geometry using finite element analysis to simulate different designs. 

This study develops a method to compare sensitivities among different designs to 

determine a capacitive array design capable of 6D cranial motion detection. 

 Manuscript 3 is presented in chapter 4 and addresses the third research objective. 

It presents the results of a human volunteer study with the most promising capacitive 

array for 6D cranial motion detection as identified in manuscript 2. The study evaluates 

the performance of the array with different cranium sizes and shapes.  

 Manuscript 4 is presented in chapter 5 and addresses the fourth research objective. 

It describes the extension of the capacitive monitoring technology for respiratory motion 
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detection in SBRT. This includes prototype design, testing, and performance comparison 

with a commercial system.  
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CHAPTER 2 A NOVEL INTRAFRACTION MOTION MONITORING 

SYSTEM FOR STEREOTACTIC RADIOSURGERY: PROOF OF CONCEPT 

 

2.1 PREAMBLE 

The following manuscript serves as a proof of concept for the capacitive 

monitoring technique and shows that the system is capable of intrafraction cranial motion 

detection during SRS treatment. The manuscript describes the design of capacitor plates 

that act as motion sensors. A capacitive array is designed to detect cranial translation 

motion and the performance of the array was tested with the help of a volunteer. 

Additionally, the stability of the system was investigated with radiation present.  The 

system was shown to be insensitive to the thermoplastic mask and able to detect the 

cranium within. The system is designed to be modular, non-ionizing, and non-contact.  

The following chapter only differs from the below published manuscript in minor 

editorial details. Publication: P. Sadeghi, J. Lincoln, EA Avila Ruiz, and J. L. Robar. "A 

novel intrafraction motion monitoring system for stereotactic radiosurgery: proof of 

concept." Physics in Medicine & Biology 63, no. 16 (2018): 165019. 
https://iopscience.iop.org/article/10.1088/1361-6560/aad643/meta.   

2.2 ABSTRACT 

The purpose of this work was to develop a prototype system for continuous, three-

dimensional (3D) monitoring of patient cranial motion during stereotactic radiosurgery. 

Using novel capacitive detector plates, the goal was to provide detection of cranial 
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position inside a thermoplastic immobilizing mask, without relying on skin monitoring or 

use of ionizing radiation. 

A novel capacitive detector array was used to detect cranial translations with sub-

millimeter accuracy. The array was comprised of four conductive plates arranged around 

the cranium. One superior plate was positioned at the cranial vertex, two lateral plates 

were positioned in sagittal planes at the lateral aspects of the cranium, and one plate was 

located in a coronal plane anterior to the face. The system was calibrated by 

parameterizing the capacitive signal for each dimension as a function of spatial 

translation. The detector array performance was evaluated with the help of a volunteer in 

the absence of radiation. Separately, possible effects of electromagnetic interference and 

irradiation in the linac suite were assessed.     

Detector plates mounted at 1 cm original distance to the thermoplastic mask can 

detect sub-millimeter lateral and superior cranial motion. Detection of sub-millimeter 

anterior motion is possible when the plate is mounted closer to the patient (5-10 mm). No 

signal interference was observed when the capacitive array was irradiated. 

Our prototype detector array provides continuous, 3D translation detection with 

sub-millimeter precision. The signal provides sufficient signal to noise ratio (SNR) and is 

stable in a linac room environment and in a direct radiation beam. The detector plate is 

sensitive to the position of the cranium inside a mask and offers the advantage of being 

insensitive to the mask itself.  Future work will involve modifying the array to detect 

patient rotation. 
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2.3 INTRODUCTION 

Techniques such as stereotactic radiosurgery (SRS) and stereotactic radiation 

therapy (SRT) require high patient positioning accuracy 57,64,111, and most approaches use 

stringent patient immobilization during treatment delivery. Commonly, rigid, relocatable 

mask systems are employed, but these have been reported to allow a degree of patient 

motion during the treatment 7–9,59,60,112. For example, a 3D intrafraction shift magnitude of 

up to 2.6 mm 8 has been observed when using a relocatable stereotactic frame with a 

thermoplastic mask (Brainlab Cranial Mask System, Brainlab AG). Therefore, the use of 

a patient position monitoring system is recommended in conjunction with the frameless 

immobilization technique 4. In addition, accurate and near real-time patient position 

monitoring may allow for less rigid and more comfortable immobilization for patients. 

The ideal monitoring system would provide continuous positional information 

using non-invasive and non-ionizing methods. Additionally, a reliable monitoring system 

should use stable surrogates for monitoring to reduce false positive response rate. 

Multiple monitoring systems are commercially available, but none fulfills all the above 

requirements. Stereoscopic x-ray imaging systems provide single images of the patient 

position using ionizing radiation 71,113. Optical surface monitoring methods 72,114–116 on 

the other hand, provide continuous monitoring without the use of ionizing radiation. They 

use skin as a surrogate for patient motion and therefore require sections of the 

thermoplastic immobilization device to be removed, which leads to a less restrictive 

immobilization device. In addition, using a deformable surrogate such as skin could result 

in false positive and false negative responses 72,73.  
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In this paper, we introduce a novel capacitive monitoring system for continuous 

monitoring of patient motion during SRS treatments. We present a prototype system that 

is passive and produces near real-time positional data using the principles of capacitance.  

This approach was explored because i) the human body offers a high permittivity 

compared to plastics, allowing sensing of the entire cranium inside the mask, but not the 

mask itself, ii) capacitive proximity sensors can be read out at sufficient temporal 

frequency (e.g., with 1 ms to 128 ms sampling period) 117, and iii) in concept, capacitive 

plates can be fabricated with minimal thickness, resulting in low attenuation of 

megavoltage (MV) photon beams.  Finally, there is a precedent of using capacitive 

sensors on the treatment platform, for example, as a collision sensor integrated into on-

board imaging systems (e.g. Truebeam, Varian Medical Systems, Inc., Palo Alto, USA). 

2.4 MATERIALS AND METHODS 

The following section provides a description of the process of detector and 

capacitive array design. It also provides the details of the experimental methods used for 

array calibration and stability measurements.  

2.4.1 Detector Design 

The proposed detector leverages the physics of capacitance by placing conductive 

plates proximal to the cranium.  In a simple case of parallel plate capacitors, the system 

capacitance can be determined using equation 2.1, where A and d denote the area of the 

parallel plates and separation between the plates, respectively, εr is the relative dielectric 

constant of the material between the plates, and εo is the vacuum permittivity. 
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                                                  𝐶 =
𝜀𝑟𝜀0𝐴

𝑑
                               eq 2.1 

We incorporate a similar system in our experimental setup, where the cranium 

would assume the role of one of the conductive bodies and a copper plate placed 

proximal to the cranium would act as the second plate. As a result, the two form a 

capacitor and the capacitance can be measured. Since the capacitance is a function of the 

distance between the conductors, changes in the capacitance of the system can be used to 

determine the change in the distance and detect relative motion. Furthermore, by placing 

multiple, thin conductive plates around the cranium, we can produce multiple capacitors, 

and with strategic plate placement, 3D positional information can be acquired by constant 

monitoring of the capacitance. This paper provides a proof of concept for patient 

translation detection using this novel method. 

It should be noted that conductivity is not a binary attribute. As such, conductors 

used in real-life capacitors have some inherent resistance. Similarly, dielectric materials 

can have some inherent electrical conductivity. These aspects of a capacitor are modeled 

as resistors 118,119,  as shown in figure 2.1. A resistor in series with the capacitor depicts 

the resistivity of the capacitor plates and is often referred to as equivalent series 

resistance (ESR). Another resistor in parallel with the capacitor is referred to as the shunt 

resistance or insulation resistance (Rs) and accounts for the leakage through the dielectric 

material. An ideal capacitor would have an infinitely high Rs value to prevent any 

leakage of current to pass through the plates. For a functioning capacitor, the Rs value 

should be high to minimize the leakage. Our capacitor design goal includes physical 

clearance between the cranium and the conductor plate (filled with air) with a 
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conductivity in the range of 3×10−15 S/m to 8×10−15 S/m 120 so leakage effects become 

negligible. Considering the case where both plates of the capacitor are made of a material 

such as copper with conductivity of 5.96×107 S/m 121, the ESR can be approximated to 

zero. For proximity detection of a human, we can replace one of the copper plates with a 

human cranium to depict our experimental conditions. Cerebral spinal fluid (CSF), which 

is a major source of cranial conductivity, has a conductivity of 1.79 S/m 99 . This non-

ideal conductor can be modeled in conjunction with a non-zero ESR value. As stated 

previously, the capacitance, by definition, does not depend on the level of conductivity of 

the plates. Adding an ESR produces a drop in the applied voltage to the capacitor and 

resulting in a lower stored charge.  

 

 

 

 

For initial testing of a single detector, a parallel plate arrangement was used to 

compare the performance of two different plate materials, copper and aluminized Mylar, 

as well as the dependence of response on thicknesses of the conductors. Experiments 

were performed using copper and aluminized Mylar plates of 0.127 mm thickness and 

varying plate areas of 3×3 cm2, 4×4 cm2, and 5×5 cm2 to compare the performance of the 

two materials. Coaxial cable was soldered on the copper plates and glued on the 

aluminized Mylar plate using conductive silver paste. To investigate the effects of plate 

thickness on sensitivity, copper plates of 3×3 cm2, 5×5 cm2, and 10×10 cm2 were used 

C                                                       RESR         C 
 
                                                                            
                                                                          RS 
 
 

Figure 2.1  Equivalent circuit diagram of a non-ideal capacitor. 



 

38 
 

with 0.0762 mm and 0.254 mm thickness. For these experiments, one plate was fixed in 

position and the second plate was moved using a H-820 6-Axis hexapod stage (Physik 

Instrumente (PI) GmbH & Co. KG, Auburn, Massachusetts, USA) while the capacitance 

was being monitored. The Hexapod can perform translation motion in steps as small as 

10 µm with a reproducibility of ± 2 µm for horizontal motion and ± 1 µm for vertical 

motion. A capacitive touch sensing integrated circuit (MPR 121, Adafruit Industries, 

NYC, NY & Freescale semiconductor, Austin, TX) was used for acquisition of 

capacitance measurements. The MPR 121 measures the capacitance by applying a 

constant DC current to the copper plate. The resulting voltage is sampled at the end of 

each charge cycle and reported as a 10-bit ADC value. This value is inversely 

proportional to the capacitance.  An I2C interface device (NI USB-8452, National 

Instruments, Austin, TX) was used to control the acquisition process through a Matlab 

interface developed in-house.   

2.4.1.1 Capacitive Array Design 

An array containing four conductive plates was designed to detect patient 

translation in three-dimensions. The array consisted of a superior plate positioned at the 

cranial vertex, two lateral plates positioned in front of the ears, and an anterior plate 

placed in front of the nose, as shown in figure 2.2.  The conductive copper plates were 

15.2 cm by 10.2 cm and mounted on acrylic backings. The relatively large plate sizes 

were chosen to increase the capacitive signal as per equation 2.1.  Although the backings 

in this prototype would be highly attenuating for a therapeutic photon beam, the intention 

for future versions is to use, for example, thin carbon fibre as a substrate.  The 0.0254 

mm copper conductor used will attenuate a 6 MV photon beam by only approximately 
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0.095 %.  A constraint in the design was to place the detectors at least 1 cm away from 

the surface of the mask to allow clearance for a range of cranial separations, however, 

compared to single-detector testing results, it was anticipated that the sensitivity would 

also depend on curvature of the cranium below the detector area. 

2.4.2 Array Calibration and Readout Using a Human Subject 

The capacitive array was calibrated to provide translational information in 

millimeters based on detected changes in capacitive signal (ADC values). A volunteer 

was immobilized using an S-frame thermoplastic mask.  To avoid moving the volunteer, 

the array was translated in three directions (lateral, superior, and anterior) relative to the 

cranium in 1 mm steps to simulate patient motion, with all detectors translating in 

tandem. These data were acquired at 190 Hz and used to produce a calibration curve of 

capacitive signal versus relative cranium-plate position for each dimension of motion. 

SUP 
Plate

ANT 
Plate 

LAT (R) 
Plate 

SUP 

Plate

ANT 

Plate

LAT (L) 

Plate
LAT (R) 
Plate

Figure 2.2 Diagram of the array sensor positions with respect to patient cranium. Superior, right, 

left, and anterior plates are marked as SUP, LAT (R), LAT (L), and ANT, respectively. 
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Subsequently, a predefined, arbitrary trajectory was applied to move the array relative to 

the subject, and the calibration curves were used to return motion in calibrated units. 

A hypothesis of this work was that the detected signal is indeed arising from the 

cranium and not from the thermoplastic mask itself.  To evaluate this, data were acquired 

with the setup shown in figure 2.3 in the presence of the thermoplastic mask and absence 

of the volunteer. The array was translated in 1 mm steps in three-dimensions in +X 

direction (superior plate moving away from the cranium), +Y (right lateral plate moving 

away from the cranium) and +Z (anterior plate moving away from the cranium). The 

array was translated five steps with a displacement of (1 mm, 1 mm, 1 mm) per step and 

data were acquired for three seconds at each step.  The same experiment was conducted 

when the mask was moved out of proximity of the array. 

Figure 2.3 Experimental setup in the linac environment. The detector array is placed around the 

thermoplastic mask. The hexapod stage on the left is used to simulate motion by translating the 

array. The white arrows point to the copper plates in the picture. 
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2.4.3 System Stability in Linac Environment and in the Presence of Ionizing Radiation 

In order to determine the feasibility of capacitive monitoring in linac room 

conditions, the capacitive array was used to investigate any potential signal interference.  

Data were gathered for 90 s without radiation. Subsequently, the array was irradiated for 

90 seconds at a dose rate of 1400 MU/minute with a 6 MV flattening filter free (6X-FFF) 

beam from a TrueBeam STx linear accelerator (Varian Medical Systems, Inc., Palo Alto, 

CA). The array was centered in the field and all four detectors were within the primary 

radiation field. Data were collected from all four plates in the absence and in the presence 

of radiation. The acquired data were reviewed at times corresponding to beam on/off to 

assess for possible transients, e.g., due to EM interference. 

2.5 RESULTS 

2.5.1 Detector Design 

Two different plate materials (copper and aluminized Mylar) were investigated in a 

parallel plate setup as potential detectors. As shown in figure 2.4, the copper plates offer 

higher sensitivity (change in capacitive signal per millimeter change in plate separation) 

compared to Mylar plates of the same length and width. Therefore, copper was chosen as 

the detector material. As shown in figure 2.4, thinner plates offer higher sensitivity at 

small plate distances, and overall, larger plates offer higher sensitivity.  However, using 

larger plates can lead to higher sensitivity at larger distances, as shown in figure 2.4. For 

example, the 10×10 cm2 copper plate displays sensitivity of 8 ADC counts/mm motion at 

18 mm of plate separation. Based on these results, a thin copper foil with 0.0254 mm 

thickness with 0.0406 mm thick conductive adhesive backing was chosen as the detector. 
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2.5.2 Array Calibration and Readout Using a Human Subject 

Figure 2.5 below shows the ADC signal as a function of translation in different 

directions. As shown in figure 2.5, change in ADC signal is observed for plates in the 

respective direction of motion. This change in signal corresponds to the respective 

direction of motion for lateral and superior plates. However, this effect is not as 

prominent in the anterior direction with the change in signal resulting from the motion 

spanning 7 ADC counts per 5 mm of motion.  This can be explained by the fact that 

although the distance of the anterior detector from the most proximal aspect of the patient 

surface was comparable to the other detectors, the surface curved away from this 

detector, resulting in a much larger average distance and thus lower sensitivity. The 

lateral and superior signal shown in figure 2.5 were used for calibrating their respective 

detectors using a second order polynomial functions (R2 =1). Equation 2.2 shows the 

calibration function for the superior plate, where ysup depicts the position in millimeters 

Figure 2.4 Sensitivity comparison between different sizes of Mylar and copper conductive plates 

(left), and sensitivity comparison between different thicknesses of copper conductive plates 

(right). 
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and xsup is the ADC signal from the superior plate. Similarly, equation 2.3 shows the 

calibration function for the lateral direction, where ylat shows the position of right lateral 

plate and xlat is the differential signal received from the two lateral plates. 

 

                      𝑦𝑠𝑢𝑝 = 0.002548 𝑥𝑠𝑢𝑝
2 − 3.446 𝑥𝑠𝑢𝑝 + 1172                  eq 2.2 

Figure 2.5 Plots showing the ADC signal at different cranial distances. Direction-specific 

change in signal is observed that corresponds to the respective direction of motion. The 

error bars depict two standard deviations. 

         Anterior Motion                                                   

         Superior Motion                                                               Lateral Motion                                                   
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                      𝑦𝑙𝑎𝑡 = −0.0001411 𝑥𝑙𝑎𝑡
2 − 0.08547 𝑥𝑙𝑎𝑡 + 13.99           eq 2.3 

 

Data were acquired by translating the mask system in the absence of the volunteer 

to verify that the cranium was the source of the signal.  Data were averaged over three 

seconds at each position with a readout frequency of approximately 190 Hz. The results 

shown in figure 2.6 illustrate the signal in the absence of the volunteer with and without 

the thermoplastic mask placed in between the detector plates. Our results illustrate that 

the change in signal (depicted by the slope of the lines in figure 2.6) show a similar trend 

in the absence and presence of the mask.  This underlines a desirable feature of the 

capacitive detection approach, i.e., the system should be sensitive to the cranium inside 

the mask, and not the mask itself. 

Figure 2.6 Capacitive signal collected in the absence of the volunteer, in the presence and 

absence of the thermoplastic mask. 



 

45 
 

During the first phase of performance testing, superior and lateral motion detection 

was tested since their respective calibration curves showed promising sensitivity.  In 

order to test the performance of the array in these two directions, predetermined 

translations were introduced in lateral and superior directions and the calibration curves 

were applied to detected capacitive signal to return the direction and magnitude of the 

motion in millimeters. The known motion included two steps in the superior direction and 

two steps in the lateral direction. The plates were originally positioned at 10 mm distance 

from the patient. They were then moved to 10.5 mm and 11 mm distance for both 

superior and right lateral detector plates. Data were averaged for three seconds at each 

position at approximately 190 Hz. The data were averaged using a running average of 

eighteen data points where the value of each data point n is substituted with the resulting 

average of data points n to n+17.  This helps reduce random noise in the data and increase 

the average SNR value over all four channels from 256 ± 35 to 1909 ± 261 (mean ± 

stdev). The results are shown in figure 2.7. Respective calibration equations were used to 

convert the capacitive signal to position information. Reference lines were added to 

indicate the average detected position at each step. As illustrated in figure 2.7, the system 

detected the two occurrences of motion in both superior and lateral directions. The 

detected steps were 0.5 mm and 0.4 mm for the first and second motion, respectively, 

which compares well to the actual introduced motion of 0.5 mm. Additionally, absolute 

patient position was detected in terms of distance from the capacitive plate. The detected 

positions in the lateral direction show a minimum and maximum disparity of 0 mm and 

0.1 mm compared to the actual position data. In the superior direction, however, the 

absolute positional information shows a minimum and maximum disparity of 0.6 mm and 
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0.7 mm, respectively, compared to the known positional information.  Nonetheless, the 

goal of our design was to detect relative motion and the system was able to easily detect 

0.5 mm steps of motion using a calibration curve that was obtained with 1 mm step size 

with an accuracy of 0.1 mm.   

 

Figure 2.7 (a) Signal resulting from controlled motion, introducing 0.5 mm translations in the 

superior and lateral dimensions. Vertical lines indicate time points of introducing translations. (b) 

Detected lateral motion. Horizontal lines depict the average detected position. Motion is detected 

with 0.1 mm accuracy for 0.5 mm steps. (c) Detected superior motion. Horizontal lines depict the 

average detected position. Motion is detected with 0.1 mm accuracy for 0.5 mm steps. 

a) 

b)                                     c)                                    
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2.5.2.1 Anterior-Posterior Motion 

As illustrated in figure 2.5, the sensitivity (change in ADC counts per mm of 

motion) in the anterior-posterior direction was not sufficient to detect sub-millimeter 

motion when the detector is located 10 mm to 15 mm away from the thermoplastic mask. 

This prompted us to investigate the possibility of increasing sensitivity by placing the 

anterior plate closer to the cranium, thus reducing the average cranium-detector plate 

distance. To investigate this option, data were collected from an array with the help of a 

volunteer where the anterior plate was mounted at 0 cm from the closest point of contact 

with the mask (i.e. touching the mask) while the other plates were at 1 cm distance from 

the mask. The array was retracted from the mask in 1 mm increments. The resulting 

change in capacitive signal is shown in figure 2.8. Based on the observed sensitivity (i.e., 

the slope of the plot between consecutive data points) sensitivity declines at larger 

distances. Therefore, the anterior plate was mounted at 5 mm distance from the mask to 

avoid contact with the mask during the experiments while still providing sufficient 

sensitivity. Known motion was introduced to test the detection system and a second order 

polynomial calibration curve for the range of 5 mm to 10 mm was applied to the signal 

and the detected motion is illustrated in figure 2.8. Equation 2.4 shows the calibration 

equation, where yant depicts the position in millimeters and xant is the ADC signal from 

the anterior plate.  As shown in figure 2.8, it is evident that, for this arrangement, the 

anterior plate is capable of detecting 0.5 mm steps with 0.1 mm accuracy.  

𝑦𝑎𝑛𝑡 = 0.003177 𝑥𝑎𝑛𝑡
2 − 4.096 𝑥𝑎𝑛𝑡 + 1321                      eq 2.4 
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2.5.3 System Stability in Linac Environment and in the Presence of Ionizing Radiation 

A histogram of the capacitive signal collected from each plate in the capacitive 

array in the presence and absence of radiation beam is shown in Figure 2.9.  The data 

clearly show that radiation has no effect on the capacitive signal values (shown in the 

form of ADC count) as a student’s t-test performed on the data showed no significant 

difference between the two sample sets (p < 0.001). Table 2.1 provides additional 

information regarding the behavior of the system in the radiation field. The data 

presented show that radiation does not affect the mean capacitance signal or the standard 

deviation. The SNR, defined as mean signal divided by the standard deviation, is high 

(range 930 to 1555) in all cases. 

Figure 2.8 Signal from the anterior sensor plate at different distances from the mask (left). 

Detected motion for anterior plate mounted at 5 mm distance from the mask with lines showing 

the average detected position in each step (right).  

             Anterior Motion                                                   
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Table 2.1 Signal Stability in linac room conditions. Comparison of capacitive array signal in the 

radiation field under beam-on and beam-off conditions. Student’s t-test showed no significant 

difference between the data acquired under beam-on and beam-off conditions (p < 0.001).  SNR 

is defined as mean signal divided by the standard deviation.  

 

 Anterior Plate Superior Plate Lateral Plate 
(Right) 

Lateral Plate 
(Left) 

Beam ON OFF ON OFF ON OFF ON OFF 

Stdev 0.8 0.8 0.5 0.5 0.6 0.5 0.6 0.6 

Mean 769.4 769.5 768.3 768.6 787.9 788.2 850.2 850.3 

SNR 933.2 950.5 1554.7 1509.1 1425.9 1449.9 1357.1 1386.7 

Figure 2.9 Histogram of signal in linac room conditions. Comparison of capacitive array signal in 

the radiation field under beam on (blue) and beam off (orange) conditions. Brown regions depict 

overlap of the two data sets. 
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2.6 DISCUSSION 

The purpose of this investigation was to develop a first prototype for continuous 

monitoring of patient motion during stereotactic radiosurgery. The current design of the 

system shows high signal stability in the linac environment and inside the radiation field. 

The array has the capability to detect 3D translations with sub-millimeter accuracy. This 

near real time (~190 Hz) monitoring device is not sensitive to the position of the mask 

and responds to the position of the cranium. As a result, the system does not require any 

modification to the thermoplastic mask. This provides an advantage in comparison to 

optical systems that require a removal of sections of the immobilizing mask to determine 

patient motion. This technology can detect sub-millimeter motion with 0.1 mm accuracy, 

which can be compared to the reported residual error of 3-0.3 mm observed when using 

optical systems depending on the fields of view with 0.3 mm root mean square error 

achieved when field of view is larger than 1000 vertex points 114. Also, with comparison 

to either optical surface imaging or stereoscopic x-ray systems, this approach is compact, 

modular and does not require significant additions to the treatment room, e.g., mounting 

of cameras.   

We see the role of this system as complementing existing image guidance systems, 

such as ExacTrac 70,71,113 and cone beam computed tomography (CBCT) 122–124, whereby 

initial setup could be done under image guidance to set a baseline position from which 

real-time motion would be detected.  While this work has presented some results 

indicating absolute positioning of the subject with the array, achieving this in a robust 

manner would be more complex since the system would have to be registered to room 

coordinates.  This could be done, for example, by attaching optical reflectors to the frame 



 

51 
 

to which the detector plates are attached. However, this would increase the cost and 

complexity of the overall system. Currently, the symmetry of lateral plates allows for 

better absolute position detection, but this feature is not available in other directions, 

leading to higher discrepancy in determining absolute positions. With regard to detecting 

relative motion, we have shown that our system is capable of detecting 0.5 mm 

translations. This was deemed a practical limit since AAPM practice guidelines 125  

recommend 1 mm minimum positioning/repositioning accuracy for SRS treatments, and 

the CBCT repositioning error 126  is shown to be ≥ 0.5 mm and typical CBCT head scan 

protocols yield a voxel size on the order of 0.5 mm 127. As such, the capacitive system 

provides motion detection accuracy that is comparable to CBCT image guidance. Higher 

motion thresholds can be set depending on planning parameters, treatment indications, 

and PTV margins on a case-by-case basis.  

The design of the system is prototypical, for example, in that the copper conductors 

were adhered to highly attenuating acrylic backings.  This was done for ease of 

construction at this state, but the intention is to couple these to highly radio-transmissive 

carbon fibre in a frame, similar to the frameless radiosurgery positioning array 128 from 

Brainlab (Brainlab AG, Munich, Germany). Although the plate areas were quite large in 

the present prototype, they can be integrated into a frame that will make them 

unobtrusive relative to current hardware.   

While the capacitive array shows promise with regard to sensitive detection of 

cranial motion, it can be improved in several respects.  A prospective design constraint of 

this first prototype was to leave 1 cm clearance between the mask and the patient surface.  

While this constraint can be met for lateral and posterior/anterior motion, it does not 
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provide effective sensitivity for anterior motion.  While the results demonstrate that one 

method of remedying would be to simply place the detector plate closer to the patient, a 

less intrusive approach may be to also include a posterior detector plate. This detector 

plate could be placed immediately below a standard hollow headrest and thus could be 

close to the patient’s posterior surface.  In this case it may be possible to remove the 

anterior detector plate entirely (thus clearing the view for the patient), or the anterior 

detector plate could be maintained to give robust detection of anterior-posterior motion, 

similar to the lateral detector plates in the current prototype. 

With regard to the design of the single detector plate element, figure 2.4 shows 

adequate sensitivity. However, as for any capacitive system, the sensitivity declines with 

distance.  The copper conductors facilitate a simple design, but likely there exist methods 

to increase the sensitivity that could allow reduction of detector plate area or increase of 

distance from the patient, or both.  For example, materials with extremely high dielectric 

constants, such as copper calcium titanate (CCTO) 129, could be used as a layer on the 

detector plate, thus forming a “super-capacitive” detector plate. However, any design 

would have to maintain sufficient radio-transmissive properties for the photon beam 

qualities anticipated.  Further work to explore this area is underway. Finally, the goal of 

this first iteration prototype was detection of translations only, which would provide 

functionality similar to existing real-time tracking systems, such as Calypso 130,131, for 

example. Future work will include enhancement and modification of the array to detect 

patient rotations.  
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2.7 CONCLUSION 

This work serves as proof of concept for a novel, non-ionizing, continuous detector 

array that can be used to detect intrafraction patient motion. The current prototype can 

detect 0.5 mm motion with 0.1 mm accuracy in three-dimensions. The system can operate 

at frequencies as high as 190 Hz, providing near real-time positional data. The system is 

insensitive to the thermoplastic mask and detects only the cranium within, therefore, no 

modifications to the thermoplastic mask are required. Future work is focused on cranial 

rotation detection, alternative calibration methods, and increasing system sensitivity to a 

point where the sensors can be placed further away from the cranium without any loss in 

detection.  
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CHAPTER 3 FINITE ELEMENT ANALYSIS OF A CAPACITIVE 

ARRAY FOR 6D MOTION DETECTION DURING STEREOTACTIC 

RADIOSURGERY 

 

3.1 PREAMBLE 

Following the proof-of-concept established in manuscript 1 (Chapter 2), this 

manuscript aims to identify a more optimal array geometry. The following manuscript is 

focused on the comparison of different capacitive array designs to identify an array 

geometry capable of detecting intrafraction cranial rotation and translation motion. A 

Finite Element Analysis (FEA) model was devised and different capacitive array designs 

were modelled. Cranial rotations and translations were simulated using the cranial FEA 

model, and changes in capacitance between the capacitive array elements (sensor plates) 

and the model cranium were used to determine array sensitivity to motion. The cranial 

FEA model was validated using experimental data acquired with the help of volunteers. 

The manuscript introduces a method to compare sensitivities between different designs to 

determine a capacitive array design capable of 6D cranial motion detection.  

The following chapter only differs from the below manuscript in the addition of 

revisions to improve clarity. Publication: P. Sadeghi, and J. L. Robar. "Finite Element 

Analysis of a capacitive array design for 6D intrafraction motion detection during 

stereotactic radiosurgery." (Accepted).   
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3.2 ABSTRACT 

This work presents a non-contact, non-ionizing solution for the continuous 

detection and characterization of intrafraction cranial motion with six motion dimensions. 

This capacitive monitoring system is a modular tool capable of detecting the cranial 

position through a thermoplastic mask without the use of skin as a surrogate. The purpose 

of this investigation is to develop an array of capacitive monitoring sensor plates capable 

of detecting translational and rotational cranial motion during radiotherapy. 

This study compares the performance of different capacitive monitoring array 

designs for their potential to detect intrafraction cranial translations and rotations. To this 

end, a Finite Element Analysis (FEA) model of the human cranium was used to calculate 

the system capacitance while simulating translational (superior-inferior, left-right, 

anterior-posterior) and rotational (roll, pitch, yaw) cranial motion. The model was 

validated by comparing simulation results against experimental results acquired with the 

help of human volunteers. The verified FEA model was then used to compare multiple 

potential array designs. The arrays’ sensitivities to translational and rotational motion and 

uniqueness of response were compared to determine the most promising design for six-

dimensional motion detection. The most promising array design was chosen for a clinical 

volunteer study. 

3.3 INTRODUCTION 

Hypofractionated high precision radiotherapy techniques, such as stereotactic 

radiosurgery (SRS) and stereotactic radiation therapy (SRT), require patient motion 

management and high-accuracy positioning 57,64,111. A combination of relocatable 
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thermoplastic mask systems and intrafraction motion monitoring techniques is 

recommended to achieve target accuracy and precision 4.  

Commercially available motion monitoring systems often employ stereoscopic x-

ray or optical surface monitoring techniques.  Stereoscopic x-ray imaging systems 

provide a snapshot of the patient position using ionizing radiation 71,113. On the other 

hand, optical surface monitoring techniques 72,114–116 offer continuous motion monitoring 

without the use of ionizing radiation by using the skin as a surrogate for cranial motion. 

The use of optical methods require less restrictive, open-faced thermoplastic 

immobilization devices, but using a deformable surrogate such as skin could lead to false 

positive and false negative results 72,73.   

A novel, non-contact, capacitive monitoring technique was recently introduced to 

provide continuous intrafraction motion monitoring information 132–134. In a simple case 

of a parallel plate capacitor, the system capacitance follows equation 3.1, where A and d 

denote the area of the parallel plates and separation between the plates, respectively, εr is 

the relative dielectric constant of the material between the plates, and εo is the vacuum 

permittivity. 

𝐶 = 𝜀𝑟𝜀𝑜
𝐴

𝑑⁄                        eq 3.1 

To monitor motion with capacitance, one leverages the conductive properties of the 

human body: the cranium assumes the role of one of the conductive bodies, and a 

conductive sensor plate placed proximal to the cranium serves as the second plate. As a 

result, the two components form a capacitor. As shown in equation 3.1, system 
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capacitance is a function of distance between the conductors, and any changes in the 

capacitance of the system can be used to detect and determine the relative motion.    

The electrical properties of human tissue have been studied extensively 88,97,99,135. 

Since the conductivity of human body is primarily due to the electrolyte content, tissues 

with higher electrolyte content show higher conductivity 105 . In the context of this 

research, we primarily focus on electrical properties of different parts of the cranium. In 

this context, bone is reported to have high electrical resistance in a DC field 97. The 

conductivity values can vary based on the sample 100, but are in the range of 10-3 to 

4.5×10-3 S/m 97. Skin also exhibits low conductivity with values around 10-5 S/m at low 

frequencies 88 and can be considered an insulator 102. In contrast, other elements show 

high conductivity, for example, cerebral spinal fluid has 1.79 S/m conductivity 99, grey 

matter 1.03 S/m 135, white matter and brainstem 0.47 S/m 135, and cerebellum 0.89 S/m 

135. Thus for biomedical modelling of the cranium, the skin and bone can be modelled as 

insulating layers enclosing a conductive core (brain) or as a layered volume with different 

brain tissues incorporated into the model 103,104. The relative dielectric constant values for 

bone 135 and skin 88 are reported as 14.9 to 22.1 and 104 to 106, respectively. The muscle 

tissue also possesses a conductivity of 0.2 S/m to 0.3 S/m 95. 

Our previous report outlined the capabilities of the capacitive monitoring method in 

detecting translational motion in three-dimensions through the thermoplastic mask 132. In 

order to design a system capable of detecting rotations as well as translations, a robust 

simulation tool was necessary to investigate the behavior of different sensor plate 

placements on the arrays’ capabilities in six-dimensional motion detection. This is 

especially important in cranial motion detection because the reported patient cranial 
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intrafraction motion, while immobilized, is on the order of a few degrees of rotation and a 

few millimeters of translation 9. Considering this, and that the capacitive monitoring 

system signal change is dependent on changes in cranium-sensor plate separation, initial 

characterization and ranking of different capacitor array designs is best suited to 

computer modelling. In this paper, we explore different options for detecting rotational 

and translational information with modified array designs. A Finite Element Analysis 

(FEA) model of a cranium is defined and verified with experimental data for a single 

array setup. This FEA model is then used to compare different array designs by 

comparing their simulated sensitivity (signal change per 1 mm or 1of motion) for each 

motion, as well as the uniqueness of their response to each motion. We then compare the 

performance of multiple design options for six-dimensional cranial motion detection. 

3.4 MATERIALS AND METHODS 

3.4.1 Array Designs 

The proposed array designs leverage one or a combination of the following 

operation modes for capacitive proximity sensing 11. An illustration depicting the 

different operation modes is provided in figure 3.1.  

• Transmit mode: this mode operates via the coupling on the human body (i.e., 

cranium) with a sensor plate. The capacitance signal readout provides information 

regarding the distance between the cranium and the plates.  

• Shunt mode: this mode works by introducing the grounded body part (i.e., 

cranium) into the electric field present between two conductive plates. The changes 

introduced into the electric field translate into changes in capacitance readout.  
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• Loading mode: this mode, replaces a conductive plate with a grounded body part 

(i.e., cranium) and therefore only requires a single conductive plate.   

 

 

Different array designs were devised with a combination of the above modes while 

following the design principles below: 

•  Symmetry – placing conductive sensor plates in a symmetric arrangement is 

advisable in array design 136, and this principal was followed where it was 

anatomically permissible. 

•  Minimal obstruction – in a simple case of parallel plate capacitor, as shown in 

equation 3.1, an increase in sensor plate size leads to an increase in capacitance. 

However, to assist with patient comfort, we aimed to provide a minimally intrusive 

design by reducing the obstruction of the patient’s field of view through decreasing 

the size and number of the array components for a 6D prototype wherever possible. 

 

        Transmit mode                  Shunt mode          Loading mode 

Figure 3.1  Different operation modes for capacitive proximity sensing. 
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Therefore, we tried to strike a balance between increasing the system sensitivity 

while minimizing the sensor plate obstruction in each array design.  

•  Sensor plate placement – all arrays were placed superior to the Temporal 

Mandibular Joint (TMJ) to reduce the possibility of false positive detection due to 

motion of the joint. 

• Sensor plate separation – all quadrilateral sensor plates positioned in the same 

plane have a 4 cm interplate separation. The curved sensor plates have a minimum 

of 5 mm interplate separation. The interplate separation was implemented to reduce 

cross-talk between sensors while still ensuring that multiple plates can fit in the area 

around the cranium.  

•  Number of plates/readout frequency – the capacitive signals are read out serially 

in groups of four by the FDC-2214 capacitive proximity sensor (Texas Instruments 

Incorporated, Texas, USA). Therefore, the addition of plates could reduce the read-

out frequency. 

Figure 3.2 illustrates the four array designs chosen for this analysis. The first array, 

shown in figure 3.2 (a), is a symmetric ring design at the cranial vertex with four quarter 

sensor plates and is referred to as design I. The array has an inner diameter of 8 cm and an 

outer diameter of 16 cm. There is a 5 mm gap between the closest edges of neighboring 

sensor plates. This design uses the shunt mode for motion detection. A key motivation 

behind this array design is minimizing the use of facial features by placing the sensor plates 

away from the anterior and lateral aspects of the cranium to potentially reduce the patient-

specific signal variations based on the muscle and fat components of the individuals. This 
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design is symmetrical along the anterior-posterior, and lateral directions and has the added 

advantage of not blocking the patient’s view. Due to the limited available area around the 

cranium, the sensor plate sizes were chosen such that they would minimize crosstalk (by 

allowing room for interplate separation) and still possess a minimum area of 25 cm2 per 

sensor. 

Figure 3.2 (b) illustrates another design with four sensor plates (design II). Here, 

the rationale is to have sensor plates positioned along each motion axis. This guarantees a 

change in cranium-sensor distance during motion along each axis. To this end, two lateral 

plates of 5×5 cm2 are placed symmetrically above the ears, a 10×10 cm2 superior plate is 

placed at the cranial vertex, and an anterior plate of 5×10 cm2 is placed anteriorly to the 

forehead.  

Figure 3.2 (c) depicts design III with five sensor plates. This design contains the 

same lateral and anterior plates as design II. However, this design includes two superior 

sensor plates, 5×10 cm2 each, positioned at the anterior and posterior aspects of the 

cranial vertex. Since the brain is not symmetrical in the anterior-posterior direction, the 

idea behind this design is that having two sensors monitoring the anterior and posterior 

capacitive signals could be helpful for rotation detection.  

Design IV, shown in figure 3.2 (d), further expands this idea and includes two 

lateral plates on each side of the cranium that are 5×10 cm2 each and 4 cm apart to help 

improve the rotation detection capabilities. The model also includes two superior plates 

similar to design III. However, since the superior plates were already positioned along the 

anterior-posterior axis of motion, the anterior plate was removed from this design.  
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a)                                                    b)  
 
 
 
 
 
 
 
 
 
 
 
 
 
c)                                                    d)  

Figure 3.2 Four cranial array designs with four, five and six sensor plates. 
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All plates are placed 2 cm away from the cranial model. Where there are multiple 

sensor plates in the same plane, the whole plane is at 2 cm distance from the closest point 

of the cranium model to the plane.  The 2 cm clearance was chosen to accommodate 

different cranium sizes without the need for patient specific adjustments on the prototype. 

3.4.2 Finite Element Analysis (FEA) 

Finite Element Analysis (FEA) is a numerical method used for solving partial 

differential equations by dividing the entire volume domain into a set of sub-sections 

referred to as finite elements. The neighboring finite elements are connected by sharing 

their nodes. Within each finite element, the solution is often approximated as a 

polynomial form of the neighboring nodes 137. FEA can be used as a simulation tool to 

compare the performance of different array designs in the presence of human cranium 

104,138. In this paper, we use the Ansys Electronics software suite (ANSYS©, 

Pennsylvania, USA) for FEA simulations. The software starts by discretizing all the 

objects in the model into tetrahedral elements. These elements are referred to as the mesh. 

The aim is to solve Maxwell’s equations in a finite region of space with specified 

boundaries or initial conditions. 

The software solves for the unknown characteristic of the field, such as electric 

potential, inside each mesh element. Since the unknown characteristic for the field being 

calculated are represented as polynomials of second order inside each tetrahedral, regions 

with high spatial field variation require higher mesh density to provide the required 

solution accuracy. This is performed by the software and is referred to as adaptive mesh 

refinement. 
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In order to calculate the capacitance of the system, the solver first calculates the 

electric potential for each node using equation 3.2, where εr, εo, φ, and ρv, represent the 

relative permittivity, permittivity of vacuum, the electric potential, and volume density of 

the electric charge, respectively. There are ten nodes associated with each tetrahedral, and 

the electric potential inside each tetrahedral can be calculated using a quadratic 

approximation. 

                ∇. (𝜀𝑟 . 𝜀0 ∇φ) =  −𝜌𝑣   eq 3.2 

Once the electric potential is calculated, the electric field (E) is calculated using 

equation 3.3. 

                   �⃗� = −∇𝜑   eq 3.3 

After the solution for electric field is reached, the solver performs an error analysis, 

and if the stopping conditions are not satisfied in any of the tetrahedral, the mesh is 

refined and the electric field is recalculated. Once stopping criteria is satisfied, electric 

flux density (D) is calculated using equation 3.4. 

                  �⃗⃗⃗� = 𝜀𝑟. 𝜀0. �⃗⃗⃗�                        eq 3.4   

Similarly, the energy stored in a static field (U) is derived using equation 3.5. 

    𝑈 = ∫ �⃗� . �⃗⃗�  𝑑𝑣                eq 3.5 

Determining the above-mentioned field characteristics, enables the solver to 

calculate additional system characteristics such as capacitance.  
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In this study, an FEA model was constructed using the Ansoft Human Body Model 

(ANSYS©, Pennsylvania, USA) and different arrangements of copper sensor plates. The 

average male cranium model consisted of conductive components including brain, 

cerebellum, eyes, and muscle tissue. Any volume of the model not occupied with organs 

(eyes, brain, cerebellum), face and neck muscle tissue, or bones were considered to have 

material properties somewhere between water and fat and were automatically assigned a 

relative dielectric constant of 50. The conductive array components were made of 0.025 

mm thick copper to match the experimental conditions 132–134.  

Simulations were conducted to calculate the capacitance between each component 

of the array and the conductive components of the cranium as a whole. Cranial motion 

was simulated by introducing translations in 1 mm steps, and capacitance was calculated 

at each step. Cranial rotations were simulated around the patient-specific rotational pivot 

point 139 in 1 steps. The first rotation axis was defined as the virtual line connecting 

through the ear canals. The second axis was perpendicular to the first, intersecting at the 

center of the first line and exiting through the cranial vertex. The third axis was defined 

to be perpendicular to both previously described axes and exiting towards the nasal 

septum. The three axes cross at the origin of the rotation 139. This method of determining 

the rotational axes was chosen due to its clear definition of external landmarks in the 

absence of any other previously published data with subjects placed in a geometry similar 

to that used in this study. 
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3.4.2.1 Comparison of FEA Model to Experimental Prototype  

Model validation was performed by comparing simulated and experimental data for 

array design I. This array offers the advantage of minimizing the use of facial features by 

placing the sensor plates away from the anterior and lateral aspects of the cranium. This 

can potentially reduce the patient-specific signal variations, thus making this array a 

desirable choice for comparing volunteer data with a design modelled after an average 

cranium. The simulated motions ranged from -3 mm to 3 mm and -3 to 3 around the 

neutral position in 1 mm and 1 increments. The same array design was fabricated in the 

lab using 0.025 mm think copper foil with 0.0406 mm thick conductive adhesive backing 

on 3D printed polylactic acid substrate. The capacitance was monitored using an FDC-

2214 capacitive proximity sensor (Texas Instruments Incorporated, Texas, USA) at 20 

Hz. The array was mounted on a H-820 6-Axis hexapod stage (Physik Instrumente (PI) 

GmbH & Co. KG, Auburn, Massachusetts, USA). Experiments were conducted in a linac 

environment with a volunteer fitted with an S-frame thermoplastic mask laying on the 

treatment couch, as shown in figure 3.3. The array was rotated and translated about the 

volunteer’s cranium in 1 and 1 mm steps similar to the simulated conditions. Due to the 

limitations on the hexapod stage, data was acquired in the range of -2 mm to 2 mm for 

translations and -2 to 2 for rotations, except the pitch rotation where the data was 

acquired in the -1 to 1 range. Data were acquired for approximately five seconds in each 

position. The rotation axes were set using the anatomical landmarks as previously 

described.  Three volunteers were used to acquire experimental datasets.  The simulation 

data were normalized and plotted with an error bar equal to the simulation percent error 

(0.05 %) as specified by the simulation software. The experimental data were normalized 
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and plotted as average data in each state with an error bar equal to the standard deviation 

of the data acquired at each position for the experiments. A second degree polynomial fit 

was previously shown to represent the relationship between capacitive signal and motion 

132. Similarly, a second degree polynomial fit was performed on both simulation and 

experimental data to facilitate direct comparison. The normalized simulated and 

experimental results we used for comparison because the absolute values are provided in 

pF and ADC counts, respectively.  

 

3.4.2.2 Comparison of Array Designs  

A favorable array design is required to have high sensitivity to motion. Sensitivity 

is defined as the change in array signal resulting from 1 mm of translation or 1 of 

rotation. In order to compare different array performances, it is necessary to perform a 

 

Z 

Y 

X 

Figure 3.3 The experimental setup with the volunteer fitted with an S-frame 

thermoplastic mask. The capacitive array is positioned at the cranial vertex. The 

illustrated X, Y, and Z axes represent the lateral, superior-inferior, and anterior-posterior 

cranial motion, respectively. 
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direct sensitivity comparison between array designs with different number of sensor 

plates.  

Equation 3.6 defines sensitivity for each dimension and step of motion, where S 

and X depict the sensitivity and capacitive signal readout, respectively. Subscripts i, j, 

and D specify the sensor plate, motion step, and dimension, respectively. Sensitivity 

could be a positive or a negative value depending on the increase or decrease in the 

signal. Average sensitivity for each sensor plate during a specific motion can then be 

calculated using equation 3.7, where N depicts the number of steps, which is six in the 

case of our simulations. Using equations 3.6 and 3.7 will provide a sensitivity value for 

each sensor plate. However, to calculate a sensitivity value for the whole array we need 

to combine the individual sensor plate sensitivities based on their response to the 

introduced motion. 

       𝑆𝑖,𝑗,𝐷 = 𝑋𝑖,𝑗+1,𝐷 − 𝑋𝑖,𝑗,𝐷        ,    𝑗 ∈ [−3,−2, 1, 0, 1, 2]              eq 3.6 

 

        𝑆𝑖,𝐷 = [ ∑  (𝑋𝑖,𝑗+1,𝐷 − 𝑋𝑖,𝑗,𝐷)2
𝑗=−3 ] / 𝑁                     eq 3.7  

 

The comparison between different array designs was performed based on two 

metrics regardless of the number of active sensor plates in the design. A Spearman 

correlation was performed between the sensor plate capacitance values for each one of 

the six dimensional motions. For example, for superior-inferior motion, the simulated 

capacitance for each plate over the range of positions from -3 mm to 3 mm motion leads 

to seven separate capacitance values. For an array with four sensor plates, the Spearman 
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correlation between the plates would lead to a four-by-four correlation matrix. The matrix 

is symmetric and the main diagonal element are equal to one (self-correlation). A 

correlation matrix is calculated for each of the six motion dimensions. The matrix 

elements are in the range of -1 to 1 and rounded to the nearest integer or half integer 

value to distinguish maximum correlation difference between different array designs. A 

total of six correlation matrices are calculated for each array design, with each matrix 

corresponding to one of superior-inferior, left-right, anterior-posterior, yaw, roll, or pitch 

motion. These matrices are used to combine the sensor plate sensitivity values into array 

sensitivity. For each motion, the sensor plate with the highest average sensitivity, as 

defined by equation 3.7, is identified as the primary sensor plate. All sensor plates that 

are directly correlated (correlation value of 1) or anticorrelated (correlation value of -1) 

with the primary sensor plate are identified as the active plates and used to calculate the 

sensitivity for that motion, as shown in equation 3.8 below.  For dimension D, SD denotes 

the absolute value of the average sensitivity of the array, Si,j,D is defined in equation 3.6, 

Ci,P,D is the correlation or anticorrelation value (1 or -1) between the primary plate (P) and 

the active plate (i), and A denotes the total number of active plates. This formula allows 

direct comparison of different array responses to each dimension of motion. 

 

     𝑆𝐷 = | [ ∑  ( ∑  (𝐶𝑖,𝑃,𝐷 × 𝑆𝑖,𝑗,𝐷)2
𝑗=−3 / 𝑁 )𝐴

𝑖=1 ] |                 eq 3.8 

 

Aside from sensitivity, the array design’s ability to distinguish between the 

different motion dimensions is an important factor for clinical use. The rounded matrices 

calculated for each array design are also used to determine the uniqueness of the array 
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response to each motion. In other words, an array which presents a unique matrix for 

each motion has a higher potential of successful motion classification for clinical use 

since the different sensor plates illustrate a unique response to each motion dimension. 

On the other hand, when the rounded correlation matrices for two or more of the six 

dimensions of motion are not differentiable, it is harder to predict whether simple 

classification of different motion dimensions would be possible based on the array 

response to motion.     

3.5 RESULTS  

3.5.1 Finite Element Analysis  

3.5.1.1 Comparison of FEA Model to Experimental Prototype 

Figure 3.4 shows simulated, and experimental data acquired during cranial 

translation using array design I as shown in figure 3.2 (a). The sensor plates are referred 

to by their position with respect to the cranium as anterior, left, right, and posterior plates. 

Figure 3.5 shows the simulated and experimental data acquired during cranial rotation 

using the above-mentioned array design. Since the simulation data had a wider motion 

range, the normalized data in figure 3.4 and figure 3.5 are cropped to match the range of 

experimental data to facilitate direct comparison. Sensor sensitivities (eq 3.7) for 

normalized experimental and simulated data show an average difference of 0.03 ± 0.07, 

0.01 ± 0.03, and 0.08 ± 0.09 per millimeter motion for superior-inferior, left-right, and 

anterior-posterior motion, respectively, averaged over all three volunteers. Sensor 

sensitivities differences between normalized experimental and simulated data show an 
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average difference of 0.03 ± 0.07, 0.03 ± 0.1, and 0.1 ± 0.07 per degree for roll, pitch, 

and yaw, respectively, averaged over all three volunteers. 

  

a)                  b) 
 
 
 
 
 
 
 
 
 
 
 
c)                 d) 
 
 
 
 
 
 
 
 
 
 
 
e)      f) 
 

Figure 3.4 Normalized capacitive signal acquired during volunteer experiments of translation 

motion detection (a, c, e) and the corresponding normalized simulated capacitive signal using 

FEA modelling (b, d, f). 
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a)         b) 
 
 
 
 
 
 
 
 
 
 
c)         d) 
 
 
 
 
 
 
 
 
 
 
 
e)          f) 
 

Figure 3.5 Normalized capacitive signal acquired during volunteer experiments of rotation 

detection (a, c, e) and the corresponding normalized simulated capacitive signal using FEA 

modelling (b, d, f). 
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3.5.1.2 Comparison of Array Designs 

The average simulated sensitivity values for different array designs and motions are 

shown in table 3.1. The rounded Spearman correlation matrices associated with each 

design are illustrated in figure 3.6. The matrices are symmetric and the main diagonal 

elements are equal to one. The value of the unique elements of each matrix are depicted 

with colors. 

Table 3.1 Simulated array sensitivity to translation and rotation. The underlined values specify 

the cases where the average sensitivity was lower than the associated error value.  

 
 Translation sensitivity per 

millimeter (pF) 
Rotation sensitivity per degree 

(pF) 
 

 SI Lat AP Roll Pitch Yaw 
Design I 
* 

0.1570 ± 

0.0003 ** 
0.0277 ± 

0.0005 
0.0266 ± 0.0004 0.0022 ± 0.0005 0.0178 ± 0.0004 0.0103 ± 

0.0005 

Design II 0.1754 ± 

0.0007 ** 
0.0635 ± 

0.0006 
0.0817 ± 0.0006 0.0007 ± 0.0009 0.0517 ± 0.0007 0.0492 ± 

0.0006 

Design 
III 

0.1717 ± 

0.0004 ** 
0.0643 ± 

0.0006 
0.1127 ± 0.0005 0.0006 ± 0.0007 0.0514 ± 0.0006 0.0501 ± 

0.0006 

Design IV 0.1610 ± 

0.0004 ** 
0.1090 ± 

0.0004 
0.0562 ± 0.0004 0.0180 ± 0.0004 0.0351 ± 0.0004 0.0885 ± 

0.0004 

 
* Indicates unique rounded correlation matrices for all motion dimensions. 
** Indicates the motion dimension with the highest associated sensitivity for each array design. 
Bold indicates the highest overall sensitivity for each of the six motion dimensions. 

 

The sensitivity value for roll rotation for designs II and III are lower than their 

associated errors. As a result, these two designs are not desirable for clinical use.  Array 

design VI shows the highest sensitivity averaged over all six dimensions, however, its 

rounded correlation matrices associated with lateral translation and yaw rotation are equal 

(figure 3.6). This is a trend also observed in designs II and III. The only array design with 
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unique rounded correlated matrices for all motion dimensions is design I which also 

presents reasonable sensitivity (higher than the associated uncertainty) for all motion 

dimensions. This is the design using four sensors placed at the cranium vertex. 

 

 

 

 

 
Figure 3.6  Rounded Spearman correlation matrices for (a) array design I, (b) array design II, (c) 

array design III, and (d) array design IV. The colored cells represent the unique elements of the 

matrix. The numbers on the rows and columns of each matrix correspond to the sensor plates of 

each array design. The diagrams encircled with lines of the same color exhibit the same 

correlation matrix for the specified motion dimensions. 

a) 
       
 
 
b) 
 
 
 
c) 
 
 
 
d) 
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3.6 DISCUSSION  

The purpose of this investigation was to design and compare multiple prototypes 

for continuous six-dimensional monitoring of patient cranial motion using a finite 

element analysis, and volunteer data was used to validate the FEA model. The FEA 

cranium model is comprised of conductive components of the cranium (average brain, 

cerebellum, eyes, and muscle tissue) and includes the head and neck region. Finite 

element analysis provides a useful tool to determine the performance of each array 

design. However, multiple approximations are made in the design of the FEA model. The 

model does not include the linac body itself, the couch, the hexapod stage, or the 

electronic components of the CMS system. Additionally, the differences between the 

cranium size and shapes are not implemented in the FEA model. As a result of these 

approximations, we expect the simulations to exhibit similar trends to the volunteer data 

as opposed to an absolute match. Some of the volunteer motion data are illustrated in 

figures 3.4 and 3.5. Sensor sensitivities for normalized experimental and simulated data 

show an average difference of 0.03 ± 0.07, 0.01 ± 0.03, and 0.08 ± 0.09 per millimeter 

motion for superior-inferior, left-right, and anterior-posterior motion, respectively, 

averaged over all three volunteers. Sensor sensitivities differences between normalized 

experimental and simulated data show an average difference of 0.03 ± 0.07, 0.03 ± 0.1, 

and 0.1 ± 0.07 per degree for roll, pitch, and yaw, respectively, averaged over all three 

volunteers. These values could change depending on the shape and size of the volunteer 

cranium, and a volunteer study has been designed to look at the effects of cranial features 

on the system response. As a result, the study was focused on the comparative analysis of 

the simulated behavior of the different arrays designs.  
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All four designs presented in this study display maximum sensitivity during 

superior-inferior motion and minimum sensitivity during roll rotations. For array designs 

II and III, the roll sensitivity was lower than the associated error and as a result, these two 

designs were deemed deficient, leaving only design I and IV for consideration. While 

design IV presented the highest average sensitivity and the highest minimum sensitivity 

(roll), it also presents certain clinical challenges. First, the array includes six sensor 

plates, resulting in lower readout frequency (10 Hz) compared with design I with four 

sensor plates and consequently, a longer detection latency time in a clinical setting. A 

higher readout frequency is advantageous in reducing the latency in detecting motion and 

determining the new cranial position in a clinical setting. From figure 3.6 it is observed 

that with design IV lateral and yaw motions are not classified uniquely. Additionally, in 

design IV the sensors lateral to the patients’ head will be close to features with large 

inter-patient variations. Design I also has the unique advantage of having all sensors 

placed away from patient-specific facial features/variations, which improves the 

probability of achieving similar array behavior for different individuals. It is because of 

these considerations that array design I was deemed the best candidate for a multi-

volunteer clinical study.  

3.7 CONCLUSION  

This work presents a non-contact six-dimensional motion detection solution for 

intrafraction cranial motion management. This study also presents a cranial FEA model 

as a tool for simulation of different array designs for performance optimization. The FEA 
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model is verified against experimental data and allows for comparison of the sensitivity 

and uniqueness of response of different array designs.  
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CHAPTER 4 SIX-DIMENSIONAL INTRAFRACTION CRANIAL 

MOTION DETECTION USING A NOVEL CAPACITIVE MONITORING 

TECHNIQUE: EVALUATION WITH HUMAN SUBJECTS 

4.1 PREAMBLE 

Following the investigation into various capacitive arrays outlined in manuscript 2 

(Chapter 3), the most promising capacitive array design is chosen for a volunteer study. 

The aim of the study was to investigate the performance of the system with a variety of 

cranial shapes and sizes. The study focuses on classification and calibration of 

translational and rotational cranial motion.  

The following chapter only differs from the below manuscript in the addition of 

revisions to improve clarity. Publication: P. Sadeghi, D. Bastin-Decoste, and J. L. Robar. 

"Six-dimensional intrafraction cranial motion detection using a novel capacitive 

monitoring technique: evaluation with human subjects." (Under review).   

4.2 ABSTRACT 

The purpose of this work is to introduce and evaluate a capacitive monitoring array 

capable of continuous 6D cranial motion detection during high precision radiotherapy. 

The ring-shaped capacitive array is comprised of four equally sized conductive sensors 

positioned at the cranial vertex. The system is modular, non-contact, and provides 

continuous motion information through the thermoplastic immobilization mask without 

relying on skin monitoring or use of ionizing radiation. 
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The array performance was evaluated through a volunteer study with a cohort of 

twenty-five individuals. The study was conducted in a linac suite and the volunteers were 

fitted with an S-frame thermoplastic mask. Each volunteer took part in one data 

acquisition session per day for three consecutive days. During the data acquisition, the 

conductive array was translated and rotated relative to their immobilized cranium in 1 

mm and 1 steps to simulate cranial motion. Capacitive signals were collected at each 

position at a frequency of 20 Hz. The data from the first acquisition session was then 

used to train a classifier model and establish calibration equations. The classifier and 

calibration equations were then applied to data from the subsequent acquisition sessions 

to evaluate classifier and calibrator robustness.   

The trained classifier had an average success rate of 92.6 % over the volunteer 

cohort. The average error associated with calibration had a mean value below 0.1 mm or 

0.1 for all six motions.  The capacitive array system provides a novel method to detect 

translational and rotational cranial motion through a thermoplastic mask. 

4.3 INTRODUCTION 

Relocatable thermoplastic mask systems are common for patient immobilization 

during SRS and SRT treatments to reduce inter- and intrafraction motion but do not 

eliminate it 7–9,59,60,112. Therefore, combining the use of relocatable thermoplastic mask 

systems and intrafraction motion monitoring techniques is recommended for reducing 

dose to normal tissue and preventing a geometric miss 4.  

Current practice for clinical motion monitoring includes the use of x-rays 

(stereoscopic x-ray imaging) or optical surface monitoring techniques. Both systems are 
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installed in a particular imaging or treatment room and provide three-dimensional motion 

information. While stereoscopic x-ray imaging systems use ionizing radiation to capture a 

snapshot of the patient position 71,113, optical surface monitoring techniques 72,114–116 have 

the advantage of providing continuous motion monitoring without the use of ionizing 

radiation. However, optical monitoring systems use the skin as a surrogate for cranial 

motion and require direct view of the skin by using less restrictive, open-faced 

thermoplastic masks. Using skin as a surrogate has been shown to lead to false positive 

and false negative results 72,73.   

A capacitive motion monitoring technology has been recently developed to provide 

non-contact, continuous motion information 132–134 without the use of ionizing radiation. 

This technique employs capacitive sensors, which have the ability to sense the cranial 

position inside a thermoplastic mask due to the high conductivity of the cranium relative 

to that of thermoplastic 132. As a result, this technique can detect cranial motion without a 

direct unobstructed view of the patient and does not require an open-faced thermoplastic 

mask. The capacitive sensing system is modular and therefore can be easily moved from 

one treatment room to another.  

We have previously reported on the capabilities of this method in detecting 

translational motion in three dimensions through the thermoplastic mask and in the 

therapeutic radiation beam 132,133. This study evaluates the performance of a new 

capacitive array design for six-dimensional cranial motion detection in the context of a 

volunteer study.  
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4.4 MATERIALS AND METHODS 

4.4.1 Detector and Array Design 

The capacitive system included a conductive sensor array in the shape of a ring, 

with inner and outer radii of 8 cm and 16 cm, at the vertex of the cranium. The sensor 

ring was divided into four quadrants with 5 mm minimum separation between the 

neighboring quadrants, and each quadrant is covered with a layer of 0.025 mm thick 

copper foil 132,134. The proposed array leverages the shunt mode 11 for capacitive motion 

detection. An illustration depicting this mode is provided in figure 4.1. The shunt mode 

introduces the grounded body part into the electric field present between two conductive 

plates. The change induced in the electric field translates into change in sensed 

capacitance. This mode thus provides the advantage of arranging multiple sensors on the 

same plate that is positioned at the cranial vertex. This geometry offers several possible 

advantages, including reducing variation due to facial features, minimizing patient-

specific signal variations based on the muscle and fat components, and not obstructing 

the patient’s view.  

 
Figure 4.1 Shunt mode for capacitive proximity sensing.   
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4.4.2 Human Study 

The study was approved by the Nova Scotia Health Authority Research Ethics 

Board (NSHAREB #1022359). The research was conducted in accordance with the 

principles embodied in the Declaration of Helsinki with local statutory requirements. All 

participants gave written informed consent to participate in the study. 

Twenty-five healthy adult volunteers were included in the study. Each subject was 

fitted with an S-frame thermoplastic mask affixed to the linear accelerator treatment 

couch, as shown in figure 4.2. Subject cranial dimensions were determined by measuring 

the lateral temple separation on the thermoplastic masks. The array was placed at the 

cranial vertex at 5 mm distance from the closest part of the thermoplastic mask. 

Depending on the shape of the mask, the closest part of the thermoplastic mask to the 

array could vary depending on whether the cranium vertex is the most protruding point of 

the mask. All thermoplastic masks were CT imaged (without the subject) to determine the 

actual distance achieved between the center of the array and the thermoplastic mask 

during the experiment. Given that it is difficult to translate and rotate a subject’s cranium 

in a controlled reproducible manner, the cranium was fixed and the array was translated 

and rotated relative to the cranium using a H-820 6-Axis hexapod stage (Physik 

Instrumente (PI) GmbH & Co. KG, Auburn, Massachusetts, USA) to simulate cranial 

translation and rotation with 1.5 µm and 25 µ-radian motion precision, respectively.  

The literature is sparse on cranial rotation axes for subjects in treatment position 

but subject-specific pivot points were established using anatomical landmarks to 

approximate standard human cranial rotation axes 139. The first cranial rotation axis was 
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defined as a line connecting the volunteers’ ear canals. The secondary cranial rotation 

axis was defined as the line perpendicular to the first axis, intercepting it at the midline, 

and exiting from the cranial vertex. The third cranial rotation axis was defined as the line 

perpendicular to the first axis, perpendicular to the second axes, and exiting upwards 

toward the nasal septum 139.  

 

After establishing the rotation pivot points, the array was moved using the hexapod 

stage, in 1° steps of rotational motion (roll, pitch, and yaw) and 1 mm steps of 

translational motion (anterior-posterior, superior-inferior, and left-right). These step sizes 

were chosen primarily to decrease the subjects’ time in the mask to reduce discomfort, as 

well as cover the anticipated data range required for calibration.  

 2-Left 
Lateral 
  

  

  

1-Posterior 

  

3-Anterior 

  

4-Right 
  Lateral 
  

  

  
Figure 4.2 The array is comprised of four quadrant sensors and located at the cranial vertex. The 

backing is 3D printed using PLA (shown in green) covered with copper foil to form the 

conductive sensors. The array is connected to the hexapod stage and moved to simulate cranial 

motion. 
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All translations were performed in the range of -2 mm to 2 mm from the original 

position. The rotations were performed similarly over the range from -2 to 2 except for 

pitch, for which the range of -2 to 2 could not be reached due to the range of motion on 

the hexapod stage. Consequently, we chose the range of -1.5 to 1.5 for pitch rotation 

during the volunteer study. Signals from all four plates were acquired at each position for 

8 s using an FDC 2214 proximity sensing chip (Texas Instruments, Dallas, TX) at 20 Hz. 

Each subject took part in one data acquisition session per day for three consecutive days. 

Two sets of rotation and two sets of translation data were acquired in each session.  

4.4.2.1 Data Processing 

While the hexapod stage was used to introduce motion in a controlled manner, 

additional involuntary volunteer motion during data acquisition could not be prevented. 

Consequently, the first step of data analysis was to review the data for any additional 

motion signal during the hexapod stationary states. Out of the twenty-five volunteers, 

seven were excluded due to their excessive motion during the data acquisition. This was 

determined based on the fact that the signal stability of the system has been studied and 

reported previously 132–134, and checked on a daily basis for each day of the experiments. 

Additionally, physical motions of the volunteers were noted when observed during the 

experiment and even self-reported by the volunteers in some cases.   

Two rotation datasets and two translation datasets were acquired in each session. 

The translation and rotation datasets with least volunteer motion were selected for each 

participant. This is done because some volunteers show additional motion as their time in 

the mask increases while some might show more motion at the beginning of the 
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experiment and relax over time. A rolling average with a 41 sample window was applied 

to reduce random noise. This averaging window size was chosen to limit the filter delay 

to one second. In order to calculate calibration equations, capacitive signal from known 

motion was required. To isolate known hexapod motion from unknown volunteer motion, 

any transient signal changes resulting from involuntary motion during a stationary state 

of the hexapod were removed, and the associated datapoints were eliminated from all 

four sensor channels. The transient motion was defined as fast, self-correcting motion 

that show up as spikes in data, superimposed on the steady state, that returned back to the 

steady state baseline. The spike amplitudes were a minimum of two times the standard 

deviation of the baseline signal and the spike lengths were larger than 8 samples (at 20 

Hz). The capacitance baseline at the original position was subtracted from each of the 

data sets. A two-tier analysis was used for classification of the 6D motion and subsequent 

calibration to quantify the motion, as detailed below. 

4.4.2.1.1 Classification 

Six different types of motions are introduced during the study: superior-inferior, 

left-right, anterior-posterior, roll, pitch, or yaw. Classification is required to determine the 

type of cranial motion introduced. Logistic regression is a classical machine learning 

algorithm widely used for binary classification of data 140–146 and can be expanded to 

perform multiclass classification 147,148. In this study, a logistic regression classifier with 

one-versus-all (OVA) multiclass classification is used to classify all six motion 

dimensions 147,148. Motion classification is performed in three steps: feature definition, 

classifier training, and classifier testing.  
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In this study, a total of six signals are used as the basis for all classifier features. 

These signals are the capacitive signals from the four channels (anterior, posterior, right, 

and left sensor plates) as well as the (left-right) and (posterior-anterior) differential 

signals. The signals were computed for each dimension of motion using the data acquired 

on the first day of data acquisition for each volunteer. The two signals with the highest 

sensitivity on the first day of data acquisition were identified for each dimension of 

motion, and a second degree polynomial was fitted to each. In total, six pairs of 

polynomial fits were calculated, for a total of twelve parameterized functions. These 

functions were applied to their respective signals to yield the twelve raw classifier 

features. 

Feature transformation and standardization were used to improve classifier 

performance 149. A logarithmic transformation was applied to each raw feature to reduce 

the effect of outliers, as shown in equation 4.1, where fij represents the jth raw feature 

computed on the ith day of data acquisition and fij′ represents the transformed feature.  A 

base of two and a constant term of one were chosen to ensure that raw feature values in 

the range of zero to one were not attenuated. 

              𝑓𝑖𝑗′ = log2 (𝑎𝑏𝑠(𝑓𝑖𝑗) + 1)                                 eq 4.1 

Each transformed feature was then standardized according to the mean and 

standard deviation of its respective training dataset, as shown in equation 4.2, where fij″ 

represents the transformed and standardized feature. 

                       𝑓𝑖𝑗′′ =
𝑓𝑖𝑗′ − 𝑚𝑒𝑎𝑛(𝑓1𝑗′)

𝑠𝑡𝑑(𝑓1𝑗′)
                                  eq 4.2 
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Training of the OVA logistic regression multiclass classifier was performed using 

the transformed and standardized features. These features were calculated from the data 

acquired on the subject’s first session and a classifier model is trained for each subject. 

Logistic regression models were trained using MATLAB R2020a function fitclinear with 

L2 regularization (λ = 0.12).  Classifier testing was performed using the transformed and 

scaled features calculated from the data acquired on the second and third acquisition 

sessions.  

4.4.2.1.2 Calibration 

Six variables were constructed using the signals acquired from the four sensors by 

leveraging the geometry of the array and the respective motions.  Each variable is used to 

calibrate the associated motion. Equations 4.3 – 4.8 show the formula for each variable, 

represented as V, and the subscripts determine the specific motion corresponding to the 

variable. Subscripts Z, Y, and X represent superior-inferior, left-right, and anterior-

posterior translations, respectively. Similarly, roll, pitch, and yaw are specified with 

subscripts of U, V, and W, respectively.  Capacitive signals from the four plates are 

presented as S with the subscript referring to the sensor plate position with respect to the 

cranium; posterior, left, anterior, or right. Note that the variables for yaw and left-right 

motion are similar. This is due to the fact that both the aforementioned motions result in a 

change in distance between the cranium and lateral plates. 

𝑉𝑍 (𝑡) =  𝑆𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 + 𝑆𝐿𝑒𝑓𝑡 + 𝑆𝐴𝑛𝑡𝑒𝑟𝑖𝑜𝑟 + 𝑆𝑅𝑖𝑔ℎ𝑡   eq 4.3 

𝑉𝑌 (𝑡) =  𝑆𝐿𝑒𝑓𝑡 − 𝑆𝑅𝑖𝑔ℎ𝑡     eq 4.4 
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𝑉𝑋 (𝑡) =  𝑆𝐴𝑛𝑡𝑒𝑟𝑖𝑜𝑟       eq 4.5 

𝑉𝑈 (𝑡) = 𝑆𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 − 𝑆𝐴𝑛𝑡𝑒𝑟𝑖𝑜𝑟 + 𝑆𝑅𝑖𝑔ℎ𝑡 − 𝑆𝐿𝑒𝑓𝑡    eq 4.6 

𝑉𝑉 (𝑡) = 𝑆𝑃𝑜𝑠𝑡𝑒𝑟𝑖𝑜𝑟 − 𝑆𝐴𝑛𝑡𝑒𝑟𝑖𝑜𝑟       eq 4.7 

𝑉𝑊 (𝑡) =  𝑆𝐿𝑒𝑓𝑡 − 𝑆𝑅𝑖𝑔ℎ𝑡      eq 4.8 

The data acquired from the first session for each volunteer subject was used to 

calculate the six variables (eqs. 4.3 – 4.8) for each subject. A second degree polynomial 

function was then fitted to the data to describe the relationship of the variable to the 

cranial motion for each dimension 132.  The subject-specific fitted functions are used for 

calibration of the data acquired during the subsequent volunteer session. Since the motion 

was known, the calibration equations were applied to data acquired each day and the 

residual error between calculated and actual motion was calculated for each day of the 

experiment and each motion over the complete subject cohort. 

4.4.2.1.3 Detection Precision 

Detection precision 133 is a measure of smallest step of motion in each dimension, 

starting at the origin, that can be detected by the capacitive monitoring array. Detection 

precision within the ± 1 mm and ± 1 range was calculated for each dimension of motion 

using equation 4.9, where k, ΔN, and ΔS represent detection precision,  noise amplitude 

at the origin (neutral position), and absolute change in the baseline signal, respectively 

133. 

                  𝑘 =  ∆𝑁
∆𝑆⁄                   eq 4.9 
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For each dimension of motion, two detection precision values (k-values) were 

defined, corresponding to a step in the positive and a step in the negative direction 

starting from the neutral position.  While ΔN remained the same for both steps, ΔS 

represented the change in signal mean as a result of the motion. The two k-values were 

averaged for each motion over the volunteer cohort, resulting in the average detection 

precision for each motion.  

4.5 RESULTS 

4.5.1 Human Study 

Out of the twenty-five volunteers, seven were excluded due to their excessive 

motion during the data acquisition. Figure 4.3 shows an example of an excluded data set 

due to excessive motion exceeding the introduced motion steps during the study. All 

excluded volunteers exhibited involuntary motion lasting throughout a single steady state 

with a magnitude larger than the signal change resulting from a single motion step during 

the experiment. 

The cohort of eighteen subjects included in the study was comprised of nine males 

and nine females, and cranial lateral separation was used to determine the cranial size for 

the subject cohort. Figure 4.4 (a) shows the cranial lateral separation distribution for this 

cohort. Based on these data, the cohort of crania were divided to three groups of small 

(14.4 cm -15.5 cm lateral separation), medium (15.5 cm -16.5 cm lateral separation), and 

large (16.5 cm -17.5 cm lateral separation). The subject cohort was comprised of seven 

small, six medium, and five large crania. Figure 4.4 (b) depicts the distance between the 

thermoplastic mask and the center of the array during the experiments. 
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Figure 4.3 An excluded dataset gathered during lateral translation from a subject with 

excessive involuntary motion (blue) and a similar dataset from a compliant subject (red). 

  
 

Figure 4.4 (a) The cranial size distribution for the volunteer cohort and (b) the distance 

between the thermoplastic mask and the center of the array. 

  
 

a)            b) 
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4.5.1.1 Data Processing 

The involuntary transient motion signals removed during pre-processing had, on 

average, maximum peak signal 7.0 ± 5.0 times larger than the standard deviation of the 

corresponding baseline signal and thus were easily removed from the analysis. The 

average removed signal duration was 37 ± 15 samples at 20 Hz. Figure 4.5 (a) shows an 

example of an involuntary motion while the hexapod was in a stationary state between 

anterior-posterior translations. The transient spike in signal resulting from the involuntary 

motion is marked in red and subsequently removed from the anterior plate data which is 

the active signal used for anterior- posterior motion calibration (eq. 4.5). The data 

acquired during that period is removed from all four channels to maintain 

synchronization between all four signals. The resulting signals are zeroed by subtracting 

the average baseline capacitance, as shown in figure 4.5 (b). The effects of the remaining 

smaller involuntary motion that is observed superimposed on the steady state signal is 

mitigated by the use of the rolling average filter with a window length of 41 samples. The 

resulting signals are shown in figure 4.5 (c).   
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a)                          

Figure 4.5 (a) The raw signal acquired from each sensor plate during anterior-posterior motion. 

The red section shows the section of the signal resulting from involuntary motion during the 

steady state. (b) The cleaned data are shifted by subtracting the baseline, and (c) the cleaned 

and shifted data are filtered using a rolling average filter with a window width of 41 samples.  
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4.5.1.1.1 Classification 

The performance of the trained classifiers over the subject cohort can be visualized 

as a confusion matrix. Each row of the matrix illustrates the actual class (truth) while 

each column represents the predicted class (classifier output), depicting the instances of 

correct classifier output as well as any confusion between different classes. The 

confusion matrix shown in figure 4.6 illustrates the accuracy of the trained logistical 

regression model in classifying the different motion in detecting ± 1 or ± 1 mm of 

motion for the whole volunteer cohort. Figure 4.6 (a) shows the classifier acting on the 

data from the first day of experiments (training data) with an average success rate of 96.4 

% ± 4.37 %. Figure 4.6 (b) shows the performance of the trained classifier on subsequent 

data with an average success rate of 92.6 % ± 4.68 %.  

Figure 4.6 Confusion matrices showing the performance of (a) the classifier acting on the data 

from the first day of experiments (training data) with an average success rate of 96.4 % and (b) 

the trained classifier on subsequent data with an average success rate of 92.6 %.  

a)                                                                                   b)                 Day 2 & 3        Day 1        
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The lowest success rates of 80.82 % and 80.95 % refer to the lateral translation and 

yaw rotation, respectively. The confusion between the two motions can be explained 

geometrically, as both motions lead to a lateral displacement of the cranium. 

Additionally, the small training sample size aggravates the effects of any small 

involuntary motion remaining in the dataset during the steady states. This could increase 

the chance of confusion in classifying motions with similar displacements. 

4.5.1.1.2 Calibration 

Calibration equations are used to quantify the magnitude of the motion. The 

residual error is defined as the difference between the calculated motion and actual 

motion introduced during the experiment. Residual error associated with calibration of 

the different motion dimensions is presented in figure 4.7, where the mean and standard 

deviation of the residual error is shown for each day of the experiment for the whole 

volunteer cohort (N = 18) for detecting ± 1 or ± 1 mm of motion. As the calibration 

equations are acquired using data from the first day of the experiments, the associated 

residual error is an indication of the minimum expected error when using the calibration. 

Some error is expected on the first day since small involuntary motion of the subjects is 

observed throughout the experiments.    

Overall, the average error and standard deviation resulting from the use of 

predetermined calibration equations on subsequent days of experiment were -0.01 mm ± 

0.19 mm, -0.02 mm ± 0.14 mm, and 0.04 mm ± 0.21 mm for superior-inferior, left-right, 

and anterior-posterior translation, respectively, while the values associated with roll, 
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pitch, and raw rotations were -0.04 ± 0.41, 0.01 ± 0.12, and -0.02 ± 0.15, 

respectively. 

Figure 4.7  Residual error associated with calibration of the different motion dimensions of (a) 

superior-inferior translation, (b) left-right translation, (c) anterior-posterior translation, (d) roll 

rotation, (e) pitch rotation, and (f) yaw rotation. The mean value and standard deviation of the 

residual error is shown for each day of the experiment for the whole volunteer cohort (N = 18). 

a)                                                              b) 
 
 
 
 
 
 
 
 
 
 
 
c)                                                              d) 
 
 
 
 
 
 
 
 
 
 
 
e)                                                              f) 
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4.5.1.1.3 Detection Precision 

The average detection precision values for different motion dimensions are shown 

in figure 4.8 over all 18 volunteers for ±1mm and ±1 motion. The translational and 

rotational motions show sub-millimeter and sub-degree detection precision. Average 

detection precision in superior-inferior, left-right, and anterior-posterior translations are 

0.04 ± 0.02 mm, 0.08 ± 0.03 mm, and 0.14 ± 0.07 mm, respectively. Average detection 

precision in roll, pitch, and yaw rotations are 0.5 ± 0.3, 0.05 ± 0.03, and 0.07 ± 

0.04, respectively.  

4.6 DISCUSSION 

The purpose of this investigation was to study the performance of a capacitive 

monitoring array for 6D cranial motion detection on a volunteer cohort with a range of 

cranium sizes and shapes. The study shows that the system is capable of 6D motion 

Figure 4.8 Detection precision averaged over the volunteer cohort (N=18) for (a) translational 

motion (X, Y, and Z represent superior-inferior, left-right, and anterior-posterior dimensions, 

respectively) and (b) rotational motion (U, V, and W represent roll, pitch, and yaw 

dimensions, respectively).  

a)                                                                         b) 
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detection with sub-millimeter and sub-degree precision. The system offers the unique 

properties of being non-contact, modular (not room-based), and able to detect the 

cranium through the thermoplastic mask. For the purpose of this study, the capacitive 

array was attached to a hexapod stage and moved to simulate cranial motion with high 

precision and accuracy in order to perform a controlled analysis. However, in a clinical 

setting, the system would be indexed to the couch and provide continuous motion 

information. This arrangement would be ideal for use with the emerging noncoplanar 150–

152 treatments since maintaining a constant unobstructed view of the subject is not 

required.  

The study shows that a classifier and calibrator can be pre-trained using volunteer 

data and used on data acquired during subsequent sessions. This means that in a clinical 

setting, classification and calibration data can be acquired prior to treatment day, e.g., at 

the time of simulation, similar to the current protocols for acquiring patient respiratory 

traces prior to treatment. A version of the system would be available at the time of CT 

simulation. The system would be indexed to the couch, and for calibration the array 

would be moved in small predefined steps, either manually (e.g. with indexed stops at set 

positions) or with the use of stepping motors while calibration data is acquired. This 

motion information would then be used to acquire patient-specific classification and 

calibration information prior to treatment. While these steps present a practical workflow 

for calibration, with further development it is also possible that class solutions based on 

patient geometry could be employed to pre-determine the classifier parameters, thus 

obviating the need for pre-treatment course calibration, and this remains the subject of a 

forthcoming investigation. 
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With regard to use during treatment delivery, absolute patient positioning would be 

done first, via existing image guidance. The capacitive system would then be ‘zeroed’ 

and its acquisition would be started. The continuous capacitive monitoring then provides 

continuous motion information. Exceeding a user-defined threshold of motion in any of 

the 6 dimensions would trigger an intervention. This could send an alert to the therapist 

or interrupt the beam through an interlock, for example. In concept 6D motion data could 

inform the robotic couch to perform the necessary shifts.   

While this study shows the viability of the system in detecting 6D cranial motion, 

the small subject cohort prevents the use of neural networks to achieve a more universal 

classifier and calibrator system and study the effects of combined cranial motion in 

different directions. However, we believe that a natural extension to this study would 

entail the concurrent use of the capacitive array, indexed to the couch, and a secondary 

status quo monitoring system with a large study cohort. This would allow the capacitive 

system to gather more realistic cranial motion information in smaller and varied 

increments that can be used to train a more robust classifier and calibrator capable of 

detection and classification of compound cranial motion. Acquiring more data could also 

improve the behavior of the classifier. Since the patient-specific classifiers in this study 

were trained on one set of motion data, they could be affected more strongly by noise and 

outliers and were not trained to classify more complex simultaneous motion in different 

dimension. This is especially important for yaw and lateral translation that can be 

confused approximately 18 % of the time. Additionally, design alterations such as 

increasing the area of the sensor plates or adding an additional plate could help with 

classification. 
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The study was conducted by including subjects with minimal involuntary motion. 

This was due to the nature of the study where known motion steps were required to 

acquire calibration equations.    

4.7 CONCLUSION 

This work introduces a novel, non-ionizing, continuous detector array capable of 

6D intrafraction motion detection and shows its applicability for a range of subjects in a 

volunteer study. The array is placed at the cranial vertex and has been previously shown 

to be stable under radiation while being able to detect the cranium motion within the 

thermoplastic mask.  

The study shows sub-millimeter and sub-degree detection precision in all six 

motion dimensions. Average detection precision in superior-inferior, left-right, and 

anterior-posterior translations was 0.04 ± 0.02 mm, 0.08 ± 0.03 mm, and 0.14 ± 0.07 mm, 

respectively. Average detection precision in roll, pitch, and yaw rotations was 0.5 ± 0.3, 

0.05 ± 0.03, and 0.07 ± 0.04, respectively.  

The system provides capacitive information at 20 Hz, which then is used to classify 

and quantify cranial motion. The trained classifiers have an average success rate of 92.6 

% ± 4.68 % for 6D motion classification.  

The system performance shows promising results for 6D cranial motion detection. 

Future work will focus on expanding this technology to detecting more complex 

simultaneous motion in different dimension. 
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CHAPTER 5 CAPACITIVE MONITORING SYSTEM FOR REAL-TIME 

RESPIRATORY MOTION MONITORING DURING RADIATION THERAPY  

 

5.1 PREAMBLE 

Following the investigation into cranial translational and rotational intrafraction 

motion detection, the following manuscript investigates the extension of the capacitive 

monitoring technology for respiratory motion detection. This chapter focuses on prototype 

design and testing with the help of human volunteers. The performance of the system is 

compared with clinical status quo monitoring system. Additionally, the performance of the 

system is investigated with and without an unobstructed view of the region of interest.   

The following chapter only differs from the below manuscript in the addition of 

revisions to improve clarity. Publication: P. Sadeghi, K. Moran, and J. L. Robar. 

"Capacitive monitoring system for real-time respiratory motion monitoring during 

radiation therapy." Journal of Applied Clinical Medical Physics 21, no. 9 (2020): 16-24.    

5.2 ABSTRACT 

This work presents and evaluates a novel capacitive monitoring system (CMS) 

technology for continuous detection of respiratory motion during radiation therapy. This 

modular system provides real-time motion monitoring without any contact with the 

patient, ionizing radiation, or surrogates, such as reflective markers on the skin.  

The novel prototype features an array of capacitive detectors that are sensitive to 

the position of the body and capable of high temporal frequency readout. Performance of 
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this system was investigated in comparison to the Real-time Position Management 

(RPM) infrared (IR) monitoring system (Varian Medical Systems, Inc., Palo Alto, USA). 

The prototype included three (5 cm × 10 cm) capacitive copper sensors in one plane, 

located at a distance of 8 cm to 10 cm from the volunteer. Capacitive measurements were 

acquired for central and lateral-to-central locations during chest free-breathing and 

abdominal breathing. The RPM IR data were acquired with the reflector block at 

corresponding positions simultaneously. The system was also tested during deep 

inspiration and expiration breath-hold maneuvers.  

CMS data demonstrate close agreement with the RPM status quo at all locations 

examined. Cross-correlation analysis on RPM and CMS data showed an average absolute 

lag of 0.07 s (range: 0.03 s to 0.23 s) for DIBH and DEBH data and 0.15 s (range: 0 s to 

0.43 s) for free breathing with the CMS data lagging behind in all but two instances. 

Amplitude difference between the normalized CMS and RPM amplitude signals during 

chest and abdominal breathing was within 0.15 for 94.3 % of the data points after 

synchronization. CMS performance was not affected when the subject was clothed.  

This novel technology permits sensing of both free-breathing and breath-hold 

respiratory motion. It provides data comparable to the RPM system, but without the need 

for an IR tracking camera in the treatment room or use of reflective markers on the 

patient. 

5.3 INTRODUCTION 

External beam radiation therapy (RT) involves the precise delivery of ionizing 

radiation to pre-defined locations within the body to kill cancer cells while sparing the 
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surrounding healthy tissue. For many sites, special attention to motion management is 

required to ensure accurate delivery. One of the most prevalent sources of motion is 

respiration, and it has a prominent effect when treating breast, lung, or abdominal 

indications. Management of respiratory motion can result in improved targeting accuracy 

and reduced normal tissue toxicity, and also ameliorates imaging motion artifacts, thereby 

enabling improved tumor visualization and alignment 153,154. Common methods of motion 

management include reduction of motion through abdominal compression, gating to a 

specific breathing amplitude or phase, or performing defined breath-hold maneuvers, such 

as Deep Inspiration Breath Hold (DIBH) and Deep Expiration Breath Hold (DEBH).  The 

DIBH method works by delivering the treatment while the patient holds their breath at the 

end of a deep inhalation. This method, when used during breast radiation treatment, for 

example, largely eliminates the breathing motion and pushes the heart further away from 

the radiation field for left sided breast cancer treatments 153,155,156. Similarly, the DEBH 

method works by delivering the treatment while the patient holds their breath at the end of 

a deep exhalation. For thoracic or abdominal indications, DIBH/DEBH acts to stabilize 

tumor motion, allowing for decreased planning and treatment margins 153,155,157. However 

DEBH maneuvers have reportedly shown higher reproducibility and stability 80,81. Breath-

hold techniques have shown dosimetric advantages and have become widely used 158. In 

contrast, respiratory gating methods do not eliminate the breathing motion. Rather, they 

introduce a gating window wherein the radiation beam is delivered during a predefined 

phase of the breathing cycle. The aforementioned techniques require a continuous 

monitoring system to ensure the reproducibility of the breathing pattern or breath-hold 

position, and the systems employed have traditionally included: laser or optical surface 
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scanning, spirometry, infrared marker tracking, or implanted radiofrequency transponders 

153,154,158–163. 

Implanted radiofrequency transponders are used for motion management, but 

involve surgical intervention with a chance of major or minor complications, transponder 

migration, and introduce imaging artifacts 163.  Spirometric methods work by voluntarily 

or involuntarily blocking the patient’s breathing. While this may minimize motion, the 

approach may be limited by a patient’s limited respiratory capacity, as well as the 

equipment costs and patient preparation time 158. Infrared tracking devices rely on a limited 

number of markers placed on the patient’s abdomen or thorax. Markers may be obscured 

from the IR camera view by patient body habitus and often need to be placed prior to having 

complete knowledge of the patient’s breathing habits 154,162. While laser or optical based 

surface imaging provides a non-contact three-dimensional view of the chestwall anatomy, 

camera placement must allow a non-obstructed view of the patient’s chestwall surface. 

Accurate surface imaging can be hindered by the position of the gantry/imaging arms and 

immobilization devices, requires the patient to be fully uncovered throughout the treatment, 

and may be affected by body hair 161.  Maintaining a constant and unobstructed view with 

either reflective markers or surface imaging methods may become more challenging with 

emerging non-coplanar treatments 151,152. 

In this work, we present the first report of a capacitive-sensing technology capable 

of detecting respiratory motion. The technology extends the application of capacitive 

sensors described previously 132 in a geometry suitable for sensing motion in various 

regions of the thoracic or abdominal anatomy. In the development of the prototype device 

described herein, we aimed to satisfy the requirements of i) not requiring direct contact 
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with the patient, ii) modularity, i.e., a portable device that is moveable and indexable 

between treatment systems and imaging couch tops, iii) capacity to sense motion through 

clothing or plastic immobilization devices 132, and iv) high temporal frequency (200 Hz) in 

detecting respiratory motion. We compare this novel technology with the status quo 

infrared marker tracking approach. 

5.4 MATERIALS AND METHODS 

5.4.1 Capacitive Sensing and Prototype Design 

Our respiratory monitoring system works by tracking the position of the area of 

interest, e.g., chest wall or abdomen. It can detect the motion of the region of interest (ROI) 

and provide information used for gating or determining breath-hold amplitude. The system 

is comprised of thin (0.0254 mm) copper conductive sensors mounted on an acrylic 

horizontal plate above the patient’s chest or abdominal area. The human body is naturally 

electrically conductive 88,95,96, therefore placing the copper sensors close to the body forms 

a capacitor. A review of electrical properties of bone performed by Singh et al. reported 

that conductivity values can vary based on the sample 100, but in general, bone exhibits low 

conductivity in the range of 4.5 × 10-3 S/m to 10-2 S/m. Skin also exhibits low conductivity 

with values around 10-5 S/m at low frequencies 101 and is considered an insulator 102. Muscle 

tissue possesses a conductivity of 0.2 S/m to 0.3 S/m 95 and excised lung tissue possesses 

a conductivity of 0.1 S/m 164.  In its simplest form, the capacitance of a parallel plate system 

follows equation 5.1 and shows that capacitance depends on the distance between the plates 

(d), the area of the capacitor plates (A), and the material between the plates, which is 

introduced as permittivity (ε). Therefore, capacitance will change as the distance between 

the sensor and patient changes due to breathing.   
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𝐶 =  𝜀  𝐴
𝑑⁄         eq 5.1 

Constant monitoring of the system capacitance allows tracking of the motion of the 

region of interest. Multiple sensors can be used to track the motion of different regions of 

the body depending on the clinical needs. Capacitive monitoring of the system can be 

accomplished by using a capacitive proximity sensor such as MPR121 (Freescale 

Seminconductor, Inc., Austin, USA). This system has been shown to be stable in linac 

conditions and under high dose rate photon irradiation 132. 

The prototype shown in figure 5.1 is indexed to the treatment couch and can be 

moved in the cranial-caudal direction to monitor the respiratory motion of different areas, 

such as the chest or abdomen. The sensor platform height can be adjusted to accommodate 

different body types, and the current prototype is 60 cm wide, 20 cm deep, and 41 cm high.  

Figure 5.1 The design of the relocatable respiratory CMS prototype. Three capacitive pads 

are 5 cm by 10 cm each and mounted 5 cm apart. The current prototype is 60 cm wide, 20 cm 

deep, and 41 cm high.  
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The thin conductive copper sensors can be placed on the platform in midline or lateral 

to midline position to monitor the respiratory motion of different regions of interest. Three 

capacitive sensors are 5 cm by 10 cm each and mounted 5 cm apart. The sensors do not 

come in contact with the patient at any time.  While the substrate for the sensors is acrylic 

in this prototype, in a clinical version of the device we anticipate that this would be replaced 

by a rigid, minimally attenuating material, such as thin carbon fiber. Additionally, the final 

design will be optimized to reduce the amount of carbon fiber in the beam, accommodate 

patient habitus, and reduce gantry clearance issues similar to existing devices, such as 

abdominal compression devices. Further optimization would also provide flexibility by 

allowing for an arms-down setup.  

To ensure clearance with the gantry, the prototype was placed around an 

anthropomorphic phantom as shown in figure 5.2. The phantom was placed at 95 cm SSD 

to the xiphoid position, and gantry clearance was found to be sufficient during 180 

rotation. Additionally, CBCT images were acquired to ensure no artifacts are introduced 

in the presence of the copper sensors (figure 5.2).  
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5.4.2 Respiratory Motion Detection 

Data collection was performed with the help of a volunteer. The volunteer was made 

comfortable using a knee wedge and positioned supine on the couch, comfortably level, 

with both arms raised and supported on an indexed breast board (Civco Radiotherapy, 

Orange City, USA). The breast board was centrally indexed to the treatment couch using a 

standard carbon fiber locating bar (CDR Systems, Calgary, Canada). Experiments were 

conducted on a Lightspeed CT simulator (GE Healthcare, Chicago, USA) equipped with 

standard flat top carbon fiber couch top and Real-time Position Management (RPM) system 

(Varian Medical Systems, Inc., Palo Alto, USA).  The CMS sensors have been shown to 

be unaffected by the environment of the linear accelerator, and a similar setup and 

measurement could be achieved in the CT simulator environment 132.   

Figure 5.2 (a) Cone beam CT acquired of the CMS prototype with an anthropomorphic 

phantom on the linac couch at 95 cm SSD on the Xiphoid position shows no significant image 

artifacts due to the presence of the copper sensors. The three copper sensors are marked with 

arrows on the image. (b) The setup and gantry clearance. 

 

(a) 
 

(b) 
 



 

108 
 

The RPM block was set up in contact with the anatomy of interest (lateral or central 

position on chest or abdomen), and the CMS sensor array was located anterior to the same 

region.  The volunteer was asked to take a deep breath to synchronize both systems in post 

processing. The CMS system was setup to acquire data for 150 s at 200 Hz using in-house 

software. Once the CMS data acquisition was concluded, the RPM system was turned off.  

The CMS data were processed using an exponential weighting method with a forgetting 

factor of 0.99 165 followed by a moving average filter of 10 samples to reduce random 

noise.  The exponential weighting method applies a set of weights to the data samples 

recursively, such that as the age of the data increases, the weighting factor decreases 

exponentially. The value of the forgetting factor determines the rate of change for the 

weighting factors 165. 

The data were synchronized and normalized to compare the behavior of the two 

systems. Cross-correlation analysis was performed to determine any relative time lag 

(phase shift) between the two datasets. Since the CMS data were acquired at 200 Hz it was 

down-sampled to 30 Hz to match the RPM data to allow cross-correlation analysis. 

Amplitude comparison was performed on synchronized and normalized CMS and RPM 

data during free breathing after applying the cross-correlation shifts. 

To investigate the similarity of the measurements from the two systems under 

different possible clinical conditions, experiments were repeated during chest breathing, 

belly breathing, deep inhalation, and expiration breath-hold.   
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5.4.2.1 Free Breathing 

Breathing amplitude traces were acquired during chest free-breathing using CMS 

and RPM simultaneously for three ROIs: central, where the central sensor was place on the 

xiphoid process; and left/right lateral, where the sensors were placed 5 cm lateral to the 

central sensor. An additional set of measurements was acquired during abdominal free 

breathing for central and lateral ROIs which were 10 cm inferior to the chest breathing 

ROIs. 

In each case, the RPM block was affixed to the volunteer’s skin and the CMS sensor 

was positioned above the ROI (central or lateral position on the chest or the abdomen) with 

a distance of about 8 cm to10 cm from the skin surface. When placing the RPM block in 

lateral positions, gauze was placed under the block to compensate for the natural curvature 

of the body and keep the RPM block level and in view of the IR camera. 

The volunteer was instructed by a radiation therapist to perform chest breathing by 

concentrating on sternal rise and fall during inhale/exhale, and belly breathing by 

concentrating on abdominal rise and fall during inhale/exhale. The volunteer was instructed 

to maintain even breathing by counting to four each for inhale and exhale. A total of six 

chest breathing and seven abdominal breathing experiments were performed.  

5.4.2.2 Deep Inspiration/Expiration Breath-Hold 

Breathing traces were acquired during DIBH and DEBH using CMS and RPM 

simultaneously for the central region of interest (xiphoid process). In each case, the RPM 
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block was affixed to the volunteer’s skin and the CMS sensor was above the ROI with a 

distance of 8 cm to10 cm from the volunteer. 

The volunteer was coached by a radiation therapist to take a slow deep breath to 

maximally inflate the chest and to maintain this maneuver for approximately 20 s to 25 s 

for DIBH. For DEBH, the volunteer was asked to slowly exhale and maximally deflate the 

chest and to maintain this maneuver for approximately 20 s to 25 s. Additionally, the 

volunteer was instructed not to arch their back during DIBH/DEBH maneuvers.  The 

volunteer was given time to practice maneuvers and breathing instructions prior to data 

capture. 

5.4.2.3 Motion Detection with Obstructed View 

Performance of the CMS system was tested with no direct view of the chest. The 

volunteer was clothed and the CMS sensor was placed above the xiphoid, again at an 8 cm 

to 10 cm distance from the skin, and data were gathered for three DIBH instances. The 

RPM system was inoperable in this scenario due to the fact that the reflective block could 

not be stably positioned on clothing. 

5.4.3 Effect of Sensor-Body Separation on Signal to Noise Ratio (SNR) 

Another set of volunteer experiments was performed on a Varian Clinac EX 

accelerator (Varian Medical Systems, Inc., Palo Alto, USA) to determine the effect of 

different sensor-body distances on the signal and the SNR values, as well as ensure that no 

additional effects are present as a result of migration to the linac environment. The 

volunteer was made comfortable using a knee wedge and positioned supine on the couch, 
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comfortably level, with both arms raised and supported on an indexed breast board (Civco 

Radiotherapy, Iowa, USA). These experiments monitored abdominal respiration with the 

sensor placed 10 cm inferior to the xiphoid process in the absence of the RPM block at 

sensor-body distances of 3.5 cm, 5.5 cm, and 7.5 cm. These distances are dictated by the 

geometry of the prototype and the available positions for the adjustable sensor platform. 

Signal to noise ratio was calculated for the raw data using equation 5.2, where A 

denotes the amplitude of signal or noise as specified by the subscript. 

     𝑆𝑁𝑅 = (
𝐴 𝑆𝑖𝑔𝑛𝑎𝑙

𝐴 𝑁𝑜𝑖𝑠𝑒
)
2
      eq 5.2 

The amplitude of the signal was defined as the average change in acquired signal 

from exhale to inhale point (breathing amplitude) over the 120 s of data acquisition. The 

noise was estimated on a 0.005 s rolling window by calculating the signal change 

between two adjacent data points, averaged over the time series of acquired data (120 s), 

and rounded. This provides an understanding of the ratio between the range of signal and 

the amplitude of noise, which can be helpful for clinical comparison and decision 

making. 

5.5 RESULTS 

5.5.1 Capacitive Sensing and Prototype Design 

Figure 5.2 illustrates the gantry clearance with the prototype in place in the linac 

environment.  A snapshot of the acquired CBCT is shown in figure 5.2 (b) to show that 

the presence of copper did not introduce image artifacts. 
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5.5.2 Free Breathing 

Data for the xiphoid sensor trace during chest and abdominal breathing are shown in 

figure 5.3. Cross-correlation analysis performed on the simultaneously acquired CMS and 

RPM signals shows an average absolute lag of 0.16 s (range: 0.03 s to 0.43 s) and 0.14 s 

(range: 0 s to 0.27 s) for chest and abdominal breathing, respectively, with the down-

sampled capacitive data lagging behind the RPM data in all but two instances out of 

thirteen. Figure 5.4 shows a histogram of normalized amplitude differences between the 

CMS and RPM results after applying the cross-correlation shift during chest and abdominal 

breathing. On average, over all thirteen chest and abdominal free-breathing trials, the 

amplitude of 94.3 % of CMS and RPM data points were within 15 % of each other by direct 

comparison of the normalized amplitude values of the RPM and CMS time series acquired 

simultaneously. In other words, a difference of 0.15 or less was observed between 94.3 % 

of data points. When considering only the central sensor experiments, the value increased 

to 98.2 % and 99.8 % for chest and abdominal breathing, respectively. The normalized 

amplitude difference histograms are shown in figure 5.4. 

5.5.3 Deep Inspiration/Expiration Breath-Hold 

Breathing traces for DIBH and DEBH are shown in figure 5.5. The CMS trace 

during DEBH shows additional noise compared to the RPM data. This is mainly due to 

the fact that the distance between the chest and sensor plates are maximized during 

expiration breath-hold, leading to a decrease in capacitance in accordance with equation 

5.1.  Cross-correlation analysis shows an average absolute lag of 0.07 s (range: 0.03 s to 
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0.23 s) between the CMS and RPM data during DEBH and DIBH maneuvers combined, 

with the down-sampled capacitive data lagging behind the RPM data. 

Figure 5.3 Simultaneous RPM and CMS breathing signal gathered from (a) chest free breathing and 

(b) abdominal free breathing for central, left lateral and right lateral locations. The central sensor was 

placed on the xiphoid process and 10 cm inferior to the xiphoid process for chest and abdominal 

breathing, respectively. The lateral sensors were positioned 5 cm lateral to central sensor.  

(a) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) 
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Figure 5.4 Histogram of normalized amplitude difference between CMS and RPM systems 

during chest (a) and abdominal (b) breathing. Data were gathered using the central sensor.   

  

Figure 5.5 Simultaneous RPM and CMS breathing signal gathered during (a) DIBH and (b) 

DEBH. Sensors were placed over the xiphoid process on bare chest. (c) CMS breathing signal 

gathered using the central sensor during DIBH with obstructed view of the chest (the 

volunteer was clothed). 
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5.5.4 Motion Detection with Obstructed View 

Figure 5.5c shows the results for the DIBH data acquired with the clothed volunteer 

using CMS, demonstrating that the presence of clothing between the sensor and skin does 

not pose a limitation for the system.  

5.5.5 Effects of Sensor-Body Separation on Signal to Noise Ratio (SNR) 

Figure 5.6 shows the raw and post-processed signal at different sensor-body 

separation values. Signal to noise ratio for the raw signal is shown on each graph. The SNR 

values decrease as the sensor-body distance increases with SNR values of 113, 363, and 

1419 corresponding to sensor-body distances of 7.5 cm, 5.5 cm, and 3.5 cm, respectively. 

While our experiments, performed with CMS and RPM systems at large sensor-body 

separation (8-10 cm), provide evidence that detection is possible at the lower SNR value 

range, we recommend minimum possible sensor-body distance for improved SNR. 

5.6 DISCUSSION 

This manuscript presents a novel method for non-contact respiratory motion 

detection. The system provides near real-time (200 Hz) respiratory motion information 

during treatment. The system is modular, low cost in comparison to IR or surface 

monitoring cameras, requires no contact with the patient, and offers the flexibility of using 

different regions of interest. Additionally, the system does not require unobstructed view 

of the patient, as it can detect motion through clothes and was previously shown to detect 

human motion even within a full thermoplastic mask 132. As a result, it can be used in 

conjunction with different thermoplastic immobilization systems or simple blankets. The 
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sensors and acquisition system have been shown to be stable in the linac environment and 

under high dose rate photon irradiation 132.  

Figure 5.6 Normalized raw and post-processed CMS signal acquired during abdominal 

respiration at different sensor-body distances. Signal to noise ratio for the raw signal is 

shown on each graph. The data are acquired at 200 Hz and processed using an exponential 

weighting method with a forgetting factor of 0.99 followed by a moving average filter of 10 

samples (0.05 s) to reduce random noise. 
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The modular nature of this device presents several advantages relative to IR or 

surface imaging camera-based systems: (a) the device may be coupled reproducibly to a 

couch top and therefore may be relocated easily between treatment units, CT, PET/CT or 

angiography platforms;  (b) it may be used outside of these rooms, e.g., on a mock-up of a 

treatment couch, thereby providing an offline platform for patient education and coaching 

without tying up expensive capital equipment resource; and (c) the device could be 

produced at comparatively low cost, which is amenable to equipping multiple treatment 

and imaging rooms. Cost is increasingly important as techniques such as DIBH for 

treatment of left-sided breast cancer become more common 166. 

Additionally, While the RPM system detects motion from a single plane, the CMS 

sensor detects one single capacitance value that is related to the average distance between 

the sensor and the body over the area of the sensor. As the breathing occurs, the distance 

between the sensor and body surface varies. The distance averaging resulting from a strip 

sensor geometry, rather than a point sensor, helps detect the global respiratory motion 

despite the curvature of the individual’s body. 

The system charge/discharge time is 2 µs and draws a low current of 24 µA with the 

charge/discharge process, which occurs at 200 Hz. Considering these variables, and the 

fact that the dielectric material used in this case is air, no significant capacitive leakage or 

stability issues are observed or expected. 

The capacitive system signal relies on the electrical conductivity of the body. This 

precludes conducting a phantom study, specifically in the chest/abdominal area. In this 

study, the CMS detection system was used on two volunteers to acquire proof of concept 
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data and to investigate the viability of the design. However, our next step would be a 

clinical study with a cohort of volunteers in different clinical setup positions. The presented 

CMS data shows good agreement with the RPM infrared monitoring system that has been 

used for both gating and breath-hold monitoring in our institution. However, increased 

noise in signal was observed in case of DEBH (figure 5.5). This was mainly due to the fact 

that our CMS sensors were mounted farther away from the chest to allow enough space for 

the RPM block to be attached to the patient while still ensuring no contact between the 

block and the CMS sensors occurred during the different breathing stages. This distance 

was maximized during the DEBH and the increase in the chest-to-sensor distance resulted 

in a decrease in capacitance and an increase in noise. This effect could be mitigated during 

normal operation of the system with the sensors mounted closer to the patient in the absence 

of the RPM block.  

The cross-correlation analysis shows a small lag between the RPM and CMS 

systems. The average absolute lag value of  0.15 s was observed for free breathing. The 

absolute lag value averaged over all instances of DIBH and DEBH was 0.07 s. A 

contributing factor to the lag is the synchronization process of the RPM and CMS 

positioning data. That, combined with the mandatory down-sampling of the high 

frequency MPR data from 200 Hz to 30 Hz, in order to perform the cross-correlation 

analysis, could explain the sub-second lag values due to interpolation used to match the 

frequencies on the two datasets. Additionally, the respiratory motion with larger 

amplitude (DIBH/DEBH) shows almost twice the average lag value compared to the 

respiratory motion with smaller amplitude (free breathing). We believe parameters such 

as the nature of post-processing of data (our protocol vs. what might be used in the RPM 



 

119 
 

software) and the change in capacitive signal sensitivity at different sensor-body 

distances could also be responsible for this difference. 

Amplitude comparison analysis for RPM and CMS central chest and abdominal 

experiments, showed that on average, 98.2 % and 99.8 % of all data points were within 15 

% of one another for chest and abdominal breathing, respectively. The value decreased to 

94.3 % when averaged over all chest and abdominal respiration experiments for central 

and lateral sensors. This is possibly due to the fact that, in order to detect the lateral motion 

using the RPM block, the block is taped in place on a curved section of the body surface 

and gauze is placed under the block to help compensate for the curvature of the body, and 

this may introduce additional uncertainties in the RPM data due to the reduced stability of 

the RPM block during respiratory motion.  

A comparison of the raw and processed signals shows a slight temporal shift in the 

processed data. This difference could be important in the context of clinical respiratory 

phase gating. The phase shift was measured at the maxima (end of exhale point) for the 

cases presented in figure 5.6 and was found to be 6.5, 8, and 10 for 3.5 cm, 5.5 cm, and 

7.5 cm sensor-body separation, respectively. As a result, reducing the sensor-body distance 

is advised, for example to 4 cm, in clinical conditions. Considering a 40 % gating window 

as an example 167 (144), the introduced phase shift at low sensor-body separation would 

lead to a small (6.5 / 144 = 4.5 %) uncertainty. 

While this comparison was made to show the similarity between the operation of this 

technology compared to a clinical status quo (RPM), clinical use of the CMS device would 

require the acquisition of the breathing trace at the time of CT simulation and during 
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treatment with the CMS device. This would reduce any effects of inter-device variations 

in respiratory amplitude detection.   

The current prototype provides one dimensional positional information regarding 

respiratory motion. In concept, the system can be extended to include a larger array of 

sensors in different axial planes to provide a three-dimensional mapping of respiratory 

motion during treatment. The prototype described herein included an acrylic frame for ease 

of machining and construction. A clinical version will be made of carbon fiber, which is 

the status quo for clinical accessories in radiation therapy due to its radio-transmissive 

properties. Additionally, the current design only requires an area of 10 cm by 5 cm for the 

conductive sensor. This allows for reducing the size of the sensor platform (figure 5.1) and 

optimizing the design to reduce the amount of carbon fiber in the beam, accommodate 

larger patient habitus, and increase gantry clearance similar to existing devices, such as 

abdominal compression devices. 

5.7 CONCLUSION 

This work presents a novel, non-contact, and modular technology for real time 

monitoring of respiratory motion. The current prototype can detect respiratory motion at 

different regions, providing positional data at 200 Hz readout frequency. The system is 

minimally intrusive as it does not require unobstructed view of the chest, and can provide 

motion detection for extracranial lesions through fabric or thermoplastic immobilization 

material. 132 Furthermore, the system requires no contact with the patient and is not 

anchored to a treatment room. This study acts as proof of concept and our next step would 

be a clinical study with a cohort of volunteers in different clinical setup positions.   
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CHAPTER 6 CONCLUSION 

6.1 SUMMARY 

The purpose of this thesis was to develop a novel technology for intrafraction 

patient motion monitoring during SRS and SBRT treatment. Our main design criteria 

were that it should be: 

•  Continuous – the system should offer continuous patient motion monitoring 

throughout the treatment.  

• Non-ionizing – the system should not use ionizing radiation to acquire motion 

information. 

• Non-contact – the system should not come in contact with the patient at any 

point. This would minimize any infection-control restrictions arising from having a 

system used by multiple patients and assist with workflow efficiency.  

•  Sensitive to the human body and insensitive to common immobilization 

accessories – the system should be insensitive to common immobilization 

accessories such as the thermoplastic material. This means that the system should 

be capable of detecting the cranium through the thermoplastic mask without 

having a direct view of the cranium. Similarly, the system should detect respiratory 

motion through blankets and articles of clothing. 

•  Modular and portable – the system is not room based. It is modular and can be 

moved from one treatment room to another. 
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  With the above-mentioned criteria in mind, our first prototype was designed and 

constructed for cranial motion monitoring during SRS treatment (Chapter 2). The system 

was shown to be capable of translational motion detection with sub-millimetre accuracy. 

The system was stable under radiation and was insensitive to the thermoplastic 

immobilization mask.   

Following the proof of concept prototype, finite element analysis modeling was 

used to simulate the response of different capacitive arrays due to cranial translation and 

rotation (Chapter 3). The model was verified against experimental data and the most 

promising array design was chosen for a volunteer study. 

A volunteer study was conducted to investigate the performance of the array design 

to different cranium shapes and sizes (Chapter 4). The system was shown to have sub-

millimetre and sub-degree detection accuracy. 

In addition to the implementation of this capacitive monitoring technique for 

cranial motion detection, the system was modified to detect respiratory motion during 

SBRT treatment (Chapter 5). A prototype was designed and constructed, and the system 

performance was compared against a clinical status quo motion monitoring system. Our 

system was capable of detecting respiratory motion despite clothing articles obstructing 

direct view of the region of interest. 

6.2 FUTURE WORK 

The work conducted in this thesis introduces a new technology with working 

prototype designs applicable to motion tracking during SRS and SBRT treatment. While 

the results are promising, multiple refinements and expansions can be made to improve 
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the system as well as apply the technology to other treatment sites. Refinements to the 6D 

cranial motion detection array could improve array sensitivity and motion classification 

and calibration through different modifications, such as addition of sensor plates, 

increasing the sensor plate areas, and improving the classification and calibration 

algorithms. Additionally, the system needs to be tested for more complicated motion 

detection such as simultaneous rotation and translation motion. The respiratory detection 

prototype could also be refined to provide 3D motion information through addition of 

sensor plates and implementing a classification algorithm. Additionally, the behavior of 

the system could be examined in the presence of fiducial markers. The technology also 

could be expanded to provide intrafraction motion monitoring for other extracranial 

treatment sites. For example, a prototype could be designed to detect intrafraction motion 

during spinal radiation treatment.  

In summation, this thesis introduces a working novel technology, outlines the 

process of design and refinement of multiple prototypes, and evaluates their performance 

in a clinical setting. This information can be used as a roadmap for further improvements 

and expansions of the system.  
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