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Introduction: In today’s radiological quest to pacify and eliminate cancer, it has 

become conventional in cancer treatment facilities to implement advanced guidance 

or target localization systems with the goal of maximizing accuracy of radiation dose 

delivery to a tumor while simultaneously minimizing normal tissue complication. At 

the Oregon Health & Science University, prostate cancer patients can be treated with 

radiation therapy using real-time target monitoring with the aid of the Calypso® 

System. Clinical protocol allows for verification of Calypso-based patient localization 

with a cone-beam computed tomography (CBCT) scan. While CBCT is presumed to 

be the “gold standard” for patient alignment and target localization, both CBCT and 

the Calypso System are independently commissioned and calibrated for clinical use. 

This thesis utilizes inferential statistics to evaluate the potential for interchangeability 

between CBCT and the Calypso system for patient alignment and target localization 

during prostate cancer external beam radiotherapy. 

  

 



 

 

Hypothesis: We hypothesize that the difference in means of target displacements 

from isocenter recorded by CBCT and Calypso is less than 1 𝑚𝑚, the smallest 

increment of movement possible on the patient couch and thus the threshold of 

mechanical positioning accuracy, in the vertical (AP), longitudinal (SI), and lateral 

directions (LR). 

 

Methods and Materials: A cohort of 120 prostate cancer patients aligned with Calypso 

and treated on a clinical linear accelerator with multiple fractions (𝑁 = 1,118) of 

external-beam radiation therapy formed the basis for this study. Corresponding CBCT 

verification shifts of Calypso positioning were recorded and tested for practical 

equivalence at a tolerance of ±1 𝑚𝑚 using Equivalence Testing or a Two One Sided 

Test (TOST). Populations of independently recorded vertical, longitudinal, and lateral 

displacement values were evaluated to determine if values recorded by sequential 

Calypso-CBCT localizations could be empirically considered as equivalent. 

 

Result: Our study finds that the positions reported in all three axes (superior-inferior, 

anterior-posterior, and left-right) by Calypso and CBCT during target localization can 

be considered practically equivalent when tested to a tolerance of ±1 𝑚𝑚. 

 

Conclusion: With this result, we claim that CBCT and Calypso are interchangeable 

technologies for the purpose of aligning prostate cancer patients. Nonetheless, further 

assessments must be performed to determine the clinical implications of the current 

finding. 



 

 

 

Caveat: We warn all readers not to accept our claims through faith, but rather by 

means of a rigorous in house study confirming our findings as well as through 

collaborations and discussions between radiation team members within their 

department prior to integrating our claims in construction of or modification to 

existing clinical protocols and/or practices.  
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1 Introduction 

 

This thesis details a study performed at the Oregon Health Science University 

in which two target localization systems are investigated to determine their potential 

interchangeability. The study particularly focuses on the disparity that ensues when 

the two independent technologies are used to align prostate cancer patients prior to 

external-beam radiation therapy. The two technologies being evaluated are Cone 

Beam Computed Tomography (CBCT), where patient alignment to isocenter is 

determined via acquired volumetric images, and the Calypso® System (Varian 

Medical Systems, Palo Alto, CA), where patients are aligned with position tracked 

electromagnetic transponder or beacons. For the purpose of this study, CBCT 

guidance is considered clinical gold standard for target localization. The primary 

motive for the study is to determine from the results if it is empirically feasible to 

treat patients using only CBCT or Calypso (without verification). This is relevant 

since clinical practice may require that a selection of fractions administered to 

patients is subject to verification CBCT following Calypso alignment. 

In modern radiation therapy techniques, target localization systems play a 

critical role in aligning patients to ensure accurate dose delivery to the target while 

mitigating dose delivered to healthy tissue. However, in the case of targets that 

exhibit intrafraction motion such as in prostate patients (physiological effects), there 

is an even more pressing need to utilize guidance systems for accurate localization 

prior to and during treatment. Guidance systems enable the use of tighter margins for 

treatment planning due to increased confidence in target localization and dose 
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placement. Furthermore, guidance systems can result in normal tissue sparing when 

patient alignment and image acquisition are executed correctly. It has been shown 

that an even tighter margin can be implemented when planning treatments for patients 

aligned with the Calypso system only, since it is known to have submillimeter 

positioning accuracy.2,20,21 The gained accuracy by using the Calypso System does 

not come at the expense of additional dose to the patient as does with CBCT since the 

electromagnetic beacons implanted within the prostate to be used with the Calypso 

System operate via non-ionizing radiation radiofrequency. 

A current concern in radiation therapy is a documented correlation between 

the amount of time elapsed immediately after the patient isocenter has been aligned to 

machine isocenter and the increase in both the likeliness and range of intrafraction 

motion.1 This is particularly relevant to prostate patients when target localization 

involves CBCT alone or Calypso localization followed by CBCT verification. The 

additional time elapsed post patient alignment with Calypso (needed to initialize the 

On-Board Imaging (OBI) system, acquire the CBCT, perform image fusion between 

the reference CT and the CBCT study, and to have the treating physician evaluate and 

approve image registration) can be several minutes for the CBCT images (8 minutes 

on average as reported in literature).1 In addition to minimizing the potential for 

increased intrafraction motion, eliminating the use of CBCT may improve the overall 

workflow.  

By showing that CBCT and Calypso are statistically interchangeable through 

a large population of measurements, the results of this study allow us to explore the 
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clinical philosophy of whether or not it is beneficial to require verification CBCTs to 

Calypso aligned prostate patients. 

 

2 Literature Review 

 

This study is a culmination of previously conducted studies regarding a 

multitude of aspects about the Calypso system’s performance as a localization system 

and its role in the management of prostate cancer treatment. Two classes of studies 

are introduced in this section: key literature and general literature. The methodology, 

results, or recommendations of key literature are critical to the evaluation of the 

results obtained in this thesis as they are directly built on their findings. Although the 

general literature referenced in this thesis are important as well, they serve to 

reinforce the fundamental aspects of guidance techniques. 

 

2.1 General Literature 

In 2007, a multi-institutional clinical investigation was carried out on the 

Calypso system (Kupelian 𝑒𝑡 𝑎𝑙.12). The goal of this investigation was to demonstrate 

clinical experience with 41 calypso localized and monitored prostate cancer patients 

receiving external beam radiotherapy. The authors found that there was greater than 5 

mm discrepancy between skin mark alignment and the Calypso System in over 75% 

of fractions administered. They also found good agreement between the Calypso 
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System and X-ray localization. The study concluded that the Calypso System is a 

clinically efficient and objective localization method for aligning prostate patients. 

This study is important since it reports values that could be expected when using 

Calypso clinically, rather than in a controlled experiment on a phantom which will 

always produce submillimeter results, as reported in the literature.16,17,19,20 

Tanyi 𝑒𝑡 𝑎𝑙.2, in 2010 published a study which assessed the planning target 

volume margins for IMRT of the prostate gland. In this study, the authors found that 

setup error (that is, inter- plus intrafraction motion) was largest with skin mark 

alignment and smallest with the Calypso System. Margin requirements for different 

alignment methods are summarized below in table 2.1. This study concludes that 

Calypso is rapid and reliable for pretreatment target localization in addition to its role 

in intratreatment motion management.  

 

Method of Alignment Vertical (mm) Longitudinal (mm) Lateral (mm) 

Skin Mark  7.5 11.4 6.3 

Calypso 1.4 2.6 2.3 

Bony Anatomy 2.1 9.4 10.5 

IG Marker 2.8 3.7 3.2 

 

Table 2.1: Margin requirements for different alignment methods.𝟐 
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Mayyas 𝑒𝑡 𝑎𝑙.6 compared multiple image-based modalities for IGRT (image 

guidance radiation therapy) in a cohort of 27 prostate cancer patients. Targets were 

localized using 3D-ultrasound, kV planar images, CBCT, and Calypso in a sequence 

defined to determine setup offsets relative to the patient skin tattoos, intermodality 

differences, and residual errors for each patient within the cohort. Calypso based 

localization was used to assess prostate intrafraction motion. The values that the 

authors report which are relevant to our study are the means and standard deviations 

(systematic and random errors) of interfraction prostate shifts using CBCT, kV, and 

US. The values reported by Mayyas et al. can be found in table 2.2 below. The values 

reported in this study served as a good benchmark for us to compare our resulting 

sample mean.  

 

Localization Technique Mean in (mm) Systemic Error (mm) Standard Deviation (mm) 

CBCT (1.2, 0.2, 1.1) (3.0, 1.4, 2.4) (3.2, 2.2, 2.5) 

3D Ultrasound (-3.6, -1.4, 0.0) (3.3, 3.5, 2.8) (4.1, 3.8, 3.6) 

Calypso (0.0, 0.0, 0.0) (1.3, 1.5, 0.6) (2.6, 2.4, 1.4) 

kV Planar Images (-2.9, 0.4, 0.5) (3.4, 3.1, 2.6) (2.9, 2.0, 2.4) 

 

Table 2.2: Values reported by Mayyas et al. All values are reported in (vertical, 

longitudinal, lateral) format.𝟔  
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2.2 Key Literature 

In 2013, Cramer 𝑒𝑡 𝑎𝑙.1 published a study which demonstrated a direct 

correlation between an increased range in patient motion and treatment time. The 

authors reported the following mean/median session times for prostate patients: 

IMAT with Calypso were 4.15/3.99 min, IMAT with CBCT and Calypso were 

12.74/12.19 min, IMRT with calypso only were 5.99/5.77 min, and IMRT with 

CBCT and Calypso were 12.98/12.39 min. The authors recommend that for treatment 

durations greater than 4-6 minutes the patients ought to be repositioned with at least a 

lateral acquisition should CBCT not be available. These findings are critical to both 

the construction of our experimental design as well as our discussion of results from 

our study which suggests a possible modification to existing clinical policy. 

 

Treatment and Localization System 

Mean Treatment Time 

 (min) 

Median Treatment Time 

(min) 

IMAT with Calypso 4.15 3.99 

IMAT with Calypso & CBCT 12.74 12.19 

IMRT with Calypso 5.99 5.77 

IMRT with Calypso & CBCT 12.98 12.39 

 

Table 2.3: Values reported by Cramer et al.𝟏  
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Fuller 𝑒𝑡 𝑎𝑙.8 compared ultrasound and fiducial marker localization 

techniques for determination of agreement between measurement methods when a 

‘gold-standard’ comparator does not exist, after performing both techniques daily on 

a sequential series of patients. Despite the fact that the study in this thesis does have a 

‘gold-standard’ comparator and utilizes different statistical analyses than Fuller et al., 

we found fundamental value in the comparative nature in the framework taken by 

Fuller 𝑒𝑡 𝑎𝑙.3 in designing our own study; particularly with regards to comparing two 

technologies via statistical analysis on patient data. Similar to the Fuller study, we 

gained insight towards framing our study through a study by Roy 𝑒𝑡 𝑎𝑙.9 where a 

novel linear mixed effects model with Kronecker product covariance structure in a 

doubly multivariate approach called COM3PARE was utilized on an anonymized 

dataset consisting of 100 paired coordinate measurements from a sequential series of 

head and neck cancer patients imaged near simultaneously with cone beam CT 

(CBCT) and kilovoltage X-ray (KVX) imaging could be compared. Ultimately, a 

different statistical approach was adopted in analyzing data in this thesis due to the 

fact that measurements in our experiment came from independent measurements.  

A more recently published paper by Foster 𝑒𝑡 𝑎𝑙.5 describes a study carried 

out at UT Southwestern Medical Center in 2012 where patients localized with 

Calypso and either CBCT and kV orthogonal images in the same treatment session 

were directly compared. They found that differences between CBCT and Calypso 

were −0.18 ±  2.90 𝑚𝑚, −0.79 ±  2.18 𝑚𝑚, and −0.01 ±  1.20 𝑚𝑚 in the 

vertical (anterior or A/P), longitudinal (superior-inferior or S/I) and lateral (left-right 

or L/R) directions respectively. This study performed statistical analysis with 
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Wilcoxon signed rank test and calculated a Pearson’s product-moment correlation 

coefficient. This study is important because it serves as a benchmark for mean 

differences in Calypso and CBCT, which is also measured in our study.  

Amro 𝑒𝑡 𝑎𝑙.26 evaluated the impact of daily rotations and translations of the 

prostate on coverage during radiation therapy. The authors performed target tracking 

using the Calypso System on 26 prostate cancer patients treated with IMRT. CT scans 

were obtained during week three, six, and post treatment to measure transponder 

migrations. The authors found that large variations in prostate delivered dose were 

seen among patients. Adequate target coverage was met in 39%, 65%, and 84% of the 

patients for plans with 2, 3, and 5 mm PTV margins, respectively. While no 

correlations between prostate delivered dose and daily rotations were seen, the data 

showed clear correlation with prostate equivalent rotation. They concluded that 

prostate rotations during RT could cause significant underdosing (16% of their study 

patient population) even if daily translations were managed. These rotations should be 

managed with rotational tolerances based on prostate equivalent rotations. These are 

relevant findings as they highlight an important role that CBCT plays in identifying 

prostate rotation when treating with very tight margins.  
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3 Materials & Methods 

 

3.1 Patient Demographics and Setup 

3.1.1 Patient Demographics 

The current retrospective analysis was approved by the Institutional Review Board 

(IRB) at the Oregon Health and Science Center Knight Cancer Institute with patient 

informed consent waiver. A cohort of 120 prostate cancer patients that were aligned 

with the Calypso System and treated via external beam therapy techniques including 

intensity modulated radiation therapy and volumetric arc therapy form the basis of the 

data used in this study. These patients were histologically confirmed with clinical 

stage I-III prostate adenocarcinoma. 

Patient data was automatically recorded in ARIA® (Varian Medical Systems, 

Palo Alto, CA) at the time of treatment, and subsequently retrieved for analysis (see 

section 3.4.1 for details). Patients were treated to either 70 Gy (2.5 Gy/28 fractions) or 

78 Gy (2 Gy/39 fractions). The medical records of these patients spanned the 

timeframe of November 2011 through April 2014. The sum of all fractions 

administered to this population yields 1,118 data points.  

 

3.1.2 Treatment Planning 

Each patient had three electromagnetic transponders implanted within the 

prostate gland by means of transrectal ultrasound guidance. Patient simulation for all 
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patients was performed with patients lying supine on a dedicated 16-slice helical big-

bore simulator (Philips Medical Systems, Cleveland, OH) utilizing a 1 𝑚𝑚 slice 

thickness through the transponders and 3 𝑚𝑚 elsewhere.2 Implanted electromagnetic 

transponders are clearly visible in the acquired CT images and are often delineated as 

structures to generate coordinate values for calypso-based alignment or used in their 

native state for image co-registration.  

 

3.1.3 Daily Target Localization Protocol 

Patients were aligned with in room lasers to skin tattoos daily for 

prepositioning prior to treatment. Subsequently, patients are repositioned by 

movement of the centroid of the implanted transponders in appropriate 

correspondence with the linear accelerator (linac) isocenter based on the Calypso 

system.2,13,14 The positions in the AP, SI, and LR axes recorded by Calypso at the 

time the patient is aligned to isocenter are assumed to be zero for all intents and 

purposes, despite the fact that Calypso reports values to three significant figures. 

After the patient isocenter (centroid of Calypso beacons) is matched to machine 

isocenter, we can state that the patient is zeroed. At this point, the performance of 

Calypso system in aligning patients for the first three fractions, and weekly thereafter, 

is verified with volumetric imaging. Thus a volumetric image acquired by CBCT with 

2.5 𝑚𝑚 slice thickness is used to verify that Calypso was indeed positioning patients 

within tolerance to the isocenter of the linac. In co-registering the reference CT and 
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CBCT images, it is clinical practice to align match the most inferior beacon (figure 

3.1) and the rectum. The idea behind registering to the  

 

 

 

 

 

 

Figure 3.1: On the left is a diagram representing idealized beacon positions in vivo on 

the day of CT simulation. On the right a diagram representing typical 

migrated beacon positions is shown. The red arrow indicates that 

alignment for the purpose of this study was such that the most inferior 

beacon on the CBCT image is aligned to the most inferior beacon in the 

CT simulation image. 

 

The discrepancy between machine isocenter and patient isocenter determined by the 

CBCT is recorded and stored in Aria® (Varian Medical Systems, Palo Alto, CA). 

This discrepancy can be viewed as a direct comparison between the post-localization 

readout from the Calypso System, which reports zero in all three axes, and the 

recorded displacement between CBCT and reference CT image co-registration.  

 

 

 

Beacon

s 

Centroid 

CT Simulation CBCT 
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3.2 Technology & Hardware 

3.2.1 Hardware Details 

All of the patients which form the data used in this study were treated on the 

same linear accelerator (linac). Specifically, a Varian Trilogy™ (Varian Medical 

Systems, Palo Alto, CA) equipped with an On-Board Imager™ (OBI) kV imaging 

system capable of generating CBCT images. The treatment vault is also equipped 

with a Calypso System which is comprised of five main components: electromagnetic 

transponders, mobile console, electromagnetic array, optical system, and tracking 

station.11 

 

3.2.2 On-Board Imager™  

The OBI consists of two robotic arms which have a kV X-ray source mounted 

to one side, and an amorphous silicon panel detector mounted to the other. The OBI 

can generate a CBCT image by rotating the gantry around the patient to acquire 

projections of the region of interest which are sent to reconstruction software to 

produce a 3D image. In order to mitigate both inter- and intra- fraction motion, the 

OBI integrates pretreatment online imaging through anatomical registration and 

radiopaque marker registration. In cases where the target or landmarks are visible, 

anatomical registration to reference images is preferable. In the case of this study the 

reference image is the CT scan taken during simulation prior to treatment. 

Radiopaque marker registration can also be used. Once a discrepancy (or shift) 
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between the reference image and CBCT acquired by the OBI is established, the couch 

can be remotely moved to the treatment position.22  

 

3.2.3 Calypso® System 

Individual Electromagnetic transponder beacons utilized in the Calypso 

System have approximately 8.0 − 8.7 𝑚𝑚  in length and  1.85 𝑚𝑚 in diameter. They 

consist of a Glass vial with a miniature electrical circuit mounted to the glass with 

adhesive (figure 3.2).11 

 

 

Figure 3.2: Schematic of electromagnetic transponder used in Calypso System.𝟏𝟏  

 

 

These beacons are not internally powered and operate passively. As the 

transponders are excited by non-ionizing electromagnetic waves emitted from the 

array, each beacon emits a unique radiofrequency which are detected by sensors 



14 

 

within the array.13 The shape of the individual transponder signals measured is 

interpreted by the system to determine the position in three dimensional space.  

The Calypso System console (figure 3.3) contains the system components 

which generate and detect electromagnetic signals to be used in aligning patients as 

well as continuously monitoring the targets position during treatment. An electronic 

power supply, control system, computer with Calypso software, and monitor are 

integrated in this mobile console. The software produces and relays numerical as well 

as graphical data to the monitor. During treatment, the console is positioned such that 

the array can be placed above the patient in a region containing the implanted 

beacons.11 

The electromagnetic array, which is a flat panel mounted to an adjustable arm 

on the console, consists of electronic components that transmit electromagnetic waves 

to excite the beacon transponders such that the position can be determined. As 

aforementioned, the mobile unit is locked in position and the array is positioned over 

the patient throughout treatment such that signals can be effectively transmitted and 

received between the beacons and array and ultimately resulting in tracking of the 

prostate gland motion relative to machine isocenter. The array contains nine optical 

targets which are calibrated to an optical system to determine accurate spatial 

information.11 
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Figure 3.3: The Calypso System mobile console, with attached electromagnetic Array 

(Image from Varian Medical Systems). 

 

 

The optical system is equipped with infrared cameras mounted to the ceiling 

of the treatment room. In addition to infrared cameras, the system also integrates a 

power supply and networking hub such that information can be relayed to the 

tracking station in real time. The optical targets within the array are continuously 

monitored throughout patient alignment as well as treatment. As long as five out of 

nine of the optical targets can communicate to the optical system, the system will be 

able to sufficiently calculate the array’s position relative to machine isocenter.11 

The tracking system is housed in the linac control room. Information is readily 

streamed from the console to the tracking station such that real time target position is 

reported. For the group of patients in this study, prostate glands were monitored in 

real time through a 10 𝐻𝑧 rate.  

 

 

Array 
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3.2.4 Advantages & Disadvantages 

 The advantage of the Calypso system is that it provides real time tumor 

motion tracking without the worry of exposing a patient to extra dose. It reports 10 

values per second (10 Hz) and can instantaneously highlight position shifts that 

exceed a user-specified threshold (4 mm, for example).17 A drawback of the Calypso 

System is that it does not provide any physical images; all motion tracking is 

produced via spatial coordinates. This can be a guidance issue since there can be 

deformation in the prostate as well as positional changes to neighboring critical 

structures that which cannot be seen with Calypso. Furthermore, there is a possibility 

for seeds to migrate from their original positions resulting in a change to the centroid 

of the beacons.  

 CBCT is capable of producing volumetric images which allow the therapists 

and physicians to visually see if the patient is correctly aligned to machine isocenter 

and that to ensure critical structures are not placed in areas where dose is high. One 

issue with CBCT is that the patient is exposed to dose. However, this is of only a 

marginal issue since CBCT will give about 1 cGy of dose to the patient whereas 

external beam treatment will be around 70-80 Gy depending on the prescribed 

fractionation scheme. Also, due to the nature of CBCT acquisition (mounted on 

gantry) feedback cannot be continuous using CBCT. Subsequently, information 

regarding patient alignment is for only one moment of time. This is an unfortunate 

drawback as an increase in time from zeroing a patient to treatment time has been 

shown to increase the range of motion of the target.1 Therefore; a single CBCT image 



17 

 

acquisition does not give us the capability to sufficiently track tumor motion 

throughout treatment. 

3.3 Data Acquisition 

3.3.1 ARIA® Oncology Information System 

 Patient data consisting of patient names, medical record numbers, and 

treatment dates was generated per treatment protocol and retrieved retrospectively 

using the software Time Planner (Aria®, Varian Medical Systems, Palo Alto, CA). 

Three years worth of entries in Time Planner were manually swept through to 

generate a list of potential prostate cancer patients that were treated with the aid of the 

Calypso System for alignment. A long list of patient names as well as medical record 

numbers were recorded for patients that were potentially treated with the Calypso 

System. In order to actually obtain recorded shifts, patients were looked up in Offline 

Review (Aria®, Varian Medical Systems, Palo Alto, CA), and then cross referenced 

with the Calypso database to verify that Calypso was indeed used on the days with 

recorded shifts. It is critical to ensure that data used for the study is sourced from days 

where both CBCT and Calypso were used for treatment.  

 

3.3.2 Recording CBCT shifts from Aria® Offline Review™ 

 In order to acquire CBCT recorded shifts on the day of treatment for each 

entry on the list of patient data generated with Time Planner, all entries were 

manually looked up in Offline Review.  As well as recording CBCT shift values, 
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Offline Review was used to determine preliminarily if Calypso was used. This was 

done by visually scanning through image slices in the superior-inferior direction and 

looking for the physical implanted beacons that are part of the Calypso System (see 

figures 3.4 - 3.7). Special care was taken to differentiate from calcifications or gold 

seed implants as they have similar characteristics in appearance upon first glance. 

Patient recorded CBCT shifts were copied into a spreadsheet such that statistical 

analysis could be performed on the population of shifts in the vertical (anterior-

posterior or A/P), longitudinal (superior-inferior or S/I), and lateral (left-right or L/R) 

axes. In addition to recorded shift coordinates, the date of image acquisition was 

recorded such that one could check to see if Calypso was indeed used to align and 

monitor patients on those days.  

 

 

Figure 3.4: A screenshot of a CBCT image containing structure contours retrieved via 

Offline Review of a randomly selected patient within the study group from 

the Eclipse database at OHSU.   
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Figure 3.5: This is another screenshot of the same CBCT image scrolled through to 

another slice where the first Calypso beacon is visible.  

 

 

Figure 3.6: A second Calypso beacon is visible in this image slice. 
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Figure 3.7: In this screenshot, the third Calypso Beacon can be seen from the same 

patient CBCT scan. 

 

3.3.3 Verifying Use of Calypso® 

 In order to determine if the data collected from Offline Review truly reflected 

patients that were aligned with Calypso and verified with a CBCT image, the Calypso 

database was accessed to manually check each data entry individually. On days that 

Calypso tracking was used, there was a file with a date that matches the date of the 

recorded CBCT data previously attained from the Offline Review database. In some 

cases, a file with a matching date existed; however, the file size would be less than 10 

kilobytes of data which constitutes an empty output file. Thus, we set a rejection 

criterion of 10 kilobytes, i.e., data files with less than kilobytes of data were rejected 

from the study. The CBCT recorded shifts corresponding dates without matching 

Calypso files or with empty Calypso files were then removed from the data set to be 
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analyzed for this study as they do not represent data pertaining to patients aligned 

with Calypso and verified with CBCT images. 

 

3.4 Equivalence Testing via JMP® (TOST) 

For the purpose of this study, the Software JMP® v12.0 (SAS Institute, Cary, 

NC, USA) was learned in order to carry out statistical operations. Data in this study, 

was analyzed with a continuous fitting function (distributional analysis), Shapiro-

Wilk W Test, and Equivalence testing. The continuous fitting function was used to fit 

binned data points to a normal fit, then tested via Shapiro-Wilk W test to determine if 

the data is normal or not normal. The Equivalence test in JMP constructs a two one 

sided t-test (TOST) approach and tests differences to a threshold (±1 𝑚𝑚) to see 

whether or not there is a practical difference in the means of positions reported by the 

two group. In the case of this study, this would be positions reported by Calypso 

System and CBCT. If both tests reject (small p-value or large t-ratio), or conclude that 

the difference in the means differs significantly from the threshold, then the groups 

are practically equivalent for pragmatic purposes.10 Testing to both sides is important 

to our study since positions can be reported in the positive and negative direction. 

Equivalence testing is more commonly used in other areas of research such as testing 

the efficacy of a brand name drug to a generic drug to a tolerance, or the difference in 

height between males and females to a certain height.11,12 It is widely stated that t-

tests ought to be performed on normal population distributions; however, this 
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becomes more of an issue with regards to typical biomedical research data sets with 

sample sizes near 25.25  

The main justification for using Equivalence testing for this study is that the 

test assesses practical equivalence, or interchangeability, to a designated threshold. 

Performing a paired t-test would not be viable since a requirement to perform a paired 

t-test is that measurements from the two groups must be dependent or paired. This is 

not the case in our study since CBCT and Calypso are independent systems which 

generate values about patient localization independent of each other. Although our 

data meets the requirements to be tested by a Wilcox Ranked-Sum Test (Mann-

Whitney), it would be insufficient to make claims about interchangeability since it 

only makes statistical inference about the median of the two groups. Equivalence 

testing makes inference about the mean of the two groups and is therefore more 

powerful of a test.  
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4 Results 

4.1 Statistical Distribution of Population 

 

 

 

Figure 4.1: All three distributions positioned side by side for ease of comparison. 
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4.2. Practical Equivalence Results 

 

 

 

Figure 4.2: Practical equivalence results in the vertical (AP) axis. 
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Figure 4.3: Practical equivalence results in the longitudinal (SI) axis. 
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Figure 4.4: Practical equivalence results in the lateral (LR) axis. 
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5 Discussion 

 

5.1 Statistical Summary of Non-normal Data Distributions 

 The population mean for CBCT recorded shifts in the vertical, longitudinal, 

and lateral directions respectively is 0.610 ± 1.657 𝑚𝑚 (see figure 4.1), −0.172 ±

1.204 𝑚𝑚 (figure 4.2) and 0.245 ± 0.993 𝑚𝑚 (figure 4.3). The vertical direction 

has the largest spread in possible values where values range from −12 𝑡𝑜 + 10 𝑚𝑚. 

The longitudinal and lateral have less spread in values possible values as the values 

range from −6 𝑡𝑜 + 5 𝑚𝑚 in the longitudinal direction and −6 𝑡𝑜 + 4 𝑚𝑚 in the 

lateral direction. Despite the difference in possible values, the 1st and 3rd quartiles for 

all three axes falls within ±1 𝑚𝑚, and the median for all three directions is 0 𝑚𝑚. 

Refer to figure 4.4 for comparison of statistical summary for all three axes. Our 

population characteristics were similar to those of the findings in the Foster 5 paper. 

The binned distribution of the positions recorded by CBCT in all three axes 

was fit using a continuous fit function in JMP (figures 4.1 - 4.4). At first glance, and 

depending on the scaling which the distribution is presented, the distributions 

qualitatively have the appearance of a normal distribution, however, with closer look 

all three directions appear to be asymmetrically skewed with nonzero kurtosis. A 

goodness-of-fit analysis with JMP® was performed to produce a Shapiro-Wilk W 

Test for the distributions. In all three axes, the p-value, labeled as “Prob < W” in the 

figures, is significantly smaller than 0.05 (< 0.001). By definition of the Shapiro-

Wilk W Test, the null hypothesis assumes that the distributions comes from a normal 
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distribution and with small p-values the null hypothesis is rejected. Thus, we can infer 

that the distributions are in fact not normal.  

The resulting non-normal distributions (figure 4.4) are alarming at first since it 

is ubiquitously accepted that a t-test is only valid when performed on normal 

distributions and nearly convinced us to abandon using practical equivalence; 

however, this is an incorrect popular acceptance as it is only an issue when sample 

sizes are small (around 25). This is not the case for our study as our sample size in all 

three axes is 1,118 entries. Furthermore, Lumley et al. showed that using a parametric 

test on non-normally distributed data is more meaningful than using non-parametric 

testing and goes on to state that the major usefulness of t-testing comes from large 

samples regardless of their distribution.25 

 

5.2 Practical Equivalence Results 

 The actual difference in means of the vertical positions recorded by 

CBCT and Calypso is 0.610 𝑚𝑚 with a standard error of difference of 0.0496 𝑚𝑚 

(figure 4.5). The analysis in the vertical direction yielded the largest actual difference 

between the three axes. When tested to a ±1.0 𝑚𝑚, we visually see the difference fall 

within the equivalence range with small p-values (< 0.001), and claim that CBCT 

and Calypso are practically equivalent to a ±1.0 𝑚𝑚 threshold in reporting positions 

in the vertical axis. This is significant since patients can only be translated in ±1 𝑚𝑚 

increments in the anterior-posterior (AP), superior-inferior (SI) axis, and the left-right 

(LR) axis via the couch.  
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 In the longitudinal direction, the actual difference in means between the two 

techniques is −0.171 𝑚𝑚 with a standard error of difference of 0.036 𝑚𝑚 (figure 

4.6).  As in the case of the vertical axis, the actual difference in means falls within the 

±1.0 𝑚𝑚 threshold (p-value < 0.001). Therefore, we can claim that CBCT and 

Calypso are practically equivalent to a ±1.0 𝑚𝑚 threshold in reporting positions in 

the longitudinal axis. 

 Lastly, in the lateral direction, the actual difference in means between the two 

techniques is −0.245 𝑚𝑚 with a standard error of difference of 0.0296 𝑚𝑚 (figure 

4.7).  As in the case of the other two axes, the actual difference in means falls within 

the ±1.0 𝑚𝑚 threshold (p-value < 0.001). Therefore, we can also claim that CBCT 

and Calypso are practically equivalent to a ±1.0 𝑚𝑚 threshold in reporting positions 

in the lateral axis.  

The significance of these findings is that the probability of patient 

displacement increases proportionally with time from the moment the patient is 

aligned and literature suggest that patients ought to be repositioned after 4-6 minutes. 

This is concerning as the average treatment times in the Cramer study for prostate 

patients treated with intensity modulated arc therapy using CBCT and Calypso was 

determined to be 12.79 minutes while patients treated with intensity modulated arc 

therapy using only Calypso was 4.15 minutes. When only Calypso is used 8.64 

minutes are mitigated from the time the patient was aligned to completing treatment 

per treatment, thus, the total time for intensity arc radiation therapy treatments that 

used only Calypso fell within the studies recommended 4-6 minute window of 

treatment time without requiring repositioning. Similarly, the average treatment times 
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for prostate patients treated with intensity modulated radiation therapy with CBCT 

and Calypso was 12.98 minutes while the average treatment times for intensity 

modulated radiation therapy treatments using only Calypso was 5.99 minutes. When 

only Calypso is used 6.99 minutes are mitigated from the time the patient was aligned 

to completing treatment per treatment, thus, the total time for intensity modulated 

radiation therapy treatments that used only Calypso also fell within the recommended 

4-6 minute window of treatment time without requiring repositioning.1 

 

5.3 Study Limitations 

 We found subtle, but important limitations to the study regarding the nature of 

the data obtained in this study. The justification for the setup was due to the existing 

clinical set up and availability. Although it would be interesting to perform additional 

comparative studies against other independently calibrated devices and the Calypso 

system, we did not have access to other configurations. 

The actual Calypso coordinates are not zero at the time when the patient is 

aligned (𝑡 = 0 𝑠) and are typically valued to submillimeter positions on the order of 

three significant figures, i.e. < 0.001 𝑚𝑚. An absolute measure of the Calypso 

values can be obtained via the Calypso data base to form a stronger set of 

displacement or shift data between CBCT and Calypso. In our current study, our 

difference in means is essentially the value recorded by CBCT since we are 

subtracting an assumed zero read out from Calypso for all positions. A more troubling 

limitation is that at = 0 𝑠, the read out from Calypso is assumed zero; however, the 
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measurement for CBCT does not occur at 𝑡 = 0 𝑠, but rather at some time 𝑡 > 0 𝑠. 

This is problematic as Cramer’s paper shows a direct correlation between increased 

range of patient motion and time.1 Moreover, given that CBCT and Calypso are 

calibrated to an accuracy of ±1 𝑚𝑚 in phantom studies in the clinic, it is my 

assertion that obtaining values for Calypso at the time CBCT was acquired for 

patients treated in this study, will yield in overall smaller magnitudes of displacement, 

which will fortify the results reported in this study. 

   

5.4 Future Work 

 In order to address the lack of exact Calypso data, the database can be 

manually accessed to acquire precise calypso coordinates. Since the data taken for 

this study has accurately marked the patient name, medical record number, and date 

that the CBCT shifts were recorded, it will be relatively straight forward process to 

obtain accurate calypso coordinates. This will be a cumbersome and time consuming 

process, however, it will improve the quality of data for in lieu of assuming a value of 

zero for publication.  

 A more labor intensive and challenging problem to tackle will be to backtrack 

into the Calypso data and match the data for the time when CBCT was acquired. This 

is possible since the time is logged and retrievable via Aria Offline Review for CBCT 

acquisitions. Also, the data for the motion tracking of each fraction in this dataset is 

accessible through the Calypso software and database. By designing an intelligent 

process, a student can be tasked to align these times such that we have Calypso 
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readouts at the exact time CBCT images are acquired. Our contention is that the 

spread in our data will become tighter since less time will have elapsed from the time 

the two systems report their values. 

 Another avenue of potential research that could be performed is to evaluate a 

different linac. The data that was used for this study was for patients that were treated 

with a Varian trilogy linac. Access is currently available to a Versa HD™ (Elekta 

AB, Sweden) that calibrated to a Calypso System and used for treating prostate 

cancer patients. The design of the two gantry’s are different and variations exist in the 

OBI of the two systems which could produce different results when verifying 

Calypso. Also, it is addressed in TG-147 (Quality assurance for nonradiographic 

radiotherapy localization and positioning systems) that the panel during irradiation 

and its radiation attenuation has been reported to be negligible, but should be verified 

by the user.19 It has been brought up in clinical discussions, that using the Calypso 

Array during CBCT acquisition with the OBI on the Versa HD produces undesirable 

image quality. Therefore, the Calypso Array is removed during CBCT acquisition, 

and repositioned back over the patient after CBCT acquisition. With this current set 

up, there is no directly matched calypso data to the time that CBCT is taken, and so a 

modified experimental design is required to determine the discrepancy between 

Calypso and CBCT in the set up for the Versa HD.  
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6 Conclusion 

Our results show that patient positioning reported in the vertical, longitudinal, 

and lateral axes by CBCT and Calypso of data acquired from prostate cancer patients 

are equivalent to a ±1 𝑚𝑚 tolerance. These results should give us increased 

confidence that we can use Calypso to monitor patients during treatment without 

acquiring a verification CBCT scan; this is particularly useful on days when CBCT is 

out of order and only Calypso is available. In addition to gained confidence when 

using Calypso standalone, avoiding verification CBCT scans can optimize workflow 

for therapists who are often in a hurry to fit all the required daily treatments within 

one working day and would appreciate the additional minutes. 

By demonstrating that CBCT and Calypso are empirically interchangeable 

through a large sample size of measurements, and assuming that the average 

treatment times reported by the Cramer study reflect typical treatment times in the 

clinic today, this study allow us to explore the clinical philosophy of whether or not it 

is clinically beneficial to require verification CBCTs to Calypso aligned prostate 

patients. 
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