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Resumen 
La radioterapia intraoperatoria con haces de electrones acelerados (IOERT) es una 

técnica que combina la resección quirúrgica de un tumor con la irradiación terapéutica del 

lecho tumoral o de un tumor no resecado evitando la irradiación del tejido sano. Para evitar 

el traslado del paciente del quirófano a la sala de radiación se utiliza un acelerador lineal 

móvil (LINAC). La radiación se administra a través de un aplicador específico acoplado al 

colimador y la dosimetría se planifica previamente con la ayuda de un sistema de 

planificación del tratamiento. La planificación dosimétrica debe actualizarse antes de la 

administración de la radiación para tener en cuenta las modificaciones anatómicas debidas al 

proceso de resección del tumor o a los movimientos del paciente. Una de las principales 

preocupaciones es la colocación del aplicador sobre el lecho tumoral en una posición y 

orientación precisas (pose), lo que puede realizarse con la ayuda de imágenes intraoperatorias 

del escenario real durante el tratamiento.  

Por lo tanto, se necesita un protocolo de adquisición y un flujo de trabajo de 

procesamiento de imágenes para actualizar la planificación espacial de la IOERT durante la 

cirugía para garantizar una estimación precisa de la distribución de la dosis y la verificación 

del tratamiento. Para lograr este objetivo, proponemos un protocolo de adquisición específico 

de adquisición y un flujo de trabajo de procesamiento de imágenes que actualiza la 

planificación de la IOERT actualizando la posición de un aplicador virtual con respecto a la 

imagen de tomografía computarizada preoperatoria con la pose real antes de la de la 

radiación. El flujo de trabajo de procesamiento de imágenes se basa en un registro robusto 

de la imagen de tomografía computarizada preoperatoria y las radiografías de proyección 

intraoperatorias adquiridas con un sistema de arco en C. El flujo de trabajo realiza 

inicialmente una calibración geométrica del arco en C utilizando marcadores fiduciales 

colocados en el aplicador. En el siguiente paso, se realiza un registro 2D-3D basado en 

marcadores fiduciales colocados en la piel del paciente, cuyo resultado se refina mediante un 

registro basado en la intensidad. Para evaluar la viabilidad, se realizó un estudio preliminar 

con un maniquí basado en un hueso de plástico. El rendimiento del flujo de trabajo se evaluó 



      

 

 

utilizando un maniquí físico realista que consiste en una extremidad inferior de cerdo. La 

precisión se midió con respecto al origen y el eje del aplicador antes y después del proceso 

de refinamiento del registro. Los resultados mostraron una precisión angular de 0,9 ± 0,7 

grados y una precisión en traslación de 1,9 ± 1 mm. Nuestro experimento demostró que el 

flujo de trabajo propuesto puede lograr una precisión angular de subgrados en la localización 

del aplicador con respecto a la imagen de tomografía computarizada preoperatoria para 

actualizar y supervisar la planificación IOERT justo antes de la administración de la 

radiación. También se realizó un experimento con datos de pacientes como prueba de 

concepto del flujo de trabajo propuesto en el escenario clínico, que dio como resultado un 

error medio final de traslación de 1,2 ± 1 mm y de rotación de 0,5 ± 0,7 grados. El flujo de 

trabajo propuesto podría implementarse fácilmente en la rutina clínica para mejorar el control 

de calidad durante los procedimientos de IOERT. 

 



      

 

 

Abstract 
Intraoperative electron radiotherapy (IOERT) is a technique that combines the 

surgical resection of a tumour with the therapeutic radiation of the surgically opened tumour 

bed or of an unresected tumour avoiding irradiating healthy tissue. To avoid transferring the 

patient from the operating room to the radiation room, a mobile linear accelerator (LINAC) 

is used. The radiation is delivered through a specific applicator docked to the collimator and 

the dosimetry is pre-planned with the help of a treatment planning system. As anatomical 

modifications occur due to the tumour resection process or movements of patient, dosimetry 

planning needs to be updated prior to radiation delivery. A major concern is the placement 

of the applicator over the tumour bed in accurate position and orientation (pose), which can 

be done with the help of intraoperative imaging of the actual scenario during the treatment. 

Thus, an acquisition protocol and image processing workflow are needed to update 

the IOERT spatial planning during surgery to ensure an accurate estimation of dose 

distribution and treatment verification. To achieve this goal, we propose a specific acquisition 

protocol and an image processing workflow that updates the IOERT planning refreshing the 

pose of a virtual applicator with respect to the preoperative CT with the actual pose prior to 

radiation delivery. The image processing workflow relies on a robust registration of the 

preoperative computed tomography (CT) and intraoperative projection radiographs acquired 

with a C-arm system. The workflow initially performs a geometric calibration of the C-arm 

using fiducials placed on the applicator. In the next step, a point-based 2D-3D registration 

based on fiducials positioned on the patient’s skin is performed, followed by an intensity-

based registration that refines the point-based registration result. To assess the feasibility, we 

performed a preliminary study with a physical plastic bone phantom. The performance of the 

workflow has been evaluated using a realistic physical phantom consisting of a pig lower 

limb. The accuracy has been measured with respect to the applicator origin and axis before 

and after the registration refinement process. Error analysis revealed angular accuracy of 

0.9 ± 0.7 degrees and translational accuracy of 1.9 ± 1 mm. Our experiment demonstrated 

that the proposed workflow can achieve subdegree angular accuracy in locating the applicator 



      

 

 

with respect to the preoperative CT to update and supervise the IOERT planning right before 

radiation delivery. An experiment conducted using patient data has also been performed as a 

proof of concept of the proposed workflow in the clinical scenario, that resulted in a mean 

final error in translation of 1.2 ± 1 mm and in rotation of 0.5 ± 0.7 degree. The proposed 

workflow could be easily implementable in clinical routine to improve the quality assurance 

during IOERT procedures.  
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1 Motivation and objectives 

1.1 Motivation 

Intraoperative electron radiotherapy (IOERT) is the treatment modality which 

consists of surgery and radiotherapy to increase local-tumour-control rates delivering a 

single fraction of high electron radiation dose to the residual tumour, or tumour bed, during 

cancer surgery (Calvo et al 2006). In IOERT therapeutic radiation is directly applied to a 

tumour bed after resection or sometimes directly without resection. Compared to 

megavoltage (MV) X-rays which are much more penetrating the collimated electron beam 

penetrates a depth of a few centimeters but is strong enough to kill cancer cells without 

appreciable effect on deeper structures. A medical LINAC is used for delivery of the 

electron radiation to the region of the patient’s tumour through an applicator docked to the 

LINAC. Before a scheduled IOERT, radiation oncologists collaborate with radiation 

dosimetrists and medical physicists to develop a treatment plan. The retraction of structures 

during surgery produces geometrical and anatomical modifications in the targeted cancerous 

tissues for which dosimetry preplan needs to be updated. Hence the radiation oncologists 

choose the treatment parameters and update the dosimetry plan according to their clinical 

experience based on the intraoperative surgical scenario. 

Nowadays, surgeons and radiation oncologists use treatment planning systems (TPS) 

to simulate both the surgical procedure and the radiotherapy set up with the help of a 

computed tomography (CT) image (Penney et al 1998, Valentini et al 2002). Once image 

datasets are available, the tumours are identified and the TPS enables the definition of a 

complex plan displaying and parametrizing how the electron therapy will be delivered. The 

innovation of TPS software and its recent clinical validations for current radiotherapy 

procedures have drawn the attention of the radiation oncologists (Valdivieso-Casique et al 

2015). The TPS can simulate the expected incision, tumour resection and organ 

displacement. It also estimates the expected dose distribution. These systems also enable the 

simulation of bolus materials, biological fluid accumulation, shielding discs and the 

dimension and shape of the applicator. The TPS helps to reduce therapy collateral damage 

to adjacent tissues allowing the delineation of the target volume and of the organs at risk 
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close to the radiation area to simulate and monitor the dose received for a given radiation 

plan.  

During the treatment, the oncologists experience differences in patient position and 

surgical access which may lead to a different tumour resection than the TPS preplan and 

accordingly, the IOERT treatment set up also becomes different to the preplan. Hence, 

during the procedure the alignment between the tumour bed, shielding disc and the applicator 

need to be verified and updated. Moreover, it is unusual to have any 3D image of the IOERT 

scenario, including the applicator pose or the irradiated surface. In this situation, real-time 

tracking information can help to locate and display the IOERT applicator with respect to the 

preoperative CT reference frame, so that the actual pose of the applicator can be compared 

with the pose prescribed in treatment plan. One option might be using multi-camera optical 

tracking systems to track the applicator in the operating room (García-Vázquez et al 2013) 

but the line-of-sight problem of optical tracking systems becomes an issue for IOERT 

navigation in practice. The other option is electromagnetic tracking systems which is 

subjected to interferences that disturb the process due to electromagnetic field distortions in 

presence of any metallic or electronic devices. Thus, the solution can be acquiring 

intraoperative images with the applicator already in place to update the preplan with the 

intra-surgical information without requiring the use of a tracking system.  

Tracking and positioning the applicator can be done using intraoperative imaging. 

Among the intraoperative imaging modalities, C-arm 2D projection imaging is preferred as 

the radiation exposure is significantly reduced in comparison to 3D intraoperative imaging. 

Moreover, when the procedure includes the use of shielding discs or surgical retractors 

intraoperative CT imaging is not recommended due to the appearance of metal artefacts 

(García-Vázquez et al 2020). However, due to the lack of a dimension multiple 2D views 

are needed to represent the 3D coordinates and to accurately represent a 3D scenario (Penney 

et al 1998). 

Image guided navigation procedures are becoming an important part for computer-

assisted therapy and surgery (Valentini et al 2002, Pascau et al 2012). The conventional 

method to aid patient placement for surgery planning and treatment verification is to register 

the preoperative image to the intraoperative image that includes the surgical or therapy tools. 

It is difficult to acquire 3D radiographic images at the time of surgical intervention when a 
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lot of surgical instruments are attached to the patient and the targeted object. That is why for 

image guidance and verification in surgical interventions 2D fluoroscopy is widely used. 

The fluoroscopic images are typically acquired in different viewing angles using a C-arm 

system given its mobility, low radiation, economically less expensiveness and ease of 

manipulation. We should also remember that as the fluoroscopic images are projective, they 

lack depth information, which is not enough to guide the surgery as it cannot detect the 

required 3D location. Therefore, typically a 2D-3D registration problem needs to be solved, 

to bring the actual surgical 3D scenario and the 2D images for dimensional correspondence. 

Thus, the 2D-3D registration framework enables the alignment of the 2D intraoperative and 

the 3D preoperative image and to update the applicator pose for the supervision of the 

radiation delivery at the target and at the organs at risk as well as the computation of dose 

accumulations. 

2D-3D medical image registration methods are being used in other image guided 

scenarios from the last decades. Our registration problem between the preoperative (3D) and 

the intraoperative (2D) data also comes under the category of 2D-3D registration. A very 

good review about different algorithms for image guided surgery (IGS) planning and 

treatment verification based on 2D-3D registration has been reported by Markelj et al 

(Markelj et al 2012). 2D-3D registration has been previously applied to neuro-interventions 

(McLaughlin et al 2005, Otake et al 2015, De Silva et al 2016), spinal pedicle screw insertion  

(Esfandiari et al 2019, Uneri et al 2017) hip replacement (Jaramaz and Eckman 2006, 

Uemura et al 2017), total knee arthroplasty (Postolka et al 2020), pelvic osteotomy or 

reconstruction of knee cruciate alignements (Dennis et al 2005, Hanson et al 2006). Despite 

its potential, 2D-3D registration has been scarcely used in radiotherapy treatment planning 

and guidance. 2D-3D registration is used for radiotherapy as it can help aligning the treated 

anatomy with the radiation beam near bony reference structures like in the case of tumors of 

the brain (Khamene et al 2006, Fu and Kuduvalli 2008, Chen et al 2008, Munbodh et al 

2018). 2D-3D registration of the pelvis was also used for alignment and tracking of the 

prostate during prostate radiotherapy (Munbodh et al 2009, Budiharto et al 2009). While 

treating tumors in the liver (Bucholz, G.Gagnon 2005, De Luca et al 2018) and lung (Gendrin 

et al 2012, Foote et al 2019) a marker point-based approach was applied. 
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The main challenges in 3D-2D registration are robustness, accuracy, efficiency, and 

system integration. Markelj et al (Markelj et al 2012), reported that many existing methods 

achieve subpixel accuracy, but need to be improved to enable robust tracking of the clinical 

target with rigid or even non-rigid 2D-3D registration. More recently, Chen et al, (Chen et 

al 2021)reported that though Deep Learning image registration methods have significantly 

improved registration speed, and achieve comparable accuracy to traditional methods, there 

is still a lack of studies demonstrating the clinical viability and robustness of Deep Learning 

methods. As error levels increase with the data’s voxel sizes, an improvement of the 

resolution of the acquired image is needed for better accuracy but robustness still remains 

an unsolved problem. Increasing the number of projections helps improving the robustness 

and success rate by increasing the capture range. Further improvements to solve these 

technical challenges and to achieve robust pipelines should be sought, particularly, trying to 

keep the number of radiographs to a minimum, as it increases radiation dose and procedure 

time. 

Thus, to improve the therapeutic benefit of IOERT by providing an intraoperative 

updated therapy plan, the development of a novel algorithm for image guidance is highly 

needed. This research work focuses on the definition of a complete protocol and image 

processing workflow to update the IOERT spatial planning during surgery to ensure an 

accurate estimation of dose distribution and treatment verification.  

1.2 Objectives 

IOERT is a promising area of research. Accordingly, a lot of unmet clinical problems 

are identified in clinical applications which need to be addressed. 

This PhD thesis proposes a translational research that aims to develop acquisition 

protocols and image processing techniques to update the IOERT plan during the 

intervention through image guided procedures. The presented research aims to solve 

some fundamental computational issues in IOERT and its technological translation. Hence, 

this work addresses some specific image processing tools on the preoperative and 

intraoperative images to find out an accurate way to place the applicator for IOERT (Figure 

1). 
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  Thus, the objective of this research can be divided in three sub-objectives: 

• To study the applicability of existing techniques from other image processing 

fields and IGS procedures. 

• To propose a new acquisition protocol and image processing workflow to update 

the IOERT plan during the intervention. 

• To assess the translational advance: evaluation of the presented algorithms, with 

application to clinical cases.  

 

 

Figure 1: The aim is to place a virtual applicator on preoperative CT for the modification of the IOERT 

planning 
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1.2.1 To study the applicability of existing techniques from 

other image processing fields and IGS procedures 

This sub-objective studies the various stages of existing workflows for various 

IGS and intraoperative radiotherapy (IORT) planning. The clinical and technical 

background and the theories related are addressed along with possible tools that can 

help to solve the problem at hand. To fulfill this su-objective, the imaging data (CT, 

magnetic resonance image (MRI) and fluoroscopy) needs to be understood. 

Additionally, technical insights need to be considered regarding: C-arm calibration 

methods, 3D-3D and 2D-3D registration techniques, and the corresponding cost 

functions and optimization alternatives, digitally reconstructed radiograph (DRR) 

generation, tracking techniques. Moreover, the different algorithms need to be 

implemented, adapted and integrated in a software platform to be tested in the 

available data.  

1.2.2 To propose a new workflow for IGIOERT 

A systemic workflow of several image processing methods can improve the overall 

IOERT outcome. Thus, the aim here is to propose a new image acquisition protocol and 

image processing workflow which ensures the overall performance and reliability of 

IGIOERT. 

1.2.3 To assess the translational advance: evaluation of the 

presented algorithms  

To evaluate the robustness and accuracy of the proposed protocol and workflow, a 

set of validation experiments with plastic phantom, animal phantoms and human data needs 

to be performed. These experiments and their results will help to demonstrate the practicality 

of the solution and highlight the technological improvements over the existing practices.  
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1.3 Structure of the document 

This PhD thesis document is structured as follows. Chapter 2 describes the clinical 

background of the problem. As previously commented, improved methodologies are needed 

to improve the overall accuracy and the reliability of the IOERT processes. Chapter 3 

introduces comprehensive descriptions of these challenges along with the technical state of 

the art regarding IOERT basic concepts that have been investigated in detail in this PhD 

thesis. Chapter 4 describes the proposed workflow and the methodology, while Chapter 5 

describes the experiments and results for the evaluation and validation of the proposed 

workflow. A detail discussion and conclusion are given in Chapter 6 and Chapter 7. 

Chapter 8 outlines some possible future lines of research based on this thesis. Our 

publications related to this work are mentioned in Chapter 9 and finally in Chapter 10 is for 

bibliography. 
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2 Clinical Context 

The recent and large epidemiological study on the incidence of common diseases and 

related mortality describes that mortality rates from cancer has surpassed the mortality rate 

from cardiovascular diseases, the major cause of global mortality, in high income and 

middle-income countries (Dagenais et al 2020). Moreover, due to substantial reductions in 

cardiovascular disease management and related deaths globally, it is assumed that in a few 

decades cancer will become the most common cause of death globally (Dagenais et al 2020). 

According to (Ferlay et al 2019) there were 17 million new cases of cancer, combining all 

types of cancers except non-melanoma skin cancer, worldwide in 2018. Moreover, 

worldwide there will be 27.5 million new cases of cancer each year by 2040 (Wilson et al 

2019). The four most common types of cancers worldwide are breast, prostate, lung, and 

rectal cancer. Worldwide estimated age-standardized incidence rates for both sexes and all 

ages are presented in Figure 2. 

 

Figure 2: Estimated age-standardized incidence rates in 2018, worldwide, both sexes, all ages (Data 

Source: GLOBOCAN 2018, Graph Production: Global Cancer Observatory http://gco.iarc.fr) 

Depending on the state of the patient, location and grade of the tumour the 

oncologists decide the best treatment including surgical resection, chemotherapy, 
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radiotherapy, hormonal therapy, and immunotherapy. Generally, the tumour genome 

sequencing helps oncologists to diagnose the exact type of cancer and decide the best therapy 

accordingly. Modern oncology treatment focuses on functionality of the organ after 

treatment for quality of life while achieving the best local control and overall survival. 

Hence, surgeons are more interested in multimodal organ-preserving with or without 

function-preserving concepts than extensive resection (for example amputations). Moreover, 

radiotherapy uses ionizing radiation which kills or changes genes of cancer cells, and is a 

very efficient, targeted therapy treatment for cancer. Figure 3 represents the first documented 

radiotherapy which took place in Barcelona, Spain in 1905 (Casas et al 1997). 

Intraoperative radiotherapy delivers a high dose single fraction during the surgical 

procedure to the tumour/tumour bed, preventing damage to the surrounding healthy tissues, 

immediately after the surgery. IORT is delivered using either low-kilovoltage X-rays, 

electrons (IOERT) or radioactive sources that emit gamma radiation (high-dose rate [HDR] 

brachytherapy). Due to rich vascularization, tissues are more sensitive to radiation after 

surgery (Hershko et al 2012) and the enhanced biological effectiveness of the high single 

dose improves local control and reduces toxicity compared to external beam radiotherapy 

(EBRT) (Roeder and Krempien 2017) which delivers targeted radiation beams from outside 

the body to a tumour in a non-invasive method. Moreover, EBRT has some drawbacks. The 

 

Figure 3: Document of the case report during roentgen treatment, date: March 11th, 1905  
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chance of repopulation of the tumour cells increases due to the delay between the resection 

of the tumour and EBRT and normal tissue morbidity increases due to inaccuracy in tumour 

bed localization or use of larger margins. Moreover, without causing significant morbidity, 

a high dose single fraction improves therapeutic ratio than that of EBRT in terms of local 

control. The advantage of higher doses is that the likelihood of achieving local control rises. 

To increase the dose, it is necessary to shield or displace the surrounding tissues and organs 

and to have a very precise control on dose distribution. 

Due to its effectiveness IORT has been applied for different kinds of cancers like 

pancreatic cancer, rectal cancer, early breast cancer, retroperitoneal sarcoma, and selected 

gynecologic and genitourinary cancers (Pascau 2014). 

2.1 Intraoperative Electron Radiotherapy 

In 1960, at the University of Tokyo, Abe et al started using Cobalt 60 irradiation 

treatment (Abe et al 1971). Later, in 1965 they began to treat intra-abdominal tumours with 

electrons produced by magnetic induction in a cyclic particle accelerator Betatron (Abe et al 

1971). With the successful application of this treatment in stomach and pancreas tumours, 

by 1980, 27 hospitals in Japan started using the same technique (Abe and Takahashi 1981). 

Single doses of 20 to 40 gray (Gy) were used to be given with electrons ranging in energy 

from 6 megaelectron volt (MeV) to 20 MeV. Later, Howard University and Massachusetts 

General Hospital, in United States of America (USA), performed their first IOERT treatment 

in 1976 and 1978 correspondingly (Gunderson et al 2011). During the 1980's, many hospitals 

from Japan, USA and Europe showed their interest in IORT and IOERT procedures. Until 

then, non-dedicated LINAC for EBRT were used. Those LINAC setups required dedicated 

shielded rooms where the patients, after surgery, needed to be transferred for the radiation 

only. With the development of mobile LINACs in the USA and in Italy in the late 90’s, many 

clinical studies were also started. Later, the International Society of Intraoperative Radiation 

Therapy was established in 1998 with the aim of promoting biological research and 

accelerating translational and clinical research in the field. 

Cancer cells are more sensitive to the toxic effect of ionizing radiation than healthy 

tissue. That is why radiotherapy is delivered using a time-fractionation schedule so that with 
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time the healthy tissues can be recovered from the deoxyribonucleic acid (DNA) damage 

(Steinfeld 1988). The interaction of high-energy electrons with the biological tissues 

polarizes the water molecules present and produces free radicals that can damage the DNA 

structure and modify the DNA chain. With enough accumulated radiation, mitotic 

catastrophe or apoptosis could achieve cell destruction. Another advantage of IOERT is that 

it also eliminates the repopulation of tumour cells after the surgery for its overall short 

treatment time (Calvo et al 2006). Moreover, IOERT delivers a higher and more 

homogeneous dose at depth (e.g., at 2 cm) than that of HDR brachytherapy (Figure 4). 

 

Figure 4: Differences between depth-dose distribution in IOERT (left) and HDR brachytherapy (right) 

(Calvo et al 2006)  

The efficacy of IOERT in different types of cancers are reported by Pilar et al in a 

review article (Pilar et al 2017). Table 1 presents some of the recent articles related to clinical 

studies, advances in radiation treatment and reviews for different cancer types. 

Breast Cancer: 

Breast conservation surgery and the whole breast irradiation (WBI) have high 

recurrence rate. That is why nowadays accelerated partial breast irradiation in women with 

early-stage breast cancer is preferred as it is non-inferior to WBI in terms of local recurrence, 

with the advantage of preserving the breast and less adverse effects. Hence, in early stage 

breast cancer delivering accelerated partial breast irradiation in a single fraction through 

IORT has become a new practice. Moreover, due to the immediate delivery of high dose 

irradiation IORT is more effective in inhibiting local recurrences than WBI. 
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A randomized controlled trial of IOERT, ELIOT (Veronesi et al 2013), and another 

of X-ray IORT, TARGIT-A (Vaidya et al 2014), have shown encouraging results in terms 

of local recurrence and survival in selected patients. Though in comparison to WBI, both the 

ELIOT and the TARGIT trials resulted in higher recurrence rates, the overall result was not 

statistically inferior (Pilar et al 2017). Silverstein et al concluded that the trial included some 

high-risk patients that today would not be considered as a good choice for accelerated partial 

breast irradiation (Silverstein et al 2014). The high dose irradiation has been shown to 

directly induce DNA damage in the irradiated cell as well as changes in the tumour 

microenvironment. 

Table 1: Recent articles about clinical studies, advances in radiation treatment and reviews for different cancer 
types R0- resection for cure or complete remission, R1- microscopic residual tumor, R2- macroscopic residual 
tumor, Fx- Dose per fraction, Gy- Gray (Radiation dose unit), Dmax- Maximum dose, yr- year 

Type of Cancer Reference Type of radiotherapy, Dose Local 
Control 

Breast cancer (Fastner et al 2020)*, b 

(Haussmann et al 2020)c 

(Elfgen et al 2020)c 

(Baghani et al 2019a)a 

(Kaiser et al 2018)a 

IOERT Dmax: 11 Gy 
EBRT : 40.5 Gy  
Fx : 2.7 Gy  
 
 

crude 
100% 

Head and neck 
cancer 

(Wald et al 2019)*, b 

(Kyrgias et al 2016)a 
IOERT: 12.5-15 Gy  
EBRT: 45 Gy 
 

90% 

Colorectal cancer (Calvo et al 2020b)c 

(Haddock 2017)a 

(Holman et al 2017)*, b 

IOERT: 10-12.5 Gy  
EBRT: 45-54 Gy (5%) 
 

R0 - 87% 
R1 - 60% 
R2 - 57% 

Soft-tissue 
sarcoma 

(Gómez and Tsagozis 2020)c 

(Montero et al 2020)a 

(Roeder et al 2018)*, b 

(Hager et al 2017)b 

 

 
IOERT>12 Gy  
<12 
EBRT >45 Gy 
<45 Gy 

 
87% 
86% 
85% 
88% 

Paediatric tumour (Zhao et al 2020)a 

(Arumugam et al 2019)a 

(Pastor and Mousa 2019)c 

(Sole et al 2015)*, b 

in those who received 21-24 Gy 
versus in those who received 
30-36 
IOERT: 7.5-20 Gy 

70% 
72% 
 

Gynaecological, 
Genitourinary 
cancer 

(Albuquerque et al 2019) 

(Coelho et al 2018)*, b 

(Biete and Oses 2018)c 

(Krengli et al 2017)a 

 
IEORT: 12-15 Gy 
EBRT: 45-60 Gy (38.7%) 
 

2 yr 87.9,  
5 yr 64.0,   
8 yr 
49.8% 

Pancreatic cancer (Calvo et al 2020a)c 

(Jin et al 2020)a 

(Krempien and Roeder 2017)a 

(Chen et al 2016)*, b 

IOERT: 10-12 Gy 
 

75% 

* Column 3 and 4 information corresponds to these references, a review article, bclinical study, crecent 
advances of treatment 
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Based on the available studies, present recommendations to guide clinical practice 

for IOERT in breast cancer are explained in detail by Advisory Committee for Radiation 

Oncology Practice (ACROP) of European SocieTy for Radiotherapy & Oncology (ESTRO) 

in this report (Fastner et al 2020). In a recent study, Elfgen et al reported that their long-term 

results imply oncological safety, lower complication rate, and good patient satisfaction after 

IOERT for patients with previous surgery and radiation who demand a second breast 

conserving surgery in the recurrent situation (Elfgen et al 2020). A recent review on recent 

advances in radiotherapy of breast cancer suggests that “Multiple randomized trials have 

established that a sequentially applied dose to boost the tumor bed improves local control 

with the cost of worse cosmetic results but simultaneously integrated boost might provide 

equal results in terms of local control as well as adverse events." (Haussmann et al 2020). 

On the other hand, the received dose by the distal end of tumour bed can be affected by the 

electron backscattering from the shielding disk (Baghani et al 2019b). 

Head and neck cancer: 

30% to 40% of head and neck cancer patients recur locoregionally which makes it 

challenging to manage and usually involves surgery or reirradiation, or a combination of 

both. Use of IOERT is quite common for the treatment of head and neck cancer as it is 

difficult to completely resect recurrent tumours close to critical structures present in that area 

of the human body. For the treatment of primary and recurrent head and neck cancers which 

represents heterogeneous groups of diseases with varied histologies, IOERT is being used 

for over 30 years (Kyrgias et al 2016).  

IOERT after gross total resection resulted in better local control with reasonable 

complications in recurrent head and neck cancer (Nag et al 1998, Zeidan et al 2011, 2012). 

The most crucial factor determining local control (Zeidan et al 2012) was resection status at 

salvage due to the difficulty of complete resection. IOERT helped to cure microscopically 

residual tumours (Pinheiro et al 2003). Though the small sample size of these studies is not 

enough for a concrete conclusion, adjuvant IOERT helped to improve local control (Pinheiro 

et al 2003) with no major intraoperative or postoperative complications. The common 

complications after IOERT are wound complications, fistulae, osteoradionecrosis and 

neuropathy (Abe et al 1991, Roukos 2009, Pascau 2014, Wilson et al 2019, Dagenais et al 

2020). Another complication that might occur after IOERT is carotid artery blow which can 
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be avoided by shielding or moving out the major vessels and nerves from the treatment field 

(Pinheiro et al 2003). Otherwise, IOERT is relatively safe, promotes local control, and 

decreases the dose of postoperative EBRT required (Wald et al 2019). 

Colorectal cancers: 

Being the fourth most diagnosed cancer with leading causes of mortality (third most) 

and morbidity throughout the world, colorectal cancer is a major public health problem 

(Rawla et al 2019). Various non-randomised and randomised studies of IOERT have been 

reported IOERT as the treatment of locally advanced rectal cancer. Comparisons (Ratto et 

al 2003, Sadahiro et al 2004, Valentini et al 2009) show significant local control with IOERT 

after complete resection. IOERT after partial resection also provided good local control and 

survival in patients (Roeder et al 2007, Masaki et al 2008, Kusters et al 2010, Dubois et al 

2011, Holman et al 2016). Two randomized studies (Masaki et al 2008, Dubois et al 2011) 

failed to show any benefit with IOERT in terms of local control or survival.  

Several non-randomized studies of IOERT in locally recurrent colorectal cancer, 

have shown a significant improvement in local control and survival with complete surgery 

and IOERT (Suzuki et al 1995, Valentini et al 1999, Wiig et al 2002). Some studies with 

EBRT during recurrent settings also show improved results (Roeder et al 2012, Calvo et al 

2013a, Holman et al 2017). A meta-analysis of these studies did not find a significant 

increase in urologic or gastrointestinal complications but found an increase in number of 

wound complications (Mirnezami et al 2013). The higher dose of IOERT in addition to 

EBRT and chemotherapy increases local control and survival in case of locally advanced 

primary and recurrent rectal cancer (Haddock 2017). According to their report 5-year local 

control is 89% and overall survival is 76% when IOERT was given and the local control is 

18% and overall survival is 26% when IOERT was not given, based on Mayo clinic data. 

Moreover the chance of a local re-recurrence increases with IOERT with the shortening of 

waiting-times between surgery and IOERT (Holman et al 2017). Moreover, IOERT, as a 

part of the multidisciplinary treatment for rectal cancer, resulted in long-term cancer control 

with a higher survival rate. Present recommendations to guide clinical practice for 

radiotherapy in colorectal cancer are explained in detail by ESTRO/ACROP (Calvo et al 

2020b). 
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Soft-tissue sarcomas:  

Some previous heterogeneous studies of patients with recurrent soft-tissue sarcomas 

and incomplete function preserving surgery followed by IOERT (Azinovic et al 2003, Oertel 

et al 2006b, Roeder et al 2014a, Call et al 2014) showed very good local control rates and 

functional outcomes. Those studies show that, even for patients with recurrent disease, the 

dose of IOERT varied according to resection status and volume and the radiation was 

successful with full limb preservation.  

IOERT in combination with preoperative or postoperative radiation has shown 

encouraging results (Gieschen et al 2001, Petersen et al 2002, Bobin et al 2003, Krempien 

et al 2006, Pawlik et al 2006, Pierie et al 2006, Stucky et al 2014). Initially more patients 

were given post-operative radiation. In some of the latest trials, because of the smaller 

volumes and less complications, most patients were given preoperative radiation (Bobin et 

al 2003, Krempien et al 2006, Sweeting et al 2013, Roeder et al 2014b, Stucky et al 2014, 

Calvo et al 2014a). On the other hand, some of the recent non-randomized comparisons show 

that IOERT with total resection has better local control (Bobin et al 2003, Roeder et al 

2014b) as well as survival (Bobin et al 2003, Calvo et al 2014b) than those without IOERT. 

In a study with 103 patients with locally recurrent soft-tissue sarcoma (LRSTS), the Spanish 

Cooperative Initiative reports that multimodality approach with re-resection and IOERT is 

an effective treatment without long-term side effects (Calvo et al 2014b). In a pooled 

analysis evaluating the combination of gross complete limb-sparing surgery, IOERT, and 

EBRT among 259 patients with soft tissue sarcoma (STS) the authors observed the 5-year 

local control rate of 86% (Roeder et al 2018). In a report (Hager et al 2017) on the effect of 

IOERT and EBRT in addition to surgery, the authors found a good prognosis after resection 

and better 5-year survival after surgery and radiotherapy for recurrent soft-tissue sarcoma 

patients. Another good review about current advances on treatment of soft-tissue sarcomas 

has been published by Gómez et al which concludes that IOERT can decrease local adverse 

effects preserving good local control (Gómez and Tsagozis 2020). 

Pediatric tumours:  

Pediatric cancers represent a wide variety of sites and histologies, ranging from 

central nervous system malignancies to sarcomas. A range of studies has reported that very 
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good local control with low toxicity can be achieved by IOERT especially for patients with 

recurrent tumours as well as for abdominopelvic malignancies (Haase et al 1994, Nag et al 

2003, Oertel et al 2006a, Stauder et al 2011, Sole et al 2015). In a recent study in Chile 

seventy-one sarcoma patients underwent IOERT for primary (65%) or locally recurrent 

sarcomas (35%) from May 1983 to November 2012 (Sole et al 2015). In this study Sole et 

al has observed that “after a median follow-up of 72 months (range, 4-310 months), 10-year 

LC, disease-free survival, and OS were 74%, 57%, and 68%, respectively” (Sole et al 2015). 

In a systematic review Arumugam et al for management of high-risk neuroblastoma, 

radiotherapy is efficient but there is no level one evidence that shows that it is being used in 

the best possible way (Arumugam et al 2019). For the development of optimal radiotherapy 

treatment schedules prospective randomised trials are necessary. IORT is a new treatment 

procedure for patients with refractory or recurrent neuroblastoma, especially for those who 

have received prior radiation and in most institutions IOERT is performed, though 

intraoperative brachytherapy is also used in some institutions (Zhao et al 2020).  

Gynecological and Genitourinary cancers: 

Recurrence in gynecological cancers is quite common. It gets particularly 

challenging to manage the locoregional recurrences as it typically occurs within the pelvis 

and reaching the accurate target deep into the pelvis is difficult. In a recent study (Coelho et 

al 2018) has observed that IEORT with EBRT for gynecological cancers has overall survival 

rate of 30% and local control of 55% after 8 years. IOERT, delivered after salvage surgery, 

worked better to improve local control and thus survival (Haddock et al 1997, Martínez-

Monge et al 2001, Dowdy et al 2006, Barney et al 2013, Sole et al 2014, Arians et al 2016, 

Foley et al 2016). The benefit of IOERT is more in patients with microscopic residual disease 

than those with gross residual disease (Haddock et al 1997, Foley et al 2016). The rate of 

acute complications after IOERT for endometrial cancer is also low.  

IOERT has taken a vital role to optimize local control rate in genitourinary tumours 

(Krengli et al 2017). IOERT could also be effective for locally advanced and recurrent 

disease but there is no clinical trial yet in this regard (Krengli et al 2017). The non-controlled 

pelvic disease is the main reason behind death from cervix cancer and IOERT can be a useful 

tool for cervix cancer as it adds more security and better local control (Biete and Oses 2018). 

On the other hand, IOERT after maximal resection of disease in case of bladder showed 
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encouraging results for 2-year local control and survival (Hallemeier et al 2013). In case of 

renal cell carcinoma due to surrounding structures like stomach, liver, small bowel, spinal 

cord, contralateral kidney etc. complete resection is difficult. Due to that the scope of EBRT 

is also limited but IOERT can deliver a better IOERT treatment by escalating doses to the 

tumour bed. Studies show attractive local control (Eble et al 1998, Hallemeier et al 2012, 

Calvo et al 2013b, Paly et al 2014). In 2019 Albuquerque et al has published a book about 

radiotherapy techniques for gynaecological cancers (Albuquerque et al 2019). 

Pancreatic cancers: 

Worldwide, pancreatic cancer is the 7th leading cause of death (Calvo et al 2020). 

Radiotherapy dose escalation with EBRT has been limited as locating the region of interest 

for radiation is difficult. Clinical results of IOERT showed improved local control with no 

additional morbidity or toxicity (Jingu et al 2012, Keane et al 2016, Chen et al 2016). 

Multimodality approach with integrated IOERT was been used for localized non-resected, 

borderline or post-resection pancreatic cancer (Ogawa et al 2010, Krempien et al 2017). A 

retrospective cohort study conducted at the Cancer Hospital of the Chinese Academy of 

Medical Sciences, China National Cancer Center confirmed that IOERT and postoperative 

adjuvant treatment showed long-term survival outcomes for nonmetastatic locally advanced 

pancreatic cancer (LAPC) patients with small size tumors (Chen et al 2016). 

Conclusions: 

IOERT reduces the possibility of radiating non-cancerous cells as it delivers 

calculated minimum radiation. Moreover, as the IOERT is given at the time of surgery or 

immediately after the surgery, it increases biological efficacy per unit dose as there is no 

time elapsing between surgical excision and RT. In addition, reduction of tumour cell 

repopulation during treatment decreases overall treatment time of IOERT.  

2.2 Image guided surgery and therapy 

Surgery refers to the treatment or diagnosis of injuries or disorders of the body with 

instrumental techniques especially through an invasive practice. It helps to learn more about 

the disease and thus surgical treatment may improve the patient’s condition. In current 
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practices, surgeons use computer technology, called computer assisted surgery, for both the 

preoperative planning and intraoperative guidance. This technology assists surgeons during 

the planning and execution of surgical procedures for better outcome. Medical 

imaging technology for visualization and guidance plays a leading role in this field which is 

known as IGS. IGS decreases the operating time, improves surgical outcome and decreases 

recurrence by providing better understanding of surgical anatomy (Wang et al 2015). 

Surgery is used as a primary mode of treatment in 63-98% cases for malignancies 

like bladder cancer, breast cancer, colorectal cancer and lung cancer (DeSantis et al 2014). 

Surgeons try to remove as much cancer as possible safely but relies on the visual inspection 

of the tumour and/or their experience. Still, the low contrast between tumours and 

background tissue is problematic to be identified by this process and thus many small 

tumours are missed. Thus, the presence of post-surgery residual tumour cells becomes a 

strong predictor of postoperative tumour recurrence. Usually, high local recurrence and poor 

prognosis is common in almost all kinds of cancers including head and neck cancers (Haque 

et al 2006), breast cancer (Singletary 2002, Meric et al 2003), non-small-cell lung cancer 

(Meric et al 2003), colorectal cancer (Nagtegaal and Quirke 2008), bladder cancer (Dotan et 

al 2007), and prostate cancer (Wieder and Soloway 1998). Intraoperative CT and MRI have 

played a significant role to define tumours by detecting anatomic abnormalities for 

neurosurgical image guidance (Kubben et al 2011). Surgical margin positivity rates are 

normally between 15-60% across all cancers (Atkins et al 2012, Chagpar 2015) even after 

using advanced preoperative imaging like positron emission tomography (PET), CT, and 

MRI. Though, the surgeons rely on visual inspection and palpation, the human eye has 

limited ability to detect small tumours and on the other hand palpation has limited sensitivity. 

These limitations are increasing involving a more frequent usage of robotic laparoscopic 

surgery (Nagaya et al 2017). IGS is used for better patient safety and surgical outcome and 

shorten surgery duration. Another study shows that though IGS improves surgeons’ situation 

awareness and reduces their workload and stress, it additionally has produced new risks such 

as attention tunneling and insufficient skill acquisition (Luz et al 2016). 

Still surgeons consider the information from various imaging techniques and 

molecular probes to locate tumours and identify the targeted lesions with the aim of maximal 

removal of tumourous tissue without any collateral damage of normal tissues. It helps to 
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improve the survival rate of patients reducing the postoperative recurrence rate. Currently, 

as a promising innovative approach for image‐guided surgery, imaging techniques are being 

combined with molecular probes.  

On the other hand, in the last decades image guided techniques are being used to 

guide therapeutic procedures such as biopsies, radiofrequency (RF) ablation, catheter 

procedures, brachytherapy, radiotherapy etc. Various imaging technology like CT, MRI, 

ultrasound (US), endoscopy are used for visualizing and guidance of therapy (Peters and 

Cleary 2008, Cleary and Peters 2010). After the invention of CT, Haaga et al performed the 

first CT-guided biopsies in 1976 (Haaga and Alfidi 1976). CT is also used in biopsies for 

head and neck, liver, kidney, thorax, pancreas, pelvis, skeletal bone interventions etc. 

Moreover, for discectomies, neurolysis, denervation, craniotomy and radiotherapy CT 

guidance is used. On the other hand, despite the limitations due to its magnetic field and 

radio frequency properties, MRI is used for minimally invasive therapeutic interventions. 

MRI can effectively guide interstitial ablative methods, vascular and endoluminal 

catheterization but, due to the intrinsic curved nature of the magnetic field, MRI lacks 

geometric accuracy when compared to CT. Thus, when geometric accuracy is important for 

navigational guidance CT is preferred over MRI (Council 1996). Another low-cost real-time 

imaging modality is US which is generally used in fluid management and biopsies (Lindseth 

et al 2013) but due to its low contrast and not so clear image like CT and MRI the use of US 

is not so popular in other therapies. X-rays and fluoroscopic images are also widely used for 

image guided therapies like vascular interventions and cardiac catheterizations. For its real-

time imaging property fluoroscopic image is more used and sometimes contrast agents are 

used to highlight the targeted anatomy, usually blood vessels. In the next section we will 

focus on image guidance for radiotherapy. 

2.3 Image guided radiotherapy  

Image guided radiotherapy is more than 50 years old but did not make it into 

mainstream radiotherapy practice at that time (Verellen et al 2008). Massachusetts General 

Hospital and Lawrence Berkeley Laboratory used preoperative X-rays in late 1970’s 

(Gragoudas et al 1979, Verhey et al 1982). In 1995 Biggs et al developed a machine with a 

gantry-mounted X-ray tube on a LINAC to acquire diagnostic images to permit the use of 
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smaller radiation fields in photon clinics (Biggs et al 1985). Later in late 90’s the Japanese 

radiation oncology community developed dual CT LINAC treatment room (Uematsu et al 

1996, Shirato et al 2000, Britton et al 2005). Image guided radiotherapy on localised prostate 

cancer resulted in reduced margins translated into dosimetric benefits and also resulted in 

low overall side effect profiles (Murray et al 2020).  

IGRT is routine practice and works with close relationships to computer-assisted 

visualization, minimally invasive surgery, and interventional radiology (Council 1996). 

Interventional radiological procedures are becoming more dependent on real-time image 

guidance for better visualization of the anatomical structure’s size, location, orientation and 

tracking of the surgical instrument as well as precisely positioning the applicator for accurate 

electron radiotherapy. This also reduces the total duration of the treatment time and the cost 

of the patient management while improving the quality of the patient outcomes. 

Over the last half century various IGRT technologies have been applied to treat 

cancer (Simpson et al 2010). In early days kilovoltage (kV)‐planar, x‐ray-based and 

video-based systems were used to improve patient setup and target localization but later MV 

planar imaging like electronic portal imaging devices (EPID) and various types of floor‐

mounted or gantry‐mounted kV‐planar imaging technologies or US have been used 

(Simpson et al 2010).  

Volumetric imaging technology like mega-voltage CT (MVCT), cone-beam CT 

(CBCT) can provide better soft tissue definition which helps better target localization which 

results improved therapeutic ratio of the radiotherapy. In current practice, commonly CBCT 

or MVCT is used as the imaging modality for IGRT for all treatment sites except for breast 

radiation. For breast radiotherapy, portal imaging (67.4%) and kV planar imaging (32%) are 

more popular (Nabavizadeh et al 2016). Though very less (10.4%) but CBCT is also used 

for breast radiotherapy. A brief description of the imaging technologies used for IGRT is 

given in Section 3.4. 

Usually, the planning of the therapy is done with the help of a preoperative 3D image, 

mainly CT, which helps visualizing the anatomical structure’s accurate size, location, 

orientation and dosimetry estimation due to the stoichiometric relation of CT Hounsfield 

values and tissue types. Later, guidance is performed through tracking systems and 
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intraoperative imaging which facilitates two important steps i.e. tracking the surgical and the 

therapeutic instruments and the registration of the intraoperative and the preoperative 

images. The imaging technology also helps monitoring the progress of delivery of the 

therapy and physiological effect of the intervention, which enables the physician for the 

potential control of the procedure. 

To reduce radiation toxicity IGRT takes an important role in the radiation treatment 

by increasing the precision and accuracy of the radiation delivery. The quality control is 

achieved through accurate geometric targeting of the radiation delivery avoiding 

surrounding tissues and organs. IGRT helps the radiologists to ensure the treatment as 

planned through more consistent beam targeting. Intraoperative CBCT, MRI and 

fluoroscopic images help beam targeting with better precision and accuracy. A 

radiobiological framework is normally operated by the paradigms ‘toxicity reduction’, 

‘voxelization’, ‘hypofractionation’, ‘adaptation’ and ‘dose escalation’ (Jaffray 2012). 

Geometric uncertainty when placing the radiation dose distribution is conventionally 

managed by irradiating a ‘planning target volume’ that includes the ‘clinical target volume’ 

expanded by a margin. Normally for safety reason the margin is ³ 5 mm but IGRT can help 

to reduce the margin by 50 % to 2-3 mm (Zelefsky et al 2012). However, radiologists try to 

reduce the margin to reduce the toxicity, however if the margin is reduced too much it might 

affect tumour control. On the other hand, dose escalation increases local control but in 

parallel there remains the risk of substantial increase in toxicity. In prostate radiotherapy it 

has already been noticed that the dose escalation from 70 to 78 Gy increases the biochemical 

control, but also increases rectal toxicity (Pollack et al 2002). IGRT helps to manage rectal 

toxicity. Moreover, hypofractionation schedules can also be pursued accurately through 

IGRT which accelerates clinical utilization (Timmerman 2010). Moreover, with the 

development of IGRT, radiologists are getting more patient-specific image-based 

information about the intrinsic heterogeneity and structure of the tumour which helps 

deciding and delivering heterogeneous dose distribution. For example, the voxelization 

paradigm use fluorodeoxyglucose-PET to direct heterogeneous dose delivery for lung cancer 

(Aerts et al 2012). Another paradigm is integration of imaging and treatment devices which 

increases the ability to detect and monitor changes in the disease and normal anatomy over 

the course of therapy (Jaffray 2012).  
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3 Technical state of the art 

Beside dependence on modern technology, coordination and collaboration among 

multidisciplinary team members, such as medical physicist, radiation oncologists and 

radiotherapy technologists, is necessary. All the members of the team must understand how 

ionizing radiation interacts with human tissue for a successful treatment outcome. Before 

describing the elements of IOERT, let us have a brief description about the physical process 

of interaction of the electrons with matter. 

3.1 Interactions of electrons with matter  

Due to Coulomb forces, while passing through matter, electrons may interact with 

atomic orbital electrons or atomic nuclei and thus may lose their kinetic energy and with 

multiple interactions in a scattered path they slow down until they lose all energy (Pawlicki 

et al 2016). 

While the electron interacts with an orbital electron, it changes its direction and 

transfers some energy to the orbital electron. The orbital electron then can jump to a higher 

orbital of atom and return to stability emitting characteristic X-rays. It is called excitation. 

On the other hand, if an electron (apart from those of the electron beam) is removed from 

the atom it is called ionization. If that ejected electron has enough kinetic energy to further 

ionize it is called a secondary electron.  

When an electron interacts with a nucleus, due to proton attraction, the electron can 

be deflected losing some kinetic energy which is converted to radiation (photon). This 

incidence is known as bremsstrahlung or “braking radiation”. Normally the emitted photon 

energy is scattered in a right angle to the electron direction in the case of lower energy. With 

higher energies the scattering angle decreases. The mass scattering power is defined as the 

mean square angle of scattering per a unit distance per unit material density and mass 

scattering power decreases with higher electron kinetic energy. The mass stopping power is 

the rate of energy loss of the charged particle per g cm-2 of the medium traversed. The mass 

stopping power due to collisional losses, the energy loss due to ionization and excitation, 

increases for materials of low atomic number due to the increased number of electrons per 
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gram (electron density) and the increased binding energy of electrons in high atomic number. 

On the other hand, the mass stopping power due to radiation loss, the energy loss due to 

bremsstrahlung, increases for high atomic number materials and high electron energies as 

they effectively produce higher bremsstrahlung radiation energy (Figure 5) (Podgoršak 

2006). 

3.2 IOERT infrastructure 

LINAC accelerates electron beams by high-energies (4-20 MeV). The high-energy 

electron beam passes through an electron scattering foil (Figure 6). To reduce the X-ray 

emission (bremsstrahlung) of the electron beam, a thin metallic sheet of high atomic number 

is used, and the electron beam strikes an ion chamber for dose delivery directed towards the 

targeted area. The collimators and the electron applicator attached to the LINAC confines 

the electron beams within the targeted area. 

Two types of LINAC are used for IOERT, non-dedicated LINAC or dedicated 

LINAC. In the former case, LINAC, normally used for EBRT, is used in photon mode to 

produce Bremsstrahlung X-rays. For electron therapy electron mode is used in place of the 

photon mode. In addition, the electron scattering foil (Figure 6) is used in place of the 

flattening filter used in EBRT. Usually, from the operating room, the anaesthetized patient 

                      

Figure 5: Mass stopping power for water, aluminum and lead materials. Narrow lines indicate collisional 
losses and thick lines indicate radiation losses. Source (Podgoršak 2006) 
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is moved to the specially shielded LINAC room for the radiation and then again moved back 

to the operating room for the surgical closure. This is a hazardous step for the whole 

workflow as the anatomical structures may get disrupted or moved during this transportation. 

Initially, setting an IORT operating room was very expensive financially. Moreover, 

the patients needed to be moved between an operating room for surgery and to a shielded 

room for radiation. Over time the development of mobile devices has made these issues 

easier as they can be moved into a standard operating room with minimal shielding 

requirements (Kang et al 2017). 

 

Figure 6: Treatment unit head configuration of a LINAC. Source (Khan and Gibbons 2014) 

 The oncology facility nowadays has overcome this problem of patient’s 

transportation by using dedicated mobile LINACs inside the operating room for radiation 

delivery. Examples of commercial dedicated mobile LINAC devices (Figure 7) are 

Mobetron (IntraOp Medical Corporation, Sunnyvale, CA, USA), NOVAC-7/11 (Sordina 

IORT Technology, Aprilia, Italy), and LIAC (Sordina IORT Technology, Aprilia, Italy) 

(Veronesi et al 2001, Calvo et al 2006) . These technologies are cost-effective, compact, and 
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generate only electron beams (up to 10-12 MeV). These mobile LINACs can be used in any 

oncologic surgical center without requiring any specific facility, e.g. bunkers or any shielded 

operating room. On the other hand, due to lower electron leakage rate these machines can be 

used without permanent shielding inside the operating room (Biggs et al 2011). All these 

three LINAC devices maintain some basic features to maximize its use. The dimension of 

these devices ensures maximum mobility inside standard hospital space (elevators, doors). 

For example, LIAC mobile unit dimension is 210 × 76 × 180 cm3. Moreover, these are as 

lightweight as possible. LIAC unit weighs 400 Kg. The LIAC and NOVAC models are 

robotic devices that use a hard-docking system whereas Mobetron is non-robotic and uses a 

soft-docking process. In a hard-docking system, a part of the applicator is firmly fixed to the 

LINAC whereas in soft-docking system the applicator can be uncoupled from the LINAC 

head. 

 

Figure 7: Commercial mobile LINACs. (a) NOVAC [www.soiort.com]. (b) LIAC 

[www.soiort.com]. (c) Mobetron [https://intraop.com]. 

The beam collimation system includes different applicators made of polymethyl 

methacrylate (PMMA) or anodized aluminum. The length of the applicator varies from 32 

cm to 100 cm (Cherry and Duxbury 2019). The diameters of the cylindrical applicator tubes 

range from 3 to 10 cm which may have a bevel for cases in which the tumor bed presents at 

some angle to the horizontal that is not within the LINAC’s range of motion. The bevel, 

whose angle at the base can be up to 45º, helps the applicator adjust better to the resected 



Technical state of the art               26 

_________________________________________________________________________ 

 
 

area and be placed in the accurate pose for yielding the best dose delivery (Abe 1984, 

Valentini et al 2002). Alternative experimental applicator designs have also been proposed 

that follow the recommendations and design of commercial applicators but include 

modifications to improve the positioning in a soft-docking accelerator (Soboń et al 2013) or 

to increase the dose homogeneity by using a scattering foil (Janssen et al 2008). These 

devices can deliver higher dose quicker (few seconds for 21 Gy) than the conventional 

LINACs due to their distance between radiation source and patient surface is shorter than 

those in conventional LINACs (Webster 1990). 

The first step before dose delivery is to place the applicator to the right location of 

targeted area in right pose which is decided by the oncologists. Oncologists also prescribe 

the bevel angle and diameter of the applicator which is fixed to the patient’s bed with an 

articulated arm. Then, the mobile LINAC is moved carefully near the patient bed to dock the 

applicator to the LINAC’s output head without moving the applicator from its position. 

According to (Beddar et al 2006) “the geometric accuracy of treatment delivery using a 

mobile unit will depend solely on the accuracy of the docking”. 

 

Figure 8: IOERT with a dedicated mobile LINAC (García-Vázquez 2017) 

As said earlier, there are two types of docking techniques: hard and soft docking. The 

applicator in hard-docking device (Figure 8) has two parts cone and bevel. The bevel is the 

lower part which is attached to the patient’s surface target area and the cone is the upper part 

which is a hollow cylinder to be attached to the radiation beam head of LINAC. On the other 

hand, the applicator in a soft-docking system, has one part with a circular, elliptical, or 
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rectangular section. The advantage of soft docking is that the machine can be decoupled 

easily from the applicator if needed for patient safety. A laser ray ensures the alignment of 

the central axes of both the applicator and the LINAC (Biggs et al 2011). 

 The plug and play accelerator ensures minimum impact on the operating room. 

Generally, the total installation and training time are less than 5 days. LINACs have 5 

degrees of freedom, to perform an easy, fast, and safe docking. These devices also have 

biocompatible, sterilized, and transparent applicators for a better treatment documentation.  

3.3 Treatment planning system  

In IOERT, a lot of parameters such as field size, protections, applicator size, bevel 

angle, and beam energy must be decided. Due to the uncertainty in positioning the applicator, 

with/without bevel angle, in-vivo dosimetry may not be delivered as planned. Generally, the 

dose distributions from an isodose atlas is measured with the applicator positioned flat on a 

phantom of water (Hensley 2017). In this practice, the gap between applicator and the non-

flat surface of the resected anatomy alters the source to surface distance. Moreover, often, 

blood and other liquids get deposited after the resection in the target area which change the 

target depth which is also a source of error. Often, radiation absorption is changed due to 

shielding materials. Moreover, shielding materials can scatter radiation contributions. 

Additionally, another source of error is the lack of proper documentation about the 

dimensions, shape, and the position of the target in the beam when the target area may not 

be clearly visible to the oncologist. 

An image-based TPS helps oncologists to make the preplan through a simulation of 

the therapy using a preoperative CT image. Once the tumours are identified in the 

preoperative image, the TPS develops a complex plan for each beam line route for accurate 

delivery of radiation. The software computes tissue energy level penetration influences 

based on the different mass attenuation coefficient of different tissues like bone, lung, or 

muscle etc. It also simulates tumour resection and organ displacement from the preoperative 

CT image by virtually filling air in these regions. TPS can incorporate biological fluid 

accumulation, bolus materials and shielding discs in the IOERT plan. TPS also minimizes 

the risk of collateral damage by navigating applicator placement based on avoiding the 
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radiation sensitive critical structures from the therapy. Then, the 3D dose distribution is 

estimated by pencil beam (López-Tarjuelo et al 2010) or Monte Carlo algorithms (Guerra et 

al 2014). A fast-parallel version of the dose planning method by Monte Carlo algorithm was 

implemented by (Chandriah 2010). Another important issue is that the conventional method 

for the dose distribution estimation assumes water equivalent tissues at the end of the 

applicator but new research reveals that it is better to consider the surface of the tumour bed 

and then assume air between the applicator end and that surface and water from that surface 

which can be done through surface scanning (García-Vázquez et al 2020). 

There are several treatment planning software packages available in the market. 

These include Brainlab’s iPlan radiotherapy, Elekta XiO, Philips’ Pinnacle³, Prowess, the 

Panther 3D Conformal Therapy system, RaySearch, Varian’s the Eclipse and Radiance 

(GMV, Spain). Radiance is one of the available commercial TPS for IOERT procedures. 

Radiance was developed in collaboration with Hospital General Universitario Gregorio 

Marañón (Madrid, Spain) and obtained the CE certificate 

(https://ec.europa.eu/growth/single-market/ce-marking/) in 2011 and Food and Drug 

Administration (FDA) approval in 2015 for clinical use. The TPS software has a feature to 

visualize isodose curves superimposed on the preoperative CT image. However, till this step, 

the oncologists have an initial estimation of the IOERT parameters, based on the 

preoperative CT, to be applied after the resection. These parameters need to be updated 

according to the intraoperative situation just before the irradiation to increase the accuracy 

of dose delivery. The positioning of the applicator related to the patient’s anatomy is 

especially important for accurate delivery of radiation. Moreover, the TPS takes a vital role 

for the important process of documentation which records all the parameter values along 

with applicator dimension and pose though does not record any intraoperative images. If 

available, intraoperative images can serve for updating the plan and the validation of the 

procedure as well. 

3.4 Medical imaging for image guided procedures 

Medical imaging enables doctors to observe the inner structures of the human body 

to better assess a medical condition. Diagnostic imaging technology can create pictures of 

the structures and activities inside the human body depending on symptoms and the part of 
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the body being examined. Various kinds of imaging are available now among which X-rays, 

CT, MRI, Ultrasound, PET, PET-CT are the most used imaging modalities nowadays being 

X-rays the oldest diagnostic imaging. 

Wilhelm Conrad Roentgen (Figure 9a) detected a new electromagnetic radiation in 

1895. It was an unknown type of radiation at that time and Roentgen named it as the “X-

ray”. The first X-ray image was of the hand of his wife, Anna Berthe (Figure 9b). Figure 9c 

presents Roentgen X ray imaging in early 20th century. The photo was taken on December 

22, 1895. X-ray imaging for surgical guidance was used for the first time for the removal of 

an industrial sewing needle from a woman's hand in 1895 by Dr. John Hall-Edwards in 

Birmingham, England (Cleary and Peters 2010). X-ray images are 2D images created by 

projection of electromagnetic radiation on a film called radiograph. When this 

electromagnetic radiation penetrates the human body, depending on the absorption of the X-

ray by various parts of the human body, a black and white image is created on the X-ray film 

kept on the other side of the body. The fact that calcium in bones absorbs X-rays the most, 

fat and other soft tissues absorb less, whereas air absorbs the least makes different shades in 

the image. 

A C-arm is a medical imaging device which generates X-rays that pass through 

human body and reach to an intensifier (Figure 10c) which transforms X-rays into visible 

                

Figure 9: (a) Wihelm Conrad Roentgen (b) First X-ray image showing his wife’s hand (c) Fluoroscopy in 
1909  
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image. A C-shaped arm connects the X-ray source and X-ray detector i.e. the intensifier. 

Moreover, the radiographic capabilities, C-arms are used for fluoroscopic intraoperative 

imaging. Due to the capability of providing high-resolution X-ray images of the C-arms in 

real-time, the surgeons use them during surgical procedures to monitor progress. The C-

shaped connecting element moves around the swivel axes, horizontally and vertically to 

produce X-ray images of the patient from any angle. C-arms can be mounted on floors or 

ceiling (Figure 10a and Figure 10b respectively). Another variant is called mobile C-arm 

which is not fixed but portable (Figure 10c). Latest C-arms combine large flat panel detectors 

(Figure 10d) and that might be with robotic positioning (Figure 10e). The advantages of a 

flat panel are that it delivers lower dose to the patient providing a better image quality with 

no distortion.  
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Computed tomography is another type of diagnostic procedure that uses a narrow 

beam of X-rays, aimed at the patient, which is rotated around the body to produce signals 

which can be processed by the computer to create cross-sectional pictures of the human 

body. CT was invented by Godfrey Hounsfield of EMI Laboratories, England and by Allan 

Cormack of Tufts University, Massachusetts in 1972. The Beatles record sales in the 1960’s 

helped EMI to fund the first CT scan’s development (Rogers 2003). The first clinical CT 

scanners, which were used for head imaging, were installed between 1974 and 1976. Figure 

11a is an axial image taken by the first CT scanner which was dedicated only for head 

imaging. After the technological developments for the last 45 years the current CT slices of 

                                                
1https://www.siemens-healthineers.com/angio/artis-interventional-angiography-systems/artis-zee 
2https://www.philips.de/healthcare/product/HCIGTDINTRSGHT/intrasight-interventionelle-
anwendungsplattform 
3https://www.ziehm.com/en/products/c-arms-with-image-intensifier.html 
4https://www.ziehm.com/en/products/3d-c-arms/ziehm-vision-rfd-3d.html 
5https://www.siemens-healthineers.com/en-us/angio/artis-interventional-angiography-systems/artis-
pheno 

  

Figure 10: (a) Floor mount C-arm1 (b) Ceiling mounted C-arm2 (c) Mobile C-arm with intensifier3 (d) C-arm 

with flat panel detector4 (e) Hybrid robotic C-arm5  
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the human brain looks like Figure 11b which is a 512 × 512 axial CT image of a normal 

human brain.   

 

                 (a)                                                                       (b) 

Figure 11: (a) Original axial CT image from the dedicated Siretom CT scanner circa 1975. (b) Axial CT 
image of a human brain from a state-of-the-art modern CT machine (Courtesy: Siemens Medical 

Solutions) 

In surgical minimally invasive procedures the use of 2D projections has been 

established as cost-effective real-time modality for surgical planning because intraoperative 

images help to determine anatomical structures after surgery and the deformation within the 

region of interest (Weese et al 1997, Markelj et al 2012, Seeberger et al 2012, Peters et al 

2018). Fluoroscopic image is an extensively used intraoperative imaging modality because 

of its low cost and portability. Surgeons rely on the images, captured by an image intensifier 

or a flat-panel detector of the C-arm and viewed on a monitor, to determine the relative 

position and orientation of anatomy, implants and surgical instruments. Moreover, the risk 

of radiation exposure is reduced significantly in comparison to acquiring 3D intraoperative 

images. Moreover, fluoroscopic projection images are registered with preoperative CT 

image to generate 3D tomographic reconstructions. But the images acquired by image 

intensifier have significant geometric distortion as these are uncorrelated, 2D static views 
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with a narrow field of view and low resolution, and contrast (Yaniv et al 1998). Thus, these 

intraoperative 2D acquisitions need to be corrected and calibrated before they can be used 

for accurate navigation in image guided surgery systems. However, due to the lack of a 

dimension multiple projections are needed to accurately represent a 3D scenario (Penney et 

al 1998). Till now there is no work in the literature, best known to us, that solve these 

limitations in the context of IOERT intraoperative planning. 

3.5 Image guided system setup 

The general method to ensure correct patient placement and treatment verification 

for many image guided surgery procedures is to register preoperative images to 

intraoperative images using fiducial markers on the patient skin or the different structures in 

the operating room. Typically, intraoperative 3D CT image or 3D fluoroscopy carries a 

visual advantage as it can provide improved accuracy and reliability (Jentzsch et al 2016) 

due to 3D nature of the data and their better contrast between structures. On the other side, 

2D projection C-arm systems (Li et al 2020) are typically used as intraoperative imaging due 

to its less radiation exposure and availability in operating rooms.  

Current research on image guided surgery uses intraoperative 2D projections for 

planning, guidance and verification because they provide an accurate depiction of the 

internal structures, anatomical deformation, and resection within the region of interest, as 

well as the required instrumentation during the procedure (Weese et al 1997, Birkfellner et 

al 2003, Chang et al 2015). For this purpose, specially designed fiducial markers are used 

for estimating the C-arm pose from intraoperative 2D C-arm radiograph images (Jain et al 

2005, Jain and Fichtinger 2006). Specially designed fiducial structures are also used for 

estimating C-arm pose from intraoperative radiographs (Jain et al 2005, Langen et al 2008). 

C-arm pose, and surgical tools positions can also be estimated using optical tracking 

systems. These methods have been recently applied to locate the applicator in IOERT 

(García-Vázquez et al 2013, Marinetto et al 2018). However, the working volume of the 

optical tracking systems is its own limitation. Moreover, another limitation is that the 

potential line-of-sight between the tracking object and the optical tracker must always be 

clear. In addition, optical tracking systems sometimes take a long time to calibrate. 



Technical state of the art               34 

_________________________________________________________________________ 

 
 

Electromagnetic tracking (Langen et al 2008, Stevens et al 2010) could also be used during 

IOERT because it does not have the disadvantage of the line-of-sight, but on the other hand, 

the presence of any electronic devices may produce significant interferences and disturb the 

process (Seeberger et al 2012). External tracking can be achieved by using intraoperative C-

arm projections itself which are needed for knowing the internal anatomy of the region of 

interest. Nowadays, the pose of the modern robotic C-arm can be calculated using forward 

kinematics. 

3.5.1 Calibration of X-ray setup 

Camera calibration is the process of estimating intrinsic (horizontal and vertical pixel 

scales, image center coordinates, focal length) and extrinsic (spatial position and orientation) 

camera parameters (Zhang 2014). Extrinsic parameters describe the pose of the camera in 

the world. Whereas, intrinsic parameters allow us to estimate the scene's structure in 

Euclidean space removing lens distortion, which directly influences accuracy. Moreover, as 

the receptor of the image intensifier has a curved shape, fluoroscopic images have pincushion 

distortion, which is independent of the C-arm location (Wallace and Johnson 1981). Though 

in modern flat panel C-arm machines without the image intensifier does not have this effect 

(Seibert 2006). X-ray distortions are affected by the earth’s magnetic fields and 

electromagnetic devices in the imaging room which are C-arm orientation dependent. In 

addition, the weight of the detector and pose of the C-arm of any kind directly affect the 

focal length of the C-arm. That is why computation of the calibration parameters and amount 

of distortion are required before the surgery starts. 

Distortion correction step is an inherent step of calibration which is needed to get the 

imaging system properly calibrated to provide distortion free images of excellent quality 

entirely automatically in relatively acceptable time. Normally, images of specially designed 

phantoms with fiducials (e.g. holes or steel/lead balls attached on it in a known pattern) are 

used. For the distortion measurement and correction, these phantoms are usually attached to 

the X-ray image intensifier of the C-arm and projection images are acquired at a pre-decided 

interval, during a complete rotation of the C-arm. If such distortion is found a dewarp map 

between the fiducial centers in the image and in the model is computed and the distortion is 

corrected.  



Technical state of the art               35 

_________________________________________________________________________ 

 
 

On the other hand, to obtain the camera characteristics, another separate phantom and 

a parametric pinhole camera model are used (Wang et al 2010). The classical algorithms 

direct linear transformation, Tsai (Tsai 1987), Faugeras (Faugeras et al 1992) and 

normalized direct linear transformation (Abdel-Aziz and Karara 2015) are extensively used. 

Once the projection matrix, a 3 × 4 matrix is calculated for each pose of the camera based 

on these methods, the intrinsic and extrinsic parameter matrices can also be calculated. Using 

these intrinsic and extrinsic parameter values, the correspondence between different co-

ordinate frames in the surgery room (for example 3D points on bed and 2D points on the 

radiograph) are calculated. It can be calculated by multiplying corresponding transformation 

matrices for different coordinate systems. For example, to calculate the correspondence 

between 3D points on the bed and 2D points on a radiograph we need to multiply the 

transformation matrix from bed to C-arm, the transformation matrix from C-arm to phantom, 

the transformation matrix from phantom to 3D markers, the extrinsic parameter matrix and 

intrinsic parameter matrix. 

3.5.2 C-arm pose estimation and initialization  

The external calibration for every camera reference frame is performed using a 

fiducial-based approach with radio-opaque metallic markers attached to a specially designed 

phantom (de Molina et al 2014). Complex designs involving ellipses, lines (Jain et al 2005, 

Otake et al 2012a) and helical lines (Weese et al 1997, Penney et al 1998, Comeau et al 

2000, Fei et al 2003, Jain et al 2005, Wein et al 2005, Birkfellner et al 2006, Spadea et al 

2006, Jain and Fichtinger 2006, Langen et al 2008, Smith et al 2009, Stevens et al 2010, 

Kusters et al 2010, Nag et al 2011, Markelj et al 2012, Pascau et al 2012, Seeberger et al 

2012) or two coplanar ellipses (Jain et al 2005) have been proposed to guarantee robust 

segmentations of the applicator and its marker with minimum error. Metallic markers to a 

standard applicator are also used for this purpose. Small bead-type fiducials markers have 

achieved until 1 mm error in translation and 1° error in rotation (Ayad et al 2010) mainly 

due to inaccuracies in the estimation of the center of the metallic balls in their elliptical 

projections.  

The initialization step is needed as a starting point of the registration process. This 

can be done manually or with the known parameter values related to the imaging 
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environment. This information can be deducted from the calibration information and existing 

real-time tracking systems. Like in spine surgery, vertebrae in the thoracic region can be 

particularly challenging to localize, since they have similar visual and radiographic 

appearance and are at a distance from unambiguous anatomical landmarks. So, a good initial 

pose close to the original makes the problem better conditioned, and registration will merely 

constitute a refinement process searching for better accuracy. 

Any of the following approaches can be performed for the initialization of the 

registration: (a) clinical setup: The prior knowledge of patient position and imaging 

parameters is used to approximately determine the location of the patient in the treatment 

room (Russakoff et al 2003, 2005). Immobilization masks (Chelikani et al 2006, Jin et al 

2006) and laser positioning with respect to skin tattoos (Jin et al 2006, Dubois et al 2011) 

were also used. (b) skin markers: Markers are placed on the patient’s skin for initialization 

(Knaan and Joskowicz 2003, Turgeon et al 2005) but this approach is not robust due to skin 

and patient motion. (c) landmarks: In this approach anatomical landmarks are manually 

determined by the surgeons in preoperative and intraoperative images and then a closed form 

solution recovers the position of the patient (Zheng et al 2006, Hurvitz and Joskowicz 2008). 

An automatic initialization based on convolutional neural network through patient specific 

training has been proposed by (Esteban et al 2019). (d) manual initialization on images: In 

this approach the patient is positioned manually with visual inspection or with the help of a 

graphical user interface (GUI) (Penney et al 2001, Kaptein et al 2003, Vermandel et al 2006). 

The initialization for the alignment of the 3D preoperative image and the 2D 

projections and the corresponding estimation of the pose of a calibrated camera from this 

information can be achieved using a 2D-3D point-based registration method, further detailed 

in Section 3.6. 

3.6 2D-3D Registration 

Medical image registration techniques for radiological treatment planning refers to 

bringing the preoperative data and intraoperative data into the same coordinate frame 

(Markelj et al 2012). Currently, the preoperative data related to surgical planning are 

generally 3D CT or MRI images, while the intraoperative data are either 2D US, projective 
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X-ray (fluoroscopy), CT-fluoroscopy, and optical images, or 3D images like CBCT and US, 

or 3D digitized points or surfaces (Markelj et al 2012). Registration between 3D preoperative 

data and 3D intraoperative data (García-Vázquez et al 2020) i.e. when there is a one-to-one 

correspondence, is called 3D-3D registration. Similarly, registration between 3D data and a 

single slice of any 3D data is also called 3D-3D registration as this case is the extreme case 

of 3D-3D registration where the intraoperative image is reduced to a single slice. On the 

other hand, based on the image dimensions and spatial correspondences, 2D-3D registration 

can be classified in three approaches: (a) projecting 3D images into 2D space and then 

performing 2D-2D registration, (b) back-projection of 2D points to 3D space and then 

performing 3D-3D registration and (c) reconstruction of 3D images from 2D projections and 

then performing 3D-3D registration (Markelj et al 2012). In the third case, as the 

intraoperative data to be registered is reconstructed from several 2D data, it is also called 

2D-3D registration as there is no one-to-one correspondence between them.  

The registration methods can be classified as rigid and non-rigid depending on the 

nature of the spatial transformation and its degrees of freedom (Markelj et al 2012). Non-

rigid registration is required when the targeted anatomy is deformed non-rigidly and spatial 

distortions are present between acquisitions. Whereas, rigid registration is applied when 

targeted anatomy changes rigidly (three rotations and three translations), and spatial 

distortions between acquisitions are not present or successfully corrected during image 

acquisition. The goal of 2D-3D rigid registration is to find a transform, with three rotation 

and three translation parameters, that defines the pose of the 3D volume relative to the 

radiographs (van der Bom et al 2011b). More specifically, the aim is to find the rigid pose 

of the preoperative 3D data, such that it aligns with the 2D intraoperative image of the 

patient.  

According to Markelj et al (Markelj et al 2012) 2D-3D registration can also be 

classified into three types: feature-based (Zheng et al 2011), gradient-based (Livyatan et al, 

2003; Tomazevic et al, 2003; Wu et al, 2009) and intensity-based (Zheng et al 2007, 

Ofverstedt et al 2019). To achieve dimensional correspondence for these type of registration 

methods, the projection, back-projection or reconstruction strategy can be used. 

Feature-based methods relies on a correspondence between features of the 3D image and 

features of the 2D images. Features can be any anatomical structure represented by isolated 
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points, point sets, lines, curves, contours or surfaces. On the other hand, gradient based 

2D-3D registration methods calculate a gradient image of the 3D image and that is projected 

to match the gradient image of the 2D X-ray images for dimensional correspondence. 

Whereas, in intensity-based methods all the original intensity values of the 3D image are 

used to generate the projection image to be compared with the 2D X-ray images. 

The segmentation of anatomical structures required for feature-based methods is a 

challenging task to perform it fully automatically. Moreover, the segmentation step also 

introduces errors and a bad segmentation can result in a poor alignment irrespective of the 

optimization algorithm for registration. Moreover, to use this approach the image data should 

have enough information to characterize the image content as features. In addition, if a partial 

data problem exists these algorithms fail mostly. To avoid these drawbacks, intensity-based 

and gradient-based registration methods can be followed, which do not need segmentation as 

they work with voxel intensities directly without any feature extraction. Gradient-based and 

intensity-based methods can take advantage of attenuation coefficient gradients found in the 

edge of the rigid structures in preoperative data that point to intensity gradients of the 

intraoperative 2D images. They rely on the fact that the strong intensity gradients in 2D 

images correspond to boundaries of rigid structures in the 3D data, but they also have a very 

narrow convergence. The main difference between them is that intensity-based registration 

needs less complex preprocessing and computes the gradient if needed in the cost function, 

whereas the gradient based methods need an extra preprocessing step for calculating the 

gradient based on the intensity values of all the voxels in both the 3D image and the 

projections prior to registration. Gradient-based and intensity-based methods perform better 

than feature-based ones in terms of accuracy, but they are not very robust as they may fail 

for large misalignments and converging to local extrema (Valsecchi et al 2014) which leads 

to the necessity of a good initialization strategy. 

One common approach for initialization entails the alignment of a set of 3D image 

points, and their corresponding 2D projections in the image that can be solved by a point-

based 2D-3D image registration method which is also known as perspective n-point (PnP) 

problem. This registration problem can be classified as a feature-based method in which the 

features are corresponding points in the 3D and 2D images, which may be automatically 

detected or manually defined. The P3P problem, which is one of the most classical and 
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fundamental problems in computer vision that determines the pose of a calibrated camera, 

was first investigated by Grunert (Grunert 1841). Then in 1903 it was refined by 

Finsterwalder and Scheufele who found that there can be maximum four solutions and that’s 

why a fourth point can provide a unique solution removing the ambiguity (Finsterwalder and 

Scheufele 1903). Moreover, other researchers have proposed different iterative, non-

iterative, linear and non-linear solutions to this problem. The most common other direct 

solutions to this P3P problem are proposed by Merritt (Merritt 1949, Fischler and Bolles 

1981), Linnainmaa et al (Linnainmaa et al 1988) and Grafarend et al (Grafarend et al 1989). 

Later, Quan and Lan (Quan and Lan 1999) and Gao et al (Gao et al 2003) proposed different 

solutions to the P3P problem. Efficient PnP (EPnP) is vastly used in computer vision because 

of its accuracy and speed (Penate-Sanchez et al 2013). Moreover, PnP algorithms are 

integrated into random sample consensus (RANSAC), removing outliers to get robust 

solutions (Strutz 2011). 

In the following subsections we will focus on intensity-based 2D-3D registration that 

is driven by 3D image voxels and 2D image pixels intensity information. As mentioned in 

the presence of large misalignments initialization is required. This initialization can be 

performed either manually (McLaughlin et al 2005, Wu et al 2009, Gendrin et al 2011, 

Otake et al 2015, De Silva et al 2016) or using a point-based registration (Uneri et al 2017). 

Fotouhi et al used an RGB (Red Green Blue) depth camera for the initialization (Fotouhi et 

al 2017).  

It is important to note that the relation between 3D volume data and 2D intraoperative 

data can be represented by intrinsic and extrinsic transform parameters. Internal parameters 

are generally the pixel size, source-to-image distance (SID), principal point offset. These 

modality-dependent internal parameters are generally known. On the other hand, extrinsic 

parameters are the orientation and position of the 3D volume relative to the 2D image, which 

is represented by three rotation and three translation parameters. These extrinsic parameters 

can be found through a registration process that would provide the best correspondence 

between the 3D image and the corresponding 2D image. During the parameter optimization 

a similarity metric or cost function determines whether the optimal parameters are achieved.  
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Article Clinical 
application 

Dimensional 
correspondence 

Pre-
alignment 
method 

Type of data Cost 
function 

Optimization 
algorithm 

(Uneri et al 
2017) 

Spine screw 
placement 3D CT-N × 2D 2D-3D 

Registration 
 Phantom 
 Patient  GO + GC CMAES 

(Fotouhi et al 
2017) Pelvis 3D CT-2D 

Projection 
RGB depth 
cam  Phantom NCC BOBYQA 

(De Silva et 
al 2016) Spine 3D CT-2D 

Projection Manual  51 Patient CT 
+ 115 X-ray 

 GI, GC, 
 GS, GO  CMAES 

(Otake et al 
2015) Spine 3D CT-2D 

Projection Manual 
Phantom + 
Cadaver + 2 
Patient 

GI, GC CMAES 

(Gendrin et al 
2011) 

Compare 
2D-3D 
Registration 
similarity in 
radiotherapy 

CT to two 2D 
Projection (LAT 
+ AP) 

Manual  Phantom  
 (viena pig) 

NCC, RC, 
CR, MI 
BGB, RGB 

Powell 

(Wu et al 
2009) 

Head and 
neck 
radiotherapy 

3D CT to Dual 
projection X-ray Manual 

2 Cranial 
phantoms + 1 
Patient 

PIU, NMI, 
GC, NCC, 
PI, GD 

Downhill 
simplex 
 

(Kim et al 
2007) 

Compare 
similarity 
finction for 
image 
guidance in 
radiotherapy 

CT to Dual 
projection X-ray 
 

Manual 

3 Phantoms of 
head, thorax, 
pelvis+120 
X-ray pairs of 8 
Prostate cancer 
patients 

NCC, PI, 
MI entropy, 
GC, GD 

Downhill 
simplex 
 

(Khamene et 
al 2006) 

Patient 
positioning 
in 
radiotherapy 

3D CT projection 
+ N × 2D Manual 

1 Brain and 1 
abdomen 
patient + Head 
and body 
phantom 

LNC, GC, 
PI, GD, 
VWC, MI, 
CR, NCC 

Best neighbor 
search, 
Gradient 
descent, 
Powell-Brent  

(McLaughlin 
et al 2005) 

Neuro 
interventions 

PCMRA to 2 
X-rays 

Manual and 
Visual 

Phantom + 4 
Patients GD ICP 

(Hipwell et al 
2003) 
 

Cerebral 
angiography 

MRA to digital 
subtraction 
 

Manual phantom 
  + 3 Patients 

NCC, GC, 
Entropy, 
MI, PI, GD 

Gradient 
descent 
 

(Penney et al 
1998) 

Spine 
phantom 

2D-3D 
projection, 3D - 
N × 2D 

Manual 
Phantom + 
Simulated 
clinical image 

NCC, GD, 
Entropy, 
MI, GC, PI 

Multi 
resolution 
registration 

Table 2: 2D-3D Intensity-based registration works; LAT- Lateral view, AP- Anteroposterior, MRA- Magnetic 
resonance angiograph, PCMRA- Phase contrast magnetic resonance angiograph, GO- Gradient orientation, GC- 
Gradient correlation, NCC- Normalized Cross Correlation, GI- Gradient Information, GS- Gradient correlation 
with linear scaling, CR- Correlation ratio, RC- Rank correlation, MI- Mutual information, BGB- Back-projection 
gradient-based, RGB- Reconstruction gradient-based, NMI- Normalized mutual information, LNC- Local 

normalized correlation, GD- Gradient difference, VWC- Variance weighted correlation, PI- Pattern intensity, 
ICP- Iterative closed point, PIU- Partitioned intensity uniformity, BOBYQA- Bound optimization BY quadratic 
approximation, CMAES-  Covariance matrix adaptation evolution strategy 



Technical state of the art               41 

_________________________________________________________________________ 

 
 

In recent years, Deep Learning techniques have been successfully applied to the field 

of medical image registration (Litjens et al 2017, Fu et al 2020, Chen et al 2021). And also, 

specifically to 2D-3D registration problems (Miao et al 2016, Zheng et al 2018, Foote et al 

2019). Such methods have significantly improved registration speed and similar degree of 

accuracy when compared to traditional registration approaches. 

The next section describes different cost functions used for 2D-3D intensity-based 

registration. Table 2 summarizes different 2D-3D intensity-based image registration 

methods including the cost functions and optimization algorithms used. 

3.6.1 Cost function 

In 2D-3D registration problems the first step is to take both the preoperative image 

and intraoperative image to dimensional correspondence either by back-projection, 

projection, or reconstruction. For each of these approaches the next step is to compute a 

metric with the intensity values of the voxels of 3D volume and the pixels of 2D images and 

try to maximize or minimize the value for better alignment of the images.  

Therefore, a 2D-3D image registration problem becomes a problem of optimizing a 

single value which depends on the proper choice of a similarity metric and optimization 

algorithm. Intensity similarity metrics are mostly designed based on the correlation of 

grayscales. Many comparative studies have been published on this issue to investigate best 

similarity metric for 2D-3D registration but in fact they have not found any consistent result 

for a single cost function which could be applied for all types of image modalities. Thus, 

choice of metric depends on the image modalities and the concrete problem characteristics. 

Penney et al concluded that gradient difference (GD) and pattern intensity (PI) performs 

better against outliers in sense of accuracy and robustness when applied to register spinal 

datasets (Penney et al 1998, Hipwell et al 2003). For kV radiographs normalized cross 

correlation (NCC) was found to be most accurate and robust while tested on different 

imaging modalities whereas both the NCC and normalized mutual information (NMI) 

showed best robustness for MV imaging in a clinical study (Wu et al 2009). In the same 

study it has been found that PI, GD and gradient correlation (GC) provided higher accuracy. 

On the other hand, (Birkfellner et al 2009) proposed a new cost function called the stochastic 

rank correlation metric which performed better against PI and NCC. In another comparative 
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study in the presence of soft tissues gradient-based metrics were found to be more accurate 

and robust (Gendrin et al 2011). Otake et al also concludes that gradient-based metric based 

on information theory performed better than others but there is no single metric superior to 

all others and the choice of metric depends on the types of images to be registered and their 

quality (Otake et al 2012b). Moreover, the performance of registration process also varies 

depending on the combination of similarity metric and optimizer (van der Bom et al 2011a). 

As a conclusion of the 2D-3D intensity registration literature, mentioned above, the 

two most used similarity metrics are normalized gradient correlation (NGC) and GD. The 

performances of these metrics are better when both the fixed and moving images have similar 

distributions of intensity. Information-based metrics like MI are designed for images with 

different distribution of intensities e.g. multi-modal registration (Pluim et al 2003). 

Moreover, the internal step of calculation of the histogram for information-based metrics 

affects their performance. 

a) Normalized gradient correlation 

For intramodal intensity-based registration NCC is the most relevant measure as 

NCC has good capture range and accuracy. The drawback of NCC is that it has very poor 

distinctiveness (Wu et al 2009). Due to its high dependency on the intensity of the pixel, the 

presence of a few major differences in intensity (for example, the presence of surgical 

instruments) can affect the result of the cost function. Moreover, the computational 

complexity for NCC is high as the similarity measure maxima is flat. 

Normalized correlation of two vectors, x, and y, is the cosine of the angle, θ, between 

them:  

 
𝑁𝐶𝐶	(𝑥, 𝑦) 	=	𝑐𝑜𝑠 𝑐𝑜𝑠	𝜃	 =

𝑥. 𝑦
|𝑥||𝑦| 	= 	

∑ 𝑥1𝑦11

2∑ 𝑥131 2∑ 𝑦131

	 , −1	 ≤ 	𝑁𝐶𝐶	 ≤ 	1	 

  

(1) 

NCC is invariant to linear scaling of the form V = αv where v is a vector and α implies 

scaling. 
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 NGC relies on the changes in gradient structure between a pair of images which can 

detect and segment the objects in the images without being affected by changes of 

illumination (Tzimiropoulos et al 2010). Given the partial derivatives of two images, 

𝑓(𝑥, 𝑦)	𝑖𝑠 9:(;,<)
9;

 and 9:(;,<)
9<

 the expanded normalized gradient correlation is defined as 

follows,  

where 𝑓:=>?@? is the X-ray projection image and 𝑓A@?B is the 2D projection of the 3D image. 

The mean gradient value was used to normalize these partial gradients. The cross-

correlations are also calculated for the horizontal and vertical gradient images. The sum of 

these two NCC values defines the NGC. 

The use of gradient correlation has been reported for different clinical applications 

e.g. spine screw placement (Uneri et al 2017), cerebral angiography (Hipwell et al 2003), 

head and neck radiotherapy (Wu et al 2009).  

b) Gradient difference 

 

For calculating the gradient difference similarity measure between two images, 

gradient images are computed for both the images using Sobel templates. The measure is 

then defined as 

𝐴D	and 𝐴Eare the variances of intensity in the vertical and horizontal gradient X-ray image 

respectively,	𝐷D is the difference in gradient value for pixel (𝑥, 𝑦)	between the vertical 

 
𝑁𝐺𝐶	(𝑥, 𝑦) = 	

∑ H
𝜕𝑓:=>?@?(𝑥, 𝑦)

𝜕𝑥 	
𝜕𝑓A@?B(𝑥, 𝑦)

𝜕𝑥 	+	
𝜕𝑓:=>?@?(𝑥, 𝑦)

𝜕𝑦 	
𝜕𝑓A@?B(𝑥, 𝑦)

𝜕𝑦 K;,<

L∑ M
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𝜕𝑥
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	+	
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𝜕𝑦
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	+	
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𝐺𝐷 =O

𝐴D
𝐴D + 𝐷D3;,<

+O
𝐴E

𝐴E + 𝐷E3;,<

 

where,  

𝐷D = M
𝜕𝑓:=>?@?(𝑥, 𝑦)

𝜕𝑥 − 𝑠
𝜕𝑓A@?B(𝑥, 𝑦)

𝜕𝑥 N , 𝐷E = M
𝜕𝑓:=>?@?(𝑥, 𝑦)

𝜕𝑦 − 𝑠
𝜕𝑓A@?B(𝑥, 𝑦)

𝜕𝑦 N 

(3) 
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gradient X-ray image and vertical gradient DRR and 𝐷E is the corresponding difference in 

the horizontal gradient images. 𝑓:=>?@? is the X-ray projection image, 𝑓A@?B is the projection 

generated from the 3D image and s is the intensity scaling factor. GD has been used as cost 

function for different applications like cerebral angiography (Hipwell et al 2003), neuro 

interventions (McLaughlin et al 2005), head and neck radiotherapy (Wu et al 2009). 

c) Normalized Mutual Information 

Mutual information (MI) calculates the amount of information one can extract from 

a distribution regarding a second one. Specifically, MI calculates the information that one 

image contains about the other image. Normalized mutual information (NMI)_is a 

normalized form of MI which is less sensitive to the amount of overlap between the images 

(Studholme et al 1997). Calculation of NMI considers the entropy of images which measures 

the dispersion of a probability distribution 

The Shannon entropy, H(M), is defined as  

H (M) = - ∑ p(m) log p(m)U  where p(m) is the probability of obtaining the pixel value m 

in image M and the joint entropy can be defined as 

 𝐻	(𝑀,𝑁) = 	−∑ 𝑝(𝑚, 𝑛) 𝑙𝑜𝑔 𝑝(𝑚, 𝑛)],^   
( 4 ) 

 

where, p (m, n) is the joint probability distribution. 

The conditional entropy can be described as 

 𝐻	(𝑀,𝑁) = 	−∑ 𝑝(𝑚, 𝑛) 𝑙𝑜𝑔 𝑝(𝑚|𝑛)],^   
(5) 

 

Thus, the mutual information, MI, for our problem can be expressed as 

 MI (𝑓:=>?@?; 𝑓A@?B) = H (𝑓A@?B) – H (𝑓A@?B|𝑓:=>?@?)  
(6) 
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and normalized mutual information can be expressed as  

 
𝑁𝑀𝐼(𝑓:=>?@?, 𝑓A@?B) =

2𝑀𝐼	(𝑓:=>?@?; 	𝑓A@?B)	
𝐻b𝑓:=>?@?c + 𝐻(𝑓A@?B)

 

(7) 

 

 

3.6.2 Optimization  

Optimization refers to the process of exploring the best possible solutions for a given 

problem. In medical imaging the registration is finally an optimization problem which 

consists of minimizing a cost function value by systematically choosing the parameters 

following an iterative approach. The aim of optimization in medical image registration is to 

get best parameters for proper alignment of the moving image (i.e. the image to be 

registered), to the reference image (i.e. the image to which the moving image will be 

registered). Generally, 2D image data is considered as “fixed” or “reference” and the 3D 

volume data is considered as “moving”. 

where C is the cost function, μ is the external transform parameters, 𝐼:	 is the reference image 

and 𝐼]	 is the moving image. μ is applied to 𝐼] before projecting as 2D image. 𝜇	e  represents 

the optimal transform parameters that align the images. An iterative strategy finds the 𝜇	e :  

where, 𝑑g and 𝑎g represent the search direction and the step size in parameter space at 

iteration k respectively (van der Bom et al 2011a). The main difference between different 

optimization methods is how the parameters 𝑎g	𝑎𝑛𝑑	𝑑g are determined. 

The iterative process calculates the parameters corresponding to the six degrees of 

freedom of the patient pose. In each iteration, the optimizer modifies the six rigid 

transformation parameters, and the system generates the new DRRs accordingly. The 

 

 

𝜇	e = 	 argmin 𝐶
m

b𝜇, 𝐼:,𝐼]c 
(8) 

 

 𝜇gno = 	𝜇g 	+	𝑎g𝑑g, 𝑘	 = 	0,1, 2, … 
(9) 
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optimizer repeats the process minimizing the cost function, i.e., finding the maximum 

similarity between DRRs and the C-arm projections by taking the average of cost function 

values for all the views until it reaches a convergence criterion. The optimization problem 

can be expressed as derivative-based optimization methods including gradient descent and 

derivative-free optimizations such as the Powell-Brent method, Nelder-Mead simplex 

method, and the covariance matrix adaptation evolution strategy (CMAES), which are 

normally used in 2D-3D registration. 

Among all the available optimization methods, gradient descent (Curry 1944), 

Nelder-Mead (Nelder and Mead 1965), Powell-Brent (Brent 2013), quasi-Newton 

(Haelterman et al 2009), nonlinear conjugate gradient (Fletcher 1964), simultaneous 

perturbation stochastic approximation (Spall 1987) and evolution strategy are commonly 

used to minimize the cost functions described in the previous section. The optimization 

methods mostly used in 2D-3D registration are introduced below.  

a) Gradient descent 

Gradient descent (Nocedal and Wright 2006) is a very common optimization 

algorithm which takes the opposite direction of the gradient of the cost function C: 

 𝜇gno = 𝜇g − 𝑘𝑎g
9s
9m
	|	𝜇g   

(10) 

 

where 𝑎g is the inner product of the derivatives at 𝑘 and 𝑘 − 1 and is weighted by the 

relaxation factor 𝑘 (with 0 < 𝑘 < 1). (Hipwell et al 2003) has applied gradient descent 

optimization method in cerebral angiography with the cost functions NCC, GC, MI, GD, PI 

and entropy.  

b) Nelder-Mead  

The Nelder-Mead method or the downhill simplex method (Nelder and Mead 1965) 

is an algorithm for multidimensional unconstrained optimization without derivatives which 

minimizes an n-dimensional cost function called simplex by comparing the cost function 

values at n + 1 (van der Bom et al 2011a). This downhill simplex starts defining an initial 

simplex. The method then directly moves towards a local minimum. It updates the simplex 
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in each step following any one of these steps called “reflection” (𝑃 ∗), “reflection and 

expansion” (𝑃 ∗∗), “contraction” (∗∗), and “multiple contractions” and continues until the 

move becomes smaller. This can be expressed as: 

and subsequently by either expansion: 

or contraction (∗∗): 

(van der Bom et al 2011a). Here, 𝑃ℎ is the “worst” similarity value to be replaced, 𝑃w	is the 

centroid of the simplex using all points except 𝑃ℎ. The constants, α, γ, and β represents the 

reflection, expansion, and contraction coefficients, respectively (van der Bom et al 2011a). 

In radiotherapy applications for head and neck tumor patient and prostate cancers downhill 

simplex method has been applied for patient positioning and image guidance (Kim et al 

2007, Khamene et al 2006). 

c) Powell-Brent 

Powell’s (conjugate gradient descent) method uses line search optimization process 

for minimization of cost function C (van der Bom et al 2011a). Powell-Brent performs an 

exact line search, towards the minima along direction 𝑑g representing each of the transform 

parameters (conjugate) directions separately (van der Bom et al, 2011a). 

Powell-Brent algorithm minimizes a multidimensional function where for 

minimization in each dimension Brent’s golden search algorithm is applied (Powell 1964). 

 𝑃 ∗	= 	 (1 + 𝛼)𝑃w 	− 	𝛼𝑃ℎ	 (11) 

 

 𝑃 ∗∗	= 	𝛾𝑃 ∗ 	+	(1 − 𝛾)	𝑃w 
(12) 

 

 ∗∗	= 	𝛽𝑃ℎ	 +	(1	 − 	𝛽)	𝑃w 
(13) 

 

 𝑎g = argmin 𝐶
{

(𝜇g + 	𝑎𝑑g	) 

 

(14) 
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In a comparative study on 2D-3D registration using a pig phantom (Gendrin et al 2011) has 

reported that Powell optimization works well in combination with the NCC, BGB, RGB, MI 

cost functions.  

d) Covariant matrix adaptation evolution strategy 

CMAES is an efficient derivative free optimization method (Beyer and Schwefel 

2002) based on the principle of biological evolution. The method covariant matrix adaptation 

(CMA) is considered the state-of-the-art implementation of all the similar type of 

optimization technique based on evolution strategies (Hansen and Ostermeier 2001). 

CMAES follows three evolutionary phases: offspring generation, selection, and 

recombination (van der Bom et al 2011a). During offspring generation, a set of λ trial search 

directions is obtained from a normal distribution N  

where, λ is the population size and Ck is the successful search directions from previous 

iterations. The cost function C (𝜇g + 𝑎g. 𝑑g=  ) is updated for each direction. The best trial 

directions with the lowest cost function values are selected during the selection phase and in 

the recombination phase, a weighted sum of the selected directions 𝑑g is calculated (van der 

Bom et al 2011b) as: 

where 𝑑g
(A;|) and 𝑤A represent the 𝑝~E selected direction and weight factor, respectively. 

CMAES has been used in spine surgery (Liu et al 2015, De Silva et al 2016, Uneri et al 

2017). 

e) One-plus-one evolutionary optimizer 

One Plus One Evolutionary (1+1) is a non-linear optimization algorithm based on n 

probabilistic evolutionary strategy algorithm. This algorithm generates a new random 

transformation (descendant) by slight modifications (mutation) around a current 

  𝑑g= 	∼ 	𝑁	(0, 𝐶𝑘), 𝑓𝑜𝑟	𝑙	 = 	1, 2. . . , 𝜆 
(15) 

 

 𝑑g = 	∑ 𝑤A𝑑g
(A;|)�

A�o ) 
(16) 
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transformation (parent) within the search space followed by checking the fitness through 

similarity function value. The algorithm is controlled by variation of the growth- and shrink-

factors. If the fitness value grows a gaussian probability function with its center at the current 

transformation in the search-space grows and if the fitness value shrinks the probability 

function shrinks  (Styner et al 2000, Pluim et al 2003). This optimization method has been 

used mainly in 3D-3D registration. 

3.6.3 Digitally reconstructed radiograph 

 As part of the 2D-3D intensity-based registration process it is common to project the 

3D image into 2D projection images to compute the cost function and search for the spatial 

correspondence. These projections are called DRR and they need to be computed in every 

step of the iterative optimization process. This section describes the methods to generate 

DRRs as they play a role in the proper convergence and computation time of the registration 

algorithm.  

To find accurate correspondence of the 3D coordinates of anatomical structures into 

2D intraoperative images may be difficult and therefore the conversion of 3D images into 

 

Figure 12: DRRs are formed by simulating the propagation of X-rays through a CT image volume 
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2D projected images is important in many image guided procedures. These projected 2D 

images are projected from the 3D image following some projection algorithm like ray-

casting and they are visually alike the X-ray images. Therefore, by directly comparing the 

intraoperative C-arm images and the DRRs generated from the CT image the misalignment 

between the CT image and the intraoperative image can be calculated.  

DRRs are perspective projections computed from the CT image. The intensity value 

at every pixel in the 2D projection radiographs is a function of the intensity value at the 

corresponding voxels in the 3D CT image (Birkfellner et al 2009, Munbodh et al 2009). 

DRR-based 2D-3D registration is not applicable for MR and C-arm images as MR-generated 

DRRs have no correspondence with X-ray images, except while using contrast agents 

(Hipwell et al 2003, McLaughlin et al 2005). DRRs are simulated projection images 

generated by casting rays through 3D image data. Rays start from the imaging source and 

straight lines connecting the points of the imaging plane (Figure 12). Then all the attenuation 

coefficients associated with each voxel along the ray are summed and considered as intensity 

value at corresponding pixel of DRR. Practically the DRRs are generated from the CT image 

using ray-casting though even when a highly precise CT image is projected to an X-ray 

image, a partial loss of information occurs. To achieve more realistic projections and to 

overcome this limitation improved ray-casting algorithms were proposed (Chen et al 2008, 

Fu and Kuduvalli 2008). DRRs are generated, as much as the number (n) of reference 

intraoperative radiographs using the information obtained from earlier steps. The focal 

length of the projection model, the viewpoints and their corresponding angles, the size and 

position of image plane and the CT are already known. So, first, n DRRs of the volume are 

generated from n viewpoints. Then, for better matching of the intensities of the CT image 

derived DRR images with respect to the fluoroscopic radiographs during the alignment 

process it is needed to normalize them in the same intensity ranges. In each iteration of the 

optimizer, it generates a new set of DRRs with modified transformations. 

Even after perfect projection and normalization there are two differences between 

DRR and fluoroscopy images. One is the presence of surgical instruments in the 

intraoperative situation when the fluoroscopy is taken, which will not be present in the DRR 

as the DRR are projected from the preoperative CT image. Another difference is the inherent 

dissimilarity between CT image and fluoroscopy imaging. However, even with these 
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differences, an appropriate similarity measure should be able to achieve accurate results 

using intensity-based 2D-3D image registration. 

Compared to bony structures, soft tissue structures are normally larger and thus have 

lower spatial frequencies. They also have lower contribution in the intensity distribution due 

to their lower attenuation coefficient. To get an image with high attenuation coefficient 

values and avoid the effect of soft tissue structures in the alignment process, removal of the 

soft tissue structures from the CT image can be done through thresholding. A threshold value 

of 400/ 600 Hounsfield Units (HU) provides a good result which can be used to compute the 

similarity measure. Surgical instruments, if any, in the intraoperative CT image are removed 

in this step as those are normally made of materials of high attenuation coefficient. If there 

are more than one rigid structure (bony structure) the relative position might be different 

among them in two images. That can be avoided by registering only one rigid body or can 

be solved by solving the relative transformation between the two rigid structures in a 

previous step.  

Pincushion distortions, the heel effect due to X-ray anode and electron optics and the 

shading difference between the center and the periphery of the detector are not present in 

modern C-arm systems with flat panel detectors (Seibert 2006). For getting the DRR 

simulation of the CBCT image, X-ray projection needs to be as perfect as possible.  

The source point emits a bunch of rays towards the detector and passes through the 

volume. For simplicity, the scattering effects can be ignored. The attenuation coefficient of 

the voxels in the trajectory of the ray between the source and the detector are considered, 

which are summed to get the final attenuation value for the detector pixel. For ease of 

calculation and ignoring the irrelevant part of those rays only the part of the ray that is inside 

the volume can be considered. Moreover, to select sufficiently necessary rays only those rays 

which go through the centers of the pixels of the detector can be considered. Thus, the 

number of rays considered initially is the number of the pixels in the detector.  

The planar projections can be a quadrilateral, a pentagon, or a hexagon. Only those 

rays which intersect those polygons but that need more complex implementations can be 

considered. For simplicity, only the minimum bounding rectangles (MBR) can also be 

considered (Li et al 2008). 
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The other sources of possible noise are electronic, quantum and reconstruction filters 

used while acquiring CT images. Hilts and Duzenli described that these noises in CT images 

are typically Gaussian and independent of tissue attenuation (Hilts and Duzenli 2003). A 

Gaussian noise-removing filter with varying kernel sizes can be applied to the CT image 

data prior to DRR calculation. 

The rays which pass through the volume and contribute to DRRs pixel intensities are 

considered in all the views. For example, if there are 3 reference images in a certain C-arm 

pose, 3 sets of rays are calculated which pass through the volume if the viewpoint and image 

plane are also in the same pose as the C-arm. So, generally, the number of rays for each set 

is the total number of pixels in the image plane but the number of rays might be more while 

oversampling of pixels is done for better resolution. Those rays which do not intersect the 

volume are left. So, these sets of rays which are sets of voxel coordinates are calculated once 

and stored. It is also called transgraph. So, each time a transformation on the volume is 

applied, the intensities of voxels at these coordinates also change accordingly. To avoid this 

computational overhead only those rays that cross all the slices of the volume can be 

considered, reducing the number of rays needed to calculate the DRR and therefore the 

computational time. It also increases the probability of getting a better registration result as 

those parts which contain less information in the volume in the DRR are not considered.  

 Algorithms to find out the straight-line are very time consuming. As these DRRs are 

required as intermediate steps in registration algorithms for interventional use, a fast 

algorithm needs to be applied. Classical methods are Bresenham's algorithm (Bresenham 

1963), Siddon’s algorithm (Siddon 1985), attenuation field algorithm (Russakoff et al 2005) 

and Wobbled splatting by Birkfellner (Birkfellner et al 2005). The impacts of interpolation 

with neighboring pixels should also be considered to get accurate DRRs. On the other hand, 

the use of graphics processing units (GPU) and parallelism can dramatically increase the 

speed of DRR calculation. 

3.7 Registration accuracy measures and validation 

The 2D-3D registration accuracy depends on some factors like number of images 

considered, field of view, resolution of image data, presence of surgical tools and 
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optimization algorithm. To validate the registration result, a registration error needs to be 

calculated. Normally three main types of error are calculated to assess registration errors 

which are: fiducial localization error (FLE), fiducial registration error (FRE), and target 

registration error (TRE) (Fitzpatrick et al 1998). FLE is error of localization of the fiducials 

which are used to calculate the transformation. FRE is the root mean square distance between 

the fiducial points in reference image and the fiducial points in moving image after applying 

the computed final transformations. Whereas, TRE is the Euclidean distance between the 

position of the targeted object in reference image and the position of the targeted object in 

moving image after applying the computed final transformations. All of which can be 

applied for feature-based registration or point-based registration whereas for gradient-based 

registration and intensity-based registration TRE is the most acceptable measure. Fiducial-

based measures, FRE and FLE, being independent of the imaged object, depends only on the 

fiducial localization. Moreover, the rigid registration has a closed-form solution for the 

fiducial-based experiments with a phantom (Golub and Van Loan 1963, Horn 1987, Arun et 

al 1987, Umeyama 1991) but the result can be erroneous if localization of the fiducials is 

not correct which is very common. 

To validate registration algorithms different authors have proposed specific gold-

standard datasets and methodologies for the different applications. Rusakoff et al (Russakoff 

et al 2003) proposed a clinical gold-standard data set for spine and vertebrae intensity-based 

registration consisting of CT images and X-rays to evaluate the accuracy and robustness. 

Mutual information, cross correlation, and gradient correlation were assessed using this 

dataset as the three best similarity measures (Russakoff et al 2003). A gold standard data and 

method for evaluation and comparison of registration techniques for image guided surgery 

was also published by Tomaževič et al (Tomaževič et al 2004). They have established highly 

accurate correspondences between 3D CT image and MR images and 18 2D radiographs of 

a cadaveric lumber spine phantom (Tomaževič et al 2004). A standardized method for the 

evaluation of 2D-3D registration algorithms was also proposed by van de Kraats et al (van 

de Kraats et al 2005), including measures to assess their accuracy and robustness, and 

providing a dataset with 3D digital subtraction angiography, 2D digital subtraction 

angiography and 2D maximum opacity images (MAX) from ten patients as gold standard 

clinical data. As radio-surgical applications are more affected by soft tissue deformations, a 
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dataset with CT, MR and 3D radiography X-ray images of a cadaver pig head with fiducials 

was published by (Pawiro et al 2011). 

3.8 Open challenges in the IGIOERT  

With the technological advancement in medical imaging, surgeons and oncologists 

are focusing on IGRT for maximizing the positive outcomes of targeted therapy minimizing 

collateral damage to healthy tissue. Image guided radiotherapy relies on the anatomic and 

volumetric image datasets including CT, US and MRI images. Beside structural imaging, 

functional imaging like PET or functional MRI are also being used for detecting functional 

changes in human body. Moreover, current technology can acquire 3D and 4D positions of 

the target and enables getting real-time information of the targeted organ leading to a better 

intraoperative planning. Both tumours and normal tissues deform spatially and with time 

during the whole course of treatment. The open challenge here is to assess if the radiation 

dose and the direction of the beam commensurate with the changes in the target tissues or 

tumour for successful radiation therapy.  

In IORT accurate mapping of the target area is important before the applicator is 

fixed with the LINAC and the target area (Valentini et al 2002). Similarly, in IOERT, which 

applies a single-fraction high dose of electron beam radiation directly to the target volume, 

accurate mapping of the target area is also needed. The treatment parameters like applicator 

dimension, bevel angle, pose, beam energy are chosen according to the surgical scenario, 

extent of disease and clinical experience of the radiation oncologists (Nag et al 2011) in a 

pre-plan before the surgery. Several types of applicators are available for different purposes. 

For example, a spherical applicator is commonly used in breast IORT, for the radiation in 

inner-cavity surfaces, whereas for kypho-IORT in spine metastasis the needle applicator is 

used. On the other hand, flat and surface applicators are useful in the head and neck and 

abdomen/pelvis regions. A flat applicator is better when a uniform dose at a given depth is 

desired. With the use of larger applicator diameter, the dose homogeneity is improved with 

decreased dose-rate and increased treatment time. On the other hand, applicators with 

diameter ≤ 2 cm are useful for high surface dose. Therefore, to be on the safe side, the 

applicator with largest possible size that fits with the targeted area is desirable (Sethi et al 
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2018). The open challenge here is to assess the type of the applicator and the dimension of 

the applicator needed for the treatment. 

Still, the radiation oncologists need to modify the original plan during surgery, to 

minimize the risk of irradiating critical structures as the retraction of structures and removal 

of cancerous tissues of the targeted organ produces geometrical and anatomical 

modifications. Software tools (Pascau et al 2012) allow for IOERT planning, where the 

applicator can be virtually positioned on a CT image to maximize the dose delivered to the 

target volume and minimize its effect on the organs at risk, using a Monte Carlo simulation. 

Given its potential advantages regarding usability and providing information about the 

internal structures, we believe that the intraoperative 2D image guidance of the IOERT 

procedure could enable proper therapy surveillance of radiotherapy delivery during surgery. 

To our knowledge, there is no previous work that has solved all these issues related to the 

update of IOERT planning during surgery using intraoperative 2D images. The open 

challenge is to assess the intraoperative updating of the preplan through accurate tracking 

and positioning of the applicator for the treatment with the help of intraoperative 2D image 

i.e. using minimal radiation. 

Though in medical image research and IGRT image registration plays a vital role, 

there is an important lack of appropriate software for 2D-3D registration methods applicable 

for this specific problem. So, beside working on developing a new 2D-3D registration it is 

also needed to focus on developing a complete software module for 2D-3D registration for 

this problem.  
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4 Workflow 

4.1 Problem definition and proposed workflow 

The proposed protocol updates the IOERT planning just before irradiation using 

exclusively a preoperative CT image and the 2D radiographs obtained with a C-arm system 

in the intraoperative scenario. With the premise that a suitable system should minimize the 

use of additional calibration procedures or external tracking devices, the proposed protocol 

uses only an applicator with fiducials and fiducials on the patient’s skin both during 

preoperative and intraoperative acquisitions. 

The image guided IOERT navigation protocol has the following steps: (a) radiopaque 

markers are placed on the patient’s skin around the region of interest (ROI) (specifically, the 

planned surgical incision area) and on the applicator. (b) the CT image of the applicator and 

the preoperative CT image of the patient’s ROI is acquired (c) the surgery is performed, 

removing the cancerous tumor. (d) the LINAC and the attached applicator are placed in an 

initial position (e) in the operating room intraoperative fluoroscopic projections are acquired 

(f) the segmentation of fiducials in all 3D and 2D images is performed (g) the image 

processing workflow follows to find the transformation between IOERT applicator and 

patient. This helps to track the applicator in the real scenario and display over the 

preoperative CT image. (h) the updated position and orientation of the applicator are assessed 

with respect to the prescribed treatment plan and the dose distribution is calculated. (i) 

LINAC delivers the prescribed dose to the target volume through the applicator. The image 

processing workflow for the presented IGIOERT protocol is defined using the following 

steps: (a) the pose estimation of the C-arm intraoperative radiographs, relative to the IOERT 

applicator, taken as a common reference. (b) initial pose estimation of a virtual applicator in 

the preoperative scenario using point-based registration. (c) refinement of this initial result 

using a 2D-3D intensity-based registration of the intraoperative C-arm radiographs and the 

preoperative CT image. 

This workflow guides the oncologists to accurately position the virtual applicator in 

the preoperative CT image according to the actual situation during the intraoperative 
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scenario, allowing the updating of the radiation planning and the verification of the IOERT 

treatment without using an external tracking system. The proposed protocol is described in 

Figure 13. 

The workflow implies finding rigid transformations between different reference 

frames denoted 𝑓{ for the applicator, 𝑓1	for the patient in the intraoperative scenario, fp for 

the preoperative CT image, 	𝑓�(o), 𝑓�(3),	𝑓�(�), ...,	𝑓�(^)	for the n camera frames of the 

intraoperative projections. The corresponding C-arm radiographs’ coordinate reference 

frames are defined as 𝑓@(o), 𝑓@(3), …, 𝑓@(^). 

Using homogeneous coordinates, the rigid transformation between reference frames 

can be expressed by 4 × 4 matrices. 𝑀	{
A corresponds to the transformation from applicator 

reference frame (𝑓{) to the preoperative CT image reference frame (fp). This rigid 

transformation is the desired solution of the workflow and places the virtual applicator in the 

preoperative CT image for updating the surgical plan. 

                      

Figure 13: Our aim is to place a virtual applicator on preoperative CT image to update the IOERT planning 
through registration of intraoperative projection images and preoperative CT image. The proposed protocol 
includes fiducials on the skin and fiducials on the applicator 
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In a similar way, we define the 4 × 4 matrix 𝑀{
�(^)  as the rigid transformation from 

the applicator frame (𝑓{) to the camera frame of a certain pose n of the C-arm system 𝑓�(^) 

that expresses the extrinsic camera matrix. 

We denote the 3 × 4 matrix 𝑀�(^)
@(^)  as the intrinsic matrix that transforms 3D 

coordinates from the camera frame (𝑓�(^)) to the 2D C-arm radiograph image frame (𝑓@(^)). 

The following subsections detail the methods to derive each of these transformations 

from the input information. 

4.2 C-arm pose estimation 

In the first step of our workflow, we use a fiducial-based approach for the pose 

recovery of the C-arm, 𝑀{
�(^) , i.e., the external calibration, for every camera reference. 

Radiopaque metallic markers, attached to uniquely identify the fiducials in the projections, 

are used to relate each camera view frame (	𝑓�(^)) with the applicator reference frame (𝑓{). 

The following subsections detail the methods to derive each of these transformations from 

the input information.  

In our protocol, we propose to modify a standard cylindrical PMMA applicator by 

attaching or embedding metallic spherical markers into the external surface along a helical 

shape. One bead is of a different size to distinguish it as the first bead in order. The distance 

between consecutive applicator fiducial markers is varied randomly to avoid possible 

mistakes identifying fiducials because of geometrical symmetries, while the helix minimizes 

the risk of occlusions between markers in lateral and top-down views. A CT image of the 

applicator allows obtaining the 3D coordinates of the centers of the markers ( 𝑥���{ ) with 

respect to the internal frame of reference 𝑓{. In CT, 𝑥���{  are estimated with subpixel 

accuracy as the center of mass of a 3D spherical structure. 

First, an intensity threshold I� is set to separate the marker region from the main 

structure of the applicator. Then, a spherical connected component region is calculated 

followed by an intensity weighting method on each connected region to find each marker 
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centroid ci of the applicator	(x���) markers where AFM denotes applicator fiducial marker. 

The following equation determines the center of mass of each marker: 

 
c� =

∑ (I(p) −�∈� I�)p
∑ (I(p) −�∈� I�)

 (17) 

 where I(p) is the intensity of the voxel at position p and R is the connected region where p 

belongs. 

 

Figure 14: From the intraoperative reference images, we first segment and identify fiducials on the applicator 
(in red). Moreover, from the CT of the applicator, the 3D coordinates of the applicator fiducials are already 
known. A 2D-3D point-correspondence algorithm determines the position and orientation of the C-arm. 
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The projection of the applicator fiducial markers, i.e., their 2D coordinates in the 

projection images’ reference frame (f�(�)), are denoted as x���(�)	, j	 ∈ 	 [1, J]	
�(�) , where J is 

the number of fiducial markers projected on the reference image. In this case, the markers 

are automatically segmented in the radiographic images using a Hough transform and 

support vector machine (SVM) classifier. The Hough transformation detects the circular 

shapes of the image, and the SVM classifier allows marker projections to be found among 

the candidates detected by the Hough transformation. The features used by the SVM 

algorithm were chosen ad hoc and they are: the radius of the circular shape; the minimum, 

maximum and average values within the shape, and the minimum, maximum and average 

values in a ring around each shape detected by the Hough transform. 

The C-arm poses M	�
�(�) are estimated individually for each C-arm camera view n 

using the set of 3D coordinates of the applicator fiducial markers defined in the applicator 

frame of reference f�, x���( ), k	 ∈ [1, K]	�  and the set of 2D coordinates of the projections 

of the fiducial markers in the image frame	f�(�), x���(�), j	 ∈ [1, J]	
�(�) , where J is less than 

or equal to K. The intrinsic camera calibration	 M	�(�)
�(�)  can be precomputed in advance. 

Considering that the image distortion of a flat panel C-arm is negligible (Jaffray et al 2002, 

Seibert 2006, Klingler et al 2017), in the case of the system used, we did not need to correct 

it. Therefore, four possible solutions can be obtained for	 M	�
�(�) in the following equation:  

 x���(�) 	= 	 M	�(�)
�(�) · M ·�

�(�) 	�(�) x���( )	�  (18) 

where three 2D-3D correspondences from the set S = (j, k)o, (j, k)3 … (j, k)¥} are used that 

can be disambiguated using a fourth correspondence. 

This P3P problem is implemented as a fast-closed-form solution (Kneip et al 2011) 

and iteratively computed in the RANSAC outlier rejection step (Fischler and Bolles 1981). 

Manual or automatic initial 2D-3D correspondences are not necessary, but all remaining 
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possible pairs are included in the RANSAC algorithm. The only exception is the first 

applicator fiducial marker that is easily matched because of its difference in size. The 

remaining possible pairs of set S in the P3P problem are randomly chosen for all possible 

2D-3D correspondences (𝑗, 𝑘)|𝑗 ∈ [1, 𝐽 − 1], 𝑘 ∈ [1, 𝐾 − 1]. 

Finally, a nonlinear solution of the perspective-n-point problem using all the 2D-3D 

correspondences, not classified as outliers, reduces the estimated error of the pose recovery 

(Moreno-Noguer et al 2007). Figure 14 explains the 2D-3D correspondences. 

4.3 Applicator pose estimation 

                

 

Figure 15: 2D-3D point-based registration that uses 3D fiducials on the patient skin xª��(«)	
� in green, and 

segmented 2D projections ( xª��(¬)
�(�) ) on C-arm intraoperative images. Two projections are taken from 

two different poses of the C-arm 
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Once the C-arm camera view poses are recovered M�
�(�) , additional fiducial markers 

are used to position the applicator in the preoperative scenario (the applicator pose) 

calculating matrix M�
	� , i.e., the transformation from fa to fp reference frames. In our protocol, 

we propose to use at least six fiducial markers adhered to the patient’s skin via adhesive pads 

and placed on the skin surrounding the surgical field of interest (Figure 15). These skin 

fiducial markers consist of metallic markers of a different diameter to that of the applicator 

fiducial markers to be distinguished from the applicator fiducial markers in the radiographic 

images. Their 3D coordinates in the preoperative CT image, i.e., in the f� reference frame, 

are denoted as xª��(«)
� ,	l	 ∈ [1, L] where SFM denotes skin fiducial marker. Their 2D image 

coordinates in C-arm radiographic images are denoted as xª��(¬)
�(�) 	q	 ∈ [1, Q], where Q is 

less than or equal to L. 

To locate the skin markers in the preoperative CT image, first, thresholding using a 

2000 HU threshold removes all biological tissues and following a 3D spherical structure 

estimates the skin fiducial markers’ centers of mass (Eq. (17). In the radiographic 

projections, the skin fiducial marker coordinates, xª��(¬)
�(�) , are detected together with the 

applicator coordinates, x���(�)
�(�) , as the center of mass of a circular structure, but different 

sizes are used, they are separated using hierarchical agglomerative clustering with 

unweighted centroids (Müllner 2011). 

Because the transformation of the skin markers between the preoperative and 

intraoperative scenarios may be nonrigid, the method considers more than one projection to 

estimate first the 3D locations of the skin markers from at least one pair of projections, and 

then, we estimate the best rigid approximation of this nonrigid transformation by a point-

based 3D-3D registration process. As the first step of this process, after recovering the C-arm 

poses, M�
�(�) , of a projection pair nA and nB, we match the skin fiducial marker projections 

in both radiographs, xª��
�(�°)  and xª��

�(�±)  using epipolar geometry (Russakoff et al 2003) 

by finding the minimal distance between the epipolar lines of xª��
�(�°)  in the nB projection, 

and vice versa. Once the markers’ projections are paired, we can estimate the 3D coordinates 

of the skin fiducial markers in the applicator frame of reference f�, denoted as xª��� , from 

its projections in two radiographs: 
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xª��(¬) 	= 	 M	�(�°)

�(�°) · M	�
�(�°) ·	�(�°) xª��(²)	�  

xª��(¬) 	= 	 M	�(�±)
�(�±) · M	�

�(�±) ·	�(�±) xª��(¬)	�  

 

(19) 

This triangulation is solved linearly, followed by nonlinear optimization (Russakoff 

et al 2003), which needs three common skin fiducial markers’ projections matched on both 

radiographs to estimate a solution, but using four skin fiducial markers is the minimum 

recommended number for robustness. 

Once xª��(¬)	� are estimated, a point-based 3D-3D registration between 

corresponding set of xª��(¬)	
�  and xª��(¬)	�  is performed. Instead of a classical iterative 

closest point algorithm, a brute force scheme reports better results and can be calculated in 

real-time because of the small number of skin fiducial markers. Therefore, a set of rigid 

transformations for every permutation of xª��(¬)	
�  coordinates are estimated, and the result 

with the smallest root-mean-square error is chosen that compares the CT image coordinates 

xª��(¬)	
�  with respect to the transformed skin fiducial markers xª��(¬)	� . The point-based 

registration result is M³´�
� 	, which transforms the applicator frame to the preoperative frame, 

which is our aim for the workflow. Thus, any point x�  of the applicator can be transformed 

to a corresponding point x�  in the preoperative CT image as follows:  

 x� = 	 M³´�
� · x� . (20) 

4.4 2D-3D Intensity-based registration 

To consider postural changes and surgical procedure that alter the anatomy, a 

refinement process for M³´�
�  based on 2D-3D intensity-based gray-level registration is 

necessary to align the internal structures. We assume that a rigid registration referring to the 

closest rigid structure (bone) provides a good estimation of the applicator position in the 
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preoperative space and that our registration process falls under a rigid transformation that 

relates 3D coordinates of the CT image (f�) to 2D coordinates in the C-arm radiographs (f�). 

Let us consider the output of the intensity-based 2D-3D registration refinement as 

Mµ. Thus, from Eq. (20: 

 M¶· =�
� Mµ · M³´�

�  (21) 

where M¶·�
�  denotes the applicator to intraoperative transformation after gray-level 

registration. 

To perform this process, we have considered the DRR generated from the 

preoperative CT image as the moving images and compared them with the intraoperative C-

arm radiograph images that are considered the reference images. Applying masking to 

confine the calculation of the objective function to the region of interest of both reference 

2D images and DRRs increases the probability of getting better registration results and 

avoids computational overload. 

The registration scheme described in the following subsections aims to align a 3D 

preoperative CT image to two or more intraoperative C-arm projection images. 

4.4.1 Preprocessing of the data 

As a preprocessing step, the linear attenuation coefficients for the different tissues 

present in the CT image dataset are calculated by converting HU numbers to attenuation 

values. The resolution of the CT image was chosen to be high enough to ensure DRR 

projections of comparable resolution to the 2D radiographs. Otherwise, local minima 

because of unmatched and blurred gradients may affect the stability registration (Uneri et al 

2014). 

Two steps are followed to constrain the registration to the region of interest and to 

make it more robust in the presence of image content mismatch (a) 2D radiographic masking 

and (b) 3D CT image segmentation. 2D radiographic masking is performed manually to 
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exclude regions associated with content mismatches such as the regions with 

instrumentation, retractors, surgical implants or markers that typically produce dark shadows 

because of their metallic property. This manual process is a subjective process. An automatic 

or semiautomatic segmentation process could be used for this part, but it would increase the 

computational burden and potential segmentation errors. In contrast, to make the procedure 

robust, it is always better to avoid the effect of nontransparent surgical tables in the 

preoperative images. In the preoperative CT image, a threshold-based segmentation method 

is used to remove the bed. 

4.4.2 DRR generation 

As a result of the matching procedure of the skin fiducial markers, we have an initial 

transformation that can be considered to generate the DRRs of the 3D dataset to be registered 

to the 2D C-arm radiographs’ reference images. The DRRs are simulated for each C-arm 

camera view pose to calculate a similarity measure with reference images at the time of 

optimization. The intensity values for each pixel of the DRR images are computed by 

summing up the attenuation coefficients associated with each volume element (voxel) along 

a ray between points of the imaging plane and the imaging source. 

Because 𝑀�¸{
A 	(Eq. (20) is known, we can also derive the following, 

 𝑀�¸A
@(^) = 𝑀 · 𝑀{

�(^) · 𝑀�¸{
A

�(^)
@(^) ¹o

 (22) 

where 𝑀�¸A
@(^)  denotes the transformation from the preoperative frame to the projection 

image frame. 

First, n DRRs of the volume are generated from n perspectives using 𝑀�¸A
@(^) 	from 

Eq. (22. Then, for better matching of the CT image-derived DRR images with respect to the 

C-arm radiography images, the DRRs are normalized to the same intensity ranges. 

Even after perfect projection and normalization, there are two main differences 

between DRR and projection images. One is the presence of surgical instruments in the 
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intraoperative situation when the C-arm projection is taken, which is not present in the 

preoperative CT image-generated DRR. Another difference is the inherent dissimilarity 

between the simulated CT image projections and the C-arm radiographs, as further discussed 

in the following section. 

4.4.2.1 Objective function 

The differences between C-arm projection images and DRRs are because of 

differences in image formations and changes in the imaged objects. In general, differences 

in image formation are caused because of distortions in the projection images, truncation, 

different resolutions, different X-ray energies between the modalities, heel effect, 

nonuniformity of the image intensifier response, and postprocessing of the projection 

images. Furthermore, the proposed DRR simulation does not account for these differences. 

In contrast, differences because of changes in imaged objects are caused by overlaying and 

underlying structures, interventional instruments in the field-of-view (FOV), or anatomical 

deformation (Penney et al 1998). These differences require the use of a heterogeneous 

monomodal similarity metric. 

The combination of similarity metric and optimizer considerably affects the 

registration performance. The choice of metric depends on the characteristics of the images 

being registered and their quality. The performance also depends on the actual application. 

Comparative studies (Russakoff et al 2003, Birkfellner et al 2009) show that metrics based 

on local intensity correspondence tend to outperform those based on global intensity (e.g., 

mutual information, MI) in 2D-3D registration. In this work, we proposed using the 

normalized gradient correlation (NGC) as the similarity metric that enables the comparison 

of the two types of images despite the mentioned differences. 

4.4.2.2 Optimization 

To ensure convergence, our intensity-based method needs an effective starting point 

to get an accurate result (Livyatan et al 2003, van de Kraats et al 2005, Markelj et al 2012). 

Following Otake et al (Otake et al 2015), the detector is placed as close as possible to the 

patient (to maximize radiographic FOV), defining an initial translation along the Z-axis to 
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be equal to half the size of the volume (sometimes termed as patient separation). As 

described in subsection 3.5, the point-based registration method is used as an initializer, and 

its main function is to provide an approximate and sufficiently close solution. 

The Powell-Brent optimization method which is a conjugate direction method and 

performs a one-dimensional line search for exact minimization is used to obtain the optimal 

transformation of the CT image for alignment. Here, the maximum number of iterations was 

used as the stopping criterion for convergence. The maximum number of iterations was 

decided experimentally by observing typical convergence curves.  

4.4.2.3 Evaluation methodology 

The accuracy of the applicator pose is assessed by acquiring an additional volumetric 

image, CT image or cone-beam CT (CBCT) image, of the intraoperative scenario for 

validation purposes only. The positioning error of the actual applicator position retrieved 

from that volume, with respect to the virtual applicator position calculated following the 

proposed workflow, was computed. This translational error (Errortrans) was estimated using 

the Euclidean distance between the coordinates of the point on the applicator’s Z-axis 

(vertical axis), which is closer to the patient and located at the end of the applicator length, 

and the corresponding point of the calculated virtual applicator position. The orientation 

error (Errorrot) is assessed by comparing the angle of the estimated applicator longitudinal 

axis with its actual axis. 

Because the intraoperative volume is available, the result of 3D-3D registration 

between the intraoperative volume and preoperative volume is considered as the ground truth 

and is stored in two matrices. One is 𝑀{1 , where 𝑀{1  is the transformation from the applicator 

frame of reference 𝑓{	to the intraoperative volume reference frame 𝑓1. Another is the 3D-3D 

registration result 𝑀1
A , where 𝑀1

A  transforms the intraoperative volume reference frame to 

the preoperative volume reference frame. Therefore, the final transformation that represents 

the ground truth can be calculated as follows: 
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 𝑀º» ={
A 	 𝑀1

A · 𝑀{1 , (23) 

where 𝑀º»{
A  denotes the applicator to preoperative transformation, defining the ground truth 

applicator position in the preoperative scenario. 

The final error of the proposed workflow can be calculated by measuring the distance 

between the origin of the applicator and the orientation of the applicator axis in the 

preoperative CT coordinate system and the ground truth. Therefore, from Eq. (22) and 

Eq. (23), we define the following: 

 

Errortrans = Norm	( 𝑀º½{
A · 𝑥 −	{ 𝑀º».{

A · 𝑥{ 	) 

                          Errorrot = cos-1( b �ÀÁ	Â
Ã ·Ä	·	 �ÀÅ	Â

Ã ·	Äc
(∥ �ÀÁ	Â
Ã ·Ä∥·∥	 �ÀÅ	Â

Ã ·Ä∥)
) 

 

(24) 

where, 𝑥{ 	is the origin of the applicator coordinates in homogeneous form.  

4.5 Implementation 

MATLAB was used to design the custom software needed. For the intensity-based 

registration, Elastix was used as a toolbox for MATLAB. The proposed pipeline has been 

run on a computer with AMD FX (TM)-8350 eight-core Processor, 32 gigabyte of random 

memory (RAM) and Ubuntu 16.04 operating system. 
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5 Experiments and results 

Different experiments were conducted with a physical plastic bone phantom and a 

physical animal phantom consisting of a pig lower limb to evaluate the proposed algorithm 

in terms of performance and accuracy. In addition, a proof of concept experiment using 

human data from a sarcoma patient was also performed. 

Subsection 5.1 describes the preliminary experiment with a plastic bone phantom. 

Subsection 5.2 describes the experiment performed using the animal phantom, which details 

workflow setup, data acquisition for preoperative and intraoperative scenarios, registration 

parameters details, ground truth data and other details. Finally, subsection 5.3 describes the 

feasibility and proof of the concept experiment using clinical data. 

5.1 First experiment with a plastic bone phantom 

To test and validate the proposed acquisition protocol and image processing a first 

experiment was performed with a physical plastic bone phantom (Figure 16). The position 

of the virtual applicator in the preoperative CT image was estimated using the proposed 

workflow that involves the following changes in the acquisition protocol: a) The 

radiotherapy applicator incorporates a marker pattern by construction; b) the preoperative 

CT image of the patient includes skin markers around the planned surgery incision area; 

c) C-arm projections are acquired with the applicator located in the treatment position 

(Figure 17). The following steps were followed in the workflow: 1) Estimation of the rigid 

transformation between the C-arm camera and the applicator; 2) estimation of an initial rigid 

transformation between the applicator and the CT image preoperative data; 3) refinement 

using a 2D-3D intensity-based registration. The experiment is described as follows. 

5.1.1 Phantom description and data acquisition 

The proposed workflow was used with a low-cost phantom reproducing all the steps 

that would be involved in the real clinical scenario. The phantom consisted of a plastic bone 

surrounded by cylindrical foam. Fourteen metallic nipple markers (diameter 1 mm) were 

located on the phantom surface in 4 predefined constellations of different number of the 
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markers (specifically 2, 3, 4, 5) around the region of interest and another 12 markers of 2 

mm diameter were placed on the applicator (diameter 10 cm and without any bevel) in a 

spiral order (Figure 16). The preoperative CT image of the phantom 

(512 × 512 × 559 voxels, 0.726 × 0.726 × 1 mm3 of voxel size) was acquired in a Toshiba 

Aquilion LB CT scanner, with 120 kilovoltage peak (kVp). Another CT image of the 

applicator acquired with the same CT scanner provided the 3D coordinates of the markers. 

To recreate the treatment scenario the resected phantom with the IOERT applicator was 

acquired with a Philips FD 20 C-arm system which has a flat panel detector with 

400 × 400 mm2 active surface of 0.38 × 0.38 mm2 pixel size. 15 C-arm projections were 

acquired with relative angular distances of about 10°. For validation we acquired another CT, 

with the same CT scanner with same parameters, of the phantom with the applicator as the 

ground truth data. 

 

Figure 16: Preparation of the phantom (a) plastic bone, (b) cylindrical sponge (c) wrapped with rubber sheet 

(d) skin markers placed (e) applicator with markers is placed on the phantom 
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5.1.2 Experiments  

Following the workflow, we used one projection to find out the pose of the camera 

model. To make the experiment more realistic, the skin marker sets were moved ±10 mm in 

10 random directions before taking the intraoperative projections. In this first proof of 

concept experiment to assess if the intra-operative 2D-3D intensity based registration added 

any value we applied Normalized mutual information (NMI) as similarity measure and 

downhill simplex optimization for the 2D-3D intensity-based registration process, as they 

had been previously proposed in the literature (Chen et al 2007). For each random movement 

experiment two estimations were computed using two different pairs of views. We calculated 

the error for each random movement experiment and the TRE was calculated taking the 

mean of all the random movement experiments. The final transformation found allowed to 

locate the virtual applicator on the preoperative CT image and to measure the estimated TRE 

considering the CT image segmented markers’ centre as the ground truth.  

 

Figure 17: (a) Phantom with CT machine (b) Phantom with C-arm machine (c) Camera view for projection 
of phantom  

The workflow was implemented using a custom software and Medical Image 

Analysis (Wollny et al 2013) was used as development framework for this experiment 

initially. Later we moved to Matlab as development framework. 

(a)                                (b)                                   (c) 
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Figure 18: (a) Intraoperative projection of phantom (with applicator) (b) preoperative projection of the 

phantom (without applicator) (c) Initial overlay between position of preoperative and intraoperative 
projections of the bone phantom (d) position of preoperative and intraoperative projections after the 
intensity-based registration 

5.1.3 Results  

The proposed workflow successfully estimated the pose of the C-arm and the initial 

transformation based on the skin markers (with an estimated error under 1 mm) (Figure 18). 

Considering the random movements, the initial TRE after the point-based registration was 

in the range of 3 to 7 mm and after the intensity-based registration step the maximum TRE 

improvement achieved was 4 mm.  

As this preliminary experiment showed positive results, we further advanced to test 

the proposal with a realistic animal phantom study which is detailed in the next subsection. 

5.2 Experiment with an animal phantom 

The purpose of this experiment was a complete evaluation of the proposed protocol 

and methodology through realistic data. Specifically, an animal phantom consisting of a pig 

lower limb. We performed a feasibility study of the experimental setup and complete 

methodology. This experiment is described below. 

(a)                            (b)                              (c)                             (d)  



Experiments and results               73 

_________________________________________________________________________ 

 
 

5.2.1 Workflow setup definition 

Figure 19: (a) Polyurethane box filled with water and markers on surface of the box and applicator were 
used as a simple patient mimicking phantom for first feasibility experiments (b) X-ray projection 45-degree 
view (c) X-ray projection 90-degree view (d) LINAC for the CBCT image and 2D projections (e) Applicator 
fiducial markers detected (red circles) in 45-degree view (f) Applicator fiducial markers detected (red 

circles) in 90-degree view 

a) Phantom description and data acquisition 

In this preliminary test we used a polyurethane box of 10 cm × 12 cm × 23 cm as a 

simple phantom mimicking the patient volume. The box was filled with water as the X-ray 

attenuation of water is similar to soft tissue. Six lead markers of diameter size 4 mm were 

fixed on the surface of the box as skin markers. The box included a hole to locate the 

applicator. Six lead markers of diameter size 2.5 mm were fixed to the applicator as 

applicator fiducial markers. A CBCT image and 7 2D projections with angular differences 

of 45, 60 and 90 degree in two axes were acquired using the Elekta Synergy LINAC machine 

(Figure 19). 
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Figure 20: Centroids of three 3D applicator fiducial markers displayed in 3 different views (different markers 
displayed in different columns) 

b) Experiments 

The geometric center of the skin markers as well as applicator fiducial markers were 

determined as described in Section 4.2 and Section 4.3. Figure 20 shows the centroids of 3D 

applicator fiducial markers. Using centroids of different numbers of visible skin markers 

(specifically 3, 4, 5, 6) of visible markers, the point-based registration was applied. 

c) Results 

Applicator fiducial markers with 2.5 mm diameter were visible through 10 cm water 

with proper windowing. The markers were detected automatically when the applicator 

projection was mainly through air either in 90 degrees or 45 degrees. But when the applicator 
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projection was through water the automatic detection was difficult. Skin markers with 4 mm 

diameter were clearly visible through 10 cm and 23 cm water and could be detected with 

proper windowing. Markers of diameter size 1 mm were also tested but they were not so 

clearly visible. As expected, the point-based registration was more robust and gave better 

results when a greater number of skin markers were considered. With 3 markers the 

algorithm is unstable and does not provide a unique solution. With 4 markers the root-mean-

square (RMSE) was 7 mm RMSE. With 5 markers the RMSE was 0.13 mm, and with 6 

markers the RMSE was 0.32 mm. From the above results it was clear that beside the number 

of the markers accurate detection of the centroids of the markers was also very important.  

Based on these results we decided to use an applicator with 7 cm diameter with 

applicator fiducial markers to be placed in spiral order on the applicator. We also decided to 

use one marker with 5 mm diameter at the first position of the spiral order and markers with 

2.5 mm diameter to be used for the rest of the applicator fiducial markers. Additionally, 6 

skin markers of 4 mm diameter were decided to be used for the point-based registration. The 

experiment with a physical phantom, described in the next subsection, was performed using 

these number and type of fiducial markers. 

5.2.2 Phantom description and data acquisition 

An 11-kg pig lower limb was used as a realistic phantom of our patient. The pig lower 

limb was kept in a plastic tray and fixed with pieces of expanded polystyrene so that it did 

not move while imaging. A preoperative CT image of the pig lower limb was acquired as 

the dataset of the preoperative study (Figure 21a). In addition, a CT image of the applicator 

was acquired to obtain its exact geometry, including the applicator fiducial markers located 

Volume Voxel 
Size (mm3) Dimension (voxels) Voltage 

(kVp) 
Exposure 
(mAs) 

Preoperative CT 
image 0.98 ´ 0.98 ´ 1 512 ´ 512 ´ 480 130 132 ± 62a 

Intraoperative 
CBCT image 
(Ground truth) 

1 ´ 1 ´ 1 410 ´ 410 ´ 264 70 144 ± 54a 

Applicator CT 
image 0.25 ´ 0.25 ´ 1 512 ´ 512 ´ 248 130 132 ± 62a 

aMean ± standard deviation (SD) 

Table 3: Specifications of the 3D dataset used for the experiment 
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as described in the Section 4.2). Table 3 summarizes the specifications of the preoperative 

CT image and intraoperative CBCT image of the animal phantom, and the CT image of the 

applicator used in the experiments and acquired with conventional clinical scanners. 

a)  CT acquisitions 

 

 

 

 

 

 

 

 

 

A CT image of the applicator with 7-cm inner diameter and without any bevel, made 

of a PMMA tube was also acquired to extract the exact geometry and location of the 

applicator fiducial markers. There were nine Suremark fiducial markers with a diameter size 

of 2.5 mm and one with a diameter size of 5 mm located (b) on the surface of the applicator 

following a spiral layout. Six skin Markers of diameter 4 mm were placed on the skin 

surrounding the area of interest of the animal phantom and the CT image of the animal 

phantom was acquired on the same Siemens CT simulator. After the CT image acquisitions, 

the pig lower limb and the applicator were transferred to the LINAC room. 

Figure 21: (a) Fiducials on skin for preoperative CT image acquisition (b) Applicator with fiducials in spiral 
disposition (c) and (d) Pig lower limb volume after removal of some tissue to acquire the intraoperative 
volume with the applicator located on the radiation target area 
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b) Intraoperative CBCT data 

Depending on the IOERT scenario, the applicator was placed on the target region of 

interest using an articulated arm firmly attached to a fixed structure. In our experiment, the 

applicator was fixed to the tray that kept the pig lower limb stationary. To simulate the tumor 

remc). No skin markers were removed in this step, although the relative positions of the 

markers changed because of soft-tissue movement during tissue removal. 

The intraoperative CBCT image of the whole IOERT setting (pig with applicator, 

Figure 21d) was obtained with an Elekta Synergy LINAC, which was equipped with an 

electronic portal imaging device (EPID) and a CBCT system. Both the EPID and the CBCT 

X-ray unit used the same PerkinElmer amorphous silicon detector. The active surface of the 

detector was 410 mm ´ 410 mm, and the resolution was 1024 ´ 1024 pixels. The distance 

between the source and the imaging panel for the kV and CBCT imaging was 1536 mm. 

 

Figure 22: (a) Red arrows pointing at the location of fiducials on the applicator and green arrows pointing at 
the fiducials on the skin in the intraoperative C-arm radiograph considered one reference image. The blue 
colour shows the border of applicator (b) The binary mask 

c) Intraoperative C-arm radiographs 

Following the proposed protocol and workflow, the intraoperative 2D projection 

images of the IOERT setting (patient with applicator) were acquired with the same Elekta 

Synergy LINAC. The 2D C-arm radiographs were acquired at 120 kVp voltage and 5 mA 

current every 15 degrees (specifically -45, -30, -15, 0, +15, +30, +45) around the radial axis. 
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Figure 22a shows an example of projected radiographs with the skin and the applicator 

fiducial markers. 

In Figure 22a, the fiducials and the applicator are visible upon close inspection. The 

fiducials, applicator, other instruments and the tissues except boney part were also 

segmented to mask them out. The segmentation of the region of interest in the projection 

images was done manually creating a binary mask (Figure 22b). As described in the 

workflow (section 4.4.1) the mask was applied during the intensity-based registration 

process so that the objective function is calculated in the area of interest which reducing the 

local minima improves the performance of the optimizer. 

5.2.3 Registration 

For intensity-based registration, the Powell-Brent technique was used as the 

optimizer, as described in subsection 4.4.2.2. As a stopping criterion, the number of 

iterations was fixed to a maximum of 20. The maximum step length was set to 2 mm, the 

scale factor between translations and rotations was determined automatically, the step 

tolerance was set to 10-4, and the cost function value tolerance was set to 10-6. 

5.2.4 Definition of ground truth 

CBCT simulator Elekta Synergy was rotated around a fixed isocenter and was 

confirmed to be regularly geometrically calibrated, providing accurate intrinsic parameter 

values. Thus, no additional calibration was necessary for our experiment. 

Following Section 4.4.2.3, to derive the ground truth 𝑀º»{
A  (Eq. (23), the matrices 

𝑀	{
1 and 𝑀1

A 	were computed. First, to find the transformation ( 𝑀	{
1 ), we performed a 3D rigid 

point-based registration of the applicator fiducial markers detected on the intraoperative 

CBCT image, and the applicator fiducial markers retrieved from the applicator CT image 

(Arun et al 1987). 

Second, 𝑀1
A  was computed through a 3D-3D registration between the intraoperative 

CBCT image and the preoperative CT image. A point-based registration provided the initial 

transformation using four anatomical points manually identified in the CT image and in the 
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intraoperative CBCT image. This registration was refined using an intensity-based 

registration using mutual information and a one-plus-one evolutionary optimizer 

(Section 3.6.2). 

The result of this refinement was supervised by visual inspection, achieving a final 

3D-3D registration matrix 𝑀1
A . By applying Eq. (23, we derived the ground truth 

transformation 𝑀º»{
A  that can be used to calculate the reference pose of the applicator in the 

preoperative volume. 

5.2.5 Similarity measure and optimizer selection 

To ensure that the proper optimizer and similarity metric (subsection 4.4.2.1) were 

chosen, we performed an experiment to compare the use of NGC with the Powell-Brent 

optimizer (Figure 23) with respect to the use of GD, as proposed by Penney et al (Penney et 

al 1998) and the CMAES optimizer proposed in (Otake et al 2012a) (Figure 24). NGC, as 

used by Penney et al (Penney et al 1998), refers to the NCC between gradient images that 

are derived using Sobel operators.  

             

Figure 23:  Distribution of initial (red points) and final error after intensity-based registration (blue points) 

when the registration workflow uses NGC as the similarity measure in combination with Powell-Brent as the 
optimizer 
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5.2.6 Effect of C-arm relative pose of reference images 

Seven different poses of the C-arm were considered to acquire seven projections that 

were used as our reference images. The rotation angle differences among them were 15, 30, 

45, 60, 75, and 90 degrees. Random combinations of pairs of projections were used to 

complete the whole workflow and to analyse whether the resultant applicator pose differed 

depending on the selected pair of projections or on the angle difference between the 

projections in each pair. There were 15 such pairs tested, and the results are shown in Figure 

25. The registration of three pairs of angular separation between projection images 30, 75, 

and 90 degrees did not perform well. Except those 3 outliers, for all the other registrations 

corresponding to all the angular separations, the registration performed well. For the pairs 

with angular separation was 15, 45 or 60 degrees, we obtained successful and better 

registration results. 

To assess performance, the actual applicator position, as retrieved by the ground 

truth, was compared with the workflow result following the methodology described in 

               

Figure 24: Distribution of initial (red points) and final errors after registration (blue points) when the 
registration workflow applies GD as the similarity is measured in combination with CMAES as the 
optimizer 
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Subsection 4.4.2.3. The applicator axis-angle error was measured before and after the 

registration refinement with respect to the ground truth. The intensity-based registration 

improved the results of the initialization in 12 out of the 15 pairs of images used. The size 

of the non-masked area covering the projected region of interest in the reference images 

determined the success of the registration. The error box plots are shown in Figure 27. 

5.2.7 Workflow performance 

We assessed the global performance through the final error calculation of the whole 

workflow using the same 15 pairs of images. Figure 26 illustrates the alignment between the 

preoperative CT image and the intraoperative images to be compared by visual inspection. The 

registration aligns the bones well in the area of the applicator. Rigid registration does not 

account for the transformation of other bones outside the region of interest. 

. There were 10 pairs of images that resulted in a final registration error lower than 3 

mm in translation and 2 degrees in rotation. By using NGC as the cost function, the average 

error in translation was 1.9 ± 1 mm and 0.9 ± 0.7 degrees in rotation. If the outliers are not 

considered, the error in translation was 1.9 ± 0.8 mm and 0.9 ± 0.5 degrees in rotation. 

            

Figure 25: Rotational and translational errors after performing the whole workflow depending on rotational 
angle difference between projections.  
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Figure 26: (a) Intraoperative projection-reference image. (b) Initial preoperative DRR after initialization. 
(c) Preoperative DRR after final registration. (d) Comparison between initial DRR and reference image. 
(e) Comparison between the reference image and DRR after the final registration 

 

 

 

 

 

 

 

Figure 27: Registration accuracy. Translational and rotational error box plots denote the first/third quartiles, 
and lower/upper extremes respectively. Median marked by a horizontal red line and outliers by crosses. 
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5.3 Experiment with human data 

After the successful animal data study, the workflow was tested on a realistic human 

data. In this experiment, we used clinical data from a sarcoma case undergoing IOERT to 

evaluate the proposed workflow. For this purpose, we had available a preoperative CT image 

and an intra operative CT image during the procedure. The study was approved by the ethics 

committee at Hospital General Universitario Gregorio Marañón. Written informed consent 

was obtained from each patient enrolled for this study.  

5.3.1 Data and simulation 

a) Patient CT acquisition: 

CT image data were acquired both preoperatively and intraoperatively. A 

preoperative CT image was acquired using an Aquilion Large Bore CT simulator (Toshiba, 

Japan). The IOERT protocol was modified to incorporate the acquisition of an intraoperative 

CT image of the whole setting (patient and applicator) using the same CT machine and with 

the specifications listed in Table 4. 

As both the preoperative and intraoperative CT image data have a low resolution with 

a slice thickness of 2 mm, the data were interpolated to a slice thickness of 1 mm. The 

original CT image datasets did not include skin markers. So, to replicate the proposed 

workflow, six 2-mm skin markers were added synthetically to both the preoperative and 

intraoperative CT image datasets around the region of interest at six corresponding 

anatomical points. To find out the same corresponding anatomical locations to place the 

markers digitally, both images were registered using the bone structures as the reference for 

rigid transformation. Then, as the skin surface was affected by a non-rigid deformation, the 

Volume Voxel 
Size (mm) Dimension (voxels) Voltage 

(kVp) 
Exposure 
(mAs) 

Preoperative CT 
scan 1.21 ´ 1.21 ´ 2 512 ´ 512 ´ 435 120 132 ± 62a 
Intraoperative 
CT scan 0.86 ´ 0.86 ´ 2 512 ´ 512 ´ 193 120 144 ± 54a 

 

aMean ± SD 
 
Table 4: Specification of the human dataset used for the experiment 
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final position of the markers in the intraoperative CT was selected as the point of the skin 

closest to the transformed position obtained by the rigid transformation. The position of the 

set of the markers in preoperative image and the position of the set of the markers in 

intraoperative CT image was not exactly same as we considered some non-rigid movement 

among them. 

     

Figure 28: (a) Example of a simulated intraoperative radiograph considered as the reference image. (b) Blue 

arrows point at the location of fiducials in the applicator and white arrows point at the fiducials on the skin. 
The fiducials and the applicator are visible upon close inspection 

 
b) IOERT Applicator 

The IOERT applicator with 7 cm inner diameter and made of PMMA tube with a 30° 

bevel angle was placed on the region of interest using an articulated arm that firmly attached 

the applicator to a radiotransparent subtable (which was used to transfer the patient from the 

operating room to the CT simulator room) placed on to the CT scanner bed. The maximum 

distance from the end of the applicator to the tumor bed was 30.5 mm. We didn’t have any CT 

of the applicator. So, we segmented the applicator from the intraoperative CT and measured 

the inner and outer surface from it. After that we calculated the inner and outer diameter and 

with the point cloud data, we fitted a cylinder and bevel to it. As the original acquisition did 

not include markers on the applicator, nine metallic spherical markers with a diameter of 3 

mm and an additional one with a diameter of 4 mm were artificially attached to the external 

surface of the fitted cylindrical applicator following a helical shape. 
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c) Simulation of projection radiographs 

The data required for this proof of concept include projection data and a 3D CT image 

dataset of the actual intraoperative scenario, a particular workflow that is not normally 

available. Therefore, we simulated the C-arm projections of the intraoperative situation as 

DRRs from the intraoperative CT image. Different poses of the C-arm were simulated to 

obtain 59 pairs of reference images. The intrinsic parameters for simulating the C-arm 

images were set as follows: The source-to-detector distance was 1050 mm, source-to-object 

distance was 800 mm, detector size was 40 cm ´ 40 cm (1024 pixels ´ 1024 pixels). To 

generate the DRRs, we used the final ray cast interpolator and the Euler transform. Figure 28 

shows the fiducials and the applicator on the projected radiograph.  

5.3.2 Experiment and performance 

We followed the same workflow set up as described in Chapter 4. Before registration, 

the preoperative CT image was clipped and masked, selecting mainly the bony structures for 

DRR generation. The registration parameters used were the same as those described in 

Subsection 5.2.3. 

 

Figure 29: Distribution of initial (red points) error after point-based registration and final error after 
intensity-based registration (blue points) taking several pairs of generated projections from the human data 
when the registration workflow uses NGC as the similarity measure in combination with Powell-Brent as the 

optimizer 
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Random combinations of pairs of projections of human data were used to assess the 

performance of the workflow. We considered 59 such pairs that had a translational error less 

than 10 mm and a rotational error around 2 degrees after point-based registration. The result 

is shown in Figure 29. 

 

 
 
Figure 30: Human data experiment. (a) Initial DRR for C-arm pose 1 after point-based registration (b) 
Reference image 1 with enhanced contrast (c) Final DRR after intensity-based registration (d) Difference 
between reference 1 and initial DRR (e) Difference between reference 1 and final DRR after intensity-based 

registration. Green arrows point to the region where we can see the difference 

Figure 30 and Figure 31 show the result of the workflow for a pair of C-arm poses 

used in the registration process. Figure 30-d and Figure 31-d clearly show that a significant 

initial error exists even after point-based registration (average translation error 6.59 mm, 

angular error 1.97 degrees). The green arrows point to the regions of difference. With the 

intensity-based registration refinement, the difference is minimized, and the bones overlap 

perfectly (Figure 30e and Figure 31e) achieving a final error of 0.55 mm and 0.09 degrees. 
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Among 59 registration experiments, 54 minimized both the translational and rotational 

errors. Among them, 48 experiments resulted in translational errors less than 3 mm and 

rotational error less than 2 degrees. Error analysis revealed angular accuracy of 0.5 ± 0.7 

degrees and translational accuracy of 1.2 ± 1 mm.  

 
 

Figure 31: Human data experiment. (a) Initial DRR for C-arm pose 2 after point-based registration (b) 
Reference image 2 with enhanced contrast (c) Final DRR after intensity-based registration (d) Difference 
between reference 2 and initial DRR (e) Difference between reference 2 and final DRR after registration.  
Green arrows point to the region where we can see the difference 

The final position of the applicator in the preoperative volume to update the 

radiotherapy plan shown in Figure 32 is represented in blue and overlaps with the ground 

truth green applicator given the small error achieved. The pose difference of the applicator 

before the refinement intensity-based registration step (red) and the ground truth applicator 

position (green) is clearly shown in that figure.  
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Figure 32: Final placement of the applicator in the human data experiment. The green applicator is the 
ground truth of the applicator position while red and blue correspond to the positions of the applicator before 
and after the refinement intensity-based registration step. Upper row represents the preoperative volume, 
always available to plan and simulate dose distribution to be delivered to the patient. Lower row represents 

the intraoperative 3D volume acquired during the IOERT procedure, rarely available and used in this work 
for validation purpose. 
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6 Discussion 

In this thesis, we have proposed a new protocol and image processing workflow to 

update the IOERT planning, transporting the actual pose of the applicator to the preoperative 

CT image for dose planning through a hybrid method using a point-based registration 

followed by an intensity-based 2D-3D registration. A realistic phantom experiment with a 

pig lower limb has proven the proper performance of the proposed protocol and image 

processing workflow. The positioning of the markers in this phantom experiment were 

subject to non-rigid deformations due to the resection process which helped us to evaluate 

our workflow in a realistic scenario. The applicator proposed in our workflow has the same 

geometrical design and structure as the commercial ones but includes attached markers to 

ensure proper image-based positioning as described in subsection 5.3.1. In other contexts, 

animal experiments have also been presented as reference data for testing different image 

guided surgery workflows such as the work and data proposed by Pawiro et al (Pawiro et al 

2011) using a cadaver pig head with attached fiducial markers. With this thesis we also make 

the data available as a new resource (http://doi.org/10.21227/gxpd-d998). This framework 

allowed us to prove the performance in the presence of soft-tissue deformations, which is 

more realistic and challenging. 

Moreover, our workflow works without any external tracking system. Our point-

based registration step gives an initial registration close to the solution. We have approached 

this step by implementing a marker-based robust initialization that does not require external 

tracking systems. In addition, because the distortion in images from flat panel detectors is 

negligible, we did not need any distortion correction step. Distortion correction would be 

required if a non-flat panel C-arm is used. In that case, the distortion parameters are pre-

calculated in a previous and independent calibration step, as proposed in (Li et al 2020) using 

a calibration phantom, and integrated into the proposed workflow as a pre-processing 

distortion correction step applied to the C-arm projections. The rest of the workflow remains 

the same. 

Our method can reach the solution while considering any amount of rotation and 

translation among the different frameworks, which is a great improvement over the existing 

methods that require tracking to solve this part of the workflow. 
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3D-3D registration between preoperative CT image and intraoperative CT image has 

been considered as the ground truth. An extra CBCT image dataset was used for this purpose 

on the pig lower limb experiment. The CBCT image had a low resolution with respect to the 

preoperative planning CT image. The computation of this ground truth transformation could 

include several sources of inaccuracies involved in the procedure, as follows: intrinsic 

reconstruction algorithm, limitations of the scanner system and intensity-based registration 

between two different modalities, as well as the difference in voxel sizes. In any case, the 

error was assessed to be under 1 mm. For better calculation of the ground truth, the 

alternative would be to acquire an intraoperative CT image. 

Our intensity-based registration masking the markers, applicator, surgical tools and 

soft tissues ensured robust registration results. The mask was created manually, and it can 

be created automatically starting from the projection of the bone structures in the CT image 

dataset given the initial transformation. 

We considered that a final target error of the whole workflow of less than 3 mm of 

translational error and less than 2 degrees of rotational error was a good performance. In the 

case of larger applicator sizes, angular errors greater than 2 degrees may affect the radiation 

dose prescription at the surrounding organs at risk. The performance of the whole workflow 

and the improvement achieved after the intensity-based registration was confirmed in 12 out 

of 15 registration experiments. The reference image pairs that did not show good performance 

were acquired in such a pose that the projection area of the region of interest was very small. 

Among the best 12 registrations, 10 registrations minimized the final registration error to a 

value lower than 3 mm in translation and 2 degrees in rotation. Furthermore, the results 

comparing the use of NGC and GD as cost functions in our intensity-based 2D-3D registration 

step demonstrated that NGC is more robust and accurate than GD because it can minimize the 

error with respect to the initial point-based registration in 12 out of 15 cases using Powell-Brent 

as the optimizer. In contrast, GD was able to minimize the initial error of the point-based 

registration in only 5 out of 15 cases, and only 2 of them gave a final registration error within 

the target considered. By using NGC as the cost function, the average error in translation was 

1.9 ± 1 mm and 0.9 ± 0.7 degrees in rotation. In comparison, by using GD (Figure 24), the 

average error becomes more than 5 mm in translation and more than 2 degrees in rotation. 
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The experiment considering different pairs of images did not show a definite relation 

between the angular separation of reference images with respect to the registration result. A 

separation of 60 degrees showed better overall results. To confirm if the angular separation 

affects the registration, we would need extensive tests with more pairs and datasets. From 

the available data of our experiments we notice that our algorithm is independent of the 

angular separation between projection images, and this does not impose any important 

requirements. The only important point to consider would be that the FOV of the projection 

should cover the region of interest as much as possible. 

The proof of concept study on human data shows that our algorithm works well in 

the clinical scenario and that the rigid transformation found in our workflow to update the 

applicator pose means a good result even in the presence of soft-tissue deformations. Among 

59 registration experiments, 54 minimized both the translational and rotational errors. 

Among them, 48 experiments resulted in translational errors less than 3 mm and rotational 

error less than 2 degrees. The average final error in translation is 1.2 mm and in rotation is 

0.5 degree. The quality assurance protocol from the Radiotherapy External Beam Quality 

Assurance Task Group 147 of the American Association of Physicists in Medicine 

(Willoughby et al 2012) requires a positioning accuracy in the treatment scenario within 2 

mm. In both the phantom and human data experiments, the average error was below 2 mm 

in position of the bevel center and below 2 degrees in orientation. The errors are small 

enough compared with the diameter of the applicator (70mm) and within the mentioned 

acceptable range (Willoughby et al 2012). The larger error in the pig phantom experiment 

might be because of a less accurate ground truth calculation. The CBCT image quality and 

the presence of strike artifacts make it difficult to estimate the center of the metal markers; 

therefore, the consequent point-based registration accuracy may be affected. In the 

experiments with human data, both preoperative and intraoperative CT images used to obtain 

the ground truth have no artifacts and the landmarks can be located with great precision. 

It is also important to note that the conventional method for the dose distribution 

estimation assumes water equivalent tissues at the end of the applicator. However, new 

research has revealed that it is better to consider the surface of the tumour bed and then 

assume air between the applicator end and that surface and water from that surface, which 

can be measured through surface scanning. Our work tackles the applicator pose update 



Discussion               92 

_________________________________________________________________________ 

 
 

during the procedure. Further research should consider the integration with surface scanning 

to have a better estimation of the dose distribution considering the tumour bed surface and 

its distance from the applicator.  

Open challenges may arise when the IOERT implies very large deformations due to 

the surgical procedure or when a bone structure cannot be identified as a reference. Further 

research will study how to deal with these nonrigid deformities. A final challenge to be 

considered is the accuraste applicator bevel angular position, that is important for the dose 

estimation. For this purpose a wire marker can be integrated at the lower edge of the 

applicator or the bevel to locate the exact depth of the applicator inside the region of interest 

and the bevel position. 
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7 Conclusion 

In this thesis, we propose a novel protocol and workflow to update the IOERT 

planning with the actual position of the applicator during the procedure to ensure the dose to 

be delivered to the target and surrounding organs.  

The proposed acquisition and setup protocol consist of a preoperative CT image, 

intraoperative projections, markers on the patient skin in preoperative and intraoperative 

situation and markers on the applicator. The protocol is proven appropriate and feasible using 

different phantom studies.  

The image processing workflow achieved accurate and robust results to update the 

applicator position during the procedure and consists of two main steps, i.e., an initial 

alignment achieved by a point-based registration, and a refinement step by a 2D-3D 

intensity-based refinement. The evaluation in the protocol in several physical phantoms and 

a proof of concept on a clinical case confirms the results and the applicability of the proposed 

workflow in the clinical scenario.  

Moreover, our method does not use any external tracking system for calibration. 

Thus, our method is free from additional problems that usually arise because of the line-of-

sight requirement of optical tracking systems or the need for large external fiducials that may 

occlude the area of interest.  

Our method shows an improvement over existing methods because it is more 

independent of the initial position of the volume. Our experiments also show that only two 

projections can give us optimal registration, thus reducing the exposure of rays on the patient. 

The combination of NGC as a cost function and Powell-Brent as an optimizer resulted in a 

robust registration.  

Our proposal can reach the solution while considering any amount of rotation and 

translation among the different frameworks, which is a great improvement over the existing 

methods that require tracking to solve this part of the workflow. 
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The results comparing the use of NGC and GD as cost functions with Powell Brent 

optimizer in our intensity-based 2D-3D registration step demonstrated that NGC is more 

robust and accurate than GD. 

Our algorithm is independent of the angular separation between projection images, 

and this does not impose any important requirements. The only important point to consider 

would be that the FOV of the projection should cover the region of interest as much as 

possible. 

The proof of concept study on human data shows that our algorithm works well in 

the clinical scenario and that the rigid transformation found in our workflow to update the 

applicator pose means a good result even in the presence of soft-tissue deformations. 
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8 Future Lines 

Possible future lines of research derived from this thesis are as follows: 

• Explore possible solutions for the problems that arise in the presence of large 

non-rigid deformations  

• Further studies of the applicability of the proposed protocol and workflow on an 

extended human study in the actual clinical setting. 

• Explore the extension of the protocol and workflow to non-radiographic 

intraoperative imaging techniques such as ultrasound, surface scanning, infra-red in 

the IOERT context to update surgical information into the TPS for accurate dose 

distribution estimation. 

• Explore better methods to correct metal artifacts, present in intraoperative images, 

for better estimation of the applicator pose. 

• Explore possible use of machine learning algorithm, like Deep Learning methods, to 

improve different steps of the workflow including the markers segmentation and the 

registration. 
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