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Abstract  

Small field of view (SFOV) gamma detection and imaging technologies for monitoring in 

vivo tracer uptake are rapidly expanding and being introduced for bed-side imaging and 

image guided surgical procedures. The Hybrid Gamma Camera (HGC) has been 

developed, at the University of Leicester, to enhance the localisation of targeted 

radiopharmaceuticals during surgical procedures, for example in sentinel lymph node 

(SLN) biopsies, and for bed-side imaging in small organ gamma imaging procedures such 

as lacrimal scintigraphy and thyroid scintigraphy. 

In this thesis, prototype medical phantoms including anthropomorphic three-

dimensional printed phantoms have been designed, constructed, and evaluated using 

representative modelled medical scenarios to study the capability of the HGC to detect 

SLNs and image small organs. Furthermore, the results of the first clinical feasibility 

study of the HGC has been discussed. The HGC was used to perform non-invasive hybrid 

gamma-optical imaging procedures on patients attending their routine scint32igraphic 

imaging appointments in a nuclear medicine clinic.  

Various quantitative and qualitative assessments have been conducted on different 

phantom configurations including simulating targeted tissues at several depths and 

using different radioactivity concentrations. Two generations of the HGC have been 

utilised, having two different thicknesses of columnar CsI(Tl) scintillator, and two 

pinhole collimator diameters (0.5 mm and 1.0 mm). Additionally, the behaviour of the 

HGC at a range of imaging distances and acquisition times has been examined. All of 

these factors were considered to judge the detection limitations of the HGC.  

The results demonstrate that the HGC was ideally suited for small organ imaging. The 

HGC capability to detect low activity uptake in small SLNs indicates its usefulness as 

an intraoperative imaging system during surgical SLN procedures. The ability of the HGC 

to utilise both pinhole collimators enhances its practicality and improves its ability to 

meet the needs of SFOV gamma imaging.  
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Chapter 1.  Introduction  
 

1.1. General role of nuclear medicine in healthcare services 

Over the past decade, significant technological developments have led to a remarkable 

shift in diagnosing disease and delivering treatment. As a result, the majority of 

advanced diagnostic and therapeutic decisions are based on imaging technologies and 

analysis of biological probes (1). Advanced computer calculations and radiation detector 

technology support the growth of available medical imaging technologies, such as 

magnetic resonance imaging (MRI), ultrasound (US) and X-ray imaging. Such 

technologies are able to generate morphological images of targeted human tissues and 

trace gas and fluid distributions inside the human body (1). Despite the success of these 

technologies, they are limited as most are unable to evaluate the precise functionality 

of a targeted tissue (2). 

To visually investigate the physiological processes in biological tissues, a sensitive, 

functional imaging tool that is able to measure and quantify physiological changes is 

required. Nuclear medicine technology uses radiopharmaceutical agents (i.e. 

radioactive atoms attached to a carrier molecule) to provide functional imaging, and is 

the only medical imaging technology able to depict and investigate real-time 

physiological, cellular processes. Currently, this technology is utilised to provide clinical 

information about the functionality of a targeted tissue; furthermore, this technology 

can be supplemented by morphological imaging technologies that are effective in 

displaying structural changes in the tissue (1). 

Diagnostic radiopharmaceuticals and nuclear medicine technology are important in 

oncology to indicate the grading and aggressiveness of potential tumours and 

metastases in the whole human body. Moreover, in a new era of precision medicine, 

nuclear medicine technology is used to tailor therapeutic procedures to the specific 

needs of each patient; diverse new molecules can predict the likely efficacy or 



Chapter 1. Introduction 

2 
 

inefficiency of a treatment. These principles underpin diagnostic radiopharmaceuticals 

and are expanding the scope of nuclear medicine services to include personalised 

medicine. For example, for cardiac patients, nuclear medicine technologies are 

facilitating the identification of ischemic or necrotic cardiac tissue, and for neurological 

patients, these technologies enable degenerative diseases to be diagnosed long before 

clinical manifestations, such as in Alzheimer disease (3, 4).  

Furthermore, using alpha or beta-emitting isotopes, in place of the gamma-emitting 

isotopes typically used, diagnostic radiopharmaceuticals can become highly efficient 

selective therapeutic tools. Additionally, using dual-purpose radionuclides that can be 

utilised for both diagnostic and therapeutic purposes extends the scope of nuclear 

medicine considerably (5).  

In surgical settings, nuclear medicine technologies and techniques play an integral role 

in localising potential affected, cancerous tissues, such as sentinel lymph nodes (SLNs). 

During cancer surgeries, SLNs are localised utilising a non-imaging gamma probe, after 

the administration of radiopharmaceutical agents (such as 99mTc-nanocolloids) tracing 

affected tissues (6). Non-imaging intraoperative probes are still routinely-used as tools 

for tracing radioactivity accumulation sites during surgical procedures; however, they 

are unable to provide precise information about radioactivity distribution (more 

explanation is provided in the following chapter).  

In this regard, intraoperative real-time gamma imaging with a compact, small field of 

view (SFOV) imaging system could offer a suitable solution; as it can provide two-

dimensional (2D) images of the radioactivity accumulation within its field of view (FOV) 

(6, 7). Such a camera could facilitate the surgical oncology procedure and provide 

valuable information through localisation of affected tissues in critical situations, such 

as a targeted SLN residing close to the radioactivity injection site, which could be flooded 

when using the gamma probe.   

Currently, there are several SFOV compact gamma imaging systems available, some of 

these are commercial, and some of them still in the research and testing stage (8). The 

Hybrid Gamma Camera (HGC) has been designed and manufactured at the Space 

Research Centre (SRC) - University of Leicester in collaboration with the University of 
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Nottingham (UK). The BioImaging Unit researchers at the SRC have been able to employ 

their experience in radiation detection instrumentation development to facilitate the 

construction process of a novel high-resolution SFOV compact hybrid gamma camera 

(HGC) with the capability of providing hybrid optical-gamma imaging simultaneously. 

The research work presented in this thesis focusses on assessing the hybrid optical-

gamma imaging capabilities of the HGC in various experimental, real and simulated 

clinical settings. 

1.2. Research motivation and aims 

Through employing existing approaches, for instance, non-imaging gamma probes, 

preoperative gamma camera imaging, and the “blue dye” technique, there is a relatively 

high confidence of finding sentinel lymph nodes (SLNs) during sentinel lymph node 

biopsy (SLNB) procedures. A meta-analysis of almost 70 published breast cancer studies 

was carried out by Newman (9) and a general sensitivity (i.e. the ability to detect 

an established abnormality) of above 90 % and a false negative rate (i.e. the incidence 

rate of negative test results in patients known to have the abnormality) of only 8.4 % 

were reported.  

Additionally, it has been observed that 72-85 % detection rates for SLNs using 

preoperative gamma camera imaging can be achieved (10). With the use of 

intraoperative gamma probes, sentinel lymph nodes were successfully detected in 98 % 

of patients, with a 7 % false-negative rate. Furthermore, for intraoperative procedures, 

there was a 90 % detection rate for sentinel lymph nodes that were not detected by 

preoperative lymphoscintigraphy. 

For sentinel node detection in breast cancer, the sensitivity of 85 % and a false-negative 

rate of 5 % have been recommended by the American Society of Breast Surgeons as 

tolerable (11). However, the need for further improvement exists, hence, optimum 

methods need to be developed to improve the sensitivity and reduce the false-negative 

rates of sentinel lymph node detection. The requisite improvement in SLN detection 

might be delivered by intraoperative gamma camera imaging. For instance, it was 

discussed by Mathelin et al. (12-14) that it was a useful approach to operate 

an intraoperative small field of view gamma camera (5 × 5 cm) for finding the SLNs in 
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breast cancer. In a case report, (13) the existence of an additional metastatic sentinel 

lymph node (with low radiotracer uptake), that was not detected by a gamma probe or 

with preoperative imaging, was actually observed by intraoperative gamma camera 

imaging, and it has been suggested that the false-negative detection rate can be 

reduced by using an intraoperative gamma camera. 

Regardless of this promising initial data, within gamma probe-based detection of 

sentinel lymph nodes, the variable level of proficiency among surgeons is one of the 

considerations (11), and a detection rate of 90 % or better is not accomplished by all 

surgeons even with substantial exposure and training.  

Furthermore, there may be structural or visibility issues linked with sentinel lymph 

nodes; i.e. nodes may be located within the high-activity normal tissues, which could be 

unusually deep (~ 30 mm), close to the injection site or have a low (below 1 %) 

radiotracer uptake (10, 13, 15, 16). These problematic nodes would be most likely 

visualised by intraoperative gamma cameras. Compared to gamma probes, additional 

practical benefits are to be delivered by SFOV imaging systems. For example, small 

gamma cameras produce a larger field of view (several centimetres) than probes (less 

than 1 cm), providing faster interrogation of large areas, with a reduction in statistical 

ambiguity (i.e. noise); in contrast to a variable-frequency tone or a numerical display, 

the signal is displayed as a scintigraphic image.  

This work describes various assessment protocols in experimental settings (i.e. through 

using different bespoke phantoms simulating clinical scenarios) and during routine 

gamma imaging procedures in nuclear medicine clinics. The prime goal of this thesis is 

to evaluate the suitability of the HGC for clinical imaging during routine (such as thyroid 

scintigraphy, lacrimal scintigraphy, or lymphoscintigraphy) and surgical gamma imaging 

procedures (such as SLNs biopsy procedures). To achieve this, quantitative and 

qualitative evaluation of the HGC imaging system was performed; such evaluation 

explored potential uses to aid technical and practical improvement for the systems, 

which leads to an improvement in patient management during surgical or routine 

nuclear medicine procedures.  
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1.3. Overview of the thesis 

The research work presented in this thesis is described over 9 chapters. Figure 1.1 gives 

an overview schematic (i.e. mind map) of the conducted research work. Chapter 1 gives 

the reader a general introduction to the work, describing the motivation and aims 

underlying this research with an overview of the thesis components. Chapter 2 aims to 

delineate recent improvements and related anatomical and physiological concepts 

relating to lymphatic visualisation, focusing on available intraoperative gamma 

detecting technologies used for the visualisation of lymph nodes and the functionality 

testing. Chapter 3 will provide the reader with a review of the SFOF gamma imaging 

systems and a background to the HGC’s development. Furthermore, the similarities and 

differences between a SFOV gamma imaging system (i.e. HGC) and conventional gamma 

cameras will be illustrated.  

Chapter 4 discusses the initial investigation of the hybrid gamma camera (HGC) in terms 

of its suitability for lymphoscintigraphic imaging, while Chapter 5 describes the lymph-

node contrast (LNC) phantom construction, and evaluation of the HGC’s capability to 

detect different sizes of simulated SLNs having various radioactivity concentrations 

placed at different depths. Chapter 6 introduces the development and the 

standardisation of a test object (i.e. an anthropomorphic head and neck phantom) and 

protocols particularly suited for SFOV compact gamma imaging systems, but which can 

be equally useful for large field of view (LFOV) systems.  

Chapter 7 initiates a qualitative evaluation of the HGC to detect simulated SLNs 

distributed in the head and neck region through utilising an anthropomorphic head and 

neck phantom. In Chapter 8, the results of clinical evaluation, conducted at nuclear 

medicine clinics at Queen’s Medical Centre and Nottingham City hospital (Nottingham 

Universities NHS trust), are discussed. Chapter 9 presents the overall conclusions, and 

draws a map of possible future work that can be conducted utilising the HGC.       
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1.4. Personal contribution to this research work 

The HGC imaging system evaluated in this research work was developed by the 

BioImaging unit research group prior to the start of my PhD course. The imaging 

software was developed by software developers at the Space Research Centre (SRC): 

Mr Oliver E. Blake and Mr Adam P. Bark. I designed and guided the construction of all 

prototype medical phantoms described in the research chapters. All of these medical 

phantoms were manufactured in the physics workshop, University of Leicester. The 3D 

thyroid phantom (discussed in Chapter 6) was designed by a mechanical engineer at the 

SRC: Mr Piyal Samara-Ratna. All computer-aided designs included in this work were 

produced using Siemens NX 8.05 software. The radioactive materials (i.e. Technetium-

99m [99mTc]) used to conduct the presented experiments in this thesis have been 

provided by the nuclear medicine team at the Leicester Royal Infirmary (LRI). 

I fully planned and conducted the experiments, and analysed the produced data of all 

research chapters in this thesis. I also developed the bespoke Java-script code used for 

the qualitative study in Chapter 7; this code has been criticised and improved by Mrs 

Malak Alqahtani, Software Engineering student at De Montfort University, Leicester. In 

addition, I was heavily involved in performing and analysing the data of the gamma 

imaging procedures for all clinical cases presented in Chapter 8. This feasibility study 

was carried out in collaboration with the nuclear medicine clinic at Queen’s Medical 

Centre, University of Nottingham. Professor Alan C. Perkins and Professor John E. Lees 

were responsible for obtaining ethical approval for this clinical study; Ms Elaine 

Blackshaw and Professor Alan Perkins recruited patients for this study. 
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Chapter 2: Intraoperative lymph node 

visualisation using gamma technologies 

and functionality testing  

2.1 Introduction  

The lymphatic system is a multifaceted network of nodes and ducts that extends 

throughout the human body. It is through the lymphatic system that surplus interstitial 

fluid is taken back to the cardiovascular system. Unlike the circulation of blood, lymph 

flow is unidirectional, to clear fluids from various human tissues (17). Lymph is 

comparable to blood plasma and contains immune cells to protect against 

microorganisms. Additionally, lymphatic capillaries within the intestinal villi absorb the 

vitamins and fats that give the lymph its milky appearance throughout the lymphatic 

system (17). The lymphatic system shows substantial variation, between individuals, 

similar to other anatomical organs such as the arterial or venous plexus.   

The lymphatic system has become a significant area of interest in oncology over the past 

few decades. It can protect against circulating tumour cells, but can also, conversely, be 

a course for metastatic spread and a location of cancer growth if its protection system 

fails. The important influence of the lymphatic system on the treatment, staging and 

outcomes of cancer has encouraged exploration targeted at providing additional insight 

into the numerous roles of the lymphatic system (18). 

This chapter aims, not to offer a comprehensive anatomical and physiological overview 

of the lymphatic system, but to delineate recent improvements and related anatomical 

and physiological concepts to lymphatic visualisation, focusing on available 

intraoperative gamma detecting technologies used for the visualisation of lymph nodes. 

  



Chapter 2. Intraoperative lymph node visualisation using gamma technologies   

 

9 
 

2.2 Anatomy of the Lymphatic System 

Although some unique aspects exist, the lymphatic ducts of the various organs and 

tissues within the body are broadly comparable. Lymphatic capillaries are heavily 

distributed within the skin, but also in other covering structures such as the periosteum 

of joints and bones. Moreover, rich lymphatic plexuses are located beneath the mucosa 

of the digestive, respiratory, and genitourinary tracts. In addition, they can be found 

underneath the mesothelium of the pleural, peritoneal, and pericardial cavities. 

Superficial or subserous lymphatic capillary plexuses are connected to the majority of 

solid organs in the human body, such as the spleen, liver, adrenal gland, prostate, 

kidney, uterus, testes, and ovaries (19). In addition, recent evidence has proven the 

existence of deep lymphatic plexuses inside the parenchyma within the adrenal gland, 

ovary, and kidney. Lymphatic capillaries are most likely absent from the central nervous 

system, eyeball, striated muscles, and inner ear. Collective lymphatic vessels are present 

in vascularised tissues and are frequently positioned close to the blood vessels. 

Researchers seeking more details may consult one of many textbooks for a wide-ranging 

explanation of the lymphatic systems within the human body   (19, 20).  

2.3 The Physiology of Lymph Flow 

Lymph flow begins with interstitial fluid absorption via the inter-endothelial 

intersections of the lymphatic capillaries which work like valves (17). Particles equal to 

25 nm in diameter or smaller might penetrate the openings at this point, while bigger 

particles are transferred via the lymphatic endothelium by pinocytosis. Collagen 

filaments, appended to neighbouring connective tissues, keep the lymphatic capillaries 

open. Osmotic pressure plays a significant role in the filling of lymphatic capillaries. 

Given that the capillaries contain no valves, the lymph liquid may flow in any direction 

(21). 

Several bicuspid semilunar valves, situated every 2–3 mm, stop the backflow of lymph 

within lymphatic vessels (21), as seen in Figure 2.1. There is dynamic, continuous lymph 

propulsion by circular and longitudinal layers of smooth muscles that have an active 

contraction process (10–15 times each minute).  
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Lymphatic peristalsis is controlled through various delicate processes (21, 22). As 

a result of the existence of valves, external pressure, applied by surrounding tissues, is 

an additional mechanism supporting unidirectional flow. 

 

Figure 2.1. A schematic showing the anatomical shape of the collecting lymphatic 

vessels.  

The filtered lymph is gathered at the lymph node hilum into the efferent lymphatic 

vessel (Figure 2.1). Various relationships exist between lymph nodes and lymph vessels, 

which are outside the scope of this chapter. Ultimately, a few large lymphatic trunks 

transfer 2–4 L of lymph daily from the entire body into the venous distribution at the 

intersection of the inner subclavian and jugular veins (19). 

The anatomical and functional evaluation of the lymphatic systems may be undertaken 

using various medical imaging techniques including the use of radiopaque agents (i.e. 

contrast media), radiopharmaceuticals such as 99mTc-nanocolloids, coloured dyes, and 

fluorescent contrast agents. Some of these techniques will be briefly discussed in the 

following sections, with more focus on radioactive agents and intraoperative gamma 

detection technologies.         
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2.4 The concept of the sentinel lymph node (SLN)  

The idea of lymphatic mapping in cancer is dependent on the concept that lymph fluid 

from a primary tumour site drains to a specific regional lymph node (Figure 2.2) (23). 

The sentinel lymph node (SLN) is the first node in the lymphatic network. Lymph fluid 

drains from the SLN through efferent lymph vessels to other nodes. When cancerous 

cells disseminate, they will initially be embedded within the SLN. This is the node that 

would receive any spread of the primary tumour site. Consequently, other lymph nodes 

might become involved via a stepwise approach. The afferent lymphatic vessel is the 

main component of the SLN concept, gathering lymph fluid from the cancerous tissues 

and supplying it to the lymph node that serves as the primary filter. 

 

Figure 2.2. Schematic representation of the structure of the lymph node. Red arrows 

indicate lymph flow. 
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According to Morton et al., ‘a sentinel lymph node is the initial lymph node at which 

point the primary cancer drains’ (24) (see Figure 2.3). The term ‘initial’ is responsible for 

the potential misunderstanding of this definition. For example, many lymph vessels 

might connect the cancerous tissues to numerous lymph nodes, but these might not 

emerge concurrently in the medical images. To prevent confusion, the description has 

been customised slightly to read, ‘a sentinel lymph node is any lymph node on the direct 

drainage route from the primary site of a tumour’.  

This description mirrors the functioning of lymph drainage and the stepwise 

propagation of tumour growth through the lymphatic system. This is the description 

that most professionals and cancer surgeons follow (24, 25). However, it has been 

criticised (26-28), and a range of alternative descriptions have been developed based 

on the use of radiopharmaceuticals and blue dye (Table 2.1) (29-31).  

Table 2.1. Summary of alternative scientific definitions describing the sentinel lymph 

node 

Proposed definitions for the Sentinel lymph node  

A lymph node containing radioactive material following intradermal administration of 

radioactivity. 

The closest lymph node to the main site of the lesion 

A lymph node that has a count rate value beyond a specific threshold based on the 

hottest lymph node detected 

A lymph node that has a count rate value beyond a specific threshold higher than the 

background or nonsentinel lymph nodes 

A lymph node containing the highest activity 

A lymph node containing blue dye 

The first lymph node detected during the lymphoscintigraphic imaging procedure 

Several researchers describe the SLN as the lymph node bordering the main site of 

a tumour (32). Often, it is true that the lymph node next to the primary site of tumour 

is indeed the one into which the lymph vessel from the cancerous tissues flows, but this 
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is not always the case. As a result, this description based on the anatomical localisation 

of the lymph node does not consider the function of lymphatic drainage. 

Some researchers introduced the concept that the SLN can be characterised based on 

the amount of accumulated radiocolloid within it. However, the amount of radiocolloids 

collected by a lymph node relies not only on its place within the drainage order, but also 

on the number of lymphatic channels that go into the node, and on other parameters 

such as the lymph speed, size of colloids and the anatomical location of the targeted 

site (27).  

 

Figure 2.3. A schematic showing the spread of cancerous cells from the tumour primary 

site to sentinel lymph nodes (SLNs) through lymphatic vessels.  
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2.5 Intraoperative lymphatic visualisation using gamma 

technologies  

 Radiopharmaceuticals 

The choice of particle sizes to perform a sentinel lymph node biopsy (SLNB) may be 

a source of confusion for surgeons, as they attempt to locate the true SLN(s) from other 

radioactive accumulations in human tissues. Medical studies have revealed that 

an average of 1.3 lymph nodes can be detected using colloids whose sizes ranged from 

20 nm to 1000 nm, compared to 1.7 lymph nodes detected using particles smaller than 

80 nm (33-35). The larger molecules appear to be retained within the area of the 

injection site, thereby failing to penetrate the lymphatic ducts. This results in delayed, 

and even absent, visualisation of the lymph nodes (36). This observation supports the 

proposed use of colloids particle size of at least 80 nm and ideally less than 200 nm for 

an optimal lymphoscintigraphic outcome (37).  

The use of filtered 99mTc nanocolloids (mainly sulphur colloid) in SLN detection 

procedures has proved beneficial in most clinical scenarios. Potential advantages stem 

from the low production costs, good safety profile and proven medical value. On the 

other hand, using this agent brings with it several limitations such as minimal absorption 

rate at the site of administration (below 5 %), particularly during subcutaneous 

injections. This limits the entire process, unlike intradermal administration where faster 

absorption and visualisation is accomplished in cutaneous lymphatics within 60 s of 

injecting the radiocolloids (37). Table 2.2 summaries the available 99mTc based 

radiopharmaceuticals used for radioguided SLNs detection procedures.  
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Table 2.2. Particle sizes of 99mTc based radiopharmaceuticals used for radioguided SLNs 

detection procedures (23, 34, 38, 39). 

Agent Mean particle size (nm) 

Antimony trisulphide 3–30 

Calcium phytate 150–200 

Hydroxyethyl starch 100–1,000 

Labelled dextran 10–400 

Nanocolloidal albumin 5–80 

Rhenium sulphide nanocolloid  50–200 

Stannous/stannic hydroxide 30–200 

Stannous phytate 200–400 

Sulphide nanocolloid  10–50 

Sulphur colloid (filtered) 100–220 

Tin colloid 30–250 

 

 Volume and activity of the administered radioactive material  

The consequences of changing the concentrations of molecules, the amount of activity, 

and the impact of the injected quantity on the results of various lymphoscintigraphic 

procedures are as yet uncertain. The consequences of utilising variable quantities of 

radioactive material (99mTc-human serum albumin (HSA) nanocolloids, 0.02 mg and 

0.2 mg in a varied volume of 0.2 ml and 1.0 ml) have been explored (40). In each case, 

the 99mTc HSA nanocolloids were administered subcutaneously in the first interdigital 

space in the foot, and the lymph nodes’ uptake examined after 60 minutes during 

a peripheral lymphoscintigraphic procedure. It has been noted that there was a high 

accumulation of radioactivity in the inguinal region when the highest quantity and 

lowest volume were used (40). Furthermore, an improvement in the SLN detection rate, 

from 83 % to 94 %, was recorded with a 50 % rise in the quantity of the injected activity 

(41). Injecting a large volume of radioactive solution could, however, result in drainage 

occurring towards both regional non-metastasised lymph nodes and other untargeted 

neighbouring regions, due to the abnormal increase in interstitial pressure (42). 
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 Factors affecting radioactivity uptake 

Massaging the radioactivity administration site mechanically, and physical exercise, 

increases uptake while weakening the inverse correlation between lymphatic flow and 

the size of the radiocolloid particles (43, 44). The uptake of particles in the lymphatic 

system also varies with temperature; This implies that increased temperature is found 

to enhance the transportation of protein across the canine lymphatic endothelium (45). 

As well as temperature variation, pH levels in the interstitial fluid cause alterations in 

the lymphatic transport and uptake process of particles. Increasing pH levels cause the 

colloid osmotic pressure to rise at 2.1 mmHg per pH unit (46). However, there are no 

published investigations to determine the effect of varying pH levels occurring in the 

interstitial and lymphatic fluid on the uptake process in vivo. 

Physical exercise has been evaluated as a way to stimulate the process of lymph flow in 

the upper and lower extremities. Performing physical exercises during the examination 

improves the flow of lymph fluid in lower extremities (47, 48). This shows that different 

types of exercise and exercise intensity influences lymphatic function and the outcomes 

obtained in the lymphoscintigraphic examination. 

 Instrumentation 

The following sections give examples of available intraoperative gamma probes and 

portable gamma imaging devices summarising their functionality and ability to perform 

clinical procedures. To date, most medical nuclear methods for SLNs detection have 

employed non-imaging gamma probes.  The recent development of intraoperative 

portable gamma cameras has proven advantageous in obtaining intraoperative imaging, 

thereby offering the potential to enhance the ability to monitor targeted lymph nodes 

during surgical procedures, unlike the traditional gamma imaging method utilising large 

field of view (LFOV) gamma cameras.  
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2.5.4.1 Intraoperative gamma probes 

Intraoperative gamma probes can be defined as non-imaging handheld highly 

collimated gamma detectors used to identify a specific region of radioactivity 

accumulation. This equipment has been successfully employed for various purposes 

including identifying the extent to which targeted tissues, such as the sentinel lymph 

nodes (SLN), uptake radiopharmaceuticals during surgical procedures. Through the 

injection of a radiopharmaceutical agent that can selectively concentrate in the tissues 

of the SLNs, specialists can use probe systems to identify sites in which radioactivity 

uptake is intensified. This subsequently facilitates the identification of the focal uptake 

of the tracer in lesions, thereby allowing the surgeon to identify which tissues should be 

surgically removed. 

These probes deploy a working principle that involves converting gamma photons 

emitted by a tracer, usually  99mTc, into electrons  along with producing signals processed 

using conventional readout electronics or audible outputs.  

The intraoperative gamma probes utilised in SLNB procedures may be classified into two 

groups. The first group uses scintillation detectors, while the second group uses 

semiconductor-based detectors (49-53). Figure 2.4 displays a classic configuration of 

a scintillator-based non-imaging intraoperative gamma probe. 
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Figure 2.4. Common configuration of intraoperative gamma probes, these probes give 

numerical and audible outputs during the process of targeting radioactivity 

accumulation.  

 

The performance of intraoperative gamma probes is defined by a number of parameters 

including spatial resolution, sensitivity, energy resolution, and signal to noise ratio. 

Radial resolution is the measurement of the field of view (FOV) width (cone shape) in 

which the targeted tissue is recognised at a certain distance. When using 

an intraoperative gamma probe with a broader FOV (i.e. wider cone), the background 

signal might overlap the signal from the targeted, potentially cancerous, tissues. With 

a narrower cone, the background signal will be minimised and the ability to detect the 

primary accumulation in the targeted tissues will be more effective. Lateral spatial 

resolution is the probe’s capability to precisely localise the location of a target tissue 

and its ability to distinguish two adjacent active features. Sensitivity is defined as the 

count rate detected for each decay event at the probe tip (54). 
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Energy resolution is the capability of the gamma probe to differentiate between the 

energies of photons emitted from various gamma-emitting radioisotopes. This property 

is necessary to distinguish primary from scattered photons and to differentiate between 

two concurrently administered radionuclides that produce different energies. The final 

property is the capability of the probe to distinguish the signal from the targeted tissues 

from the noise (i.e. scattered radiation) emitted from the adjacent tissues.   

Scintillators absorb gamma photons and release a number of photons of lower energy - 

typically optical photons - relative to the energy absorbed. These optical photons are 

measured by an optical photon detector, normally a photomultiplier tube (PMT). The 

scintillation crystals employed within intraoperative gamma probes include cerium-

doped lutetium orthosilicate (LSO[Ce]), thallium-doped caesium iodide (CsI[Tl]), 

thallium-doped sodium iodide (NaI[Tl]) and gadolinium orthosilicate doped with cerium 

(GSO[Ce]) (54). 

Semiconductors are an alternative option to scintillators as a detector mechanism for 

intraoperative gamma probes. When gamma photons are absorbed within a solid-state 

detector, ionisation happens by exciting electrons out of the valence band into the 

conduction band, producing a detectable signal. 

When the electron shifts to the conduction band from the valence band, a positive 

charge (hole) is created. Under the influence of an electric field excess charge is 

gathered by electrodes, producing a signal that is relative to the energy deposited within 

the detector (Figure 2.5). Crystalline substances employed within gamma probes 

include cadmium zinc telluride (CdZnTe), cadmium telluride (CdTe).  
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Figure 2.5. A schematic diagram showing the semiconductor band structure.    

Scintillation-based gamma probes offer both pros and cons compared to 

semiconductor-based mechanisms. Scintillators have superior sensitivity due to their 

natural structure (higher atomic number and density), and they are appropriate for 

detection systems of high and medium gamma energies. Nevertheless, they have poor 

energy resolution, owing to indirect detection: the primary gamma photons are 

converted within the scintillator to optical photons, then the light must be transferred 

to the PMT and the signal converted from optical to electrical (using the photocathode). 

Moreover, scintillation-based gamma probes have a bulkier probe head outline and 

greater weight (54).  

Conversely, semiconductor-based probes are direct detectors (the charge created 

within the material through radiation interaction is directly changed into an electrical 

signal) and, therefore, they have a superior energy resolution. Similarly, semiconductor-

based detection systems have a far more compact probe head design; they can be 

produced in smaller sizes and may have an extremely thin entry window that allows 

gamma rays and low-energy particles to be counted. Several commercial intraoperative 

gamma probes are available (54). 

The penetration capability of high energy gamma photons means that background 

gamma photons can originate from untargeted regions in the patient outside of the 



Chapter 2. Intraoperative lymph node visualisation using gamma technologies   

 

21 
 

gamma probe’s field of view. Some of these gamma photons are attenuated naturally 

by human tissues located between the probe and the source of gamma photons; 

however, to eliminate the effect of the background photons, the intraoperative gamma 

probes are fitted with a shielding cover (such as tungsten, lead, or platinum) and 

collimators, constructed with various lengths and aperture diameters for different 

detecting purposes, that attenuate scattered radiation from active tissues located 

outside the field of view.  

The shielding for both lateral and back directions can be significant when there is 

a regional active source (e.g. the heart) or adjacent injected radioactive source (e.g. the 

remaining activity in the injection site of the 99mTc during intraoperative SLN detection 

procedures) in close proximity with the targeted tissues (the SLN). Collimation of the 

detector’s head leads to enhanced spatial resolution and signal-to-noise ratio. 

Nevertheless, when the collimation is increased, this decreases the overall system 

sensitivity of the intraoperative gamma probe by reducing the sensitive aperture and 

increasing the distance to the targeted source site. Moreover, a thicker shielding wall or 

a longer collimator is required when identifying a high energy gamma source, but this 

raises the general gamma probe weight and size (49-53). 

The last components of the system are the readout and the electronics.  The probe 

count rate is fed to a rate meter that also drives an acoustic output. An increase in 

volume (incident events) shows the surgeon the proximity of the probe to the targeted 

tissues.  

Numerous aspects determine the selection of a specific intraoperative probe. From 

a surgeon’s viewpoint, many additional ergonomic design factors of probe systems are 

relevant (55). Gamma probes for radioguided biopsy need good spatial resolution to 

enhance the ability to localise potential lymph nodes. Other aspects such as the weight, 

shape and ergonomics of an intraoperative probe are important. The audible signal and 

digital output of the detector control unit are also important for offering clear output 

information to the surgeon, facilitating speedy and precise localisation of the 

radionuclide with no distraction from the accumulated radioactivity in the neighbouring 

tissues within the probe’s field of view. Adaptability and flexibility of the system are also 



Chapter 2. Intraoperative lymph node visualisation using gamma technologies   

 

22 
 

pertinent to diverse medical issues; significant properties include detachable side 

shielding, interchangeable collimators, and user-adjustable energy windows for 

different isotopes. Lastly, more recent improvements include hand-held self-contained 

gamma-detection probes using wireless technology (55). 

2.5.4.2 SFOV gamma cameras for intraoperative gamma imaging 

Non-imaging intraoperative probes are still the most widely-used tools for identification 

of radio-labelled tissue within the operating room; however, they cannot provide 

reliable information on the distribution of radiolabelled areas. The precise localisation 

of a source can only be determined if the tip is in direct contact with the tissue following 

dissection. 

In this respect, intraoperative real-time imaging with a compact gamma camera offers 

an outline of all radioactive hotspots within the surgical area (6, 7, 56, 57). For example, 

the camera position may be changed to also image sentinel nodes close to the injection 

area that could be overlooked when employing the non-imaging gamma probe (58). 

Discrimination between a SLN and a normal lymph node may be determined based on 

the number of counts concurrently recorded by the cameras, and linked to the 

preoperative scintigraphic imaging procedures.  

Gamma imaging systems should meet various needs if they are to be used during 

intraoperative procedures. These include a moveable and fixed design, no delay 

between image accumulation and display (real-time imaging) and the potential for 

spatial localisation on the display screen. These systems need to be capable of detecting 

gamma photon energies that span the entire spectrum of useful diagnostic 

radionuclides such as 99mTc, 201Tl, 123I, 125I and 111In (within the photon range 50-

300 keV). Lastly, they must also have adequate sensitivity, spatial resolution, and field 

of view. Two examples of such cameras are shown in Figure 2.6. Whereas the first 

cameras were relatively heavy and bulky systems, new-generation compact gamma 

cameras are lighter and/or fitted with steady support mechanisms. In-depth discussion 

of the principles, components and characteristics of such intraoperative gamma imaging 

systems will be provided in the following chapter. 
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Figure 2.6. Photographs of portable gamma imaging systems; (A) the eZSCOPE SFOV 

gamma camera, (B) the Sentinella 102 SFOV gamma imaging system (59).  

2.6 Functionality testing and the use of medical phantoms 

Generally, manufacturers of medical gamma technologies routinely utilise well-

established testing protocols to evaluate the performance and perform regular quality 

assurance checking of a gamma imaging system. These testing protocols have been 

accepted and published by various regulatory and accreditation bodies such as the 

European Association of Nuclear Medicine (NEMA) Standard NU1-2007 (60). 

Nevertheless, these testing protocols for various gamma imaging modalities are outside 

the scope of this research work, and an extensive explanation of these tests has been 

provided elsewhere (61-64). 

Testing protocols for gamma imaging modalities have been designed to assess the 

overall performance; however, these protocols do not aim to provide specific methods 

of evaluating a gamma imaging system’s capabilities and limitations for a specific clinical 

scanning procedure. This is the area where medical phantoms are used to assess the 

performance of such systems. Medical phantoms, i.e. entities that offer representations 

of the human body, have been employed for medical/health physics reasons since the 
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inception of medical imaging. Shortly after X-ray imaging was discovered, the beneficial 

effects of radiation became widely known. Professor Wilhelm Roentgen took the first 

human X-ray in 1896, using his wife’s hand (65). Unfortunately, the adverse effects of 

radiation in high doses quickly became obvious, with cell squamation and erythema 

becoming prevalent among those exposed to early experiments with radiation. 

Consequently, the number of subjects on whom radioactive imaging could be practised 

was limited. In response, physicists created phantoms that were able to take the place 

of human subjects, thereby allowing for the assessment of system limitations and for 

the taking of dosimetric measurements. 

The ultimate rationale for phantoms is the simulation of human tissue for particular 

procedures and experiments. The physical designs of these phantoms (composition, 

shape, size, etc.) are dictated by their purpose. Phantoms come in many shapes and 

compositions; however, broadly speaking, they can be categorised into two types: 

imaging phantoms and dosimetry phantoms. Imaging phantoms are employed for 

testing and imaging a system’s limitations and for assessing imaging quality. Dosimetry 

phantoms are used for quantifying how much radiation is being applied to a particular 

point, whether during therapy or imaging. The materials employed to construct 

phantoms frequently attempt to offer simulated human tissue. Unfortunately, the 

employed materials will change their properties depending on their level of radiation 

exposure. Therefore, while at certain levels of exposure a material may simulate human 

tissue, it will not necessarily react in the same manner as human tissue at all levels of 

radiation. 

2.6.1 Medical phantom materials 

Selecting the right material is crucial when designing and operating effective phantoms. 

Generally, phantoms are intended to offer a simulation of a certain type of tissue, e.g., 

lung, bone, or muscle. Water is another material that is frequently simulated, since 

employing real water in some scenarios can be problematic and awkward. Various 

tissues have varied properties, radiologically and physically, and phantom materials aim 

to provide as accurate a representation of radiological and physical properties as can be 

achieved. 
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Several elements may be measured to test how closely a phantom replicates tissue. For 

a basic comparison, effective atomic number and physical density can be employed. 

These measurements will provide an idea of how closely the material’s physical 

attributes match tissue; however, they will not show how it will react with radiation. 

The parameter that is most frequently employed and generally accepted is the mass 

attenuation coefficient, which offers evidence of the quantity of energy the material 

absorbs locally (66, 67). Ideally, the phantom material will match the tissue in question 

according to all aspects mentioned in this paragraph. This, however, is seldom possible, 

and therefore, the prime objective should be to find a material that accurately simulates 

the chosen tissue’s radiological properties. 

In the majority of instances, materials can be found that offer extremely accurate 

simulations of tissue. However, when employing phantoms, practitioners need to be 

aware of several issues. Frequently, a material’s radiological properties vary significantly 

depending on the level of radiation to which they are exposed. While a material can 

offer accurate tissue simulations at certain levels, when these levels change, the 

accuracy may decline. Phantom materials are frequently divided into different classes 

depending on the appropriate level of energy to which they can be exposed while still 

accurately simulating tissue. Some materials will fall into kilovoltage classes, which are 

good for diagnostic simulation, or megavoltage classes, which are good for treatment 

simulation. Certain materials have been created that are capable of tissue simulation in 

both of these classes; however, even when the energy range remains within material-

appropriate parameters, the beam spectrum can be extremely broad, and as a result, 

there will always be a certain degree of error. The preceding paragraphs refer to 

phantoms employed with ionising radiation fields. When requiring phantom materials 

for experimentation with MRI or US practices, the mass attenuation coefficient for the 

material will not always be accurate, as these types of imaging function according to 

different physical laws. 
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2.6.2 Gamma imaging phantoms 

In nuclear medicine, radioactive materials are injected into a patient either as a form of 

therapy or for an imaging procedure. Procedures in which this practice is commonly 

employed include thyroid cancer treatment, functional brain imaging, bone density 

scanning, and heart perfusion scanning. Imaging systems employing nuclear medicine 

are tested in much the same way as other scanning systems. Phantoms are employed 

to test the limits of what a system can detect, the imaging quality it offers, and how 

uniform it may be (68). Nuclear medicine phantoms are in a class of their own, as they 

have to be capable of accepting an injection of radioactive material. This means that 

these phantoms are frequently constructed in such a way that they contain inserts or 

cavities, which retain injected materials while imaging takes place. 

Physical phantoms employed for nuclear medicine are generally hollow chambers, of 

greater or lesser intricacy, and have entry points that permit the introduction of water 

(or sometimes a different liquid based on the radiation properties that are being 

examined) and radioactive material, allowing for uniform mixing. These phantoms are 

generally employed for quality control, to calibrate, and to undertake acceptance 

testing for clinical devices; to develop new types of imaging machinery; and to provide 

simulation benchmark levels. There are various examples of these phantoms, including 

the thyroid uptake neck phantom that is used to assess the sensitivity of the thyroid 

uptake system during in-vivo assessments (69). Another example is the Jaszczak SPECT 

Phantom, which is utilised to provide performance information for different SPECT and 

positron emission tomography (PET) systems (70, 71).  

2.6.2.1  Anthropomorphic gamma imaging phantoms 

In the selection or design of a phantom, researchers must take into account both the 

shape to be employed and the construction materials, and how these factors will 

influence accurate measurement. Over time, various nuclear medicine phantoms have 

been created that offer a more realistic simulation of geometry and predicted clinical 

distribution for radiopharmaceuticals. These phantoms have proved effective for 

offering qualitative measurements regarding the ways in which gamma imaging 

instruments perform. An anthropomorphic thyroid phantom was the first nuclear 



Chapter 2. Intraoperative lymph node visualisation using gamma technologies   

 

27 
 

medicine organ phantom that was obtainable commercially (Picker Nuclear, Part no. 

3602, volume: 35 cc, Cleveland, OH) (72). As there are different volumes for the 

chambers in the thyroid lobes, the left lobe will have double the apparent radioactivity 

concentration of the right. There are two circular nodules in each lobe; three of them 

are solid, preventing radioactivity from being distributed around them. The right lobe 

contains another nodule with a comparable water depth to the left lobe, which appears 

as a ‘hot’ (enhanced radioactivity accumulation) nodule. A number of thyroid phantoms 

have been prototyped to evaluate the capabilities of planar scintigraphic procedures in 

evaluating thyroid abnormalities, such as hypo- or hyperthyroidism, or to use for 

imaging quality control purposes (73, 74).   

Initial PET studies focused on metabolic imaging of the brain. Researchers at the 

University of California, Los Angeles (UCLA) created a number of phantoms capable of 

simulating the brain's white matter and cortical structure, as well as the ventricles of 

the brain (75). The initial phantom created mimicked a single brain slice. The 

construction was similar to that employed for the thyroid phantom, with different 

chamber depths producing a grey/white matter concentration ratio of 4:1. The areas 

representing the ventricles were solid and therefore did not permit the accumulation of 

radioactivity. This phantom was later refined by creating 19 inserts that built up into 

a 3D representation of an entire brain (76). Each of these inserts includes five narrower 

slices, allowing for correct apparent radioactivity tissue concentrations to be 

maintained. This phantom (known as the Hoffman 3D Brain Phantom) is currently 

commercially available. A number of fillable brain phantoms have been developed; 

these phantoms provide more realistic brain structures within the head contour (77).  

Recently, the rapid improvement in 3D printing technology has facilitated the 

development of more detailed structures with highly accurate constructions. In a study 

conducted by Iida et al. (78), a physical anthropomorphic head phantom, containing 

grey matter and bone structures including the skull and the trachea space, was 

developed to mimic the distribution of the cerebral blood flow in a realistic head 

phantom. The design of this head phantom was generated from a set of MRI images 

acquired for a healthy adult male, and it was constructed using a 3D printer with a laser 

modelling technique. This research suggested that the phantom can be used for multi-
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centre assessments of SPECT/CT and PET/CT scanners, as it provides high consistency 

with real medical data and simplicity of reproduction.  

In another phantom study, Jonasson et al. (79) described a brain phantom that was 

designed and 3D printed to study the effects of brain atrophy in longitudinal PET 

scanning. The phantom consists of the right and left striatal structures, which can be 

fitted in their exact anatomical locations inside the brain surface phantom that serves 

as a container to simulate the background uptake. Three different sizes of the striatal 

inserts were perfectly constructed and interchangeably fitted inside the phantom (see 

Figure 2.7).  

 

Figure 2.7. 3D printed anthropomorphic brain phantom; (a) simulated brain surface, (b) 

attachable simulated striatum, (c) striatum holder, (d) plastic base for the brain 

phantom, (e, f and g) small, medium and large simulated striata (79).    

Furthermore, 3D printing technologies have been employed in constructing phantoms 

of other human body organs, such as the kidney. In a radiation dosimetric study, Tran-

Gia et al. (80) designed and 3D printed four refillable kidney phantoms of different sizes. 

These kidney phantoms were utilised to evaluate the accuracy of internal renal 

dosimetry in a realistic kidney shape. The researchers found that using this prototyping 

dosimetric technique is promising for geometry-specific dose calibration of nuclear 

medicine scanners.  
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In a recent dose optimisation study (81), researchers assessed the differences when 

using two image reconstruction settings on the pancreas uptake quantification. To 

conduct this study, they designed and 3D printed anthropomorphic kidneys and 

pancreas compartments. These simulated organs were fitted inside the NEMA NU2 

phantom casing, as shown in Figure 2.8. The results obtained suggested that the imaging 

outcome of this 3D printed phantom strongly aids the quantification of 111In source 

uptake in the pancreas. These research outcomes indicate that 3D printing technologies 

have the potential for prototyping individualised anthropomorphic medical phantoms, 

which can serve in developing, improving and evaluating many clinical applications and 

simulating various critical scenarios in the nuclear medicine field.         

  

Figure 2.8. (a) A photograph of the 3D printed simulated right and left kidneys and 

pancreas fitted inside in the NEMA NU2 image quality phantom’s outer shell, (b) a CT 

image of the phantom showing the simulated organs (81).  

 

Robinson et al. (82) designed and 3D printed anthropomorphic phantoms for organ-

specific activity quantification including pancreas, liver, spleen and kidneys (age 5, 10 

and adult). Researchers have proved that through using these realistic 3D printed 

phantom inserts, the accuracy of a specific organ’s radioactivity quantification has 

significantly improved in compared to spherical calibration tools. Such findings would 

pave the way towards patient-specific activity quantification and dosimetry for 

diagnostic and therapeutic procedures (see Figure 2.9).  



Chapter 2. Intraoperative lymph node visualisation using gamma technologies   

 

30 
 

 

Figure 2.9. Upper row: shows the CAD designs for the simulated spleen, kidney, 

pancreas and liver. Middle row: represents photographs of the fillable 3D printed 

phantoms. Lower row: displays the gamma images acquired for the simulated organs 

(82).   

2.6.2.2  SFOV gamma imaging phantoms 

Many different phantoms are on offer for a wide range of possible medical applications, 

and choosing the correct one is entirely situation-dependent. However, the recent 

interest in developing SFOV gamma imaging systems has encouraged researchers to 

develop their phantoms to test the new imaging systems, as the majority of the available 

gamma imaging phantoms are designed for LFOV gamma imaging usage. In this 

subsection, the design and use of these phantoms will be discussed.  

In 2005, Kopelman et al. (83) published one of the early research articles in the SFOV 

gamma imaging field. The researchers described a prototype intraoperative gamma 

imaging system (discussed in more detail in Chapter 3, page 50) and illustrated a testing 

method to show the capabilities of the system and its limitations for intraoperative 

gamma imaging procedures. The research involved developing a prototype phantom to 

assess their system in simulated medical scenarios. The bespoke phantom consists of 

a water tank (100 × 100 × 500 mm in size) and fillable hollow spheres with two different 
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diameters (i.e. 10 mm and 20 mm internal diameter). Theses spheres can be filled with 

the desired radioactivity concentrations, and they can easily be placed at any selected 

depth inside the water tank (see Figure 2.10). Using this phantom, several tests were 

conducted, including assessing the ability of the SFOV gamma camera to distinguish the 

margins of adjacent simulated nodes and the system’s limit in detecting low uptake 

nodes at different depths and different acquisition periods. 

 

Figure 2.10. A schematic diagram illustrating the structure of the water tank and the 

arrangement of two fillable hollow spheres positioned inside the water tank (83).   

A similar phantom design was used to evaluate optimal operating conditions during 

intraoperative gamma imaging procedures for melanoma SLNs (84). The phantom 

consists of one fillable plastic hollow sphere 8 mm in diameter and a water bath. The 

sphere was injected with various radioactivity concentrations (ranging between 15 kBq 

and 485 kBq) and positioned at different depths inside the water phantom (7 mm to 

40 mm depth). The researchers examined the Sentinella 102 SFOV gamma imaging 

system (more details are provided in Chapter 3, page 55), and based on the data 

produced using this phantom, they suggested that 10 MBq of administered radioactivity 

prior to the surgical procedure allows the identification of an SLN up to a source to 

collimator distance of 100 mm in an acquisition time of 60 seconds. 
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In another phantom study, Lees et al. (85) developed three mini high resolution (HR) 

phantoms to evaluate the contrast resolution of an early version of the HGC. These 

phantoms were engineered from Perspex. The simplest phantom consists of three wells: 

one large well 3 mm in diameter and two wells 2 mm in diameter drilled in a 5 mm-thick 

plate of Perspex. The other two phantoms were engineered such that one phantom can 

provide hot spots and the other phantom provides cold spots (Figure 2.11). The wells in 

the hot-spot HR phantom and the pins in the cold-spot HR phantom were manufactured 

with same diameters (i.e. 1, 2, 3 and 4 mm in diameter). When using different 

radioactivity concentrations injected into these prototyped phantoms, the SFOV gamma 

camera showed superior spatial resolution proved by its ability to resolve the edges of 

closely located wells and pins. These phantoms show great potential for evaluation of 

SFOV gamma imaging systems.         

 

Figure 2.11. Left-hand side: a schematic diagram showing the design of the HR mini 

phantoms. Right-hand side: gamma images for the hot-spot HR phantom (upper) and 

the cold-spot HR phantom (lower) acquired using an early version of the SFOV hybrid 

gamma camera (85). 

To conclude this section, novel technologies are continually emerging that can be used 

to create new phantoms, opening up many new fruitful avenues for researchers. It is 

worth mentioning that the characteristics of the materials used to develop the 

prototype medical phantoms described in this thesis and the aim of utilising them are 

properly explained in the material and methods subsections of the following research 

chapters.  
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2.7 Conclusion 

The lymphatic system has significant involvement in the immunity and defence 

mechanisms of the human body. However, it is one of the prime targets for the spread 

and growth of cancerous cells. SLN detection plays a major role in tumour staging 

procedures (i.e. SLN biopsies) and other cancer surgeries. In this chapter, the basics of 

the anatomical structures and physiological mechanisms of the lymphatic system have 

been briefly described. The concept of the SLN has been illustrated, and a brief 

explanation of different views on the definition of the SLN was also included in this 

chapter. Furthermore, various aspects of the technologies and techniques used for 

lymphatic system imaging and SLN detection have been discussed. Medical phantoms 

used for functionality testing have been illustrated, and many phantom designs and 

purposes have been covered.   
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Chapter 3: Essentials of medical gamma 

imaging systems 

 

3.1 Introduction  

The conventional, large field of view (LFOV) gamma imaging system is the primary 

equipment used to perform a wide range of nuclear scanning procedures, such as 

thyroid and parathyroid scintigraphy, bone scintigraphy, renal scintigraphy, and 

myocardial perfusion scintigraphy (86, 87). The currently used conventional gamma 

imaging systems are still based on the principles of, and use similar components to, early 

Anger cameras (88).   

More recently, design and technological developments have enabled gamma imaging 

equipment manufacturers to significantly improve the functionality and capabilities of 

gamma imaging systems and also provide hybrid imaging. As a result of a number of 

successful inventions in the area of hybrid imaging, many contemporary hybrid imaging 

systems, such as single photon emission computed tomography – X-ray computed 

tomography (SPECT-CT) and Positron Emission Tomography – magnetic resonance 

imaging (PET-MRI), can now offer advanced systems by which the anatomical and 

functional status of targeted tissues in a patient can be assessed even on a cellular level. 

Such technology can also be utilised for small animal scanning (88). Although many 

exciting developments have emerged in this area, the essential components of 

traditional gamma imaging systems, and also the advanced hybrid gamma imaging 

systems, such as lead shielding and collimators, have not essentially changed, and their 

bulk and weight still limit portability. 

A significant focus has been directed towards producing LFOV hybrid gamma imaging 

systems; however, there remains a growing interest in the development of equipment 

that operates at the other end of the spectrum, and can provide compact, small field of 
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view (SFOV), highly collimated gamma imaging systems that can be employed during 

intraoperative gamma imaging procedures (89). The emergence of these SFOV compact 

gamma imaging systems in surgical and clinical applications may improve patient 

outcomes as they can offer gamma imaging in a critical situation due to their size and 

portability. A SFOV handheld compact hybrid gamma camera (HGC) has been designed 

and developed at the University of Leicester. This hybrid imaging system is able to 

provide gamma and hybrid optical-gamma imaging simultaneously.  

In this chapter, the fundamental principles and concepts of conventional LFOV gamma 

imaging systems will be illustrated. Furthermore, SFOV gamma imaging systems will be 

discussed, and more focus will be directed towards the HGC design and its integral 

components. The aim of this chapter is to provide the reader with sufficient background 

on the HGC development, illustrating the similarities and differences between a SFOV 

gamma imaging system (i.e. HGC) and conventional gamma cameras.      

3.2 Large field of view (LFOV) gamma cameras 

3.2.1 Configuration of a conventional LFOV gamma imaging system 

Diversified hardware and connections are assembled together to form a medical gamma 

ray detection instrument, also known as the gamma camera. Each component plays 

an integral role in the identification of gamma photons and producing proper medical 

gamma images. This section elaborates on the conventional gamma imaging system’s 

chief elements only and does not provide an explanation of every single component and 

their detailed functions. Figure 3.1 illustrates the fundamental elements of 

a conventional gamma camera. Further detailed description of gamma camera 

technologies can be found elsewhere (90-93). 
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Figure 3.1. The traditionally used components of a large field of view (LFOV) gamma 

camera. The fundamental components of the scintillator, photomultiplier tubes (PMTs) 

array, a light guide, and a collimator are present in a mainstream conventional gamma 

camera for detecting ionising radiation. 

The major components observed in each gamma camera include a light guide, 

photomultiplier tube array, radiation shielding, scintillation crystal, collimator, 

electronics for energy positioning and differentiation. Additionally, there would be 

a display device and a computer for processing and demonstrating images and data (94). 

3.2.2 LFOV Gamma Camera Scintillators  

The process of converting gamma rays into optical light is performed using a scintillation 

crystal. As a part of a gamma camera design, several characteristics are considered 

before choosing the appropriate crystal for gamma ray detection. To attain enhanced 

imaging performance suitable for clinical use, the scintillator chosen must be 

inexpensive, have short decay duration, with high atomic number, and high density and 

light output (95). Table 3.1 lists the common crystal materials selected for gamma 

camera design (95-99). 
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Table 3.1. Properties of common scintillators used in conventional gamma cameras   

Properties Na(Tl) CsI(Na) CsI(Tl) 

Density (g cm-3) 3.67 4.51 4.51 

Decay time (µs) 0.23 0.63 1 

Refraction Index 1.85 1.84 1.8 

Photon yield (keV) 38 39 45 – 52 

Hygroscopic Yes Yes Slightly 

Effective atomic number (Zeff) 50 54 54 

Peak emission wavelength (nm) 415 420 540 

Sodium iodide (NaI) scintillators are the most widely utilised for radiation detection in 

conventional gamma ray imaging systems (98). However, it has been found that NaI 

crystals have unwanted characteristics of moisture absorption and fragility; therefore, 

they are required to be sealed in airtight containers (99). To enhance the NaI crystals 

reaction to the incident gamma photons, they can be doped with thallium (Tl) atoms, 

which improves the scintillator’s response to the gamma photons (100). As a result of 

photoelectric or Compton scattering interactions of the incident photons with the 

scintillator’s material, an energetic electron is released and moves within the scintillator 

and interacts with other atoms to produce more excitations and ionisations. The 

resultant electrons that are in an excited state subsequently return to their stable state 

through realising their energy in a form of optical photons (101). 

Crystal design is an integral factor influencing the scintillation process. It has been 

shown that consistently high sensitivity levels are recorded while utilising thick crystals, 

as they can absorb most incident gamma photons; however, a reduction of spatial 

resolution is recognised. Conversely, gamma photons can escape thinner crystals easily, 

which will degrade the sensitivity of the detector. For medical imaging purposes, the 

usual thicknesses for the manufactured scintillators of gamma cameras is in the range 6 

to 12 mm, and these thicknesses match the detection of gamma photons in the 140 keV 

range (i.e. 99mTc isotope energy) (102). 
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The majority of conventional gamma camera designs utilise the standard structure of 

NaI crystal in the shape of a continuous slab. Nevertheless, pixelated or segmented 

scintillators coupled to photosensitive PMTs, where pinhole or parallel collimation 

geometry is used, are an effective structure, which can provide relatively better spatial 

resolution gamma images (103). The enhancements in the imaging system’s spatial 

resolution are brought by the scintillation crystals’ segmentation, as segmentation 

dimensions determine the spatial resolution improvement. However, segmentation has 

disadvantages such as high costs, low count rate and sensitivity (104). This scintillator 

structure is predominantly used in producing small animal scanners with a small field of 

view or for organ-specific gamma imaging systems for some specific nuclear medicine 

procedures such as breast-specific gamma imaging (104, 105).  

Moreover, a partially slotted scintillator’s structure can be preferred as an intermediate 

solution. Partially slotted scintillators can provide good energy resolution and enhanced 

detection sensitivity compared to pixelated scintillators. In addition, they preserve the 

spatial resolution of the gamma ray detector (106). Such a structure has several 

additional characteristics such as lower production costs and relative ease of 

manufacturing (107). 

3.2.3 Photomultiplier tube (PMT) 

There are two steps in the procedure of gamma detection using gamma cameras. The 

process commences with an interaction between the scintillation crystal and the 

incident gamma photons. Following this, the energy of these photons is deposited in the 

crystal and converted to visible optical photons. The transmitted light propagates and 

is guided towards an array of PMTs. The PMT is a high-voltage, sensitive, optical 

detector, which can detect and convert optical photons into a measurable electrical 

signal (90). The PMT works on the directly proportional relationship between the 

electric current and the number of detected optical photons (90). As shown in 

Figure 3.1, the PMT is a vacuum tube with an entrance window, an anode, 

photocathode, dynodes (electron multiplier), and focusing electrodes. 
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The NaI scintillator transmits optical photons at a peak wavelength of 415 nm and these 

optical photons are received by the photocathode, which liberates photoelectrons (i.e. 

low energy phenomena: photoelectric effect) (108). The photocathode consists of alkali 

metals coated with a photo-sensitive surface having weakly bound electrons in the 

valence band (108). The photoelectrons, produced by the photocathode, are directed 

by a focusing electrode towards the first dynode. The primary electrons are accelerated 

towards the first dynode by a high bias voltage. The collision between the primary 

electrons and the first dynode surface liberates more electrons. Consequently, the same 

step repeats between a series of dynodes with further stages of electron amplification. 

This process does not end until the electrons reach the final dynode. This cascade 

procedure works as all the electrons are collected at the PMT’s anode (108). The 

procedure of transmission of the optical photon’s energy into electrical signals is shown 

in Figure 3.1. 

The gamma image produced by a conventional gamma camera is formed on a pixelated 

grid. The number of detected gamma photons is recorded for each pixel within the 

camera’s field of view (109). Therefore, the formation of a gamma image is actually 

a true mapping for the radioactive agents in the targeted region of interest (i.e. the 

spatial locations of the detected gamma photons). To enhance the produced gamma 

image quality, scattered gamma photons should be minimised to reduce image noise. 

Additionally, improving the ability of the gamma camera to maximise the detection of 

primary gamma photons would improve the gamma imaging outcome. The appearance 

of the gamma image, image processing, and reconstruction algorithms have been 

extensively discussed elsewhere (110-113).   
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3.2.4 Gamma imaging collimation principles 

When the process of nuclear scanning takes place, there are several elements that 

influence the appropriate type of collimator for gamma ray detection, such as FOV 

dimension, targeted areas’ dimensions, and the desired level of sensitivity and spatial 

resolution. As shown in Figure 3.2, the gamma rays that are emitted from the examined 

region in the patient are mapped onto the scintillator and represent the targeted 

tissues’ respective locations in the image. The main drawback of this approach is that 

only gamma photons passing through the collimator’s holes can be registered and 

utilised to produce a gamma image; the other gamma photons will be absorbed by the 

collimator’s material (114). Therefore, the sensitivity of the gamma camera is affected. 

The following section shows routinely used gamma camera collimators in nuclear 

medicine clinics.  

3.2.4.1  Parallel hole collimator 

The most common collimators for gamma image formation are the parallel hole 

collimators. This type of collimator consists of a high density material plate (e.g. lead is 

a commonly used material) with hexagonal structured holes arranged in a close-packed 

hexagonal array. Using this preferred hole structure and arrangement would maximise 

the exposed area of the gamma camera detector (90). However, these holes can be 

manufactured in other structures, such as triangular, square, or circular holes. 

Generally, the thickness of parallel hole collimators manufactured for traditional gamma 

cameras ranges between 25 and 80 mm, and they contain 3×104 - 9×104 holes (115). As 

seen in Figure 3.2 (A), the structure of the parallel bore arrays is symmetrical, with 

identical holes, surrounded by lead septa.  



Chapter 3. Essentials of medical gamma imaging systems 

 

41 
 

 

Figure 3.2. Schematics showing different shapes of commonly used collimators in 

medical gamma scanning procedures. (A) parallel-hole collimator; (B) diverging-hole 

collimator; (C) pinhole collimator; (D) converging-hole collimator. Red dashed lines 

illustrate the effect of different collimators on mapping the targeted object with its 

respective location and shape on the detector. 

The parallel hole collimator allows incident gamma photons to pass through at 

a perpendicular angle. Parallel hole collimators provide a superior level of sensitivity 

compared to pinhole collimators; however, generally collimators impose considerable 

limitations on the FOV of the gamma imaging systems because most of the off-axis 

gamma photons are absorbed by the collimator body (115).   

In practice, the parallel hole collimator allows several incidence angles because the hole 

diameter is not infinitesimally small and the spatial resolution quality of the gamma 

camera degrades with larger dimensions of the collimator’s holes, as these will allow 

a wider range of acceptance angles (116). 

Using different gamma emitters also plays a significant role in the selection of the 

appropriate parallel-hole collimator. The energy of the gamma photons is the key factor 
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to determine the septal thickness. This is because the scattered gamma photon 

penetration for the collimator body must be minimised using an appropriate septal 

thickness to avoid the projection of inaccurate data on the gamma image. 

An exponential function represents gamma photons’ attenuation process; therefore, 

the chosen septal thickness will not match the full absorption of all scattered gamma 

photons (94, 117). The accepted level of septal penetration is 5 % along the shortest 

septal path (116, 117). The equation below shows the geometrical relationship of the 

smallest path length and the septal thickness of the hexagonally arranged parallel hole 

collimator: 

𝑡 =  
2 𝑑 𝑝 

(𝑙 − 𝑝)
                                                                     (3.1) 

Where t is the septal thickness, d corresponds to the hole diameter, and l is the length 

of the hole, while p is the shortest septal path length for a photon entering the 

collimator at the maximum acceptance angle (see Figure 3.3). 

 

Figure 3.3. A schematic for a hexagonally arranged parallel-hole collimator showing the 

penetration of the collimator’s septa and the relationship between the shortest septal 

path length (p) and the septal thickness (t).   
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During the design process of a parallel hole collimator, geometrical restrictions need to 

be considered along with the inclusion of the probable level of the wider hole 

dimensions for maintaining a collimator’s sensitivity. Gamma photon energy determines 

the linear attenuation coefficient value (µ) of the absorbing material. Therefore, gamma 

photon energy is considered in determining the appropriate septal thickness (t) (114). 

This is the major reason for classifying parallel-hole collimators as Ultra-high energy 

(UHE), High-energy (HE), Medium Energy (ME), and Low energy (LE) collimators; i.e. the 

septal thickness of the LE parallel hole collimators (~0.18 mm) is in the thinner range 

compared to the UHE parallel hole collimators (~2 mm). Thinner septa increase the 

fragility of the collimator and it can lead to physical damage if not handled appropriately 

(115).  

 

Figure 3.4. A schematic showing the count profile (point or line spread function) for 

a parallel hole collimator. The Full width at half maximum (FWHM) measurements are 

utilised to quantify the collimator resolution (Rcoll).   
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The diameter and the length of the collimator holes play an integral role in determining 

the desired collimator resolution and efficiency. The collimator resolution (Rcoll) is 

defined as the full width at half maximum (FWHM) of the count profile from a line or 

point radiation source placed within the field of view (FOV) of the collimator (90, 118). 

Rcoll is given by the equation below: 

𝑅𝑐𝑜𝑙𝑙 ≈  
𝑑

𝐿
 (𝐿 + 𝑥)                                                         (3.2) 

Where d is the hole diameter, x is the distance between the collimator and the radiation 

source, and L is the hole length (see Figure 3.4). 

3.2.4.2  Non-parallel hole collimator 

Parallel hole collimators differ from diverging and converging collimators based on the 

field of view despite their corresponding exit plane dimensions. Figure 3.2 (B & D) 

demonstrates the converging collimator that gives a smaller FOV (used to scan small 

targeted areas such as during brain or cardiac scanning procedures); whereas, the 

diverging collimator provides a larger FOV in comparison to the parallel-hole collimator. 

Diverging-hole collimators are utilised to collect gamma photons from a large region of 

interest (i.e. larger than a camera’s crystal) (119).  

Cone and fan beam collimators are the two main types of converging collimators. The 

fan beam collimator consists of various parallel rows of holes and each holes’ row has 

one single focal point. These focal points then join to formulate a focal line for the 

collimator (Figure 3.5 A). Therefore, the fan beam collimator provides parallel 

collimation in the axial direction of the ROI and converging collimation for each slice (i.e. 

transverse plane), which geometrically simplifies the process of producing non-

overlapping profile projections (119, 120).  

Additionally, during the manufacturing of cone beam collimators, holes can be tapered 

and organised such that all holes are focused on one specific point (i.e. a focal point). 

The minimal focal length is recorded at the cone beam collimator’s centre and increases 

towards the collimator’s edges (Figure 3.5 B) (120). The apertures of the cone beam 

collimator’s holes on the front surface are identically matched across the collimator. 
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Figure 3.5. A schematic representing focal points of fan and cone beam collimators; (A) 

fan beam collimator with all holes in the same trans-axial slice directed to form a focal 

line, while in (B) all holes focus at a single point using a cone beam collimator.  

In comparison to the diverging collimator, small objects are magnified using converging 

collimators and exhibit a relative enhancement in terms of sensitivity which peaks at 

the focal point. Applications, such as brain tomographic imaging, require these 

converging collimators, as spatial resolution is found to be optimum at the surface and 

declines as the source distance increases; however, the system sensitivity is enhanced 

while moving away from the collimator’s surface, and grows until reaching the distance 

of the focal point (119). The major reason behind this is that the number of the holes 

examining the object increases with increasing distance between the object and the 

collimator. Therefore, enhanced sensitivity is attained when the object is observed 

through a larger number of holes and the object is placed at larger distances. 

To satisfy the needs of nuclear medicine clinics with small organ imaging procedures, 

such as parathyroid and thyroid scanning, pinhole collimators are appropriate (Figure 

3.2 C). The pinhole collimator has a cone-shaped structure made from metals, such as 

tungsten, lead or platinum, and the aperture has a diameter range of 2 to 6 mm. It 

further demonstrates its effectiveness in examining bone joints, paediatric scans, and 

skeletal extremities nuclear scanning.  



Chapter 3. Essentials of medical gamma imaging systems 

 

46 
 

The spatial resolution requirements are different (i.e. higher spatial resolution is 

required) for small animal gamma imaging systems as the small targeted structures 

require 1-2 mm pinhole diameter or even lower (121, 122). 

 

Figure 3.6. Cross- sectional illustration of a conventional pinhole collimator. The 

collimator’s apex to radiation source distance x, scintillator to collimator’s apex f, and 

the pinhole diameter d.  

Moreover, the conventional pinhole collimator length range is 20-25 cm from the back 

surface to the aperture point (90). The following pinhole equation formula describes 

image formation, which gives an inverted and magnified imaging view. The computation 

of pinhole collimator magnification (M) is done by: 

 

𝑀 =
𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑠𝑐𝑖𝑛𝑡𝑖𝑙𝑎𝑡𝑜𝑟 𝑡𝑜 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟′𝑠 𝑎𝑝𝑒𝑥 (𝑓)

𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 𝑓𝑟𝑜𝑚 𝑡ℎ𝑒 𝑐𝑜𝑙𝑙𝑖𝑚𝑎𝑡𝑜𝑟′𝑠 𝑎𝑝𝑒𝑥 𝑡𝑜 𝑡ℎ𝑒 𝑜𝑏𝑗𝑒𝑐𝑡 (𝑥)
          (3.3) 

 

The collimator’s physical length and object position influence the image magnification. 

When f is greater than x, the magnified image size is achieved and vice versa (see Figure 

3.6).  
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The magnification effect of the pinhole collimator should be considered for Rcoll. The 

geometric resolution of a pinhole collimator for a point radiation source located at the 

middle of the FOV is given by: 

 

𝑅𝑐𝑜𝑙𝑙 = 𝑑 ( 
1

𝑀
+ 1)                                                               (3.4) 

 

Where d is the pinhole diameter. The resolution is affected with increasing the distance 

between the radiation source and the pinhole collimator’s apex (i.e. decreasing 

magnification) (118).  

The spatial resolution will be enhanced using a small pinhole, while enabling the 

visualisation of small objects in a magnified form. With a larger pinhole aperture, the 

spatial resolution decreases and sensitivity level increases. Additionally, larger pinhole 

apertures may produce gamma image distortion (90). The final image will comprise of 

several undesired photons (i.e. scattered photons), giving low image quality, as some 

scattered photons will pass through the pinhole or collimator material and be absorbed 

by the scintillator. 

No new improvements have been recently reported in the area of clinical gamma 

photon imaging. Despite their limitations, collimators are an essential element of any 

gamma ray imaging system. 
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3.3 Small field of view (SFOV) gamma cameras 

LFOV conventional gamma cameras are large, bulky pieces of equipment, as they were 

designed primarily to produce gamma images for large targeted areas or even the whole 

of the patient’s body; however, very little emphasis has been placed on the 

development of compact, highly manoeuvrable SFOV gamma imaging systems. There is 

a potential need for more compact nuclear imaging cameras. While some medical 

imaging equipment companies have invested in the development of mobile gamma 

cameras, the available systems were still relatively large, trolley-mounted cameras, with 

limited use and poor manoeuvrability (123, 124). 

Recently, developments in the area of low profile position sensitive photomultiplier 

tubes (PSPMTs) and solid-state detecting elements have resulted in the production of 

more compact SFOV gamma imaging systems that are able to achieve a high quality 

imaging outcome. They are capable of performing imaging of small anatomical 

structures and organs to evaluate their function; for example, lymph nodes and thyroid 

glands. The emergence of SFOV gamma cameras and their utility in diagnostic 

applications has shown promise towards providing high quality gamma imaging with 

superior efficiency, uniformity, and spatial and energy resolutions (125). SFOV gamma 

cameras have two principal applications: involvement in routine scintigraphic 

procedures and in intraoperative sentinel lymph node detection procedures (126). The 

latter will be the focus for the remainder of this literature review. 

The diagnostic performance of current modalities to identify sentinel lymph nodes, 

including pre-operative gamma camera probing and imaging, and the blue dye method, 

have high sensitivity and specificity (6). The pre-operative detection rates using these 

modalities have been reported to be 72-98 % with a false-negative rate of 4-7 % (10, 

127). The use of radioisotopes within the blue dye is considered the gold standard for 

sentinel lymph node biopsy with detection rates of 96-97 %; however, its associated 

complications and licensing issues have meant that its utility has declined, despite its 

diagnostic superiority (128). Notably, the American Society of Breast Surgeons reports 

that the acceptable sensitivity and false-negative rate for sentinel node detection is 85% 

and <5 %, respectively (11). Therefore, gamma cameras with an SFOV have represented 
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an opportunistic means of meeting the diagnostic performance requirements and, 

indeed, studies have shown that a 5 x 5 cm SFOV is a pragmatic modality for identifying 

sentinel nodes in breast cancer patients (12, 129). 

However, the utility of SFOV gamma cameras must be able to assist in addressing their 

potential limitations, including the reliance upon the surgeon’s proficiency, whereby 

considerable training and experience is required to achieve detection rates >90 % (11). 

Moreover, in a minority of cases the SLN may not be anatomically conducive to 

detection, particularly those that are deep seated, close to the injection site, amongst 

high activity tissues, or express limited radiotracer uptake (6). The utility of SFOV gamma 

cameras is expected to be able to overcome these limitations, providing they have 

superior spatial resolution, and a number of such systems have become available in 

recent times (130). 

The initial systems utilised conventional continuous NaI or CsI scintillator detectors, 

which had fields of view of 1.5-2.5 cm and could, therefore, be held by hand 

intraoperatively. Later, systems emerged with CdZnTe semiconductors but the very 

SFOV provided by these detectors rendered them difficult to operate during the period 

of image acquisition and thus, in more recent times, gamma cameras with slightly larger 

FOVs and machined onto an articulating arm for ease of operation were developed (6). 

3.3.1 Handheld SFOV gamma cameras 

The eZSCOPE manufactured by Anzai Medical, Tokyo, Japan is a CdZnTe-based 

semiconductor, which has a field of view of 3.2 x 3.2 cm with a 5 mm thickness and 16 

x 16 array (256 pixels). It is light, weighing 820 grams, allowing for ease of operation and 

utilises exchangeable parallel hole collimators (256 holes) to match the array pattern. 

In an evaluation study, Abe et al. (131) found that the intrinsic energy resolution was 

8.6 % full width at half maximum (FWHM) at 141 keV 99mTc emitted gamma radiation 

and had an efficiency of 87 %. For the low-energy high resolution collimator, the integral 

and differential uniformities were 1.6 % and 1.3 %, respectively, with a spatial resolution 

of 2.2 mm at 1 cm. For the low-energy high sensitivity collimator, the integral and 

differential uniformities were 1.9 % and 1.2 %, respectively, with a spatial resolution of 
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2.9 mm at 1 cm. The performance characteristics of this SFOV gamma camera allowed 

for greater lymphatic visualisation, as shown in Figure 3.7. However, the SFOV meant 

that searching the surgical field of interest was time-consuming, which resulted in the 

use of a diverging collimator to increase the effective FOV. 

 

Figure 3.7. eZSCOPE acquired gamma images; lymph nodes (top left and middle), lymph 

vessel (top right), comparison with conventional gamma camera gamma image 

(bottom) (6). 

Another CdZnTe-based semiconductor was developed, by General Electric, Haifa, Israel, 

which has a larger field of view (4 x 4 cm) but the same 16 x 16 array and pinhole 

collimation, when compared to the eZSCOPE (132). In phantom and animal studies, the 

energy resolution for 99mTc was 8.0 % and produced a spatial resolution of 5 mm at 5 cm 

and a sensitivity of 100 cps/MBq. This system was able to discriminate 1 cm adjacent 

spheres filled with 99mTc at 6 cm distances (Figure 3.8), whilst conventional gamma 

cameras could achieve similar images only when the spheres were 2 cm apart and at 

a 1 cm imaging distance (7, 83). 
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Figure 3.8. Ability of the SFOV gamma camera to discriminate 99mTc filled spheres at 

different depths (83). 

The Per-Operative Compact Imager (POCI) was developed in France and utilises 

a CsI(Na) scintillator detector with an image intensifier tube, position sensitive diode 

and parallel hole collimator (133). The field of view is 4 x 4 cm and its performance 

evaluation observed a sensitivity of 250 cps/MBq at 1 cm and 125 cps/MBq at 5 cm and 

spatial resolution of 3.9 cm, 4.8 cm, and 7.6cm at 1 cm, 2 cm, and 5 cm, respectively. 

However, despite its relative ease of operation, the energy resolution was found to be 

28 % and it acquired substantial amounts of scatter in the images. In preliminary human 

trials, the POCI correctly identified SLNs of all patients and this included recognition of 

two deep nodes (Figure 3.9) that were not detected by a conventional gamma 

probe (58). In a later prospective double-blinded trial, Kerrou et al. (134) evaluated the 

POCI and demonstrated its non-inferiority to conventional lymphoscintigraphy in 138 

evaluable patients with breast cancer. The results showed that POCI was able to detect 

a greater number of SLNs in 50 subjects than conventional scintigraphy, whilst 

identifying the same number of nodes in 54 patients and fewer nodes in 34 patients. 

The noninferiority analysis was found to be statistically significant (p=0.025) and the 

POCI conferred faster acquisition times (<10 minutes in 84 % of patients, compared to 

13 % of patients for scintigraphy, which was significant [p <0.001]). 
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Figure 3.9. POCI acquired gamma image of two deep potential SLNs (arrows) that were 

not detected by a conventional gamma probe (58). 

A cadmium telluride (CdTe) semiconductor was developed by Tsuchimochi et al. (57) in 

Japan; compared with a CdZnTe semiconductor it has superior energy resolution (7.8 %). 

The camera has a field of view of 4.5 x 4.5 cm with a 32 x 32 array and 1.2 x 1.2 mm 

pixelated matrix that is matched by a 1.2 mm square collimator aperture. The spatial 

resolution was found to be 3.9 mm, 6.3 mm, and 11.2 mm at distances of 2.5 cm, 5 cm, 

and 10 cm, respectively, whilst the sensitivity was 300 cps/MBq, which is comparable to 

that of the former POCI system. In a simulation based study, Oda et al. (135) found that 

the energy resolution was 6.9 % FWHM at 141 keV of 99m Tc and the mean spatial 

resolution was 1.59 mm. Moreover, this gamma camera was able to better discriminate 

lymph nodes and identify sentinel nodes close to the injection site using high sensitivity 

and high resolution collimators, respectively. In a later animal and clinical study, 

Tsuchimochi et al. (56) found that this gamma camera was able to identify a comparable 

number of SLNs to the conventional gamma camera but acquired gamma images in 

must faster times (5-60 s), supporting its utility in lymphoscintigraphic procedures 

(Figure 3.10). 
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Figure 3.10. Comparison of gamma images produced by a conventional gamma camera 

(left) and SFOV gamma camera (right); two lymph nodes after 600 s for conventional 

camera and 15 s for SFOV gamma camera (56). 

Several other handheld SFOV gamma cameras are reported upon in the literature but 

are studied to a lesser extent. Firstly, the IP-824 CsI-based detector is manufactured by 

Li-Tech, Montelibretti, Italy and has a 2.5 x 2.5 cm field of view. It has a sensitivity of 

400 cps/MBq at 5 cm imaging distance, a spatial resolution of 3 mm at 1 cm and energy 

resolution of 19.1 % at 140 keV (129). In a human trial of a relatively large sample size 

(n=120), Scopinaro et al. (136) evaluated the use of this gamma camera in SLN detection 

compared to detection using conventional gamma camera lymphoscintigraphy. The 

authors matched subjects by age and cancer type and divided them into two groups; 

one receiving conventional scintigraphy and the other receiving conventional 

scintigraphy and the IP-824 SFOV gamma camera scanning. The results showed that the 

use of the SFOV gamma camera was straightforward and facilitated greater SLN 

detection, which allowed for a higher number of SLNs to be removed at the time of 

surgery. The Li-Tech manufactured gamma camera was later updated to a version 

known as the IP-Guardian 2, which is a CsI-based scintillator with a much larger FOV 

(44 x 44 cm) than its predecessor. In its phantom evaluation, the sensitivity was found 

to be 204 cps/MBq, the spatial resolution was 2.5 mm in-contact, and it had an integral 

and differential uniformity of 8.8-12 % and 4.0-5.7 %, respectively (137). During testing 
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in a feasibility clinical study, Chondrogiannis et al. (138) evaluated the camera’s use 

intraoperatively for SLNs localisation in 16 patients with stage one and two breast 

cancer. The results showed that the gamma camera provided high spatial resolution of 

2.4 mm, with a sensitivity of 180 cps/MBq, which was comparable to that in the 

phantom study. Moreover, although the number of detected SLNs in most patients was 

comparable between conventional lymphoscintigraphy and the SFOV gamma camera, 

the latter was able to identify an extra SLN, which contained metastatic tissue, and more 

easily identified difficult to detect nodes as defined by pre-operative scintigraphy. 

Secondly, the Minicam II is a CdTe-based gamma camera manufactured by Euromedical 

in France, with a 4 x 4 cm field of view, sensitivity of 200 cps/MBq at 1 cm, spatial 

resolution of 2.46 mm in-contact and an energy resolution of <10 % at 140 keV. In 

a prospective study comparing this camera during surgery to pre-operative 

lymphoscintigraphy in 50 patients, the data was comparable in regard to detected 

numbers of SLNs, but the Minicam was better at localising SLNs in two difficult cases 

and was operator friendly (139). 

Thirdly, Olcott et al. (140) developed a handheld, NaI-based scintillator gamma camera 

with a  5 x 5 cm field of view and a 29 x 29 pixelated array coupled to a parallel hole 

collimator and position sensitive photomultiplier tube. In its performance 

characterisation, the energy resolution was 12.1 % at 140 keV, the spatial resolution 

was 1.8 mm at 0.6 cm and its sensitivity was 5 cps/µCi at 1-5 cm. In the phantom 

assessment, the gamma camera was able to identify a 3 mm sphere at a depth of 3.6 cm 

with 5 s acquisition time. The principal author and colleagues later evaluated the 

camera’s use in the clinical setting for SLNs identification and biopsy in melanoma and 

breast cancer patients and compared it to conventional pre-operative scintigraphy and 

intraoperative gamma probe screening (141). The results showed that the sensitivity of 

the gamma camera in addition to the gamma probe for sentinel node detection was 

88.5 % (95 % CI 82.3, 94.6) compared to 94.2 % (95 % CI 89.7, 98.7) for conventional pre-

operative scintigraphy, which was not statistically significant (p=0.24). 
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3.3.2 Articulated/armed SFOV gamma cameras 

The Sentinella 102 system, an articulated SFOV gamma camera, is manufactured by 

Oncovision/GEM Imaging in Valencia, Spain. It utilises pinhole collimation and a CsI(Na) 

scintillator detector with exchangeable pinhole apertures with a range of 1.0-4.0 mm, 

which generates a 20 x 20 cm effective field of view at 18 cm imaging distance (142). 

The energy resolution is reported to be 13-15 % at 140 keV with absolute and 

differential linearities of 0.28 mm and 0.15 mm, respectively (126). The sensitivity using 

99mTc ranges between 200-2000 cps/µCi and 60-160 cps/µCi at 1 cm and 10 cm imaging 

distances, respectively, whilst the spatial resolution readings are 5.4-8.2 mm at 3 cm, 

7.3-11 mm at 5 cm and 10-18 mm at 10 cm. Notably, the larger FOV at greater distances 

impairs the spatial resolution but can facilitate surveillance of large anatomical areas of 

interest prior to more focussed assessment at smaller distances and better resolution. 

In a clinical study of patients with primary hyperparathyroidism, Ortega et al. (143) 

found that Sentinella 102 system was able to consistently locate the parathyroid 

adenomas with good spatial resolution when placed at 5-10 cm distances (Figure 3.11) 

and conferred acceptable acquisition times of 20-60 s. In addition, the Sentinella gamma 

imaging system is equipped with a laser positioning system and real-time positioning 

using a gadolinium source (153Gd), to allow precise centralisation of foci of interest for 

optimal gamma imaging quality (142). In a more recent study, Vidal-Sicart et al. (144) 

showed that the Sentinella 102 gamma camera had a 20 % higher SLNs detection rate 

than a conventional gamma probe, with extra SLNs identified in an additional four 

patients. 
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Figure 3.11. Lateral view of a parathyroid adenoma using a Sentinella 102 gamma 

camera showing a central area of high activity (143). 

The Sentinella 102 gamma camera has also been evaluated during a radioguided occult 

lesion localisation (ROLL) procedure, to assess its utility in assessing the ability to resect 

non-palpable breast tumours. Paredes et al. (145) recruited 42 women with such 

cancers who had received pre-operative conventional lymphoscintigraphy and used the 

Sentinella gamma camera to evaluate the lumpectomy specimen and lumpectomy site 

to identify residual disease. The gamma camera showed that in 23 cases the lesion was 

centred with radioactivity in the specimens, whilst 15 were non-centred and four were 

in-contact, which, overall, was congruent with pathological examination of tissue by 

a factor of 60 %, suggesting it has some utility in predicting surgical resection margins, 

which has the potential to reduce the need for repeat surgery. 

In a recent UK-based study of the Sentinella gamma camera, Ghosh et al. (146) 

evaluated its utility in SLN identification and compared it to pre-operative scintigraphy 

scans in 144 patients. The results showed that this SFOV gamma camera detected 

a significantly higher number of nodes than conventional scintigraphy (p<0.0001). 

Moreover, the gamma camera was able to locate nodes in five cases that were not 

detected by the non-imaging gamma probe and in two cases use of the gamma camera 

in identifying extra nodes facilitated complete axillary clearance, which would have 
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reduced or eliminated the occurrence of residual nodes in those subjects. In an earlier 

study, the Sentinella gamma camera was evaluated in a cohort of 60 patients with 

cutaneous malignancies for its ability to identify SLNs. It was compared to pre-operative 

scintigraphy and SPECT scans (147). The authors found that when used intraoperatively 

the gamma camera detected all lymph nodes that were visualised pre-operatively and 

it located an additional 23 SLNs in 15 patients, two of which contained metastatic tissue. 

Thus, this represents further evidence for the use of SFOV gamma cameras as 

an intraoperative imaging modality to reduce false-negative SLN detection results. 

These findings are also supported in the study by Cardona-Arbonies et al. (148) who 

found that use of the Sentinella gamma camera intraoperatively identified SLNs, with 

low radioactivity, in two cases, which were not present upon pre-operative planar and 

SPECT imaging. 

A less well-known armed gamma camera is the 2020tc Imager, which is a multi-crystal 

scintillator detector that utilises a silicon photodiode, rather than a photomultiplier 

tube, to convert scintillation light into electrical charge. This gamma camera has a field 

of view of 20 x 20 cm and its performance includes a sensitivity of 54 cps/MBq at 10 cm 

imaging distance, a special resolution of 7 mm at 10 cm and an energy resolution of 

<14 % at 140 keV (129). In a study by Motomura et al. (149) this gamma camera was 

evaluated intraoperatively and compared to the pre-operative detection of potential 

SLNs using the 2020tc Imager and a conventional gamma camera. The results showed 

that 41 nodes among 29 patients were identified pre-operatively by both modalities, 

but the 2020tc Imager identified a marginally higher proportion of all nodes. Moreover, 

the 2020tc Imager and conventional gamma probe identified numerous additional 

nodes intraoperatively (n=63), whereby the 2020tc Imager helped to reduce the rates 

of residual nodes that would have otherwise been left in patients. 

The CarollRes gamma camera was developed by the Institut Pluridisciplinaire Hubert 

Curien in Strasbourg, France. It utilises a 5 x 5 cm cerium-doped gadolinium 

orthoxysilicate scintillator detector and parallel hole collimation, conferring a 99mTc 

spatial resolution of 10 mm at a 5 cm imaging distance, energy resolution of 45 % and 

a sensitivity of 130 cpm/MBq (12). In a prototype study, Mathelin et al. (14) evaluated 

the CarollRes gamma camera in patients with infiltrative breast carcinoma for its ability 
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to identify and localise SLNs (Figure 3.12). The authors found that the depth of potential 

SLNs as determined by the camera correlated well with that found surgically, which was 

precisely correct for a total of 7 out of 11 nodes.  

Moreover, in a case report of a 44-year-old female with infiltrative ductal carcinoma, 

the CarollRes gamma camera was able to identify a second SLN that was not detected 

during conventional lymphoscintigraphy scanning, suggesting that SFOV gamma 

detectors can reduce false-negative rates and under-staging of disease, ultimately 

yielding better patient outcomes (13). 

 

Figure 3.12. Demonstration of two sentinel lymph nodes in a right breast using the 

CarollRes gamma camera (12). 

One of the largest SFOV gamma cameras was developed by General Electric in Haifa, 

Israel and Gamma Medica Ideas in Northridge, California, but this was developed for 

screening and pre-operative diagnostic purposes and is reviewed elsewhere (150, 151). 

For the reader, these gamma cameras have also been evaluated in phantom and clinical 

studies in more recent times (124, 152). Notably, Gamma Medica Ideas Incorporated 



Chapter 3. Essentials of medical gamma imaging systems 

 

59 
 

manufactured one of the earliest articulated arm gamma cameras that is reported in 

the literature, known as the GammaCAM/OR. This was evaluated in a small clinical study 

by Aarsvod et al. (153) for imaging SLNs in breast cancer patients intraoperatively. The 

authors reported that the gamma camera was able to assist in node identification, 

particularly in difficult cases, but no meaningful conclusions were reached, and its 

performance and technical characteristics were not well defined. However, 

Hruska et al. (152) reported that a more recent generation of the gamma camera with 

CdZnTe-based detection and a 20 x 16 cm FOV produced a spatial resolution of 4.8-

5.6 mm at 3 cm imaging distance.  

To conclude this review, when developing gamma imaging systems of this nature, it is 

imperative that due consideration is given to ensuring that they offer sufficient 

resolution and a level of sensitivity required for the appropriate clinical procedures, 

while administering relatively low amounts of radiation. Table 3.2 shows a summary of 

the available SFOV compact gamma imaging systems that have been tested in clinical 

settings.   
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Table 3.2. Available small field of view (SFOV) compact gamma imaging systems  

 

SFOV gamma camera 
Detection 
material 

Energy 
Range 
(keV) 

Collimation 
principle 

Nuclear Medicine 
Procedures 

 

Sentinella 102 (154-157) 

 

CsI(Na) - Position-
sensitive PMT 

 

50 - 200 

 

  

 

Pinhole 

SLN detection and 
Intraoperative 

hyperthyroidism 
gamma imaging 

Hybrid Gamma Camera 
(HGC) (158-160) 

 

CsI(Tl) - EMCCD 

 

30 - 200 

Lacrimal scintigraphy, 
thyroid scintigraphy, 
lymphoscintigraphy, 

and SLN biopsy  

Mediprobe (161) CdTe:CI 141  

 

 

 

 

 

 

SLN detection 

 

 

 

 

Intraoperative handheld 
gamma Camera (IHGC) 

(140, 141) 

NaI(Tl) – Position-
sensitive PMT 

30 - 300 
 

 

 

 

 

 

 

 

Parallel hole 

 

 

GammaCAM/OR (162, 
163) 

141 

Preoperative Compact 
Imager (POCI) (58, 134) 

CsI(Na) - 
Intensified 

position-sensitive 
diode 

 

30 – 250 

 

MiniCam II (164)  

CdTe 

30 - 200 

MGC500 mini gamma 
camera (56, 57, 89) 

550 
max. 

TreCam (165, 166) 
LaBr3:Ce - Multi-

Anode PMT 
141 

CarollRes (12, 13) 

 

GSO:Ce - Multi-
Anode PMT 

141 

CrystalCam (167, 168) 
 

CdZnTe 

 

30 – 250 

 

eZ Scope (131, 169) 

 

71 - 364 

Intraoperative 
hyperthyroidism 
gamma imaging 

 

 



Chapter 3. Essentials of medical gamma imaging systems 

 

61 
 

3.3.3 SFOV hybrid gamma camera project 

This section presents an overview of a prototype high spatial resolution SFOV hybrid 

gamma camera that is designed and developed to facilitate intraoperative gamma 

imaging and small organs gamma imaging procedures. The hybrid gamma camera (HGC) 

is a SFOV scintillation detector based on charge coupled device (CCD) technology that 

was originally invented for the purposes of X-ray astronomy (160). The camera system 

combines optical and gamma imaging. 

3.3.3.1 Developmental stages of the SFOV hybrid gamma imaging system  

The BioImaging Unit at the Space Research Centre (SRC), University of Leicester, was 

established in 1999. Since then, the research activities of the SRC have been extended 

towards developing a range of prototype medical imaging instruments, such as the 

autoradiography camera based on microchannel plates (MCPs) and Charged Coupled 

Device (CCD) technology-based gamma imaging systems (170, 171). The idea of an SFOV 

compact gamma camera was originated by Prof John Lees (BioImaging Unit research 

group leader). In 2003, the BioImaging Unit research group initiated the development 

of SFOV medical imaging systems by developing the high-resolution gamma imager 

(HRGI): a CCD-based camera for medical imaging (171). A 100-µm-thick gadolinium 

oxysulphide (Gd2O2S) scintillation layer was directly attached to the CCD, and both were 

isolated and sealed within a plastic case. With a CCD chip sensitive area of 20 mm × 

30 mm, the HRGI was developed for oral gamma imaging applications (Figure 3.13). By 

increasing the thickness of the scintillator, the imager was made more efficient in terms 

of this detection, with spatial resolution degrading to 0.60 mm from 0.44 mm (500-µm-

thick Gd2O2S scintillator). The development of this small, un-collimated imaging system 

that shows potential capabilities of providing high-resolution gamma imaging 

encouraged the BioImaging Unit research group to develop an SFOV handheld gamma 

imaging system. 
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Figure 3.13. (A) charged couple device (CCD38-20) dental imaging detector produced by 

E2V Technologies, (B) gamma image of a 1 mm diameter tube filled with 99mTc solution 

(300 s acquisition time) (171).   

Lees et al. (2006) described the development of a scintillator-coated CCD-based camera 

for the investigation of radioactivity uptakes. The HRGI was upgraded with a CCD 55-30 

produced by e2v Technologies, UK, with a 500-μm-thick terbium-doped gadolinium 

oxysulphide (Gd2O2S[TB]) scintillation layer, a Peltier cooler (Melcor thermoelectric 

device), a parallel hole lead collimator and a finned heatsink using forced air (172). The 

detection head was surrounded by a plastic container for protection, which not only 

assisted ease of use but ensured the device was small enough to be held in the hand. 

The operating temperature was reduced to around -5°C with the help of the Peltier 

cooler, which in turn meant that the dark currents dropped to 10 electrons/ 

pixel/second. Within the container holding the detector a dry nitrogen atmosphere was 

created to stop condensation affecting the CCD (see Figure 3.14). 
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Figure 3.14. Photograph of the High-Resolution Gamma Imager fitted with high-

resolution parallel hole collimator (172).    

The BioImaging Unit researchers continued to work on the camera and created a novel 

prototype named the Mini Gamma Ray Camera (MGRC) (Figure 3.15). This camera was 

designed to offer improved, high-spatial-resolution images that could be employed in 

gamma imaging procedures. The Gd2O2S[TB] scintillator was switched to a thallium-

doped caesium iodide (Csl[TI]) (159). A back-illuminated electron multiplier CCD 

(EMCCD) was employed. This was linked with a scintillation crystal employing Dow 

Corning optical grease. The thermoelectric technology for this handheld gamma camera 

was the same as that employed in the HRGI.  

Apart from the front of the gamma detector, it was surrounded by a 4-mm-thick lead 

shield to mitigate the potential for the apparatus to detect background radiation or 

scattered photons. The design of the MGRC permitted the collimators to be 

interchanged, with a choice of parallel hole collimator or pinhole collimator. A pair of 

pinhole collimators, with pinhole diameters of 0.5 mm and 1.0 mm, with angular 

apertures of 60°, were made from tungsten discs (6 mm thick). Images were acquired 

utilising bespoke software written in Interactive Data Language (IDL) (more details will 

be provided in subsection 3.3.3.4). The MGRC design allowed photons ranging in energy 

between 20 and 140 keV to be detected; the MGRC was able to offer a spatial resolution 

of ~1 mm. 
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Figure 3.15. Photograph of the Mini Gamma Ray Camera (MGRC).  

The camera head of the MGRC was improved with a well-engineered outer design, 

which makes the camera an easy-to-use device. It can also be mounted on a fabricated 

arm. Furthermore, this new design of the gamma camera was produced with improved 

cooling systems and shielding, and called the Compact Gamma Camera (CGC) (160). 

A new heat exchange system was introduced employing a paraffin-based phase-change 

material (PCM), lowering the CCD temperature to -13°C without having to employ fans 

powered by electricity. This reduced contamination risks, as it allowed the PCM to be 

held within the camera head case, so that heat exchange could occur without airflow 

being involved. A ridged plastic surface was added to the camera head so that it could 

be held steady when taking images.  

Combining a number of different dual imaging modalities for medical imaging has 

greatly enhanced practitioners’ diagnostic armoury and treatment options. Such 

technologies give practitioners anatomical and functional feedbacks, which is useful in 

managing various medically critical cases. Anatomical and functional detail related to 

tissue metabolism and its exact location in the anatomy can be registered using inter-

modality image fusion. With that in mind, the BioImaging Unit researchers developed 

the currently used gamma-optical imaging system, known as the Hybrid Gamma Camera 

(HGC).  
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The available protocols for evaluating LFOV gamma imaging systems can be 

inappropriate, and they need to be modified to suit SFOV gamma imaging systems. 

Bhatia et al. (64) proposed an assessing scheme that can meet the needs of SFOV 

gamma camera performance evaluation. This scheme outlined the available 

characterisation protocols for LFOV gamma imaging systems and highlighting the 

required modification for evaluating SFOV gamma imaging systems. Bugby et al. (173, 

174) used the above-mentioned scheme to characterise the current model of the HGC, 

fitting the HGC with two interchangeable thicknesses of the Csl(TI) scintillator 

(i.e. 600 µm and 1500 µm thick). The parameters investigated and HGC characteristics 

are summarised in the following subsections (Table 3.3).  

Based on the previously mentioned stages in the development of the HGC, the research 

work conducted and presented in this thesis is designed to assess the suitability of the 

HGC for clinical imaging during routine and surgical gamma imaging procedures. The 

HGC is evaluated using various assessment protocols in experimental settings (i.e. 

through using different bespoke phantoms simulating clinical scenarios) and during 

routine gamma imaging procedures in nuclear medicine clinics (see Figure 3.16). 
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Figure 3.16. A schematic illustrating the research stages of developing and assessing the 

hybrid gamma camera. The red-dashed boarded box represents the scope of the 

conducted research presented in this thesis. 

 

3.3.3.2 The SFOV hybrid gamma camera design and characteristics  

Figure 3.17 shows an image of the hybrid gamma camera (HGC) together with 

a schematic of the HGC. The fundamental components of the HGC are an electron 

multiplication charge coupled device (EMCCD), CsI(Tl) scintillator, pinhole collimator, 

a miniature optical camera and a mirror (placed at 45 in front the optical camera). The 

distance between the EMCCD and the pinhole is fixed at 10 mm. The FOV size of the 

HGC is determined by the distance between the pinhole and the object that is being 

scanned. The detector enclosure is surrounded by tungsten shielding, which serves the 

purpose of minimising the level of image degradation that results from scattered 

photons and background radiation.  
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The optical module is attached to the gamma detector using an in-house fabricated 

aluminium mount. It is manually fitted to the HGC’s head in a way that ensures 

an accurate positioning for the optical camera and the mirror, and ensures that the FOV 

of both the gamma and optical camera is identical and independent of the distance 

between both cameras and the targeted accumulated activity. Gamma photons, 

produced from radioactivity accumulated in the targeted region, pass through the 

mirror with minimal absorption (<1 %) and minimal scatter, whereas the optical photons 

are reflected by the mirror towards the optical camera. The optical camera is calibrated 

to provide an optical image that displays a similar ROI as the gamma camera. The HGC 

is capable of providing a simultaneous hybrid gamma-optical imaging facility.    

 

Figure 3.17. A schematic (A) and a photograph (B) of the small field of view (SFOV) 

compact, handheld hybrid gamma camera (HGC) 

3.3.3.2.1  Columnar scintillator 

Thallium-doped caesium iodide CsI(Tl) exhibits some distinct qualities that make it ideal 

for use with CCDs. As previously described, it incorporates high-Z components, a high 

density, and good scintillation light yield (54 photons/keV), which makes it suitable for 

use in gamma-ray detection. In addition, the scintillation photons exhibit a peak 

wavelength of 565 nm. This is a good match to the spectral response of the CCD, which 

has a quantum efficiency in excess of 90 % at this wavelength (159).  
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Luminescence is often activated by doping thallium (Tl) into the CsI scintillator. 

In choosing a scintillator there is a need to maintain a delicate balance between 

achieving a high spatial resolution and a high stopping efficiency. To achieve the latter, 

a thicker amount of material is required; however, to achieve the former, a thinner 

material is preferred. One approach by which to overcome this trade-off is to employ 

structured scintillators that have the ability to guide the scintillation light towards the 

CCD. It is possible to grow CsI in a micro-columnar form that is known as a columnar CsI 

scintillator.  

 

Figure 3.18. Schematics showing different behaviours of two different structures of the 

CsI scintillators; (A) continuous thin CsI scintillator, (B) continuous thick CsI scintillator 

and (C) columnar thick CsI scintillator.      

This consists of needle-like columns of scintillator material that have the ability to 

channel scintillation light to the exit surface through total internal reflection, thereby 

reducing light spread and conserving spatial resolution (Figure 3.18). The HGC design 

generations incorporated two different thicknesses of a CsI(Tl) columnar scintillator 

(600 and 1500 µm thick on an amorphous carbon substrate) from Hamamatsu that were 
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directly coupled to the CCD (see Figure 3.19) (175). The HGC was designed to be 

sensitive over the 30-200 keV gamma energy range. The main characteristics of the HGC 

are been summarised in Table 3.3.  

Table 3.3. Characteristics of the hybrid gamma camera generations (173, 174)   

Scintillators CsI:TI 

Thickness 600 µm 1500 µm 
 
Intrinsic spatial resolution 

FWHM* (µm) 170±12 230±25 

FWTM** (µm) 300±20 468±23 
 

Extrinsic 
spatial 
resolution 

 

No Perspex FWHM (mm) NA 1.8±0.03 

FWTM (mm) NA 3.3±0.05 
 

 

Including Perspex 
FWHM (mm) 1.8±0.13 2.02±0.09 

FWTM (mm) 3.25±0.26 3.6±0.12 

Intrinsic uniformity CoV*** (%) 25±9 20±15 

Intrinsic sensitivity (%) 19±1 40±3 

Extrinsic 
sensitivity 

No Perspex 
 

(cps/MBq) 
NA 6.6±0.5 

Including Perspex 0.8±0.1 3.3±0.5 

Count rate capability Maximum recorded 
count rate (cps) 

1200±200 3537±200 

Energy resolution  FWHM at 141keV (%) 58 NA 
 

* FWHM = Full Width at Half Maximum 
** FWTM = Full Width at Tenth Maximum 
*** CoV = Coefficient of Variation  
 
 

 3.3.3.2.2.  Charge coupled device (CCD) and its cooling process 

The HGC incorporates an inverted mode, back-illuminated electron multiplication 

charge coupled device (EMCCD) that offers an extra gain register that allows internal 

gain through electron multiplication (avalanche multiplication) controlled by the 

application of a high-voltage clock pulse (40-50 V). A CCD97 EMCCD is used in the HGC 

(176). This offers 512×512, 16 µm×16 µm pixels in the active imaging area (see Figure 

3.19). A thermoelectric cooling device that incorporates a solid-state active heat pump 

was used to cool the EMCCD (177). Such a cooling processes are preferable for use in 

clean working environment, such as operating theatres, as there is no air intake, water 

or oil cooling. The HGC internal housing was evacuated to prevent condensation forming 

on the EMCCD. The operating temperature of the device was approximately - 10° C. 
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Figure 3.19. A photograph (A) and a schematic (B) of the electron multiplication charge 

coupled device (EMCCD) 

The photons that the gamma rays generate in the scintillator are collected in the EMCCD 

image area during the acquisition time. The resulting charge is subsequently transferred 

to the storage section and then to the readout register. Once the charge has been 

transferred to the readout register, it is multiplied in the gain register before a charge 

sensitive output amplifier converts it into a voltage (159, 160). 

 3.3.3.2.3. The HGC gamma image acquisition 

Every gamma photon that the scintillator absorbs gives rise to a large number of optical 

photons. The number of these that will reach the EMCCD depends on a number of 

factors including the depth of the interaction, the coupling efficiency of the scintillator 

with the EMCCD, the quality of the scintillator material, the light spread within the 

scintillator, and the efficiency with which the EMCCD operates at the wavelength of the 

optical photons. In practice, the EMCCD records a “light splash” that extends over 

a number of pixels. The region in which the light is absorbed in the scintillator 

determines the spread of the light. Gamma photons that interact far from the EMCCD 

generate a greater spread and, as such, a lower peak intensity is recorded. The number 

of optical photons that a gamma photon creates through absorption in a scintillator is 

correlated to its energy (for CsI(Tl) ~54 photons per keV); as such, the intensity 

measured by the EMCCD provides insights into the incident gamma photon energy 

(i.e. is proportional to the incident gamma photon’s energy). 
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To process and measure the deposited energy in the CsI(Tl) scintillator, an automated 

coding algorithm has been implemented. This algorithm is able to recognise and 

distinguish detected light splashes, and produce information about the detected counts.    

The HGC is operated using bespoke software written in  IDL (Interactive Data Language) 

(159). This software has been programed to enable the HGC to acquire gamma and 

hybrid images with various acquisition times. The “blob-detection” algorithm code is 

integrated within this IDL software; this image processing code is used to process the 

raw gamma images (159). The main principle of this code is detect the gamma image’s 

features (i.e. light splashes), then a Gaussian distribution is fitted to each light ‘splash’ 

produced by the scintillator. This allows the calculation of the deposited energy for the 

light splashes and their centre points. A 2D gamma image can then be reconstructed 

and characterised (118).  

 

Figure 3.20. HGC gamma images of 57Co source (27 MBq) placed 50 mm away from the 

pinhole collimator (1.0 mm in diameter). These gamma images were produced in 

cumulative (A) and centre-point (B) modes (60 s acquisition time). 

The gamma image can be produced in two modes; cumulative and centre-point modes 

(Figure 3.20). Cumulative mode takes the whole Gaussian fit and plots the whole spread 

of each splash. In this mode, a single recorded count does not represented a single 

detected gamma event. Centre-Point mode plots the peak of the Gaussian fit, which 

represents the location of gamma events. The contrast to noise ratio (CNR) values are 

expected to be higher in the Cumulative mode gamma image; however, gamma images 
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produced using the Centre-Point mode are quantitative and comparable to those 

produced by a conventional LFOV gamma camera (118). It is worth mentioning that all 

gamma images, acquired using the HGC, analysed in this thesis are produced using the 

Centre-point mode of the blob-detection algorithm code. 

 3.3.3.2.4. HGC collimation  

The camera is designed such that the type of collimator can be easily fitted. Single knife-

edged pinhole collimators have been predominantly used with the HGC (Figure 3.17). 

In addition to simplifying the construction, this also extends the imaging field of view 

beyond the detector dimensions (i.e. ~ 8 mm × 8 mm). Two collimators that 

incorporated 1.0 mm and 0.5 mm diameter pinholes were produced from tungsten discs 

that had a diameter of 45 mm and a thickness of 6 mm. The pinhole collimator 

acceptance angle is 60°, which was selected to allow the full use of the sensitive imaging 

area of the detector, with the collimator placed 10 mm away from the detector. This 

configuration gives a nominal FOV for the HGC of ~ 40 mm × 40 mm at a 25 mm 

collimator-to-target distance. 

The rate of transmission through 6 mm thick tungsten was determined to be < 4×10-9 at 

140 keV, thus ensuring that the gamma photons were limited to those passing through 

the pinhole (159). Keeping in view the prerequisites of spatial resolution and sensitivity 

for a range of applications, both pinhole collimators can be interchangeably utilised but 

the essential design of the camera remains constant.  

A range of different factors can directly impact the sensitivity of gamma cameras using 

pinhole collimators. These include acceptance angles, photon energy, pinhole diameter, 

and collimator material. The geometric sensitivity is also influenced by pinhole-to-object 

distance (178-181).    
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3.3.3.2.5. Shielding and casing 

The back and sides of the detector enclosure are surrounded by 3 mm thick tungsten 

shielding that minimises any image degradation resulting from background radiation 

and scattered photons. Furthermore, the sensitive face of the camera is fitted with 

a 6 mm thick pinhole collimator and tungsten ring (surrounding the camera’s head - 

3 mm thick) to minimise the effect of scattered radiation.  

The internal parts of the HGC are housed within an evacuated aluminium case (3 mm 

thick). This aluminium case has a 20 mm diameter sensitive window engraved (1 mm 

thickness) to minimise the attenuation of the incident gamma photon received through 

the collimator. The aluminium case is thermally coupled to a cooling cannister, 

containing phase-change material (PCM) wax, to absorb heat from the Peltier. The 

aluminium case and the cooling cannister are both fitted inside the outer plastic body 

of the HGC. The plastic body is designed to be easily handled, sterilised, and fitted to 

a customised supportive arm (Figure 3.16).     

3.4 Conclusion  

This chapter has illustrated the fundamental concepts and basic components of 

a routinely used LFOV gamma camera. The available intraoperative SFOV gamma 

imaging systems and their characteristics and imaging capabilities has been reviewed 

and discussed. The development of the SFOV hybrid gamma camera (HGC) has been 

described. The HGC characteristics and its working method have been discussed, and 

the similarities and differences between the HGC and standard gamma cameras 

described. During the research presented in this thesis, different camera configurations 

(scintillator thickness, pinhole diameter) have been used. The configuration used for 

each experiment will be specified in the following research chapters.   
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Chapter 4: Lymphoscintigraphic imaging 

study for quantitative evaluation of 

the hybrid gamma camera 

 

4.1 Introduction  

The lymphatic system is responsible for performing a function of crucial importance to 

the human body; it monitors the balance of tissue fluid by conserving a concentration 

of proteins and emptying interstitial pores (182). Any disturbance to the normal 

functioning of the lymphatic system may result in several pathological conditions. 

Lymphedema is the most common pathology related to the lymphatic system. In this 

condition, disturbance to lymphatic transport causes irreparable damage to 

tissues (183). Researchers are interested in studying the lymphatic system because it 

also contributes to dermal drug delivery and tumour metastasis (182-185). Considering 

the role played by the lymphatic system in the spread of disease and therapeutic 

processes, it has become important that substantial developments are made diagnostic 

tools able to measure the function of the lymphatic system.   

In the field of nuclear medicine, lymphoscintigraphy refers to functional imaging of the 

lymphatic system (186, 187). One of the extensively used lymphoscintigraphic 

procedures for functional preoperative imaging is the sentinel lymph node (SLN) 

localisation procedure to isolate potential SLNs. This procedure is usually followed by 

a biopsy or surgery to determine the cancer stage, and a treatment strategy is tailored 

to the patient accordingly. A conventional large field of view (LFOV) gamma camera is 

used in lymphoscintigraphy to acquire images in routine clinical practice. These cameras 

are not available for imaging during surgery; therefore, non-imaging gamma probes are 

used to detect regions with higher accumulation of activity intraoperatively. 
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Intraoperative imaging is of high interest and, for that reason, researchers are working 

on developing innovative intraoperative gamma imaging systems (58, 89). This study 

aims to preliminary investigate the hybrid gamma camera (HGC) in terms of its 

suitability for intraoperative SLN imaging, and the ability of the HGC to distinguish the 

injection site from its adjacent tissues. The phantoms and methods employed in this 

study can be used with any SFOV gamma imaging system and for quantitative 

comparison of efficiency. 

4.2 Materials and Methods 

4.2.1 Hybrid Gamma Camera (HGC) configuration  

The small field of view HGC uses a scintillator-based detector. The detector consists of 

an e2v CCD97 back-illuminated electron multiplying charge-coupled device (EMCCD) 

coupled to a 600 μm thick columnar CsI(Tl) scintillator. Imaging was carried out with 

a tungsten pinhole collimator of acceptance angle 60°, and the performance of the HGC 

was investigated with both 0.5 mm and 1.0 mm diameter pinhole collimators installed. 

More details about the HGC design and structure have been provided in Chapter 3. 

4.2.2 Phantoms construction  

Lymphatic mapping for surgical and biopsy procedures is based on the idea that the 

lymphatic fluid drains from a primary malignant tumour site to a specific regional lymph 

node. Moreover, a common definition for the SLN concept is that provided by Morton 

et al., which defines a sentinel lymph node as any lymph node on the afferent 

(i.e. towards the node) drainage pathway from the primary tumour (188); see chapter 

2 for more information. This definition reflects the importance of the lymphatic vessel 

detection, and its integral part in detecting and determining the SLN. 

To evaluate the HGC for use in sentinel node lymphoscintigraphy, two 

lymphoscintigraphic phantoms have been developed and fabricated in-house. These 

phantoms are constructed from Perspex (Poly-methyl methacrylate-PMMA) plates. 

Perspex has been utilised in manufacturing these medical phantoms because of its 

acceptable degree of similarity with human tissue [i.e. soft tissues and Perspex densities 
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are 1.04 g/cm3 and 1.18 g/cm3; the mass attenuation coefficient values for soft tissues 

and Perspex are 0.153 cm2/g and 0.149 cm2/g, respectively] (189). 

4.2.2.1  Lymphatic vessel phantom design and activity simulation 

The first phantom, a lymphatic vessel phantom, (Figure 4.1 A) has been constructed to 

assess the capability of the HGC for lymphatic vessel drainage imaging. It consists of 

a 10 mm diameter Eppendorf tube containing about 60 MBq of 99mTc (0.5 ml) imitating 

the injection site (half-life= 6 hours; Energy = 141 keV), and a lymphatic vessel simulated 

by an 80 mm long capillary tube (1.1 mm internal diameter) filled with approximately 

16 MBq of 99mTc solution (0.1 ml). The capillary tube was placed underneath thicknesses 

of Perspex ranging from 5 mm to 30 mm to simulate the lymphatic vessel at different 

depths inside the human body with a superficial injection site. This simulated lymphatic 

vessel (LV) is comparable in size to natural lymphatic vessels; for instance, the diameters 

of lymphatic vessels in the distal parts of the lower extremities range between 0.8 mm 

and 1.5 mm (190). The aim behind developing this phantom is to assess the ability of 

the HGC to resolve the proximal part of the LV during the scanning of the drainage of 

the radioactive material from the injection site to the targeted tissues, i.e. SLNs.  

4.2.2.2  Melanoma phantom design and activity simulation 

The second phantom, a melanoma phantom, (Figure 4.1 B) is a combination phantom. 

It simulates the injection site, the lymphatic vessel, and a SLN of approximately average 

size (191). The melanoma phantom was used to evaluate the relationship between 

activity uptake and the HGC sensitivity at different depths. The effect of the distance 

from the injection site to the sentinel lymph node on the image quality was also 

evaluated with this phantom. The configuration of the lymphatic vessel phantom has 

been used as a basis for this phantom; however, two square Perspex plates (80 mm × 

80 mm) with 8 mm thickness have been added. One plate contains a 7 mm diameter 

(6 mm depth) well to mimic a SLN, and the second plate has a 70 mm × 70 mm square 

well to simulate the background activity around the SLN. This phantom is constructed 

to evaluate the ability of the HGC to detect a simulated SLN with different radioactivity 

concentrations and assess the possibility of resolving lymph nodes that are anatomically 

localised close to the areas of high activity accumulations, such as the injection site.  
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Figure 4.1. (A) A schematic of the lymphatic vessel phantom showing the simulated 

lymphatic vessel (LV) and the injection site (IS); (B) melanoma phantom configuration 

showing the simulated sentinel lymph node (SLN), IS, LV and the background well. 

For the melanoma phantom, the simulated injection site (i.e. Eppendorf tube) was filled 

with 0.5 ml of a 99mTc solution (15 MBq total) (38). The SLN was simulated for various 

activities, with SLN to IS ratios ranging between 1:20 and 1:100 in 0.1 ml solutions. The 

simulated activity of the background was one tenth of the SLN activity (i.e. 1:10 BG to 

SLN ratio). The 80 mm long lymphatic vessel (capillary tube) contained the same activity 

as in the SLN, distributed over approximately 0.1 ml (see Table 4.1). 

Table 4.1.  Summary of simulated activity in the melanoma phantom 

SLN to IS ratio IS activity in 

0.5 ml 

SLN activity in 

0.1 ml 

Background activity in 

4 ml 

1:20  

15 MBq 

0.75 MBq 3 MBq 

1:50 0.3 MBq 1.2 MBq 

1:100 0.15 MBq 0.6 MBq 
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4.2.3 Injection site (IS), lymphatic vessel (LV) and sentinel lymph node 

(SLN) activity simulation challenge 

4.2.3.1  Lymphatic vessel activity simulation  

The lack of clinical data for estimated activity concentrations in LVs in the human body 

during lymphoscintigraphic procedures, and the difficulty in performing these kinds of 

studies, is due to the nature of lymphatic vessels. They have varying and uncertain 

diameters and depths; even for a known lymphatic route, the proximal and distal parts 

can differ in diameter and depth (190). Moreover, the physiological condition of the 

examined part specifically, and the whole body generally, plays a primary role in 

determining the ratio of the radioactivity which is trapped in the LVs (192, 193). Many 

external factors can affect the uptake ratio in the LVs, such as the amount of 

administered activity and the time delay between the administration of the activity and 

the scanning procedure. The scattering effect produced by hot spots (e.g. the IS) close 

to the LV may also influence the ability to detect the vessels.  Therefore, the different 

amounts of activity used to simulate the activity in the LV in both phantoms were 

selected to determine the detection limit of the HGC. 

4.2.3.2  Sentinel lymph node (SLN) activity simulation 

In clinical practice, it is a laborious task to determine the specific ratio of SLN to IS activity 

since there are many radiocolloids (radiopharmaceuticals) with widely varying 

molecular diameters, which affect the activity flow and spread. The ratio is also strongly 

affected by time delays between the initial administration of the radioactivity and the 

surgical procedure. Furthermore, SLNs vary extensively in size, shape and the number 

of lymphatic suppliers, which may also affect the radioactive dose uptake (194). 

In addition, many authors endorse stress lymphoscintigraphy for the extremities after 

the administration of the radioactivity; although this medical practice is not globally 

employed, it enhances the sensitivity and improves lymphatic flow and the activity 

uptake in the SLNs, which affects the SLN to IS activity ratio (195-197). 
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A formalised standardisation of the radioactive material dose to be administered in SLN 

procedures has not yet been adopted. The suggested and investigated activities vary 

between 3.7 MBq and 370 MBq depending on the procedure and institution; however, 

5 to 30 MBq as the total injected dose for SLN detection scanning is generally accepted 

and can be considered a sufficient dose for same-day surgical procedures (38). The 

Administration of Radioactive Substances Advisory Committee (ARSAC), Public Health 

England – UK, has released notes for guidance on the clinical administration of 

radiopharmaceuticals and use of sealed radioactive sources (198). These notes 

recommended diagnostic reference levels for the injected radioactivity in various 

nuclear medicine procedures. For SLN (melanoma cases) imaging and non-imaging 

probe studies, it has been suggested that melanoma patients can be administered with 

20 MBq of 99mTc-colloid for the same day procedures and 40 MBq for next day 

procedures aiming for 10 MBq residual activity at surgery.         

For this study, activity simulations for melanoma were conducted for SLN to IS activity 

ratios of 1:20, 1:50 and 1:100. This range was selected to cover the majority of values in 

studies (199-201), and to investigate the capability of the HGC in a range of medical 

scenarios. To improve the simulation, an active background has been added to imitate 

the uptake in the soft tissues around the SLN.  

The typical background to SLN activity ratio ranges between 1:10 and 1:20 (202). This 

variation depends upon the type and the amount of the injected activity. Delay time 

between the dose administration and surgery may also affect this ratio. In this study, 

a 1:10 background activity to SLN activity ratio was used to investigate the worst case 

scenario. 

4.2.4 Imaging procedure  

The HGC was used to image both phantoms. The lymphatic vessel phantom was also 

imaged using a standard/conventional multipurpose single-head rectangular large field 

of view (LFOV) gamma camera (Nucline™ X-Ring) equipped with Low Energy High 

Resolution (LEHR) and Low Energy All-Purpose (LEAP) collimators (203). For the HGC, 

the 0.5 mm and 1 mm pinhole collimators were both used in this study. The SLN and LV 
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in both phantoms were placed beneath different thicknesses of scattering medium, 

ranging between 5 mm and 30 mm. In the melanoma phantom, nuclear scans were 

obtained over varied distances between the IS and the SLN. The IS to SLN centre-to-

centre distance was varied between 10 mm and 50 mm in 10 mm intervals. A metallic 

frame with a clamp held the HGC perpendicular to the phantom’s surface. The distance 

between the collimator and the scattering medium surface was 100 mm. This distance 

has been selected as it provides a suitable imaging field of view, and allows unrestricted 

movements for required tools within the surgical field. The acquisition time for both 

phantoms was between 100 s and 500s. 

After the acquisition procedure was performed, specific steps are initiated to enhance 

the image quality produced by the HGC, and improve the accuracy of the analysis. The 

main step is the “Blob” Centre-Point detection technique, whereby a Gaussian 

distribution is fitted to each light ‘splash’ produced from the scintillator and the peak is 

displayed (as described previously, page no. 70-72). In this study, all the data from the 

HGC used to produce graphs are taken from Centre-Point mode images. The gamma 

images presented were also processed using Image-J software Gaussian Blur filter 

(Gaussian sigma = 2 pixel) (204).  

4.2.5 Measured parameters 

For the lymphatic vessel phantom, count profiles were obtained with a fixed collimator 

to surface distance (100 mm). The target object (i.e. the simulated lymphatic vessel) was 

positioned underneath different scattering material thicknesses (Figure 4.1 A). The HGC 

was held perpendicular to the surface of the phantom. The full width at half maximum 

(FWHM) of the count profiles was recorded. 

For the melanoma phantom, the SLN was placed beneath a variety of scattering medium 

thicknesses (Figure 4.1 B). The HGC was fixed 100 mm away from the surface of the 

scattering medium. The contrast to noise ratio (CNR) is calculated for the sentinel lymph 

node at different depths (ranging from 5 mm to 30 mm), at 20 mm from the injection 

site with various SLN to IS ratios (i.e. 1:20, 1:50 and 1:100). CNR measurements should 

be conducted for a small field of view gamma camera to advise the operator if a hot 
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spot (e.g. lesion or SLN) can definitely be assessed as detectable or not. A. Rose (205) 

gives an approximation that in order to be detectable an object’s CNR must exceed 3-5 

(205). Nodes with a CNR of 3 visually appeared barely detectable and required colour 

scaling to be clearly seen, while nodes with a CNR of 5 could generally easily to be seen 

in images without colour scaling making these reasonable thresholds. The CNR 

calculation formula utilised in this study is as follows (90, 206) 

 

CNR = [
(Nl−Nbg)

 σbg
]                                             (4.1)                      

Where Nl corresponds to the mean counts of a lesion area (i.e. SLN) and Nbg is the 

average background count level. 𝜎bg is the background counts’ standard deviation. 

ImageJ and Origin 9.1 (207) programs have been utilised for analysing and plotting 

purposes. A circular region of interest corresponding to the lesion area was defined 

based on the simulated SLN’s size; also, a background region of interest of identical size 

was chosen.  

4.3 Results and Discussion 

4.3.1 Characterisation of HGC performance with a lymphatic vessel 

phantom  

4.3.1.1  Performance comparison between LFOV and SFOV gamma cameras 

Figure 4.2 shows the relationship between the measured FWHM of the simulated LV at 

different distances from the IS for both the standard LFOV gamma camera and the HGC. 

The measured spatial resolution was significantly better (i.e. smaller FWHM) for the HGC 

than the standard LFOV gamma camera, independent of separation or depth of 

scattering material. The FWHM of the modelled lymphatic vessel remains at a steady 

level (variation < 5 %) when the distance from the centre of the IS was more than 15 mm, 

reflecting the fundamental spatial resolution of each camera (measured at 100 mm 

from the phantom). 



Chapter 4. Lymphoscintigraphic imaging study for the HGC evaluation 

82 
 

 

Figure 4.2. Comparison of the full width at half maximum (FWHM) for the lymphatic 

vessel phantom as a function of distance from the centre of the IS for the HGC and the 

standard LFOV gamma camera at an acquisition time of 500 s. Circles: FWHM of count 

profiles produced by the standard LFOV gamma camera with 5 and 10 mm of the 

scattering medium. Triangles: FWHM of count profiles acquired by the HGC with 5 and 

10 mm of the scattering medium. The collimator to phantom distance for both cameras 

was 100 mm. The distance 0 mm represents the centre of the IS. 

In Figure 4.3, at a fixed acquisition time of 500 s, the steady increase in the full width at 

half maximum (FWHM) shows the degradation in spatial resolution with an increase of 

scattering medium thickness. The poorest spatial resolution recorded by the HGC in this 

experiment is 6.3 mm at a 130 mm collimator to source distance and with 30 mm PMMA 

thickness. Nevertheless, these results are better than those produced by the standard 

LFOV gamma camera ranging between 7.1 mm and 8.1 mm underneath 5 mm to 30 mm 

of scattering material utilising LEHR collimator. Moreover, in the normal SLN detection 

procedure, LEAP collimators are used to improve sensitivity by collecting more counts 

from the SLN (208). Using the LEAP collimator in this experiment provided a recorded 

line width for the simulated LV ranging between 9.7 mm and 11. 6 mm for the same 

experimental setup.  
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It may be noticed that the spatial resolution of the HGC system degrades slightly faster 

with increasing the distance between the collimator and the imaged active target due 

to the nature of pinhole collimation (see chapter 3). However, for clinically relevant 

scenarios the influence of the degradation in spatial resolution between the two gamma 

cameras remained relatively small given the limited depths of the LVs inside the human 

body in most cases. The recorded degradation is comparable to the degradation 

observed using the LEAP collimator (LFOV gamma camera), the preferable collimator for 

SLN detection procedures. 

 

 

Figure 4.3. Full width at half maximum (FWHM) of the lymphatic vessel phantom as 

measured by a conventional LFOV gamma camera and the HGC. The simulated IS was 

not used during the acquisition of the gamma images analysed to produce this graph. 
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4.3.1.2  Gamma and hybrid imaging with a lymphatic vessel phantom 

Intraoperative testing has been carried out with SFOV gamma cameras modified to 

allow hybrid gamma-optical imaging. Hybrid imaging is proposed as a way of improving 

the HGC capability for activity localisation during nuclear imaging procedures. The 

clinical advantage of presenting gamma and optical images simultaneously would be 

appreciated, mainly in the intraoperative situation, because of the valuable anatomical 

and functional information provided. Hybrid optical and gamma images of the simulated 

lymphatic vessel are produced by the HGC, as seen in Figure 4.4, which shows good co-

alignment of the optical set with the gamma images. This co-aligned configuration of 

the HGC allows an accurate localisation of hot spots within the field of view. In clinical 

practice, the ability to recognise the texture and the shape of abnormal tissues (e.g. 

lesions) by viewing the fused image, providing functional and anatomical information 

simultaneously, may improve the HGC detection and localisation accuracy over non-

hybrid SFOV gamma systems.  

Another prototype hybrid gamma-optical imaging system employed a Sentinella SFOV 

portable gamma camera, obtainable commercially, with an optical module consisting of 

a pair of optical cameras has been investigated (209). Calibration was executed by 

imaging 15 point sources at 15 cm distances, and modalities’ homography 

transformations calculated. The surface contours in the imaging were estimated using 

dual-optical cameras. Combining this approach with the calibrated transformation 

meant that the gamma image could be overlaid with an optical image, resulting in 

a combined image displaying both modalities. Co-registration errors, i.e., the distance 

between the location offered by the gamma camera and the optical cameras, was 1 cm 

when imaged from 15 cm. It was impossible to produce fused images for imaging 

distances less than 5 cm. It was revealed that combined images offered more ease of 

interpretation than standalone gamma images. While, as previously mentioned, co-

registration errors did not allow for fused images to be employed for direct localisation 

of sources, they were exceptionally helpful in allowing decisions to be made as to how 

the gamma imaging field of view should be oriented and located. The same dual-camera 

principles, and combining them with a portable gamma camera, have been employed 



Chapter 4. Lymphoscintigraphic imaging study for the HGC evaluation 

85 
 

to overlay gamma images on optical images (i.e., the opposite of the method employed 

by the Sentinella system), with co-registration errors being less significant in phantom 

testing (210).  

A reduction, or even elimination, of co-registration errors caused by camera alignment 

and imaging distance can be affected by mechanically aligning gamma and optical 

modalities. With the HGC, the portable gamma camera has a mirror located in front of 

its pinhole collimator at an angle of 45° to the surface of the collimator, which reflects 

optical photons into the optical camera. Using this setup, the FOV for both gamma and 

optical elements match each other at any imaging distance. Various hybrid optical-

gamma images produced by the HGC, in experimental and clinical settings, at different 

imaging distances have been provided in chapters 7 and 8.   

 

Figure 4.4. Optical (A), gamma (B) and hybrid (C) images for the simulated lymphatic 

vessel. The middle capillary tube was filled with 99mTc mixed with blue dye; the upper 

and lower tubes were filled with green dye only. The gamma image was taken over 500 s 

with the LVs at a 5 mm Perspex depth. 

In Figure 4.5, a dual injection site has been simulated with two Eppendorf tubes. The 

simulated dual injection site is located within the field of view (FOV). Even in the 

presence of the high-activity dual injection site (80 MBq) the targeted lymphatic vessel 

can be imaged within an acquisition time of 100 s. Increasing the acquisition time to 

approximately 500 s further enhances the gamma image contrast (Figure 4.5 B). 
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Figure 4.5. Gamma images showing the lymphatic vessel phantom, including the dual 

IS, for two different acquisition periods; image (A) has an acquisition time of ~ 100 s and 

image (B) of ~ 500 s. The LV was placed underneath 5 mm of Perspex, with the dual IS 

placed on the surface of the scattering material. 

4.3.2 Characterisation of HGC performance with a melanoma phantom 

SLN biopsy procedures use LFOV gamma cameras pre-operatively and gamma probes 

intraoperatively (211). This study introduces the HGC to the field of SLN detection in 

melanoma cases and evaluates its capability in SLN detection in different clinical 

scenarios. The melanoma phantom described in section 4.2.2.2, Figure 4.1 B, is used to 

simulate the SLN at different positions and varied concentrations of radioactivity. 
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Figure 4.6. Relationship between CNR and varying thicknesses of scattering material (i.e. 

Perspex plates) for the SLN at 20 mm away from the IS, and 100 mm from the HGC 

collimator to the surface of the melanoma phantom. The IS activity was 15 MBq. The 

dotted line at CNR = 3 represents a threshold value of the Rose criterion of detectability 

(205). 

4.3.2.1  Detectability of the sentinel lymph node (SLN)  

The detectability of a SLN by a SFOV gamma camera is characterised by measuring the 

CNR. In Figure 4.6, the SLN to IS activity ratios were 1:20, 1:50 and 1:100, and analysis 

was performed on gamma images produced by the HGC (fitted with 0.5 mm diameter 

pinhole collimator) with 100 s acquisition time. Within this short acquisition time, the 

HGC is able to detect SLNs containing different concentrations of radioactivity with high 

CNR values. For instance, the worst CNR value recorded is 11.62 at 30 mm depth with 

1:100 SLN to IS activity ratio; however, the SLN is clearly detected as seen in Figure 4.7. 

This value is higher than the threshold value (i.e. 3 - 5) that stated in the Rose criterion 

(205). Consequently, the HGC’s capability to detect SLNs at various scattering 

thicknesses and with different concentrations of activity reflects the usefulness of the 

HGC in critical clinical situations (e.g. surgical or interventional procedures). 
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Figure 4.7. Gamma image for the SLN at 20 mm IS to SLN distance (centre to centre); 

the SLN were placed beneath 10 mm, 20 mm and 30 mm of scattering material 

thickness, and the SLN to IS activity ratio varied between 1:20 and 1:100 (100 s 

acquisition time). 

It can be seen in Figures 4.6 and 4.7 that changes in radioactivity uptake would influence 

the HGC’s ability to detect the SLN; this effect becomes more pronounced with 

increasing thicknesses of scattering material. Therefore, for deep SLNs in some clinical 

cases, applying compression during the functional imaging procedure (e.g. by using 

a compressing pad) may improve detectability while maintaining a large field of view. 

The effect of scattering material on HGC SLN detection can be also be minimised by 

shortening the collimator to surface distance, which will however reduce the field of 

view, but enhance the system spatial resolution, improve sensitivity, reduce scattering 

radiation and improve detectability. 
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Figure 4.7 shows different gamma images with varied simulated SLN to IS radioactivity 

(i.e., 1:20, 1:50 and 1:100). It also shows the simulated SLN under various scattering 

medium thicknesses ranging between 1 cm and 3 cm. The acquisition time for these 

images was 100s. In this short imaging time, the simulated SLN was detected with high 

CNR values. The HGC successfully detected the simulated SLN while the simulated 

activity in the SLN was 1:20 SLN to IS ratio and beneath 1 cm to 3 cm of scattering 

material. The recorded CNR values were comparatively high using the 1:20 activity ratio 

as they ranged between 98.28 and 33.82. The HGC was also able to detect the simulated 

SLN with 1:50 SLN to IS activity ratio; the CNR values varied from 19.73 for the simulated 

SLN beneath 3 cm of scattering medium and 78.38  under 1 cm. The most critical 

simulated scenario was when the SLN was placed underneath 3 cm of scattering 

material and the SLN to IS activity ratio was 1:100. The recorded CNR value for the 

simulated SLN in that situation was 11.62. The CNR values for the simulated SLN with 

same activity simulation under 1 cm and 2 cm of scattering thicknesses were 27.16 and 

17.85, respectively. As seen in Figure 4.7, the SLN was clearly visible under all conditions 

within the used activity range (≥ 0.15 MBq) and at similar experimental setup (≤ 30 mm 

depth). 

The choice of larger pinhole (i.e. 1.0 mm diameter) will improve the detectability when 

the separation between the IS and the SLN is larger compared to the change in the 

spatial resolution; however, the system spatial resolution of the HGC will be affected. 

A comparison of the detectability between 0.5 mm and 1.0 mm diameter pinhole 

collimators has been conducted (see Figure 4.8). The poorest CNR value recorded for 

the 1.0 mm diameter pinhole collimator is 42.51 at 30 mm depth with 1:100 SLN to IS 

radioactivity ratio. This value is significantly higher than the value recorded using 

a 0.5 mm diameter pinhole collimator under the same conditions (i.e. same depth and 

activity concentration). However, the extrinsic spatial resolution of the HGC is degraded 

using 1.0 mm diameter pinhole collimator.  
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Figure 4.8. Relationship between CNR and varying thicknesses of Perspex for the SLN at 

20 mm away from the IS, and 100 mm from the HGC collimator to the surface of the 

melanoma phantom. 0.5 mm and 1 mm pinhole collimators were used. The IS activity 

was 15 MBq. The dotted line at CNR = 3 represents a threshold value of the Rose 

criterion of detectability. 

Acquisition time greatly affects detectability. To detect SLNs with small size, low activity 

uptake or at depth, longer acquisition times would be recommended. Additionally, 

fitting the HGC with thicker CsI(Tl) scintillator is proposed to improve the capability of 

detecting low activity accumulations in deep, small SLNs. These adaptations would make 

the HGC a suitable tool for functional imaging under different clinical conditions (will be 

discussed in-depth in chapters 5 - 7). 
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Figure 4.9. (A) Plot of count profiles for the closest simulated SLN to the IS underneath 

10 mm of the scattering medium.  (B, C and D) Gamma images of the SLN at 1:20, 1:50 

and 1:100 SLN to IS activity ratios respectively (10 mm IS to SLN distance). The 

acquisition time for the images analysed in this graph was 200 s. The IS activity was 

15 MBq. 

4.3.2.2  Influence of injection site position on SLN detectability 

In Figure 4.9, the IS and the SLN were separated by a centre-to-centre distance of 10 

mm, i.e. a 1.5 mm edge-to-edge separation when the size of the IS and the SLN are taken 

into account. Using the 0.5 mm diameter pinhole collimator, the HGC is able to clearly 

resolve the SLN at the closest point to the IS. As previously discussed, the difference in 

the concentration of radioactivity noticeably affects the HGC ability to detect lymph 

nodes. Nevertheless, even with the 1:100 SLN to IS activity ratio the HGC is still capable 

of resolving the peak of the SLN count profile curve within a 200 s acquisition period. 

Based on the SLN concept discussed earlier, lymph nodes that are located close to the 

primary affected region are potential nodes to be metastasised; therefore, the ability of 

a gamma imaging system to resolve the closest SLN from the IS or the primary site of 

a tumour would improve the diagnostic process during SLN detection procedures. 
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Figure 4.10. Gamma images for the SLN at different IS to SLN distance (centre to centre); 

(A) 20 mm away from the IS, (B) 30 mm, (C) 40 mm and (D) 50 mm. The SLN and LV were 

placed beneath 10 mm of Perspex, and the SLN to IS activity ratio was 1:100. 

Figure 4.10 represents the gamma images obtained by the HGC equipped with 0.5 mm 

diameter pinhole collimator for the SLN at 10 mm Perspex depth and various IS to SLN 

distances ranging from 20 mm to 50 mm. These gamma images were analysed to 

produce the count profile curves for simulated SLN with an acquisition time of 200 s as 

shown in Figure 4.11. The apparent SLN count level decreases as the SLN is located 

stepwise further away from the IS. This behaviour reflects the effect of IS activity on 

neighbouring anatomical structures. As the amount of radioactivity is increased in the 

IS, the scattering caused by this activity is increased. However, the HGC is able to resolve 

counts peaks (i.e. SLNs) at different IS to SLN distances effectively.  
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 Figure 4.11. Count profile curves of the melanoma phantom obtained at different IS to 

SLN distances. The SLN to IS ratio was 1:100 and the SLN was located underneath 10 

mm of Perspex. Peaks due to IS and SLNs are labelled. The simulated IS activity was 15 

MBq. 

Administration of high amounts of radioactivity in the IS would increase the uptake 

(i.e. the detectability) in targeted SLNs far from the IS such as inguinal SLNs, which may 

be useful for functional imaging during metastasis biopsy procedures. However, 

neighbouring SLNs (i.e. close to the IS) may be flooded by scattering of the IS 

radioactivity. Therefore, it has been recommended that for nuclear radioguided SLN 

biopsy in patients with suspected malignant cutaneous melanoma, the activity of the 

administered dose should range between 7 and 20 MBq in small volumes (i.e. 0.05 to 

0.2 ml based on the skin thickness of the examined anatomical area). Such practice will 

improve gamma detecting and imaging systems’ capability to detect neighbouring SLNs 

and avoid any chance of collapsing for thin-walled LVs (202, 212). 
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Figure 4.12. Gamma images of SLN and LV placed underneath 30 mm of Perspex and 

the superficial IS; the SLN to IS activity ratio is 1:20 in (A), 1:50 in (B) and 1:100 in (C). 

The SLN to IS distance is 50 mm. The IS activity was 15 MBq. 

4.3.2.3  Influence of radioactivity concentration on LV and SLN appearance   

In Figure 4.12, the same gamma imaging procedure is performed on a specific 

configuration of the melanoma phantom. The simulated SLN and LV were placed 

underneath 30 mm of scattering material, and the SLN to IS distance was set at 50 mm. 

The SLN and LV to IS activity ratio was varied between 1:20 and 1:100. The acquisition 

time during this imaging process was 200 s.  

The SLN is clearly detected for all investigated phantom configurations (i.e. at IS to SLN 

distances ranging between 10 mm and 50 mm; and thicknesses of Perspex ranging 

between 5 mm and 30 mm) and for all simulated SLN to IS activity ratios for melanoma 

detection. The simulated LV is detectable with 1:20 LV to IS activity ratio (i.e. a 0.75 MBq 

dose). However, the LV was not clearly seen with activity ratios of 1:50 and 1:100 

(0.3 MBq and 0.15 MBq) at large depths (Figure 4.12 B and C). It is important to clarify 

that the activity ratios used with the simulated LV in this study are not estimated based 

on clinical data, and that the selection of the simulated LV to IS activity ratios for the LV 

in the melanoma phantom was made to determine the limit of detection with the HGC. 

The observed changes in the SLN size (Figure 4.12) in the gamma images follow changes 

in the SLN activity concentration; i.e. the SLN appears smaller when it contains lower 

radioactivity concentration.  
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4.4 Conclusion  

The lymphatic system is of interest because of its significant role in tumour metastasis. 

A simulation technique and two lymphoscintigraphic phantoms have been designed and 

utilised to validate the capability of the Hybrid Gamma Camera (HGC) in lymphatic 

system imaging. The implementation of this quantitative assessment enables the 

practical performance of the HGC to be evaluated for lymphatic vessel (LV) and sentinel 

lymph node (SLN) localisation.  

The HGC performance as characterised by this experiment clarifies that it is appropriate 

for lymphatic vessel drainage imaging and SLN imaging in patients with melanoma. The 

anatomical view provided by the optical camera improves physical localisation for the 

radioactivity trapped in LVs and SLNs. Superior FWHM values and good contrast to noise 

ratios have been recorded in this study. The HGC detected the simulated LV with 

a spatial resolution ranging between 4.4 and 6.3 mm at 100 mm collimator to surface 

distance, and it was able to detect the simulated SLN that contained various 

radioactivity concentrations with good contrast-to-noise ratios (CNRs) values ranging 

between 11.6 and 110.8, underneath different scattering thicknesses ranging between 

5 mm to 30 mm. This HGC capability to detect the simulated LV and SLN (containing 

≥ 0.15 MBq of 99mTc) reflects its suitability for use in critical clinical situations such as 

interventional and surgical procedures.  

The limitations of this experiment include using one size of the simulated SLN; using 

different SLN sizes will facilitate more detailed evaluation which will allow testing the 

HGC against a spectrum of nodes sizes at various depths and containing different 

radioactivity accumulations. The following chapter illustrates further assessments with 

various simulated setups including different SLNs sizes and a wide range of activity 

accumulations. These investigations involve using the HGC with different configurations 

(i.e. different pinhole diameters and different CsI(Tl) scintillator thicknesses) towards 

detecting lower activities and preserving the spatial resolution  with the purpose of 

making the HGC suitable to more challenging medical scenarios.
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Chapter 5: Quantitative investigation of 

the hybrid gamma camera capability 

for sentinel lymph node detection 

 

5.1 Introduction 

The clinical management of patients with different types of cancer has progressively 

become less invasive and less surgically radical. For instance, a breast-conserving 

lumpectomy has replaced the simple mastectomy, which replaced the radical 

mastectomy in the management of many patients. At present, a transition in the staging 

approach of this disease from axillary dissection to sentinel lymph node (SLN) biopsy is 

under consideration and investigation (38). The sentinel lymph node is, briefly, that the 

first lymph node in a lymphatic vessel route that receives drainage from a tumour; the 

sentinel lymph node will show metastasis if there has been lymphatic tumour spread. 

This concept was introduced in more detail in Chapter 2 (page no. 11-13). 

Radioguided surgery for sentinel lymph node biopsy (SLNB) is now a well-established 

technique in the staging of various cancers, with most surgeons using non-imaging 

gamma probes to locate the uptake of radioactivity in nodes (55). With existing 

detection approaches (gamma probes, preoperative gamma imaging, and the use of 

‘blue dye’), a sensitivity rate of 95 % and a false-negative rate of 5 % have been reported 

for SLNB (213, 214). Although this gives a relative high confidence for detection, 

enhancements in sensitivity and decreases in false-negative rates can only be of benefit 

to patients. 
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Intraoperative imaging has been suggested as a method to aid surgical localisation of 

regions of radioactive uptake. The proposed demand for small field of view gamma 

imaging systems, which can be brought into operating theatres, has led to the current 

development of a number of new intraoperative gamma cameras with widely varying 

designs and performance capabilities (58, 89, 215, 216). These new imaging systems are 

challenged by the physiological and anatomical nature of the human lymphatic system, 

such as lymph nodes’ sizes and depths, which require a well-established imaging system 

that can be used for the majority of the SLN detection procedures (212). A set of testing 

protocols has been suggested to provide a quantifiable comparison between these 

systems (64). However, the methods chosen for testing vary and do not always directly 

relate to the performance of a system in a true clinical situation. This chapter describes 

a new method for testing camera performance providing information that is designed 

to be more intuitively understood by end-users.  

To quantitatively evaluate the usefulness of using the HGC for scintigraphic imaging of 

patients with cancer during the SLN biopsy procedure, a lymph-node contrast (LNC) 

phantom has been designed and fabricated. This phantom is made of Perspex plates 

(i.e. Poly-methyl methacrylate PMMA), and it is used to study the effect of radioactivity 

concentration and sentinel lymph node size on the produced gamma image quality and 

to evaluate HGC resolution and CNR for detection in simulated clinical scenarios. The 

LNC phantom construction, acquisition procedure and activity simulation are suited to 

the majority of available intraoperative gamma imaging systems or, with some 

adjustment, to non-imaging gamma probes, and this test may be utilised to compare 

different systems’ performances. 
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5.2 Materials and methods 

5.2.1 Changes in the configuration of the hybrid gamma camera (HGC)  

The handheld small field of view HGC uses a scintillator-based detector. The detector 

consists of an e2v CCD97 back-illuminated electron multiplying charge-coupled device 

(EMCCD) coupled to a columnar CsI(Tl) scintillator. The performance of the HGC was 

investigated with 600 μm and 1500 μm thick scintillators installed, and both 0.5 mm and 

1.0 mm diameter pinhole collimators. More details about the HGC design and structure 

have been provided in Chapter 3.  

5.2.2 Lymph-node contrast (LNC) phantom construction  

The lymph-node contrast (LNC) phantom consists of two Perspex plates (80 mm × 

80 mm per plate); the first plate contains four rectangular wells with the same depth 

(6 mm), but they could be filled with different radioactive concentrations. This Perspex 

plate, the “well plate” is used to mimic a warm background (i.e. simulating the uptake 

of radiopharmaceutical in the surrounding tissues). The second plate has four groups of 

cylindrical wells with 2.5, 5, 7.5 and 10 mm diameters (6 mm depth); each group 

contains 4 wells (16 holes in total), see Figure 5.1 A and B. The simulated SLNs sizes are 

comparable to the majority of the SLNs inside the human body (202).  

The LNC phantom covers a range of SLN sizes and contrasts, but the phantom is made 

more sophisticated by the fact that for a fixed acquisition time, hotspots of the same 

size in different groups can not only have different activities, but also have a different 

active background per group (Figure 5.1 C). It can also provide one active background 

for simulated SLNs of the same size with different contrasts by rotating the background 

plate by 90 degrees (Figure 5.1 D). This phantom may be used to evaluate the ability of 

the HGC to detect various sizes of the simulated SLNs containing different activities and 

having various backgrounds under different scattering material thicknesses. Scattering 

media could be added to the phantom to simulate deep-seated nodes. The low cost and 

the simplicity of constructing this phantom compared to the various medical scenarios 

that can be simulated make it a useful tool for testing and comparing the performance 

of various medical devices for SLN detection. 
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Figure 5.1. Schematic and photographs of the LNC phantom: (A) a diagram of the LNC 

phantom’s dimensions, (B) a representation of the two Perspex plates used to construct 

the phantom showing the drilled simulated nodes and background square wells, (C) a 

simulation of different nodes’ sizes and activity concentrations with the same level of 

the activity in the background and (D) a simulation of the same nodes’ sizes and different 

activity concentrations with the same level of the activity in the background.  

5.2.3 Radioactivity simulation  

From a review of the literature the largest reported ratio of SLN to background activity 

(NBR) when using 99mTc was 1:10 (38, 202, 212). This ratio was selected, as a maximum 

value, to investigate the capability of the HGC in a range of critical medical scenarios, 

and different activity concentrations were chosen to match this value. The radioactivity 

concentrations in the simulated SLNs were taken from the available medical data and 

are presented in Table 5.1. Further details about the activity simulation assumptions 

and data used for the scientific justification in this experiment have been explained in 

Chapter 3. 
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Table 5.1. Summary of 99mTc activities used in the LNC phantom 

 

Node 

diameter 

 

Node 

volume 

 

First row activity 

(MBq) 

 

Second row 

activity (MBq) 

 

Third row activity 

(MBq) 

 

Fourth row activity 

(MBq) 

Node Background Node Background Node Background Node Background 

10mm 0.4 ml 4.0  

 

3 in 3ml 

2.0  

 

1.5 in 3ml 

1.0  

 

0.75 in 3ml 

0.5  
 

0.375 in 

3ml 

7.5mm 0.2 ml 2.0 1.0 0.5 0.25 

5mm 0.1 ml 1.0 0.5 0.25 0.125 

2.5mm 0.02 ml 0.2 0.1 0.05 0.025 

 

5.2.4 Imaging procedure 

The simulated SLNs in the LNC phantom were placed beneath different thicknesses of 

a scattering medium (i.e. Poly-methyl methacrylate PMMA), ranging between 5 mm and 

40 mm [i.e. soft tissues and PMMA densities are 1.04 g/cm3 and 1.18 g/cm3; the mass 

attenuation coefficient values for soft tissues and PMMA are 0.153 cm2/g and 0.149 

cm2/g, respectively]. A metallic frame with a clamp held the HGC perpendicular to the 

phantom’s surface. Two different pinhole collimators were used during this study 

(0.5 mm and 1.0 mm diameter pinhole collimators). The distance between the HGC 

collimator and the simulated SLNs was 100 mm, chosen to provide a clinically useful 

field of view of 90 mm x 90 mm. Acquisition time for each image varied between 60 s 

and 240 s, with 240 s taken as an upper limit on the length of time which would be 

appropriate to use intraoperatively.  

In this study, all the gamma images produced by the HGC are taken from Centre-Point 

mode images with different acquisition periods. These images were also processed 

using the Image-J software Gaussian Blur filter (Gaussian sigma = 2 pixels). Imaging sets 

were produced using 0.5 mm and 1.0 mm diameter pinhole collimators and 600 μm and 

1500 μm thick scintillators. 
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5.2.5 Data analysis 

The main imaging parameters used to compare the two imaging sets produced using 0.5 

and 1.0 mm diameter pinhole collimators were the size and the contrast-to-noise ratio 

(CNR) of each node. To calculate the imaged size of each node, 1 pixel wide profiles were 

taken through the centre of the node in the vertical and horizontal directions (see Figure 

5.2). A Gaussian curve was fitted to each profile and the reported node sizes defined as 

the mean of the full-width-at-half-maximum (FWHMs). The measured node spatial 

FWHM is of interest because it reveals how much the spatial resolution of the gamma 

camera spreads out the node dimensions in the planar image. The same analysis 

procedure was used to compare the results produced by utilising two different 

scintillator thicknesses (i.e. 600 μm and 1500 μm). 

CNR is a parameter used to quantify the quality of images and so the ability of a specific 

medical imaging modality to distinguish between features and background (217). The 

detectability of high activity features, such as a node, in the presence of an active 

background depends not only on the contrast of the node but also on its size and the 

level of background noise. CNR analysis allows all these factors to be considered in 

a single measurement. 

All region-of-interest (ROI) analyses were performed using Image-J and Origin 9.1 

programmes. Two ROIs were required to calculate the CNR of each node. The node ROI 

was defined as a circular ROI centred on the node by eye, with the diameter set to the 

measured FWHM for that node for consistency (218). When nodes were not easily 

visible, sizes and positions were used from nodes of the same size with identical setups 

but higher node activities. The circular background ROI was positioned on a background 

region of the image (away from all nodes), with a diameter double that of the node ROI. 

For larger nodes, this required an extra background well to be filled and imaged 

simultaneously to ensure that there was a large enough background region for 

measurement. The contrast is calculated as the difference between node and 

background ROI mean counts values, and the noise is defined as the standard deviation 

of the background ROI mean counts as explained in chapter 4 (Equation 4.1). 



Chapter 5. Quantitative investigation of the HGC for SLN detection   

 

102 
 

To simplify and summarise the key results of the CNR analysis, two threshold CNR values 

have been set (3 and 5) based on Albert Rose’s (1973) approximation for 

detectability (205). In order to present the large amount of data collected, data sets 

were defined by the percentage of visible nodes (i.e. the percentage of nodes with CNR 

greater than the threshold).  

 

Figure 5.2.  Illustration of node image size analysis 

5.3 Results 

5.3.1 Full width at half maximum (FWHM) measurements for simulated 

SLNs 

Throughout this study, spatial resolution measurements (i.e. FWHM) were recorded to 

show the effect of using different thicknesses of CsI(Tl) scintillator and different pinhole 

collimators. These measurements have been utilised to precisely evaluate the ability of 

the HGC to distinguish the margins of each simulated SLN, as the SLN spatial FWHM 

reveals the amount of spread in each detected SLN dimension in the gamma images.  
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The size of the imaged nodes was investigated with different thicknesses of scattering 

material (i.e. 5 mm to 40 mm), using different scintillator thicknesses (i.e. 600 µm and 

1500 µm) and two pinhole sizes (0.5 mm and 1.0 mm in diameter). The acquisition time 

was selected to be 240 s. In all cases, a steady increase in the FWHM value was recorded 

when the scattering media thickness was increased. This reflects the expected 

degradation of spatial resolution due to scattered photons. In all cases, the detected 

size of the nodes was significantly smaller when imaged with the 0.5 mm pinhole rather 

than the 1.0 mm pinhole. This is an expected result due to the poorer spatial resolution 

of larger pinhole collimators.    

While using the 600 μm thick CsI(Tl) scintillator and the 0.5 mm diameter pinhole 

collimator, the HGC had superior spatial resolution for all detected simulated SLNs at 

different depths of scattering material. For instance, at a fixed acquisition time (i.e. 

240s) and 100 mm away from the collimator, the smallest simulated SLN (i.e. 2.5 mm 

diameter SLN) has been detected with recorded spatial resolution ranging between 

6.65 mm and 8.27 mm for 5 mm to 40 mm node depths, respectively. The spatial 

resolution measurements for the same SLN under the same imaging conditions using 

the 1.0 mm diameter pinhole collimator and at different depths between 5 mm and 40 

mm varied between 12.64 mm and 14.20 mm, respectively (Figure 5.3).  
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Figure 5.3. Full-width-at-half-maximum (FWHM) recorded values for the smallest 

simulated SLNs (2.5 mm in diameter). The nodes were imaged using the HGC fitted with 

two thicknesses of CsI(Tl) scintillator (i.e. 600 μm and 1500 μm) and two pinholes 

(0.5 mm and 1.0 mm in diameter). The total imaging distance was 100 mm and the 

acquisition time was 240 s. 

The increase in measured node size, averaged over all 4 node sizes, from 5 mm to 40 mm 

depth was 23.88 % and 17.23 % using the 0.5 mm and 1.0 mm diameter pinhole 

collimator, respectively, while the HGC was fitted with 600 μm thick CsI(Tl) crystal. 

In addition, the average variation in size measurements recorded for the full range of 

depths was 21.96 % for the 0.5 mm diameter pinhole and 16.39 % for the 1.0 mm 

pinhole, while the HGC was fitted with the 1500 μm thick CsI(Tl) scintillator. 

When the HGC was fitted with the thicker CsI(Tl) scintillator (1500 μm thick), the 

degradation of the overall recorded spatial resolution compared to the results recorded 

by the HGC while fitted with the 600 μm thick scintillator is relatively small. For instance, 
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for the same acquisition time (240 s) and at the same simulated depth (ranging from 

5 mm to 40 mm), the smallest simulated SLN had spatial resolution values ranging from 

7.84 mm to 9.70 mm, and from 14.16 mm to 16.29 mm while using the 0.5 mm and 

1.0 mm diameter pinhole collimators respectively (Figure 5.3).  

Therefore, the use of the thicker scintillator resulted in some resolution degradation; 

however, this was small (~10 %) compared to the measured node sizes. This was 

a minimal change in resolution considering the increase in CNR expected when more 

than doubling the thickness of the scintillator, as illustrated in following subsections. 

This preservation of spatial resolution was due to the light-guiding that is provided by 

the needle structure of the scintillation layer. 

5.3.2 Contrast to noise ratio (CNR) analysis for lymph-node contrast 

(LNC) phantom 

CNR analysis is one approach that is used to express the quality of images and the ability 

of a specific medical imaging modality to distinguish between different targeted tissues. 

The detectability of radioactivity accumulation in the presence of an active background 

depends not only on the contrast of the targeted hotspot but also on the size of the 

observed hotspot and on the accumulated activity surrounding the hotspot. Therefore, 

performing CNR analysis is an appropriate choice to show the ability of the HGC to 

detect a specific hotspot. 

To aid in analysis of large numbers of results, each data set in this section will be defined 

as the percentage of imaged nodes which were detectable in the final image, based on 

a threshold CNR value defined by Rose’s approximation. Figure 5.4 gives two examples 

of detected nodes at two different thresholds (i.e. 3 and 5). In this gamma image, 100 % 

of the simulated SLN nodes are detectable at a threshold value of 3, and 93.75 % of 

them are detectable at a threshold value of 5. For instance, nodes marked (A) and (B) 

are detectable with 6.02 and 3.13 CNR values, respectively (Figure 5.4). Both of these 

nodes could be visually recognised, suggesting that Rose’s thresholds are a reasonable 

proxy for detectability in this case. 
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Figure 5.4. Gamma image for the LNC phantom while the simulated SLNs were located 

beneath 25 mm of scattering material; the HGC, while acquiring this image, was fitted 

with the 1500 μm thick CsI(Tl) scintillator and the 1.0 mm pinhole collimator, and the 

acquisition time was 240 s. Circle (A): a node containing 0.05 MBq; circle (B): a node 

containing 0.025 MBq. The CNR values for node (A) and node (B) are 6.02 and 3.13, 

respectively. 

5.3.2.1  CNR analysis for LNC phantom using the HGC fitted with the 600 μm thick 

CsI(Tl) scintillator 

Using the HGC while it is fitted with the 600 μm thick CsI(Tl) scintillator provides 

a superior spatial resolution; however, the recorded CNR values were low, mainly for 

the simulated SLNs with smaller diameters and lower activity accumulation. To clarify 

this fact, according to the recorded CNR values, the HGC fitted with the 600 μm thick 

scintillator and both pinhole collimators (i.e. 0.5 mm and 1.0 mm diameters) was unable 

to detect the smallest simulated SLN (with a 2.5 mm diameter filled with 25 kBq of 99mTc 

solution) even under the most favourable conditions. At a 5 mm depth, the simulated 

SLN detection rate was 93.75 % (i.e. 15 out 16 simulated SLNs) when the HGC was fitted 
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with the 1.0 mm diameter pinhole collimator, a threshold CNR value of 3, and at 

an acquisition time ranging from 120 s to 240 s. However, the HGC, fitted with the 

600 μm thick CsI(Tl) scintillator, was able to detect all simulated SLNs that were filled 

with different radioactivity concentrations varying between 4 MBq and 0.05 MBq in the 

same experimental setup and with the same acquisition time (Figure 5.5 D). 

A very low detection rate was recorded while the HGC was fitted with the 0.5 mm 

diameter pinhole collimator at a 60 s acquisition time applying both threshold values 

(i.e. 3 and 5). For example, the detection rate ranged from 50 % to 20 % while applying 

the threshold value of 5 for the simulated SLNs placed underneath 5 mm to 40 mm 

scattering thicknesses (Figure 5.5 A). The detection value was slightly improved when 

the threshold value 3 was applied; the recorded detection rate for the simulated SLNs 

gradually decreased from 68.75 % at 5 mm depth down to 31.25 % at a 40 mm depth 

(Figure 5.5 B). Using the 1.0 mm diameter pinhole collimator improved the HGC’s 

sensitivity; therefore, during the same acquisition time (i.e. 60 s) and while the 

simulated SLNs were positioned beneath 5 mm to 40 mm thick scattering material, the 

recorded detection value varied between 68.75 % and 31.25 % and between 87.5 % and 

43.75 % at the threshold values of 5 and 3, respectively (Figure 5.5 C,D). 

The HGC has recorded good detection rates for the simulated SLNs, varying between 

87.5 % and 75 % while the camera was fitted with the 0.5 mm diameter pinhole 

collimator at a 5 mm depth and using a threshold value of 5 during an acquisition time 

ranging between 120 s and 240 s (the detection rate was between 87.5 % and 81.25 % 

in the same experimental setup and the same acquisition time while the threshold value 

was 3). With the same imaging conditions, utilising the 1.0 mm diameter pinhole 

collimator, the HGC was able to detect 87.5 % of the simulated SLNs at the threshold 

value of 5. Furthermore, when the threshold value of 3 was applied, the recorded 

detection rate is 93.75 % with the same imaging conditions.  
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At a 20 mm depth, a low detection rate was recorded while the HGC was fitted with the 

0.5 mm diameter pinhole collimator; it varied between 62.5 % and 50 % for a scanning 

time extended from 120 s to 240 s at a threshold value of 5 (Figure 5.5 A). This rate 

improved at a threshold value of 3, as the detection rate was between 75 % and 68.75 % 

(Figure 5.5 B). The HGC, at the same depth and same imaging conditions, was able to 

detect more simulated SLNs while it was fitted with the 1.0 mm diameter pinhole 

collimator; the detection rate varied between 81.25 % and 68.75 % at a threshold value 

of 5 and between 87.50 % and 81.25 % at a threshold value of 3 (Figure 5.5 C,D).   

In the most challenging simulated scenario in this experiment, when the simulated SLNs 

were located at a 40 mm depth, while the HGC was fitted with the 0.5 mm diameter 

pinhole collimator, the detection rate ranged between 50 % and 31.25 % and between 

62.50 % and 50 % at the threshold values of 5 and 3, respectively (Figure 5.5 A,B). Using 

the 1.0 mm diameter pinhole collimator for this scenario is preferable, as the recorded 

detection rate indicates a good visibility at the 40 mm depth. The HGC fitted with the 

1.0 mm diameter pinhole collimator recorded a detection rate ranging from 68.75 % to 

50 % at a threshold value of 5 and from 75 % to 56.25 % at a threshold value of 3 

(Figure 5.5 C,D). It is worth mentioning that the noticeable change in the detection rate 

after applying the two stated threshold values (i.e. 3 and 5) indicates that the HGC fitted 

with the 600 μm thick CsI(Tl) scintillator records relatively low CNR values for the 

simulated SLNs, particularly for small simulated SLNs filled with a low radioactivity 

solutions. 
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Figure 5.5. Graphs show the relationship between the simulated SLNs depths and the 

visibility (i.e. detection rate); these graphs represent the ability of the HGC fitted with 

the 600 μm thick CsI(Tl) scintillator and two different pinhole collimators (i.e. 0.5 mm 

and 1.0 mm in diameter) to detect the simulated SLNs at different threshold values.  
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5.3.2.2  CNR analysis for LNC phantom using the HGC fitted with the 1500 μm thick 

CsI(Tl) scintillator 

The HGC, when fitted with the 1500 μm thick CsI(Tl) scintillator, is able to provide 

a comparably good spatial resolution compared to the camera fitted with the 600 μm 

thick CsI(Tl) scintillator due to the light-guiding characteristic that is provided by the 

needle structure of the scintillator’s internal layer. Moreover, the system sensitivity is 

increased compared to the HGC fitted with the 600 μm thick CsI(Tl) scintillator. The 

recorded CNR values for the simulated SLNs were noticeably improved, and the HGC 

could detect simulated SLNs with small diameters and low activity accumulation.  

Based on the recorded CNR values, the HGC fitted with the 1500 μm thick scintillator 

and using the 1.0 mm diameter pinhole collimator is able to detect the smallest 

simulated SLN with a 2.5 mm diameter filled with 25 kBq of 99mTc solution. For instance, 

the HGC recorded superior CNR values at an acquisition time of 240 s, as the recorded 

detection rate for the simulated SLNs was 100 % at a 25 mm depth and 93.75 % (i.e. 15 

out of 16) at a 40 mm depth applying the threshold value of 3 (Figure 5.6 D).  

Furthermore, at the same threshold value, the HGC can detect 100 % of the simulated 

SLNs at a 10 mm depth and an acquisition time of 120 s; the same detection value can 

be recorded in the same experimental setup, while the simulated SLNs are positioned 

underneath 20 mm of scattering material and with an acquisition time of 180 s 

(Figure 5.6 D).  

While the HGC was fitted with the 1.0 mm diameter pinhole collimator, the recorded 

detection rate ranged from 100 % to 87.5 % for the simulated SLNs located at 5 mm 

depth and for an acquisition time ranging between 60 s and 240 s at the threshold value 

of 5 (Figure 5.6 C). With the same experimental setup and the same acquisition time, 

the detection rate varied between 100 % and 93.75 % at the threshold value of 3 

(Figure 5.6 D). Additionally, at the same acquisition time and under a 20 mm depth, the 

detection rate ranged from 93.75 % to 75 % at the threshold value of 5, and from 100 % 

to 87.5 % at the threshold value of 3 (Figure 5.6 C,D).  
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At the most extreme simulated depth (i.e. 40 mm), with the HGC was fitted with the 

1.0 mm diameter pinhole collimator and for an acquisition time ranging between 60 s 

and 240 s, the HGC was able to record a detection rate varying between 81.25 % and 

50 % at the threshold value of 5 and between 93.75 % and 75 % at the threshold value 

of 3 (Figure 5.6 C,D).  

Using the HGC fitted with the 0.5 mm diameter pinhole collimator provides good spatial 

resolution compared to the 1.0 mm diameter pinhole collimator; however, the recorded 

CNR values for the simulated SLNs were low while using the 0.5 mm diameter pinhole 

collimator. As an example, the HGC fitted with the 1500 μm thick scintillator and the 

0.5 mm diameter pinhole collimator was unable to detect the smallest simulated SLN 

with a 2.5 mm diameter filled with 25 kBq of 99mTc solution with the selected acquisition 

period (i.e. 60 s to 240 s). For instance, at 5 mm depth and 240 s acquisition time, the 

simulated SLN detection rate was 93.75 % (i.e. 15 out 16 simulated SLNs) at the 

threshold value of 3 (Figure 5.6 B).  

At a 5 mm depth and an acquisition time ranging from 60 s to 240 s, while the HGC was 

fitted with the 0.5 mm diameter pinhole collimator, the recorded detection value 

ranged from 75 % to 87.5 % at the threshold value of 5 and from 87.5 % to 93.75 % at 

the threshold value of 3. Furthermore, at the same acquisition time, the HGC was able 

to detect 56.25 % to 81.25 % of the simulated SLNs located underneath 20 mm of the 

scattering material at the threshold value of 5 and between 75 % and 93.75 % at the 

threshold value of 3. At a 40 mm depth, the recorded CNR values were low due to the 

large depth of the simulated SLNs and the low sensitivity of the HGC while it fitted with 

the 0.5 mm diameter pinhole collimator. For example, the recorded detection rate, 

during an acquisition period ranging from 60 s and 240 s, was between 37.50 % and 

68.75 % at the threshold value of 5 and between 62.50 % and 81.25 % at the threshold 

value of 3. 
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Figure 5.6. Graphs showing the relationship between the simulated SLN depths and the 

visibility (i.e. detection rate). These graphs represent the ability of the HGC fitted with 

the 1500 μm thick CsI(Tl) scintillator and two different pinhole collimators (i.e. 0.5 mm 

and 1.0 mm in diameter) to detect the simulated SLNs at different threshold values 

(3 and 5).    
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In general, the detectability of the HGC depends on the thickness of the scintillator and 

the diameter of the pinhole. The recorded detection values, as previously reported, for 

the HGC while fitted with the 1500 μm thick scintillator are better while preserving good 

spatial resolution, which makes the use of this thicker scintillator more justifiable. 

Detection levels were lowest for short acquisition times, for small and deep-seated 

nodes, and when the smaller pinhole diameter was used, as would be expected. 

A summary of the results for the visibility of the simulated SLNs when they were located 

at depths between 10 mm and 40 mm and 60 s acquisition time with the CNR threshold 

set at 3, are presented in Table 5.2. 

Table 5.2. Summary of the visibility for the simulated SLNs for a 60 s acquisition time 

(CNR threshold = 3) 

 

 
 
 
 
 
 
 

 

 

 

SLNs 

depth 

Simulated SLNs visibility (%) 

600 µm thick CsI(Tl) scintillator 1500 µm thick CsI(Tl) scintillator 

0.5 mm diameter 

pinhole collimator 

1.0 mm diameter 

pinhole collimator 

0.5 mm diameter 

pinhole collimator 

1.0 mm diameter 

pinhole collimator 

10 mm 56.25 75 87.5 93.75 

20 mm 43.75 62.5 75 87.5 

30 mm 37.5 50 68.75 81.25 

40 mm 31.25 43.75 62.5 75 
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5.3.3 Influence of adjacent active tissues on the detected sentinel 

lymph nodes 

The ability of any gamma camera to resolve the targeted tissue from surrounding active 

tissues is one of the key factors in evaluating the usability and the capability of the 

system to be used in critical cases. The LNC phantom was designed and constructed to 

evaluate the simulated SLN detectability in the presence of active adjacent structures. 

As shown in Figure 5.1, the LNC phantom simulated different sizes of the SLNs with 

a small, fixed centre-to-centre distance between the simulated SLNs (i.e. 20 mm). The 

first row of the LNC phantom was selected to show the effect of the adjacent active 

tissues because of the higher activity concentrations, as the activity injected in the four 

simulated SLNs ranged from 4 MBq to 0.2 MBq. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5.7. Count profile curves and corresponding gamma images of the simulated SLNs 

at two different depths (i.e. 20 mm and 40 mm), while the HGC was fitted with the 

600 μm thick CsI(Tl) scintillator and two different pinhole collimators (i.e. 0.5 mm and 

1.0 mm diameter) and at different acquisition periods (i.e. 60 s to 240 s).    

A. 20 mm depth  

0.5 mm ø pinhole collimator    

B. 40 mm depth  

0.5 mm ø pinhole collimator    

C. 20 mm depth  

1.0 mm ø pinhole collimator    

D. 40 mm depth  

1.0 mm ø pinhole collimator    
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It can be seen in Figure 5.7 that the simulated SLNs are generally distinguishable, which 

reflects the ability of the HGC to detect specific targeted structures in the presence of 

active surrounding tissues. As previously discussed, the HGC, while fitted with the 

0.5 mm diameter pinhole collimator, can provide a superior spatial resolution; however, 

the recorded CNR values are low, mainly for the small simulated SLNs (i.e. 2.5 mm 

diameter). The effect of the accumulated activity surrounding the targeted tissues can 

be minimised by utilising the 0.5 mm diameter pinhole collimator (Figures 5.7 and 

5.8 A,B); nevertheless, using the 1.0 mm diameter pinhole collimator improves the 

ability of the camera to detect more counts with good spatial resolution particularly 

with limited imaging times (Figures 5.7 and 5.8 C,D). 

 

Figure 5.8. Count profile curves and corresponding gamma images of the simulated SLNs 

at two different depths (i.e. 20 mm and 40 mm) while the HGC is fitted with the 1500 μm 

thick CsI(Tl) scintillator and two different pinhole collimators (i.e. 0.5 mm and 1.0 mm 

diameter) and at different acquisition periods (i.e. 60 s to 240 s).    

 
 

 

A. 20 mm depth  
0.5 mm ø pinhole collimator    

B. 40 mm depth  
0.5 mm ø pinhole collimator    

C. 20 mm depth  
1.0 mm ø pinhole collimator    

D. 40 mm depth  
1.0 mm ø pinhole collimator    
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Using a thicker scintillator (i.e. 1500 μm thick CsI[Tl] scintillator) can be a practical and 

reliable choice that provides high CNR values and preserves a high level of spatial 

resolution (Figure 5.8). To make more clearer, the HGC is able to resolve the spot for the 

smallest simulated SLN (i.e. 2.5 mm diameter) at a 40 mm depth while the HGC is fitted 

with the 0.5 mm diameter pinhole collimator and the 1500 μm thick CsI(Tl) scintillator 

at an acquisition period ranging between 120 s and 240 s.  

5.4 Discussion 

The demands for technologies that improve patients’ management in the surgical 

theatre speed up the process of developing many medical imaging systems (219, 220). 

Currently, the standard device that is used to detect radiopharmaceutical uptake in the 

targeted tissues intraoperatively is the non-imaging gamma probe (see Chapter 2). 

These non-imaging gamma probes are able to locate the site of activity, and they have 

a good ability to detect a very low accumulation of radioactivity (<10 kBq) in a short 

acquisition time (i.e. within seconds) (221, 222). However, these devices are unable to 

easily provide further details about targeted tissues’ configuration; they suffer from 

degradation of radial sensitivity when the targeted tissues are placed deeper than 

20 mm, as the background signal may mask the targeted tissues’ signal (221, 222). To 

determine the exact location using the non-imaging probe, the sensitive window of the 

gamma probe should be closely positioned to the targeted tissues. Therefore, the visual 

estimation of the depth is difficult to obtain using gamma probes, and these non-

imaging systems are not helpful for preoperative evaluation. 

Using the standard gamma camera as a preoperative imaging tool to evaluate the 

targeted tissues and precisely estimate their depths is a laborious task. There are various 

factors that may affect the preoperative evaluation using standard gamma cameras, 

including poor spatial resolution gamma images compared to the gamma images 

produced by the HGC, which indicates the difficulties of detecting a small SLN within 

active background areas (223). The size of the standard gamma camera may affect its 

ability to provide multiple views for a specific targeted area in cases such as breast 

imaging.  
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Moreover, the information that is provided preoperatively cannot be confirmed 

intraoperatively using the standard gamma camera, because of its size and the 

difficulties of providing these huge devices in busy, limited spaces such as operating 

theatres (224).  

The HGC is able to distinguish various hot spots within its field of view with a good spatial 

resolution, although currently it requires longer imaging times than non-imaging probes 

especially to detect smaller and weaker nodes. The HGC can also provide visual guidance 

with a relatively large field of view, and is able to monitor and distinguish between 

different active anatomical structures such as SLNs within a limited area, which may 

override the benefit of a more sensitive gamma probe in some situations (141). 

Furthermore, hybrid images (i.e. fused optical-gamma imaging) would enhance the 

accuracy of localisation process during surgical procedures. This camera can also be 

utilised to confirm the completion of the surgical procedure and reduce the chance of 

undetected SLNs. 

This study shows the capability of the HGC to fulfil the majority of the requirements that 

should be provided in a small field of view imaging device to be used for pre-, intra- and 

post-operative investigations. The ability of the HGC to detect a small simulated SLN 

with a 2.5 mm diameter that contains small amounts of radioactive material ranging 

from 0.2 MBq to 25 kBq in a maximum acquisition time of 240 s and at 120 mm 

collimator-to-source distance indicates its usefulness for critical surgical procedures. 

The limits on HGC use will be due to sensitivity and the comparatively long acquisition 

times required, although for the activities investigated in this study the majority of 

nodes were visible even with a 60 s acquisition time and a 40 mm node depth when the 

most ideal camera configuration was used. 

This study indicates that of the two thicknesses used the 1500 µm scintillator is the best 

choice for clinical use.  With the thicker scintillator, the recorded CNR values were 

noticeably improved, and the HGC was able to detect the simulated SLNs with smaller 

diameters and lower activity accumulation. The 1500 μm thick scintillator did have 

a poorer spatial resolution than the 600 μm thick scintillator; however, the change in 

resolution (~10 %) was relatively small compared to the change in detectability (> 52 % 
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difference at 40 mm depth in 60 s acquisition time).  The findings from this study suggest 

that an even thicker scintillator may be beneficial for SLN mapping and this will need to 

be investigated further. 

The HGC can be configured with two different pinhole collimators (i.e. 0.5 mm and 1 mm 

diameter), and these two collimators are easily changeable, which gives the ability to 

the camera’s operator to fit the collimator that meets the requirement of any gamma 

imaging procedures. For the majority of uses, particularly intraoperatively, the 1.0 mm 

diameter pinhole is the appropriate choice as its higher sensitivity greatly improves CNR 

at the cost of degraded spatial resolution. Unlike for scintillator thickness, however, this 

change is significant with resolution worsening by about 50 % compared to the 0.5 mm 

pinhole. For this reason, for rapid sensitive imaging as would be required 

intraoperatively, the 1.0 mm diameter pinhole collimator is preferred. Nevertheless, 

there are situations where there is no strict acquisition time limit or spatial resolution is 

of particularly importance, such as postoperative imaging, and in those cases the 

operator may instead choose the 0.5 mm diameter pinhole collimator as more 

appropriate. The positioning of the camera and the location of the targeted features 

were also shown to affect detectability. Placing the head of the HGC as close as possible 

to the target area will improve both the spatial resolution and the sensitivity, with the 

sensitivity varying with the square of distance from the radioactive source; however, 

the size of the field of view will be affected. 

It has been reported that two of the developed small field-of-view gamma camera 

systems have the ability to detect < 7 kBq beneath up to 40 mm of scattering material 

in a short acquisition time (≤ 60 s) (83, 84). However, the low system spatial resolution 

provided by these small field of view gamma cameras will affect the ability to distinguish 

the margins of the targeted tissues from the adjacent normal active tissues, which may 

affect the progress of any intraoperative SLN detection procedure.  

To clarify this point more, if these systems are able to detect the SLNs within a short 

acquisition time, they may require more time to take other views from various sides of 

the targeted area to distinguish the normal tissues from the abnormal tissues, 

particularly in situations where a sentinel lymph node has been removed and the 
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lymphatic vessels have been cut, with the possibility of more widespread distribution of 

the radioactivity within the surgical field. 

5.5 Conclusion 

Sentinel lymph node detection procedures have grown together with an existing 

demand for developing medical procedures that enhance patient management and 

improve diagnosis processes. The hybrid gamma camera (HGC) has been developed to 

provide additional localisation information during procedures such as sentinel lymph 

node (SLN) biopsies.  

In this study, a lymph-node contrast phantom and an evaluative technique that involved 

idealised physiological scenarios were used to study the ability of the HGC to detect 

varying radioactivity concentrations and sentinel lymph node sizes. Spatial resolution 

measurements and contrast-to-noise ratio (CNR) analyses of the simulated SLNs were 

used as the main criteria to compare imaging sets produced by the HGC with acquisition 

times ranging between 60 s and 240 s. The HGC could successfully detect 87.5 % to 

100 % (acquisition times between 60s and 240 s) and 75 % to 93.75 % of the SLNs 

positioned beneath 20 mm and 40 mm thicknesses of scattering material, respectively. 

The results suggest that the most appropriate camera configuration for intraoperative 

SLN imaging was a 1500 µm thick scintillator and a 1.0 mm diameter pinhole. 

the HGC showed poor performance while it fitted with the 0.5 mm diameter pinhole 

collimator in localising deep-seated low activity simulated SLNs (i.e. 40 mm depth); this 

is due to the large depth of the SLNs and the low sensitivity of the HGC while it fitted 

with the 0.5 mm diameter pinhole collimator, even with the thicker CsI(Tl) scintillator  

(i.e. 1500 µm thick) and long acquisition time (i.e. 240 s), which suggested that an even 

thicker columnar CsI(Tl) scintillator may be beneficial to provide superior resolution 

gamma images during  SLN mapping procedures while the HGC fitted with the 0.5 mm 

diameter pinhole collimator.  

The evaluation of the HGC in this study shows that it can be used for SLN imaging. The 

capability of the HCG to detect low activity uptake in a small SLN indicates its usefulness 

as an intraoperative imaging system during critical surgical SLN procedures.
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Chapter 6: Design and implementation 

of a prototype head and neck phantom 

for the performance evaluation of 

gamma imaging systems 

 

6.1 Introduction  

In clinical practice, there has been much attention on preoperative lymphoscintigraphic 

imaging for melanoma, oral cancer, and parotid gland carcinomas; it is a well-recognised 

procedure that has contributed to the improvement of surgical outcomes (225, 226). 

Imaging is used to identify lymphatic drainage paths and locate sentinel lymph nodes 

(SLNs) that may contain disseminated disease. SLN mapping and biopsy in the head and 

neck usually follow preoperative lymphoscintigraphic imaging (227). This procedure is 

used to determine the status of SLNs, and has been shown to provide crucial prognostic 

details of metastatic growth (228).  

Performing preoperative lymphoscintigraphic imaging and SLN mapping procedures in 

the head and neck region is challenging in terms of anatomy (229). The head and neck 

region contains several hundred lymph nodes that are distributed over different depths 

and have numerous different lymphatic suppliers, which complicates tracing of 

lymphatic drainage mechanisms (230). Furthermore, the natural anatomical and 

physiological intricacies of the lymphatic network in the head and neck region pose 

technical difficulties in the case of preoperative lymphoscintigraphy and SLN mapping 

procedures. As structures in the head and neck are so closely packed, it is common for 

the large amount of radioactivity in the injection site to mask the signal from nearby 

SLNs (231). Head and neck anatomy is complex and variable, with lymphatic drainage 



Chapter 6. Design and implementation of a prototype head and neck phantom   

 

121 
 

patterns differing between patients; 4 % of SLNs detected related to oral cavity tumours 

are on the contralateral side of the neck (232). The identification of sentinel lymph 

nodes can also be hampered by the rapid displacement of the intradermally injected 

radioisotope, which may accumulate in several lymph nodes within a short period. 

This study aims to develop and standardise a test object and protocols particularly 

suited for SFOV compact gamma cameras but which can be equally useful for large field 

of view (LFOV) systems. A flexible insert was designed for a commercially available head 

and neck phantom. This insert effectively imitates human tissues including simulating 

SLNs and a life-size thyroid gland. The phantom insert was designed to be reproducible 

at relatively low cost; allowing this test object to be incorporated into different quality 

assurance protocols. It is proposed that this phantom can be employed in assessing the 

clinical usefulness of SFOV gamma imaging systems in SLN mapping and small organ 

imaging. 

6.2 Materials and methods 

6.2.1 Head and neck phantom  

The outer shell of the phantom was obtained from The Phantom Laboratory (233). This 

comprised a shell manufactured from ~ 3.2 mm thick cellulous acetate butyrate (CAB) 

mounted on a polycarbonate end plate, a transparent plastic selected because of its low 

water absorption and its strength. The anthropomorphic head and neck phantom is 

constructed to allow filling with water or other tissue equivalent liquids. The shape of 

the outer shell imitates the head and neck contours of an average size adult male; the 

maximum axial height being 255 mm and the maximum transverse width 175 mm 

(Figure 6.1 A).  

An anatomical insert (further details discussed below, see Figures 6.1 and 6.2) was used 

in conjunction with the outer shell of the phantom. This insert was modular and could 

include a simulated thyroid gland, trachea, cervical spine, lymph nodes and injection 

sites in any combination, together with various locations for lymph nodes and injection 

sites. 



Chapter 6. Design and implementation of a prototype head and neck phantom   

 

122 
 

6.2.1.1  Anatomical simulation  

Comprehensive data were collected to obtain the anatomical characteristics of the 

human neck, and tissue equivalent materials were selected for mimicking soft, 

cartilaginous and bone tissues. The size of a thyroid of a healthy adult was chosen for 

simulation. Various studies have been published summarising the geometric 

information of the healthy thyroid from medical imaging investigations (73, 74, 234-

239). The average geometric measurements of healthy male thyroid glands given in 

these papers was used in the design of the thyroid phantom (Table 6.1).  

 

Figure 6.1. Photographs of the head and neck phantom (A); the internal jig with the 

attached thyroid phantom from antero-lateral view (B) and apex view (C). 

Table 6.1. Summary of the anthropomorphic thyroid phantom parameters 

Outer shell 

thickness 

(mm) 

Internal Lobe dimensions (mm) Internal Isthmus dimensions (mm) 

vertical 

length 

maximum 

width 

maximum 

depth 

vertical 

length 

maximum 

width 

maximum 

depth 

3 42 17.5 10 12 15 5 
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Once the size had been determined the structure was manufactured using 3D printing 

(the Dimension Elite™ 3D Printer (240)). A red coloured Acrylonitrile Butadiene Styrene 

(ABS) thermoplastic polymer material (chemical formula: (C8H8·C4H6·C3H3N)n) was used 

to manufacture the outer shell of the thyroid insert (Figures 6.2 and 6.3); the inner 

sealed space was filled with water mixed with the desired radioactivity concentration 

(~10 ml volume). Two syringe filling valves allowed filling the inner space with the 

radioactive solution (Figure 6.3). 

 

Figure 6.2. Schematic of the internal jig with the mounted simulated thyroid gland and 

sentinel lymph nodes (SLNs). 

A simulated trachea was constructed to hold the life-size thyroid phantom. The trachea 

was designed and manufactured as a sealed cylinder filled with air and was made of 

polymethyl methacrylate (PMMA), chemical formula: (C5O2H8)n, (height = 150 mm, 

diameter = 20 mm, thickness = 3 mm). The anthropomorphic thyroid phantom was 

manually attached to the trachea simulator in its appropriate anatomical position. The 

internal jig also included a cylindrical rod of aluminium that was used to imitate the 
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cervical spine in the neck region (height = 200 mm, diameter = 25 mm). The materials 

chosen to simulate the head and neck parts of the phantom show an acceptable degree 

of similarity to normal human tissues as characterised in a number of published studies 

(see Table 6.2). 

 
Table 6.2. Comparison of the densities for the materials utilised for the phantom 

designing with real human tissues (189, 241-246). 

Materials Density 

g/cm3 

Mass attenuation 

coefficient (cm2/g) 

Calculated 

Hounsfield Unit (HU) 

Water 1 0.154 0 

Thyroid gland 0.98 - - 

ABS thermoplastic polymer 1.06 - 1.08 0.152 46 – 66  

Bone tissues 1.7 – 2.0 0.156 722-1026 

Aluminium 2.69 0.137 1393 

Soft tissues 1.04 0.153 33 

PMMA 1.18 0.149 142 

Trachea 0.98 – 1.1 - - 
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Figure 6.3. Schematic diagram of the anthropomorphic thyroid phantom (red) showing 

the shape and position relative to the simulated trachea: anterior (A), superior (B), and 

inferior (C) views.  

6.2.1.2  Sentinel lymph nodes (SLN) and injection site simulation  

Low profile plastic micro-tubes (0.2 ml) with attached caps have been used to simulate 

SLNs or injection sites. These are easily removed from the phantom (along with the 

thyroid) for easy storage while any activity decays. These tubes can be filled with various 

activity concentrations to simulate a range of clinical scenarios e.g. high activity for 

an injection site, low activity for a SLN.  

A selection of PMMA plates, 3 mm thick, were designed, containing drilled holes to hold 

the micro-tubes, which attach directly to the insert (Figure 6.2). Node placement can be 

varied by adjusting the height of the plates on the insert, varying the shape of plate used 

(see Figure 6.4 for example shapes) and by changing the hole a node is set in. For 

instance, deep, posterior and superficial cervical lymph nodes can be simulated and 

located in their accurate anatomical place and can be individually filled with different 

radioactivity concentrations. The phantom design enables reproducible node 

placements for different applications. 
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6.2.2 Radioactivity distribution and imaging procedure  

When simulating a scintigraphic procedure, the amounts of radioactivity should be 

a true reflection of the activity concentrations reached in clinical situations. In practice, 

identifying the particular radioactive material concentration for SLNs in the head and 

neck region can be a difficult task due to the different nature of radiopharmaceuticals 

and patient anatomy and physiology. 

For this study, four simulated SLNs were placed at superficial (15 mm depth) and deep 

(30 mm depth) locations in the head and neck region with various concentrations of 

99mTc solution ranging between 0.1 MBq and 1 MBq, as shown in Figure 6.4. These 

concentrations have been selected with the guidance of available clinical data (38, 154, 

247-249). The uptake of 99mTc pertechnetate in the thyroid gland is considered to be 

between 1 to 5 % of administrated activities ranging between 185 and 370 MBq (250). 

In the UK, the recommended administered radioactivity for thyroid gland imaging is 

80 MBq (198); from these figures 15 MBq of 99mTc was taken as an appropriate amount 

of activity to represent the radioactivity uptake in the thyroid gland. 

 
The average amount of activity usually administered for head and neck 

lymphoscintigraphy is 20 MBq (251), and it was assumed that half of the injected activity 

will be distributed in the tissues surrounding the targeted SLNs. This background activity 

was simulated through mixing 10 MBq of 99mTc solution with the water filling the outer 

shell of the head and neck phantom.  
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Figure 6.4. A schematic diagram showing a cross section through the neck region of the 

phantom, showing the position and amount of radioactivity in the simulated lymph 

nodes. 

6.2.3 SPECT-CT Imaging 

The phantom was also investigated using a Philips BrightView XCT dual head SPECT-CT 

system in the nuclear medicine clinic at Queen’s Medical Centre, Nottingham (252, 253). 

The phantom was fastened to the patient table with the patient head support in place. 

The camera was fitted with a low energy, high resolution parallel-hole collimator and 

image data was acquired in a 128 x 128 matrix through 120 angular increments each of 

20 s per angle over a 360 degree rotation. The data were processed on a dedicated 

nuclear medicine computer (Hermes Medical Solutions, London, UK). Reconstruction 

was performed using the Ordered-Subsets Expectation Maximisation (OSEM) with 15 

subsets and with 4 iterations and displayed in sagittal, transverse and coronal planes. 

The reconstructed images were filtered with a 3D Gaussian function having a full width 

at half maximum of 8 mm. CT imaging was performed with 120 kVp and 20 mAs. 
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6.2.4 SFOV Imaging  

The Hybrid Gamma Camera (HGC) a 1500 μm thick caesium iodide doped with thallium 

(CsI(Tl)) scintillator coupled to an Electron Multiplying Charge Coupled Device (EMCCD) 

(i.e. e2v CCD97 BI) and a tungsten pinhole collimator. Detailed information of the HGC 

is available in chapter 3. Two pinhole collimators (0.5 mm and 1.0 mm diameter) were 

fitted to the camera interchangeably during the study. Various collimator-to-surface 

distances (ranging between 80 mm and 200 mm) were selected to produce gamma 

images with a range of field of views. An additional hybrid optical-gamma anterior view 

of the neck region was acquired to illustrate the localisation information provided by 

fused images. 

For the gamma images produced by the HGC, count profiles were acquired for the 

simulated thyroid gland gamma images at a collimator-to-surface distance of 120 mm 

using both pinhole collimators. Furthermore, two circular regions of interest (ROIs) were 

identified corresponding to the simulated SLN size to obtain contrast and noise values. 

The contrast was then calculated as the difference between node and background ROI 

mean count values, with noise being defined as the standard deviation in the 

background ROI for calculating the contrast to noise ratio (CNR) of the simulated SLN, 

as explained earlier (Chapter 4, page no. 80-81). 
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6.3 Results  

6.3.1 SPECT and SPECT-CT imaging  

SPECT-CT images were used to validate the anatomical structure of the phantom. The 

appearances of the simulated thyroid gland in the coronal plane images were similar to 

those of a healthy thyroid (Figure 6.5). Furthermore, the accurate positioning of the 

simulated thyroid gland and the uniform distribution of radioactivity throughout both 

lobes and the Isthmus reflect the design accuracy of the phantom and its suitability for 

various gamma imaging performance tests. 

 

Figure 6.5. Coronal SPECT (A) and SPECT-CT (B) images showing the position of the 

simulated SLNs and the simulated thyroid gland within the phantom.  

Figure 6.6 shows the SPECT-CT images through the midsagittal plane of the phantom. 

These images show the structure of the internal jig components including the simulated 

cervical spine, trachea and thyroid gland. A variation in X-ray contrast is demonstrated 

in the images for different simulated anatomical structures in line with the proposed 

appearance of these structures in real life, which proves the suitability of the materials 

used to simulate the outer shell and the internal parts of the phantom. 
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Figure 6.6. CT (A) and SPECT-CT (B) images of the midsagittal plane of the head and 

neck phantom showing the simulated thyroid gland, trachea and cervical spine. 

In Figure 6.7, two simulated superficial SLNs were placed in the area of the parotid 

gland, having two different low activity concentrations, to simulate targeted parotid 

SLNs (Figure 6.7 A and B). In Figure 6.7 (C and D), deep simulated cervical SLNs (i.e. 

30 mm depth) were located in their accurate anatomical position taking into account 

the position of the simulated trachea and cervical spine. Both lobes of the simulated 

thyroid gland can be identified in the proper position attached to the simulated trachea 

in a way that can provide valuable information about the capability of different gamma 

scanning systems in imaging the thyroid gland, Figure 6.7 (E and F).  

The simulated SLNs were also imaged through the sagittal plane. SPECT and SPECT-CT 

images, in the sagittal plane, were acquired to image the deep SLNs (30 mm depth) in 

the cervical region (figure 6.8, A and B) and the superficial SLNs (15 mm depth) in the 

parotid region (Figure 6.8, C and D). 
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Figure 6.7. SPECT and SPECT-CT images in the transverse plane, representing the 

anatomical structure of the head and neck phantom; images (A) and (B) show two 

superficially low activity uptake simulated SLNs in gamma and hybrid modes (0.1 and 

0.2 MBq, respectively). Images (C) and (D) show two deeper seated, higher activity 

uptake simulated SLNs in gamma and hybrid modes (0.5 and 1.0 MBq, respectively). 

Images (E) and (F) show the thyroid level SPECT and SPECT-CT images in the neck region 

(15 MBq). 
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Figure 6.8. SPECT and SPECT-CT images in the sagittal plane showing the deeper 

simulated SLNs (0.5 – 1.0 MBq) and the simulated thyroid gland in (A) and (B); Images 

(C) and (D) show the simulated superficial SLNs at the parotid gland level (0.1 – 0.2 MBq). 

 

6.3.2 SFOV hybrid gamma camera (HGC) imaging  

The anthropomorphic head and neck phantom was employed to show the capabilities 

of the HGC for imaging small organs and mapping SLNs in the head and neck region. The 

imaging protocol and anthropomorphic phantom, are suitable for different SFOV 

gamma imaging systems and the experimental setup can be replicated for comparison 

purposes. 
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6.3.2.1  Thyroid phantom images 

Hybrid gamma and optical images were acquired using the HGC with both pinhole 

collimators (0.5 mm and 1.0 mm in diameter) for thyroid imaging. The thyroid images 

produced through both pinhole collimators vary in terms of spatial resolution and 

number of acquired counts. Figure 6.9 shows the different gamma images acquired for 

the simulated thyroid gland utilising both pinhole collimators in a time series with 

acquisition time varying between 100 s and 400 s. The differences between each 

collimator can be clearly observed and the clarity of the acquired images improves with 

increasing acquisition period. At a 120 mm collimator-to-surface distance, the 

degradation of spatial resolution while utilising the 1.0 mm diameter pinhole collimator 

is clear from the images in Figure 6.9 (left-hand side). 

 

Figure 6.9. Left-hand side: planar HGC gamma images of the simulated thyroid gland at 

a 120 mm collimator-to-surface distance acquired with different acquisition times 

ranging from 100 to 400 s using both pinhole collimators (0.5 mm and 1.0 mm diameter). 

Right-hand side: count profiles plot for the data acquired from anterior gamma images 

for the simulated thyroid gland (400 s) using 0.5 mm and 1.0 mm diameter pinhole 

collimators. The yellow line in both thyroid gamma images (400 s) represents the cross-

section area of the acquired data for both count profiles. 



Chapter 6. Design and implementation of a prototype head and neck phantom   

 

134 
 

The count profiles through the middle of the simulated thyroid gland images provided 

by both pinhole collimators were obtained. Figure 6.9 (right-hand side) shows the 

difference in the spatial profiles when using the two collimators. Employing the thyroid 

phantom in quantitative assessment protocols would optimise the ability of the device’s 

operator to choose the suitable configuration of a gamma imaging system to satisfy 

existing medical needs; furthermore, the phantom will be a helpful tool to determine 

appropriate settings for the patient and the imaging system for clinical imaging studies.  

The HGC can produce optical-gamma fused images at different distances from the 

targeted tissues. Figure 6.10 (A and B) represent anterior hybrid images for the thyroid 

phantom for two different imaging distances (100 mm and 200 mm) from the camera. 

The acquisition time for the acquired thyroid gamma images was 400 s using the 0.5 mm 

diameter pinhole collimator. 

 

Figure 6.10. Hybrid HGC images of the simulated thyroid gland at a distance of 100 mm 

(A) and 200 mm (B) from the phantom surface.  

6.3.2.2  Simulated sentinel lymph node (SLNs) images 

Imaging targeted areas intraoperatively during SLN mapping procedures requires a swift 

imaging process that is able to detect any potential lymph nodes within the field of view. 

To achieve this target, SFOV gamma imaging systems for intraoperative imaging should 

be able to provide gamma images for the targeted SLN at a short acquisition time. The 

anthropomorphic head and neck phantom was employed to simulate a situation where 

there are four SLNs distributed at two different vertical levels and depths. Using both 
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pinhole collimators and with the HGC position at a distance of 80 mm from the surface 

of the phantom, several gamma images were acquired from the lateral view at different 

acquisition times ranging from 10 s to 300 s.  

 

Figure 6.11. Planar HGC gamma images for the two simulated, superficial SLNs (0.1 and 

0.2 MBq) at an 80 mm collimator-to-surface distance utilising both pinhole collimators 

(i.e. 0.5 mm and 1.0 mm diameter); the acquisition time varied between 10 s and 300 s. 

Figure 6.11 shows gamma images of the two simulated superficial SLNs at the parotid 

gland level containing two different radioactivity concentrations (i.e. 0.1 MBq and 

0.2 MBq). The HGC is able to clearly detect both simulated SLNs using the 1.0 mm 

diameter pinhole collimator at a short acquisition time (i.e. 100 s). In contrast, the ability 

to detect these simulated SLNs degrades when the HGC is fitted with the 0.5 mm 

diameter pinhole collimator. However, using longer acquisition times helps to provide 

a detailed image with an acceptable level of visualisation (Figure 6.11 – upper row). 

These images show the advantage of using the 1.0 mm diameter pinhole collimator for 

the imaging of low activity accumulation targeted areas at short acquisition times, as 

the main purpose of utilising SFOV gamma imaging systems intraoperatively is to 

localise the site of SLNs. This demonstrates that the HGC is capable of detecting a small 

amount of accumulated activity (0.1 MBq) in a reasonable acquisition time (i.e. <100 s).  

For higher activity accumulation targeted areas, using pinhole collimators with smaller 

diameters will provide superior spatial resolution with a good level of detectability 

(Figure 6.12). 
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Figure 6.12. Planar HGC gamma images for the two simulated, deep SLNs (0.5 and 1.0 

MBq) at an 80 mm collimator-to-surface distance; both pinhole collimators (0.5 mm and 

1.0 mm diameter) were used and the acquisition time varied between 10 and 300 s. 

As a further measure, CNR calculations were performed for the detected SLNs at 

an 80 mm distance between both pinhole collimators and the surface of the head and 

neck phantom for a 100 s acquisition time (Figure 6.13). The recorded CNR values for 

the simulated SLNs having low activity accumulations are higher when the HGC was 

fitted with the 1.0 mm diameter pinhole collimator. For instance, the recorded CNR 

values for the superficially simulated SLN (15 mm depth) containing 0.1 MBq of 99mTc 

using 0.5 mm and 1.0 mm diameter pinhole collimators are 6.48 and 16.42, respectively 

(~ 87 % difference).  
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Figure 6.13. Bar chart showing the recorded contrast to noise ratio (CNR) values of 

different radioactivity concentrations for the simulated superficial and deep SLNs (i.e. 

15 mm and 30 mm depth) for a 100 s acquisition time. The dotted line at CNR = 3 

represents a threshold value of the Rose criterion of detectability. 
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6.4 Discussion  

Phantoms are commonly used to assess nuclear imaging devices. These range from 

relatively crude arrangements consisting of tanks with chambers and spheres through 

to 3D printed phantoms for the evaluation of image processing. The use of an 

anthropomorphic phantom has the advantage of providing accurate anatomical and 

functional detail which may be used for both the assessment of equipment and user 

training. 

The current development in computer-aided design (CAD) and 3D printing machines has 

facilitated the process of constructing inexpensive complex 3D medical phantoms which 

can be patient specific. The combination of computer aided modelling, advanced 

medical imaging technologies (i.e. computed tomography scanner, ultrasound 

devices etc.) and rapid prototyping provided by 3D printers has improved the ability to 

fabricate objects comparable to human parts in micro and macro architecture scales 

(254). Future developments could include the insertion of 3D printed lesions or tumours 

using information obtained from CT or magnetic resonance (MR) medical images. 

The images presented show the flexibility of the head and neck phantom to simulate 

many clinical scenarios; i.e. lymph nodes can be simulated at any selected position 

following lymphatic drainage pathways in the head and neck regions. This work was 

mainly aimed at assessing the capabilities of SFOV cameras; however, the phantom 

could equally be used with LFOV SPECT-CT cameras. Currently, there are many SFOV 

gamma imaging systems employed in intraoperative imaging (Table 3.2). However, 

anthropomorphic phantoms have still not been standardised or utilised to quantify the 

capability of these different systems to detect targeted tissues during intraoperative 

procedures such as SLN mapping. Furthermore, the imaging of small organs is an area 

in which portable SFOV gamma cameras can provide further flexible techniques 

comparable to the conventional nuclear scanning techniques in cases like thyroid scans 

and lacrimal drainage procedures. 
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This study has shown the suitability of the HGC for small organ imaging such as thyroid 

imaging and lymph node detection in head and neck. The ability to interchange 

collimators helps the user prepare the HGC according to the purpose of the study; for 

example, in cases where good spatial resolution is a requirement, such as thyroid 

imaging, using a 0.5 mm diameter pinhole collimator would be suitable for a reasonable 

acquisition time. Nevertheless, in critical or time dependent cases where sensitivity is 

of particular importance, like SLN mapping, the 1.0 mm diameter pinhole collimator 

would be the proper choice. Therefore, the ability of the HGC to utilise both pinhole 

collimators enhances its practicality and improve its ability to meet the needs of SFOV 

gamma imaging systems.  

The standardisation of a test protocol for SFOV portable gamma systems will provide 

an opportunity to collect data across various medical centres and research groups. 

Moreover, it will contribute towards a technical baseline for researchers and clinical 

practitioners to consider when assessing their SFOV gamma imaging systems. 

6.5 Conclusion  

In this study, a novel anthropomorphic head and neck phantom was designed and 

fabricated. The internal parts and outer shell of the phantom provided life-size adult 

head and neck, thyroid gland, trachea and cervical spine. In addition, different SLNs at 

various depths and locations, having any desired activity concentration, could be 

simulated. The anatomical structure of the anthropomorphic head and neck phantom 

was demonstrated using SPECT-CT imaging.  

This phantom was employed to evaluate the capability of a novel SFOV camera - the 

HGC - in simulated scenarios such as SLN mapping of the head and neck region and to 

show the possibility of using these gamma systems in small organ imaging such as 

thyroid imaging procedures.  
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The performance of a novel HGC was investigated using the head and neck phantom. 

Both pinhole collimators (0.5 mm and 1.0 mm diameter) were utilised and a quantitative 

comparison between their performances during various gamma imaging scenarios was 

carried out. The results showed the ability of the HGC to image small organs, such as the 

thyroid gland, and to detect lymph nodes in SLN mapping procedures. The phantom 

provides a valuable tool for assessing camera imaging abilities prior to use in the surgical 

settings. This anthropomorphic phantom can be employed to validate imaging 

techniques for recently developed SFOV imaging system. The anatomical accuracy of its 

design would help in validating qualitative assessment protocol for imaging head and 

neck lymph nodes, and helping to qualitatively compare the capabilities of different 

gamma imaging systems. Further investigation for this concept is illustrated in the 

following chapter.   
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Chapter 7: Qualitative evaluation of the 

hybrid gamma camera capability for 

sentinel lymph node detection in the 

head and neck region 

7.1 Introduction 

The head and neck region is one of the main targeted regions in the human body for 

primary cutaneous melanoma (15-35 % of melanoma patients) (255). Head and neck 

melanomas frequently affect adults and are rarely diagnosed in children; i.e. limited to  

children with a large congenital nevus are predictably diagnosed with head and neck 

melanomas (256, 257). Various studies show that the staging levels of head and neck 

melanomas are higher than melanomas in other parts of the human body; moreover, 

the survival rate of head and neck melanoma patients is lower compared to other types 

of cancer and associated with poor prognosis (251, 256, 258, 259). Such evidence has 

encouraged clinicians and researchers to improve early head and neck melanoma 

detection procedures. The impact of early detection of lymphatic involvement in such 

cases is significant, as about 15-20 % of head and neck melanoma patients are 

diagnosed with regional metastasis (260, 261).         

As discussed earlier, sentinel lymph node biopsy (SLNB) procedures have been 

performed in head and neck melanoma patients since the early 90s and have become 

the gold standard for staging and evaluating melanoma patients (24, 262). Currently, 

sentinel lymph nodes (SLNs) found to be positive are one of the prime prognostic 

indicators of survival rate (263). However, head and neck melanoma patients’ 

management utilising the SLNB procedure is challenging. Lymphatic trees in the head 

and neck region are complicated, and the drainage is often unpredictable given multi-
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lymphatic channels carrying the lymph from the melanoma primary site to various SLNs; 

thus, there is a substantive discordance between the expected drainage behaviour and 

the behaviour detected during lymphoscintigraphic studies (264, 265).  

For instance, it has been reported that in 97 head and neck melanoma cases, there is 

a recognised discordance between the predicted drainage and the lymphoscintigraphic 

imaging outcomes in 34 % of detected SLNs (266). Such behaviour will increase the 

probability of false negative results during the SLNB procedures performed for the head 

and neck melanoma cases, which suggest poorer prognosis and reduced accuracy of the 

SLNB procedures in such cases compared to other parts of the human body (248).  

There are some technical challenges facing clinicians while performing SLNB procedures 

including the location of the injection site and the proximal potential SLNs, which could 

be overlooked during the SLNB procedures, making the isolation of SLNs more 

challenging (267). Moreover, in some cases, the primary site of a tumour is difficult to 

access preoperatively, such as in the larynx region or the region around the base of the 

tongue. In such cases, radioactivity is administrated intraoperatively and the chance of 

masking potential SLNs close to the site of injection is increased (268).  

Furthermore, in some clinical situations, a potential SLN is located close to sensitive 

tissues; for example, 25-30 % of detected SLNs in the head and neck region are situated 

in the parenchyma of the parotid gland. Performing SLNB procedures on these nodes 

places the facial nerves at risk of injury. As a result, some surgeons may choose to do 

a superficial parotidectomy prior to SLNB procedures (269).  

Therefore, there is the need for a new technology that can fill this technical gap and 

improve the detection and isolation procedures of potential SLNs in head and neck 

melanoma cases. The goal of this study is to qualitatively evaluate the capability of the 

hybrid gamma camera (HGC) to detect simulated SLNs and compare the performance 

of its pinhole collimators (0.5 mm and 1.0 mm in diameter), in the head and neck region 

using the anthropomorphic head and neck phantom (previously discussed in the 

chapter 6). An initial quantitative comparison was conducted using the 

anthropomorphic head and neck phantom to evaluate the capability of the HGC (see 
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Chapter 6). This study expands the scope of our phantom usage to involve observer 

evaluation of the gamma images acquired using the HGC.      

7.2 Materials and methods 

In this study, the HGC has been fitted with a 1.5 mm thick columnar CsI(Tl) scintillator. 

Two pinhole collimators (0.5 mm and 1.0 mm in diameter) have been utilised 

interchangeably. The anthropomorphic head and neck phantom (see Chapter 6 for more 

details) allows the positioning of simulated SLNs at various depths and levels within the 

phantom, which improves the accuracy of simulating SLNs in their accurate anatomical 

position. During data acquisition, the phantom was positioned on its side and the HGC 

was mounted perpendicularly over the phantom surface using a retort stand (i.e. lateral 

viewing). The phantom was positioned over a small, aluminium foldable lifting table 

(Jack Scissor Lift Platform), which has been used to adjust the imaging distance without 

moving the HGC or changing the phantom positioning.    

7.2.1 Radioactivity distribution and imaging procedure 

Low profile, capped plastic Eppendorf tubes (0.2 ml) have been utilised to simulate the 

SLNs. These tubes allow for easy, accurate filling of the desired radioactivity 

concentrations, as well as isolating the radioactivity from the surrounding background. 

Six tubes have been filled with various radioactivity concentrations and distributed over 

three different anatomical levels (i.e. parotid gland, neck and submandibular levels). 

These three levels have been selected as common sites for affected lymph nodes in the 

head and neck region; however, using the anthropomorphic head and neck phantom 

also allows for deep cervical, occipital and submental lymph nodes to be simulated.  

Three SLNs groups have been distributed to simulate the expected radioactivity 

accumulation in potential SLNs at different anatomical regions in the head and neck. 

Each group of the simulated SLNs has two different radioactivity concentrations (i.e. 0.1 

MBq and 0.2 MBq) in a fixed volume (i.e. 0.2 ml). These simulated SLNs groups 

distributed over three anatomical levels; for instance, two simulated SLNs, 0.1 MBq and 
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0.2 MBq, have been placed in the parotid gland, submandibular, and neck levels (i.e. six 

SLNs in total).  

A constant, uniform background radioactivity dose has been selected to be 10 MBq; this 

radioactivity concentration has been chosen based on the assumption that half of the 

injected activity in the injection site (IS) will be distributed in the surrounding tissue (see 

Chapter 4 for more details).   

Four imaging distances ranging between 40 mm and 100 mm collimator to the 

phantom’s surface distance are used. For each anatomical level, each imaging distance, 

and each utilised pinhole collimator, cumulative gamma images were acquired in 

increments of 5 s until reaching 120 s. A summary of the planned experimental setup 

and imaging procedure has been provided in Figure 7.1.  

 

Figure 7.1. A schematic diagram showing a summary of the activity distribution, 

collimators used, and experimental imaging conditions. 
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7.2.2 Data analysis and HGC gamma images display 

Six independent observers, including two nuclear medicine specialists and four medical 

physicists who have experience of different nuclear medicine procedures and gamma 

images, participated in this qualitative node-detection observer (NDO) study. 

A total of 576 gamma images for the low radioactivity concentration group have been 

produced and analysed. All the raw gamma images produced by the HGC are processed 

using Centre-Point processing mode images (see Chapter 3 for more details). These 

images were also processed using the Image-J software Gaussian Blur filter (Gaussian 

sigma = 2 pixels). 

Statistical significance comparisons for the observer results were calculated utilising 

a paired t-test to compare the performance of the HGC’s pinhole collimators (0.5 mm 

and 1.0 mm in diameter). Pairing is utilised to minimise bias and improve precision. This 

statistical test is commonly used for various detectability or metric tests during medical 

imaging assessments (270). Such a test is performed to compare two samples of paired 

populations. In this study, two paired samples were produced using two different HGC 

pinhole collimators (i.e. 0.5 mm and 1.0 mm in diameter). These two samples were 

acquired under the same experimental conditions except for using two different pinhole 

sizes. Produced gamma images have been distributed over three controlled viewing 

sessions, giving the observer more flexibility while reading through the images. The 

question of interest in this study concerns the number of detected hot spots in each 

displayed gamma image. The statistical software package, SPSS Statistics, was used to 

conduct the paired sample t-test evaluation (271). 

To deal with outliers (rare data points with far higher or lower values compared to the 

majority of data) that can be a source of bias for the produced data and may potentially 

lead to inappropriate research conclusions, there were three separate gamma images 

acquired for each simulated clinical setting. For instance, a gamma image for the two 

simulated SLNs (0.1 and 0.2 MBq) placed in the submandibular region was shown to an 

observer who inserted number 9 in the image, which represented the number of SLNs 

they recognised in the gamma image. The observer was provided with another 3 gamma 
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images; the first gamma image showing the simulated SLN containing 0.1 MBq, the 

second one showing the SLN with 0.2 MBq, and the third gamma image showing the 

background only without simulated SLNs. Based on the observer readings for these 

three images, the detected outlier will be corrected. 

A customised JavaScript code has been written to display the HGC gamma images. The 

HGC gamma images were numbered and organised in three specific resource folders, 

then the JavaScript code retrieved the selected resource file and presented its gamma 

images randomly to minimise the possibility of predicting the location of simulated SLNs 

based on previous gamma images. The observers have been provided with a friendly 

interface screen that represented the HGC gamma image one by one. An instruction 

sheet explaining the study purpose, how to run the JavaScript code, and how to store 

the inserted readings has been provided to the observers (Appendix A). The observer 

was asked about the number of recognised hot spots in each presented gamma image 

and they were able to insert any number ranging between zero and nine.  

The interface provides the observer with a tracking number for the images that are 

already observed and the residual gamma images. All data inserted during the viewing 

session is auto organised and attached to its corresponding images, then the code 

reconstructs the whole data in a single spreadsheet for every viewing session of each 

observer. A single MacBook Pro laptop was used to run the JavaScript code and record 

observers’ readings. Figure 7.2 shows the user friendly interface screen for the 

JavaScript code; further details about coding script are provided in Appendix B.     
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Figure 7.2. Screenshot of the JavaScript code interface screen 

  

7.3 Results 

During the experiment, it has been assumed that a surgeon (or a nuclear medicine 

specialist) has screened the head and neck region in a patient using the HGC and has 

also scanned three potential areas of the existing SLNs. The three gamma images 

produced after this scanning procedure and the number of detected SLNs in the three 

images are considered as one data point (i.e. maximum detection rate = 6 visible nodes 

and minimum detection rate = 0 visible nodes). This assumption has been made to build 

constructive, comprehensive datasets representing the supposed imaging technique 

while using the HGC during head and neck region SLNB procedures. 
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7.3.1 The influence of acquisition time on the node detection rate  

The two produced sets of data (96 values in each data set) used to perform the paired 

t-test are reasonably normally distributed. No outliers appeared within both sets of 

data. Figure 7.3 shows a box plot and raw data fitted with a Gaussian distribution curve, 

which is used to illustrate the distribution of both datasets. Generally, the HGC has 

recorded a good detection rate using the 1.0 mm diameter pinhole collimator. As seen 

in Figure 7.3, all simulated SLNs have been detected in 25 % of the 1.0 mm diameter 

pinhole collimator’s dataset; moreover, a minimum detection rate of 3 out of 6 

simulated nodes has been recorded in 75 % of the same dataset.    

In this qualitative study, the performed paired t-test on the whole datasets produced 

shows that the observers have recorded a significantly greater number of detected SLNs 

(i.e. p-value < 0.005) while the HGC fitted with the 1.0 mm diameter pinhole collimator 

at different imaging distances (mean= 4.32 ± 0.18) in comparison to the data produced 

using the 0.5 mm diameter pinhole collimator (mean= 3.03 ± 0.21), as seen in Figure 7.3. 

The observers recorded an ~ 79 % detection rate of the simulated SLNs in 25 % of the 

gamma images acquired using the 0.5 mm pinhole. Tables 7.1 and 7.2 summarise the 

descriptive statistical values of both datasets and the performed paired t-test 

evaluation.  

Table 7.1. Descriptive statistics of the compared two datasets  

 Data 
points 

Mean Standard 
deviation 

Standard error 
of the mean 

0.5 mm diameter pinhole collimator 96 3.03 2.05 0.21 

1.0 mm diameter pinhole collimator 96 4.32 1.75 0.18 

Table 7.2. Summary of the main paired samples test results 

 Mean  Standard 
deviation 

Standard error 
of the mean 

t-value Degree of 
freedom  

Paired samples 
test statistics 

1.29 0.77 0.08 16.49 95 
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Figure 7.3. Box plot showing the distribution of both datasets (96 data points) produced 

using 0.5 mm and 1.0 mm diameter pinhole collimators with raw jittered datasets fitted 

with a Gaussian distribution. These data were acquired over an acquisition time ranging 

between 5 s and 120 s (5 s intervals).   

The histogram fitted to the raw data, produced using the 0.5 mm diameter pinhole 

collimator, is recognisably skewed (Figure 7.4 A). This feature represents the poor 

detection rate of the simulated SLNs at short acquisition periods (i.e. between 5 s and 

60 s) while the HGC is fitted with a small pinhole. For instance, 50 % of the dataset has 

detection rate values situated between 0 and 1 detected SLNs (Figure 7.4 A). In contrast, 

more than 4 out of 6 simulated SLNs are detected using the HGC while it is fitted with 

a 1.0 mm diameter pinhole collimator in 25 % of the same dataset. On the other hand, 

data acquired in acquisition times ranging between 60 s and 120 s (Figure 7.4 B) shows 

a higher detection rate. Additionally, using the 1.0 mm diameter pinhole collimator, 

~ 95 % of the simulated SLNs are detected in 75 % of that dataset (Figure 7.4 B).  
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Figure 7.4. Two box plots showing the distribution of both datasets, with the raw jittered 

data fitted with a Gaussian distribution, produced using both pinhole collimators 

(0.5 mm and 1.0 mm in diameter) in two different acquisition periods; (A) box plot 

represents datasets acquired over an acquisition time ranging between 5 s and 60 s (48 

data points), and (B) shows datasets with acquisition times ranging between 60 s and 

120 s (5 s intervals).   

A paired t-test evaluation has been run in the presented datasets in Figure 7.4. The 

datasets were compared based on the acquisition periods differences. Results indicated 

a well-recognised statistically significant mean difference between these datasets (i.e. 

p-value < 0.005).   

7.3.2 The influence of imaging distance on the node detection rate 

Generally, the result of increasing the distance between a gamma camera and the 

targeted region is a sensitivity degradation, which affects the ability of the camera to 

detect radioactive spots within its field of view. Nevertheless, while using a pinhole 

collimator, increasing the imaging distance expands the field of view, providing 

an opportunity to screen a larger area, and reduces the total scanning time. Therefore, 

reasonable compromises between these influential factors should be considered.
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Figure 7.5. Graphs showing the relationship between the number of detected simulated 

SLNs and the acquisition time at different distances; (A) 4 cm away, (B) 6 cm away, (C) 

8 cm away and (D) 10 cm away.  

Overall, all the simulated SLNs have been detected at different anatomical positioning 

and imaging distance within two minutes using both pinholes at 4 cm and 6 cm imaging 

distances (Figure 7.5 A and B). In contrast, the percentage differences between the 

values of detected simulated SLNs using 0.5 mm and 1.0 mm diameter pinhole 

collimators are 11.75 % and 25 % at 8 cm and 10 cm imaging distances, respectively 

(Figure 7.5 C and D).  
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While using the 1.0 mm diameter pinhole collimator, the observers were able to 

visualise all simulated SLNs in 60 s acquisition time at 4 cm imaging distance. However, 

the use of a smaller pinhole (i.e. 0.5 mm in diameter) resulted in lower detection, as all 

simulated SLNs were detected in 105 s scanning time at the same distance, hence 

an extra 45 s was required compared to the 1.0 mm pinhole (Figure 7.5 A). A low 

detection rate was observed while using the 0.5 mm pinhole collimator at short 

acquisition times; for instance, at 25 s acquisition time, less than 44.50 % of simulated 

SLNs can be visualised at the shortest imaging distance (4 cm) compared to 61.20 % 

while utilising the 1.0 mm pinhole under identical imaging conditions (Figure 7.5 A).  

Figure 7.6 illustrates the total of the detected simulated SLNs at several imaging 

distances using both pinhole collimators in the three screened areas in the head and 

neck region. While qualitatively comparing the performance of the HGC with both 

pinholes, it can be seen that the HGC fitted with the 0.5 mm pinhole resulted in a higher 

detection rate at 4 cm compared to the 10 cm imaging distance, when results were 

compared to the values produced utilising the 1.0 mm pinhole. The differences between 

total detected simulated SLNs using both collimators is 26.24 % difference at 4 cm, and 

83.46 % difference at 10 cm imaging distance. The justification for this behaviour is that 

the HGC fitted with the 0.5 mm diameter pinhole collimator is strongly affected while 

acquiring gamma images for low radioactive accumulation regions at short acquisition 

times, and by increasing the scanning distance due to low collimator sensitivity, 

compared to the 1.0 mm pinhole. This behaviour can also be seen when the total 

detected SLNs are compared at different imaging distances. When using the 0.5 mm 

diameter pinhole collimator, there is an 88.72 % difference in the total detected SLNs at 

4 cm and 10 cm imaging distances; in contrast, a 32.56 % difference is recorded using 

the 1.0 mm pinhole at the same imaging distances.  
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Figure 7.6. Bar chart representing the total number of detected simulated SLNs using 

both pinholes (i.e. 0.5 mm and 1.0 mm in diameter) at various scanning distances 

ranging between 4 cm and 10 cm. 

7.4 Discussion  

Sentinel lymph node detection procedures and techniques in the head and neck region 

are contested research areas; the anatomical complexity of this region is the main 

challenge for researchers and medical research centres, and there is a need to find 

a suitable and effective solution to detect, target, and isolate potential SLNs 

intraoperatively. Employing intraoperative SFOV gamma imaging systems could be 

a reasonable and practical solution that can provide real-time 2D imaging for the 

radioactivity distribution in the surgical field. The HGC is one system that can provide 

gamma imaging and has an advantage of providing hybrid optical-gamma imaging as 

previously discussed (see Chapter 3).  
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Observer studies play an important role in the evaluation and optimisation of many 

medical imaging modalities and are considered as a gold standard to judge the 

modality’s capability. The qualitative NDO study was designed and performed to 

evaluate the usage of the HGC fitted with two pinhole collimators interchangeably (i.e. 

0.5 mm and 1.0 mm in diameter). Based on the analysis of the readers’ observations for 

the data produced using both pinholes, the HGC shows a superior detection rate for the 

simulated SLNs (0.1 MBq and 0.2 MBq) using the 1.0 mm diameter pinhole collimator at 

different places in the head and neck region and various imaging distances within a 120 s 

acquisition time. This makes the HGC a suitable imaging device that can facilitate SLNB 

procedures and prompt the detection of the targeted potential SLN.  

Using the HGC will help surgeons to explore the area of interest in the head and neck 

region to prove the existence of a SLN within the surgical field and precisely localise its 

position, or screen the surgical field after removing the node to confirm no residual 

SLNs. The imaging distance range used (4 cm to 10 cm) and the ability of the HGC to 

detect all the simulated low radioactivity accumulation nodes at these distances within 

short acquisitions (< 120 s) will enable the operator to visualise larger areas (FOV 

diameter at 10 cm imaging distance ≈ 10 cm) then explore any suspicious affected areas 

closely to visualise more details. This technique will enhance the cognisance of any 

metastasised tissues or discordant unpredicted drainage (a common case in the head 

and neck region). Such information could not be provided by the routinely used non-

imaging gamma probe intraoperatively, which can potentially affect the prognosis in 

such cases.   

The simplicity of interchanging both pinhole collimators could help to improve the 

imaging outcome using the HGC. Increasing the acquisition time and reducing the 

imaging distance will allow the use of the 0.5 mm diameter pinhole collimator, mainly 

in the cases where a higher spatial resolution is required, such as during targeting 

a small area packed with several, small potential SLNs or scanning an adjacent SLN to 

the radioactivity injection site. It has been previously reported that a competitive SFOV 

gamma camera has been used during cancer surgeries and the time required to localise 

and isolate SLNs with the SFOV gamma camera ranges between 4 and 20 minutes (144).  
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Therefore, using longer acquisition times will help the HGC while it is fitted with the 

0.5 mm diameter pinhole, allowing it to record more counts while preserving a higher 

level of spatial resolution. 

7.5 Conclusion 

In this chapter, the HGC has been evaluated when fitted with two pinhole collimators 

interchangeably (0.5 mm and 1.0 mm in diameter) and utilising a novel 

anthropomorphic head and neck phantom. A qualitative node-detection observer 

(NDO) study has been designed and conducted. Two main phantom imaging datasets 

(96 data points each) were produced using both pinhole collimators through imaging 

simulated SLNs embedded in three different areas within the head and neck phantom 

at different imaging distances (4, 6, 8 and 10 cm) and varied acquisition times, ranging 

between 5 s and 120 s.  

A customised JavaScript code was developed to randomise and display imaging 

datasets. Paired t-test evaluation has been performed on the normally produced 

distributed datasets. In general, the HGC was able to record good detection rates using 

the 1.0 mm diameter pinhole collimator. A 100 % detection rate of the simulated SLNs 

has been recorded in 25 % of the dataset produced using the 1.0 mm pinhole and an 

average of 3 out of 6 simulated SLNs were detected in 75 % of that dataset. While using 

the 1.0 mm diameter pinhole collimator, all simulated SLNs can be observed in 60 s 

acquisition time at 4 cm imaging distance whereas employing the 0.5 mm in diameter 

resulted in lower detection, as all simulated SLNs were visualised in 105 s scanning time 

at the same distance. The qualitative node-detection observer (NDO) study will be 

improved through involving more simulated SLNs groups (having higher radioactivity) 

and increasing the acquisition time to study the limitation of each pinhole collimator in 

more depth and compare the produced results with other gamma imaging modalities. 

Furthermore, the analysis method can be improved through acquiring gamma images 

for the simulated SLNs using the standard LFOV gamma camera to precisely determine 

the sensitivity and specificity against the routinely used procedure.  
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Chapter 8: The hybrid gamma camera 

performance in non-invasive routine 

scintigraphic imaging procedures: 

A clinical feasibility study 

 

8.1 Introduction  

Small field of view (SFOV) gamma imaging systems have undergone substantial 

technological development. However, these imaging systems have not yet been 

standardised for routine clinical and surgical practices. Some SFOV gamma cameras 

have passed the prototyping stage and are available commercially. Clinical evaluation 

studies for the majority of these SFOV gamma imaging systems are still in the feasibility 

study or pilot research stage.  

SFOV gamma imaging systems can fill the technological gap arising in difficult scenarios, 

enabling scintigraphic imaging procedures to be performed in intensive care units, 

operating rooms, or outpatient care units (272). Furthermore, this technology may 

contribute towards more accurate surgical procedures by providing dynamic 

scintigraphic imaging of the affected tissues in intraoperative settings (141, 143, 273). 

The hybrid gamma camera (HGC), as previously discussed, is a handheld SFOV camera 

that is capable of providing gamma and optical images simultaneously.  
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The co-aligned configuration of the optical and gamma cameras may improve the 

outcome of the scintigraphic imaging procedures by providing the functional 

information and anatomical view of the radioactivity distribution within the examined 

area.  

In this chapter, the results of our first clinical feasibility study using the HGC will be 

discussed. In this study, the HGC was used to perform non-invasive hybrid gamma-

optical imaging procedures on patients attending their routine scintigraphic imaging 

appointments in a nuclear medicine clinic. The resultant hybrid and gamma images were 

subjectively evaluated to determine the appropriate areas to utilise the HGC in future 

medical work. 

8.2 Methods and patient scanning 

8.2.1 The hybrid gamma camera configuration  

The HGC is a scintillator-based detector. The detector consists of an e2v CCD97 back-

illuminated electron multiplying charge-coupled device coupled to a columnar 

scintillator (CsI[Tl]). This clinical feasibility study involved an evaluation of the HGC’s 

clinical performance with 600 μm and 1500 μm thick scintillators installed. Gamma 

imaging was performed with two tungsten pinhole collimators with an acceptance angle 

of 60°, with pinholes 0.5 mm or 1.0 mm in diameter. More details about the HGC design 

are provided in Chapter 3. 

8.2.2 Patient recruitment and imaging  

As part of the performance evaluation of the HGC, patients were recruited for 

a comparative clinical study. This study was carried out with the support, and under the 

clinical supervision of our research group partners in the Nuclear Medicine Clinic at 

Queen’s Medical Centre (QMC), Nottingham University Hospital’s NHS Trust. This 

medical trial received ethical approval from Research and Innovation, Nottingham 

University Hospitals NHS Trust and the UK National Research Ethics Committee 

(Reference no. 12/EM/0201). For more details about the ethical approval, see appendix 

C, page no. 190.     
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In this feasibility study, patient participation was based on availability and suitability 

rather than targeting a specific procedure or condition. This was to ensure a broad range 

of nuclear medicine procedures could be investigated. The aim was to subjectively 

evaluate the capability of the HGC against conventional, routinely used gamma-imaging 

systems in the nuclear medicine department.      

Patients who visited the Nuclear Medicine Clinic at QMC for routine scintigraphic 

imaging procedures were formally requested to participate in this clinical study (i.e. by 

providing written informed consent). The recruited patients underwent scanning using 

the HGC after being administered a radioactive material, and after having the scheduled 

scintigraphic imaging procedure in line with the ethical approval protocol (see appendix 

D, page no. 191). The HGC was used to acquire both hybrid optical-gamma and gamma 

images of the targeted area, and a subjective visual evaluation of the images produced 

by the HGC and the conventional gamma imaging systems was carried out for each 

medical case. This subjective evaluation was performed by nuclear medicine specialists, 

who are experts in evaluating gamma images for routine nuclear medicine procedures. 

The conventional gamma images produced in the Nuclear Medicine Clinic at QMC, 

which were included in this clinical feasibility study, were acquired by either a General 

Electric Discovery NM/CT 67 (GE Healthcare, Waukesha, Wisconsin, USA) or a Philips 

Brightview XCT (Philips Healthcare, Milpitas, California, USA). All clinical images were 

anonymised.  

8.3 Results and discussion  

This clinical study involved 31 patients undergoing a range of routine nuclear imaging 

procedures (age range: 30–83 years, age mean: 58.6 years). For these procedures, one 

of two radioisotopes were administered (99mTc and 123I) either as a pure solution or as 

a labelled pharmaceutical agent for precise targeting, such as 99mTc-labelled 

hydroxydiphosphonate (HDP) for bone scintigraphy. A summary of the procedures 

investigated can be found in Table 8.1.   
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Table 8.1. Summary of observed medical cases, administered radioisotopes, delivered 

activities (MBq), and mean HGC acquisition time 

Type of procedures Radionuclide Administered 

activity (MBq) 

Acquisition 

time (mean 

±SD) (s) 

Number of 

participants 

Bone scintigraphy 99mTc 600–627 266±55 3 

DaTscan  

(Brain scan) 

123I 185 893±519 2 

Lacrimal drainage 

scintigraphy 

99mTc 1 per in each 

eye 

263±87 3                  

(1 excluded) 

Leukocyte 

scintigraphy 

99mTc 100–225 345±200 2  

(1 excluded) 
 

Thyroid scintigraphy 
99mTc 75–78 127±63 3 

123I 18.5–20 297±98 5 
 

Lymphoscintigraphy 
99mTc 10–20 per 

injection site 

349±105 12  

(4 excluded) 

Sentinel lymph 

node biopsy (SLNB)  

99mTc 20.5 200 1 

 

Various nuclear medicine procedures have been investigated including lacrimal 

drainage scans, lymphoscintigraphy, bone scintigraphy, thyroid scintigraphy, and 

DaTscan (a nuclear scanning procedure used to assess Parkinson’s disease). 

Two versions of the HCG were fitted with CsI(Tl) scintillators of two different thicknesses 

(600 µm and 1500 µm). Furthermore, both cameras were fitted with either a 0.5 mm or 

a 1.0 mm diameter pinhole collimator. While thin scintillators and narrow pinholes 

provided superior spatial resolution, a longer acquisition time was needed to obtain 

sufficient photon counts in the gamma images.  
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Table 8.2. List of clinical studies conducted using the Hybrid Gamma Camera (HGC) 

 

Patient 

number 

 

Type of procedure 

Camera configuration Subjective 

assessment of 

image quality 

Pinhole collimator 

diameter (mm) 

scintillator 

thickness (mm) 

001   

Bone scintigraphy 

 

1.0 0.6 Poor 

002 1.0 0.6 Poor 

003 1.0 1.5 Poor 

004  

DaTscan (Brain scan) 
0.5 0.6 Poor 

005 0.5 0.6 Poor 

006   

Lacrimal drainage 

scintigraphy 

0.5 0.6 NA* 

007 0.5 0.6 Good 

008 1.0 0.6 Good 

009  

Leukocyte scintigraphy 
1.0 1.5 NA* 

010 1.0 1.5 Poor 

011   
 

 

 

Thyroid scintigraphy 

  

0.5 0.6 Poor 

012 0.5 0.6 Poor 

013 1.0 0.6 Good 

014 1.0 1.5 Good 

015 1.0 1.5 Good 

016 1.0 1.5 Good 

017 1.0 1.5 Good 

018 1.0 1.5 Good 

019   

 

 

 

 

Lymphoscintigraphy 

  

0.5 0.6 NA* 

020 0.5 0.6 Good 

021 0.5 0.6 Good 

022 0.5 0.6 NA* 

023 1.0 1.5 Good 

024 1.0 1.5 Good 

025 1.0 1.5 Good 

026 1.0 1.5 Good 

027 1.0 1.5 Good 

028 1.0 1.5 Good 

029 1.0 1.5 NA* 

030 1.0 1.5 NA* 

031 SLNB 1.0 1.5 Good 

* Study terminated due to camera error 
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8.3.1 DaTscan studies 

A DaTscan (brain scan: 123I-ioflupane) was performed in the case of two patients using 

the HGC. Focal accumulation of radioactivity was not observed, particularly in the 

striatal region of the brain, in either case. In such cases, nuclear tomographic imaging is 

routinely requested; however, the HGC is not designed to provide tomographic imaging, 

which may limit the clinical usefulness of the HGC in this type of procedure. However, 

some preclinical studies reported the possibility of using a single head SFOV gamma 

camera for 123I-ioflupane brain scanning (274, 275). In these studies, the SFOV gamma 

camera was combined with a mechanical structure to enable tomographic imaging by 

offering 180° rotation during the gamma image acquisition (274).   

Furthermore, positioning a SFOV gamma camera to image the striatum is a laborious 

task, and this makes it difficult to use SFOV gamma cameras for localisation, or as an 

exploratory tool, during deep brain stimulation (DBS) surgery in the presence of 

customised stereotactic localisation tools and preoperative 3D computed tomographic 

scanning (276-278). The use of SFOV gamma cameras to provide intraoperative imaging 

guidance during DBS surgery has not been reported in the available literature. 

It is worth mentioning that some research has shown that planar vertex view scanning 

could help to provide gamma images, that can be used for diagnosis purposes, with 

a short acquisition time (i.e. 5 minutes), using an LFOV gamma camera.  Such 

a technique provided promising results in the diagnosis of Parkinson’s disease. It was 

found that this imaging technique benefited the diagnostic plan as an alternative choice 

in situations where patients could not tolerate the long acquisition time (i.e. 32 minutes) 

of SPECT imaging (279).  

8.3.2 Thyroid and parathyroid scintigraphy 

Scintigraphy is the gold standard for functional imaging evaluation of the thyroid gland. 

The thyroid gland is assessed in nuclear medicine departments using two methods. First, 

a thyroid scan is performed to spot lumps, hyperthyroidism, and thyroid inflammation 

(thyroiditis). The second test is an iodine uptake scan that is performed to evaluate 
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thyroid function, identify the cause of abnormal levels of thyroid hormone, and assess 

patients with proven thyroid cancer (280). 

8.3.2.1  Diagnostic scanning for the thyroid gland  

In this study, four thyroid patients were recruited. Patients were injected with either 

99mTc or 123I based on the medical investigation. Figure 8.1 shows images produced by 

the HGC and LFOV gamma camera of a thyroid patient administrated with ~20 MBq 

of 123I. During this acquisition, the HGC was fitted with a 600 µm thick CsI(Tl) scintillator 

and a 1.0 mm diameter pinhole collimator. A subjective evaluation of the images from 

the HGC and the LFOV gamma camera indicate good agreement in terms of the pattern 

of radioactivity accumulation. In both gamma images, a focal tracer uptake was 

reported in the right lobe of the thyroid with no uptake in the left lobe (Figure 8.1 A and 

B). Optical guidance for the accumulation site was provided by the hybrid imaging 

facility using the HGC (Figure 8.1 C). 
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Figure 8.1. Thyroid anterior gamma and hybrid images acquired using the HGC (A and 

C) and conventional LFOV gamma camera (B). The acquisition time for both gamma 

images was 300 s; these images were acquired 110 min after administration of the 

radioisotope. (Case study no. 013)  

Figure 8.2 shows thyroid scintigraphic images obtained using the HGC and LFOV gamma 

camera. The patient was administrated with ~18.5 MBq of 123I. Anterior gamma 

scanning was performed with the HGC fitted with a 1500 µm thick CsI(Tl) scintillator and 

a collimator with a pinhole of diameter 1.0 mm. Both gamma images show focally 

increased tracer uptake in the right lobe, and in the left upper pole, medial side, of the 

thyroid. The thyroid gland’s shape, size, and the agreement of the activity distribution 

between both gamma images show the capability of the HGC as a functional imaging 

tool in such cases. However, a larger study population is needed to confirm this 

observation.        
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Figure 8.2. Anterior view gamma images for the thyroid gland, after ~18.5 MBq of 123I 

solution was administrated intravenously; images were acquired using the LFOV gamma 

camera (A) and HGC (B).  The acquisition time for both resultant gamma images was 

300 s. (Case study no. 014) 

8.3.2.2  Parathyroid and thyroid glands surgery 

The treatment of primary hyperparathyroidism is exclusively based on surgical 

intervention (i.e. parathyroidectomy). Intraoperative gamma probes and ultrasonic 

scanning are used to localise the abnormal sites during minimally invasive 

parathyroidectomy procedures. However, in cases of ectopic parathyroid glands, 

parathyroid hyperplasia, or intrathyroidal glands, the sensitivity of gamma probes and 

ultrasonic guidance is degraded (281). Several reports of surgical trials claim that the 

use of intraoperative SFOV gamma imaging systems leads to a recognisable 

improvement in localising abnormal tissues of the parathyroid glands (143, 281, 282). 

An evaluation of concordanced information from the intraoperative gamma camera 

findings, pre-surgical diagnosis, parathyroid hormone (PTH) readings, and surgical 

findings showed that the intraoperative scintigraphic imaging findings were in 

agreement with the findings of surgical procedures and pathological tests (282). 
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Some surgeons have reported that such imaging technology could completely replace 

the use of intraoperative gamma probes in minimally invasive parathyroidectomy 

procedures. These findings could improve the management of minimally invasive 

surgical procedures in "difficult" situations.  

During our clinical trial, patients undergoing parathyroid scintigraphy were not available 

for recruitment. However, a simple simulation of a parathyroid scan was carried out 

using the head and neck phantom and bespoke thyroid gland phantom (see Chapter 6 

for more details). Four micro Eppendorf vials (0.2 ml) were used to simulate the 

parathyroid glands, and these simulated glands were attached to the back wall of the 

thyroid phantom. Four different 99mTc activity concentrations were chosen to simulate 

the parathyroid glands (1 to 4 MBq), and the simulated thyroid gland was filled with 

10 MBq of 99mTc solution (Figure 8.3). Using the HGC fitted with 1500 µm thick CsI(Tl) 

scintillator and pinhole collimators (0.5 mm and 1.0 mm diameter pinholes), the 

resultant gamma images showed potential for detecting parathyroid glands with 

different activity concentrations over a reasonable acquisition time. Recruiting patients 

with parathyroid gland symptoms to undergo scanning using the HGC would help 

confirm these assumptions. 

 

Figure 8.3. Left-hand side: A schematic diagram showing the position and amount of 

radioactivity in the simulated thyroid and parathyroid glands. Right-hand side: Four 

gamma images acquired at two different acquisition times (100 s and 500 s) using the 

HGC with exchangeable 0.5 mm and 1.0 mm diameter pinhole collimators.      
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The HGC could make a beneficial contribution to thyroid gland surgical procedures. The 

hybrid optical-gamma imaging facility of the HGC can help to provide definite 

anatomical information about the activity accumulation site (Figure 8.4). Hybrid imaging 

of the radioactivity distribution at different distances using the HGC could help screen 

the adjacent tissues in the neck region and facilitate precise localisation of the site of 

abnormality. Furthermore, the HGC could be located closer to the targeted site to 

provide hybrid images of the affected tissues intraoperatively (Figure 8.4 A). This hybrid 

imaging technique could be beneficial in localising potential SLNs intraoperatively in 

critical head and neck surgical procedures, such as thyroid cancer surgery. 

A surgical study claimed that an SFOV gamma camera helps improve the localisation and 

characterisation of small nodules in the thyroid gland. Owing to the superior spatial 

resolution provided by the SFOV gamma camera as compared to the conventional LFOV 

gamma camera, the SFOV gamma camera is able to detect small thyroid nodules 

(<10 mm in diameter), which are usually not easily distinguished from the surrounding 

healthy tissues in conventional thyroid scintigraphic images (283).  

Surgical studies on parathyroid and thyroid glands with intraoperative gamma imaging 

are still in the preliminary stages; however, this technology is attracting increasing 

attention. 

 

Figure 8.4.  Hybrid optical gamma images of the thyroid gland, after administration of 

~18.5 MBq of 123I solution intravenously, acquired using the HGC for 300 s acquisition 

time at ~8 cm (A) and ~17 cm (B) collimator-to-skin surface distance. (Case study no. 

014) 
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8.3.3 Bone scan and leukocyte studies (white blood cell scan)  

Three bone scans and two leukocyte scans were carried out (Table 8.2). The bone 

scanning procedure was restricted to the patients’ hands. The gamma images show the 

accumulation of the injected radioactive agent in the patients’ hands. Figure 8.5 (A) 

shows an example of the gamma image of the bone scan of the patients’ fingers. This 

gamma image was acquired approximately 3 hours after administering the 99mTc-HDP 

solution. The HGC was fitted with a 1.0 mm diameter pinhole collimator and placed 

~45 mm above the patient’s thumb. However, these gamma images were not sufficient 

to claim the potential usefulness of the HGC in such cases because of the lack of focal 

accumulation at these sites in the recruited patients. 

An important point to consider is that SFOV gamma cameras could be used for osteitis 

detection in patients with diabetic foot and those requiring osteoid osteoma excision 

(284). Osteoid osteoma appears as a focal uptake in bone scans, and the osteomas can 

be surgically removed under the guidance of SFOV gamma cameras. The use of 

a high resolution handheld gamma imager during osteoid osteoma surgery has been 

reported (284).  

A SFOV gamma camera with a gamma probe shows definite advantages over a non-

imaging gamma probe alone, namely faster and more precise detection of osteoid 

osteomas than with the non-imaging gamma probe when an osteoid osteoma is found 

close to a potential site of radiation accumulation such as the urinary bladder. 

Furthermore, an intraoperative gamma imaging system can clearly illustrate the 

presence of a double-nidus osteoid osteoma and help assess resection completion 

(284). Therefore, recruiting more patients with osteoid osteoma in the future should be 

attempted to evaluate the capability of HGC in detecting these kinds of bone 

abnormalities.  
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Figure 8.5. (A) HGC gamma image of 99mTc-HDP distribution in the thumb of a patient 

previously administered 99mTc-HDP; acquisition time ~16.6 min. (B) Optical image shows 

the targeted area. (Case study no. 001) 

Two patients underwent leukocyte scintigraphy in this feasibility study (Table 8.2). One 

patient was not scanned due to a technical problem with the HGC system. The other 

patient was imaged with the HGC fitted with a 1500 µm thick CsI(Tl) scintillator and 

a 1.0 mm diameter pinhole collimator; however, no focal accumulation was observed. 

This could be justified by the lack of knowledge about the position of the focal 

accumulation reported after the LFOV gamma camera imaging procedure. The use of 

SFOV gamma cameras for performing leukocyte scintigraphy needs further clinical 

investigation to evaluate the definite diagnostic contribution of this technique.    

8.3.4 Lymphoscintigraphy  

Seven lymphoscintigraphy scans were investigated in this trial. These cases included 

patients suffering from oedema. It was difficult to trace the flow of activity along the 

lower extremities owing to the low sensitivity of the HGC as compared to the 

conventional gamma camera and the difficulty in using the HGC to image the patients’ 

legs at different orientations. However, the HGC was able to provide gamma and hybrid 

images for the injection site (i.e. between toes) for all imaged cases, confirming its ability 

to show focal accumulation corresponding to anatomical landmarks on the patient’s 

skin surface (Figure 8.6).          



Chapter 8. The HGC performance in routine procedures: A clinical feasibility study   

 

169 
 

 

Figure 8.6. Optical (left), gamma (centre), and hybrid (right) images of the injection site 

during investigation of lymphoscintigraphy scans acquired in 300 s acquisition time at 

~8 cm (A, B, C) and ~15 cm (D, E, F) collimator to skin surface distance. (Case study no. 

019) 

The HGC was able to localise focal uptakes in the left inguinal region. Figure 8.7 shows 

two gamma images produced using a conventional LFOV gamma camera with a 17 min 

acquisition time (Figure 8.7 A) and the HGC with a 5 min acquisition time (Figure 8.7 B). 

These gamma images show good agreement in terms of focal tracer uptake detected by 

the HGC and LFOV gamma camera. This observation suggests the possibility of using the 

HGC intraoperatively during surgical management of inguinal SLNs corresponding to 

different malignancies such as melanoma.       
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Figure 8.7. (A) Anterior LFOV gamma image of the lymphoscintigraphy scan of the 

patient’s lower extremities (17 min acquisition time). (B) The HGC gamma image of the 

left inguinal region shows focal uptake with 5 min acquisition time. (Case study no. 022) 

8.3.5 Sentinel lymph node biopsy (SLNB) 

Promising initial results have been collected recently for a melanoma patient using the 

HGC. This melanoma patient was assigned to SLNB procedures and the produced images 

were acquired preoperatively (Figure 8.8). These gamma and hybrid images show the 

capability of the HGC to follow the drainage of the lymph and localise a potential SLN in 

the inguinal region. Within a short acquisition time (~ 3 mins), the HGC was able to 

provide a distinct gamma image at 16 cm imaging distance, which reflects the usefulness 

of such a system as it can provide a relatively large field of view and a good level of 

detection. 
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Figure 8.8. Optical, gamma and hybrid images obtained for a melanoma patient 

acquired in 200 s. Upper raw images showing the administrated radioactivity site in the 

patient’s left leg (20.5 MBq of 99mTc nanocolloids) acquired at an 11 cm imaging 

distance, middle raw images representing the drainage of the lymph acquired at a 9 cm 

imaging distance, and lower raw images showing the detected SLN (left inguinal region) 

at 16 cm imaging distance. (Case study no. 030)  

8.3.6 Lacrimal drainage scintigraphy  

Lacrimal drainage scintigraphy is a non-invasive, diagnostic nuclear medicine procedure 

carried out to investigate the patency of the lacrimal drainage ducts. It can also be used 

in cases of dry eye syndrome to evaluate tear flow (285). Furthermore, this test can be 

employed to assess tear ducts during pre- and post-operative clinical evaluation during 

eyelid surgery (i.e. blepharoplasty cases) (286).   

The conventional LFOV gamma camera and the HGC were used to image the gamma 

emission in the lacrimal scintigraphic scans of three patients. For these scans, 1 MBq of 

99mTc-pertechnetate was administrated in each eye. The radioactive solution was 
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administered as a single drop released through a micropipette placed on the lateral 

canthus of both eyes of the patients. A head support metallic frame fitted with a chin 

rest and a head strap was used to position the patient’s head to minimise the effect of 

body movement. Figures 8.9 and 8.10 show the gamma and hybrid images obtained 

using both gamma cameras. The images obtained by the HGC (200 s acquisition time) 

clearly show activity clearance from the nasolacrimal duct to the nasal cavity (Figure 8.9 

B and C). It can be seen that the distribution of the radioactivity solution is different in 

the gamma images obtained by the HGC and LFOV gamma camera as a result of lacrimal 

clearance by blinking and the time gap between imaging procedures (Figure 8.9 B, D 

and E).     

 

Figure 8.9. (A, B, C) Optical, gamma, and hybrid images for the lacrimal drainage system 

using the HGC fitted with a 600 µm-thick CsI(Tl) scintillator and a 0.5 mm-diameter 

pinhole collimator (200 s acquisition time). (D, E) Gamma images of the lacrimal 

drainage ducts of both eyes obtained by the conventional LFOV gamma camera at 2 

time intervals after activity administration (i.e. 10 and 25 min after administration). 

(Case study no. 007) 
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Figure 8.10. Optical, gamma, and hybrid images for both eyes acquired using the HGC 

at ~10 cm collimator-to-skin surface distance (A, B, C) and for each eye at ~5 cm 

collimator-to-skin surface distance (D-I); the acquisition time for the HGC was 300 s. 

(J) A gamma image of the lacrimal drainage ducts of both eyes produced by the LFOV 

gamma camera. (Case study no. 008)   
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Figure 8.10 shows good agreement between the images produced by the HGC and the 

conventional LFOV gamma camera. A functional impedance to the flow situation (i.e. 

duct stenosis) is clearly seen in the left eye as the radioactive solution accumulated in 

the medial canthus but failed to drain through the nasolacrimal duct into the nasal cavity 

(Figure 8.10 H, I, and J). The hybrid optical-gamma imaging facility can help localise the 

obstruction by the superimposition of the gamma image onto the anatomical optical 

image (Figure 8.10 C, F, and I). This technique will allow precise evaluation of the 

lacrimal duct’s patency in pre-, intra-, and post-operative situations, leading to more 

robust diagnostic and therapeutic procedures.  

8.4 Conclusion  

In this feasibility study, the first clinical results of medical hybrid gamma and optical 

imaging using the HGC have been reported. The HGC was used to evaluate several 

assigned clinical cases in the nuclear medicine department, Queen’s Medical Centre 

(QMC), University of Nottingham. This study involved various medical procedures, such 

as thyroid scintigraphy, lymphoscintigraphy, and lacrimal scintigraphy. The HGC showed 

good potential in imaging the thyroid gland, lacrimal drainage ducts, and lymphatic 

tissues in an acquisition time similar to that of conventional gamma imaging procedures. 

The HGC fitted with a 1500 µm thick CsI(Tl) scintillator is preferable for clinical use owing 

to its sensitivity enhancement. The exchangeable pinhole collimators (i.e. 0.5 mm and 

1.0 mm in diameter) provide good flexibility as the operator can adjust the pinhole 

collimator to meet the technical and clinical needs for any assigned gamma imaging 

procedure.  

The optical imaging feature of the HGC had a positive impact on the clinical imaging 

procedures carried out in this study, as it provided the anatomical context of the 

targeted area. Hybrid imaging using the HGC can provide valuable information about 

the location, shape, and activity distribution in the affected regions in pre-, intra- or 

post-operative clinical settings. Furthermore, the size of the HGC and its flexibility could 

help surgeons enhance their invasive surgical techniques in cases such as cancer 

surgeries, as the HGC can facilitate precise localisation of the primary site of the cancer 
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and the surrounding tissues. Such technology could help surgeons reduce the need to 

sacrifice marginal healthy tissues, which would in turn improve the outcomes of surgical 

interventions, including minimising the effect of surgery on the patients’ quality of life.  

Clearly, larger cohorts of patient populations should be recruited in the future for more 

in-depth clinical evaluation of the efficacy of the HGC. Future studies should consider 

conducting comparative, objective, and qualitative evaluations of the efficiency of the 

HGC in routinely performed procedures in nuclear medicine. Additionally, research 

involving therapeutic cases at nuclear medicine departments has the potential to 

determine the possibility of using the HGC for treatment evaluation including drug 

uptake in the targeted tissues. Hence, further investigations on the intraoperative use 

of the HGC should be considered in future. It is worth mentioning that restricted access 

to the recruited patients’ data, including their medical reports and acquired planar and 

SPECT gamma images limited the possibility of quantitative comparisons between the 

HGC and routinely used gamma imaging systems in clinical settings.    
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Chapter 9: Conclusions 

 

9.1 Research Summary 

The Hybrid Gamma Camera (HGC) has been designed and manufactured to facilitate 

various diagnostic nuclear medicine procedures with superior spatial resolution 

imaging. The research work presented in this thesis has considered the capability of the 

HGC to image various tissues and organs with different radioactivity concentrations in 

targeted regions around the human body in both experimental and clinical settings.    

Two generations of the HGC (i.e. 0.6 mm and 1.5 mm thick columnar CsI(Tl) scintillators) 

have been used and evaluated during this research. Furthermore, the performance of 

the HGC has been tested with two different pinhole collimators (i.e. 0.5 mm and 1.0 mm 

in pinhole diameter). The HGC is co-aligned with an optical imaging system, providing 

real-time hybrid optical-gamma imaging. The functionality assessment of such an 

imaging system can only be achieved by utilising medical phantoms and employing that 

system in clinical trials. 

In this thesis, various assessment protocols have been performed using different 

bespoke phantoms simulating clinical scenarios. Several simulation techniques and 

different lymphoscintigraphic and anthropomorphic phantoms have been designed, 

manufactured and utilised to validate the capability of the HGC in lymphatic system and 

small organ imaging. Furthermore, the HGC has been tested on patients during routine 

gamma imaging procedures in nuclear medicine clinics. Quantitative and qualitative 

evaluations of the HGC imaging system were conducted; these tests were used to 

explore potential uses and improve technical and practical aspects of the HGC. 
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The implementation of the quantitative and qualitative assessments carried out during 

the work include in this thesis provides the knowledge necessary to make the HGC 

suitable for challenging medical scenarios, which will aid enhancement of patient 

management during intraoperative or routine gamma imaging procedures. 

The ability of the HGC to detect deep-situated sentinel lymph nodes (SLNs) and those 

nodes located near the injection site of radioactivity have been intensively investigated. 

The presented results have illustrated that the HGC is able to resolve SLNs from the 

injection site, for a different range of radioactivity concentrations and depths, which 

indicates that using this camera could improve the detection rate of these challenging, 

potential SLNs that are difficult to localise and isolate using non-imaging gamma probes. 

This research work indicates that of the two columnar CsI(Tl) scintillators thicknesses 

used, the 1500 µm scintillator is the suitable choice for clinical use. While the HGC was 

fitted with the 1500 µm scintillator, the measured contrast-to-noise ratio (CNR) values 

were recognisably improved, i.e. the HGC can detect simulated SLNs with low 

radioactivity accumulations (<0.1 MBq). During the scanning of the lymph-node contrast 

(LNC) phantom, the HGC fitted with the 1500 μm thick scintillator has a poorer spatial 

resolution compared to the 600 μm thick scintillator; however, the change in spatial 

resolution (~ 10 %) was relatively small compared to the change in detectability (> 52 % 

difference at 40 mm depth in 60 s acquisition time).  

The HGC showed poor performance while it fitted with the 0.5 mm diameter pinhole 

collimator in localising deep-seated low activity simulated SLN (i.e. 40 mm depth); this 

is due to the large depth of the SLNs and the low sensitivity of the HGC while it fitted 

with the 0.5 mm diameter pinhole collimator, even with the thicker CsI(Tl) scintillator 

and long acquisition time (i.e. 240 s). This an essential issue, and it needs to be improved 

to provide rapid, sensitive, precise gamma imaging as would be required 

intraoperatively. These findings suggest that using an even thicker columnar CsI(Tl) 

scintillator may be beneficial for SLN mapping while preserving suitable spatial 

resolution levels. This should be explored in future work. 
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The tremendous advances of computer-aided design technologies along with the 

improvement of three-dimensional (3D) printing machines have expedited the process 

of designing and manufacturing cost-effective anthropomorphic medical phantoms that 

can represent a specific abnormality or mimic the complex structure of a targeted region 

within the human body in micro- and macro-architecture scales. An anthropomorphic 

simulated normal adult thyroid gland was designed and 3D printed in-house. The 3D 

printed thyroid gland and simulated SLNs were attached to a bespoke internal jig 

inserted into a head and neck phantom. This phantom was utilised during the 

quantitative and qualitative assessment of the HGC’s capability to detect SLNs and 

image small organs. The presented work shows the flexibility of the phantom for 

imitating different nuclear medicine procedures and abnormal scenarios in the head 

and neck region. The anatomical accuracy of its parts allows validation of the qualitative 

assessment protocol for head and neck lymph nodes imaging and helps investigate the 

capability of using the HGC in thyroid gamma imaging procedures. 

The standardisation of such test protocols, presented in this thesis for small field of view 

(SFOV) gamma cameras, will aid collection of further data across various medical centres 

and research groups for performance comparison purposes. In addition, it will 

contribute towards a technical baseline for scientists and SFOV gamma imaging systems’ 

developers to consider when assessing their SFOV gamma imaging systems. 

The availability of phantoms that can provide an accurate anthropomorphic physical 

simulation for a specific part or organ within the human body would help to precisely 

judge the capabilities of a medical imaging device before proceeding to the process of 

recruiting patients, and, at the same time, these phantoms can be used to evaluate the 

impact of any technical modification on an existing medical imaging modality. Further 

investigation into the use of bespoke phantoms and their fabrication using 3D printing 

technology would be an interesting area of research with the potential to improve the 

efficiency of SFOV imaging. 

This thesis reports the clinical results utilising the HGC. By employing the HGC during 

various routine nuclear medicine procedures, it shows promising outcomes in cases 

such as thyroid scintigraphy and lacrimal drainage scintigraphy. Moreover, the 
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presented gamma images show the ability of the HGC to localise focal uptakes (i.e. 

potential SLNs) in the inguinal region with good agreement in terms of focal tracer 

uptake with the conventional gamma imaging system. This observation suggests the 

possibility of using the HGC intraoperatively during surgical management of inguinal 

SLNs corresponding to different malignancies such as melanoma. Expanding the clinical 

trial by recruiting more patients is important to evaluate the capabilities of the HGC in 

each specific nuclear medicine procedure in more depth; moreover, increasing the 

examined population will facilitate the validation and standardisation of specific 

scanning protocols to use with SFOV gamma imaging systems. 

9.2 Future work 

Currently, technological improvements and research opportunities covering the whole 

spectrum of medical imaging modalities aim to enhance patient management and 

improve diagnosis and prognosis for challenging medical cases, e.g. cancer patients. 

SFOV gamma imaging systems are considered a suitable solution that can provide 

valuable information about the targeted region within the human body for challenging 

cases or during critical surgical procedures. 

Therefore, there are many potential research areas to explore while studying the HGC, 

in addition to various aspects that can be expanded in the existing research work. In this 

section, four proposed areas of further study are illustrated. 

9.2.1 Phantoms and test objects  

The availability of 3D printing machines and advanced software technology that can 

extract the anatomical details of any targeted tissues or organs from the available 

medical images produced using various medical imaging modalities (such as CT and MRI 

scanners), making it possible to construct accurate anthropomorphic 3D phantoms that 

can be used for testing different medical imaging devices.  

In this thesis, a 3D-printed normal adult thyroid gland is presented and used to evaluate 

the capabilities of the HGC in handling thyroid imaging procedures. The design of this 

phantom can be improved to imitate specific thyroid abnormalities including 
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hyperthyroidism and hypothyroidism. Furthermore, this 3D-printed anthropomorphic 

thyroid gland phantom can be improved to include a range of thyroid cold and hot 

nodules; simulating this nodule will help to quantitatively and qualitatively evaluate the 

HGC imaging behaviour in such cases for comparison with other competitive or routinely 

used gamma imaging modalities for thyroid scanning procedures.  

At the time of writing this thesis, the thyroid phantom is currently being used to assess 

the possibility of employing the HGC in scanning iodine (131I) sources during the 

monitoring stage of thyroid therapeutic procedures in hyperthyroidism or thyroid 

cancer patients. Along with the anatomical accuracy of this phantom, using it for such 

testing is preferable as it is a well-sealed, easy-fill container that can provide secure 

isolation of the inserted radioactive material from the surrounding environment, and 

can be safely stored, while using relatively long half-life isotopes (i.e. 131I half-life = 8.02 

days).   

During this research, an anthropomorphic breast phantom has been designed and 

constructed to be utilised in testing and optimising the use of the HGC in breast cancer 

management procedures. This fillable breast phantom can be used with different sizes 

and shapes of inserts to mimic primary sites of a tumour and potential SLNs. Several 

experiments have been conducted utilising the breast phantom through simulating 

a range of radioactivity concentrations and abnormal conditions. The preoperative 

radioactive seed localisation (RSL) procedure has been simulated using the breast 

phantom. This increasingly used technique enhances the localisation process by 

embedding an iodine-125 seed (125I) into a non-palpable breast lesion 

preoperatively (287).  

Initial observations were encouraging enough to suggest an extended experiment with 

more in-depth analysis to show the required acquisition time needed to detect a range 

of 125I seeds having various radioactivity concentrations at different depths with the 

phantom. Furthermore, a comprehensive characterisation of the HGC using 125I seeds 

and the anthropomorphic breast phantom will pave the way to employ the HGC to 

localise these radioactive seeds during the surgical resection of non-palpable breast 

lesions.  
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9.2.2 Preclinical and clinical evaluation 

Using the HGC for preclinical imaging purposes is a potential area of research. This could 

provide accurate localisation of the radioactivity distribution within examined mice 

using two modes of imaging — gamma and hybrid optical gamma imaging. The HGC is 

proposed to precisely localise radioactivity accumulations in vivo and in vitro.  

Validating the possibility of using the HGC in preclinical studies by increasing the number 

of mice, and growing different types of tumour, will broaden the horizon of using the 

HGC. Furthermore, it could be a potential tool to study drug delivery in preclinical 

studies. In-depth research should be carried out to evaluate the appropriate scintillator 

thickness and pinhole collimator’s diameter to fit this purpose.       

Using the HGC in clinical settings should be expanded by utilising the HGC 

intraoperatively. Promising initial results have been collected recently for melanoma 

patients using the HGC (see chapter 8). These results reflect the usefulness of such 

a system as it can provide a relatively large field of view and a good level of detection. 

Confirming the usefulness of the HGC in the detecting, localising and isolating process 

of SLNs in surgical settings is one of the agreed steps that will be conducted in future. 

However, more work should be planned and conducted including finding a surgical 

partner who would like to test the HGC in surgical settings. Performing a surgical study 

of this kind may need an intensive training course for the surgeons or surgical care 

practitioners to provide them with the essential aspects about the system’s 

performance, how to handle it and the process of acquiring and analysing gamma and 

hybrid images. It is worth mentioning that introducing such a system to the surgical 

theatre may require some modification on the existing system to meet the 

requirements of CE marking (certification mark). Furthermore, various quality assurance 

tests and comprehensive documentation for the HGC system need to be conducted and 

prepared as a mandatory requirement to apply for ethical approval. 
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9.2.3 Technical improvement  

There are many technical aspects that can be investigated and improved. Designing, 

manufacturing and testing a commercial model of the HGC (including the selection of 

a hygienic outer shell material, designing a multi-joint supporting arm, and surgical-

friendly materials) is a mandatory task that needs to be conducted in future. The HGC 

collimators’ design is a potential area to conduct further research, as the effect of using 

different pinhole sizes to provide rapid gamma imaging or more precise preclinical 

imaging needs to be investigated. Furthermore, investigating other types and 

thicknesses of scintillators is an existing research field to improve the performance of 

the HGC (173). Coupling the scintillator with the CCD is an important aspect to consider, 

as an effective coupling could improve the overall system performance including the 

energy resolution.   

Moreover, The HGC needs to be tested in realistic environments to evaluate the 

capability of the cooling mechanism, assuming that the HGC system can be used in warm 

places or run for a few hours continuously. Furthermore, the HGC head shielding may 

require an extensive evaluation in terms of design to keep the camera as light as possible 

and to minimise any possibility of radiation leakage. This aspect may involve selecting 

another material for shielding with a high atomic number and/or changing the internal 

shielding design.     

However, one of the most innovative ideas to be considered is the development of 

a SFOV multimodality hybrid gamma-optical imaging system that can provide optical, 

NIR-fluorescence and gamma images simultaneously. Recently, an increasing number of 

scholars have turned their attention to the application of fluorescent light within the 

near-infrared (NIR) window, wavelengths between 700 and 900 nm, as a novel 

intraoperative imaging technology that can be employed to delineate tumour margins 

and assess SLNs. This innovative method achieves a higher spatial resolution than more 

traditional nuclear medicine technologies; it can be employed to examine real-time 

lymph flow under the skin prior to making an incision (288). NIR fluorescence offers 

several further advantages including ease of preparation and application, low hazard 

and toxicity, common availability, affordability, multi-detection capability, and the 
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provision of distinct molecular information. It is due to these benefits that interest in 

NIR fluorescence technologies has increased in more recent years. Although the NIR 

fluorescence approach could enhance imaging at greater depths, the optimum 

resolution at which images should be taken remains at 5–15 mm under the skin surface 

(288, 289). As a means of overcoming this limitation, NIR fluorescence and gamma 

emitting agents have been combined to facilitate SLN navigation in head and neck 

melanoma, oral cavity lesions, and prostate cancer. This complementary multimodal 

surgical approach combines the favourable penetration capability of the radio-labelled 

colloid with the greater spatial resolution of NIR fluorescence techniques as a means of 

enhancing the accuracy of target identification and reducing the length of surgical 

procedures (289). 

A recent prototype design of such a system includes a modification of the original HGC 

imaging system by replacing the optical camera with a near-infrared (NIR) camera. A 

bespoke LED ring placed in the frontal face of the detector to provide an excitation light 

for the imaged fluorescence source (excitation wavelength = 785 nm) (290). This SFOV 

multimodality imaging system has potential for mapping fluorescent and gamma probes 

during guided surgical procedures. Furthermore, it could facilitate preclinical imaging 

studies with the capability of providing a hybrid imaging mode. Merging different 

imaging technologies in a single SFOV imaging modality could improve the overall 

sensitivity and specificity during the process of localising affected tissues during critical 

surgical settings. However, to reach that stage of full functionality, this prototype 

multimodality imaging system should be characterised in experimental setting. There is 

a need to design and manufacture suitable phantoms with the desired optical properties 

to simulate human soft tissues. Then, these phantoms can be utilised to study the 

detection limitations of the fluorescence camera. The hardware of this prototype 

system is an existing area for further development, including the system’s configuration, 

system sensitivity and alignment. Furthermore, preclinical research is a potential area 

to examine the system and evaluate its performance.  
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Improving the hardware of the HGC imaging system needs a parallel improvement for 

the imaging software. The imaging system should provide a real-time hybrid imaging 

option to facilitate the process of positioning the HGC for scanning procedures. In 

addition, adding a new modality to the HGC imaging system, i.e. the fluorescence 

camera, requires a sophisticated imaging software that provides options for the 

produced images’ fusion, so the end user will be able to fuse fluorescence-gamma 

images, optical-gamma images, and fluorescence-optical images. The imaging software 

needs a friendly interface that allows easier handling of the device during critical 

situations, such as intraoperative imaging procedures. To meet the expected 

functionality, this aspect needs to be carefully approached through interviewing 

surgeons and surgical-care practitioners. The imaging software should support specified 

data file formats, such as DICOM, to allow proper filing for the produced data and 

facilitate any quantitative or qualitative evaluation of the images. Additional ergonomic 

features would be good to add, including acquisition time on the acquired images, 

patient’s name and file number, and changing colour palette choices. 

9.2.4 The environmental use of the HGC 

Radioactive contamination mapping poses a significant risk of exposing personnel to 

dangerous radiation doses. In addition, it is time consuming to map radioactive 

contamination in nuclear plants during maintenance or decommission operations. 

Zones of interest are commonly examined using a dose-rate meter that is either 

remotely operated or even operated by hand in some situations. However, the accuracy 

of this method is limited because it does not allow the assessment of a large number of 

measures and it is not always effective, especially when several sources are being 

investigated and/or the background level is high. Compact portable gamma-imaging 

systems represent a promising technology that allows radiation safety workers to 

identify and assess sources remotely and relatively quickly without the need for 

personnel to enter the irradiating zone. 
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A portable imaging system that can provide optical and gamma imaging simultaneously 

can be used for environmental radiation monitoring. The HGC is fitted with a pinhole 

collimator, which facilitates a larger field of view when increasing the distance from the 

primary source of radiation contamination, and allows the screening of large areas. 

Moreover, the availability of a hybrid optical-gamma imaging facility will simplify the 

process of localising the source of radiation within the field of view. For using the HGC 

in this setting, it needs to be characterised using various radioactivity sources with 

different gamma energies, and then it can be evaluated for specific radiation 

contamination scenarios. Using the HGC imaging system may require employing 

a remote control system to allow fitting the HGC imaging head on a robot to explore 

contaminated areas. Such a concept could expand the scope of using the HGC, another 

possible area for further research.  
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Appendix A. Qualitative study instruction sheet (Chapter 7) 
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Appendix B. Qualitative study – bespoke JavaScript code for displaying and 
randomising gamma images (Chapter 7) 
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Appendix C. Ethical approval of the feasibility clinical study using the HGC (Chapter 8) 
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Appendix D. Participant Information Sheet and the consent form - the feasibility 
clinical study using the HGC (Chapter 8) 
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