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Abstract

Innovations in surgery require clear benefits for patients, surgeons and the health care

system, as well as perseverance for the scientists and engineers designing and developing

such systems. Interest has increased lately to carry on innovations in the field of surgical

oncology. One such case is the diagnostic or therapeutic excision of structures like lymph

nodes and tumors. These structures have been made visible with the lately introduced pre-

operative functional imaging systems in combination with highly specific tracers. How-

ever, locating such structures precisely and confirming their complete resection at the time

of surgery is impossible due to the lack of proper tools. There is thus a clear potential for

innovative solutions with high clinical impact.

In this work, we analyze the needs of intraoperative functional imaging in oncologic

surgery. The state-of-the-art is reviewed and a solution based on navigated functional

probes is proposed. The essence of the solution is the use of functional probes, from which

data is read-out synchronously with its spatial position and orientation. Tailored physi-

cal models within a tomographic reconstruction frame are proposed in order to generate

3D images from the acquired data set. Such 3D images would allow to localize marked

structures precisely and would also guarantee a complete resection in the operating room.

In order to evaluate this solution, one instance of it is implemented for the particular case

of 3D nuclear imaging. In this case, a gamma probe (functional probe) is tracked by an op-

tical tracking system (spatial positioning system), while acquiring synchronously its count

rate (read-out). A model of gamma ray dispersion in matter and detection of radiation

with that specific gamma probe (physical model) is created. The model is then adapted

for its use within an iterative reconstruction framework based on emission tomography

algorithms.



In a first phase, the software and hardware implementation is tested on phantoms. Later

it is further evaluated in preoperative and intra-operative setup with breast cancer and

melanoma patients undergoing sentinel lymph node biopsy. Results show the feasibility

of the imaging approach in over 200 patients and a successful introduction in the opera-

tive setup in a first cohort of 50 patients. This promising data and the expected advantages

for patient, surgeon and health care system speak of an approach that can make it up to

the real application. Such application could turn this approach into a potential new tool

in surgical oncology and, if followed through perseverance of the research and develop-

ment team, into an innovation. In summary, this thesis presents the fundamentals of a

novel intra-operative navigated functional imaging, its proof of concept, its first clinical

deployment and its initial promising outcome.

x



Zusammenfassung

Die Einführung von präoperativen funktionellen Bildgebungssystemen und hoch spez-

ifischen Tracern hat die Darstellung von millimetrischen Tumoren und Lymphknoten er-

möglicht. Dennoch bleiben ihre präzise Lokalisation und die Kontrolle ihrer vollständigen

Exzision im Operationssaal aufgrund mangelnder Werkzeuge ausgeschlossen. In dieser

Arbeit wird eine neue Strategie zur Bildgebung im OP entwickelt und erprobt, welche

auf der synchronen Aufnahme von Messungen von handgeführten funktionellen Sonden

und ihrer Position basiert. Massgeschneiderte physikalische Modelle und Filter werden

vorgeschlagen, um aus diesen winkelbeschränkten, dünnen und irregulär abgetasteten

Datensätzen tomographische Bilder zu rekonstruieren. Eine Instanz dieser Lösung mit

Gammasonden wird auch in Hardware und Software implementiert und präoperative

sowie intraoperativ bei über 200 Patienten erprobt und in mehreren Iterationen verbessert.

Diese Arbeit führt somit einen neuen Ansatz für intraoperative Bildgebung ein, welcher

anhand der Daten bei der Instanz von ‘Freihand Einzelphotonemissionscomputertomo-

graphie’ (engl. freehand SPECT) viel versprechende Ergebnisse nachweist.
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Introduction

In 1977 Cabañas [55] proposed a new concept in order to determine the regional invasion

of lymph nodes in patients with penile cancer. The idea was to determine which lymph

nodes were the first nodes in the drainage of the tumor, extract them and analyze if metas-

tasic infiltration could be found. If the assumption that metastases spread first over the

lymphatic system was true1, this would give a precise staging on the regional nodal in-

volvement thus sparing a radical lymphadenectomy, the standard procedure by that time.

In order to locate these first nodes - which would later receive the name of ‘sentinel’

lymph nodes - he suggested the use of a technique proposed by Cramer and Karpati [74]

in the fifties, the so-called lymphography or lymphoangiography. That technique pro-

vided radiographic images where the lymphatic vessels were made visible using X-ray

contrast media. The contrast medium was injected in a certain region and flowed from the

injection site into the first lymph nodes draining this region. Thus, Cabañas idea was to

make a radiogram some time after injection of the contrast medium in the tumor region.

This would allow to visualize the sentinel nodes as opaque structures in the X-ray images

(figure 0.1).

It was almost 20 years later that the concept of Cabañas made it into the guidelines of

malignant melanoma [215] and breast cancer [73]. The idea was essentially the same, but

many things had changed:

First, the clinical indication was a different one. The reason for this was mostly that

the clinical relevance of the nodal staging in melanoma and breast cancer had a bigger

1This assumption takes for granted, that no lymph node can be skipped in the spread.

1



Contents

Figure 0.1.: Injection of contrast material in lymphangiogram via dorsal lymphatics of the

penis. Arrow indicates SLN. Image taken from [55] and reproduced with au-

thorisation of John Wiley & Sons, Inc.

impact than in penile cancer. Also the difference in the incidence of the diseases played a

significant role.

Second, instead of using lymphography the guidelines incorporated the use of lym-

phoscintigraphy, where instead of an X-ray contrast medium, a radioactive tracer was

used.

Third, the surgeon had now the aid of an intra-operative radiation detector capable of

detecting the previously injected radioactive tracer and thus allowing a precise localization

and the assessment of the resection in the operating room (OR).

Today’s medicine speaks of the ‘sentinel’ concept for melanoma and breast cancer as a

success story for the process of bringing innovation into surgery. It took years of clinical

studies and optimization for the concept to make it through (for a graphical illustration

see figure 0.2). Nevertheless, it brought with it its own technology and tracers, and further

its related procedure became a standard of care and it resulted into an important qual-

ity criterium for surgical centers in industrialized countries (e.g. in Germany [134, 176],

Austria [276, 277], the UK [235, 281], the USA [57, 69, 196], Australia [328, 371], etc.). In

other words, the brilliant invention of Cabañas and the effort of the first supporters of that

technique became an innovation and changed the standard of treatment in several cancer

2



Contents

types.

Figure 0.2.: Entries of PubMed for keyword ”‘sentinel lymph node”’ plotted from the old-

est in 1960, when the concept was first proposed by Gould et al. in the parotid

gland [120], until 2008. The amazing slope in the last years and the immense

and stable amounts of publications per year speak for a successful technique.

The process was certainly not easy and shows how carrying out innovations in medicine

and in particular in the surgical field requires a long breath and the goal of attacking real

problems with clear clinical impact.

The need for perseverance has to do with the evidence-based character and the strong

component of standardization of medicine. Switching from one surgical technique to a

new one is not something that can be done in a matter of weeks or even months. One fun-

damental principle of medicine explains this: changes can only be made if it is guaranteed

that the risks involved are at least equivalent to the risks of the state-of-the-art procedures.

This principle results in the fact that the life of patients cannot be jeopardized and physi-

cians consequently stick to that premise. This requirement has also to do with the fact, that

surgery is highly standardized and rigid. Consequently a change will involve deriving the

inertia of the so-called standard operating procedures (SOPs).

The necessity for a clear benefit for the patient, the surgeon and the health system is a

driving force in innovation. It derives from the fact that at the bitter end, a technology, a

technique, a product, ... is only successful if someone is willing to pay for it a fair price.
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Thus, a surgical procedure makes only sense if the sum benefit minus investment is very

positive. This again comes from the inertia of the health system: if the benefit is not big,

the cost of changing will not be paid.

Innovations in the medical field carry thus always huge investments or extraordinary

inventions, and commonly both. If meant to be successful a medical innovation has to

start with a big need. In the sentinel story that was the need to stage the regional lymph

nodes in a confident and minimal invasive way. The innovation has further to be based

on a sustainable concept. For example, in the case of Cabañas’ invention it is the idea

of using as staging the status of the first lymph node in the drain of the tumor. Yet the

innovation has to be solved with intelligent technology. In the story of sentinel this is

the use of radioactive mark for preoperative imaging and intra-operative detection. And

most important the innovation has to bring a huge benefit to all involved players. In the

example, it is the immense reduction of complications and related costs brought by the

sentinel lymph node biopsy.

In this work we describe the steps for shaping a medical innovation in the field of sur-

gical oncology. Of course, it is way beyond the scope of this thesis to go all the way from

the design of a technology to the establishment of a standard of care. We are not even sure

if our assumptions are true. However the effort is worth the try. The cure for cancer is still

not in sight and thus there is a lot of place for improvement in surgical oncology.
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Part I.

Motivation, problem definition and

state-of-the-art solutions
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Chapter 1
Motivation for intra-operative

functional imaging

Surgery has experienced radical changes in the last 20 years. This affirmation is particu-

larly true in the field of surgical oncology. There the changes have been on one hand, in

the direction of minimizing the impact of the surgical procedure and on the other, towards

improving the localization of cancerous tissue and the definition of resection borders.

Minimally invasive surgery is a term that was forged in the nineties and many of its

derived surgical procedures have become standards of care for several clinical indications.

Its beginning was after the Great War with the availability of proper optics that enabled

first endoscopy (e.g. [222, 329]) and then laparoscopy (e.g. [89, 141]). The goal behind it

was to reduce the size of scars and allow surgery through natural orifices or several small

incisions (‘keyhole surgery’, name popularized in 1993 [27, 63]). Reducing mortality rates,

postoperative complications, hospital stays and costs was the ultimate goal and in several

procedures, this goal was indeed reached with even a higher success than expected (e.g.

in cholecystectomy [94, 98, 288], see also figure 1.1).

The inclusion of functional information in the recent years has also contributed to mini-

mize the impact of surgery. A good example is the inclusion of fMRI (functional magnetic

resonance imaging) for navigation in neurologic interventions (e.g. [201, 294]). In those

procedures the complete surgery is guided using preoperative blood oxygenation level

dependency (BOLD) MR images as basis for navigation. These images are acquired with
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1. Motivation for intra-operative functional imaging

Figure 1.1.: Exemplary setup during laparoscopic surgery and image of laparoscope. Im-

age courtesy of Dr. Nicolas Padoy, John Hopkins University, Baltimore, USA

and reproduced with permision of the Association for the Advancement of Ar-

tificial Intelligence.

the patient being awake and under the real-time imaging of an MR machine. The patient

is asked to perform tasks and the activation patterns of the brain are seen on the screens

of the MR. The surgeon may thus proceed taking into account areas of activation and thus

may avoid coming close to regions of relevance and is able to minimize morbidity. Groups

like the team of Essen have begun exporting the experience into a setup where the imag-

ing is made during the intervention in order to minimize potential misregistration and

deformation errors [114] (see also figure 1.2).

Nowadays minimally invasive surgery has been developed further with the inclusion of

robotic surgery in the guidelines for prostatectomy [342]. The use of the ‘Da Vinci’ system

of Intuitive Surgical, Sunnyvale, California, USA (cleared for several pathologies by the

FDA in April 2004) has allowed shortening postoperative stay (46.4% (n=60) [15]) and

sick leave (77.6% (n=127) [139]), as well as reducing complications, like blood loss (75.4%

(n=60) [15]), infections (88.9% (n=58) [58]), etc. See figure 1.3.

The second major trend in surgical oncology has been towards improving the localiza-

tion of tumors and relevant lymph nodes, as well as, the better definition of resection

borders. The motivation for these is first the reduction of morbidity by bringing resection

to its minimum necessary. Secondly, the aim is to increase the rate of operable tumors and

at the same time, reduce the rate of recurrence. Of course if tumors can be better localized

and resection borders optimized, the resulting procedure will be minimally invasive and
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Figure 1.2.: Left: Exemplary setup during intra-operative MRI system. Intra-operative

MRI images a ROI of the brain of the patient on demand. Surgeon can also

access the operation situs at the same time. Instruments and MRI scanner are

also tracked by an external positioning system allowing navigation based on

intra-operative images. Right: Images generated by MRI system before first in-

cision and during operation in 2 exemplary patients. Images reproduced with

permision of Medtronic Navigation, Louisville, Colorado, USA.

Figure 1.3.: (A) Exemplary setup during robotic prostatectomy. Laparoscopic instruments

enter patient through trocars as shown in (B). Laparoscope allows generating

images like (C). Images reproduced with permision of the Society of Laparoen-

doscopic Surgeons.
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1. Motivation for intra-operative functional imaging

thus will speak for the previously discussed trend.

Here imaging is playing the most important role. Preoperative imaging modalities have

developed in the direction of allowing more than anatomical imaging, but also functional

imaging. Functional imaging is defined as generating images of a physiological function

of a living being [351]. Classical examples are contrasted imaging modalities like nuclear

medicine modalities [366], contrasted ultrasound (US) [111], contrasted X-rays [312] (see

also 1.4), etc. Neverthess, slowly also non-contrasted imaging like MR spectroscopy (MRS)

[206], elastography [67], etc. have been made commercially available.

Figure 1.4.: X-ray contrasted image for blood vessels, commonly called X-ray angiogra-

phy. Through image subtraction contrasted blood vessels become visible. In

this particular example, blood vessel tree of liver is visualized in a 3D render

mode. Image courtesy of Dr. Martin Groher, Chair for Computer-Aided Medi-

cal Procedures, TUM [121].

Essentially preoperative functional imaging allows determining targets for surgery. This

can be specially interesting if functional imaging is combined with anatomical imaging

(‘hybrid imaging’). The best example here is PET/CT (positron emission tomography /

x-ray computed tomography) which has replaced almost completely the separated use

of PET and CT within less than a decade [80]. In PET/CT, PET contrast media like 18F -

FDG, 11C-Choline or 68Ga-DOTATOC enable to image the biodistribution of sugar, choline
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and somatostatin receptors, respectively, with millimetric precision [369]. Moreover the

functional data can be visualized within the context of the anatomical structures fused

with the CT images (see figure 1.5). This information can be used for surgical planning

regarding incision planning and definition of resection borders (e.g. in head-neck cancer

[228], in melanoma [178], in ovarian cancer [187], etc.).

Figure 1.5.: 68Ga-DOTATOC PET/CT image of patient with distant recurrence of neuroen-

docrine tumor. Local hot spot in the bowel speaks for an operable metastasis.

Images were used here for surgical planning. Image courtesy of PD Dr. An-

dreas Buck, Nuclear Medicine Department, TUM.

There is nevertheless still a major problem when trying to translate preoperative plans in

the operating rooms. The imaging data mentioned above is commonly available through

the picture archiving and communication system (PACS) - a system that has turned into

a standard worldwide (see figure 1.6). However, during the intervention itself these data

loose their validity to a large extent, due to changes in anatomy that start with a different

patient positioning and extend up to changes due to resection and mobilization of organs

(e.g. in the abdomen [33], in the brain [131, 302], in the liver [200], etc.).

In order to account for these, in the field of orthopaedics and neurosurgery so called

navigation systems have been proposed [256]. These systems are based on positioning
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1. Motivation for intra-operative functional imaging

Figure 1.6.: Preoperative PET/CT available over PACS in the operating room during

prostatectomy (arrow). Surgeons can always access the preoperative data,

however, it is displayed far from the operating scene.

systems that allow determining the position and orientation of surgical instruments in

relation to preoperative imaging data. In this way the relative position of the instruments

can be displayed and the surgeon can use it for ‘navigating’ them to the desired position

in the anatomy. Navigation systems will be discussed in detail in chapter 5.

In the particular case of surgical oncology this solution is widely used in neurosurgery

[100, 156] and to some extent for operable bone cancer (e.g. [374]). They enable precise

resection and also optimization of resection borders. The use of these systems has been

also proposed for other cancer types in soft tissue (e.g. in lung [180]). However, the prob-

lem still remains in how to compensate for deformation and changes in anatomy due to

preparation and resection of structures.

An approach that has tried to compensate for this is the use of intra-operative imaging.

Intra-operative imaging can in principle exploit all advantages of preoperative imaging

and further allow its use during the surgical procedure in order to update plans and verify

results after each single step, if necessary (see example in figure 1.7).

The carrying horse of intra-operative imaging for oncologic surgery is intra-operative

ultrasound (IOUS, see figure 1.8). IOUS was introduced in 1980 simultaneously by Lane

for pancreatic surgery [181] and by Rubin et al. for brain surgery [284]. Its current field of

applications has extended widely to anatomies like testicles [20], brain [167], liver [48], etc.
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Figure 1.7.: intra-operative combined optical fluoroscopy shot. Surgeon visualizes intra-

operative X-ray overlaid on video image in order to place incision correctly.

Image courtesy of Lejing Wang, Chair for Computer-Aided Medical Proce-

dures, TUM.

Figure 1.8.: IOUS machine while acquiring image during testicle cancer resection. Physi-

cian evaluates dignity of a lesion intra-operatively through analysis of vascu-

larity with Doppler US. The intra-operative information minimizes the risk of

misinterpretation or mispositioning of the lesion in the operating situs.
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1. Motivation for intra-operative functional imaging

The major lack in IOUS is the missing functional information in most tumor entities. The

logical next in order to solve this is bringing functional imaging systems into the OR. Intra-

operative functional imagers are however far from being available. Only in particular

applications functional systems have made it into the market, being however still far from

becoming standards of care. A detailed review on such technologies is chapter 3.

In the end the major issue of surgical oncology can be extracted from the ongoing trends.

As stated by Umberto Veronesi, head of the European Institute of Oncology in Milan, Italy

and one of the world’s most famous oncologic surgeons, during his inaugural talk at the

Annual Meeting of the Italian Society of Surgical Oncology (SICO) in June this year [348]:

‘the surgical oncologist of today has the responsibility to do as little as needed and at the

same time as much as necessary’. Intra-operative functional imaging is one of the tools

that are helping in this direction.
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Chapter 2
Problem Definition

Shawn Frayne, the president of Humdinger Wind Energy LLC, is only 30 years old. He

managed to invent a way of generating energy from wind without the need of any rotating

means. In practical words, he extended the domain where wind energy could be useful

down to very low power consumption applications and further made it almost indepen-

dent of maintenance [104]. His invention is most likely to turn into an innovation as it

attacks a huge need with a simple solution. It is also in the same line of approaches like

the screen technology of the ‘one laptop per child’ program [146], the engine technology of

the Tata Nano (which first unit was delivered on June 17th, 2009) [254], etc. They all have

something in common. As said by Frayne during one of his talks in 2007, when you give

yourself the most difficult constraints, the resulting solutions are highly likely to become

revolutionary inventions [103].

The border conditions applied to intraoperative functional imaging are definitely of this

type. It is not by chance that functional imaging technologies have not made it to real

applications yet. Constraints for intraoperative imaging are complex and varied as they

arise from different sources. Depending on the weighting a possible separation of these

sources can be:

1. Functional and workflow constraints: Intrinsic of the procedure, they pose the con-

crete needs of any improvement to be proposed. They include the protocol of the

procedure that is performed, as surgeries follow structured lists of steps and changes

in them have to be minimized and well justified, even in case they provide advan-
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2. Problem Definition

tages.

2. Regulatory or safety constraints: Regulations of governmental bodies target in gen-

eral to guarantee the safety of the patient and the medical personnel.

3. Economic constraints: Finally, any improvement has to result in costs that are at most

as high as the ones of the standard procedure.

In the following all groups of constraints are discussed for the case of functional imaging

in the OR.

2.1. Functional and workflow constraints

Lately John N. Aarsvold, professor at Emory University in Atlanta, Georgia, USA, held

a talk about imaging in radio-guided surgery entitled ‘Anyone can find a hot node’ [12].

In this talk he tried to summarize functional and workflow constraints on this type of

imaging. These constraints however apply to the more general case of functional imaging

in the OR. He extracted different constraints or boundary to be considered:

1. Context: Depending on the disease to be treated different assumptions are valid.

For example, imaging cancerous lymph nodes in the pelvis in case of colon cancer

is completely different of imaging lymph nodes in the axilla for breast cancer. The

localization of the said structures, the access to them, the surrounding anatomy, their

size, the required accuracy for the procedure, etc., they all matter and change dra-

matically the constraints.

2. Task: As stated in the previous chapter, there are many tasks to be aimed at when

incorporating intraoperative imaging into the OR. The tasks can be e.g. in vivo lo-

calization of structures (like lymph nodes, metastasis, etc.), ex vivo localization of

structures (as in the case of resection borders in radio-guided occult lesion localiza-

tion), region surveillance (for adjuvant therapy, like radiotherapy of regions struc-

tures that could not be resected during surgery), post-excision confirmation (guaran-

teeing complete resection of all structures meant to be resected), etc.
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2.1. Functional and workflow constraints

3. Technology: The technology to be used also plays an important role. This starts

with the question if a tracer/contrast media is to be applied, how and where it is

applied, what are the characteristics, the dose, the volume, etc. It also incorporates

the available detectors like the field of view of the detector, the positioning (how it

can be positioned relative to the patient), the re-positioning (if the detector is moved,

the precision needed to reposition it), its sensitivity, energy and spatial resolution,

etc.

4. Protocol: A procedure done in one institution may be different from the same proce-

dure in another. Guidelines for protocols are not mandatory and accordingly change

even between physicians. For radio-guided surgery Aarsvold mentions as example

the type of imaging depends on the time it is acquired, i.e. survey imaging, pre-

incision/post-excision imaging, time-course imaging, adjunct imaging, etc. Logistics

and space play also a relevant role here. The size of the devices and the environment

change dramatically depending on the available place, the temperature and lighting

conditions, etc.

Figure 2.1.: (a) ‘Survey imaging’ in the case of lymphatic mapping in breast cancer. (b)

‘Spot imaging’ in the same clinical application. Definitions from [12].

The functional and workflow constraints or border conditions have to be instanced de-

pending on the problem to be solved. Each problem has different constraints. In general

a reasonable approach to create these instances is to start with a so called workflow anal-

ysis. A surgical workflow is an abstract representation of a SOP. Its grade of detail can be
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2. Problem Definition

arbitrary and depends on the steps to be modified and improved. For example in cancer

resection a simple workflow could be:

1. Anesthesia
2. First incision
3. Preparation of situs
4. Tumor resection
5. Reconstruction of area of resection
6. Waiting of results of frozen section
7. On cancerous borders, extension of resection in proper direction
8. Sewing

Each step has to be then evaluated in terms of time required. An exemplary result of

such time analysis can be seen in figure 2.2.

Figure 2.2.: Example of analysis of times for different steps (only relevants for this particu-

lar study) of over 16 patients. Stable values for durations of the three steps an-

alyzed show degree of standardization in the procedure. In patient 9, compli-

cations and the presence of a novice surgeon resulted in a considerably longer

procedure. Graphic taken from [375] by courtesy of Xin Xu, Nuclear Medicine

Department, Klinikum rechts der Isar (TUM).

Of course, the problem of defining workflows and times is the fact that in all operations

several users are involved. Further the involvement of these multiple users in each step

is different according to the task to be solved. In order to model this in a simple way

to proceed is to define concrete users with different levels of knowledge and goals with
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2.1. Functional and workflow constraints

respect to the system. The definition of users and goals is commonly the first step in

the development of new systems according to models like the Capability Maturity Model

Integration (CMMI). In the OR commonly at least three users are present: the surgeon,

the anaesthesiologist and the circulator. If the procedure is more complex an OR nurse

working in the sterile area or further surgeons may assist the procedure. Finally cleaning

personnel has to be considered too, as a big part of the preparation of each surgery, as well

as the deinstallation of the OR setup is perfomed by them.

Space plays also a very important role in the definition of functional constraints. The

patient positioning, the space available around the area, the areas with different levels of

steriliy, the available hardware, etc, they all lead to boundary conditions that have to be

considered (see figure 2.3). Here interference with other devices and actions taking place

during the workflow has to be evaluated.

Figure 2.3.: Example of analysis of place in the OR in the particular case of a TUR-B opera-

tion (refer also to chapter 3). Surgeon operates only assisted by an anesthesist

and a circulator nurse. In (A) a picture during the operation is shown while

(B) presents the model defined. (1) is the anesthesy tower, (2) is the endoscope

tower, (3) the operating table and (4) the troley with the sterile instrumenta-

tion, the surgeon can access any time he/she needs. Images taken from [375]

with courtesy of Xin Xu, Nuclear Medicine, TUM

From the latter steps (analysis according to Prof. Aarsvold, workflow analysis, defini-

tion of users and goals, as well as definition of space constraints) functional requirements

are extracted. Each of them can be stated in terms of a ‘wish’ or demand and treated almost
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independently in the development. An example list can be seen in section 6.

Within the scope of this work, the instance selected to validate the assumptions of the

thesis will be a Nuclear Medicine system for 3D intraoperative imaging in the particu-

lar context of SLNB in breast cancer and melanoma. This instantiation is meant to validate

and concretize the approach for designing 3D functional imaging systems proposed within

this thesis. Functional and workflow requirements are very general in nature for this in-

stance. Accordingly its extension to further applications and technologies seems feasible

and relatively straight forward.

2.2. Regulatory or safety constraints

Beyond functional and workflow constraints, a major role is played by regulatory and

safety constraints. This aspect has increased in importance in the last years due to the

trend of guaranteeing quality also in medical procedures. Essentially, the major objective

is to make sure that during the complete process of development of medical devices the

safety of the patient, the medical personnel and the service personnel is considered. It

further includes the considerations made for the traceability of problems in case safety

issues are made evident when using the device or from new information available from

science or the use of other medical devices. In this way a continuous flow of information

on safety can be established and, in case of necessity, measures can be taken to prevent

potential dangers from becoming a harm. Of course, this is valid during the complete life

cycle of the medical device.

Rather than a recommendation, this quality assurance frame around a medical device is

imposed by law in most countries. For example in Germany, the ‘Medizinproduktegesetz’

(MPG) [8] and the related regulations (like the ‘Medizinprodukte-Betreiberverordnung

(MPBetreibV)’ [9]) stipulate all required documentation and processes inside a medical

device manufacturing company, as well as, its providers and the service and maintenance

instances related to it.

Although this turns out in country specific laws and ordinances, most countries have

adopted harmonized standards as basis of their regulations. The conformity assumption

plays here a central role. It states that if a manufacturer is compliant with the relevant har-
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monized standards, it is also compliant (in most aspects) with the legal regulations. This

implies for a company willing to design a system that can be used in several countries,

that the constraints required have to be according to all applicable standards in the target

countries. The conformity assumption does not force the manufacturer to follow the stan-

dard, but makes the validation easier, as otherwise all aspects of the particular national

law have to be proved separately on their own.

In the particular case of Europe, the European Union has defined a directive called the

Medical Device Directive (MDD), also known as 93/42EEG directive [7]. This directive

has been essentially adopted in every European country and is also sufficient for bringing

a medical device into market in several other countries with non or only minor modifica-

tions, as it is the case of the Canadian Medical Device Regulation (CDMR).

For the USA similar regulations apply, playing there the most important role the regu-

lations of the Federal Drug Administration (FDA), in particular the Code of Federal Regu-

lations Title 21 (21 CFR) [6], specially in the parts 800 to 900.

In practical terms beyond the administrative and procedural instances around the sys-

tem, for electrical systems (which is the case in almost all functional imaging devices), a list

of so called ‘essential requirements’ have to be fulfilled. Such requirements are stipulated

in the 60601-1 standard (Medical Electrical Equipment - Part 1: General Requirements for

Safety) in its different national flavors and iterations (IEC 60601-1, EN 60601-1, etc.). The

version of the standard to be used depends consequently on the legal recommendation.

For Europe the valid standard is the EN 60601-1 of 2006 [10].

In order to see an analysis of the essential requirements for medical electrical devices in

the particular case of functional imaging refer to chapter 11.

For the sake of this work, the risks considered will be the ones of a system based on

nuclear medicine principles for imaging aid in SLNB of breast cancer and melanoma pa-

tients (selected instance for validation of the approach as mentioned above). Most of the

constraints described above apply, making it a good example within functional imaging

systems.
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2.3. Economic constraints

The final set of constraints comes from the economic side. These constraints are directly

related to the price: if the customer (here the hospital) is willing to pay the most a certain

amount of money, the design of the system has to be such, that the costs are below that

amount.

From the point of view of price, several values are necessary to be considered: the in-

vestment, the running costs, the service costs and the maintenance. The first is the one

time payment a hospital has to do in order to get the system installed. Normally this price

includes the first training session and calibration of the system. The running costs are the

operational costs of having the system running. Disposables per use, electricity, supplies,

etc. are considered therein. Service and maintenance on the other hand are normally sep-

arated from the running costs, although their frequency is not really independent of the

use.

Soft values play however also a role in pricing. If a procedure is slightly more expensive,

but brings additional values that cannot be quantified easily there is still a chance of getting

it through. Evidently the most important of such soft arguments are the non-quantifiable

(or hard to quantify) benefits to the patient: comfort, aesthetics, time burden, etc.

For imaging and in particular functional imaging, economic constraints can be compli-

cared. Imaging is essentially a diagnostic tool. Diagnostics in contrast to therapy does

not treat, accordingly the only way it will bring an economic benefit is that it makes the

treatment better. Better can be faster, cheaper, easier, safer. What ‘better’ exactly means, is

dependent on the application and the costs involved in the current procedures which will

be modified or enabled due to the use of the said imaging.

The first step in any economic analysis is to understand the cost structure of the state-

of-art procedure. For example in Germany most procedures are reimbursed within the

standard packages for treatment of a particular indication. Indications on their own are

classified according to standardized codes, commonly known as international classifica-

tion of disease codes or short ICG. Such packages are contained within a so called diag-

nosis related group (DRG) (see for example German regulation in [5]). The amount of

money within a DRG has to cover for the complete procedure including drugs, personnel,
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hospitalization, etc.

In order to give some place for innovation, new procedures can receive a higher re-

imbursement. Such tools are available for example in Germany and are known as ‘neue

Untersuchungs- und Behandlungsmethoden’ (in English: new examination and treatment

method, NUB). In order to be able to get that said reimbursement the hospital planning

to apply the new method has to apply for them showing clinical trial data supporting the

clinical avantages of the method in comparison with the standard of care. The amount of

patients has to be also fixed.

From side of investment, the health system often counts on funds for renewing facilities

or implanting new procedures with proven patient and cost improvement. Such funds

are however not available at any time and may vary depending on the planification of the

hospital. Potential money from research projects and extraordinary substitution of devices

due to failures may be also be available, but is not the standard case.

Given the information above, an estimation of investment and running costs may be

done. Here in the case of the development of new machinery the advantages are not

known and have to be estimated. The final calculation is then simple, as shown in fig-

ure 2.4.

Figure 2.4.: Calculation of budget for investment and running costs for new device. The

cost ($) reduction with a new procedure typically has to cover the additional

investment due to the new technology in a horizon of less than three years

(additional investment understood as difference between planned investment

on current technology, like replacements, maintenance, etc. and the investment

and maintenance cost of the new device).
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2. Problem Definition

Such a calculation does not have to be trivial and may include different indications and

the information previously discussed on DRGs, NUBs and planned investment costs. The

resulting values for running costs and investment may at the end be put in a plausible

frame and thus avoid developing technology that may well solve the problem, but that

would not be bearable in the routine.

2.4. Summary

In the last sections different constraints were analysed for the particular case of functional

imaging. Examples were also given in the particular case of lymphatic mapping in the OR

for breast cancer. The degree of complexity included is minimal and can be extended ad

nauseam. However, this brief overview shows the difficulty of the contraints that burden

the development of new medical technology and correspondent medical techniques.

In the case of functional imaging, any breakthrough has to start from such an analysis

of boundary conditions in order not to remain on the road. In that sense and following

Shawn Frayne’s view, the only way of finding a revolutionary solution for a problem is

giving oneself hard constraints and standing a little aside from conventional assumptions.
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Chapter 3
State-of-the-art

Intraoperative imaging in the OR has been a keyword in the innovative circles of surgery

over the last decades. Several systems are commercially available and have made it to

become standards of care in particular applications. Even some functional imaging devices

have made the step into the operating room.

In order to review the different systems, it is best to divide them according to application

rather than modality. This segmentation has the advantage of making evident competing

and complementary technologies.

Essentially there are three major areas, in which intraoperative imaging has been used

for imaging functions: lymphatic mapping, blood vessel mapping and tumor localization

/ tumor bed control.

3.1. Intraoperative imaging systems for lymphatic mapping

Imaging of lymphatic vessels is the field that has brought functional imaging in the OR

the farthest. The need for this comes mainly from oncology and in particular the sentinel

lymph strategy: to determine the lymph nodes in the drain of a tumor. There are however

other techniques that require it, like the lately introduced surgical technique of axillary

reverse mapping (ARM) [45].

In order to accomplish lymphatic mapping several technologies have offered solutions

with advantages and disadvantages. Essentially in all of them the modus operandi consists
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of injecting a tracer (of whatever nature it may be) either in the anatomic structure of

interest and/or in proximity to it and letting it be transported by the lymphatic system.

Monitored by an imaging modality the tracer can then be found in the lymph nodes of

interest. In almost all approaches the tracer is chosen to be a large particle size colloid

or equivalent that is not transported by blood vessels, but can be transported by lymph

vessels and ideally get stuck in the lymph nodes making them ‘hot spots’ of the utilized

tracer.

Depending on the type of tracer used (for review of possibilities see [148]), different

technologies can be used.

3.1.1. Radionuclide tracers

The most common type of tracer for lymphatic mapping is 99mTc bond to a colloid. Differ-

ent commercial colloids are available like nanocoll ® [119], but also other agents like lym-

phoseek ® [354] have made it to the market with good imaging times (commonly imaging

possible 5-120min after injection), low patient dose (<0.4mSv) and washout values (nor-

mally within 24h-36h). In all the cases the used radionuclide is 99mTc (half life 6.01h).

Accordingly the devices meant to image it have to be systems that detect gamma radiation

in the range of 140.51keV (99mTc’s 89% of decays are gamma rays with such energy).

For non-imaging localization of such tracers, gamma probes have been developed [138]

and up to 20 different companies produce them nowadays [13]. The market of gamma

probes is estimated in over 20.000 devices and they are a standard tool in SLNB. Their

specifications have been brought to their limits pushed by competition: with only 100-

200g, acquisition times ranging from 0.1-1s they allow localization of structures as deep as

7cm with an accuracy that is essentially given by the distance to the radioactive structure

(5-20mm in conventional cases).

The intra-operative use of gamma cameras was introduced in the pioneer work of Gitsch

et al [117]. The idea of the Austrian group was to take a conventional gamma camera and

use it as operating table (see figure 3.1). Accordingly during the operation, the surgeon

would always be able to check the AP scintigraphy of the patient. Unfortunately this

brilliant idea did not come into consideration due to logistic reasons until the introduction
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3.1. Intraoperative imaging systems for lymphatic mapping

of so called mini gamma cameras.

Figure 3.1.: Image of gamma camera used by Gitsch et al. for lymphatic mapping of cervi-

cal cancer using 99mTc colloids in the eighties [117].

In the last decades some commercial light and even hand-held gamma cameras have

been made available. The first group to introduce them was the group of Hartsough,

Barber, Woolfenden, Barrett and collaborators in 1989 [130]. Since then several groups

have developed prototypes in academia (e.g. [29, 208]), but also in industry (e.g. [1, 2, 4]).

According to John Aarsvold up to date there are nine companies producing small field of

view gamma imagers that can potentially be used in the OR and seven hand-held gamma

cameras meant for intraoperative use [13].

Mini gamma cameras allow generating 2D images of resolutions up to 4mm at 5cm

distance from the object of interest for acquisition times in the order of 20s (shorter ac-

quisition times yield lower resolution) [39]. Their field of view varies from 4x4cm2 [1, 2]

up to 20x20cm2 [4] depending if they use either big parallel hole collimators or pinhole

geometries. The increased field diminishes either sensitivity or resolution [39].

Small field of view systems often include a cart that holds the heavy detector and allows

positioning the camera statically in relation to the patient in order to integrate readings

over a longer time. Unfortunately this reduces the flexibility of their use in the OR. The

most spread solution is probably the one proposed by the group of José Marı́a Benlloch and

the company Oncovision (Valencia, Spain). They propose the use of a very small camera
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hanging from an arm that can be covered by a sterile foil (figure 3.2). Flexibility is thus kept

within a level and still images can be generated. Their approach is particularly interesting

for laparoscopic procedures as shown by Lenka Vermeeren from the group around Renato

Valdés Olmos [346, 347].

Figure 3.2.: Mini gamma camera as used during laparoscopic SLNB as shown in [347].

Camera is covered by sterile sheath and placed over patient. Images are vi-

sualized on line. Image reproduced with permission of Springer.

Purely hand-held cameras have also been proposed and are provided by at least four

companies (figure 3.3). They have flexibility, but require holding the camera still during

the acquisition in order to generate valid images. Further, ergonomics is an issue as the

weight of the device itself can be between 1,2 kg for high-resolution devices and to 800 g

for lower resolution devices [29].

Figure 3.3.: Hand-held mini gamma camera and image of 2 axillary sentinel nodes in breast

cancer patient [29]. Image reproduced with permission of Elsevier.

In general both approaches present a major lack when putting the generated images

in relation with anatomic information (physicians require to put the images in relation

28



3.1. Intraoperative imaging systems for lymphatic mapping

with the anatomy and the operation situ in their heads). Interesting solutions have been

proposed by the group around Benlloch, like the inclusion of a laser pointer or the use of

a radioactive pen to have a reference between anatomy and gamma camera image. Also

worth mentioning is the approach of Sergei Vidal-Sicart, where a radioactive seed is put

on the tip of a gamma probe or a surgical instrument respectively [250, 347].

Further problems not completely attacked by 2D radioactive imagers are the effects of

shadowing and shine-through. These together with the cost compared to gamma-probes

(factor 3 to 7 depending on the probe and the mini camera to be compared) have prevented

a successful entrance of this technology into clinical practice.

3.1.2. Magnetic tracers

Lately several groups have introduced a new approach for lymphatic mapping (e.g. [162,

168, 269, 376]). Instead of using radioactive colloids, they have proposed using magnetic

particles. Magnetic particles are potentially an excellent contrast medium for MRI devices.

Of particular interest is their non-radioactive nature, their good imaging time (images pos-

sible 15-60min after injection) and their washout time (considerably longer than 24h).

The initial work of the groups of Suga and Kobayashi [169, 315] have shown that para-

magnetic contrast agents produce good results in mice and are an alternative solution for

a good visualization of nodes and lymphatic vessels [173].

If meant to be used in the operating room these tracers would require the use of intra-

operative MRI. As mentioned in the introduction, intraoperative MRI is available. Never-

theless logistic issues have constrained its use to extremely complex procedures where the

intraoperative availability of MRI changes dramatically the outcome of the patient [248].

Such is the case of neurosurgical procedures, but definitely not of lymphatic mapping in

oncology.

Technical specifications are essentially the same of MRI: sub millimeter resolution, ac-

quisition times in the range of 2min, penetration down to 20cm, etc.

A recent development by the British company Endomagnetics (London, UK) under the

technical lead of Quentin Pankhurst will however allow hand-held (100-200g) fast (0.1-

1s) one dimensional detection of magnetic tracers in a SLN setup with a similar accuracy
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as gamma probes [3]. This promising non-imaging approach may slowly displace the

radioactive approach in future.

Imaging developments in this direction have been also published by the group of Prof.

Buzug. His group is developing open-coil geometries that could allow 2D magnetic parti-

cle imaging towards intraoperative applications [289].

3.1.3. X-ray tracers

X-ray contrast media have also been proposed for lymphatic mapping. Actually, the ori-

gins of lymphatic mapping are the so called lymphography introduced in Munich in the

fifties [74].

In the early 2000s some groups gave a rebirth to the development of contrast agents

for CT lymphoangiography aiming at SLN [214, 316]. In this technique an X-ray contrast

agent like undiluted iopamidol is injected peritumorally. Intra-operatively a fluoro CT, a

fluoroscopy device or a C-arm based cone-beam CT may be used to image the contrast

media and guide thus the surgeon.

The major advantage of this technique is the fact that the image incorporates both func-

tional and anatomical information and it can also be performed in 3D mode (figure 3.4).

Figure 3.4.: Example of contrast enhanced CT for lymphatic mapping. On the left slices

show the lymph nodes on the thoracic wall. On the right rendering of the

injection site, the lymphatic drain and SLNs is shown [316]. Image reproduced

with permission of the Radiological Society of North America.

On the side of the tracer itself, washout has not been reported, but imaging can be done
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already 5-15min after injection.

Currently the experimentation has been restricted to preoperative imaging with high

resolution CT. Technical specifications are very interesting: penetration up to 20cm, sub

millimetric resolution, extremely fast imaging (<2s). There is, however, up to date no

data showing that fluoro-CT or C-arm based cone-beam CT can achieve such high quality

images.

Radiation dose for the patient is also an issue [314]. This technique would require per

scan a dose 25 times higher than the complete dose of the radioisotope approach (0.2 vs.

4mSv, dose of conventional SLNB versus dose of contrast high-resolution CT of the thorax)

[183, 373].

In that sense, there is no easy entrance in the market for these techniques at least in

short/mid term.

3.1.4. Colored tracers

Vital blue-dye (1% isosulfane blue dye solution) was introduced in the pioneer work of

Morton as intra-operative marker for SLNB in malignant melanoma [224]. Vital blue-dye

enables to highlight the lymphatic drain of the tumor for visual evaluation and thus en-

ables to find the SLN by following the blue-marked lymphatic vessels towards a blue spot

in the lymph basin (see figure 3.5). The major advantage is of course the possibility of

using the bare eye to visualize the tracer without the need of an imaging system. This

includes the possibility of using the lymphatic vessels that are also marked as ‘road-map’

to the node.

Blue-dye has big advantages: it does not include radiation; it can be seen with the bare

eye (sub millimetric resolution); it can taint the SLNs in 5-15min; washout is much more

than a day; etc.

There are, however, major drawbacks related to the isosulfane solution itself. Isosulfane

presents a degree of toxicity, allergenicity and a slow resorption. The first produces local

necroses if applied in concentration over 3 %. Far more important is the risk of anaphy-

laxis reported in about 1 % of the patients [34, 72, 165, 188]. As the injection of isosulfane

is normally around the tumor, the blue color makes the excision of the main tumor dif-
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Figure 3.5.: SLN conglomerate showing clear blue coloring during blue dye guided SLNB

in breast cancer.

ficult and can even lead to insufficient or exaggerated resections due to the difficulty of

distinguishing the tumor borders clearly. Regarding the resorption, the blue color remains

visible in the injection place as well as in the urine and stool for months [173]. All of these

issues are fundamental problems and little can be done to overcome them.

Alternative dyes have been also proposed. An example is indocyanin green dye (ICG)

which was evaluated in breast cancer by the group of Motomura already in the nineties

[225]. ICG has the advantage that besides being green (easier to tell apart from human

tissue), that it has a fluorescent component (see next section). ICG can be imaged already

5-15min after injection, but at most for 30min until washout is evident. This burdens this

tracer as it creates unnecessary stress on the surgical procedure.

One particular development related to blue dye is worth being mentioned. The com-

pany Eurorad has lately introduced as investigational device, a combined optical-gamma

probe system [2]. Such system allows detecting blue dye with higher sensitivity than with

the bare eye. Although not being an imaging system, this combination should be con-

sidered in future for example for the combined use of fluorescent tracers and radioactive

ones. The probe is essentially as light as a gamma probe with similar acquisition times and

has increased spatial resolution (down to 0.1mm) due to the optical detector.
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3.1.5. Fluorescent tracers

Very interesting is also the use of fluorescent tracers. Fluorescent tracers have the major

advantage of basing on non-ionizing radiation and being capable of being detected with

high resolution (0.2-2mm) and relatively ‘small’ systems.

There are several approaches for using optical tracers for lymphatic mapping. In all of

them, again a contrast medium and camera systems with proper filter systems are used.

The way the illumination is dealt with and the processing of the acquired images are dif-

ferent.

The first reports were by the group of McGreevy in 2003 [209]. There they used an

IR microscope and a fluorescent vitamin for lymphatic mapping in a pig setup. Some

years later the group of Kitai introduced for the first time a handheld intraoperative device

for breast cancer [166] and the use of ICG as tracer. In those preliminary work a hand-

held camera (200-400g) was added LEDs in the range of 760nm for excitation of the ICG

fluorescent component with highest absorption at 765nm. The camera was also added

a low pass filter at 820nm to avoid non-fluorescent light to be detected (peak of ICG’s

fluorescent emission is at 840nm). Acquisition time was between 1-10s.

Beyond the good results of the group of Kitai, depth penetration is an issue with ICG. In

a phantom setup, Kitai et al managed to detect ICG up to 1cm in depth (phantom of human

like tissue). This is not sufficient for percutaneous imaging, but is for intraoperative imag-

ing in situ. As a matter of fact the technology is showing a boost in open surgery applica-

tions. Groups in Japan and Germany are publishing applications of SLNB in anal/rectal

cancer [137, 233], gastric cancer [179, 320, 321], as well as superficial lymphatic basins like

in breast cancer [227] or skin cancer [339], among others...

A rather more sophisticated approach is the one of the group of John Frangioni and their

device ‘FLARE’ [337] (see figure 3.7). There they completely replace the OR lamps with a

illumination system that excites the fluorophores used and at the same time generates the

required light for the operation. In the illumination system they include a camera system

with filters for different wavelengths in order to generate images in different bands.

Probably the most promising approach is the one of George Themelis of the group of

Vasilis Ntziachristos [326]. There a three camera system is used to obtain multi spectral
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Figure 3.6.: Initial system for fluorescent lymphatic mapping by the group of Kitai in 2005

[166]. Hand-held camera is extended by 760nm LEDs and 820nm low pass

filter. Sentinel node can be made ‘visible’ when opening the axilla. Image

reproduced with permission of the Japan Science and Technology Agency.

imaging by using a very intelligent combination of narrow band optical filters and image

composing. The major advantage is the possibility of making a compact solution which al-

lows using a less complex system than FLARE and minimize the changes in the workflow.

All mentioned systems suffer the major disadvantage of optical systems: depth penetra-

tion. Despite amazing improvements in sensitivity, the fact that light penetrates only some

millimeters in tissue avoids making visible structures deeper than 2-3cm. Approaches us-

ing lower frequency light in the near-infrared may improve this, however there is still

considerable work to do.

A combination of optical tracers with other tracers for deeper penetration is promising,

but will require more work on the side of clearance for human use (see as example [173]

or [237]).
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Figure 3.7.: Fluorescence-assisted resection and exploration (FLARE) system by the group

of John Frangioni. System comprises several parts: (A) a camera/illumination

head for replacing the OR lamps and illuminating the surgical situs with

proper frequencies for fluorescence and normal visualization, as well as ac-

quiring light and fluorescent images; (B) monitors for display of images in

fluorescence images and combined light and fluorescent images; (C) a data

processing unit for merging images; (D) a user interface in the pedal to switch

modes of visualization. On the left, screenshots of system are shown. User

interface shows light image (1), fluorescent image (2), merged image in small

(3) and zoomed in (5), as well as controls (4).
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3.1.6. Micro bubbles and ultrasound contrast tracers

Ultrasound contrast agents were introduced lately as a non-ionizing radiation alternative

for enhancing structures and visualizing them using sonographic techniques [367]. The

idea is in general to use agents that behave considerably different than human tissue when

imaged with ultrasound. An example is micro bubbles. Micro bubbles can be designed in

a way to have dimensions such that ultrasound waves make them resonate. The resonance

of them generates echoes that are considerably higher in intensity than the echoes of tissue.

Accordingly, they present enhancement in the ultrasound images.

Such bubbles and similar contrast agents have been coupled to different biomolecules

making sonographic tracers out of them. In the case of lymphatic mapping, the use of

such agents results in the so called lymphosonography (see example in [118]). Their use in

humans for lymphatic mapping has only been published lately by the group of Ali Sever

et al. [300] (see figure 3.8). From the point of view of the tracers, they are of course non-

radioactive, require 5-30min to be imaged after injection and unfortunately present a very

fast washout (<5min). On the side of the imaging CE US systems allow detecting lymph

nodes as deep as 7cm with resolutions in the range of 0.2-2mm. The sonographic probes

weight in the range of 100-200g.

Their intraoperative use is yet unclear, but as the group of Sever showed by using it

for placing of wires (which can be used then as guidance in the OR) the approach seems

feasible.

3.1.7. Summary

In the last subsections several tracers and the correspondent technologies have been de-

scribed. The following table (table 3.9) summarizes the overall properties of the different

approaches.

Evidently each tracer and the related technologies has advantages and disadvantages.

The decision of what tracer would be used is then in the hands of the surgeon and his/her

infrastructure as well as financial situation.
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Figure 3.8.: Example of lymphatic mapping with contrast-enhanced ultrasound. (A) Image

of axilla showing lymphatics and a sentinel lymph node (arrow). Image was

captured in special ultrasound modality called contrast pulse sequencing that

allows enhancement of contrast-media. (B) B-mode ultrasound image shows a

lymph node (arrows) in the area of major contrast confirming that the contrast-

agent accumulation succeeds in such. Image reproduced with permission of

John Wiley and Sons Ltd from [300].

3.2. Intraoperative imaging systems for angiography

Angiography is one of the earliest functional imaging modalities. It was introduced in the

twenties by Egas Moniz, the first Portuguese Nobel price holder [84]. In it the aim is to

visualize the physiological function of blood flow in order to diagnose disorders. Its most

common realization is through the use of contrast media injected to the blood vessels, but

lately also non-contrasted solutions have been proposed using the intrinsic properties of

blood or the vessels.

Making blood vessels visible has a big importance in surgery and in particular in the

view of trends towards minimal invasion (e.g. [21, 303]) and quality assessment (e.g. [197,

303]).

Intraoperative systems for angiography were introduced in the late sixties by Bruecke

and Piza [50] as a way to solve the problem of transporting preoperative images into the

OR. The most important representatives are reviewed in the following paragraphs.
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3.2.1. X-ray angiography

X-ray contrasted angiography is probably the most extended of all imaging approaches

for blood vessels. It was introduced in 1927 by Egas Moniz [84] in order to image blood

vessels in the human brain. The concept is based on the injection of X-ray opaque contrast

media in the blood vessels of interest. As a result, blood vessels, that do not present a

significant contrast in X-ray images turn clearly visible. Further, if images are generated

before the injection of the contrast medium, the subtraction of the contrasted images and

the ones without contrast results in clear images of the blood vessels (see figure 3.10). This

is often called subtraction angiography.

Figure 3.10.: Intraoperative angiograms at two different times during an operation in the

pelvis. Image taken from [82] and reproduced with permission of Elsevier.

In the operating room X-ray angiography can be performed using C-arms [49], fluoro-

scopic systems [191] or fluoro-CT [231]. An interesting implementation is the novel robotic

motorized angiography suite of Siemens [11]. In it a C-arm is mounted on a robot allowing

fast and precise positioning of it and also high resolution cone-beam CT reconstructions,

allowing also 3D angiography in the OR.

Resolution is sub millimetric and penetration above several centimeters. Regarding the

contrast used, normally it is injected on need and gets diluted (washed out) in the range

of a minute, making the use of large amounts of contrast medium necessary.

In general X-ray angiography has the disadvantage related to the radiation exposure (up

to 20mSv at 1fps in the pelvic area or brain, lower in other anatomies [253,287]) and has had

a very slow movement from the interventional world to surgery. Preliminary it has only

been established in the field of vascular surgery (e.g. [383]) and of neurosurgery (e.g. [83]),
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where the radiation exposure is negligible in contrast to the advantage the information on

the vessels brings to the outcome of surgery.

3.2.2. Intraoperative MR angiography

Similar to X-ray angiography MRI can also be used to depict blood vessels. In this case

there is no need of contrast media, as blood vessels present sufficient contrast in several

MRI sequences (i.e. [82]). Intraoperative use has been essentially restricted here to vascular

surgery.

Figure 3.11.: Example of intraoperative MRI angiography: setup and exemplary image

showing 2 MRI slices rendered and a vessel highlighted in green. Pictures

taken from [82] and reproduced with permission of Elsevier.

Resolution is in the same range of conventional MR (0.1-2mm). Similar is the case of

acquisition times (1-120s), which increases depending if 3D images are needed or which

spatial resolution is desired.

Despite the amazing performance of such systems the requirements on logistics are im-

mense (see figure 3.11), making its use beyond ’quasi’-interventional very restrictive.

3.2.3. US angiography

Ultrasound is an inexpensive flexible and harmless imaging modality. Accordingly its

use for angiography makes it extremely interesting. There are essentially two ways of

generating angiographic images using ultrasound: using contrast or using the fact that the

blood flows.

In the first approach, as in the case of lymphosonography, research has been done in the
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direction of using contrast media to enhance blood vessels (e.g. [47,386]). Its application in

an intraoperative setup has not been completely established yet, but there are initial works

(e.g. [172]). The advantage of such an approach is the easier interpretation and the lack of

movement artifacts in comparison to the other approach.

Minimal changes in the reflected frequency of ultrasound waves has been studied in de-

tails since the sixties (e.g. [102, 381]). These changes are essentially due to the well-known

Doppler effect which explains that moving objects reflect incoming waves at a shifted fre-

quency. The relation between the shift in the frequency allows calculating very precisely

the relative speed of the moving object in the perpendicular direction. This speed can then

be calculated for every point of a region of interest of the B-plane image and then overlaid

on it as color image (see 3.12).

Figure 3.12.: Example of Doppler ultrasound for vessel visualization in liver: (A) Over-

lay of speed map calculated in region of interest surrounded in yellow show

stenosis on the arrow (turbulences produce blood flow in several directions

which are shown in colorful area). (B) As comparison the same slice is shown

only in B-mode ultrasound, where vessel can be seen, but functional behav-

ior is not visible. Image from [353] and reproduced with permission of the

American Roentgen Ray Society.

Its first use was evidently angiography, having become now-a-days a standard-of-care

in several applications (e.g. [93, 144]).

Its intra-operative use for angiography has been mostly in the evaluation of the flow pat-

terns in vascular surgery (e.g. [307]) and in order to characterize the vascularity of tumors
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(e.g. [152]) or provide context information of vessels (e.g. [379]) in oncologic surgery.

In general, if contrasted or not, US angiography may achieve sub millimetric spatial

resolution and real time imaging. The possibility of using 3D US probes or tracked US

probes to generate 3D US images is also available here since the early nineties [331].

3.2.4. Narrow band imaging-based endoluminal superficial vessel

visualization

One quite innovative solution for imaging superficial blood vessels is the one proposed

by narrow band endoscopy. In that approach a conventional endoscope is modified such

that the light used for illumination is filtered by narrow band optical filters (commonly

one filter at 415nm and one at 540nm with bandwidths of 30nm and 20nm respectively)

[310]. Interestingly in these two light bands blood vessels present a big contrast to tissue

predominantly due to hemoglobin.

Hemoglobin is responsible for the red color of blood, as it is the main pigment of red

blood cells. Its concentration outside blood vessels is minimal. It presents also an absorp-

tion profile with clear peaks at 415nm and 540nm.

When illuminating tissue with such light, the 415nm component gets strongly absorbed

by hemoglobin in mucosal capillaries while being reflected in normal tissue. The 540nm

band has a higher penetration reaching lower layers before being absorbed by blood of

deeper mucosal and submucosal vessels or reflected by tissue (i.e. it has a very high spatial

resolution down in the micron range, but only penetrates few millimeters). Accordingly

blood vessels and to some extent their depth become visible in the endoscopic images

(figure 3.13).

Beyond diagnostics this technology has been used intra-operatively in colon malignan-

cies [282], bladder cancer [61], Barrett’s esophagus disease [327], among others.

Despite the promising results, the method is applicable only under controlled conditions

of illumination, as it is the case of endoscopy. The blood vessels visualized are also very

superficial, as the light used only penetrates few millimeters in tissue.
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Figure 3.13.: Example of difference between light image (A) and narrow band image (B) of

endoscope in Barrett’s esophagus patient. Capillaries appear in brown and

deeper lying vessels in cyan. Image taken from [310] and reproduced with

permission of Elsevier.

3.2.5. Fluorescence-based superficial vessel visualization

The use of fluorescence tracers is also possible in order to visualize blood vessels intra-

operatively. The technology needed for this is essentially the same discussed in the section

on lymphatic mapping, however its applications are mostly in neurosurgery. There the

operative microscopes are commonly used. Those microscopes have been modified to

include illumination in the desired range of fluorescence. An exemplary use is depicted

in [127], where the fluorescent tracer applied is ICG (see figure 3.14).

Figure 3.14.: Example of microscopy images in white-light and fluorescence for contrast

enhanced blood vessels. (A) White light image showing vessels and surgical

instruments. (B) and (C) fluorescence images at different time points showing

the dynamics of the contrast media. Image from [127] and reproduced with

permission of the Wolters Kluwer Health.

The system of the group of Prof. Frangioni has also been used lately in similar ap-

proaches in preclinical ORs [322], an example is shown in figure 3.15.
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Figure 3.15.: Arterial phase (12 sec), venous phase (1 min), and late phase (10 min) of a pig’s

heart after intravenous injection of methylene-blue. Arrows show perfusion

in a clamped branch of an artery. NIR fluorescence images were acquired with

a 100msec exposure time. Figure reproduced from [322] with permission of

Elsevier.
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3.2. Intraoperative imaging systems for angiography

Although in a preliminary phase, this technique may open possibilities of imaging down

to 1cm of depth with sub millimetric resolution and fast acquisition times (0.1-2s). Even the

possibility of using handheld fluorescence cameras for these means may be possible. The

need of constantly injecting contrast media however, as in the case of x-ray angiographic

systems, is an important issue that has to be considered.

3.2.6. Thermography-based superficial vessel visualization

In the fifties, Lawson introduced the concept of thermal imaging in medicine [184]. Ther-

mography was a technique to estimate temperature from images based on the black body

radiation relation to temperature. In other words, from properly calibrated infrared im-

ages it was possible to ‘see’ the surface temperature of objects. Initially it was used for

diagnosing breast lesion like in [185, 350]. The concept behind was that if the nude breast

was kept in a cold room for 10-15 minutes, the temperature distribution in it would be

correlated to the vascularity, which could then reveal vascularized lesions.

Thus differences in temperature between blood vessels and normal tissue could allow

visualization of them in an intraoperative setup. In the last years such approaches have

become common in cardiac surgery (i.e. [308]) presenting enhanced contrast in a couple of

millimeters with good refresh rates and spatial resolution (see figure 3.16).

Such images are very interesting as they do not rely on tracers, however, they are not

completely reliable due to sources of heat in the OR and even physiological variations in

temperature.

3.2.7. Summary

In the previous subsections different approaches for imaging blood vessels were reviewed

and their specifications mentioned. Table 3.17 summarizes the discussed technologies in

terms of the technical data including logistics and also costs.

There are surely other approaches that a person working in the field can make use of.

Examples could be the use of diffusion tensor MR, radioactive tracers (like 15O-water), etc.

As in the case of lymphography, the decision on the system to use depends strongly on the

target application and boundary conditions of it (see chapter 2).
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3. State-of-the-art

Figure 3.16.: Example of system for thermography and images of a coronary artery evalu-

ation in the OR. (A) shows the white light image of the myocardium and (B)

the thermal image where the coronary arteries can be clearly depicted and ob-

structions evaluated as done here. Pictures taken from [308] and reproduced

with permission of the European Association for Cardio-Thoracic Surgery.

3.3. Intraoperative imaging systems for localization of primary

tumors

The strong trend of cancer screening, as well as the increasing conscience of the public have

resulted in the detection of tumor in very early stages for a variety of cancer types. The

overwhelming advantages in functional imaging and in particular in hybrid imaging have

made sub millimetric focii of tumor visible. As a result the surgical world has been con-

fronted with the necessity of finding ways of intra-operatively localizing such structures

with precision.

In this sense, intraoperative imaging and navigation systems have been posed the chal-

lenge of enabling accuracies and sensitivities equivalent to the ones of the big preoperative

imaging devices. Three different approaches have be developed for localization: intrinsic

property-based localization, systemic labeling-based localization and marker-aided local-

ization.

In the localization based on intrinsic properties, the properties of the tumor or of the
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3. State-of-the-art

metastases themselves are used to make it visible. These distinguishable properties from

normal tissue are detected directly by the imaging system on its own. An example is the

case of functional processes in liver metastases that lead to changes in echogenecity be-

tween tumorous tissue in comparison to healthy one, which make a visualization possible

using ultrasound without any tracer.

In the localization based on systemic labeling, also a property intrinsic to the tumor is

exploited. However, this property is made distinguishable through a tracer that gets ac-

cumulated in the tumorous tissue or its immediate neighborhood (or shows no uptake in

the tumor). A classic example is the labeling of high metabolism tumors with radioac-

tive labeled sugar. This makes the localization of the cancerous tissue equivalent to the

localization of radioactive focii.

Finally the localization through markers uses the concept of landmarks. In it the target

area is detected in one imaging modality and then ‘tagged’ with a marker that can be

easily localized in surgery. This is extremely useful for impalpable tumors or tumors that

could not be detected otherwise by the other approaches in the OR (’occult lesions’) or

where the possibility of taking the wrong structure out is high (e.g. when ’fishing lymph

nodes’). The concept was introduced in the early eighties for non-palpable breast cancer

lesions [352]. In that time Voss used a thin flexible wire to mark tiny non-palpable breast

lesions using as guidance the images of x-ray mammography. Nowadays such techniques

have been modified to millimetric precise marking using stereotactics systems or image-

guided marking with US or MR.

Depending on the tumor entity the choice of the approach to be used is accordingly

different. Several options have been available at both academic and commercial level.

In the following the most relevant in terms of clinical acceptance and relevance will be

discussed.

3.3.1. Sugar metabolism

Cancerous tissue usually presents a higher metabolic activity than surrounding tissue.

This fact can be exploited for intraoperative localization. Most of the approaches for imag-

ing increased metabolic activity are based on tracers.
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3.3. Intraoperative imaging systems for localization of primary tumors

One of the first signs of malignancy is an accelerated glucose metabolism, both in terms

of transport and utilization [211, 356]. This fact was used first by Som et al. in the early

eighties to diagnose tumor [309] using 18F -2-fluoro-2-deoxy-D-glucose, also known as
18F -FDG or FDG. FDG is a radio-tracer including a 18F atom, which emits positrons and

indirectly is thus a source of annihilation photons. FDG is incorporated by cells like glu-

cose by active transport proteins (GLUT) and gets processed by hexokinase into FDG-6-

phosphate, which is not further processed and remains trapped in the cell [53, 113, 252].

Today the use of FDG for tumor diagnosis represents 80% of all PET examinations

worldwide. Accordingly its use for radio-guided surgery has been in the wish list of many

surgeons for many years now [123, 317].
18F emits 97% of its emissions as positrons with a maximum energy of 635keV. These

positrons penetrate tissue only a couple of millimeters [66] until they meet an electron

and annihilate into two 511keV photons in opposite directions. Accordingly in order to

detect FDG, either high-energy annihilation photon detection or direct beta detection is

possible. Many scientific and industrial groups have pushed mostly the development on

non-imaging probes for both detection types.

High-energy gamma-probes (also known as PET gamma probes) have been developed

for general localization of radioactive hot spots. However, their utilization is restricted

by spatial accuracy when used for control of residual cancerous tissue [123, 262] (spatial

resolution in the range of a centimeter).

In order to improve the spatial resolution of non-imaging probes, the detection of the

positrons themselves was introduced for intra-operative use in the late eighties and early

nineties [75, 273]. The integration of positron detection by means of semiconductors and

scintillator crystals in intra-operative hand held probes (commonly known as beta probes

or positron probes) resulted in further improvements to the location of tumor cells [75,193,

271–273, 359, 385].

Going to imaging, only little has been done towards ‘FDG cameras’. To date no group

has put a high energy camera meant for intra-operative use. Only few examples, known

as beta cameras or positron cameras, are available [332] (see also figure 3.18).

In order to be able to use the technologies developed for low energy tracers, Yang et

al. have worked on labeling sugar with 99mTc [377]. Such tracer would essentially allow
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Figure 3.18.: Example of results of beta camera imaging of system described in [332]. (A)

shows phantom directly on the camera. (B) is the raw data generated and (C)

the corrected image. Pictures reproduced with permission of the American

Association of Physicists in Medicine.

imaging with almost half of the dose necessary for FDG (3mSv vs. 7mSv) with better

logistics (detection already 30min after injection vs. 45min for FDG and up to 24h later

vs. a maximum of 6h for FDG). The results are promising, however the success of FDG is

simply too bright in terms of installed infrastructure, quantification, timing, etc. to allow

these tracers to get enough attention yet.

As nuclear imaging has not provided a good solution initial efforts have been done

towards the development of fluorophore labeled sugar analogues (e.g. [65, 387], see also

figure 3.19). These approaches however are still in a very preliminary phase, as the molec-

ular size of the fluorophores allow only a minimal transport of the tracer into cells. Still

with good imaging quality after several hours and a slow wash-out, no radiation dose and

potentially cheap production, they may open new ways in future.

3.3.2. Energy production

Increased metabolism in general results in increased needs of energy and accordingly of

infrastructure for energy generation, which in the case of cells are mitochondrias. Mito-

chondrias normally have a negative membrane potential which would make cations po-

tential markers for them. In particular the tracer for vitality of heart, 99mTc-2-methoxy-

2-methylpropylisonitrile, also known as 99mTc-sestamibi, 99mTc-MIBI or simply MIBI has

shown good results.

Already in the nineties Carpentier et al. showed an increased concentration in oxyphil

cells in parathyroid adenoma, a degeneration of the parathyroid glands [59]. This was
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3.3. Intraoperative imaging systems for localization of primary tumors

Figure 3.19.: Example from [387] on fluorescent image of glucose analogue tagged with

fluorophore in brain tumor of a mouse. Tumor to background is optimal at 24

hours and shows clearly the tumor. Image reproduced according to the terms

of the Creative Commons Attribution License.

used later on as basis for radio-guided resection of such adenomas in the case of primary

hyperparathyroidism [205]. Original works of the group of Ubhi et al. used 201T l-chloride

[340], but later on it was popularized by the group of Norman in the University of Miami

[232].

As explained in [344], the major issues in the uptake of MIBI are the mitochondrial den-

sity and the membrane permeability. This is true in several tumors including breast can-

cer [344], brain tumors [26], etc.

The use of imaging devices for functional image guidance based on MIBI is also a grow-

ing field. Groups have used mini gamma cameras in brain [170] and parathyroid [95]. In

such cases mini gamma cameras allow producing images in the range of 10-20s with res-

olutions under 5mm in areas of 5x5cm2. See also section on lymphatic mapping for more

details on those imaging devices.

High mitochondrial activity results in changes in the temperature of the cell. Tem-

perature distribution in the body is a complex function of heat exchange processes with

the environment, the metabolic activity, the vascularity, the circadian rhythm, as well as

the nervous activity meant to achieve temperature and chemical stability of the body. In

the presence of tumors all these factors are influenced, being the own energy production

among the most important. The result is the departure of the tumor from the temperature
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Figure 3.20.: Example of a parathyroidectomy guided with an intra-operative gamma cam-

era. (A) shows the preoperative scintigraphy during the early phase of MIBI.

In (B) the parathyroid adenoma becomes clearly visible. (C) intra-operatively

the adenoma can be visualized as hot spot below the thyroid [95]. Figure

reproduced with permission from Elsevier.

Figure 3.21.: Example of a brain surgery using the aid of an intra-operative gamma cam-

era and MIBI systemic labeling. (A) and (D) show the tumor situs and the

intra-operative scintigraphy before the operation. (B) and (E) show the image

during the procedure and (C) and (F) the final status, where still tumor tissue

remains on the borders of the resection (arrows). Figure taken from [170] and

reproduced with permission from Elsevier.
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3.3. Intraoperative imaging systems for localization of primary tumors

surrounding healthy tissue. This fact has been known since the time of Hypocrates.

The use of thermography was already mentioned in the previous section for imag-

ing blood vessels. Its principle is essentially the same in tumor imaging. Although not

widely extended infrared thermography has been even proposed for intra-operative use

(e.g. [154], see also 3.22).

Figure 3.22.: White light image (A) of brain tumor and corresponding themogram (B)

showing a difference of almost 2 deg C between tumor and surroundings.

Figures from [154] reproduced with permission of Elsevier.

Despite the good spatial resolution of current systems (down to several microns), as well

as temperature resolution (down to 0.06 deg C), this technology is very dependent on the

shape and material of the surfaces and has a minimal penetration, which has kept it away

from most potential applications.

3.3.3. Iodine metabolism

Iodine in the human body is an essential nutrient as constituent part of the thyroid hor-

mones thyroxine (T4) and triiodothyronine (T3). Accordingly the thyroid absorbs actively

iodine from blood and stores it. As a result the iodine distribution in the body is essentially

proportional to the blood distribution, but in the thyroid where it presents an uptake up

to 10.000 higher [126].

This fact has been used to localize thyroid cancer. Commonly thyroid cancer cells retain

the absorption and storage nature of normal thyroid tissue. If thyroid cancer cells should

exist beyond the thyroid, they would result in a focal uptake of iodine and thus a good

target for surgery.

Early in the forties the first experiments were realized where radioactive isotopes of

iodine where given to animals in the search of using them [126] for treating thyroid ma-
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lignancy and detecting metastases. First results with patients follow from the group of

Seidlin et al. [298, 299].

The intra-operative detection of thyroid cancer metastases using non-imaging probes

has been proposed by several groups with different isotopes of iodine, e.g. [159,230], how-

ever, intra-operative gamma cameras have not yet been tried for the detection of such

metastases, but have huge potential in functional image-guided surgery.

There are essentially two radioactive isotopes that may be used: 123I and 131I . 123I is a

gamma emitter with more than 50 emission energies, being however 83% of the decays at

158.97keV. It can be then detected easily using the technology of 99mTc-detectors, showing

almost identical specifications. Biologically 123I can be imaged already half a day after ad-

ministration for two days (half life 13.27h) and implies a dose below 1mSv for the patient.

131I on the other hand emits at a significantly higher energy (81.7% at 364.49keV and

6.14% at 284.30keV). Accordingly conventional gamma detectors for 99mTc cannot be used.
131I-gamma probes have been made available for intraoperative use too. Their perfor-

mance is diminished in comparison to 99mTc-probes (spatial resolution only in the range

of 7mm and increased diameter and weight>200g). Gamma cameras can be used to image
131I , but to date no developments for intra-operative imaging are done. Due to the long

half life of 8.02d, images can be performed long time after injection, approximately 2 days

for proper tumor to background. The radiation dose can be as high as 15mSv.

3.3.4. Osteogenesis

In the case of cancer types concerning bones, the creating of new bone structures may also

be a good marker for malignancy. Since the fifties Leblond et al. have studied bone growth

using radioactive tracers [186]. Nowadays so called ‘bone scans’ are a standard procedure

to visualize fractures and look for bone metastases.

Tracers like 99mTc-hydromethane diphosphonate (known as 99mTc-HDP), 99mTc-me-

thylene-diphosphonate (commonly known as 99mTc-MDP) and 99mTc-2,3-dicarboxypro-

pane-1,1-diphosphonate (also known as 99mTc-DPD) are administered to patients and ac-

cumulate in regions with calcium content and in particular in areas with high levels of

osteogenesis [107].
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3.3. Intraoperative imaging systems for localization of primary tumors

The use of such techniques for intra-operative image-guidance are initial besides expe-

riences over 20 years, but show potential (e.g. [241, 323]). Technically due to the use of
99mTc, the performances are similar to the ones for MIBI. The logistics are good for the

intra-operative use: imaging can be done already 3h after injection. Further good images

can be acquired as late as 24h after injection.

3.3.5. Haem production

One of the most successful examples of functional imaging in the OR is the combination of

fluorescence transurethral optical imaging systems (fluorescence cystoscopy) and contrast

media like HexVix ® [151]. This method is used for the detection of bladder cancer. The

tracer used here is HexVix ®, a derivate of 5-ALA. Its chemical name is hexyl aminole-

vulinate, 5-ALA hexylester, 5-ALA hexylesther, aminolevulinic acid hexyl ester, hexam-

inolevulinate or hexyl 5-aminolevulinate. HexVix ®is an amino acid that presents a higher

accumulation in bladder cancer cells than in healthy bladder tissue [149]. 5-ALA is the

starting point in the normal biosynthesis of haem in human cells. Within the pathway of

haem, the substance immediately before haem is protoporphyrin IX (PPIX). This molecule

is fluorescent and can be excited with light of 375-440 nm (blue) emitting in the range

of 628-644 nm (red) [199]. PPIX substance seems to be processed also slower to haem in

bladder cancer cells increasing thus the relative fluorescence of these in relation to healthy

cells [149]. In clinical use, a cystoscope equipped with the proper illumination light and

filter system is capable of imaging PPIX. As a result tumor cells can be made visible in the

bladder and can be resected directly using the resection sling included in most cystoscopes.

In this particular case, despite the promising results, there is still some perseverance

needed. HexVix ®has not made it yet through the clearance of the U.S. Federal Drug

Administration (FDA), being thus only applied in Europe [25] (see latest FDA report [71]).

The 5-ALA approach can also be used in brain surgery where successes are considerable

beyond cost issues (e.g. [70, 218, 372], see also figure 3.24).

The hardware required for imaging 5-ALA is essentially equivalent to the one intro-

duced for fluorescence imaging in SLNB. Accordingly its real-time nature can be a highly

attractive point, whereas the reduced penetration is its bigger restriction.
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Figure 3.23.: White light versus fluorescence image. Bladder carcinoma in situ becomes

visible (red spot) over healthy tissue (blue). Image by Patrice Jichlinski of

CHUV Lausanne.

Figure 3.24.: Images from [70] showing meningioma marked with 5-ALA. In (a) tumor is

visible with bare eye and fluorescence image confirms it (b). Note that blood

covered areas of tumor are not visible in fluorescence mode. After resection in

(c) no visible tumor is found, however fluorescence shows a spot that proved

to be meningioma. In (e) in a further patient 5-ALA shows infiltration of

tumor in bone. Figures reproduced with permission of Springer Verlag.

56



3.3. Intraoperative imaging systems for localization of primary tumors

3.3.6. Calcification

Processes involving calcification in tumors result in changes in the X-ray absorption in

relation with the surrounding healthy tissue.

The histologic importance of calcifications in breast cancer is known since the fifties

(e.g. [99]). There are two major mechanisms that explain calcification in breast cancer:

secretion and necrosis. In the first, tumor cells start producing secretory vesicles with

significantly higher rates than normal tissue. They discharge in the extracellular matrix

forming thus calcifications in their surroundings. In the case of necrosis the calcification

happens in the debris of the dead cells passively [338].

X-ray imaging has been used to detect such calcifications for almost 50 years. If meant

to be used in the OR, the X-ray images have to be acquired intra-operatively, which can

be theoretically done using C-arm based systems (fluoroscopes) or directly intra-operative

CTs. Although both options are possible, there are two major problems: the logistics of

using such devices in the OR and the necessity for surgeons of having a radiologic training.

A common approach to avoid both problems is putting a marking in the lesion detected.

This approach was shortly mentioned in the beginning of these chapter recalling the tech-

nique of Voss [352] to fix a wire to the lesion seen in a further modality. Such technique

has now become standard and it is known as wire-guide localization (WGL) [171].

A very interesting alternative was proposed by the group of the European Institute of

Oncology in Milan. There a technique called radio-guided occult lesion localization (in

short ROLL) was developed [246]. There lesions with suspicious echogenecity and of non-

palpable nature are marked with a small amount of radioactivity and then they are local-

ized using a gamma detector or a gamma camera [250] (see also figure 3.25).

The technical specifications for such approaches are essentially the same as the ones for

MIBI-guided surgery or radio-guided SLNB, however there is a significant difference. The

radio-isotope concentration can be lowered by a factor of 100, as the tumor is marked di-

rectly. This results in considerably lowered patient and personnel doses (<0.2mSv patient

doses, <0.1µSv surgeon doses per operation).

Disorders in the calcification are also present in bone malignancies (e.g. [157, 268], see

figure 3.26). The use of intra-operative imaging is mainly done using fluoroscopy, but
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Figure 3.25.: Example of ROLL technique with intra-operative gamma camera [250]. (A)

shows gamma camera on top of resected tissue. (B) shows lesion removed in

the center and a trace of the movement of a radioactive pointer around the

specimen. (C) shows a different case where the lesion is close to the border of

the specimen. Image reproduced with permission of Springer.

also 3D approaches are under development in particular with the new C-arm flat panel

detector technology which is allowing high quality images which can be then used for 3D

reconstruction (e.g. [76]).

Figure 3.26.: Images from [157] to illustrate use of C-arm for imaging tumor with different

X-ray absorption than normal tissue. (A) C-arm used to produce 3D images

by rotating around anatomy of interest. (B) intra-operative images show os-

teoma and position of a tracked instrument. Pictures reproduced with per-

mission of Informa Healthcare.

Intra-operative fluoroscopy systems produce fast images (<0.1s) with high resolution

(<0.1mm), but produce a patient dose of up to 1mSv per procedure.
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3.3.7. Blood utilization and leakage

Increased blood utilization is one of the further characteristics of cancerous degeneration.

The faster metabolic activity of tumor cells results in the growth of first capillaries and later

bigger blood vessels to tumors. Similarly blood vessels show a bigger amount of leaking

in the proximity of tumors, making their detection easier based on the blood distribution.

In the previous section many methodologies for imaging blood vessels have been ex-

plained. Narrow band endoscopy, thermography, fluorescent imaging and Doppler ultra-

sound for example can be used to image blood vessels showing unusual placement and

structure.

In particular the leaking of blood in tumors is used in intra-operative imaging of gliomas

(e.g. [101]). The contrast medium used in that case is commonly gadopentetate dimeglu-

mine (also known as Gd-DTPA). This contrast medium is based on Gadolinium ions which

are toxic to humans, but are protected by a complex of diethylenetriamine pentaacetic acid.

Gadolinium on its own reduces the spin relaxation time of the surrounding tissue due to

its paramagnetic nature.

Figure 3.27.: Images from [101] show the first designed intra-operative MRI in 1994 (A) and

exemplary images of a glioma contrasted with Gd-DPTA in three different

stages of a surgery (B-D). Figures reproduced with permission of Taylor and

Francis.
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3.3.8. Receptor expression

Receptors are protein molecules embedded in the cell membranes of cells or free in the

cytoplasm. They are ‘docking’ stations of signaling molecules and contribute thus to the

cell communication process. Several receptors are over expressed in tumors. Among them

somatostatin, gastrin, bombesin, gastrin-releasing peptide, neurotensin, or neuropeptide

Y have been discussed in the literature [278]. They are also excellent targets to make can-

cerous processes visible.

In particular the somatostatin receptor has been widely explored for neuroendocrine tu-

mors. Several tracers are available for it including the somatostatin analogue octreotid (D-

Phe-c[Cys-Phe-D-Trp-Lys-Thr-Cys]-Thr(ol)). This analogue can be combined with 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (also known as DOTA) in order to create

complexes that include radioactive isotopes like 68Ga resulting in 68Ga-(DOTA(0)-Phe(1)-

Tyr(3))octreotid (or simply 68Ga-DOTATOC). 68Ga is a very interesting isotope which

can be produced in Ga-Ge-generators and emitts positrons with an end-point energy of

1899.1keV (88% of the decays). Accordingly, the penetration in tissue may be up to 9mm.

The half life of 67.63min of 68Ga allows only a short time for intra-operative use of 68Ga-

DOTATOC being images made 30min after injections for up to 4h. The short half time

of the isotope results however in a reduced radiation dose in the range of 3mSv. Initial

data has been made available to the public by high-energy probe providers on the use of
68Ga-DOTATOC in radio-guided surgery, but no major publication included those cases

yet.

In the field of low energy emitters, 111In has also be linked to constructions similar to
68Ga-DOTATOC. Such is the case of 111In-diethylenetriamine pentaacetic acid-D-[Phe1]-

octreotid (also known as 111In-DPTA-D-[Phe1]-octreotid, 111In-DPTA-octreotid or simply
111In-octreotid) or In-octreotide [87]. 111In decays with an interesting gamma emission at

171.3keV (90%) and a half life of 2.80d. Biologically imaging of 111In-octreotid is optimal

after 24h and can be repeated for some days. In radio-guided surgery early works like

the one of Oehrvall et al. [234] showed the feasibility of using unmodified 99mTc-non-

imaging detectors in combination with 111In-octreotid. Currently gamma probes are used

in several institutions to locate such tumors [124], however, imaging technologies have not
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yet been applied.

3.3.9. Structural changes

Beyond the processes mentioned in the sections above further more complex metabolic

pathways may be altered due to cancer. In particular some of them can be put together

under the title of processes resulting in structural changes. The most relevant of these

approaches are briefly reviewed in the following.

Echogenecity

Ultrasound imaging of echogenecity has been used to tell apart tumor from normal tissue

since the very early times of the technique. Changes in echogenecity are complex to be

explained and have to be determined from comparison with normal anatomy. Interesting

studies like the one of Mauerer et al. [198] have taken systematic approaches to filter out

characteristics. The problem in the end is that the surgeon is then obliged to become a

good radiologist and make decisions fast (see figure 3.28). Despite this, ultrasound use in

the OR is a standard of care in breast cancer, urological malignancies, etc.

Figure 3.28.: Ultrasonographic analysis of echogenecity of lesion in breast. Patient had next

to a biopsy proven breast tumor, two close fibroblastomas. Surgeon used im-

age to clarify the position of tumor relative to the same benignant structures.
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As in the case of calcifications, the problem of surgeons requiring a good training in ra-

diology has also been solved by means of the WGL and the ROLL technique. In the partic-

ular case that the structure to be marked is a lymph node and the modality used is US, the

ROLL technique is called radio-guided ultrasound lymph node localization (RULL) [324].

Elastic properties

Besides echogenecity, ultrasound however can be also used for elastography a further way

to visualize changes in structural changes resulting in elastic properties. Making elastog-

raphy from ultrasound is a relatively new procedure introduced only in the beginning

of the nineties (e.g. [239]) and has generated up to date over 1800 hits in PubMed. The

concept behind is the fact that ultrasound waves generate tissue compression. This com-

pression produces strain (displacement) in the tissue. The strain on the other hand is a

function of the elastic properties of the tissue. In this way, an ultrasound device is capable

of imaging strain along the axis of insonation, by analyzing the non-linear component of

the backscattered waves a good estimation on the strain can be done [286].

The application of ultrasound elastography in the OR is only in an early stage. Kato et

al. [155] or Schloz et al. [293] have introduced this technique intra-operatively in liver and

brain surgery.

Figure 3.29.: Example of intra-operative elastography of liver. (A) shows elastogram and

B-mode ultrasound of a lesion of type 3 showing a mosaic pattern with domi-

nant green areas. (B) shows a tumor with mosaic pattern with dominant blue

areas. (C) shows a blue homogeneous lesion with a obscure high-echo in the

B-mode scan [155]. Images reproduced with permission of John Wiley and

Sons.

There is also some work on other types of elastography for example MR elastography
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[142]. There the elastic properties of tissue are also obtained from mechanical vibrations

induced by the MR device and analysis of the wave propagation from the imaging data.

There is up to date no reference of the use of this technique in an intra-operative setup

although it is potentially applicable.

Magnetic spin relaxation

Among the magnetic properties of a given material magnetic spin relaxation plays a funda-

mental role in magnetic resonance imaging. The magnetic spin relaxation of a given tissue

depends on the chemical composition of it, being thus the source of contrast in normal

weighted MR images. In oncologic questions, MRI has been used for detection of tumors

since the very first human image [77].

In the OR MRI has been used mainly for image-guided resection of brain tumors (e.g.

[101, 110]), however some groups have proposed also its use for other pathologies like

liver metastases [203] and head and neck cancer [105], in both cases however rather in an

interventional setup.

Here the problem of a radiologic training for the surgeon arises, accordingly the WGL

and ROLL techniques are also standard since the nineties [306].

Auto-fluorescence

A further example of such abnormal processes is the modification in the amount and distri-

bution of endogenous fluorophores in cancerous cells in relation to healthy tissue. These

changes may be used with the aid of proper fluorescent devices to create images where

cancerous tissue may be highlighted from normal tissue based on their auto-fluorescence.

The list of fluorophores that play a role in tissue auto-fluorescence includes collagen,

elastin, fibrillin, flavin, indolamine (as monomer, dimer and trimer), lipofuscin, NADH

(reduced form only) and tryptophan [220].

The use of autofluorescence for intra-operative aid has essentially been restricted to en-

doscopic procedures (e.g. [161] and figure 3.30), but it is a very active field where also the

image processing community has put immense efforts.
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Figure 3.30.: Different patterns of lesions see with white light and autofluorescence false

colors. (A) and (B) show a lesion with pink color over green background.

(C) and (D) show a pink-greenish lesion over green background. (E) and (F)

show a pink-greenish lesion over purple background and finally (G) and (H) a

diffuse lesion over purple background. All four patterns cover almost 90 % of

all lesions as stated by the authors. Pictures taken from [161] and reproduced

with permission of Gut and Liver.

3.3.10. Future applications

Besides the list discussed in the past sections, there are important developments in label-

ing other functional processes in cancer. Some of them could be used with the current

technology for initial testing. In the following some of them will be mentioned together

with their biological rationale.

Protein synthesis

Metabolic active cells, as cancerous cells, show also commonly an increased protein syn-

thesis. Especially interesting are essential amino acids or amino acids that are extracted

mainly from food. One example of each of them are methionine and tyrosine respectively.

Nuclear medicine approaches to mark these amino acids have resulted in O-(2-18F -

fluoroethyl)-L-tyrosine (also known as 18F -FET or simply FET) [370] and [11C-methyl]-

L-methionine (also known as 11C-MET or MET) [292]. These tracers have had success

mainly in brain tumors as well as head and neck malignancies [251, 357].
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Fatty acid metabolism

Following with the major components of cells, fat is a further candidate to visualize abnor-

mal growth. In deed there are sufficient indications that there is an increased metabolism of

fatty acids in tumor cells. The major sign is the over expression of fatty acid synthase a key

player in the process. This enzyme is over expressed in a variety of tumors, such as breast

cancer [18], gastrointestinal stromal tumors [283], melanoma [145], head and neck [304] or

prostate cancer [90].

In consequence to this and taking into account the fact that acetate has been shown

incorporated in the cellular lipid pool of cancerous cells with increased fat synthesis [318],

makes acetate based tracers like 11C-acetate good markers for such metabolic disregulation

(e.g. [242]).

Choline metabolism

Choline is a salt that belongs to the essential nutrients for humans. Choline and its metabo-

lites are needed for (a) structural integrity and signaling in cell membranes, (b) neurotrans-

mission and (c) as source for methyl groups in the synthesis of S-adenosylmethionine.

An increased choline concentration in tumor cells has been observed in particular in

cancer types like prostatic cancer [133], where sugar metabolism and proliferation are not

high. This has resulted in many groups making use of this fact for imaging. Examples are

the nuclear tracers 11C-choline [260, 275], 18F -fluoromethyl-choline, and 18F -fluoroethyl-

choline [79, 264]. The intra-operative application of such tracers represents an interesting

potential, in particular in the detection of metastases.

The choline concentration however can be also imaged from its characteristic peak in MR

spectroscopy (MRS). In the case of prostate cancer this has become slowly a standard of

care in diagnostics (e.g. [345]). Initial work has been done to perform MRS in the OR [125].

Due to the big logistic issues, this however makes its use restrictive [247].

Hormone production

Hormone producing cells that degenerate to cancer often retain their character and even

over express it. Such is the case of catecholamines hormone active tumors.
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Figure 3.31.: Example of an MR spectroscopic image in prostate cancer from [345]. De-

pending on the choline to citrate ratio and information on the fat content the

choline can be used to localize suspicious regions. Figure reproduced with

permission of American Roentgen Ray Society.

Cathecolamines are neurotransmitters like dopamine, norepinephrine (noradrenaline),

and epinephrine (adrenaline). Molecules in that pathway have been used in the past in

order to visualize this tumors in nuclear medicine. There essentially 18F -L-Dihydroxy-

phenylalanine (also known as 18F -L-DOPA or FDOPA), 131I-meta-iodobenzylguanidine

(also known as 131I-MIBG) and 123I-meta-iodobenzylguanidine (also known as 123I-MIBG

play the major role [132].

L-Dihydroxyphenylalanine (L-DOPA) is a precursor of catecholamines on its own [195]

while the MIBG compounds are catecholamine analogues that utilize the amine precursor

uptake mechanism of such cells and end up being incorporated into vesicles or neurose-

cretory granules in the cytoplasm [38].

The use of such tracers in the OR has been restricted to radio-guided surgery with non-

imaging probes (e.g. [143]).
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3.3. Intraoperative imaging systems for localization of primary tumors

DNA replication

Uncontrolled growth is found among the symptoms of malignancy. Accordingly labeling

tissue growth or consequently cell divisions (cell proliferation) results in a strong tool for

localizing tumors in areas with low or controlled growth like the brain. As a pure func-

tional property, the most successful approaches also come from the side of the nuclear

medicine on the hand of 3-18F -fluoro-3-deoxy-thymidine (abbreviated as 18F -FLT or sim-

ply FLT).

FLT is an analogue of thymidine, one of the four bases of the deoxyribonucleic acid

(DNA). Accordingly it is incorporated by cells undergoing DNA replication, fundamental

step for cell proliferation [54]. To date FLT has proven to be an excellent tracer for early

detection of relapses in several cancer types including lymphoma [51], lung cancer [52],

etc.

Angiogenesis

A further potential marker for malignancy is angiogenesis, i.e. the growth of blood vessels.

Many particular biochemical conditions can be found in areas where blood vessels are

being created or repaired and this is the base for imaging them. Work has been done to

define molecules involved in the process. The best results come from the tripeptide 18F -

Galacto-RGD. This tracer images the expression of αvβ3-integrin [37]. It is expressed on

activated endothelial cells as well as some tumor cells. As a result this is in a good marker

for angiogenesis.

The group of Beer et al. has shown the usefulness of the tracer in a variety of cancer types

including brain tumor [291], breast cancer [36], head and neck cancer [35], etc. However

here also a use in the OR has not been reported yet. The possibility of using also low

energy tracers like 125I-Gluco-RGD [259] could open doors to intra-operative imaging.

Hypoxia

The increased metabolism often results in lack of oxygen in tumor cells. This fact can also

be used as a potential way of localizing tumors. Under hypoxic conditions (lack of oxy-

gen), radicals of nitroimidazoles cannot be re oxidized, which results in a binding of these
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to intracellular macromolecules. This prevents the back diffusion across the cell membrane

and results in an accumulation [243, 244].

Radioactively labeled nitroimidazoles can be for example 18F -fluoromisonidazole (also

called 18F -MISO or simply FMISO) or 18F -fluoroazomycin arabinoside (known also as
18F -FAZA or simply FAZA) [150,261]. They have shown good results imaging hypoxia in

head and neck cancer [175, 311], brain tumors [319], lung cancer [112], etc. A similar ap-

proach is the one of 64Cu-Cu(II)-diacetyl-bis(N4-methylthiosemicarbazone) (64Cu-ATSM

or Cu-ATSM) and relative biomolecules [109, 140].

A different approach to image oxygenation of tissue is using the so called blood oxygen

level-dependent (BOLD) MRI. In BOLD MRI, a type of functional MRI imaging introduced

in the early nineties [236], changes in the amount of oxygen that is bound to hemoglobin

molecules in tissue is measured.

Liu et al have used this techniques for intra-operative guidance of operations, but there

rather to visualize the active areas of the motor cortex that should be kept from harm in

neurosurgery [194]. Although not used as method for localizing tumors, it is thinkable to

go for hypoxia imaging during interventions in the tumor types mentioned before.

3.3.11. Summary

In the last subsections several approaches for making cancer visible in the OR were pre-

sented and potential extensions were discussed. Table 3.32 summarizes the approaches

that are being used in the OR at different levels.
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Proposed solution and used
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Chapter 4
Proposed solution

Intraoperative functional imaging is in its baby shoes and constraints on it are not minimal.

Nevertheless the conventional approach does not have to be the only one. Solutions and in

particular innovative solutions come often from combination of previously not combined

technologies or from porting solutions from different fields.

4.1. Introduction

Intuition brings often surprises with it, but it requires also a good deal of perseverance to

become successful. Back in 2004 that was actually the case. Prof. Nassir Navab had been

recently appointed Professor at the Technische Universität (TUM) and he was interested

in intraoperative applications. As Prof. Markus Schwaiger, from the Nuclear Medicine

Department of TUM, was involved in that appointment, Prof. Navab ended up discussing

with the Nuclear Medicine people and in particular with Dr. Sibylle Ziegler (now also

Professor), Dr. Maria Burian (Department of Surgery), Dr. Guenter Meissetschlaeger and

Dr. Morand Piert who were involved then in the evaluation of beta probes for control of

resection borders in cancer surgery .

The topic was tempting and promising. First, cancer was the number two killing cause in

developed countries. Second, beta probes were a novel intersting and elegant instrument.

The concept behind them was extremely straight forward. Tumors have a higher metabolic

activity than most healthy tissue and metabolize accordingly more sugar [309]. Sugar on
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4. Proposed solution

the other hand could be made radioactive and one particular radioactive sugar, FDG had

shown an impressive uptake and excellent tumor to background ratio in almost every

cancer type [113, 257]. If this radioactive sugar could be then detected intraoperatively,

tumor surgery could be performed guided with functional information.

As described in chapter 3, beta probes were especially designed for such means. The

major problem of these devices was however, the one dimensional nature of the data pro-

vided and the resulting difficulty to evaluate the readings in a wider context and without

the need of a ‘good’ spatial memory.

For our group the solution to such problems was clear. The use of tracking systems for

acquiring the position and orientation of the beta probes during the border control could

be used to generate an intraoperative distribution of activity on the scanned surface. This

distribution could then be superimposed onto the view of the surgical scene and thus be

used to guide the surgeon in the task of detecting the cancer cells with high FDG and thus

high metabolic activity uptake.

The implementation of such project was handed to Joerg Traub (now PhD) and me (both

members of the group at the Faculty of Computer Science) by the beginning of 2005. By

February 2006 a system combining beta probes and tracking was running. The device

allowed imaging radioactive surfaces and visualize them overlaid on the video of a tracked

camera (see figure 4.1 and [364]).

It was at that time that Prof. Navab met Dr. Farhad Daghighian (IntraMedical Imaging,

LLC, Los Angeles, California, USA) in Palm Springs and they came to the idea of testing

the combination of gamma probes and tracking in order to generate 3D nuclear images in

the OR. The idea was old in deed, since 1989, people had already proposed using radioac-

tive detectors and navigation systems [130]. It was probably however Dr. Irving Weinberg

(PEM Technologies Inc., Rockville, Maryland, USA) who first drafted the concept of do-

ing imaging using tracked radiation detectors [358] (see figure 4.2), being by far the first

implementation by the group of Prof. José Marı́a Benlloch (Instituto de Fı́sica Corpuscu-

lar, Valencia, Spain) shortly after [39]. Prof. Benlloch’s concept was directly derived from

Computer Vision. His team had an operational mini gamma camera, which he added

tracking markers in order to position it at particular orientations from an object. The im-

ages generated by the camera in each position and the information on the position itself
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Figure 4.1.: Augmented reality visualization of the acquired activity of a phantom’s sur-

face beta activity. Blue is high measured activity, white is low. The upper

number shows the measures of the real beta probe (which was turned off af-

ter acquisition), the lower number shows the simulated activity at the tip of

the instrument. On the right side the same scene as on the left is seen from

outside showing the simulated activity with the beta probe control unit turned

off [364].

was then used to find correspondences between hot spots and calculate the 3D position of

these by triangulation. The results ended up in two Spanish patents and a paper, but was

abandoned then.

Figure 4.2.: Patent by Dr. Irving Weinberg as published back in 2003 showing tracked

gamma hand held cameras for 3D reconstruction, both in a single photon setup

(fig.1) as well as in a coincidence imaging setup (fig.7) [358].

The idea of Dr. Daghighian and Prof. Navab was however slightly different from the

implementation of Prof. Benlloch. They considered using the readings of a tracked gamma

probe moved with the freehand, instead of gamma cameras, in order to generate an image.

As they did not believe that this could be possible, due to the ill-posedness of the approach,

Nassir recommended using the readings not for reconstruction, but rather for registration
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of intraoperative readings of a gamma probe and preoperative images.

Registration of preoperative images with gamma probe readings was a complex prob-

lem on its own. Following the conventional approach used in X-ray/CT registration, the

way to go would be to (a) project the 3D preoperative image in order to generate ‘virtual’

readings of a gamma probe, and then (b) minimize the distance between real and virtual

readings by changing a transformation between the coordinate system of the image and

the one of the tracking system (figure 4.3).

Projection of
PET image

Update
parameters

Transform
template

Model of
H matrix

Generate
transform

Probe poses in
sensor coordinates

PET image
in PET coordinates

Probe poses
in PET coordinates

H matrix in
PET coordinates

(Dis-)
Similarity

Previous
transformation
parameters

New
transformation
parameters

Transformation
matrix

Initial
transformation
parameters

Iteration

Evaluation of
(dis-)similarity

PET generated
probe readings

Probe readings

Figure 4.3.: Registration of tracked gamma probe readings with preoperative images (here

PET images). As the images used are PET images, the gamma probe to be used

is a high energy gamma probe. Figure taken from [361]

Another approach for the registration was to perform it completely in 3D. In that case

the tracked gamma probe readings were meant to be reconstructed into a 3D image, which

then be registered with the preoperative image. Actually nobody believed such approach

would have a chance, but it was then that the spark of inspiration shined. Why not try it

at least?

It took a couple of dark months to have the first implementation running. By December

2006 the first images were there, yet not really clear enough to speak of success, but there.

In March 2007 within the last two weeks before the deadline of MICCAI 2007, a conference
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to be hosted in Brisbane, Australia, and with the help of Tobias Lasser, finally 4 hot spots

of radioactivity shined on the monitor of the system, the first evidently correct images of

what would be later called freehand SPECT were there (see figure 4.4 and [362]).

Figure 4.4.: (A) First reconstructed 4 hot spots using freehand SPECT overlaid on the video

image of a tracked laparoscope. (B) reconstructed slice using freehand SPECT

concept vs. (C) corresponding PET slice [362]. The spots were double marked

with 99mTc and 18F allowing to validate the low energy spots reconstructed

with freehand SPECT with PET.

4.2. Image generation in 3D preoperative imaging

Freehand SPECT is only one example of a completely new approach of 3D functional imag-

ing. Such imaging combines all advantages of preoperative 3D imaging and non-imaging

or 2D intraoperative probes. It also fulfills intrinsically many of the constraints analyzed

during the last chapters.

The key for such an imaging approach lies within the way of generating fully tomo-

graphic data sets from projections. Tomography in medical imaging has been exploited

widely in the past. X-ray computed tomography (CT) for example uses a full set of 2D X-

ray projections acquired around the object of interest. This set of projections is then ‘back

projected’ in order to generate 3D images. Similar is the approach used in SPECT imag-

ing. There the projections are planar scintigraphic images and commonly the algorithms

used are more sophisticated than the back projection methods used in CT. The reason for

the need of more complex algorithms to generate 3D images from a set of 2D scintigra-
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phies comes from the fact that the mathematical assumptions on the projections diverge

too much from the ones valid in most cases in reality, besides perhaps in the case of CT.

Algorithms meant to generate 3D images from projections are often referred to as recon-

struction algorithms. The problem to be solved by those algorithms in mathematical terms

is the determination of a function f in 3D given a set of projections functions gT in 2D. f

is normally a scalar function of space (f(~p)), gT is on its own a function of two parameters

(x, y) and of course on the relative position it was acquired from T in relation to the coordi-

nate system used for f . Typical functions f can be the X-ray attenuation, the radioactivity

concentration, the echogenecity distribution, the fluorescence density, etc. The images gT

are directly related to f being for the latter examples 2D images of the transmitted X-rays,

the detected radioactive emissions, the reflected echo or the emitted fluorescent light.

Finally reconstruction algorithms can be stated as problems where the equation

gT (x, y) = h(f(T (~p))) (4.1)

has to be inverted. The mapping h tells the way the desired function f(~p) has an influence

on the detected signal gT . In mathematical terms the mapping h takes a volume of interest

in space ROI ⊂ <3 and brings it to 2D projections, i.e. <+
0 ×<

+
0 :

h : ROI 7→ <+
0 ×<

+
0 (4.2)

Accordingly it is strongly dependent on the modality to be considered: the detection

process, the signal propagation, the interaction of the signal with the body, etc. In order to

give an example a fairly good model for the mapping of the X-ray attenuation distribution

inside a body generated by a point source X-ray is given by:

gT (x, y) = I0 exp

�
−
Z
S(x,y)

f(T (~p))ds

�
(4.3)

where S(x, y) is the line from the emission source and the detector element (x, y), I0 is the

intensity of the X-ray source and f(T (~p)) is the X-ray attenuation in the coordinate system

of the detector.

In preoperative imaging, depending on the type of acquisition, two radical different ap-

proaches are available for inverting such mappings from a set of 2D images {gi}: analytic
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and iterative reconstructions. The first is fundamentally used in cases when the projection

set is a complete and dense set as they base on geometry. The back projection algorithm is

a classical example of it. For the given X-ray point source imaging case mentioned above,

the inversion of the given mapping is given by:

f(~p) =
ZZ

Ω(~p)

¨
ln

�
−
gT (ω)(x, y)

I0

�
d2~ω

«
(4.4)

where Ω(~p) is a the half sphere around point ~p and gT (ω) are 2D projections on the said

half sphere.

In contrast to analytic reconstruction methods, iterative reconstruction methods allow

more flexibility with worse performance in terms of computational burden. They require a

discrete problem statement. In practical terms, since the projections are in general acquired

by array sensors, the functions gT are discrete functions defined only in a finite number of

points, i.e. gi for a finite set of i. For the function to be reconstructed f , a basis function φ

is used to discretize the problem. The discrete values of f at position ~pj , denominated fj

can be interpreted as

fj =
Z
φ(~p− ~pj)f(~p)d3~p. (4.5)

Figure 4.5 shows such a discretization using a pulse function for φ.

Figure 4.5.: Discretization of the volume distribution to be determined, here a 2D example.

Given this discretization and assuming a linear relation between the reconstructed vol-

ume and the projections, the problem of reconstructing an image from projections can be

stated in terms of

~g = H~f, (4.6)
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where all variables are vectors or matrices. In particular, ~g orders in one vector all Nmeas

values of all projections gi1, ~f groups all Npos values fj of the volume to be reconstructed

(as shown in figure 4.6) and H is the so called system matrix of the acquisition system of di-

mensionNmeas×Npos. Each element of the system matrix describes the linear contribution

of each volume element to each projection element.

f j
jElement

f ∈matrix nmo×1

f ∈matrix n×m×o

Figure 4.6.: Reshaping of volume into a vector. Here nmo = Npos.

The reconstruction problem is then, as posed above, the problem of solving a linear

equation system and it is here were iterative reconstruction algorithms can offer solutions.

For the sake of discretization the problem is stated as a set of equations:

gi = Hi,jfj . (4.7)

Probably the most well known iterative reconstruction algorithm is the algebraic recon-

struction technique (ART). There the algorithm of reconstruction considers every projec-

tion as a constrain to the set of possible solution and modifies it in order to satisfy the said

constraint. In the absence of errors and noise, the use of every projection on the previously

modified solution iteratively converges to a solution where all constraints are satisfied.

Figure 4.7 shows this for a two projection case.

In practical terms the ART reconstruction reduces to an iterative formula where the up-

date of the solution is done by adding a term proportional to the subtractive error for each

1Nmeas is the multiplication of the number of projections times the amount of pixels/projection elements of

them.
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Solution

1
2

3
45

Eq. 2

Eq. 1

Initial
guess

Figure 4.7.: Algebraic reconstruction technique (ART). Each projection implies a constraint,

here shown by an equation. The solution is when both equations are satisfied.

Starting with an initial guess the algorithm moves the solution to satisfy equa-

tion 1. Then it moves to fit equation 2 and so iteratively until the solution is

met.

projection in each iteration. One has

f
(n+1)
j = f

(n)
j +Hi,j

 
gi − η(n)

X
k

Hi,kf
(n)
k

! X
k

H2
i,k

!−1

, (4.8)

where Hi,j is the entry at row i and column j of H and η is a so called relaxation factor that

commonly is reduced for increasing iteration number, i.e. η(n) is a monotonically decreas-

ing positive function. f (n)
j is the value of fj as calculated by the algorithm in iteration n.

In the case of ART, all voxels are updated simultaneously with each projection.

Both analytic and iterative reconstruction problems however are as inversion techniques

dependent on a proper sampling and suceptible to noise. In preoperative imaging this

problem is attacked from different sides: the acquisition, the model and the reconstruction

algorithm.

On the side of the acquisition, the best way of guaranteeing a proper reconstruction is

providing a full set of projections. In the case of axial CT for example projections are ac-

quired covering 180 degrees in equidistant steps of a circular trajectory. In SPECT up to

three planar gamma cameras allow acquiring also projections covering 360 degrees in con-

stant steps [366]. The technical implementation relies on gantries along which the detectors

rotate.

81



4. Proposed solution

Is such an acquisition not possible, then one speaks of limited-angle tomography, where

projections are missing and some prior information is needed to avoid artifacts [30, 147].

Yet in those approaches the images are commonly acquired in equidistant steps and fol-

lowing a symmetric trajectory using specialized gantries.

More interesting is the case of non-circular trajectories used in state-of-the-art SPECT

devices. In those cases, for each step the detector is placed as close to the object of interest

as possible. The resulting trajectory is similar to an ellipse, but might not necessarily be one

[14,330]. Further interesting approaches are the ones of the company Spectrum Dynamics,

Haifa, Israel, where small gamma cameras sweep over the heart of a patient and generate

3D images of it from a quasi-symmetric set.

Longer, homogeneous or denser sampled acquisitions are also a proper approach to

improve the quality of reconstructions as seen in clinical protocols of PET and SPECT,

where the acquisition time is a function of the expected uptake and the desired signal to

noise ratio. All these result, however, in additional time which plays a negative role in

terms of motion artifacts and logistics.

The use of gantries brings in it a further advantage, the region to be reconstructed can

be easily defined. For most preoperative systems the region to be reconstructed is merely a

cylinder with the radius of the accessible space of the gantry and a length which is selected

by the operator of the device depending on the anatomy to be scanned. Some systems in-

clude a ‘topographic’ image (i.e. image for means of orientation in relation to the topogra-

phy patient) to help on the latter selection. That image is a very fast 2D anatomical image

(for example in CT or MR devices) used to select the region to be reconstructed before a

time consuming or radiation involving 3D acquisition.

On the side of the model, as normally the reconstruction problem represents an ill posed

problem, it is of fundamental importance that the information provided in the system ma-

trix is sufficient for a valid reconstruction (for example on effect of errors in modeling on

reconstruction see [266]), the geometry of the detectors (e.g. [189, 258, 267]), the detection

process (e.g. [189,313]) and the interactions of the gamma rays with the body can be mod-

eled analytically [219, 240, 343] or simply acquired point-by-point (e.g. [249]).

Finally the reconstruction algorithm can be used to improve quality too. The more ad-

ditional information on the object or the physical process to be reconstructed is added,
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4.3. From preoperative to intraoperative 3D imaging

the better the results are. For example if a nuclear image is to be reconstructed with an

iterative method, generally the maximum-likelihood estimation maximization (ML-EM)

would perform better than merely algebraic methods like ART as it includes information

on the Poisson nature of the detection process [343].

Another strategy is to include information on the anatomy. This was the case in old

PET or SPECT devices which used a so called transmission scan introduced in the fifties

for SPECT [177]. Current PET/CT and SPECT/CT use the CT for attenuation correction

and constraining the reconstructed images as proposed already for the first hybrid imagers

[163].

4.3. From preoperative to intraoperative 3D imaging

The reconstruction approach presented before is essentially general. Adapting it to the

constraints of intraoperative functional imaging would yield an intraoperative 3D func-

tional imaging system.

The major constraint and resulting change comes from logistics. As described in details

in chapter 2 workflow changes are hard to carry out and result in dead ends for innovation.

In that sense approaches involving big hardware and changing the access of the surgeon

to the patient are unlikely to be successfully integrated in the OR. From the analysis in

the state-of-the-art chapter the technologies that fulfill this constraint are either hand held

or arm-mounted devices. The use of those technologies for 3D imaging, however brings

with it a major issue if meant to be used for OR: there is no gantry. Accordingly it is

not possible without further hardware to determine the relative position of the projections

to the region to be reconstructed. Moreover and more important it is complicated if not

completely impossible to obtain symmetric and complete sets of projections (see figure

4.8).

In order to solve this issue the approach of our group in 2004 could be used. A position-

ing sensor could be fixed to the detector and its position could be acquired simultaneously

with its reading. In the case of arm mounted systems, even a robotic solution could be an

option. In any of both cases, a proper synchronization between positioning information

and read-out is of course of major relevance.
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4. Proposed solution

Figure 4.8.: Comparison of projections for a gantry based system (A) and a ‘freehand’ ac-

quisition system (B), i.e. arm-mounted systems or hand-held systems. Nor-

mally gantry systems have a big field of view, allow the acquisition of a com-

plete set of projections, however cannot come too close to anatomy. In contrast,

in a ‘freehand’ acquisition system the field of view of the detector is small,

the projections are far from symmetric however can be taken very close to the

anatomy.
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4.3. From preoperative to intraoperative 3D imaging

The loss of symmetry automatically makes it probably impossible to use analytic ap-

proaches for reconstruction. The problem is however that iterative methods cannot be

applied directly as it becomes very hard to precompute entries of the system matrix as the

relative position of the region to be reconstructed and the detector is not known before the

acquisition starts.

Leaving out the gantry implies also changes in the used detectors. If the detectors are

meant to be hand-held a maximum weight of 500g is tolerable. In the case of arm mounted

systems a maximum weight could be in the range of 5 to 10kg. Changes in weight imply

changes in size and with it the possibility of coming closer to the anatomy of interest and

the reduction of the field of view, what at the end also reduces the amount of acquired

information.

In summary the changes resulting from abandoning the gantry concept are displayed in

table 4.1.

In the following only the hand-held devices will be considered for 3D functional imaging

in the OR as they are the main topic of this thesis. The reason is that they are farther

away from conventional preoperative functional imaging. The constraints for them are

significantly harder, than the ones of arm-mounted systems. From tables 3.9, 3.17 and 3.32

the available hand-held technologies can be seen in figure 4.9.

Figure 4.9.: Commercially available hand-held systems for intraoperative use: (A) optical

camera, capable of narrow band imaging, (B) fluorescence camera, (C) optical

spectrometer, (D) mini gamma camera, (E) beta camera, (F) gamma probe, (G)

beta probe, (H) ultrasound probe and (I) thermal camera.
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4.4. 3D functional imaging with tracked probes

4.4. 3D functional imaging with tracked probes

In the last section the gantry of conventional 3D imaging systems was abandoned in order

to enable workflow integrated intraoperative imaging. In this section the different steps

of image reconstruction are considered given the starting point that the detectors used are

hand-held.

4.4.1. System architecture

The combination of tracking technologies and hand-held detectors for 3D imaging results

in changes in the system architecture of the 3D imaging system. The components proposed

by our group were a hand held detector with means for being detected, a tracking system

capable of determining the position of a hand held detector, a data processing unit capable

of collecting the read-out of the detector and the tracking system, process it and generate

an image to be visualized in a display unit (see figure 4.10).

Figure 4.10.: Architecture for 3D functional imaging with hand held detectors as proposed

in this work.

Clearly the hand-held detector does not need to have a proper sensor as such if the

tracking system is capable of figuring out its position by other means, like for example

from image recognition if the used tracking system is based on optical cameras. Neverthe-

less in most cases, the existance of a tracking sensor would be given.
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4.4.2. Dimensionality of the problem

From the discussions above the options for image reconstruction are restricted to iterative

reconstruction approaches. The reconstruction problem is then stated accordingly to equa-

tion 4.7. In case of 1D detectors gi is a single value, and i is an integer related to a time ti.

As a result H has a row for each acquisition (Nmeas measurements) and a column for each

voxel (Npos) in space to be reconstructed (see figure 4.11).

Figure 4.11.: Left: Single row of a system matrix for a nuclear probe. The line is meant to

symbolize the position of the gamma probe. The color gives the value of the

Hi,j : darker means higher value and lighter less. Discretization used is 5mm

in a volume of 300x300x300mm3. Right: Column of same system matrix for

800 measurements at 20fps. Sharp drops of signal have to do with the total

absorption of collimator.

In case of 2D detectors gi is an image of Sx × Sy in 2D acquired at time ti. The system

matrix has then SxSy ×Nmeas rows and Npos columns.

4.4.3. Definition of region to be reconstructed

One aspect mentioned during the analysis of the difference between gantry-based and

freehand systems was the fact that the region to be reconstructed is not trivially defined.

The problem has its origin it the lack of a natural origin for space coordinates. Ideally

such origin would be the patient, but even in case the patient is tracked using tracking

sensors, the relation between the positioning sensor and the region to be reconstructed in

the patient has to be defined.

There are many approaches to solve this issue. The first and most trivial is the fixation of

the positioning sensor at a known position relative to the anatomy. This solution despite
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4.4. 3D functional imaging with tracked probes

being simple and easily applicable is very suceptible to user errors. Placing the tracking

sensor slightly tilted would tilt the complete region to be reconstructed in relation to the

real anatomy.

A better solution is the ‘calibration’ of the volume of interest. This can be done by touch-

ing with a tracked pointer on anatomical points on the body of the patient and then calcu-

lating from the 3D coordinates of those points the region to be reconstructed. An example

of that implementation was used during the major part of this work (e.g. figure 4.12).

Figure 4.12.: (A) shows landmark points used for the definition of a region to be recon-

structed for SLNB in breast cancer. (B) shows the procedure of clicking on a

patient with a tracked pointer, here a gamma probe (blue points) and (C) the

resulting region to be reconstructed overlaid on the video image.

A more intelligent solution for defining the volume of interest is to use a measure to rate

the amount of information collected while scanning for a region in space. The volume of

interest would then be the area having a minimal amount of information in terms of ||H||2.

A possible implementation for a rectangular volume of interest is shown in figure 4.13.

Such idea can be extended to non-rectangular regions of interest by defining the vol-

ume of interest as a list with positions in space where the information amount is above a

threshold. The threshold will be of course highly dependent on the type of information

collected.
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Figure 4.13.: Automatic calculation of rectangular volume of interest from information col-

lected during a freehand scan. Images show the collected information as

scalar value, being green areas with high amount of information and red areas

with little or no information. By projecting this information in each axis and

applying a threshold, a rectangle in cyan can be selected as area of interest.

There are however problems hidden in this approach. The reasoning behind it is that

regions with little information are not of interest and do not have to be considered for

imaging. However, if an unexperienced user does not cover the region of real interest,

such will not be considered. Also artifacts may arise if the region scanned does not con-

tain the source of the detected signal. These issues will be discussed in the exemplary

implementation of the proposed 3D functional imaging approach in Part III.

4.4.4. Calculation of the system matrix

As stated in the last section, for hand held detectors, it is not possible to precalculate the

system matrix. The reason is quite logic: the movement is freehand and cannot be pre-

dicted. As a result a 3D imaging system as described here has to be able to calculate its

system matrix ‘on the fly’.

As the system matrix plays an extremely relevant role on the result, the calculation of

system matrices on the fly has to be as precise as possible and include as much information

as available, while at the same time being simple and fast. There are essentially two options

to attack such problem: through look-up tables and interpolations or through physical

models. In the first a black-box approach can be used where each entry Hi,j of the system
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matrix is interpolated from the relative position and orientation of the detector at ti to

the given voxel j and a previously acquired set of data comprising the sensitivity of the

used response in space from a unitary point source of the signal to be detected. Such an

approach is also used in preoperative imaging (e.g. [249]). An implementation for non-

imaging probes can be seen in figure 4.14.

Figure 4.14.: (A) shows an example of a positioning table used to generate the readings

needed for producing the look-up table for a hand held beta probe. (B) is an

exemplary set of data produced by the said positioning table at a constant

height. The red axis show two of the coordinates in the look-up table.

The second approach involves developing physical models that model well enough the

detection process, as well as include some knowledge on potential effects due to the trans-

fer of the detected signals through different media. In other words, what is needed is a

model of the mapping h discussed in the latter sections. A very simple example would be

the case of a 1D beta detector. There h maps to <+
0 . A very simple model for h would then

be:

h(d, α) =
S cosα

2

8<:1− 1q
D2

4d2
+ 1

9=; , (4.9)

where d, D and α are defined as in 4.15 and S is a constant indicating the intrinsic sensi-

tivity of the probe in cps/Bq. Such model can be then used to fill a system matrix if d(i, j)

and α(i, j) are known.
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Figure 4.15.: Very simple model for beta detection considering only geometric effects.

4.4.5. Positioning of detector and patient

The idea of our group included the use of a tracking system in order to get the position and

orientation of the detector for each acquired read-out. In practice, most of the implemen-

tations for tracking systems base on the use of tracking sensors in general terms which are

placed on the object to be tracked. These sensors have to be fixed if possible to the tracked

object and have to be able to be used in the OR. This is a non-trivial step, as there are ma-

jor constraints on sterility, electrical compatibility, as well as performance for the tracking

systems that may increase the complexity of the 3D functional imaging solution.

On the side of medically applicable tracking systems, essentially two technologies have

made it to series: infrared optical tracking and electromagnetical tracking. Both technolo-

gies perform fairly well in terms of accuracy (range of 0.2-2mm), refresh rate (range 20-

80fps), tracking volume (range of 50x50x50cm3), etc. and are used in uncountable applica-

tions in surgical navigation.

In the case of the first (to be described in details in chapter 5) a so called tracking target

has to be attached to the instrument to be tracked, here the hand held detector. Such

tracking targets commonly cannot be used under standard sterile covers and have to be

clipped or fixed at the beginning of every use to the detector to be used. Accordingly they

have to fulfill requirements on sterility. In the case of optical tracking, it is important to

consider also the fact that the line of sight between tracking target and the tracking system

has to be gived. So handling of the detector has to be considered seriously, as well as the

positioning of the tracking system.

On side of electromagnetical tracking, normally small wired sensors are placed on the

tracked instruments. Those sensors do not require a line of sight like the optical system and
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can be thus placed below any needed sterile cover. Nevertheless the volume of tracking

is reduced and special care has to be taken on potential disturbances by metallic materials

and electromagnetical fields.

Having the position and orientation of the used detector is not all what is needed. As

described above the position of the volume of interest has to be known, as the relative

position between detector and region to be reconstructed is needed for the calculation of

the system matrix. This can be solved by considering also a tracking target or sensor on

the patient. The position of it in relation to anatomy has to be such, that the surgery can be

performed without disturbances, but yet to be as close to the operating situs as possible to

avoid deformation.

Finally with proper target definition readings of the used detector and volume of interest

can be put in the same coordinate system (see also figure 4.16).

4.4.6. Calibration of detector

Placing a tracking target or a tracking sensor on a hand-held detector does not fulfill the

complete task of getting the detector readings in the same coordinate system with the

volume of interest. Depending on the detector to be used the process of calculating such

transformation, commonly known as calibration, differs.

For 1D sensors like nuclear probes, optical probes or magnetic probes essentially the

calibration requires the localization of the sensing part of the probe in relation with the

tracking target. Figure 4.17 taken from [361] shows the process in an image.

In the case of 2D sensors, the process of calibration is slightly harder. There not only the

position of the sensor has to be determined in the coordinates of the tracking system, but

also the transformation between this and the plane of imaging is needed.

For systems like optical cameras (potentially also thermal cameras, gamma cameras and

fluorescent cameras) a standard camera calibration procedure can be used. In it a known

2D pattern, for example a chessboard pattern of known size can be used to determine the

intrinsic parameters of the camera from a set of n > 10 frames using a standard algorithm

for camera calibration [129] (see figure 4.18). From this procedure the projection matrix P

to map three dimensional points onto the image plane can be estimated.
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Figure 4.16.: Needed transformation in order to place readings of a hand held detector

(here gamma probe or ultrasound probe) in the same coordinate as the vol-

ume of interest. The transformations from the tracking system (in this ex-

ample an optical system) to the tracking targets of both detectors, as well as

the transformation to the patient target is provided on real-time by the track-

ing system. The transformation between the patient target and the volume

of interest was discussed in section 4.4.4, while the calculation of the trans-

formations from the tracking targets of the detectors to the sensor or plane

respectively comes from the detector calibration step (4.4.6).
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t

Figure 4.17.: High-energy-gamma-probe with attached tracking target. The configuration

of the markers is on a line which matches per construction the axis of the

sensor. Due to this geometric trick it is sufficient to calculate the distance from

the tracking to the sensor in order to derive the complete transformation.

Figure 4.18.: Calibration board image during calibration. Image processing algorithm de-

tects corners of board tiles and given the known dimensions of it estimates

the focal length of the camera, as well as it principal point.
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In the second step, based on the same frames, the rigid transformation between the cam-

era target coordinate system and one at the camera center (image) can be computed. This

is done by applying hand eye calibration [78] using corresponding poses of the camera in

the chessboard coordinate system and poses of the tracking target in the tracking coordi-

nate system. Any known point in coordinate system can thus be projected into the image

plane.

For systems like ultrasound the calibration normally consists also in an optimization

procedure, based on images of known geometries. One typical example is the single-wall

calibration method of Prager et al. [263]. Several positions and orientations of the ultra-

sound probe’s tracking target as well as corresponding images of a wall inside a water

bath are acquired synchronously. The lines corresponding to the planar wall can be au-

tomatically segmented and used for the computation of all calibration parameters. As

suggested by Treece et al. [336] the temporal offset between US acquisition and tracking

for better data synchronization can be determined too. Here, like in the camera calibration,

the use of a calibration protocol to ensure numeric stability for all degrees of freedom of

the transformation is important.

4.4.7. Synchronization of signals

Given that the detector to be used in the architecture proposed here is not triggered, it is

important to count with a good synchronization between the positioning information and

the readings of the detector. In order to offer such a synchronization a good alternative is

to use ring buffers and time-stamp matching.

In that approach, on arrival on the computer in charge of synchronization, the packages

of information from the different sources are parsed and a time-stamp is added to them

and stored in a ring buffer. Starting then from the slower data-stream, the synchroniza-

tion succeeds on arrival of each package of the said stream to the computer. In this step

the closest time-stamp of the faster signals to the latest time-stamp of the slowest one is

selected as corresponding one. If a fixed delay is known in any of the data-stream it can be

subtracted from the time stamp.
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4.4.8. Summary

As noted in the last sections, several issues have to be completely rethought when doing

3D functional imaging without a gantry and in the operating room. The aspects mentioned

here are only among the most relevant examples, but do not cover them all.

The key issues are:

• System architecture
• Dimensionality
• Definition of region to be reconstructed
• Calculation of the system matrix
• Positioning of detector to patient
• Calibration of detector
• Synchronization of signals

In order to validate the approach and confirm that the proposed solution is at all pos-

sible, in the coming chapters an implementation for 3D nuclear imaging in the OR is de-

scribed in detail.
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Chapter 5
Overview of Used Technology and

Methods

In the last chapter a new approach for 3D functional intraoperative imaging was presented

and its difference to the conventional approach for image reconstruction in a preoperative

setup highlighted. The present chapter summarizes the technology and methods used in

this work to design and implement such a 3D functional imaging system in the particular

case of the freehand SPECT system to be described in detail in part III.

5.1. Tracking Systems and Navigation

As discussed in chapter 1, the application of imaging systems during surgery, such as the

growing intra-operative use of mobile C-Arms [44, 92, 106, 217, 279], interventional MRI

(magnetic resonance imaging) [17,192,382], and hand-held or catheter ultrasound devices

[274,305,333] is defining advanced medical procedures [255,378]. However, one particular

aspect not mentioned in the last chapters is the fact that visualization of this immense

amount of data in the proper position and orientation, as well as in an appropriate way, is

a major issue if the surgeon wants to take advantage of them.

As a solution for this, in advanced operation theaters spatial localization systems (track-

ing systems) have been introduced to estimate the position and orientation of instruments

and the patient, and thus provide a reference for guidance in a common coordinate sys-
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tem [40, 43, 182]. Such integrated systems display the basic anatomical structure and the

relative position of the instruments, thus making the information of one image modality

visible in other ones. Furthermore, in case of the availability of a preoperative plan these

systems may transfer these plans to the OR and keep track of the correct realization of the

planned steps and thus guide the surgeon.

Commonly used tracking systems for intra-operative guidance are systems using elec-

tromagnetic tracking and optical tracking. Exemplary applications using electromagnetic

tracking are realized by Cleary et al. [68] for navigation in radio-frequency-ablation of the

liver, and Mori or Hautmann [223, 334] for bronchoscope navigation. Applications using

optical tracking systems have been published for example by Shahidi et al. and Feuer-

stein et al. [96,301] for laparoscope augmentation, by the group of Heining, Sauer, Traub et

al. [135, 290, 335] for augmented reality in situ visualization, or by Birkfellner et al. [41] for

navigation using a head-mounted operating microscopes. Some applications are proposed

that use a combination of both systems [42, 229]. As long as the line of sight is available

the external optical tracking system outperforms the electromagnetic tracking in terms of

accuracy and robustness. Subjects of tracking are medical instruments [40, 182] and imag-

ing devices like C-Arms [92,216,280], ultrasound probes [88], or endoscopes [223,301] and

the patient himself [280, 368].

Tracking and navigation also allow advanced visualization and thus an improved use of

the available multi-modal data. Techniques that fuse the view of the real world with pre-

operative or intra-operative imaging data in real time in three dimensions [23,24,213] seem

to be an upcoming technology. This is often referred to as augmented reality [360]. Azuma

defines Augmented Reality as combination of the real and virtual world, which is interac-

tive in real time, and is registered in three dimensions [23]. An example of such visualiza-

tion can be seen in figure 5.1. This technique has been applied in medical prototypes for

example in microscope surgery [41, 164], needle biopsy and therapy [97, 158, 207, 212, 290],

or various laparoscopic interventions [96, 108, 226, 229, 238, 301] for sinus, spine, and ab-

dominal surgery.

A tracking system provides the position (3D) and orientation (3D) of an object inside a

certain tracking volume. In the case of optical tracking, the determination of the position

is done by means of triangulation of objects detected in more than two cameras [19, 115,
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Figure 5.1.: Augmented reality visualization of a 3D rendered CT data set with different

transfer functions and algorithm to avoid overlaying virtual data on surgical

hand shoes. Image courtesy of Dr. Oliver Kutter from the Chair of Computer

Aided Medical Procedures at TUM.

129]. To allow a robust tracking, the tracked objects are provided with tracking targets

that present a big contrast to the background and can thus be easily segmented from the

camera images. An example are infrared markers, which reflect infrared emissions very

well in comparison to the rest of the objects in the operation room [46, 85, 355] (see figure

5.2).

Figure 5.2.: Image of infrared camera used in a tracking system versus image of opti-

cal camera taken from a very close position and in the same direction. The

retroflective spheres show an incredible contrast in relation to other structures

around.

In figure 5.3, an example of the output of such a tracking system by A.R.T. GmbH (Weil-

heim, Germany) is shown.

Furthermore in order to be able to detect more than the 3D position of markers, fixed

configurations in space are used [32, 265]. By comparing the relative distances of the de-
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Figure 5.3.: Screenshot of software used by the optical tracking system of A.R.T. GmbH

(Weilheim, Germany) to determine the 3D position and orientation of targets.

In the ’Monitor’ window, the images acquired by four used IR cameras are

shown. The IR reflectors appear as green and yellow crosses and dots. The

background window shows the position and the orientation of the different

detected targets that were previously defined. Visit www.ar-tracking.de for

further details.

102



5.2. Gamma Probes

tected 3D points these configurations can be found and their relative orientation to the

reference coordinate system can be calculated. An example of a tracking target is included

in figure 5.4.

Figure 5.4.: Exemplary IR marker target. The IR reflecting markers are distributed in a way,

such that no ambiguities arise when calculating the pose based on the relative

distances.

To include navigation, the tracked objects are also ‘followed’ by algorithms like Kalman

or particle filters in order to include time information to make the calculation of the pose

more robust. Indeed these algorithms are nothing but filters in the time domain that

smooth the data using the expected dynamics. This makes their output robust for out-

liers [46, 85, 355, 384].

The present work will concentrate on infrared optical tracking. Details on the imple-

mentation and the different calibration procedures done are presented in chapter 7.

5.2. Gamma Probes

Hand-held probes are nowadays common diagnostic devices especially during surgery.

As discussed in chapter 3 and shown by Povoski et al. in [262], intra-operative nuclear-

assisted tumor localization is dominated by nuclear probes. The output of probes is just a

one dimensional signal usually not constant in time. The main advantages of such devices

lie in the portability, simplicity, and the possibility of miniaturizing them for the investiga-

tion of cavities for instance mounted on endoscopes. Moreover since each measurement is

not restricted to be at a certain position with respect to the previous one, probes allow the
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scan of arbitrary surfaces with a spatial accuracy only limited by the physical size of the

detector.

Internally gamma probes commonly include scintillating crystals in which gamma rays

interact and produce a proportional amount of light to the deposited energy (energy ab-

sorbed from the gamma ray). Such light can be then guided to a light sensor, like a pho-

tomultiplier tube, an avalanche photodiode or an array of those working in Geiger mode

(so called Silicon photomultiplier). The resulting amplified pulses (one per detected ray

and with energy-encoded amplitude) can then be digitized (see figure 5.5). Further ap-

proaches include the use of silicon detectors for direct detection of gamma rays where

incoming radiation generates hole-electron pairs that can be detected and put in relation

with the energy deposited by the gamma ray, like CdZnTe detectors.

Figure 5.5.: Mock-up of gamma detection process. In (A) a gamma (1) hits the scintilla-

tor crystal (2) of the gamma probe. The energy absorbed produces a spark (3)

whose light is guided over a light guide (4) to the control unit of the device. In

(B) the incoming light (5) hits the photocathode of the photomultiplier (6) pro-

ducing an electron in about 25% of the cases. That electron (7) is accelerated

due to a potential difference to the first dynode (8) which on its own generates

a multiple of electrons (for example 2). Those electrons are accelerated due to

the potential (9) and hit a second dynode producing a multiple of them (for ex-

ample four). After a cascade process several millions of electrons are generated

(10). The resulting current can be measured (11) and digitized.

In the case of FDG-assisted tumor localization, gamma-probes detect the 511 [keV ] anni-

hilation photons of the positrons within a small field of view. Thus based on the detection
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rate the surgeon can be guided to the sources of radioactivity and obtain more information

on the localization task [28, 60, 81, 122, 136, 174, 202, 210, 270].

A major difference (to standard gamma-probes) of these high-energy probes is the fact

that at 511 [keV ] the detection of photons requires long trajectories through the sensor

to guarantee detection. This does not only mean bigger detectors, but also the need of

appropriate shielding. High-energy gamma-probes are restricted in terms of sensibility

and suffer from an increased amount of scattering events in the shielding [116,210,297,380].

As an example, the high-energy gamma probe of Intra-Medical Imaging LLC (Los An-

geles, USA) is shown in figure 5.6.

Figure 5.6.: High-energy and standard gamma-probes by Intra-Medical Imaging. The

shielding of the high-energy gamma-probe is in this case 2.5 [cm] of tungsten

compared to the 2 [mm] shielding of the standard probe. The conventional

gamma-probe has been designed for 140 [keV ] (140 [keV ] is the main energy

emission peak of 99mTc, the standard radioactive label for SPECT and sentinel

lymph-nodes applications.).

The disadvantage of gamma probes is that they are just point measurements. This makes

the appreciation of the physical value on a surface difficult if it changes considerably with

position and orientation. A further disadvantage is the need for many observations in

order to interpolate a valid measurement map in big areas, which is not the best solution

for detection of hot spots in scans of big body sections [91, 138].

In this work most of the development will take place using low-energy gamma probes,

however an extension to high-energy probes may be possible.

105
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5.3. Reconstruction Algorithms

In the last chapter abandoning the concept of using a gantry for imaging resulted in the

need of constraining the reconstruction algorithms to iterative reconstruction algorithms.

Those algorithms have been analysed extensively in the past. Here we explain the most

important ones as they are implemented in the exemplary system realized to validate the

feasibility of hand held 3D functional imaging.

The major representatives of this algorithm family can be divided in algebraic recon-

struction techniques, one of which was explained briefly in chapter 4 and optimization

based techniques.

5.3.1. Algebraic reconstruction techniques

The algebraic approach introduced above has several realizations used in emission to-

mography (see details in [153, 366]). The first one is the additive algebraic reconstruction

technique (ART) in which the update of the solution is done by adding a term proportional

to the substractive error for each projection in each iteration. One has
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j + ηHij
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where Hij is the entry at row i and column j of H.

In this case, all voxels are update simultaneously with each projection. In every iteration

n a new distribution ~f (n) is computed. From it an estimated set of projections is calculated

H~f (n) and compared with the real measurements (~g) on an arithmetic basis (subtraction).

The major problem of ART is the fact that the weight of the projections on the image is

not homogeneous. The last projection is best represented by the reconstructed image. In

order to avoid this bias, people have included the use of a random order for the update,

which increases the computation burden, but produces better images.

If the update is a multiplicative update (comparison on a geometric basis) and the error

is the quotient error, one has the multiplicative algebraic reconstruction technique (MART),

given by
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This is valid only if Hij is greater than zero.

A second variant of the above ART updates each voxel with every projection in each

iteration. This technique is called simultaneous iterative reconstruction technique (SIRT)

and is described by
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In the case of SIRT, the convergence is slower than in the conventional ART case, as

the changes in the reconstructed image ~f consider all projections before being updated,

resulting in a very ‘conservative’ and slow approach. In contrast to ART, however, images

look considerably nicer and are not biased towards the last updated projections. Here no

randomization is needed.

Several other implementations and modifications have been proposed in the past, how-

ever, ART is still a standard algorithm mostly used as baseline for evaluation of higher

complexity approaches.

5.3.2. Optimization based techniques

In contrast to the case of algebraic reconstruction techniques, in optimization based tech-

niques a cost function is defined which is minimal when the reconstructed image fits the

projections best. Thus the problem of solving the linear system of equation 4.6 is to find a

vector ~f that minimizes this said cost function.

In emission tomography, several cost functions are available. The most popular is cer-

tainly the sum of square distances (SSD), in which case the reconstruction is given by:

~̂f = argmin
~f

8<:X
�X

j

Hijfj − gi

�2
9=; . (5.4)

The solution used in this case is the iterative update of each voxel additively based on

the gradient information by
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f
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For the case of SSD, the gradient shown can be calculated exactly. For the emission

problem, it is given by

∆~f = −HT (~g −H~f) (5.6)

In the case of the steepest descent algorithm, t can be calculated to be optimal. In that

case it is given by

η =
∆~fTHT (~g −H~f)

~fTHTH~f
. (5.7)

Similar to SSD, functions like SAD or in general any power of the absolute difference

between projection (H~f (n)) and readings (~g) can be used.

Further cost functions usually used are the maximum likelihood (ML) functions. The

likelihood L of a set of projections ~g being a result of a distribution ~f can be stated as

L(F = ~f) = P (F = ~f |G = ~g) =
Y
i

P (F = ~f |Gi = gi) (5.8)

where it is assumed that there is independence between measurements. Due to the com-

plexity of handling products, commonly a logarithmic likelihood Λ is used:

Λ(F = ~f) =
X
i

logP (F = ~f |Gi = gi) (5.9)

In the case for emission tomography, the MAP (maximum a posteriori probability) algo-

rithm has been applied as common reconstruction technique. Within this the values of the

distribution ~f are moved so that the a posteriori probability of them being the cause of the

readings ~g is maximized.

~̂f = argmax
~f

¦
P (G = ~g|F = ~f)P (F = ~f)

©
. (5.10)

where the P (F = ~f) is the probability of a given distribution of f . There a priori informa-

tion can be incorporated. P (G = ~g|F = ~f) can be commonly derived from models like the

one used for the system matrix. In this case the P (G = ~g) is assumed constant.
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Far more successful in terms of the frequence it is used in commercial solutions is the

maximum likelihood estimation maximization algorithm. On one hand this algorithm

takes logarithmic likelihood and tries to maximize the difference Λ(F = ~fn+1 and Λ(F =

~fn. On the other it considers the fact that information is missing, which is for example the

case of emision tomography. In order words the probability is assumed to be:

P (G = ~g|F = ~f) =
X
~z

P (Gi = gi|F = ~f, Z = ~z)P (Z = ~z|F = ~f) (5.11)

where

With some mathematical modifications the maximization mentioned above results in:

~f = argmax
~f

n
E
Z|G=~g,F=~fn

�
logP (G = ~g, Z = ~z|F = ~f)

�o
= argmax

~f

Econd (5.12)

Thus, the optimal solution for ~f arises from a two step procedure:

1. Estimation step: Determine the conditional expectation Econd
2. Maximization step: Maximize this expression with respect to ~f .

In practice, the described algorithm can be then stated in simpler terms depending on

the underlying model between F , G and Z. For emission tomography for example one

has:
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where Hi,j are the entries of the system matrix of the system.

This algorithm has proven to be extremely powerful in particular in emission tomogra-

phy where it has also evolved to algorithms like the ordered subset estimation maximiza-

tion (OSEM) algorithm among others. An generalization of the approach of the algorithm

is also known as Generalized Expectation Maximization (GEM).

5.3.3. Summary

In the last pages a short overview over conventional iterative algorithms was presented.

All of them result being a sort of black box trying to minimize the distance of measured

projections (~g) and estimated ones (H~f (n)).
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In general the importance of the image representation and accuracy of the projection

computation (i.e. the accuracy of the system matrix and the validity of the assumption

that 4.6 is true) can be very simply made evident. As all iterative techniques stop once

the projections H~f (n) are close to the measurements ~g, the accuracy of the resulting recon-

struction will depend to a major extent on how precisely the calculation of the projections

matches the physical projection process.

Moreover, the convergence has not been mentioned, but can be proved for almost all

the mentioned algorithms. Nevertheless the convergence speed plays a dramatical role.

Defining how many iterations are needed for a reconstruction is thus in most cases rather

an empiric selection than a scientific one.

As summary, iterative reconstruction algorithms should be definitely adapted to the

problem to be solved. However there is enough performance already in the standard ver-

sions. Such potential is tested and extended to an extent in the implementation of freehand

SPECT (see part III).
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Part III.

Freehand SPECT: exemplary

implementation for gamma-ray

imaging
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Chapter 6
Requirements of freehand SPECT

6.1. Introduction

I still remember a meeting in the office of Dr. Stefan Paepke of the Women’s Hospital at

TUM with him and Dr. Joerg Traub back in 2008. The objective was clear. We needed to

fix the requirements we would consider to reimplement the first version of our 3D gamma

reconstruction software into something that the expert surgeon sitting in front of us could

use to accomplish his daily routine.

For Dr. Paepke things were clear. We had a technology capable of detecting radioactivity

and making images out of it. Those images were in 3D and potentially in future could be

combined with ultrasound.

‘What I need is the following’, he said. ‘The axilla is a tetrahedron. The base of that

tetrahedron is the axillary plane. What I need is to know where in that plane is located

the sentinel node. And further how deep it is in respect to that plane’. When we asked

what could be our maximum error he said 5mm, that should also be our voxel size. The

maximum time we had to do such an image was 5min.

So I wrote down as requirements a short list:

1. Localize SLNs in the axilla with an accuracy of 5mm within 5min
2. Show position of SLNs in axillary plane
3. Show depth of SLN in axilla

Of course we were far from getting to the solution nor specifying it. Before many things
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had to be defined. This chapter gives a brief overview of the steps needed to set up all

information in order to create a new intraoperative imaging system for computer-aided

SLNB. Such a system eventually was renamed from its original ‘3D gamma reconstruction’

to ‘freehand SPECT’.

6.2. Definition of constraints for freehand SPECT

An example of a more complete lists of constraints imposed for a system like the one Dr.

Paepke was thinking of is the short study made within the scope of this work between

November 2008 and January 2009. The aim of that study was to define the requirements

for what later would be called freehand SPECT. A group of German breast cancer centers

was selected and surgeons as well as technical personnel was posed a set of questions

after a short presentations about the technology of intraoperative nuclear imaging that had

been developed at TUM until that point in time. The tabulated results for intraoperative

lymphatic mapping in breast cancer can be seen in table 6.1.

Within that study, the instance of the points mentioned by Prof. Aarsvold (chapter 2)

would be the following:

Context The context is breast cancer surgery. In particular the target population are pa-

tients with low probability of metastatic spread - generally patients with large ductal car-

cinoma in situ (DCIS), clinically staged T1 - T2 tumors (with diameter below 2 cm) of in-

vasive breast carcinoma with clinically and sonographically negative axillary nodes (N0,

N0 (i+) or N0 (mic)) (i.e. patients for whom the sentinel lymph node procedure (SLNB)

procedure is indicated according to German guideline [176])

Task The tasks to be solved are the following: (a) first the intraoperative 3D in vivo

localization of preoperatively marked lymph nodes using standard of care 99mTc-colloids

over a wide area of interest; (b) secondly once the region surveillance is complete, and if

necessary, the localization of particular nodes in a smaller region of interest; (c) finally the

post-excision confirmation of complete excision of relevant nodes within a wide area.
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Institution

Question 1 2 3 4 5 6

Minimal resolution in [mm] 5 2 5 5 n/a 5

Maximal error in [mm] 5 2 5 5 n/a 5

Maximal extension in [min] 5 5 3 5 n/a 5

Maximal investment in [kEUR] 100 n/a 50 50 50 n/a

Maximal running costs in [EUR/a] 100 n/a n/a 150 50 n/a

Table 6.1.: Results of questionnaire on 3D functional imaging for intraoperative lymphatic

mapping in breast cancer. The minimal spatial resolution refers to the dis-

tance below which two different structures (marked tumor tissue, lymphatic

vessels or lymph nodes) can be considered one entity. The maximal error

refers to the maximal error in localizing a structure between image and real-

ity. The maximal extension is the maximum time a normal procedure can be

extended relative to the current procedure given the expected advantages of

using 3D functional imaging in the OR. The cost points refer as stated to the

maximum costs the institution would pay for having a 3D functional imag-

ing system for guidance during oncologic operations in breast and axilla. The

institutions considered were (1) Klinikum rechts der Isar, Munich, (2) Uni-

versitätsklinikum Köln, Cologne, (3) HSK Klinikum, Wiesbaden, (4) Univer-

sitätsklinikum Bayreuth, Bayreuth, (5) Klinikum Deggendorf, Deggendorf, (6)

Universitätsklinikum Tübingen, Tübingen.
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Technology The technology to be used is small flexible detectors for the specific standard

tracer (in general 99mTc-colloids) in doses stated in the German guideline (i.e. 10-50 MBq

for 1-day protocol and 150-250 MBq in the 2-day protocol - protocols will be explained

below) [176]. The dose is expected to be applied by injecting it directly to the region of

interest in 3 to 4 deposits of 0.2 to 1 ml. The injection technique is not fixed in the guide-

line, so the imaging system has to be capable of dealing with all 4 possible techniques:

peritumoral, subdermal, intratumoral and periareolar injection.

The required sensitivity has to be sufficient to detect uptakes as low as 0.1 % of the total

dose [31] within up to 8 hours and 16 hours for each protocol respectively. The guideline

recommends at least 5 cps/kBq and ideally over 10 cps/kBq for one-dimensional gamma

probes. The energy resolution on the one hand has to be as high as possible to avoid a

too high contribution of scattered radiation. Separation of Compton and photoelectic peak

must be clear [365]. Conventional probes are in the range 5-20 %. On the other hand the

spatial resolution can be extracted directly from table 6.1 and the recommended field of

view of the system as stated by the interviewed surgeons had to cover the complete breast

and axillary areas, i.e. a volume of interest of at least 30x30x30 cm3.

Positioning in this case, as in general for functional imaging in the OR, is complicated. In

most hospitals, the access of the sentinel lymph nodes is with the patient in supine position

the relevant arm(s) extended (see figure 6.1). Access for imaging can accordingly be only

in anterior-posterior direction (AP direction) or along the curvature of the axilla in medial

direction.

Protocol The overall protocol has to be in this case not dramatically different than the one

stated in the guideline and consists of the steps indicated in the flow chart in figure 6.2.

As learned from the discussions with the specialists, the SLNB protocol presents different

divisions depending on the patient, the surgeon and the SOP used in the hospital. An

example is the fact that the injection of the radionuclide can be done the day of surgery

(so called 1-day protocol) or the day before (2-day protocol). The difference in that case is

evidently the fact that for a 2-day protocol the injection dose has to be higher resulting in a

higher radiation burden for the patient and the personnel, but with the logistic advantage

of being able to operate the patient very early in the next morning and erasing completely
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Figure 6.1.: (A) Exemplary positioning of physicians during SLNB procedure in breast can-

cer. Surgeon holds breast with the left hand while measuring radiation using a

gamma probe with the right hand. The patient’s head is covered by the sepa-

ration sheet on the back between anesthesia and surgical field. (B) AP and (C)

medial direction for scanning breast and axillary area.
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the uncertainty of the duration of the lymphatic mapping. The duration of the lymphatic

mapping is extremely dependent on the injection technique, being between a few minutes

for periareolar injection [285] and a couple of hours for intratumoral injection [341].

Similarly the access to the axilla for the SLNB can be either done with a separated in-

cision (most common procedure) or directly opening it from the breast according to the

so called axillary dissection with access minimized (ADAM) technique [245]. A another

difference in possible treatment is the way to approach a positive sentinel lymph node

(lymph node with solid metastasis). There the German guideline leaves the option open to

go for an axillary lymph node dissection (ALND), where all lymph nodes of levels I and II

are resected or to go for a radiation therapy (RT) of the regional lymph node. The second

is not recommended, but it is applicable in special cases.

Figure 6.2.: Protocol for the SLNB according to the German guideline for SLNB in breast

cancer.

The detailed protocol for the SLNB (using the ADAM technique or not) is shown in

figure 6.3.

Part of the protocol has also to do with the logistics. If a functional imaging system is
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Figure 6.3.: Detailed steps in the SLNB starting from both the standard and the ADAM

technique according to the German guideline for SLNB in breast cancer.

meant to be used in the OR, considerations have to be made of the available infrastruc-

ture. Further conditions like lighting and temperature may play a relevant role. In order

to consider this, several breast-surgery operating rooms have been analyzed within this

work (Klinikum rechts der Isar, Munich, Germany, Klinikum Augsburg, Augsburg, Ger-

many, Universitätsklinikum Würzburg, Würzburg, Germany, Ospedale Santa Chiara, Pisa,

Italy, Policlinico S. Orsola-Malpighi, Bologna, Italy, St. Joseph’s Hospital, Los Angeles, CA,

USA and St. John’s Hospital, Los Angeles, CA, USA). Those with the most strict space con-

straints are to be considered as design inputs. The most restrictive example found was one

of the operating rooms at Klinikum rechts der Isar. A layout of the smallest one is shown

in figure 6.4.

With clear constraints, the next step was to define users, goals and scenarios.

6.3. Definition of users and their goals

Although for Dr. Paepke the image was clear: the user would be him, following the work-

flow of SLNB, there were more involved persons. In a first brain-storming session, the

following list could be identified (see 6.2). They were on their own characterized by their

affiliation, their knowledge and their goals.

Why would a circulator get in contact with the system? As part of the team during

surgery he or she would be most probably involved in the main function of the system,

generate images in the OR. According to his or her standard tasks, he or she would proba-

bly place the system, clean it, prepare it for use, potentially even interact with the software

119



6. Requirements of freehand SPECT

Figure 6.4.: Schematic layout of smallest OR in the breast cancer division at Klinikum

rechts der Isar. Exemplary setup during a SLNB procedure for a patient with

breast cancer on the left breast. The circles indicate the typical position of the

involved personnel: A stands for anesthetist, 1 for main surgeon, 2 for assis-

tant surgeon, 3 for additional assistant surgeon - commonly a student, N for

OR nurse and C for circulator. The colors indicate the level of sterility, blue

means sterile personnel and equipment, green only disinfected personnel and

equipment. The patient bed is in the center of the room. Commonly extensions

for both arms are appended to the bed. A separation sheet divides sterile and

non-sterile area towards the head of the patient, which lies on the side of the

anesthetist.
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Knowledge

Description Affiliation Authorized Anatomy Nuclear Medicine Nuclear Technology

Nuclear Medicine physician Nuclear Medicine Yes High High Average

Surgeon Specialist in Senology Gynaecology Yes High Average Low

Scrub nurse Gynaecology Yes Average Low Low

Circulating nurse Gynaecology Yes Average Low Low

Assistant medical technician Nuclear Medicine Yes Average Average Low

Cleaning personal Both No Low Low Low

Table 6.2.: Table with potential people that would come in contact with the imaging system

meant to be developed.

during use and download the documentation created on it during surgery. Such a reason-

ing could be then applied to any of the persons mentioned in table 6.2.

6.4. Definition of workflow and scenarios

Ideally the procedure for SLNB for imaging the marked lymph nodes in the OR would

result in minimal changes in the standard procedure. The reason is obviously the need

of maximizing the experience gained in the standard procedure and allow thus a smooth

integration in the clinical routine. Exemplary solutions from the discussions with the men-

tioned specialists are shown in figures 6.5 and 6.6.

The main differences from the normal procedure are essentially the simplification of the

preoperative steps by eliminating the planar scintigraphy and the skin marking. These

two steps are done in the Nuclear Medicine facility of the surgical unit in order to have a

survey image of the lymphatic drain and give a rough indication of the localization of the

SLNs over the skin. These steps are not necessary in case of the use of intraoperative imag-

ing since an equivalent scintigraphy is available and localization in the OR can be achieved

by the intraoperative imaging itself. Thus the imaging has to be at least equivalent in per-

formance as compared to the planar scintigraphy: a wide area (breast, clavicula, sternum

and axilla) has to be scanned, a relation to anatomy has to be established and an equivalent

sensitivity has to be achieved (i.e. possibility of detecting hot spots of only 10-100 kBq in

up to 4-6 cm depth) within a similar time frame for acquisition and visualization (i.e. only

a couple of minutes).
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Figure 6.5.: Proposed SLNB protocol for breast cancer from discussions with specialists.

First, the planar scintigraphy and skin marking steps the day before surgery

are not necessary. Similarly the blue dye injection is avoided. In the standard

procedure before the axilla incision a wide-area image is generated. This image

gives an idea to the surgeon, how many nodes are present uptake and where

they are located replacing the optimal planar scintigraphy. Based on this image

the surgeon many perform an image-guided incision and a guided SLNB step.

In the case of the ADAM technique, the wide-range image is generated before

entering the axilla and it allows a guided SLNB. In both approaches a wide-

area image at the end of the procedure allows verifying the complete resection

of all lymph nodes meant to be extracted and the image documentation of the

results of the procedure.
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Further modifications have to do with the use of the imaging information for a guided

incision and guided SLNB step, as well as finally control of residual activity in the region of

interest. In the case of the standard SLNB the incision could be planned using the images.

The resection of the lymph nodes is meant to benefit from the depth information made

available by the 3D imaging. Ideally the imaging system would allow to document the

radioactivity in the SLN in vivo and ex vivo, as well as permit comparisons between im-

ages acquired before the resection and after. All of this goes towards the (semi-)automatic

generation of documentation of the procedure.

Figure 6.6.: Detailed protocol of SLNB step during the SLNB procedure according to the

proposal from the interviewed surgeons. The use of functional imaging before

entering the axilla would allow determining the depth of the lymph nodes

to be extracted and thus provide valuable information for the resection. The

documentation of the in-vivo and ex-vivo uptake would be done automatically.

The control of residual activity would be done in this case using the imaging

modality and would allow thus semi-automatic documentation.

With defined workflows the next step is the generation of scenarios. Scenarios tell how

the different users would interact with the system. The scenarios for the use of our free-

hand SPECT in the OR were then developed from the workflows of figures 6.5 and 6.6.

As example of how such a scenario is displayed in table 6.3.
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Step Description User commands Actions

1 Turn on cart Press on button Boot system

Cart application starts automatically

2 Input password of AMT or Circulator Enter text Check password

If password ok

Go to 3

Else

Restart step

End if

Close Save log

Shut down system

3 Select workflow ”Download documentation” Select from workflow list Load workflow

Go to 4

Close Save log

Shut down system

4 Define patient Select from patient list Load patient data from database

Go to 5

Close Save log

Shut down system

5 Select data to upload Select from available data list Continue to 6

Close Save log

Shut down system

6 Visualize information to upload Proceed If connection to PACS

Upload information to PACS

Else

If transfer medica connected

Copy information in transfer media

Else

Prompt user to connect transfer media

End if

End if

Annotate image Store image annotation

Stay in step

More data Go to 5

Close Save log

Shut down system

Table 6.3.: Example of simple scenario as developed for the specifications of requirements.
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6.5. Functional and workflow requirements

When designing a complete system as in the case of freehand SPECT system requirements

have to be broken down from high level requirements to concrete low level requirements

on software and hardware, which can generate proper tasks to be worked up.

To exemplarize this point the first requirement for freehand SPECT would be analyzed

in detail and in the light of the proposed architecture of 3D functional imaging systems.

In order to ‘localize SLNs in the axilla with an accuracy of 5mm within 5min’ several

issues have to be addressed.

Localization : When using the word localization, Dr. Paepke meant the determination of

a position in space of a particular structure. In order to do so essentially two approaches

are possible. On the one hand the 3 particular coordinates of the structure can be estimated

from information gathered from different sensors. That strategy is quite well-posed if suf-

ficient information is available, however takes for granted that (a) the structure of interest

is present in a certain volume and some high level information of it is known, like size,

its properties in relation with the sensors to be used, etc. On the contrary, the second ap-

proach does not require much of that, as it leaves most of the intelligence on the side of

the user. That approach is the one of 3D imaging. By creating an image from the infor-

mation of the sensors and displaying it to a user - provided that the sensors are capable of

detecting a distinguishable property of the structure of interest - the localization is on the

hands of the user. This approach suffers however from the fact, that generating images is

an ill-posed problem.

SLNs : SLNs are lymph nodes that are marked by substances injected at the related

anatomy of interest, e.g. the breast, the location of a melanoma, etc. As described in de-

tails in chapter 3, there are several options to go for the hunt of SLNs. However, the only

standard markations are radiotracers and blue-dye. Accordingly, unless allowing major

changes in the workflow and approach, the SLN had to be detected with one of the two

mentioned labelings.

125



6. Requirements of freehand SPECT

Axilla : The axilla is a three dimensional region that extends over an area of 5x5cm2 on

the axillary plane reaching up to 6cm in depth in normal patients. If considering a solution

for any sized patients, the volume can be extended to 10x10x10cm3. In particular if SLNs

are to be localized in the axilla, they may be located even beyond it, below the pectoralis

minor deep below the clavicula. Under such conditions, the only possible conventional

way of detecting such structures is by using a radioactive tracer. Accordingly the detectors

should be gamma detectors like gamma probes or gamma cameras.

The list of the resulting requirements on the system can be extended almost ad nauseam.

For freehand SPECT an excerpt of the initial requirements of early 2008 is listed below:

• Acquire radiation of Tc99m in case of SLN
• Acquire radiation from direction at least 2 perpendicular planes that enclose axilla
• Define a volume of reconstruction including the axilla
• Define for each acquisition the relative pose between volume of interest and axilla
• Define for each acquisition its relative position to the volume of reconstruction
• Integrate the acquisitions in a image
• Calculation of distance between marked structure and axillar plane
• Calculation of distance between marked structure and media-lateral axis
• Allow control by sterile personnel
• Allow contact with patient only of sterile parts
• Fit in the logistics of the OR
• Acquire sufficient data and integrate acquisition in less than 5 min
• Generate images of at least 5 mm voxels
• Have a spatial bias of at most 5mm in all directions
• Enable to stop acquisition

6.6. Regulatory and safety requirements for freehand SPECT

All previous sections went deep into the discussion of functional requirements. However,

not much was said on the side of the regulatory issues. The design of freehand SPECT

included a thorough analysis on the risks involved in the lifecycle of such a system.

Following the list of essential requirements on safety detailed in chapter 2 the first step

is to define an intended use. The declared use of freehand SPECT can be for example:

‘Freehand SPECT is meant to be used for imaging the distribution of radionuclides in

the human body by means of photon detection. Freehand SPECT is intended to produce
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6.6. Regulatory and safety requirements for freehand SPECT

both planar and tomographic images of a radio-marked source. Freehand SPECT may also

be used intraoperatively or on pathological specimens if a protective sheath is used. Free-

hand SPECT may be used at the patient’s bedside, or in an Emergency Room or Intensive

Care Unit. The generated images can be used also for documentation and reporting. The

interpretation and use of the images generated is intended to be done by trained person-

nel.’

Such an intended use is conform with the requirements specified in chapter 2.

Now in terms of expected border conditions, the easiest way of dealing with potential

sources of harm is using the checklists given in the guidelines themselves. An excerpt of

such a list of potential border conditions, as evaluated for freehand SPECT is shown in

table 6.7.

In freehand SPECT the combination of products is a relevant issue as the gamma probe

used can be used independently and is not integrated to the complete system (the latter

follows from the necessity of counting on the gamma probe easily and portably in case of

necessity).

In the case of freehand SPECT the sole relevant part to consider in terms of biocompat-

ibility are the tracking targets used on the probe and on the patient. The reason for this is

that the gamma probe is already used under a sterile cover. For the remaining materials

non-toxicity has to be assured if a user can come into contact with them during the use

stated in the intended use.

From a point of view of measuring devices, freehand SPECT measures distances (depth

of radioactive structures) and count rate of radiation. As a result the display of such val-

ues has to be according to the requirements (size, units, accuracy, constancy over time,

repeatability, etc).

Tests of electromagnetical compatibility as well as test of electrical safety according to

EN 60601-1-2 and EN 60601-1 respectively have to be also performed for a freehand SPECT

device as it is an electronic device. The requirements resulting from the standards have

thus be considered from the first day. Similar is the case of mechanical risks in particular

in relation with the tracking system to be placed at a high place over the OR table and thus

suceptible to other constraints with respect to a standard PC.

An excerpt of the final list of requirements resulting from safety issues is listed below:
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6.7. Economic constraints

• Perform automatic verification of system components at start
• Passing EMV Test must be plausible
• Ensure tracking camera signal through interface
• Ensure gamma probe signal and its validity
• Visual instructions for the patient target placement
• Ensure minimum amount of scan data / time
• Ensure time constraints after injection of activity
• Ensure that enough activity is injected
• Adequate instruction for each step in the workflow is needed
• Consider electrical system to pass STK
• Cart Provider must ensure 60601 - 1 mechanical stability - official protocol must be

available
• Ensure that all surface material has no chemical reaction with OR environment and

cleaning
• Add decription about the proper usage of device and its risks for wrong reconstruc-

tion to user manual
• Proper placement, positioning and movement of Cart in OR must be documented in

user manual
• Description of intereference and side effects must be documented in user manual
• Ensure no data is lost when when system crashes
• Cleaning and storage instructions must be available

6.7. Economic constraints

As stated in chapter 2 economic constraints have to be taken into consideration before

starting any development in order to generate solutions that could turn into plausible

approaches on a general basis.

In order to define constraints on the economic side for the freehand SPECT device to

be developed, the application to be considered has to be analysed in detail. For SLNB the

costs related to the imaging part are essentially the running costs of the radionuclide, the

price of the blue dye, the price of the planar scintigraphy and the price of the protective

sheath of the probe. Those costs have to be covered with the DRG unless additional money

flows into the procedure (e.g. due to a NUB). On the investment side, the costs reduce to

the one of the gamma probe, and on service and maintenance to the costs required for

quality assurance of the probe and occasional maintenance. Those costs are tabulated in

table 6.4.
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Item Cost Frequency Mean yearly

(EUR) cost (EUR)

Radionuclide 20 per operation 2.000

Blue dye 10 per operation 1.000

Protective sheath 5 per operation 500

Scintigraphy 80 per operation 8.000

Quality assurance 500 once every 3 years 170

Repair 1.000 once every 6 years, 20 % chance 30

Gamma probe 15.000 once every 6 years 2.500

Total n/a n/a 14.200

Table 6.4.: Estimated costs for SLNB for a breast surgery center. Assuming 100 patients per

year, the average cost per year is calculated. For repairs, the costs are estimated

and weighted with the probability of a failure.

Assuming the realization of the proposed protocols and based on the estimated costs in

table 6.4, the use of intraoperative imaging only would sustain approximately 9.000 EUR

per year (assuming a similar repair and service cost structure). Accordingly the constraint

on the economic side is very restrictive.

The only way of loosening such constraint is to generate additional value. Which ad-

vantages would functional imaging have for SLNB in breast cancer which can result in

reduction of costs and/or improvement of patient treatment? From figures 6.5 and 6.6 the

following potential improvements are considered:

1. Guided incision: The use of a guided incision, minimizes the trauma and reduces

the time in looking for the SLNs. However, in the axilla, most SLNs are located in a

‘standard’ location and even those placed deeper or further away are accessed from

essentially the same incision. As a result, incision guidance results in no practical

reduction of costs and thus only in a minimal contribution. This can be however

different in applications like melanoma and ROLL (see here chapter 9).

2. Guided SLNB: More interesting than guidance for placing the incision is the avail-
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6.7. Economic constraints

ability of depth information during the SLNB. In up to 15 % of the patients the SLNs

are located in level II and III [363]. If this information was known a priori in the OR,

the procedure could be performed faster and with less trauma. This point can be

definitely used as an argument for including freehand SPECT in the OR, however a

deeper analysis of the cost reduction should be considered. Here also the applica-

tions of melanoma and ROLL can profit significantly.

3. Control of resection: Current control of remaining SLNs fails to detect remaining

SLNs in up to 20 % of the patients according to internal numbers at Klinikum rechts

der Isar. The question is if detecting these structures would result in a change in the

diagnostic value of SLNB and at the end in the survival of the patients. Currently

SLNB has a false negative rate of 5 % [160]. In an optimistic calculation, given that

approximately 20 % of all SLNs are positive, the improvement in the false negative

rate could go up to 4 %. This aspect should be considered.

4. Documentation of procedure: The last change in the procedure has to do with the

possibility of documenting the procedure completely and in a semi-automatic way.

Currently documentation is based on a short report including the amount of resected

nodes, their count rate and the residual count rate in the axilla. The possibility of

reducing time in this step seems negligible. Nevertheless, it may be a factor if the

system is used in a country were performance of surgical procedures is usually put

into question, as it is the case in the USA.

As a result, the only potential cost reductions would come from the depth information

and the control of the resection. These numbers are however hard to quantify.

SLNB procedures take in mean less than an hour, the SLNB resection itself being only in

the range of 9 min [64]. Accordingly even a reduction in the range of 5 min would result in

almost no difference, as from the functional constraints the imaging time is meant to be in

the range of 5 min. The reduction of costs then has to come from a reduced morbidity. The

preciser information of freehand SPECT including depth information can result in such a

reduction of morbidity, i.e. less damage in the tissue surrounding the SLN. Assuming that

the reduced tissue damage due to the use of freehand SPECT results in the reduction of 1
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day of hospitalization (faster healing) for the 15 % of the patients with deep lying SLNs,

the reduction in costs would be in mean 3.000 EUR per year (1 day hospitalization can be

estimated in 200 EUR).

From the side of non-resected SLNs, the cost must be calculated from the resulting costs

of diagnosing a patient as N0 although being N1 or N1(mic). This cost is very hard to

estimate as it is dependent on the patient. Assuming only an improvement of 2 % on the

false-negative rate and a conservative reduction of 7.000 EUR due to a delayed treatment,

the improvement for a center dealing with 100 patients a year would result in approxi-

mately 14.000 EUR per year.

Summing up all reductions, the available money for a functional imaging system for

SLNB in breast cancer alone is reduced to 20.000 EUR per year, i.e. 120.000 EUR including

running costs over 6 years. This of course does not include in any form the soft advantages

like better patient treatment, increased security, etc.

This small budget reflects the overwhelming importance of a strong clinical impact of

the solution proposed and soft advantages. In particular in the frame of freehand SPECT,

the economic constraint was estimated for a system used in a hospital performing at least

100 breast cancer SLNBs and 20 melanoma SLNBs, i.e. a device that would have a maxi-

mum budget in the range of 150.000 EUR over 6 years. Unfortunately this value poses a

limitation to the efforts in development and the costs of the resulting solution. It does not

mean that the mentioned ‘soft’ advantages do not count, but it gives a taste of the hard

truth that even the health system has a good component of economics and that increasing

costs is only tolerated if there is a big improvement in patient care.
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Chapter 7
Implementation of freehand SPECT

Commonly one of the hardest part of any development is to set up proper requirements.

Proper requirements are however almost never available and this becomes evident during

the implementation part as the devil hides in the details.

For freehand SPECT the implementation included a big part of hardware and more than

20,000 lines of code in 20 modules and almost 100 classes. Here we present the details for

the final (and current) implementation in terms of hardware and software. Such imple-

mentation is the base of CSS300, the commercial instance of freehand SPECT by SurgicEye

GmbH.

7.1. Hardware

Freehand SPECT started in 2005 as fundamentally a software project based on the frame-

work of the Chair for Computer Aided Medical Procedures at TUM. Nevertheless the first

major step was to implement proper interfaces for the gamma probe, the tracking system

and the camera, all of them hardware components that provided the data needed for the

3D reconstruction and the subsequent visualization. During the development was neces-

sary to give a support to such components, define the specifications for the data processing

unit to be used and clarify the sterility of targets and covers for proper user interfaces.

Once the system requirements were fixed many of the degrees of freedom of the begin-

ning were gone. However there is much to do in terms of specifying components and
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7. Implementation of freehand SPECT

architecture. For freehand SPECT the implementation of the architecture proposed in fig-

ure 4.10 was realized and extended in order to include additional features like augmented

reality visualization, etc. The resulting connection plan for the hardware can be seen in

figure 7.1.

7.1.1. Gamma probe

The first component to be considered was the gamma detecting probe. Such devices as

detailed in chapter 5 provide a one dimensional signal proportional to the count rate de-

tected over a fixed time interval. The requirements for the gamma probe were extracted

from the requirement specification described in chapter 6. For the particular case of the

gamma probe an excerpt of such requirements can be seen in table 7.1.

Gamma detector has to provide count rate in real time Count rate input rate > 15 Hz

Gamma detector to provide count rate output Output to be acquired by PC

Gamma detector has to work linearly up to a high activity at close distance Linear response up to 20.000 cps (1MBq at 2mm)

Gamma detector has to work for Tc99m Energy range includes peak close at 140keV

Gamma detector has to hand held Weight < 500g

Gamma detector has to have a proper radiation shielding from side and back Shielding > 95% at side and back

Gamma detector has to have a high sensitivity Sensitivity of at least 0.001 cps/Bq, at 10mm

Gamma detector control unit must be light < 10kg

Gamma detector control unit must be small < 50x50x50 cm3

Gamma detector has to be usable in the OR certification for probe

Collimator to be narrow opening angle < 50 degrees

Collimator to allow a minimal sensitivity opening angle > 10 degrees

Table 7.1.: Example of requirements and resulting specifications for case of gamma probe.

In the implementation of freehand SPECT several devices were evaluated in terms of

performance (sensitivity, spatial resolution, sampling rate, weight, etc) in order to fit the

requirements posed. From preliminary tests and theoretical consideration the highest pri-

ority had to be given to the sampling rate and the spatial resolution. Table 7.2 shows an

excerpt of a thorough investigation of the performance of different gamma probe systems

available in the market.

Gamma probes do not always provide an output for real-time reading of the count rate

data. In the first implementations of freehand SPECT this resulted in the need of working

together with the gamma probe manufacturers and defining protocols for data transfer.
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7. Implementation of freehand SPECT

Company Name Sensitivity, cps/Bq at 1cm Weight, g Bending of tip, deg Technology Tip diameter, mm FHWM

Silicon Instruments SI Gamma Probe 0.005 160 0 Plastic + Si 11 34 deg

Silicon Instruments SI-Endoscope Gamma Probe 0.003 240 0 Plastic + Si 10 34 deg

Neoprobe Model 1017 0.0049 80 0 CdZnTe (dia. 7mm, 4mm) 14 26mm at 1cm

Neoprobe Model 1100 straight 0.0122 240 0 CdZnTe 14 26mm at 1cm

Neoprobe Model 1100 angled 0.0122 240 30 CdZnTe 14 26mm at 1cm

Neoprobe Model 2059 0.003 240 90 CdZnTe 10 30 deg at 1cm

Crystal Probe Standard (Straight) Probe CXS-OPSZB 0.005 400 0 CsI:Tl (dia. 6mm, 8mm) 20 17mm at 1cm

Crystal Probe Flexible Gamma Probe CXS-OPSZF 0.003 400 0-30 CsI:Tl (dia. 6mm, 8mm) 20 17mm at 1cm

Table 7.2.: Excerpt of comparison of different gamma probes.

Three of such protocols were implemented:

Silicon Instruments’ Gamma Control Unit : The first implementation of a communi-

cation between gamma probe and data processing unit was implemented for the

Gamma Control Unit of Silicon Instruments (Berlin, Germany). That system was

based on a Windows 95 computer restricted to have only the minimally required ser-

vices running on it. The acquisition of the gamma probe information was acquired

using a National Instruments digital counter that counted events and was reset to

zero by the application running on the system. Given those constraints a software

was implemented to read the stack of the digital counter and keep track of the time

being able to calculate a count rate at any time. The software ran thus in parallel to

the standard software on the system and sent packages over Ethernet containing the

count rate for a predefined time window (100ms for example). On the side of the

PC collecting all signals, a time-stamp was assigned to each incoming package and

added to a ring buffer later used for synchronization.

IntraMedical Imaging’s Node Seeker : Another implementation was used in the case of

the IntraMedical Imaging (Los Angeles, California, USA) system. There the producer

modified his software in order to send a package with count rate and time stamp per

Ethernet every 100ms (i.e. the refresh rate of the screen of the gamma probe system).

The gamma probe system and the collecting PC were synchronized using the NTP

protocol and thus the time stamps included in the package were essentially in the

same time as the ones of the collecting computer, making it possible to store the

packages as done in the previous case in the ring buffer.

Nucleomed’s MR100V : Even best results were obtained using the implementation of
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Nucleomed. There the producer modified the firmware of the probe in order to send

a single 8-bit character asynchronously over the serial port every time an even was

detected. The value of the character was used to encode the energy of the event. On

the side of the collecting computer, the serial inputs were filtered using a predefined

energy window for each radio-isotope and accumulated in intervals of 5ms, i.e. to

have an identical sampling rate as the tracking system.

From all three systems, the best results in terms of synchronization took place with the

Nucleomed protocol. The reason for this was the fact that there were not considered delays

in the Ethernet communication and in the sampling of the gamma probe. Such effects

could be made visible by comparing the count rates obtained with the tracking data. In

the case of the Nucleomed device, the delays in the serial port ended up being negligible

and the asynchronic character of the transmission enabled practical sampling rates higher

than the 100ms set for the Silicon Instrument and the IntraMedical Imaging devices.

There was however a further improvement possible. This came to light by consider-

ing that the processing required for displaying the visual count rate and calculating the

acoustic feedback did not have to be the same as the one for transferring data meant to

be used for tomographic reconstruction using hand held devices. There the constraint was

rather to have a proper synchronization between tracking and count rate instead of having

a statistically stable value.

In that sense the analog output of the gamma probe was considered. Most gamma

probes include such an output used to define energy windows and thus perform calibra-

tion. Acquiring such a signal would then also enable counting on the energy information

and if proper triggering was possible optimal synchronization with the tracking.

As data acquisition card a PicoScope (Pico Technology Ltd., Cambridgeshire, United

Kingdom) was selected and a sampling window of 1µs was used to sample the analogue

signal of the photomultiplier. An example of such a signal can be seen in figure 7.2.

In order to have counts out of the analogue signal a simple peak detector algorithm was

implemented to detect peaks over 1V by analyzing the signal once it passed the 1V thresh-

old and then dropped that threshold. This algorithm was not able to tell apart two events

if the resulting pulse in the photomultiplier did not fall below 1V, however in practice for
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Figure 7.2.: Screenshots of data acquired using PicoScope. Sampling time is set to 1µs and

sampling range from -5V to 5V. Triggering for visualization of curves is set

at 2V with rising slope (yellow dot). On the image of the left top a standard

waveform is shown. 5 different events can be seen, all of them with different

energies. Energy is encoded in the height of the peak, which is proportional to

the amount of light the photomultiplier amplified. On the image of the right

top a saturated event is seen. The peak has a higher voltage than 5V which

results in a saturation and an error in the energy assigned to the peak. On

the bottom two examples of events that came too close are seen. On the left

both events can be separated while on the right side not. This is due to the

fact that a peak is considered to be ‘over’ if it drops below a voltage. In the

implementation of freehand SPECT that threshold was set to 1V.
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the count rates used in the target clinical application, this almost never happened. See also

here figure 7.3.

Figure 7.3.: Input count rate versus observed count rate for gamma probe used in freehand

SPECT. For count rates over 10,000 cps the probe starts departing from linearity

with a percentage of lost counts as high as 20% (difference between red and

green line). Such count rates are almost impossible in real situations making

mistakes due to saturation effects are minimal.

The digitalization of the analogue signal delivered then digital values for the height of

the incoming peaks. In order to set then a proper energy window a discriminator based

on two thresholds was implemented. In order to calibrate such a discriminator a graphical

interface was programmed and used to visualize the energy spectra of the output of the

gamma probe. In figure 7.4 an exemplary spectrum used for selection of energy thresholds

can be seen.
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Figure 7.4.: Energy spectrum of gamma probe for 131I . Channel 50 represents approxi-

mately the threshold of 1V under which no peak detection is ran. Peak in the

range of channels 110 to 130 is the 364keV peak of iodine. The counts in the

lower area are essentially scattered gamma rays as well as lower energy emis-

sions of 131I , like the 6% of the decays at 284keV.

7.1.2. Optical camera and tracking

One of the early decisions in the project was to go for optical tracking. Optical tracking

was presented and discussed in details in chapter 5. However, beyond the advantages

discussed then came from the fact that most gamma probes base on photomultiplier tubes.

As a result they generate magnetic field that could disturb an electromagnetic tracking

system. Electromagnetic tracking systems are the only alternative to optical tracking that

has been successfully applied in medical devices.

Initial results showed that depending on the probe used and the distance between probe

and electromagnetic tracking sensor, tracking errors would be in the range 1-3cm. As a

result optical tracking was essentially the obvious solution.

In order to fix the required tracking system to be taken the workflow of the target proce-

dures (SLNB) was considered. The specification for the tracking volume was defined from

the volume in which the surgeon works. Figure 7.5 shows a tracking volume of sufficient

size to cover the region to be reconstructed in almost any SLNB procedure.

Regarding the required frame rate the scanning behavior of several users was considered
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Figure 7.5.: Tracking volume specification for tracking system based on the working vol-

ume for SLNB procedures. The selected tracking system, the NDI Vicra system

(Ontario, Canada) almost fulfilled such specification in all values.

when handling gamma probes by adding a tracking target to a probe. Results showed that

the mean scanning speed was in the range of 0.64mm/s with a standard deviation of up to

2.77mm/s. The maximum speed was reported to be 20.61mm/s. In order to avoid blurring

in the ideal case the sampling time should permit a cross talk of less than 20% of the voxel

size, i.e. 1mm. As a result, the slowest possible sampling period should be 50ms in order

to still catch the 20mm/s movements properly.

Regarding accuracy the maximum expected distance was considered together with a

feasible construction of a tracked gamma probe. Given a target accuracy of 1mm at 20cm

distance, the maximum error was calculated to be 0.12mm (approximate error amplifica-

tion in the range of 7). The angular accuracy was calculated in a similar way yielding a

maximum error of 0.8deg.

The selected system was then the NDI Vicra system which specifications can be found

in table 7.1.2.

Related to the selection of the tracking components was the selection of the camera.

The idea was to take an optical camera that could be mounted in direct proximity to the

tracking system rigidly. If the camera was positioned to point essentially in the same di-
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Accuracy 0.25mm RMS

Update rate 20Hz

Minimal operating distance 557mm

Maximal operating distance 1336mm

Tracking area at MOD 491x392mm2

Table 7.3.: Specifications for selected tracking system. Performance is slightly below the

requirements, but within a sufficient range for the target applications.

rection than the tracking system, one could use it not only for displaying the reconstructed

radioactive distribution overlaid on the real time video stream, but also to give an intu-

itive feedback on the position of the different instruments in regard to the tracking system.

Ideally such a camera would cover the aperture of the tracking system, so that only instru-

ments seen by the camera would be tracked. Moreover such a combination would enable

easy determination of occlusions and even error correction if the images of the optical

camera were processed.

Figure 7.6.: Example of advantage of configuration where optical camera and tracking vol-

ume overlap. In images 1 no occlusion is present and optical image and track-

ing image (IR image) show all balls of the tracking target. In the second image

the IR image shows only one ball, but it is impossible to know what is occlud-

ing the rest of the tracking markers. This can be easily seen in the optical image

taken from almost the same perspective.

Following the specifications of table 7.1.2, a lens of 4mm was selected for a 1/3inch

camera. Such focal length would allow the field of view of tracking and camera almost

to overlap. In terms of performance parameters table 7.1.2 show the requirement specifi-
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cations and the parameters of the selected camera. Particularly important was the frame

rate of the camera, as well as its interface in order to enable proper synchronization with

tracking and gamma probe readings.

7.1.3. Cart, arm and housing

From preliminary experiences with freehand SPECT it was clear that a proper support for

all components was needed. Inspired in navigation solutions for neurosurgery, as well as

ultrasound devices, a structure based on a cart with an arm was selected. The arm was

meant to carry the tracking system and the camera, and pose them over the operation

situs minimizing space requirements in the OR. The data processing unit was meant to be

carried by the cart and used as weight on the lower part of it for better stability. The gamma

probe control unit, if available, could also be placed in the cart making the transport of the

system easy (see figure 7.7).

Figure 7.7.: Original target configuration of cart for freehand SPECT as shown with a mock

up. Stacking tables were thought to place gamma probe and PC. The cart was

meant to include a insulating transformator in order to be compliant with the

safety regulations mentioned in chapters 2 and 11.

The specifications for the cart and arm were thus summarized and based on them a cart
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was configured using catalogue parts of a cart supplier for medical devices. For each of the

components a list of requirements was specified. For example for the arm the list included

the following constraints:

• Arm has to be movable from head with one hand
• Arm should remain at a position once released
• Arm should move easily
• Cables have to be attached to arm
• Cables have to be covered
• Movement of arm should not interfere with cables
• Arm should enable disinfection
• Arm should fixable for transportation
• 3 cables to be considered (1x firewire 6-poles and IIDC V1.3 for single camera, 1x

custom cable for tracking system), approximately each below 4mm diameter, min.

bending radius 2cm

The final solution for the cart and arm can be seen in figure 7.8.

Figure 7.8.: Cart solution from original idea on the (left) to design from available compo-

nents (center) and final realization (right). Besides the base components, also a

proper housing for the PC was developed and used. In the current version the

camera head has also been replaced for a finer design to be seen throughout

this work.
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Special care had to be taken regarding the power supply as it had to be chosen to be

compliant with the standards EN 60601-1 and EN 60601-1-2 as explained in chapter 2 and

in the appendix of chapter 11.

7.1.4. Data-processing unit

The selection of a proper data processing unit was also an important task. Essentially there

are two components which play the most important role: the memory and the processor.

In the current implementation of freehand SPECT the graphic card is not yet exploited

completely, however if the porting of calculations to it is desired it will gain in importance.

In order to estimate the required memory the requirements of the system were consid-

ered. There the system was meant to be able to reconstruct volumina of up to 30x30x30

cm3 with a resolution of 5mm, resulting in a matrix of 216,000 voxels. Following the pro-

posed solution of chapter 4, each line of the system matrix would require thus 200,000

floating point elements (16bit). For an expected amount of readings of up to 4,000, the

memory requirements are 1,600,000,000Byte. Including thus a minimal buffer for the op-

erating system a minimal requirement of 4GByte seems feasible. Current implementations

of the system have 6GByte in order to minimize the risk of memory lack.

The processor was estimated from the computational burden for the reconstruction and

the different threads running in parallel. The software was programmed to deal in dif-

ferent threads with (a) data-acquisition, (b) data synchronization, (c) data visualization,

(d) user interaction, (e) image reconstruction. In this way ideally the architecture of the

processor would have at least 4 cores. For the reconstruction a time limit of 1min was

set which for 20 iterations of MLEM implies 16,000,000,000 updates in 60 seconds or in the

range of 4GFLOP/s. The used PC had 4 cores and a clock of 2.67GHz (approx. 10GFLOP/s

per core).

7.1.5. Tracking targets

In order to be able to track the gamma probe a proper tracking target had to be designed

and constructed. The challenge here was to come to a solution that could be used sterile

yet that would not need to calibrate the device in every use. The boundary conditions
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were the following:

• Gamma probe has to be covered for sterile use.
• Optical tracking through sterile cover drops accuracy by a factor of 5 to 10.
• Calibration of gamma probe tip relative to tracking target should be a one time cali-

bration and cannot be performed before each use.

Such constraints led to a solution where a non-sterile part (called probe base) was fixed

rigidly to the gamma probe. A second sterile part (called probe target) was developed in a

way that it would be able to grab the non-sterile probe base at a unique position through

the sterile cover. See also figure 7.9.

Figure 7.9.: Proposed solution for probe target including a fixed base that enables to keep

the calibration between probe tip and tracking target constant while making

possible the use of a sterile target over the sterile cover.

The selection of the material here was important. In order to guarantee biocompatibility,

mechanical stability and no deformations over hundreds of sterilization cycles only three

materials came into evaluation: surgical steel, titan and PEEK. Due however to the inclu-

sion of moving parts in the mechanism for fixing the probe target in relation to the probe

base, the metals were preferred and due to to cost reasons the steel selected. This solution

was further developed in terms of ergonomics and proper mechanics in cooperation with

the design company Oxxid GbR resulting in the prototype of figure 5.4.

Evaluations on repositioning of the tracking target relative to the probe tip shown a

repositioning error below 0.1mm matching a good solution. The sterile part was also suc-
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cessfully evaluated in terms of cleaning and sterilization.

Not only the gamma probe had to be tracked but also the patient. The reason for this

was the requirement on flexible movement of the tracking system and the patient during

the operation. As in the case of the probe target the requirements on biocompatibility and

re sterilization are also applicable. Here, however, no need of moving parts makes the

development of a target easier.

The final solution consisted on a base part that is taped to the patient’s skin (applied part

according to the EN 60601-1). The design included posts in order to clip infrared marker

spheres to it easily as in the case of the probe target.

In order to minimize running costs the base structure was made of a re sterilizable ma-

terial (medical PEEK) and surgical steel pins. PEEK has excellent mechanical properties in

terms of deformability and thermal stability. In this way there is no problem in using it for

hundreds of sterilization cycles without detectable deformations.

The result can be seen in figure 7.10.

Figure 7.10.: Final version of patient target/reference. Three tracking markers are suffi-

cient for tracking a 3D body. Dimensions are minimized in order to enable

flexible positioning. Feet can be used to fix it to the patient with sterile tape.

7.1.6. Sterile covers

If meant to be used in the OR, as described in the previous version, care show be taken

to cover all non sterile structures that may come into contact with the sterile area. If the

freehand SPECT system essentially two components were considered: one of the handles

and the monitor.

Ideally the touchscreen monitor would be operated solely by the surgeon and the OR
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nurse. Accordingly a proper cover had to be designed. As constraint the cover had to

extend way behind the monitor in order to be able to grab it on the sides in order to tilt

it. Also reflections had to be taken into account. If the visibility of the images was jeop-

ardized, the cover would end up making more problems than helping a proper use. The

monitor itself had also to be chosen to have a resistance based touchscreen, rather than a

capacitive one in order to be able to use a cover.

For the handle, several iterations had to be performed in order to obtain a proper result.

In the case of OR lamps, most of the handles are clipped to the lamps with a fast clipping

mechanism. The handles are thus made of sterilizable materials. Another alternative is

to use a one-time cover that fits easily on the grip. Such was the selected solution in the

current implementation of freehand SPECT. The handle of the device had to be adapted

for such means. See figure 7.11 for solution.

Figure 7.11.: Example of implementation of sterile handle with sterile cover. (1) shows the

handle of the freehand SPECT device without cover and (2) shows a lamp

with the selected cover.
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7.2. Software

7.2.1. Synchronization

Synchronization is one of the key points in hand held imaging. The reason for this is the

fact that any error in synchronization would result in improper information on the projec-

tion and thus inconsistencies in the data sets which result in blurring of the reconstructed

image.

There are different strategies for proper synchronization. All of them however require

the availability of a common clock. In order to do so essentially two approaches are avail-

able: the use of a single clock and hardware synchronization or the use of systems for clock

synchronization like the NTP protocol.

Once a common clock is available timestamps can be used for each signal involved and

synchronization can be used based on them. A good approach is the use of the closest

timestamps rather than taking the last one. Accordingly all incoming signals can be stored

in a ring buffer with the timestamps of their income. If synchronized data is needed, the

latest closest signals can be selected based on the timestamps. See also figure 7.12.

Such an approach was implemented in freehand SPECT. There the input signals buffered

are tracking data (for probe and patient), gamma probe data and video data from optical

camera.

7.2.2. Pre-processing

Once the data is digitalized and synchronized, the reconstruction may being. Nevertheless

there are initial filtering steps that can be taken in advance, which on their own have shown

to have a big impact on the quality of the resulting imaging. This pre-processing steps

are divided in filtering and carving procedures depending on the type of data they act.

Filtering means act on the incoming measurements, i.e. on the 7-tuple that describes count

rate and 6D position/orientation. Carving acts on the system matrix by eliminating voxels

that either cannot be reconstructed or which value is know before hand.

In this work, filtering is performed in two steps. First, all rows i of the system matrix H

where
P
iHi,j ≤ tr are discarded. tr is a threshold in cps/Bq under which the contribution
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Figure 7.12.: Synchronization of signals with different refresh rates based on the compari-

son of timestamps and selection of the closest inputs. Here signal of a gamma

probe is synchronized to the video signal of the camera.

of a measurement to the overall reconstruction is considered negligible. Since the acquisi-

tion is performed freehand, this situation frequently occurs: low value rows correspond to

measurements that did not “looked” into the region to be reconstructed according to the

model used. In a second step, readings that were acquired during too fast movement are

rejected. The speed is estimated from the angular and linear displacement relative to the

previous reading.

The next step is to eliminate voxels with too little information. Here also the sum over

the system matrix H can be done, however now over each column j. All columns i withP
j Hi,j ≤ tc are discarded. Low value columns are voxels for which the scanning was

incomplete, again a common situation in freehand scanning.

The second carving step removes all voxels xi that intersect with the detector during

the scan, meaning those voxels are not located inside the object of interest but in the air,

and can thus be discarded for reconstruction. This filtering is performed by geometric

intersection of the region to be reconstructed with the detector modeled as a cylinder for

all measurements j = 1, . . . ,m. An example of such a carving can be seen in figure 7.13.
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Figure 7.13.: Example of performance of carving algorithm based on the contact of the

gamma probe with the volume of interest (left lower corner) and augmented

reality visualization over model for plausibility evaluation.

7.2.3. Models

In chapter 4 the image reconstruction proposed required. During the development of

this work several models for gamma radiation were developed from the initial work by

Alexander Hartl from the Chair for Computer Aided Medical Procedures [128].

In all of them the response of a gamma probe in presence of a point source at a particular

distance d and the angle α between it and the axis of the detector was modeled (see figure

4.15 for reference).

As example, a very first approach is consider the detector as a pure active area. If a

gamma ray passes this area then the detector would count an event. In such a configu-

ration the amount of gamma rays detected in average from a 1Bq source at a distance d

subtending an angle α is given by:

mSA(d, α) =
1

2π

Z R

0

Z 2π

0

rÈ
(d cosα− r cos θ)2 + r2 sin2 θ + d2 sin2 α

dθdr (7.1)

where R is the radius of the detector.
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If further a collimator is added and modeled as a perfect absorber, the model can be

corrected slightly:

mSA2(d, α) =

8<: mSA(d, α) α < β

0 α > β
, (7.2)

where tanβ = R/L. L is here the length of the collimator.

The two upper models can be also seen graphically in figure 7.14.

Figure 7.14.: Two simple models for gamma probe detection process. Solid angle between

point source and detecting area is calculated in order to determine average

gamma ray flow through the detector. R is the radius of the detector, L the

length of the collimator. β is the aperture angle of the collimator. The inde-

pendent variables here are the distance between the center of the detector d

and the angle α.

For this final implementation of freehand SPECT several further models of different

complexity were considered. As biggest dicotomy the models developed are divided in

area, volume and ray-tracing models. The first ones propose that the acquisition process

can be modeled by considering the detector as an area. As such the amount of detected

gamma-photons could be expressed as a fraction of the gamma-rays passing through the

detector area. In a second approach, the detector was considered as a detecting volume. In

this case the shielding of the sensor was also considered. The third case was a more realistic
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view of the acquisition in which the detected rays were followed from their emission point

and the different events on the ray were considered. Table 7.5 summarizes the effects

considered in each type and version of the model implemented up to date.

For further details on the modeling process, please refer to the report of the project by

Alexander Hartl [128].
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Model Version Effects considered

Area 1 Distance attenuation

2 Distance attenuation, Background noise

3 Geometric attenuation

4 Geometric attenuation, Background noise

5 Geometric attenuation, Length of interaction

6 Geometric attenuation, Length of interaction, Background

noise

Volume 1 Geometric attenuation, Length of interaction, Shielding

2 Geometric attenuation, Length of interaction, Shielding,

Background noise

3 Geometric attenuation, Length of interaction, Shielding,

Scattering in Shielding

4 Geometric attenuation, Length of interaction, Shielding,

Scattering in Shielding, Background noise

Ray tracer 1 Geometric attenuation, Length of interaction, Shielding

2 Geometric attenuation, Length of interaction, Shielding,

Background noise

3 Geometric attenuation, Length of interaction, Shielding,

Scattering in Shielding

4 Geometric attenuation, Length of interaction, Shielding,

Scattering in Shielding, Background noise

5 Geometric attenuation, Length of interaction, Shielding,

Scattering in Shielding, Absorption in patient

6 Geometric attenuation, Length of interaction, Shielding,

Scattering in Shielding, Absorption in patient, Background

noise

Table 7.5.: Implemented models for the acquisition of gamma-probe readings as proposed

in the work of Alexander Hartl.
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Chapter 8
Preoperative evaluation of freehand

SPECT

After successful evaluation in a preclinical setup during the implementation steps, phase

I and II studies were planned in humans. Both studies were done for the particular case

of lymphatic mapping in breast cancer. The major reason for this was the fact that SLNB

in breast cancer was one of the first target indications and moreover, it was an indication

were the big throughput of patients in most hospitals would allow a rapid evaluation.

Technically imaging SLNs in the axilla was also not considered to be the most difficult task

that freehand SPECT was targeting.

8.1. Pilot study on scan protocol and validation

The first step for evaluating the freehand SPECT technology clinically was to check the

feasibility of it for imaging radioactive deposits in human bodies. Unknowns were at that

time, what would be a proper scan duration and if the uptake of target structures in the

case of living organisms, as well as its position would make it possible for freehand SPECT

to detect them or not. In the first stage, the feasibility in the case of sentinel lymph node

(SLN) mapping in breast cancer was evaluated.
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8.1.1. Aim

Aim of the pilot study was the determination of optimal parameters for freehand SPECT

imaging. The study was on its own divided in a one pilot study with 50 patients and

further a validation study with 35 patients. The pilot study was considered as a phase I

study, in order to clarify the parameters needed for proper imaging. In particular, as the

acquisition protocol strongly affects the performance of freehand SPECT, the goal was to

define thresholds and quality criteria that allow determination of an appropriate freehand

SPECT image quality. The second part was meant to obtain a first grasp of the potential

performance of the system given the optimized parameters from the first study.

The results of this study were published in [363] and are adapted here to the thesis.

8.1.2. Methods

Inclusion and exclusion criteria

This first study was planned as a prospective study. The inclusion and exclusion criteria

were the same as used for routine SLN biopsy in breast cancer patients, as described in

the guidelines for SLN diagnosis of the ‘Deutsche Gesellschaft für Senologie’ (German

Association for Senology) [176]. Criteria therein are essentially equivalent to those of the

American Society of Clinical Oncology [196]. Among these, the key inclusion criteria were

the initial diagnosis of invasive breast cancer or advanced ductal carcinoma in situ (size

>50mm, confirmed by core needle biopsy), the lack of prior anticancer treatment, and age

over 18 years. Key exclusion criteria were preoperatively confirmed multicentric tumor

growth, clinically suspicious axillary lymph nodes, and pregnancy.

Ethical considerations

The acquisition of the data required for the studies did not required any additional ra-

dioactivity nor any invasive procedure. All patients undergoing conventional lymphatic

mapping of breast cancer were asked if they agreed to stay for 15 minutes longer for a free-

hand SPECT acquisition. Details of the procedure were explained to the recruited patients.

The patients also received an information sheet. This procedure was approved by both the
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directors of the Nuclear Medicine Department and the director of the Women’s Hospital at

Klinikum rechts der Isar after discussion with the representative for the Ethical Committee

of the hospital.

Clinical and histopathological characteristics of patients

A total of 85 consecutive patients (age 29-88 years, mean 59.5 years, Sept. 2008 - Sept.

2009) undergoing conventional SLN biopsy were additionally scanned using freehand

SPECT and SPECT/CT serving as reference. Six patients were not included during the

final evaluation, due to missing information for a proper comparison (3 during the pilot

study and 3 during the validation study). According to the preoperative clinical staging

procedures, 71 out of 76 patients (93%) had a core needle biopsy confirming cT1 or cT2

invasive-ductal or invasive-lobular breast cancer (size 4-44 mm) and no clinical suspicion

of axillary lymph node involvement. Five patients had a locally advanced ductal carci-

noma in situ (size 50-140 mm). No metastatic disease was evident at the time of surgery.

Fifty-eight patients (78%) received breast-conserving surgery; in 18 patients (24%) radical

or subcutaneous mastectomy was performed owing to an unfavorable ratio of tumor and

normal breast tissue. A single patient underwent a primary standard axillary dissection,

due to the intraoperative presence of suspicious axillary lymph nodes. In fifteen patients

(20%), the SLN showed tumor cells in the frozen section and a standard axillary dissection

of lymph nodes (levels I and II) was performed. Five patients had a tumor-free SLN in

the histological frozen section but micrometastases were described in the final pathology

report following secondary axillary dissection (levels I and II).

Planar scintigraphy

For lymphatic mapping, patients received a 99mTc-Nanocoll injection of approximately

0.2ml, distributed equally in four spots, either periareolar (76 cases) or peritumoral (9

cases). The amount of radioactivity was 57.9MBq (SD, 5.5MBq). All but one patient un-

derwent a 2-day protocol, which is the standard procedure at our institution. The injected

activity was in the range of 10-20MBq for the 1-day protocol and 50-90 MBq for the 2-day

protocol. In all patients, dynamic planar lymphoscintigraphy representing the standard
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imaging protocol for lymphatic mapping at TUM was performed (see figure 8.1). Delayed

planar images were used only in case of a negative early scan. For intraoperative iden-

tification of sentinel nodes, planar scintigraphy was used as reference method. A flood

phantom with 1MBq was used to give an anatomical context.

Figure 8.1.: Preoperative planar scintigraphy procedure at TUM. (A) after injection, time

starts running. (B) planar images at taken with 2 head camera in AP direc-

tion, as well as lateral projection. During acquisition patient holds breast in

contra lateral direction and has arm up. Camera is placed as close as possible

to patient, in (B) camera is not yet finally placed. (C) shows the result for one

exemplary patient with an excellent uptake and 2 clear SLNs.

SPECT/CT

The SPECT/CT protocol consisted of 45 projections (180 degrees of rotating using two op-

posing heads for acquisition) of 7s each using a Symbia T6 hybrid scanner and LEHR col-

limators (Siemens Healthcare, Erlangen, Germany). For image reconstruction, an OSEM

reconstruction algorithm with 16 subsets, 8 iterations, collimator blur, and attenuation and

scatter correction (Flash3D software, Siemens Healthcare, Erlangen, Germany) was used.

Postprocessing was performed using an 8.4mm Gaussian filter; attenuation correction was

performed using CT data. The reconstruction volume included the injection site and the

axilla and neck region. The reconstruction voxel size was 4.7mm in each direction. For CT

scanning, a low-dose procedure was used with a 3mm slice thickness (20-40mA tube cur-
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rent, 130keV tube voltage, shallow breathing, and expected absorbed dose of 0.2-0.4mSv,

depending on patient size). In all patients, SPECT/CT was performed within 15 min after

planar scintigraphy. The level assignment (levels I - III) of SLNs was determined using the

SPECT/CT images according to the current guidelines [196] (see also figure 8.2).

Figure 8.2.: Preoperative SPECT/CT at TUM. (A) SPECT/CT is acquired with arms behind

head. (B) Reconstructed 3D images are then visualized in all three slices.

Freehand SPECT

For the freehand SPECT acquisition (performed shortly before or after SPECT/CT), the

gamma probe system by IntraMedical Imaging (NodeSeeker, Los Angeles, CA, USA) and

the optical tracking system by Northern Digital (Polaris Vicra, Waterloo, ON, Canada)

were used. The gamma probe was connected over Ethernet and was modified to send

the count rate at a frame rate of 10fps. Furthermore, a PC was included in order to: (a)

acquire the readouts of the probe and the position synchronously, (b) process the readings

into a 3D image, and (c) display it for visualization. Infrared markers were attached to the

gamma probe in order to acquire its position. To reference a common coordinate system,

a patient target (as described in the chapter 7) was used to determine the position of the

patient (Figure 1A). The hardware was designed and adapted to be completely mobile so

as to be suitable for application in the OR. The gamma probe was calibrated to include

the 140keV peak of 99mTc with an energy window of 50keV. The collimator opening of the

probe was measured using a point source and yielded approximately 50 degrees.

The freehand SPECT acquisition consisted of three steps. Initially, a volume of interest

(VOI) was defined interactively by putting the tip of the tracked gamma probe over pre-

defined anatomical landmarks (as described in chapter 7). Subsequently, the region to be

161



8. Preoperative evaluation of freehand SPECT

reconstructed (axillary region) was scanned. Finally, visualization of reconstructed images

was performed. The reconstruction was done using a version of the MLEM algorithm

adapted for the particular case of freehand SPECT. For the determination of the system

matrix, the solid angle model considering only distance and angle was used. The probe

carving was turned on during all acquisitions. After 20 iterations (value empirically de-

termined from preliminary experiments during preclinical phase), the output was filtered

with a 6-mm 3D Gaussian filter and visualized. In the event of node localization in close

proximity to the injection site, the filter was set down to 4 mm to determine whether there

was a clear separation between node and injection site. Additional voxels were added in

the required direction a posteriori if the volume of reconstruction did not cover the com-

plete VOI as indicated by SPECT/CT imaging.

Due to the freehand nature of the new technology, a scanning protocol had to be defined,

in particular regarding the duration of the scan and the orientation of the probe relative to

the anatomy. The protocol consisted of a scan of the injection site and the axillary area (see

figure 8.3). The scanning protocol was validated by several phantom acquisitions.

Figure 8.3.: Scan protocol of freehand SPECT during pilot study. The protocol was divided

into 1-2min acquisitions in the medial direction, 1-2min pointing in the dorsal

direction, and 1-2 min in a craniodorsal direction.

For the first 50 patients (pilot study), no feedback on the quality of the acquisition was

given during the scan. For the second group of 35 patients (validation study), the informa-

tion density accumulated in each single voxel of the VOI was displayed during the acqui-

sition as well the position of each acquisition (see figure 8.4). The scan was only stopped

when the complete volume reached a sufficient information density and thus a sufficient

quality. The used quality threshold was the average value of the column sum for the par-
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ticular voxel (see next subsections). Quantitative thresholds on this quality measure were

derived from the data of the pilot study with 50 patients.

Figure 8.4.: Quality visualization for freehand SPECT during protocol. (A) shows the dis-

play of the acquisition lines over the patient. Red shows the tip of the probe

and green the distal end of it. Simultaneously the quality was displayed us-

ing a visualization similar to the one in (B). Both images start in red and turn

greener and greener the more quality is collected. The blue point shows the

voxel that currently is ‘touched’ by the gamma probe.

Comparison of freehand SPECT and SPECT/CT

In order to compare SPECT/CT and freehand SPECT images in an identical coordinate

system, a tracking target was attached to the patient. The target consisted of a fixed con-

figuration of optical markers (1 cm diameter) that could be easily identified on CT images,

enabling a point-based registration of the coordinate system of the optical positioning sys-

tem and CT. SPECT images were co-registered with CT images according to the informa-

tion in the DICOM tag. The freehand SPECT images were generated in the coordinate

system of the optical markers of the patient target. The registration error of the target was

calculated to be 0.6-3.1mm (average 1.1mm).

Data analysis

Each anonymized SPECT/CT image was reviewed by two expert nuclear medicine physi-

cians in random order. The number of detected SLNs or lymph node conglomerates and
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their position were documented. Lymph node conglomerates were considered as a single

entity. This information was used to calculate the uptake in each node/conglomerate us-

ing attenuation-corrected SPECT data. The uptake was expressed as percentage of total

activity in the reconstruction area and calculated from the counts inside the manually seg-

mented lymph node and the total counts in the attenuation-corrected SPECT image. The

complete injection site and the drainage area of the breast were included in all SPECT im-

ages in order to obtain the true relative uptake. The segmentation was done directly in the

3D images to avoid errors resulting from projections. Subsequently, two nuclear medicine

physicians evaluated freehand SPECT images in random order and in a combined visu-

alization together with the video stream of the procedure or CT data in order to correlate

functional data with anatomy (see figure 8.5). The number of lymph nodes and lymph

node conglomerates was recorded together with their respective anatomic position.

Statistical evaluation

The results of the blinded analyses of SPECT/CT and freehand SPECT were considered

together with the uptake calculated from attenuation-corrected SPECT. In addition, for the

first 50 patients, the quality of the scan was assessed using the positions and orientations

measured and the position of the lymph nodes as segmented manually by the physicians.

For each position and orientation of the gamma probe during a scan, the expected count

rate (expressed in cps/kBq) was calculated as if a point source of 1kBq was located in the

position of the segmented SLN, according to a model based on the geometric information

(see figure 8.6). This count rate was averaged over all measurements which included the

lymph node in the corresponding scan. This value was used as information density and

consequently used for the calculation of different quality values of the scan for the lymph

node.

A small value of quality should mean that the scan did not fully cover the position of the

SLN, such that the average information acquired coming from its position was very low.

A high value of quality mean that the position of the SLN was inside the field of view of

the probe in several of the measurements, leading to accumulation of a higher amount of

information.
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Figure 8.5.: Examples of a poor quality (A-C) and one good quality scan (D-F). The lines

shown in A and D represent the positions and orientations of the gamma probe

during the scan. In A and D, the injection site and the SLNs as seen in the

SPECT image are also shown, co-registered in the correct position. In B and

E, the freehand SPECT images are co-registered with CT data derived from

SPECT/CT data. In C and F, co-registered visualization is rendered from an

arbitrary point of view. One SLN can be seen in 3D fused visualization for the

good scan (F) together with the injection site. In the poor quality scan, only

the injection site is visible (C). The poor scan clearly misses the SLN (A), while

several readings cover the SLN in the case of the good scan (D).
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8. Preoperative evaluation of freehand SPECT

Figure 8.6.: Mock-up of the methodology used to calculate the quality measures analyzed

of a scan. In (A) the tracked gamma probe (tip, red; back, green) receives in-

formation from the radioactivity in its field of view (FoV). Using the position

of the SLN segmented manually by the physician and the position and orien-

tation of the gamma probe, the distance d and the angle α can be calculated.

Subsequently, these values are used to calculate the expected count rate mea-

sured by the probe assuming 1kBq at the position of the SLN, this value is then

used to calculate the different quality measures. For calculation, the solid angle

and the parameters of the gamma probe are also used. In (B), a measurement

is shown where the probe does not include the SLN in its FoV. Accordingly,

there is no contribution with respect to the quality of the scan in none of the

measures.
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Several quality values were calculated from the expected count rateE[gi]. They are listed

below:

Qcount =
X

E[gi]>0

1 (8.1)

Qaverage =
X
i

E[gi] (8.2)

Qsum =
X
i

E[gi]×Nmeas (8.3)

Qnon−zero count =
X
i

E[gi]×
Nmeas

Qcount
(8.4)

Qcount 0.0001 =
X

E[gi]>0.0001

1 (8.5)

Q0.0001 count =
X
i

E[gi]×
Nmeas

Qcount 0.0001
(8.6)

Accuracy was calculated using SPECT/CT findings as reference. It was calculated for

the overall patient group, as well as for each scan quality level and also with respect to the

relative and absolute tracer uptake in the SLNs.

In order to give a measure for the available information for the reconstruction, the mean

number of readings per voxel was calculated from the quotient of the total amount of

readings and the total amount of voxels.

8.1.3. Results

Findings of SPECT/CT

A total of 125 SLNs were detected on SPECT/CT (83 and 42 in each part of the examination,

respectively). At least one SLN was detected in 96.2% of the patients (76/79); see details in

table 8.1.

The average relative uptake in the SLNs was 0.86% (SD, 1.3%, range 0.003-14.1%) of

the total radioactivity administered at attenuation-corrected SPECT. The absolute uptake

presented a similar distribution, being in the range of 1.3-7,882.3kBq (mean, 499.5kBq,

SD, 741.0kBq). No radioactivity beyond the injection site and lymphatic draining region

could be detected in all of the patients. Out of 125 SLNs, 64 nodes were located in level

I, 15 in level II and 4 in level III, respectively (pilot study). In the validation study, 34,
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Pilot study (n=50) Validation study (n=35)

SPECT/CT fhSPECT SPECT/CT fhSPECT

Patient drop outs 3 3 3 3

Patients without SLNs 3 27 0 4

Patients with 1 SLN 23 17 23 20

Patients with 2 SLNs 12 2 8 7

Patients with 3 SLNs 4 1 1 1

Patients with 4 SLNs 3 0 0 0

Patients with 5 SLNs 0 0 0 0

Patients with 6 SLNs 2 0 0 0

SLNs in level I 64 21 34 29

SLNs in level II 15 2 5 3

SLNs in level III 4 1 3 3

Table 8.1.: Detection of SLNs in the pilot and validation studies. fhSPECT stands for free-

hand SPECT.
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5 and 3 SLN were located in levels I, II and III, respectively. SPECT/CT images were

acquired approximately 78min (SD, 37 min) (pilot study) or 66 min (SD, 15 min, validation

study) after injection of the radiopharmaceutical. The dynamic imaging protocol started

approximately 7.8 or 7.7min (range, 1-32min or 2-29min) after injection and was completed

29.6 or 26.3min (range, 15-57min or 15-59min) after injection, respectively.

Acquisition parameters for freehand SPECT

The mean VOI defined for reconstructing freehand SPECT images had 27,349 voxels (range

15,200-65,664) with a standardized voxel size of 5x5x5mm3 for most patients. In 22 pa-

tients, the voxel size had to be increased to 6x6x6mm3 owing to the large VOI needed

to cover the injection site and axilla. The dimensions of the volume were on average 39

x 26 x 27 voxels in the longitudinal, medial, and transverse axis, respectively. The scan

duration was documented to be 4.3 min on average (range, 0.9-11.5min, SD, 1.2min) and

the mean number of data acquired during the scan was 3,004 (range, 542-7,078, SD, 701).

The average number of readings per voxel was calculated to be 0.126 (i.e. 126 readings

per 1000 voxels), ranging from 0.024 to 0.408 readings/voxel, with a standard deviation of

0.038 readings/voxel. The time interval for the overall procedure (including patient po-

sitioning, volume definition, scanning, and visualization) ranged from 3 to 12min (mean,

6.5min). This time frame was considered acceptable with respect to an application in the

OR.

The requirement of acquiring data in such a way that the complete VOI had a minimum

quality resulted in an increased scanning time. While for the first patient group (pilot

study) the mean time interval was 3.5min (range, 0.9-7.4min), in the validation study, scan

time ranged from 1.9 to 11.5 min with an average of 5.5 min. This also entailed a higher

amount of readings per voxel of 0.187 versus 0.126 for the first patient group, respectively.

On average, freehand SPECT images were acquired 72 min (SD, 40 min) after injection

in the pilot study and 62min (SD, 26min) in the validation study. Freehand SPECT images

were acquired within 14.4min (range, 2-26 min) or 15min (range, 4-29 min) prior to or after

SPECT/CT acquisition (before SPECT/CT, 21% and 35% of freehand SPECT acquisitions,

respectively).

169



8. Preoperative evaluation of freehand SPECT

Definition of quality thresholds

For evaluation of the scan quality (pilot study), the quality measures mentioned above

based on each detected node were calculated. The best separation of mapped and missed

nodes was found forQaverage (see figure 8.7). For that value, the average was 1.37cps/kBq,

ranging from 0.31 to 8.25cps/kBq (SD, 1.12cps/kBq). Taking only those measurements into

account yieldingQaverage values higher than 2cps/kBq, an accuracy that was similar to that

of conventional SLN mapping was achieved (‘good quality’ group). The lower threshold

was selected to divide the low-quality range equally. Thus, the quality of scan Q was

ranked in three levels: good (Qaverage > 2cps/kBq), intermediate (1cps/kBq < Qaverage <

2cps/kBq), or poor (Qaverage < 1cps/kBq). According to this quality assessment, nine

nodes in the pilot study were scanned with a quality that fulfilled the criteria of a good

scan. In 35 nodes the scans were rated as intermediate and in 39 as poor quality.

Mapping performance of freehand SPECT

Pilot study : In the subgroup of SLNs with a good scan quality, freehand SPECT detected

77.8% of the SLNs (7/9), while for intermediate and poor quality scans, 34.3% (12/35) and

12.8% (5/39) of the nodes were detected, respectively. No false positive findings were re-

ported, making sensitivity and accuracy equal in the pilot study. Accordingly, the positive

predictive value was 100%. As seen in figure 8.7, both relative and absolute uptake af-

fected the accuracy of freehand SPECT. In general, the results showed that the higher the

uptake, the lower the required quality of scan needed to map the SLN. For example, three

of the five nodes which were scanned with a poor quality but were correctly mapped had

an absolute uptake above 600kBq corresponding to 1% of relative uptake. On the other

hand, with a good quality of scan, freehand SPECT was able to map two nodes with an

uptake of below 50kBq corresponding to 0.1% of relative uptake. Freehand SPECT mapped

successfully 21/64 level I nodes, 2/15 level II nodes and 1/4 level III nodes.

Validation study : In a total of 35 patients, three patients dropped out of the study. In

the remaining 32 patients, freehand SPECT detected 83.3% of the nodes (35/42). There

were seven false negative findings in five patients and two false positive findings in two
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Figure 8.7.: Scatter plot of the results for the first patient group (pilot study) for quality

measure Qaverage. Nodes mapped with freehand SPECT (blue) and nodes

missed (red) are placed according to respective quality of scan (x-axis) and

relative or absolute uptake (y-axis). Two vertical lines separating good, in-

termediate and poor scan qualities are also shown (Qaverage = 1cps/kBq and

Qaverage = 2cps/kBq). Both axes are logarithmic and nodes with a quality of

scan equal to zero are not displayed. The higher the uptake, the lower is the

required quality of scan in order to map a node correctly.
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patients. Thus the accuracy was 80%, the sensitivity 83%, and the positive predictive value

95%. As expected, the accuracy for the validation study was in the range of the 77.8%

obtained for the good quality scans of the pilot study. The influence of the uptake was also

consistent with the results in this group of patients (see figure 8.8). Here, the seven nodes

missed by freehand SPECT had a small relative uptake (mean 0.19%, range 0.07-0.49%), as

well as absolute uptake (mean 107kBq, range 38-285kBq). For the correctly mapped SLNs,

the mean uptake was 0.9% or 522kBq, respectively. There were, however, cases where

nodes with uptake as low as 0.003% and 1.33kBq were correctly mapped. Regarding the

level assignment, freehand SPECT managed to map 29/34 level I nodes, 3/5 level II nodes

and 3/3 level III nodes.
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Figure 8.8.: Histograms of nodal uptake in the validation study. Nodes that were not

mapped are indicated in red and successfully mapped nodes in blue. Although

the average uptake in missed nodes is lower than in detected nodes, there is

a significant overlap. This demonstrates that uptake and scan quality do not

sufficiently explain the ability to detect the SLN.
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8.1.4. Conclusions

This first experience could show that freehand SPECT is feasible for lymphatic mapping in

breast cancer. A sensitivity of 83.3% and a positive predictive value of 95% with respect to

the gold standard (SPECT/CT) as reported in the validation study are at least within one

standard deviation of the average values of gamma probe-based intraoperative detection

[160]. Thus, given a sufficient quality of scan, the accuracy of SLN detection may approach

levels of clinical applicability.

Several technical aspects, however, remained to be addressed in this study. Despite the

considerable improvements shown by using an online feedback during the acquisition,

freehand SPECT still yields false negative and false positive findings. Accordingly, further

research should be directed at optimizing methods to classify good and bad acquisitions

and thus provide better feedback on the quality of the scan.

The proximity to the injection site clearly played an important role in the false negative

findings of the validation study. In particular, in three patients with peritumoral injection,

the injection site extended to the position of the SLN in the freehand SPECT images. Un-

fortunately, neither changing the thresholds nor altering the defined filter range made it

possible to separate the SLN from the injection site.

Further issues to be considered were automatic quality control and improved quality

criteria, denser scan of the axillary and subclavicular regions, and optimization of recon-

struction parameters, such as number of iterations, postprocessing filter, etc. Another im-

portant issue is the relative uptake of the radiopharmaceutical within the SLN. Scans with

only intermediate or even poor quality yielded good results if SLNs presented high up-

take. Quantification in attenuation-corrected SPECT has not generally been validated, but

our results are in accordance with uptake values reported in the literature. Although ab-

solute uptake behaved very similar to the relative uptake, one issue to be addressed in

future is to test if freehand SPECT performs better using a one-day protocol. The influence

of timing regarding diffusion of the radiotracer was considered to be minimal, as the aver-

age difference between SPECT/CT and freehand SPECT acquisitions was in the range of

15min and after approximately 1h after injection.
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8.2. Clinical usability study

With the promising results obtained during the pilot study and in particular during its

validation, the next step was to confirm the clinical usability of the generated images. For

such means, the University Hospital of Bologna accepted to realize a study on 50 patients,

where freehand SPECT images would be generated and evaluated in terms of their poten-

tial use in the OR.

This work is currently under review by a major journal.

8.2.1. Aim

The aim of the Bolognese study was thus to evaluate freehand SPECT’s accuracy in the

detection and localization of sentinel lymph-nodes in patients with breast cancer with the

particular goal of evaluating the quality of the images for use in image-guidance during

SLNB. The study served also as first phase II study for freehand SPECT in comparison

with planar scintigraphy, the standard mapping method in most hospitals. As secondary

goal, the study was meant to validate further improvements on the system learned from

the Munich experience.

8.2.2. Methods

Inclusion and exclusion criteria

This study was also planned as a prospective study since the inclusion and exclusion cri-

teria were the essentially same as in the Munich experience with the difference that also

patients undergoing a combined SLNB and a radio-guided occult lesion localization (com-

bined SLNB and ROLL are commonly called SNOLL) were included. In practical terms,

this changes the imaging minimally, as a further injection site is placed deeper (intratu-

moral injection). Due to internal regulations only patients having signed a consent were

recruited.
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Ethical considerations

The ethical committee at the University of Bologna required the signed consent of the

patient. Here also no changes in the amount of injected radioactivity were done. The

dose received by the patient due to the lymphatic mapping was also in the range of 0.2-

0.4mSv. The additional burden in time was slightly less in this study, as the freehand

SPECT acquisition was done directly in the gamma camera used for planar scintigraphy

avoiding the delay of Munich between planar scintigraphy and SPECT/CT.

Patient group and planar scintigraphy

50 consecutive patients affected by invasive breast cancer cT1-cT2, already scheduled for

surgery, underwent lymphatic mapping. The standard procedure in Bologna includes an

intradermal administration of 60-80MBq of 99mTc Nanocoll in contrast to the subareolar

injection used at TUM. Acquisitions were done during 2min from the side (lateral) as well

as obliquely (AP-medial direction). The gamma camera used was a Picker Prism 2000 XP

(Picker International, Cleveland, USA, currently property of Philips, Hamburg, Germany).

Imaging was done 15-20min after injection and it was repeated if no uptake was reported.

In contrast to Munich no flood phantom was used. Skin marking was done using a 57Co

pen. All patients scanned underwent a 2-day protocol.

Freehand SPECT

The freehand SPECT system of Munich was cloned and modified on the software to in-

corporate a faster acquisition (20fps instead of 10fps as used in the Munich system). The

gamma probe used in this case was a modified Nucleomed MR100 (Rome, Italy) with a

variable collimator probe (probe model 15V). For scanning the collimation was fixed to the

maximum collimation resulting in an opening angle of approximately 30 degrees. Connec-

tion with the gamma probe was over the serial port of the device and asynchronously. En-

ergy discrimination was done by the freehand SPECT software (energy window at 140keV

with 10keV width).

The acquisition was performed immediately after the planar scintigraphy (2-5min delay)

in order to avoid echelon lymph nodes to appear in freehand SPECT that were not seen in
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planar scintigraphy. The acquisition of freehand SPECT was performed in the same bed

of the gamma camera (see figure 8.9) and took in mean 5.49min (SD, 2.37min) resulting in

3658 measurements pro acquisition (SD, 1290 measurements). 28 of the acquisitions were

performed by a first physician while 22 by a second one.

Figure 8.9.: (A) setup of phase II study at University of Bologna. Gamma camera (on the

left) and freehand SPECT (on the right) are acquired in the same bed. (B) shows

image of freehand SPECT system a few instants before starting acquisition.

For image reconstruction the ML-EM algorithm was used with 20 iterations. The probe

carving and the quality carving were active in all acquisitions. The threshold selected for

the quality carving was 0.1cps/kBq. For visualization also the quality filter was applied

with a threshold of 0.4cps/kBq.

Statistical evaluation

For evaluation of the datasets, two expert physicians evaluated correspondingly blindly

the planar scintigraphy and the freehand SPECT images. The number and approximate

location of the SLNs were reported. For freehand SPECT the possibility was to visualize

the images using an overlaid of the 3D radioactivity reconstruction on top of the video

of the optical camera. Further there was the possibility to adjust the threshold and to

visualize the image in 3D on a virtual reality window (see figure 8.10).

Each physician had to evaluate the clinical usability of the images for surgical planning

and grade it in a scale of 1 to 5 being 1 unusable, 3 equivalent to planar what scintigraphy
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Figure 8.10.: (A) 3D view of radioactivity distribution in one patient in virtual reality mode.

(B) same patient in augmented reality mode, next to the radioactivity recon-

struction, overlaid on the video, the anatomical landmarks used for definition

of the VOI can be seen as blue spots together with the green cone showing the

direction of the FoV of the gamma probe.

would offer and 5 considerably better than planar scintigraphy.

8.2.3. Results

Performance of detection of nodes

In all patients planar scintigraphy mapped at least one SLN in the axilla, while freehand

SPECT managed to identify at least one SLN in 49 out of 50 patients resulting in 98%

sensitivity on a patient base.

Overall planar scintigraphy detected 91 SLNs, while freehand SPECT identified 76/91

SLN. This resulted on a SLN basis, on both sensitivity and accuracy resulted in 84%. In

10 patients freehand SPECT detected fewer SLNs than in planar scintigraphy resulting in

15/91 false negative SLNs. In 1 patient freehand SPECT was able to detect one SLN more

than planar scintigraphy, which was validated with the gamma probe.

False negative results (15 SLNs) were probably due to low tracer migration to sentinel

SLNs (low uptake in planar scintigraphy), insufficient freehand SPECT scanning of the

axillary area or in 3 cases SLNs which were located too close to the injection site which

ended up merging with it in a bigger blob (see figure 8.11A).
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Freehand SPECT showed 1 additional spot in 6 patients and 2 additional spots in 2

patients easily recognized as artifacts with no risk of misunderstanding (see figure 8.11B).

Figure 8.11.: (A) Case were freehand SPECT was unable to tell apart between SLN (arrow)

and injection site. In (A1) the augmented reality view shows however that

despite the proximity of the node and the injection site, the image is clinically

usable. Image (A2) confirms the proximity in the planar scintigraphy. (A3)

shows how the node can be to some extend be distinguished. In (B) a case

of an evident artifact is shown. Near the two true SLNs a hot spot (arrow) is

seen medially in close proximity to the injection site. Such artifact is clearly

not an SLN, however cannot be really attributed to the injection site as seen

in the planar scintigraphy (B2) and the 3D view (B3).

Clinical usability

The results of the usability evaluation showed that in average freehand SPECT was better

than planar scintigraphy (average 4.22, SD 1.28). In 34 patients freehand SPECT provided

a considerably better image for surgical planning than planar scintigraphy, whereas in 3

cases, the image of freehand SPECT was unusable and in 4 cases the image of freehand

SPECT was not better than planar scintigraphy.
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Among the reasons for the dispersion the physicians complained about the artifacts,

which could confuse an inexperienced physician, but mostly the missing nodes in case of

low uptake. Cases were the lymph node merged with the injection site were given grade

3 and 4 (equivalent to planar scintigraphy or better), as commonly the topology was good

enough to give a good localization. The 3D nature of freehand SPECT played the most

relevant role in the qualitative evaluation.

8.2.4. Conclusions

As first phase II study of freehand SPECT the results were promising. The improvements

in the software (inclusion of quality filter for visualization and increased sample rate) as

well as the change in the gamma detector yielded significantly better quantitative results

and also qualitative images. Problems, like lack of proper scanning and uptake could

be however still seen in the series. Evaluation of the quality was quite satisfactory with

a mean of 4.22/5, however with up to 14% cases with bad grades leaves still place for

improvement.

In summary, the preliminary data of the study showed that freehand SPECT technology

is able to localize sentinel SLN in the axilla adding 3D information that could be potentially

useful in the operating room. Although not optimal the results opened the door to initiate

intraoperative evaluations.
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Chapter 9
Intraoperative evaluation of freehand

SPECT

The good results in the preoperative phase led the group in Munich to obtain an ethical

approval to start the evaluation of the system in the OR. Two different trials ran in parallel

at Klinikum rechts der Isar, one going for SLNB in breast cancer and one in melanoma.

9.1. SLNB in breast cancer

After the successful preliminary study in a preoperative setup, a first intraoperative study

was launched at the Women’s Hospital of TUM (Prof. Kiechle, Dr. Schnelzer). Essential

requirements for safety were evaluated before allowing the start of the study.

On the side of clinical motivation, freehand SPECT was considered to have a potential in

solving several practical issues in SLNB in breast cancer. Among those one can mention the

criteria for definition of sentinel node [295], the value of dynamic information [86] as well

as the value of preoperative lymphoscintigraphy [285]. The problem behind some of these

questions rely on the impracticability to implement the preoperative imaging information

into the intraoperative procedure of SLNB using a hand-held gamma probe. Intraoperative

lymphoscintigraphy by freehand SPECT had the potential of solving at least some of these

problems and shed light over the mentioned controversies.

This study resulted in a publication which is currently under review by a major journal.
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9.1.1. Aim

The objective of the study was to test feasibility of freehand SPECT imaging for lymphatic

mapping in the OR in the particular case of breast cancer. In concrete terms, the end points

of the study would determine:

1. The feasibility of localizing radioactively marked lymph nodes in axilla with free-

hand SPECT in comparison to preoperative planar scintigraphy and the gamma

probe alone.
2. The correct localization of the lymph nodes in freehand SPECT images as compared

with the position located by the gamma probe (in case the gamma probe detects

radioactive LNs).
3. The feasibility of localizing remaining radioactivity in the axilla after LN excision

with freehand SPECT.
4. The amount of radioactive nodes detected by freehand SPECT not detected with

gamma probe after excision.
5. The amount of metastasic LNs detected with freehand SPECT and not detected with

gamma probe. (This would probably not be possible to show in such a small setup

as the one planned here).

Beyond the performance analysis, a risk and ergonomics analysis was performed in

parallel to the study.

9.1.2. Methods

Inclusion and exclusion criteria

For this study the inclusion and exclusion criteria were again the same as for routine sen-

tinel lymph node biopsy in breast cancer patients (refer to guidelines of the DGS [176]).

Accordingly the study had as key inclusion criteria an age above 18 years, a core needle

biopsy confirmed invasive breast cancer and the eligibility for sentinel lymph node biopsy

and breast conserving surgery. As key exclusion criteria the study had pregnancy, clini-

cally suspicious axillary lymph nodes, ductal or lobular carcinoma in situ only, multifocal

tumor growth, the need for breast amputation or clinical considerations (risk of complica-

tions due to age or particular condition of the patient).
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Ethical considerations

The Women’s Hospital and the Nuclear Medicine Department at TUM posed a joint Ethic

Proposal for the use of freehand SPECT for intraoperative marking sentinel lymph nodes

combined with sonography [296]. The proposal was required as the setup includes the use

of a further marking wire only for validation of the position of the SLN as detected with

freehand SPECT. The proposal was approved on April 8, 2009.

As in the preoperative experiences, the amount of radioactivity used was the same

compared to the gold standard method (gamma probe based SLNB). Only the additional

time of about 15-20 min (pessimistic time needed for sentinel identification with freehand

SPECT including post-excision control) had to be accepted by the patients. The advantage

for the patient was stated to be that the sentinel lymph node gets specifically localized with

freehand SPECT and can get dissected precisely out of the axilla region without destroying

adjacent tissue.

Regarding the quality of the received treatment, all patients were planned to obtain the

gold standard preoperative procedure for localization of the axillary sentinel lymph node.

After identifying the sentinel with freehand SPECT the gold standard method for iden-

tification was required to confirm the located lymph node as the sentinel. If the sentinel

lymph nodes identified by freehand SPECT and by gold standard method did not match

both lymph nodes were to be removed and histologically tested for metastases, unless the

operator decided intraoperatively not to go for those nodes, due to clinical reasons.

On the side of increased morbidity due to harvest of additional nodes, the patient would

not have a disadvantage from removal of more than one sentinel lymph node as very often

up to 7 sentinel lymph nodes get removed in the standard procedure if they are located

next to each other. In general the harvest of small amount of additional nodes does not

have an impact in morbidity.

For further verification a freehand SPECT image would be acquired after removal in

order to guarantee that no radioactive lymph nodes are left behind. This would ensure the

quality of a complete resection of affected lymph nodes.
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Patient group and lymphatic mapping

The study was planned to be a prospective study and 30 patients were recruited. The

patient age was in mean 57.6 (range 39-84). All had a clinically confirmed invasive breast

cancer and received a breast conserving procedure.

The protocol for lymphatic mapping using planar scintigraphy was essentially the same

of the preoperative study at TUM. The mean injected activity was 91.9MBq (SD, 20.9MBq).

The injection technique was in all cases a periareolar injection in 4 deposits of approxi-

mately 0.05ml each. These images were available to the surgeon in order to allow proper

planning according to the guidelines.

Freehand SPECT and procedure in the OR

An improved version of the freehand SPECT system used in the preoperative trials was

used during the intraoperative studies. The major changes were the use of a new gamma

probe, a Crystal Probe straight with 60 degrees of opening by the company Crystal Pho-

tonics GmbH (Berlin, Germany). The signal acquisition was in this case done directly from

the analog output of the photomultiplier of the probe. The signal was thresholded in the

way to get an energy window of 40keV centered at 140keV. The gamma probe control unit

was active during the procedure and worked independently of freehand SPECT. Addi-

tionally a wireless gamma probe (Gamma Finder) by Silicon Instruments GmbH (Berlin,

Germany, currently rights for Gamma Finder are property of World of Medicine, Ham-

burg, Germany) was used for validation.

The software used included probe carving, quality carving (threshold 0.001cps/kBq)

and quality filtering of the visualization (threshold 0.4cps/kBq). For smoothing a Gaussian

filter with 6mm was used on the raw output of the reconstruction. Iteration number was

increased to 25; the algorithm used was still ML-EM and the model used for the gamma

probe included the solid angle effect and angle dependency.

For sterile cover of the probe the interface developed in collaboration with SurgicEye

GmbH (Munich, Germany) was used, such that the tracking target was not covered and

the probe was. The tracking target was sterilized together with the patient target using 135

degrees steam sterilization. The tracking markers were provided sterile by SurgicEye.

184



9.1. SLNB in breast cancer

On the day of the operation and according to the guidelines blue dye (patent blue) will

be also injected in the breast. The patient was then covered with the sterile covers used

in the standard procedure and the patient target was fixed using to the sterile target on

the sternum of the patient. The freehand SPECT device was then placed in a way that the

patient target was properly seen and that the screen was on the opposite side of the main

surgeon (see figure 9.1).

Figure 9.1.: (A) outside view of freehand SPECT system looking at operating situs while

doctor is scanning the right breast. In this particular case, the patient under-

went an SLNB procedure with breast conserving surgery on the right breast

and a mastectomy on the left side. Main surgeon started with the mastectomy

during freehand SPECT scan. The arrow shows the position of the patient

tracking target. (B) shows the same situation from the freehand SPECT cam-

era. The wire-box overlaid on the patient shows the VOI for that particular

image.

Shortly before the first incision of the axilla or shortly before the SLNB part in case of

the use of the ADAM procedure [245] the conventional gamma probes (both the Gamma

Finder and Crystal Probe used independently from the freehand SPECT device) were used

to localize the SLNs percutaneously. The amount of detected nodes was reported in the
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protocol. Then the first freehand SPECT scanning was performed . The scanning protocol

was shortened to be 3min after a new improvement on the software that allowed even

shorter acquisitions. The directions of scan were 1min in AP direction over the axilla, 1min

in medial direction in the axillary area and 1min on the breast (AP and medial direction).

The generated images were then visualized in the augmented reality mode as well as

in the probe view mode explained in chapter 7 (see also figure 9.2). The threshold for

visualization was set such that the visualized images did not contain artifacts and still

allowed seeing low uptake SLNs. The distance calculation was available too.

Figure 9.2.: (A) Planar scintigraphy of patient showing several SLNs up to subclavicular

area. (B) Augmented reality visualization of freehand SPECT image of same

patient. (C) ‘Probe view’ of the major hot spot used for 3D navigation.

Following the visualization of the SLNs with freehand SPECT, the surgeon proceeded to

prepare the axilla, using the selected conventional procedure. At the point the SLNs were

found the surgeon was asked to validate if the location the SLNs were found matched the

one indicated by the freehand SPECT. The ‘conventional’ method considered as sentinel

lymph nodes, any lymph node presenting uptake of blue dye and radioactive emission

verified with any of the hand held gamma probes.

The SLNs were then removed in any case (blue coloring or radioactive uptake) and sent

for frozen section. The axilla was then controlled with the gamma probes first and in

case no further activity was found, a second acquisition of freehand SPECT took place.

That second acquisition was meant to guarantee that no radioactive lymph node was left

behind.

186



9.1. SLNB in breast cancer

In the case additional SLNs were detected with freehand SPECT they were assessed

with the gamma probe in order to confirm radioactive uptake. The decision to take them

out or not was given to the surgeon based on the amount of already resected SLNs and

the clinical situation of the patient. According to the German guideline [176], resecting

more than 3 SLNs does not bring a significant improvement in the false negative rate of

the procedure. Accordingly it is left to the operator whether to resect those nodes or not.

Statistical evaluation

Based on the number of lymph nodes detected and later resected using the different infor-

mation, the sensitivity of the freehand SPECT system can be assessed (primary end-point).

Of particular interest are following criteria:

• Sensitivity of gamma probe to scintigraphy: SLNs seen with percutaneously vs.

those seen preoperatively
• Sensitivity of freehand SPECT to scintigraphy: SLNs seen with percutaneously vs.

those seen preoperatively
• False positive rate of freehand SPECT: artifacts seen that could confuse operator
• Rate of correctly additional detected SLNs with freehand SPECT: SLNs seen after

control with gamma probe, that gamma probe proved to be radioactive
• Rate of potential additional detected SLNs with freehand SPECT: SLNs seen after

control with gamma probe, that gamma probe could not to be radioactive
• Histology of resected SLNs in concordance: histology of nodes seen by both tech-

niques
• Histology of additionally resected SLNs: histology of nodes resected due to freehand

SPECT

The final histological results for each lymph node and the duration of the different steps

were documented (base for calculation of further secondary endpoints).

9.1.3. Results

Planar scintigraphy

Planar scintigraphy detected a total of 50 primary SLN and 11 secondary SLNs. Lymphatic

mapping of at least one SLN was possible in all 30 patients. In mean each patient had thus
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1.67 primary SLNs and 0.37 secondary ones. Mean time for visualization of the first SLN

was 10min and the examinations had a last acquisition in mean after 20min of injection.

According to the protocol of the hospital, although dynamic information is available, com-

monly both primary and secondary SLNs are resected due to the impossibility of mapping

them in the OR without any imaging technology.

Intraoperative detection with gamma probe and freehand SPECT

Pre-incision freehand SPECT images were generated in average 19.6h after injection (SD,

4.7h), while post-excision freehand SPECT images where performed 20.4h after injection

(SD, 4.6h). This resulted in an effective activity of 10.6MBq (SD, 7.0MBq) at time of opera-

tion for pre-incision scans and 9.6MBq (SD, 6.4MBq) for post-excision scans. The duration

of freehand SPECT acquisitions was 2.7min (SD, 1.1min) and 2.5min (SD, 1.0min) for pre-

incision and post-excision scans respectively.

In 28 of the 30 patients a pre-incision freehand SPECT scan was performed. For those

patients the conventional hand held probe detected 41 SLNs in 26 patients in contrast to

the 57 SLNs visualized in those 28 patients by planar scintigraphy (SLN sensitivity 71.9%

- 41/57, patient sensitivity 92.9% - 26/28). Freehand SPECT, on the other hand detected 52

SLNs in 27 patients, while one additional SLN was detected in 1 patient (SLN sensitivity

91.2% - 52/57, patient sensitivity 96.4% - 27/28). Both freehand SPECT and gamma probe

failed to detect SLNs in the same patient.

In 27 of the 30 patients a post-excision freehand SPECT scan was performed. There

freehand SPECT detected 17 SLNs not previously detected with the gamma probe in 15

patients out of 27 (55.5%). From those 10 SLNs were left behind on purpose due to either

a sufficient harvest, a too low uptake or clinical considerations on the patient’s health. 7

from them were additionally resected and sent separately to histology. Radioactivity was

confirmed with the gamma probe in all cases. Images before and after were compared in

the OR to validate complete resection (see figure 9.3).

Artifacts were observed in 5 patients, in 3 of which, they could have confused an un-

experienced physician, resulting in 26 of 29 cases where freehand SPECT could produce

clinically usable images (89.6%).
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9.1. SLNB in breast cancer

Figure 9.3.: (A) Pre-incision freehand SPECT overlaid on post-excision situs to be able to

compare with current situation as seen in (B). Here the two SLNs were re-

moved cleanly. On the other hand in (C) and (D) part of the radioactivity is

still inside the axilla. Freehand SPECT allows an impartial comparison before

and after resection.
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Histological evaluation

Unfortunately to date it has not been possible to collect all histology data for the 30 pa-

tients. This part was not included consequently in the submitted paper. Due to the fact

that most of the additional nodes detected by freehand SPECT were not resected, how-

ever it is highly probable that there will not be a significant statement. At least at a frozen

section level, no difference in the final staging of the axilla could be observed.

9.1.4. Conclusions

The preliminary experience in the OR showed already some of the advantages of freehand

SPECT, however also pointed out issues still to be treated. In regard to the objectives, free-

hand SPECT could probe to be feasible to detect SLNs after 19-20h of injection with almost

the same performance of planar scintigraphy. Moreover freehand SPECT was capable of

detecting more than the gamma probe alone. The position the SLNs were detected with

freehand SPECT did match the approximate position estimated with planar scintigraphy

and the one detected invasively with the gamma probe.

In another dimension freehand SPECT was able to detect additional lymph nodes in up

to 50% of the patients. This opens rather the medical question of the amount of nodes

to be excised and where to stop after some SLNs were already resected. In that sense

freehand SPECT poses an optimal tool for such means. The impact on the management

of the patients due to the additionally resected nodes remained however restricted as the

information on the histology is still pending.

The qualitative feedback of the surgeons using the system was positive and gathered

wishes in the direction of allowing a robust distance measurement as well as real time

imaging. In 3 cases the artifacts present in the reconstructed images shadowed the results

showing also better ways to determine the conditions for a good quality freehand SPECT

image.
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9.2. SLNB in melanoma

Like in breast cancer, SLNB in melanoma using one dimensional gamma probes is a stan-

dard of care worldwide (e.g. [69]). Reports on the performance are claimed by most groups

to successfully detect the SLNs during the surgical procedure in almost 100% of the pa-

tients. In clinical practice, however, several issues remain which are usually not addressed:

the difficulty of intraoperative detection of deep located nodes, SLN detection in heavy

weight patients or in the groin [190]. Moreover, the fact that often a ”dissection” is per-

formed rather a ”biopsy” involving far more nodes than needed and the impossibility to

make a scan of the entire wound after SLN resection probably results in a higher false neg-

ative rate [325]. These aspects could be addressed with proper intraoperative imaging and

navigation. Accordingly freehand SPECT could open new alternatives.

These results are currently under review by a major journal for publication.

9.2.1. Aim

The aim of this study was to gain a first experience of using freehand SPECT for navigated

SLNB towards making SLNB a minimally invasive and highly successful procedure also

in complicated clinical scenarios. Endpoints of the study were to obtain an idea of how

the promised advantages of freehand SPECT could turn into real clinical advantages. Is-

sues like incision guidance, depth calculation, quality assessment and image-guidance in

general were to be analyzed.

Issues to be analyzed were the possibility of detecting SLNs several hours after injec-

tion, the usability of the fused 3D functional information with the anatomical image, the

additional time burden and the rate of SLNs left behind by a gamma probe alone.

9.2.2. Methods

Inclusion and exclusion criteria

The inclusion and exclusion criteria used in this study, were the combined ones of the

European Organization for Research and Treatment of Cancer (EORTC) and the European

Association of Nuclear Medicine (EANM) [62] which are essentially the same as the ones of
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the National Comprehensive Cancer Network of USA (NCCN) [69]. According to the those

guidelines, SLNB is indicated for melanoma patients with tumor thickness between 1 and

4mm. Individual factors towards a higher level of malignancy (e.g. deep margins, lym-

phovascular invasion, etc) leaves the option of SLNB also for lower thickness melanomas.

Further inclusion criteria are age over 18 years and patient preference if tumor thickness

is above 4mm. Exclusion criteria are pregnancy and signals of clinical involvement of re-

gional lymph nodes.

Ethical considerations

The study for melanoma SLNB ran under the umbrella of the breast cancer ethical approval

[296] as the Ethical Committee at TUM did not consider any increased risk, on the other

hand, the melanoma evaluation was expected to be simpler due to the higher uptake of

SLNs in melanoma and the minimized influence of the injection site which is commonly

far from the lymph basins.

Patient group

To date 14 patients with indicated SLNB due to a melanoma were recruited. The average

age was 60.4y (range 30-72y). The location of the melanoma was 4 times in the foot or

lower leg, 3 on the back, 4 in the lower arm or elbow, 1 in the breast, 1 on the belly, 1 in the

shoulder.

Planar scintigraphy

The protocol for the melanoma patients was with minimal modifications the same as the

one of the breast cancer patients. The injection in this case was 0.2ml of 99mTc in four

deposits around the tumor or around the scar of the tumor resection as some patients’

tumor thickness was determined only after resection of the primary tumor.

The acquisition was done also with the Philips Skylight gamma camera (Hamburg, Ger-

many) and according to the 2min two side acquisition scheme using lead to cover the

injection site in case of melanomas too close to the axilla, the neck or the groin. In order to
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minimize the risk of imaging the wrong lymphatic basin, a full body 2D scintigraphy was

acquired in patients with the melanoma in the torso.

Surgical protocol

Similarly to the breast cancer case, the entire protocol consisted of 6 steps: (1) anesthesia,

(2) pre-incision gamma probe scanning, freehand SPECT acquisition and visualization of

3D data, (3) skin incision and SLN biopsy, (4) post-resection freehand SPECT acquisition

and visualization, (5) biopsy of additionally detected SLNs using the information derived

from freehand SPECT and confirmed by gamma probe, (6) suture. Steps (4) and (5) were

repeated, as long as SLNs were detected in post-resection scans.

The freehand SPECT acquisition was dependent of the lymphatic drain scanned. The

axillary case was exactly as done for the breast cancer patients. On the other hand for drain

to the groin the scan was performed in AP direction trying to incline the probe in direction

medial and lateral in order to obtain at least 90 degrees of projections. Abdominal SLNs

were scanned like the axilla. Drain to the neck was planned to be scanned also in AP

direction and in medial direction. In total scans were meant to be 1-3min depending on

the extent of the are of interest.

The patient target was also fixed according to the lymphatic basin drained. For axillary

drain, the target was placed over the sternum. For inguinal drain, the target was

For the freehand SPECT image reconstruction, the system and software was one to one

the used for the intraoperative breast cancer study. On the side of the probe, besides the

Crystal Probe integrated to the freehand SPECT device, a SI gamma probe probe (Silicon

Instrument GmbH, Berlin, Germany, nowadays Silicon Sensor AG) was used.

The amount of SLNs detected by percutaneously with the gamma probe, as well as the

ones detected by freehand SPECT were documented. After resection and verification with

the gamma probe, the number of SLNs further detected with freehand SPECT was also

recorded.
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9.2.3. Results

Planar scintigraphy

All 14 patients underwent planar scintigraphy in mean 18.8h before the surgical operation

(range 16.4-22.2h). 8 patients showed drain only to the axilla (4 arm patients, 3 back pa-

tients, breast patient), 4 patients only to the groin (4 lower leg patients), 1 patients to the

lateral side of the abdomen and the axilla (belly patient), 1 patients to the lateral side of

the abdomen, the axilla and the groin (1 back patient), and 1 to the axilla and the neck

(shoulder patient). Planar scintigraphy could image, 10 nodes in the groin, 14 SLNs in the

axilla, 6 to the side abdomen and 2 to the neck area.

Freehand SPECT and gamma probe findings

Axillary drain From the 10 patients showing axillary drain, 2 were discarded due to

missing data or similar. In the remaining 8 freehand SPECT managed to map 13 nodes

from 13 nodes seen in scintigraphy, while gamma probe missed 1 during the pre-incision

acquisition. The post-excision acquisition revealed 1 SLN, which could be verified by the

gamma probe. Freehand SPECT images showed artifacts which could be a potential inter-

pretation risk in 2 cases at pre-incision only. Freehand SPECT scan duration was in mean

3.2min (SD, 1.1min) at pre-incision, while it was 2.9min (SD, 0.6min) at post-excision. For

exemplary performance see figure 9.4.

Figure 9.4.: Example of results with in axilla. (A) shows the scintigraphy were 3 SLNs are

visible in a triangular configuration. (B) shows the pre-incision image were the

3 SLNs are visible too. (C) is an aquisition after the resection of the first SLN.
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Inguinal drain In the 5 patients showing axillary drain freehand SPECT managed to

map 11 nodes from 10 nodes seen in scintigraphy, while gamma probe showed the same

nodes seen in scintigraphy during the pre-incision acquisition. The additional node seen

in freehand SPECT was confirmed with the gamma probe. The post-excision acquisition

revealed 2 SLNs, which could be verified by the gamma probe. Freehand SPECT images

showed artifacts which could be a potential interpretation risk in 2 cases at pre-incision

and in 3 cases at post-excision. Freehand SPECT scan duration was in mean 2.6min (SD,

0.3min) at pre-incision, while it was 2.8min (SD, 0.3min) at post-excision. An example of

the type of images generated can be seen in figure 9.5.

Figure 9.5.: Example of groin case. In (A) planar scintigraphy shows a complex drain to

the groin with several nodes. Freehand SPECT image reconstructs correctly

the lower SLNs, however a spot appears in direction caudal which is not seen

in scintigraphy. Confirmation with gamma probe shows that the spot is an

error of sampling.

Abdominal drain In the 2 patients showing axillary drain both freehand SPECT and the

gamma probe could map all 6 nodes seen in scintigraphy. No SLNs was found in the

post-excision acquisition. In 1 of those particular cases several artifacts in pre-incision

and post-excision images were seen, which made interpretation complicated. Acquisition

times were here similar to the procedures in the groin.
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Figure 9.6.: (A) Dynamic planar scintigraphy of melanoma patient showing at chain of

lymph nodes on the abdominal wall from the injection site into the axilla. In-

jection consisted in 4 spots placed periareolarly. Acquisitions at 3 min, 8 min,

20 min and 34 min are frontal projections while acquisitions at 11 min and 30

min are lateral projections. (B) Overlay of freehand SPECT 3D image on the

video image of the same patient for easier anatomical correlation. The same

chain structure seen in planar scintigraphy can be seen in intraoperative im-

ages allowing a proper incision planning.
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9.2.4. Results

With a sensitivity of 100%, freehand SPECT showed very good results in melanoma pa-

tients. The presence of artifacts however was considerably higher than in the case of breast

cancer. Incorporation of the acquisition in the workflow was very smooth in this case. It

must be considered that here, as in the case of breast cancer the interval between injection

and operation was in the range of 20h with a resulting practical activity of 9.5MBq (SD,

3MBq) at the time of surgery. This factor did not seen to make the detection rate sink.

The 3D information provided by freehand SPECT was used mainly for the definition

of incisions, which are not trivial as in the case of breast cancer (see figure 9.7). Depth

information was not used as an aid mostly because of the fact that the time of imaging was

inappropriate. The use of a second acquisition after opening of the skin may result in an

improvement.

Figure 9.7.: Two examples how incision planning works. In (A) opening of axilla is guided

by freehand SPECT image. In (B) the same is done for a node in the side of the

abdomen for a patient with melanoma in the back.

In contrast to the case of breast cancer, the rate of SLNs left behind was considerably

lower in melanoma. Also the time burden for the procedure was almost minimal. On the

contrary for cases like the one of figure 9.6 freehand SPECT speeded up the procedure.
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Chapter 10
Conclusions

It was back in a sunny day of 2005 that I joined the trip that brought me here. Much has

happened since then and of one thing I can be sure is that this trip is not over yet. In this

moment of pause there is however an opportunity to look back to the last years and draw

some lessons learned and conclusions on the work done.

In the last chapters, the problem of providing 3D intraoperative imaging was presented

and a particular solution was proposed based on tracked hand held detectors and recon-

struction algorithms capable of 3D imaging from sparse, limited–angle and irregularly

sampled data. In order to validate this solution, freehand SPECT, one particular imple-

mentation of the concept proposed within this thesis was explained in details from its

requirements over its implementation to its evaluation both in a preoperative as well as in

a intraoperative setup.

10.1. Lessons learnt

Beyond the enthusiasm, the frustration and the infinite days of programming, constructing

and calibrating there are many things that can be learned from this experience. Those

lessons can be later used for further implementations of the concept of 3D imaging using

tracked hand held detectors, but also in general for the development of intraoperative

systems.
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Importance of the clinical benefit : By the current date I must have visited at least 50

hospitals in search of interest to bring freehand SPECT into standard clinical use and I have

not met a single physician that has not discussed on the clinical benefit of our system. It

does not matter if you are standing in front of a young-in-spirit enthusiastic surgeon or a

wise prudent physician. It does not matter if they model the process themselves or if they

ask directly what the clinical benefit is, that is one of the first points in the list of things to

evaluate on a new technology.

I still do not have an answer that convinces everyone. The current procedures of SLNB

in breast cancer and melanoma are already too successful. Any improvement on them is

accordingly hard to prove and even harder to make it evident enough so that the com-

munity realises there is still an improvement. Most surgeons are simply satisfied with

detection rates of 95% and false negative rates of 5% on paper. At the end all is a thing

of interpretation and numbers can be always be interpreted in a positive way. So even

unexperienced surgeons with lower performance than the one required by the guidelines

would argument that there is little clinical benefit behind freehand SPECT. The reason is

clear, the problem of harvesting SLNs is not anymore a problem in their minds.

In breast cancer, incision planing, availability of depth information, less invasiveness

through preciser localization may sound good and as shown in the studies are possible

with the developed system, but they will not convince the physician to change their proce-

dure. The clinical benefit is here the quality assurance. However the advantage of having

this said quality assurance is hard to prove. The current estimations tell us that in order to

prove that freehand SPECT enables to detect more tumor affected SLNs is going to take in

the range of few thousant patients.

In melanoma things may be different. There two applications may play a significant

role: melanomas in the head and neck and melanomas with drain to the groin. There the

situation changes as many open questions are still presen. As an example Ling et al. [190]

published a work lately where they shown a complication rate of 10% (mostly seromas

and infection) in melanoma SLNB patients. They looked at the case closer and realised

that the morbidity correlated with the body index of the patient and that the probabil-

ity of complications was 3 times higher for procedures involving SLNs in the groin. The

lack of 3D information and in particular depth may explain to a good extent this problem.
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Currently the use of a hand-held gamma probe requires mobilization of tissue for proper

localization. This could be minimized if depth information was available before. SLNs in

the groin area can also be located as deep as parailiacal, which further contributes to the

difficulty of the procedure and the need of proper information. As Prof. Lutz Kretschmer,

head of the Melanoma Surgery Division at the University of Göttingen, explains ‘the SLNB

procedure in the groin is not a solved problem. Many people ignore it, but there is consid-

erable place for improvement.’ Interestingly such comments are common from experts on

the field like Prof. Kretschmer, but the clinical benefit is not clear to everyone.

A completely different situation arises when freehand SPECT is presented for other in-

dications where this clinical benefit is evident not only for the experts. In such cases the

problem has not been solved in the mind of the common surgeon. That is the case for

SLNB procedures in gynecological and urological malignancies. Finding SLNs there is

simply hard. Anatomy is complex, probes do not deliver a clear signal due to scattering

and the target volume is far bigger than the tetrahedron of Dr. Paepke. It is not a surprise

that in these fields mini-gamma cameras have been successful (e.g. [349]). 3D information

would solve a problem that is evident for almost anyone and the impact on the success of

the procedure could be major.

Importance of understanding the workflow : As stated in the introductory chapters,

the workflow has to be considered in details. While introducing freehand SPECT this

asseveration can be extended to say, the particular workflow of each hospital is extremely

important. Workflows change dramatically between hospitals and even between operators

without any regard on guidelines. I have been in operations where freehand SPECT is

used almost as a non-intraoperative imaging tool, as images are taken before the start of

any step in surgery and also after suturing all wounds. I have been in hospitals where up

to 4 images are generated while looking of SLNs.

The workflow is a good representation of the inner processes of a hospital. From work-

flow it is possible to read where the main focus is placed, and implicitely detect the real

necessities. If a hospital does not want to include a freehand SPECT acquisition at the end

of the procedure, they certainly do not believe that it brings an improvement on quality.

Those cases have to be convinces by other advantages.
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The best way to introduce freehand SPECT into the setup of a hospital is then to dis-

cuss with the involved surgeons before hand and explain them when they could have an

advantage from the system. It is also recommendable to remind them continuosly during

the first operations when freehand SPECT could help them. Surprisingly the ‘aha’ effect,

i.e. the instant when a surgeon realises why freehand SPECT is useful comes only when

they have it available in the right moment of the operation. Of course, this requires a deep

understanding of the procedure for the person training the surgeon.

For example for SLNB in breast cancer it is recommendable for the first two to three

cases to push the surgeon to use the system in the following steps:

1. Once the patient is washed and before any incision or plan on the incisions is made.

An image in such a step could help the surgeon make a better idea of the incision for

the SLNs, the incision for the tumor and even decide the order of these steps. For

example, if the SLNs are close the injection site and the surgeon gets this information

through the freehand SPECT images, he or she will most probably start resecting the

tumor to minimize shadowing and shine-through and perhaps even go for the SLNs

then using the same incision. This is valid of course only if for both tumor and SLN

a frozen section is done or no frozen section is planned. If only one of the entities

is to be analysed with frozen section, then most probably that structure will be first

removed.
2. Once the SLNB procedure is about to start. This is of particular importance in case

the tumor was resected first, as during the tumor resection deformation is major and

also commonly a part of the injection site is removed.
3. Directly after the resection of an SLN. Immediately after an SLN is removed freehand

SPECT images can provide a fast control of complete resection and thus enable a

prompt decision if further SLNs are to be extracted or if the axilla can be sutured.
4. During the wait for frozen section. A longer acquisition, capable of providing higher

sensitivity is recommendable if a wait is given. This image may show additional

SLNs not seen during a faster confirmation image and could thus even result in ex-

tending the biopsy by a couple of nodes.

It is important to mention that any decision whether an image has to be generated or

not, have to be taken in the light of the boundary conditions of the surgery. Patient general
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health condition, disease prognosis, logistics of the OR, etc cannot be forgotten.

Importance of the cost structure : As long as a technique does not change the cost struc-

ture of a particular procedure, it has to bring considerable cost reductions. While present-

ing freehand SPECT in different hospitals to different specialists, this became extremely

clear. Essentially there were completely different scenarios.

In the first scenario the specialist purchasing the device would be a Nuclear Medicine

physician. He or she would then have a service to offer to the breast cancer surgeons.

However it would be most likely that the budget for the new service would not be different

from the one already existent for the preoperative lymphoscintigraphy and the injection of

the yadioactive tracer. In this way any purchase by the Nuclear Medicine physician would

be only justified if the surgeon would push him to offer freehand SPECT imaging, if he or

she would get more patients due to the fact that he or she offers freehand SPECT or if he

or she would reduce his or her costs using freehand SPECT.

In the second scenario the specialist purchasing the system would be a surgeon. Here

he or she would be able to do the scintigrahy on his own and thus would not necessarily

need to pay for preoperative imaging, but rather only for the injection of the radioactive

tracer. In this case the cost structure changes dramatically enabling the surgeon to get

reimbursement previously assigned to a Nuclear Medicine phyisician. As a result the in-

vestment would make sense if the cost of freehand SPECT would be lower than the cost of

the preoperative imaging transdered to the Nuclear Medicine specialist.

In general the easiest calculations result from the second scenario and thus it is a rather

favourable approach in order to integrate a new solution into the clinical routine.

Importance of usability and robustness : Although robustness and proper usability are

given for granted in medical devices ‘given for granted’ does not mean always ‘solved’.

This was particularly made evident in the development and introduction of freehand

SPECT into clinical use.

When following all development requirements one often forgets that the system to be

developed will be used by people who have a completely different training as the people

planing the system. Giving for granted that a user of the system will improvise or will
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make obvius corrections if something is wrong is not really an option.

If a system is meant to be used in medicine it has to be available. Being available means

that if the surgeon needs it at a point during the operation, it has to be there and ready to

be used. A fast booting or initialization, a prompt possibility to be used without calibration

steps or alike and a fast re-initialization if the device is unplugged are mandatory and can

really affect the incorporation of the technology in the OR.

On the side of certification reproducibility is expected. A system can be robust enough

for medical use if it is reproducible. It is not tolerable that results vary from patient to

patient, or if yes only minimally. For freehand SPECT and in general for hand held imaging

this was a great challenge that pushed the use of guidance systems for the scanning part

of the imaging procedure. The results of the preoperative study performed in Munich are

extremely clear on this point.

In order to be usable by any user, the experience with freehand SPECT showed that the

system and in particular its user interface has to be easy to learn and easy to remember. Ro-

tation in hospitals is common. Older physicians go, newer come, but also the indications

assigned to physicians are rotated on a normal base to minimize the need of continously

implementing training and to keep the team at a good level of practice. Due to this and as

an example during the intraoperative studies at Klinikum rechts der Isar freehand SPECT

has been in the hands of 8 leading surgeons and up to 14 assisting surgeons, as well as 6

different OR teams. This numbers apply only to approximately 30 surgeries in two De-

partments. The system has to be able to be taught to newbies easily and experienced users

coming back to the system have to be able to use it again without starting the learning

process from zero.

Related to the previous topic in order to guarantee proper usability, any system has to

be forgiving. If a user makes a mistake while interacting with the system, he or she has

to be able to correct it easily and fast. In the case of freehand SPECT the definition of the

volume of interest with landmarks was a particular case, where this was solve unproperly

during the first studies. Making mistakes while controlling software systems is possible

and frequent, in particular during surgery. Adding more intelligence and minimizing user

interactions help to reduce these problems as the inclusion of the automatic volume of

interest calculation resulted in freehand SPECT.
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Efficiency is also mandatory for medical devices. Originally freehand SPECT included

seven different steps in order to produce and visualize images. In terms of user interactions

this meant over 30 interactions and as a result a big amount of potential mistakes and

failures. Currently the system used in the intraoperative studies has 3 steps and requires

less than 7 interactions for essentially the same means. This has a huge impact on time and

thus in the acceptance of the surgeons and the integration into the workflow in terms of

changes in general and time.

Importance of time : As described in almost any marketing book, a fundamental factor

in the success of a product is the proper timing.

Prof. John Aarsvold closed his talk at AIIR in Matinatta last year by trying to explain

why he failed to introduce intraoperative imaging in the nineties and why he saw a chance

now. He explained that the adoption of technologies like PET/CT and SPECT/CT started

making structures visible that could not be seen before. If such structures were to be found

during surgery only intraoperative imaging could have a chance. In the experience of

freehand SPECT this was also clear, but yet there was a further dimension. The right time

is not the same time everywhere.

While presenting freehand SPECT almost never a negative feedback was obtained. All

surgeons asked spoke of the way to the future. Interestingly only a hand full of them

thought however that the future was now.

Clinical applications have also a time and this is the first fact that plays a role. If freehand

SPECT helps in an application, it only makes sense if that application is being done or if it

is about to start.

Trends also have an influence. In breast cancer surgery the SLNB procedure has been

accussed lately of being inncessary. The inclusion of new technology would there not make

any sense. On the other hand the introduction of the ROLL procedures in more and more

countries (i.e. in Italy [221], Spain [204], France [16], Turkey [22], etc.) or the inclusion of

vulva cancer as indication for SLNB (e.g. [56]) speak for freehand SPECT.

Time has to do also with people. Trying to recruit a newly hired Head of a Depart-

ment to test freehand SPECT was consoderably easier than convincing an older Head of

Department with a fixed portofolio of research and patient services. This has to do with
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the different challenges posed to each of them and with their motivation. Including new

technology and innovation sounds simply excellent for a shortly hired physician to gain a

place in his or her hospital.

The place of luck : No matter how well planned everything is, no matter how good

things work on the paper, at the bitter end in every success there is always a non-negligible

component of luck.

I still do not know if we would have managed to convince our colleagues of Bologna

to push freehand SPECT if we did not have such a good patient the first time we were

together in the OR. It was a case of SNOLL. The images were simply beautiful: the injection

site, the ROLL marked tumor and the SLN were visible. Even an intramammarian lymph

node could be guessed. The specimen imaging was even better. The borders were too

close to one side. Prof. Mario Taffurelli made an act of faith an extended the borders

in the direction our system was showing. Some minutes later the radiologist called and

confirmed: the microcalcifications were indeed too close.

Luck cannot be underestimated. Even a good solution can fail if there is no luck. In

the introduction of freehand SPECT into the clinic we have had luck. Many of the results

presented here could not have been possible without it.

10.2. Closing words

Freehand SPECT was the first implementation of an intraoperative 3D imaging system

based on the combination of hand-held devices and tracking technologies. As sumary and

conclusion of the process of design, implementation and evaluation of the system the first

statement that can be given is that the approach is feasible. With almost 200 cases and

systems installed in a hand full of sites the images generated by freehand SPECT are valid

and within the requirements accurate and precise. This has to be considered in the light

of the type of data available to generate such images. The algorithms developed here and

the correction methods have shown to be able to deal with sparsity, limited angularity and

asymmetry in order to extract from them the best estimation for a radioactivity distribu-

tion.
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Further the implementation of the system although not necessarily optimal is sufficient

for intraoperative use. Obstacles in terms of usability, safety issues, workflow integration

and economic requirements. The resulting design has been evaluated successfully in over

20 centers all over Europe and the USA showing sufficient performance, proper size and

flexibility. No major issues haasve arisen from the sterility requirements and the designed

hardware has been succesfully tested for sterilization and usability.

The generated images have also not only been valid and the resulting system being suit-

able for intraoperative use, but the proposed changes in the clinical procedure have been

shown and to some extent proven to contribute to the treatment of the patient. Disregard-

ing the impact on survival freehand SPECT has been able to detect radioactive nodes in

breast cancer and melanoma SLNB procedures that would otherwise not have been found.

Depth information has been made available and it has been incorporated by physicians in

the treatment changing it in more than 10% of the cases.

The indication selected as initial for freehand SPECT, the SLNB procedure in breast can-

cer was shown to be good in terms of allowing fast evaluation due to the availability of it

in most hospitals, but showed also not to be optimal. If freehand SPECT is become a stan-

dard of care in that application there is still major work to be done in terms of evaluation.

Nevertheless indications like SLNB in melanoma for tumors with drain in groin and neck,

SLNB in vulvar and head and neck cancer, ROLL, etc are very promising and initial data

supports its further development in those directions.

From the technical side the major challenge was related with the scan quality. The de-

tailed analysis on it during the Munich preoperative study may this evident. The reason

is however quite intuitive. If an image of a certain area is to be generated this is only pos-

sible if there is sufficient information of that specific area. This is very important in 3D

imaging, where the lack of projections from at least two direction makes it impossible to

make proper depth reconstructions. The methods developed in this work enable attacking

that problem in a rather intuitive way. Specially the latest implementation were the 3D

information is quantified and overlaid on the video image of the patient has potential.

The next step in this trip will not be short nor easy. Many issues remain open not only

for freehand SPECT, but in general for the approach introduced in this work. Looking

back however the distance left behind is not minor and many things nobody would have
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thought to be possible were shown to be indeed. The concept was good. The indication

was clear. The clinical benefits for patient, surgeon and hospital were feasible. But mostly

perseverance was kept by the team over long nights and endless hard headed attempts to

make from a taped prototype a real medical device.
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Chapter 11
Appendix I: Essential requirements for

medical electrical devices

On the following the most important points of the list of essential requirements will be

explicitly in the view of a functional imaging system for use in the operating room. The

motivation for such extended analysis comes from the fact that during development in

research institutions these issues are almost left aside although they may play a funda-

mental.

11.1. General requirements

In essence medical products and in particular functional imaging systems have to have a

clear intended use (see example in figure 11.1). This intended use has to be related to a

diagnostic procedure. Any risk or side effect of the use of the device has to be minimized

and considered in relation to the supposed advantage for the patient. Accordingly, in

imaging systems, the information gained by the use of the imaging has to be considerably

above the potential dangers it may involve including risks for the user (medical doctors,

technicians, etc.).

The design of medical devices has to consider all expected border conditions. If for

example meant to be used in the OR, the system to be developed has to consider the mag-

netic fields, electromagnetic radiation, electrostatic discharges, pressure, temperature and
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Figure 11.1.: Example of intended use of intraoperative medical device (gamma camera by

Oncovision/GEM Imaging). Text taken from Summary of Substantial Equiv-

alence from FDA’s file K092471.

acceleration that may take place in the OR, i.e. consider all possible devices and situations

where these may result to be harmful to the patient and user given the operation of the

device being designed. Typical pitfalls here are not considering fluids like blood, cleaning

liquids, etc. that may be spilled over devices or enter them causing problems (see here the

definition of the IP class of a device).

Similarly possible interactions with other devices in the OR have to be considered and

if applicable interfaces have to be analyzed in terms of possible risks that would only

be probable if the interface exists. If there is a possibility that an electro cautery is used

simultaneously with the device be designed, then the high electromagnetic disturbance

such electro cauteries generate in the electrical network must be considered (see figure

11.2).

The latter argumentation is also valid for so called ‘combination products’: at the end,

the combination of products must not change the performance and risk of the separated

parts, nor create further dangers due to interfaces. For example the combination of track-

ing and functional probes can only be accepted if the probes would work essentially

equally if the tracking was absent (see figure 11.3).

11.2. Requirements on materials

Functional imaging systems have to consider in particular the materials they are built of.

In general materials should not be inflammable nor explosive. If any part of the device is

meant to be in contact with patient or user, it is not allowed to be toxic given the intended
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Figure 11.2.: Example of interference between medical devices in OR. In (A) the electro

cautery is in use, but is not in contact with other metalic instruments. Gamma

probe shows no counts (as it is not pointing to patient and monitor shows im-

age without artifacts). In (B) some seconds later, the surgeon touches metallic

forceps with electro cautery. This generates electromagnetic fields in a fre-

quency range that disturb probe and monitor. Probe display shows over

40,000 cps although probe was pointing in direction to a wall where no ra-

dioactivity was found. Simultaneously the monitor image flickers.
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Figure 11.3.: Example of violation of requirement on combination of medical products and

possible solution: In (A) a gamma probe is combined with tracking target. The

gamma probe cannot be sterilized, so it must be covered with a sterile cover

for intended used. This however would not allow proper optical tracking as

tracking through cover increases tracking error at least 5 times. On the other

hand, not covering the probe disables it to be used in the OR. (B) shows a

solution, where probe is covered by sterile sheath and tracking target (sterile)

is placed on top of it. Both, probe use and tracking are possible with proper

performance.

use and the expected advantage for the patient. Possible uses outside the intended use

must be also considered and risks minimized. In the particular case of imaging, the use of

devices for clinical applications, for which they were not designed, is a typical source of

risks in terms of the materials used.

If the imaging system requires parts of it to be in contact with the patient or the user,

biocompatibility has to be taken care of. In general, biocompatibility is to be considered in

the light of the exposure time and frequency. This can be of relevance for example when

using imaging devices that require contact like ultrasound or references on the patient, like

tracking targets in navigated systems.

Aging of materials has to be considered also, deformation and degradation over time

may result in the need of establishing time frames for validation or recalibration, like in the

case of energy windows in nuclear detectors, geometry in tracking targets, homogeneity

in X-ray systems, etc.

In particular for housings, the risks of materials, like gases or fluids, penetrating inside

must be avoided in the case they may generate dysfunctions or further dangers. Contam-

ination of the operating field through housings is also to be minimized. For example, in
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case of using functional probes like gamma probes, the possibility of carrying microorgan-

isms into the OR field on its surface them must be minimized.

Dangers of harm due to ergonomic issues are also relevant when designing housings,

sharp borders have to minimized and the design has to avoid grabbing or coming into

contact with the housing in a way a harm to the user could happen (see figure 11.4).

Figure 11.4.: Example of warning sign in housing of intraoperative device (arrow). Arm of

CSS300 (implementation of freehand SPECT technology by spin-off company

SurgicEye) is too low and can be a danger to users. Accordingly a warning

has to be added to it.

Requirements related to sterility

As functional imaging systems working in the OR may come into contact with the open

wounds of the patient, it is quite likely that many parts of it must be sterile. Starting from

the housings, if they cannot be sterilized, it must be possible to cover them with sterile

sheaths or equivalent (see figure 11.3B). An interesting example is for example the case of

handles. If a handle is to be used it has to be designed in a way, that if the user tries to grab

it without looking he/she cannot by mistake touch a non-sterile part of the housing (see

figure 11.5).

Sterile parts have to guarantee that they can be sterilized with validated sterilization

methods. They must be packaged in a way that they cannot lose their sterility under

normal transport, storage, etc. Finally they have to be manufactured under controlled

conditions.
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Figure 11.5.: Example of sterile handle in CSS300. The handle is wider towards the cam-

eras in order to avoid sterile personnel to unintentionally touch non-sterile

cameras.

11.3. Requirements related to measuring devices

Measuring devices, which could be the case of functional imaging devices have special re-

quirements according to the regulations of EN 60601-1. They have to guarantee a minimal

accuracy within the intended use. In the case of soft tissue probably a 5mm value for dis-

tance measurements (derived from the images) is appropriate. This is radically different in

neurosurgery applications, where any distance displayed should be at least 2mm accurate.

The accuracy has to be guaranteed to be held constant over a period and the time frame

for recalibration must be made explicit.

Ergonomic issues play also a role in measuring devices. The display has to be suitable

(readable from far, see figure 11.6) and the units used have to be according to the country

it is used.

11.4. Requirements for devices emitting radiation

Radiation of any type has to be taken seriously. The exposure of patient and users of a med-

ical device have to be in the range permitted for the particular application. In functional

imaging devices, this is of importance for devices including X-ray sources, radioactive

materials, illumination, lasers, but also electromagnetic fields.

Radiation has to be reproducible, within an acceptable tolerance and include automatic
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Figure 11.6.: Example of display of measure. Beta probe device shows count rate (A), the

most important value according to intended use, in big letters (4-5 cm) in

order to allow easy reading of it from distance. Other values may be smaller,

as they are needed only for setting additional functions. Units are shown also

on screen to avoid confusion (B).

limits to avoid over exposure per mistake. Also invisible radiation has to be made visible

or acoustically detectable by the user and/or the patient to avoid harm (see figure 11.7).

X-rays, gamma-rays, infrared light, etc. usually part of functional imaging systems are

considered among them.

Figure 11.7.: Example of way of warning the presence of invisible radiation. Sign on door

turns on when radiation is been applied. Also sound is made to make per-

sonnel aware of danger.

In particular scattered radiation (both elastic and inelastic scattering) must be also con-

sidered, as it may result in additional exposure to patient and user.

Devices like X-ray devices have to include ways to control the type, geometry and dose

of the administered radiation.
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For imaging it has to be optimized the quality of the generated images in relation to the

dangers involved for patient and user in the light of the advantages of using the system.

In the case of X-ray based imaging, the benefit-risk relation has to be considered. Com-

monly the quality of the images improves with increasing dose, so that the exposure has

to be as high as necessary to obtain clinically good images and as low as possible to avoid

a potential harm due to the effect of the used ionizing radiation for the patient.

11.5. Requirements for devices that deliver energy to the patient

As in the case of radiation emitting devices there are constraints for devices that in general

deliver energy to the patient.

Electronic devices (which is the case of almost all imaging devices) must behave with

proper reproducibility, reliability and performance. Errors that may occur must be caught

to avoid risks. Electromagnetic compatibility according for example the standard EN

60601-1-2 must be guaranteed in order to avoid disturbing other devices and on the other

hand working properly in the presence of electromagnetic disturbances. Finally, electri-

cal discharges have to be controlled (see figure 11.8) in case they take place and properly

designed fuses and transformers have to be included (see here in particular [10]).

On the side of mechanical risks, issues like stability (see figure 11.9) and potential risks

due to moving parts must be considered. Mechanical vibrations are of particular relevance,

which must for example be taken into account in ultrasound devices. Acoustic energy is

also to be considered, beyond dangers in the sound itself. For example if due to sound a

phyisician is annoyed and cannot concentrate or in general if the device developed may

result in attention deviation from important devices or physiological processes, special

care has to be taken of.

On the side of heat, to avoid burnings, temperature must be kept in general below 310

K (37 ◦C), unless explicitly needed.

In general if energy is delivered to the patient alarms have to be included if changes in

the said energy delivered turn to a risk. This also refers to unintentional energy delivery.

In X-ray systems or laser systems this is has to be considered as potential risk.

A particular risk is the potential reactions of contrast media with the delivered image, as
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Figure 11.8.: Example of points tested on electrical discharges (air discharges marked with

yellow circles, contact discharges marked with blue triangles) on a medical

device. Tests have to be repeated with device running and only connected

to network, as well as in case of a disconnected earth connection. Image

taken from protocol of EN 60601-1-2:2007 compliance of CSS300 by spin-off

SurgicEye.

Figure 11.9.: Example of stability test according to EN 60601-1. Medical device is placed on

a 10 degrees inclined ramp in the most unfortunate position possible from a

stability point of view (here A and B are exemplary unfortunate positions). A

small force is applied in vertical direction down (here by pushing arm down).

If device comes back to its position, it passed the test. Otherwise stability is

not guaranteed according to the said standard and either additional warnings

have to be included or other corrective measures implemented.
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it is the case in light activated contrast media. Any reaction of the light activated contrast

media has to be analyzed.

11.6. Further requirements

The list of essential requirements of EN 60601-1 includes a complete chapter on user doc-

umentation which will be omitted here.
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Appendix II: List of Abbreviations

Medical Terms

AP Anterior-posterior
OR Operating room
SOP Standard operating procedure
SLN Sentinel lymph node
SLNB SLN biopsy
ADAM Axillary Dissection with Access Minimized
ALND Axillary Lymph Node Dissection
WGL Wire-Guide Localization
ROLL Radio-guided Occult Lesion Localization
RULL Radio-guided Ultrasound Lymph node Localization
RT Radiotherapy
DCIS Ductal Carcinoma In Situ
DRG Diagnosis Related Group
ICD International Classification of Disease
NUB Neue Untersuchungs- und Behandlungsmethode

Mathematical terms

ART Algebraic Reconstruction Technique
MART Multiplicative Algebraic Reconstruction Technique
SIRT Simultaneous Iterative Reconstruction Technique
ML-EM Maximum Likelihood - Expectation Maximization
BN Best Neighbor Optimizer
GN Gauss-Newton Optimizer
LM Levenberg Marquandt Optimizer
SSD Sum of Square Differences
MSSD Mean Sum of Square Differences
CC Cross Correlation
CR Correlation Ratio
MI Mutual Information
GS Gauss-Seidel method (iterative solver)
SOR Successive Over-Relaxation method (iterative solver)
CG Conjugate Gradient (iterative solver)
SD Standard Deviation
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Medical Imaging Modalities & related topics

CT (X-ray) Computed Tomography
MR Magnetic Resonance (also MRI for Imaging or MRT for Tomogra-

phy)
MRS MR Spectroscopy (also MRSI for Imaging)
fMRI functional MRI (also BOLD MRI, BOLD stands for blood oxygena-

tion level dependency)
PET Positron Emission Tomography
SPECT Single Photon Emission Computed Tomography
US Ultrasound
CE Contrast-enhanced, e.g. CEUS is contrasted-enhanced US
IO Intraoperative, e.g. IOMRI is intraoperative MRI
PACS Picture Archiving and Communication System
VOI Volume of Interest
FoV Field of View

Pharmaceuticals and biomolecules

5-ALA 5-aminolevulinic acid
Cu-ATSM 64Cu-Cu(II)-diacetyl-bis(N4-methylthiosemicarbazone)
DOTA 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid
DOTATOC (DOTA(0)-Phe(1)-Tyr(3))octreotid
FAZA 18F -fluoroazomycin arabinoside
FDG 18F -2-fluoro-2-deoxy-D-glucose
FDOPA 18F -L-Dihydroxyphenylalanine
FET O-(2-18F -fluoroethyl)-L-tyrosine
FLT 3-18F -fluoro-3-deoxy-thymidine
FMISO 18F -fluoromisonidazole
Gd-DTPA Gadopentetate Dimeglumine
GLUT Glucose active transport proteins
I-MIBG I-meta-iodobenzylguanidine
ICG Indocyanin green
In-octreotid 111In-diethylenetriamine pentaacetic acid-D-[Phe1]-octreotid
MET 11C-methyl-L-methionine
MIBI 99mTc-2-methoxy-2-methylpropylisonitrile
PPIX Protoporphyrin IX

Regulatory terms

CDMR Canadian Medical Device Regulation
CFR Code of Federal Regulations
FDA U.S. Federal Drug Administration
MDD Medical Device Directive
MPG Medizinproduktegesetz
MPBetreibV Medizinprodukte-Betreiberverordnung
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