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Abstract

This introductory chapter does not pretend to give a full overview of the biomedical imaging and
therapeutic resources but some ideas about the problems to face and the breakthroughs that are on the
way or will happen tomorrow. It will emphasize the importance to look outside its own field and
under stand how the new advances made elsewhere can help in solving specific problems or, and perhaps
more, be the source of inspirations. It attempts to emphasize the efforts to make on therapy if we want to
be coherent with the trend toward early diagnosisin caring patients.

1. Introduction

The availability of high resolution medical imagjnip space and time, and the subsequent access to
morphological or functional features, the fast depments in image analysis (figure 1) and virtual
augmented/mixed reality, and the emergence of t@chmology-based devices, have opened the road of
challenging research. If the former provides thpabdity to collect precise and relevant data oa th
patient disorders, the others offer on one hand, means for objective delineation and quantifiaatid
lesions as well as registration, instrument tragkamd visualization for multimodal fusion and, dre t
other hand, the possibility to act in spatially stvained environments. These continuous improvesnent
are far to be completed. However, the therapeesources at our disposal remain less developed and
more efforts are required in the next future. Eéint targeted caring actions with less side-eféeetmore
than expected because most of the present onle®lstibn old principles with very few exception&his
short paper reviews some of these paradigms atichtissues that need special attention.

2. The fast evolution of technology and its consequences

We must remember that major imaging sources, tee@iT-scanner appeared in the 70s and MRI a few
years later. The methods that were developed sitithe were mainly devoted to segmentation and 3D
visualization (such as slice interpolation to féloe low spatial resolution, surface detection amadsg

to get the 3D shape, etc.). Detectors in CT, @oilgIRI, transducers in ultrasound, etc. have baghly
improved due to advances in physics and electro@leemistry through the contrast agents has been al
contributing to these impressive developments. Amid is true for X-ray based technology as for
magnetic imaging, optics, etc. The conjunctionhese resources with always faster computer systems
opened the road for the implementation of imagegssing methods which were discarded for a while.
This is the case for instance of statistical retraction algorithms. These real improvements and
sometimes breakthroughs have however several ianazbnsequences that can be questioned.
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Figure 1. The advances in medical imaging modalities vessgisal-image analysis methods over tif@eurtesy P
Haigron, J.L Coatrieux, (Haigron, Luo et al. 2009))

Do they fulfil the expectations they supposed to? We can understand for example that the competition
between modalities like CT and MRI for the beativeart should force for new generations of systems
and thus is surely a way to get better insighthi¢éohuman body. Also, the search for higher fialdiRI

is a normal path to follow in order to charactenmere precisely the nature and the extent of anesi
Ultra-fast acoustic imaging may lead to reveal $madl rapid movements of significance for diagnosis
But any technology-driven approach must also taite account the clinical and patient needs. They
concern the effective demonstration of patienttgaded patient benefits. They equally have to détd

cost savings: the multidetector CT is an excelleatketing reference where progressively the sources
went from 4 to 64 and more detectors while a disggp to a high number of detectors was possible.

What are the consequences for research? They are major. First of all, any clinical studylie achieved
fully depends on the sensors which are used. Aarelser working on an imaging modality a few years
old can not compete with the last version availablether sites. Therefore, there is a permanght for
having the newest system at hands. The previossovehas not been exploited yet that it is mangator
access to the last one.

Are we free to devel op potentially new solutions? Not really. An example of that is the accessato data.
These data, the immediate outputs of the sens@s)a available except if you are under contraith w
the providers. The images at our disposal are dyreaconstructed, filtered and sometimes interpdlat
all things which are not under control. There isther critical issue to address.

What can be said about the information processing? Very little, in fact. This step relies completelg the
input data. A segmentation algorithm, that failsanich not totally satisfies the expected outconcas,
work much better on an improved dataset. Rigorougtyshall revisit systematically the past methiods
order to be objective in the assessment of perfiocmaA huge task, of course, that nobody want®to d



3. A mandatory target in biomedical engineering: the design of new therapeutic
technologies

The major question for imaging people is: why to put such emphasis on early diagnosis if there is little
means to care the disease? In other words, what after diagnosis? Our feeling is that the research efforts
must be much more balanced. Imaging will remaincofirse mandatory to navigate and guide the
therapeutic instruments as it has been shown inputenassisted interventions and robotic systems.
Beyond the advances made in, the demand of moigeeff and safer therapies remains challenging.
Most of the physics-based (or energy-based) thatapgrinciples at our disposal have been estaddish
long time ago. They all have a wide spectrum aficéil targets in terms of organs and pathologiesjen

of application (external, interstitial, intraluminaetc.) with advantages and side-effect drawbacks,
indications and contraindications, some of thethfsiting controversies regarding their outcomelseyl
include radiofrequency (RF), high intensity focusdttasound (HiFU), microwaves, cryotherapy and
laser-based approaches (e.g. photodynamic therapylarge). Radiotherapy and its variants
(hadrontherapy, brachytherapy, Gamma knife and &yilife) remain of course the reference technique in
cancer treatment.

Radiofrequency ablation (RFA) is based on electric current-mediated heatiegh through an electrode
placed into the target. Resistive heating arouedRRA electrode is produced by fast ion oscillatia
frequency typically ranging over 450-500 kHz (Niul&r et al. 2005; O'Rourke, Haemmerich et al.
2007). In order to avoid different sequential phaeats into large lesions, multitined electrodes or
internal electrode cooling is sometimes used (8gR)j. They may incorporate controlled sensors for
measuring the temperature. Atrial fibrillation stggsion is a major application of this thermoalati
technique but applications for unresectable caimoeease significantly within the last years.

Figure 2. Radiofrequency needle electrode. The gauge négdieroduced into the tumor and then the retrdetab
tines are deployed.

Microwave ablation (MWA) is obtained by creating rapid oscillations of wataslecules, thus causing
frictional heating leading to coagulation and ne@oMWA probes are basically coaxial waveguides
(Bertram, Yang et al. 2006). Several frequenci&$§, dHz and 2.45 GHz, are authorized and lead td tre
volumes up to 4-5 cm in diameter. Improvementsnteana design (from triaxial to dielectric resomato
antenna) have been recently brought with the dbgetb extend the treated area, to better confdren t
radiation pattern and to reduce the probe size.

High intensity ultrasound has raised a lot of interest for years (Bouchdusfon et al. 2008) and is now
widely disseminated. Focused transduceétdzU (High Intensity Focused Ultrasound) and non (or
weakly) focused transducendjCU (High Intensity Contact Ultrasound), operatingaatew MHz, are
marketed (figure 3). They incorporate ultrasoundding sensors for guidance. The energy delivered ov



a few seconds can induce high temperatures (typie&D°C) and generate irreversible tissue necrasis
the target region while not damaging surroundisguis. Today assessed for prostate cancer treatment
they should find a wider spectrum of clinical apptions, for instance brain metastases (figure 4)
following the pioneering developments of M Fink avidranter.

Figure 3. Computer graphics representation of the HiFUdmaer for prostate canceo(rtesy EDAP-TMS)

Figure 4. HIFU device for brain tumor therapy compatiblewifIRIl. General view (left), device (right). Couryes
Mickael Tanter, Mathias Fink (Tanter, Thomas etl8B8; Aubry, Tanter et al. 2003; Tanter, Pernatl.e2007).

Laser ablation, e.g. laser-induced thermotherapy, is another cggbr with a large range of clinical
applications (Schindl, Schindl et al. 2000). Lightthe near infrared part of the spectrum — as feom
NdYAG laser at 1064 nm or a semiconductor dioderlas 805 nm — can be effective up to 10 mm of
tissue. Beams are transmitted via thin fibershab ¢ndoscopic procedures can be applied, anddddos
small spots to destroy tissues. Interstitial |ag®tocoagulation can be performed over a few mgvuia
fibers through needles at low power (about 3 Wjding so tissue vaporization, to be compared with t
60-80 W used endoscopically).

Cryotherapy consists to locally induce very cold temperatur@sC) at a catheter tip below

-75°C which results in irreversible cell destruntwithin a so-called “ice ball”. The adhesion oétip to
the tissue leads to a stable ablation (Seifert Modis 1999; O'Rourke, Haemmerich et al. 2007). A
recent breakthrough has been made by the intrastucti argon gas rather than liquid nitrogen. Argon,
taking advantage of the Joule-Thompson effect, ide®s/a faster cooling of the cryoprobe (figure 5)
which significantly speeds up the treatment andasadasier the sequential control of freeze-thakesyc



(thawing is achieved by helium). Multiple cryoprebeach with embedded thermocouple for temperature
monitoring, allow for large tumor ablation as indfr.

ECG Wire Deflection Wire Refrigerant

Vacuum Return Injection Tube Thermocouple
Lumen Wire

Figure 5. Cryotherapy device. The tip thermocouples offéeraperature feedback that allows controlling thoavfl
of refrigerant deliveryNledtronic & CryoCath).

Conventional radiotherapy with photon beams (X-rays) is the main technigond ¢he gold standard
reference for cancer treatment. Incremental imprean@s have been made in the 70’s and 80’s with the
access to imaging modalities leading to better plath compute radiation dose by taking into acctuast
different tissue attenuations. Advances have atmmnlseen witl3D-conformal andintensity modulated
radiation therapies (IMRT) in order to limit the irradiation of healthtissues, the main concern of all
physical therapies as we have seen before. By ponig the dose to the target shape, a higher
concentration can be achieved while minimizingithpact on the selected normal tissues. IMRT makes
use of 6-10 beams, coplanar or non-coplanar, thinsity being varied across the irradiation fiblg
means of computer controlled collimators (“multfleallimators”). Conformal dose distribution can be
improved through recent advanced technigques sucWolsmetric Modulated Arc Therapy (VMAT)
where the target is continuously irradiated while source of the beam is rotated around the pdtient
single or multiple arcs. Sophisticated simulatidanping programs (e.g. inverse problem) have been o
have still to be developed to optimize the dosévdel. External beam therapy includéamma knife and
more recently the fully robotize@yber knife (figure 6 and 7) (Goetsch, Murphy et al. 1999; Aavds,
Bednarz et al. 2006Hadrontherapy is a new technique, also external, based on remezitary particles
(Levin, Kooy et al. 2005). However, an alternatigerepresented byrachytherapy (also known as
curietherapy) where radioactive sources are placed inside ar the area to be treated.

Most of them are today combined with radiotheragghhiques leading to the concept afuttimodal
therapy”. The motivations can be to make use either df tlifferent advantages and effects, or to face a
failure of the first applied therapy (some evidesopports the consideration of cryotherapy and HiFU
after external-beam radiotherapy, for instance)e Thultimodal therapy is similar to that known in
medical imaging for a while. In such case, regigiraissues, so fundamental in medical robotics,Gr
concern. As with any other treatment for cancepreriate patient selection is critical and detewsi
the outcome.
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Figure 6. The Cyberknife in the treatment room set-up, dasea Kuka robot4ccuray Company).

Figure 7. lllustration of treatment planning and simulation Rotational Gamma Syster@durtesy LIST, SouthEast
Univ., China). Simulation for treatment of a abdominal lesion.

Medical robotics, Computer Assisted Surgery (CAS), Image-Guided Therapy (IGT) emerged more than 20
years ago and it must be recognized that many adgahave been made (figure 7). Researchers in
robotics, computer vision and graphics, electrgnimechanics, biomedical engineers, physicians and
surgeons have been involved, thus demonstratingettieusiasm for this field. Their commitments
emphasize the transdisciplinary nature of the efftr be made. However, the effective disseminatfon
CAS-IGT systems in medical disciplines remains tadi Two major trends have been in fact observed
over the two last decades. The first one is reladecbmputer-assisted surgery or image-guided plyera
which can be considered as “technology-driven” #relsecond one is due to innovations coming from
clinicians that are identified under the names rafrfimal access therapy” (MAT), “minimally invasive
surgery” (MIS) or “minimally intervention therapyMIT). They have many aspects in common that have
been already stated in the 80’s (Lavallée, Cingtiial. 1997; Taylor and Stoianovici 2003; Pete@630



Figure 8. The pioneering robot, IGOR, designed by S Laeadiéd P Cinquin, TIMC, in 1989, for brain biopsy
(stereotactic frame on the left, robot arm on tghtr with X-ray guidance of the needle, middle)

The range of image-guided therapies is very lalfgie early applications dealt with biopsy, espdyi
needle targeting for brain lesions in stereotamticditions (figure 8), they quickly addressed fiedds of
orthopaedics (joint replacement) and more rececdlycer treatment (i.e. prostate brachytherapy) and
cardiology (such as mitral valve repair). A receuatvey is provided by J Troccaz (Troccaz 2009) wher
three main periods are sketched: (i) accurateiposig tasks, carried out by a robot using numédeda
with main applications in neurosurgery and orthaliegefor simple trajectories and rigid structur&dg85-
1995) ; (2) interactive schemes for more complégrirentions (endoscopic surgery for instance) dgali
with deformable tissues (1990-2005); (3) miniatedizobots (from 2000 and up) capable to perceive,
communicate and act inside the human body.

4. Proof of performance for patient benefits assessment

The temptation to cut the body in parts is not néwue look at the past decades, it is strikingé® the
focus given to the left ventricle of the heart likéhe other parts could be neglected when diaigigokhe
cardiac disorders. The same comment applies tphksicians who rely more and more on technology
while loosing the overall picture of the patientt €urse, such reduction can be observed in other
sciences and especially in biology where the effbetve been concentrated on genomics. It takestéime
understand that each entity interplay with otherd that the whole behavior must be apprehended. The
Virtual Physiological Human, following The Physionmtiative, is an attempt to inverse our views and
complements this way the trend observed with SystBiology. Modeling and simulation become key
elements here. They have several major interests whtablished: less animal studies, personaliaes] ¢
predictive value. Such approach is however conéwriib new challenges$wow to get the observations
required to validate the models? What can be stated on healthy persons for whom measurements are
sparse?

In fact, if we limit our objectives to patients,tdacan only be partially collected. We would likehiave a
full view of the organs under study, not only thgbuthe imaging modalities but also all
electrophysiological, chemical,... signals that rbang relevant information to model, diagnose aack.
But what can be done is ethically constrained aimhemically expensive. Only partial observations ca
be acquired and subsequently partial validationbsaperformed.

Let us take a concrete example: the on-going euH®aject (Ecabert and Smith 2008). Its aim is to
integrate ICT tools and integrative multi-scale potational models of the heart in order to improve
diagnosis, treatment planning and interventionscirdiovascular diseases (CVD). The optimization of
the pose of implantable devices in heart failureng of its objectives. The importance of multileca



modeling spanning sub-cellular level up to wholarhéas been emphasized in many papers (Coatrieux
and Bassingthwaighte 2006). It allows designingolaecent, biophysically-based framework for the
integration of the huge amount of fragmented anidommogeneous data and knowledge currently
available. There is no doubt that new insights Wl brought in the understanding of the fluid-elect
mechanical features of the heart via multi-scale emlti-physics cardiovascular models. They will be
publicly available and re-use due to the standasésl such as CellML and FieldML. In addition, euiiea
will offer a library of innovative tools for the egution of the biophysical simulations, the per$éiaation

of the models and the automated analysis of mudtiathimages. Therapeutic impacts are planned for
heart failure through cardiac resynchronizatiorrapg, cardiac rhythm disorder through radiofreqyenc
ablation, heart failure through congenital cardsargery and left ventricular assist devices, canpna
artery disease through revascularization usingraoostents, diagnosis and treatment of valvular an
aortic diseases.

However, the demonstration that such approach re#lly be translated into clinical environments
remains to be done and obliges, to build and vidittee models, to access to the electrical prosdsge
means of intra-ventricular mapping (figure 8). Sirolasive technique will increase not only the diora

of the patient examination but also the risk fog thatient. These observations will be carried ¢ a
macro-level and micro-mechanisms will be missedafbich the only way to proceed should be based on
an extrapolation o priori cellular knowledge. Thus, multilevel modeling Wikquire years of efforts

Figure 8. 3D contact and non-contact endocardial mapping

and new devices capable to explore on a multimedsl several structural scales are still to be daesig
Scales has not only to be defined in space but@leo time. This last aspect is poorly addressetbup
now but needs to be because instantaneous obsevatill never be enough to render the long-term
installation of pathological processes or the slplienomena that may exist between physiological
entities.

In all cases, more clinical, multi-centre and corafige trials are needed. Providing the proof odestt
value with respect to the current state-of-theaartl patient benefits assessment are necessary (care
efficiency, less invasive interventiorreduction of complication risk and of interventitength, less
trauma to the patient, lower recovery time with ioygments in action accuracy, decreased irradi&tion
the medical personnel, etc.). This is perhaps thmguestion to be answered. It will be even naumete
with the new physical therapies which are in pregréHaigron, Dillenseger et al. 2010). Drug delver
activated by heat, ultrasound or light belongshese new attempts. Several factors in fact limét th
molecular target therapies among which the highl faressure, the balance to make between delivery,
determined by perfusion, and accumulation, regyliiom permeability. The molecular size of the agen
has of course also a major role. The first waymprove this process consists to modify the drugrder

to facilitate the accumulation at the target sitemay be performed for instance by adding a carrie
vehicle encapsulating the molecule (liposomes, parii@les or polymers). An alternative is to modtfg



physiological conditions of the tumor in order tectease its resistance to accumulation and inctbase
perfusion. Dual monitoring low hyperthermia andgldeposit for this purpose is a sound and chaltengi
way to do that. If some imaging agent (e.g. prabgddded, tracking the delivery becomes effectine.
short, five components represented by a chemotbetiapdrug, a drug delivery vehicle, an imagingrage
suited for MRI, PET, ultrasound, optical imagindc.etogether with an appropriate activation mean,
define the next breakthrough to be accomplishedidR@quency, microwave, ultrasound and light dre o
interest to boost and control intracellular drugveéey. The major impact on cancer treatment tfzat be
expected explains the many studies presently ceadwn thermosensitive liposomes for example.

5. Conclusion

To summarize, imaging is only one part of the st&lthough it has a central role in diagnosis and
therapy, its fast evolution brings to us specifim@erns regarding the performance of any imageysisal
method. Sensors remain the key players. Modelimgsanulation will take a major place in the futa®
far as they demonstrate their capability to redohcal needs. We have also to put more effortshew
therapeutic technigues, the current ones beiridatito fulfill the patient needs. The next brdaktughs
are based on the close association between imagjagts, drugs and some
stimulation technique. New probe and transduceigdesgevice miniaturization

through MEMS technology will converge with the delevolution of medical ”“H,“)L”]?'J(HH”F
robots, imaging modalities and drug delivery adesnddlmost all, if not all, '

physical therapeutic systems described here areatigsmage-guided and car t

be merged into the medical robot frame. Dual sensind actuating (or

activating) devices are in progress, and evendfettis a long way from the - =
initial concepts to clinical applications (with atent quality control and ¥
traceability), the trend toward more efficient,desvasive care will support the W”}’J
efforts made in the field. The advances that haaenbbriefly reviewed here R
show that what we consider true today may be fas®rrow. So, everything ‘ ~

in science is relative and this is exciting. Thader should read to Noble’. '

book, a previous lecturer of the IEEE EMBS Summehddl, which gives Decnnibiogle

sense to this adventure.
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