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ABSTRACT

Background. La retrazione cerebrale svolge un ruolo importante nella chirargidca, ma i problemi che

possono derivare da un'eccessiva retrazione non sono trascurabili. Il principale limite all'uso dei divaricatori
cerebrali & la loro elevata possibilita di danno del parenchima: questo diventa particolarmente evidente negli
interventi di tante ore che richiedono una retrazione di lunga durata. Possibili lesioni da retrazione cerebrale

possono includere contusioni, emat omi ed emorragi

Obiettivi del progetto. Il primo nostro obettivo era quello di studiare gli strumenti attualmente presenti per

la retrazione cerebrale analizzandone vantaggi e svantaggi. Successivamente, l'obiettivo principale era creare
un nuovo strumento di retrazione cerebrale e convalidarne I'uso nellgizhgranica. Un altro obiettivo era

guello di sfruttare la visione endoscopica anche nella chirurgia transcranica progettando camere di lavoro
perfettamente adatte per introdurre facilmente I'endoscopio fornendo al contempo una retrazione sicura per il
cevello circostante. Per raggiungere questi risultati & stato quindi necessario condurre un accurato studio in

fase preclinica con la collaborazione di un team multidisciplinare.

Attivita di ricerca e novita del progetto. L'attento studio di questo argonteni test eseguiti in laboratorio

di anatomia e di ingegneria, hanno permesso di creare nuovi strumenti tecnologici con molti vantaggi in campo
neurochirurgico. La caratterizzazione meccanica dinamica del cervello permette di predire il comportamento
meca@nico del cervello umano sano e malato potendo anche prevedere ed eventualmente evitare complicanze
per i pazienti. Grazie al progresso tecnologico nel campo della neurochirurgia, oggi la necessita di
comprendere la correlazione tra la struttura del nzéed le relative proprieta viscoelastiche sta diventando
sempre piu cruciale anche al fine di sviluppare linee guida progettuali per la prossima generazione di
biomateriali, per abbinare tessuti ed extra meccanica della matrice cellulare per modelli iissitro e

applicazioni nella medicina rigenerativa.

Conclusioni e prospettive future La conoscenza del comportamento del parenchima cerebrale in risposta ad
una forza di compressione & quindi importante per comprendere i meccanismi alla baseajdedsoglie
pericolose e quindi la possibile prevenzione delle complicanze cerebrali. Quest'ultimo aspetto & stato
fondament al e per poter realizzare nuovi strument i
quindi eseguito test su mdtlieo preclinico, su cadavere e poi anche su animale; abbiamo infine studiato il
parenchima cerebrale dal punto di vista istologico documentando il danno visibile causato dalla retrazione
cerebrale. Questi steps sono stati fondamentali per poi procedel® fese clinica sui pazienti: i prossimi

passi saranno testare il prototipo della spatola sul paziente in sala operatoria e terminare gli ultimi test preclinici

della camera. Confidiamo anche di depositare il brevetto per la nuova spatola entroilguast'@nno.



1. HUMAN BRAIN, STRUCTURE AND FUNCTIONS

1.1 INTRODUCTION TO THE NERVOUS SYSTEM

The nervous system receives stimuli from both the external and internal environmeanibises

them in order to produce adequate and coordinated responses in the various organs. The central
nervous system (CNS) is composed of the brain and spinal cact afe connected to the sensory
receptors and muscles through long axons that form the peripheral nerves.

The spinal cord is the seat of elementary reflexes, for example that of knee extension and retraction
of a limb when subjected to a caloric or stmgitimulus, but also of more complex reflexes.

The brain plays a fundamental role in the acquisition of information, in motor control and in
maintaining the body's homeostasis. The brain can be divided into four regions:

1. Thebrainstem contains nerve cdres that control, for example, breathing and blood pressure.
Through the brain stem, information from the spinal cord reaches the rest of the brain.

2. Thecerebellum controls posture, balance and coordination of movements and is located at the
base ofhe skull.

3. Thediencephalon located above the brain stem in the centre of the skull, is made up of three
structures:

- the Thalamus which receives and sorts information deriving from the sense organs;

- the Hypothalamus which controls body temperaturgyater balance, metabolism and daily
biorhythms such as sleep and hunger, is the seat of emotions, the pleasure and addiction centre;

- thepituitary gland a gland of the endocrine system.

4. Thetelencephalonis the most voluminous part of the entire hrai

The brain and spinal cord are covered with three layers of tissemir(geg of different thickness

and structure:

- thedura mater very thick, adheres to the bony part;

- thepia mater very thin and vascularized, adheres to the nervous tissue;

- thearachnoid with a network structure, which is located between the other two meninges.

Between the arachnoid and the nervous tissue there is the subarachnoid space, which contains the

cerebrospinal fluid or "liquor" that fills all the cavities of the central nervous system.



1.2 THE BRAIN

The brain is still considered the most complex organ of our body, capable of controlling many
different functions such as memory or language, limb movements @eshénal the functioning of

all organs of the human body.

The development of the human bratartsin the mother's womb. During intrauterine life, the size of

the brain increases considerably due to the rapid increase both in the number of speciadized cell
(neurons) that compose it and in the support structures and connections.

The adult brain is made up of billions of interconnected neurons.

1.3 ANATOMIC STRUCTURE

Anatomically the brain consists of two mirrored cerebral hemispheres which are divided by a
interhemispheric sulcus. At the base of the latter, however, the two hemispheres are connected by a
network of nervdibresthat make up the corpus callosum:

A The superficial porti on ofgrey mater con@ining nefve er e b
cells and synaptic connections).

A The deepest pahitematterfnervebresnade up of

The surface of the cerebral hemispheres has folds that separate the cerebral convolutions. Deeper
introflexions Gulci or fissureg allow the hemispheres to be divided into cerebral lobes.

The main portion of the brain is made up of the cerebral hemispheres, in which four lobes (frontal,
parietal, temporal and occipital) can be identified.

The hemispheres are connected to the underlyingustescthrough the brain stem. Each of the lobes

is specialized for a certain function.

The frontal lobe controls the programming and execution of the movement. The parietal lobe is used
for the perception of somatic sensations. While the occipital loblks eeth sight. Finally, the

temporal lobe controls hearing, learning and memory.

Many of these functions are performed by both hemispheres, while some by only one. Some areas
involved in some higher functions have been identified, such as that of sg@ehhsnateralized to

the left in most people.

The pathways from the sensory receptors to the cortex and those from the cortex to the muscles cross.
For this reason, the movements of the right side of the body are controlled by the left side of the
cortexand vice versa, the left side of the body sends sensory signals to the right hemisphere. However,
the two halves of the brain do not work separately, as the left and right cerebral cortex are connected

by the corpus callosum.



1.4 NEURONS AND SIGNAL TRANSNSSION

The nervous system is made up of a network of specialized cells knowenrass (excitable cells)

and supporting cells known g$ia (non-excitable) cells. The excitability of neurons is determined

by the presence of voltagkependent ion channeils the cell membrane and the nerve impulse is
generated precisely by the variation in the membrane potential difference.

If the neuron is stimulated, the membrane potential can increase from approximéletgV to
approximatelyi 50 mV (threshold potergl). Once this threshold value is reached, many sodium
channels open and Na + ions pass from the outside to the inside of the cell. As the concentration of
positive charges inside increases, the potential abruptly reverses and reaches a value of +35 mV,
which is called action potential. This sequence of events, called membrane depolarization, is
immediately followed by the restablishment of the resting conditions (membrane repolarization).

1.5 DENDRITES AND SYNAPSES

All neurons have the same bastaucture. We can distinguish a large cell body, which contains the
nucleus and cytoplasm, from which two processes start: dendrites and an axon.

The dendrites are very branched and form synapses, or specialized communication sites, with
adjacent neuronsnd for this reason they can be defined as structures responsible for the entry of
information.

The axon (or nerve fiber) is a portion of the cell body that extends and ends on other neurons or
organs and has the function of transmitting action potentials to the synapse, the area where the axon
comes into contact with the dendrites of other neurons.

The synase is composed of the presynaptic nerve termination separated by a thin area from the
postsynaptic component.

Signal transmission in this space occurs by means of neurotransmitters, which are contained in
vesicles (synaptic vesicles) thickened at the eofdgshe axon. The latter contracts synaptic

relationships with other neurons.

When the neuron is reached by a stimulus, the synaptic vesicles fuse withdhipgpic membrane,

pouring their contents into the synaptic space and bind to receptorsdl@catbe possynaptic
membrane. The interaction between the neurotransmitter and the receptor triggers a response in the
postsynaptic neuron. Specifically, the termination of the axon that conducts the nerve impulse

releases the neurotransmitter and tleetacal impulse is thus translated into a chemical signal.



The postsynaptic termination that receives the nerve signal has specific receptors on its membrane
that are able to bind neurotransmitters. This bond causes electrical changes in the mentiheane of
postsynaptic neuron. If the threshold value is reached, all of this results in a nerve impulse that travels
rapidly and spreads to other neurons. At the cerebral level, real electrical signals are generated that
run through the neuronal networklherebre, brain activity is detectable through the
electroencephalogram, capable of highlighting the generation, from the cerebral cortex of different
electrical waves depending on the state: alertness, sleep, dream.



2. NEUROSURGICAL OPERATION

2.1 HISTORY OF NEUROSURGERY

Neurosurgery developed late compared to other surgical disciplines and only after the introduction
of the principles of asepsis and the discovery of specific cortical areas for certain functiongéangua
motility, etc.). In fact, the clinical symptom "suggested" to the neurosurgeon the site of the lesion and
indicated the limits of the treatment, so as not to damage the functionally important areas. The Italian
Durante (18441934) was the first to reove an intracranial meningioma, a benign tumor.

Modern neurosurgery was born with H.W. Cushing (:8899) and W. Dandy (1888946) in the

USA and H. Olivecrona (1891980) in Sweden. Cushing invented and described numerous surgical
techniques: he identdd and classified (with Bailey and Eisenhardt) many of the lesions of the
nervous system; he and Bovie developed a device for the control of intraoperative bleeding
(haemostasis by electrocoagulation).

Dandy was a pupil of Cushing and he replicated hisltesometimes improving them, although
often in disagreement with the Master. He invented the first method for studying brain damage:
ventriculography. The injection of air into the ventricles made them visible with a common
radiological device, detectirte site of the lesion on the basis of their deformation and displacement
with respect to the midline.

Olivecrona (18941980) distinguished himself in the treatment of vascular malformations, leaving an
indelible memory for his technical and organizatiorskills. Many European and lItalian
neurosurgeons were trained at his school.

In the 1920s, the Portuguese E. Moniz invented angiography for the radiological visualization of
cerebral arteries, opacified with the injection of iodized liquid. It is usethévisualization of the
lesions of the vessels (aneurysm) and reveals, for their displacement from the normal position, any
lesions.

Functional neurosurgery aims at correcting impaired functions. The pioneer was W. Penfield in
Canada, who conceived egily surgery and verified in vivo the functionality of critical areas, such

as those of speech or motility. At the same time E. Moniz conceived psychosurgery for the treatment
of severe psychiatric disorders. Stereotaxic treatment originated in the USK Witlspiegel and

H.T. Wycis and is used for the accurate localization, with mathematical coordinates, of any point in
the brain. Foexamplejt allowedto reachdeep brain structures involved in motor disordersh as
Parkinson's disease

Modern neurosurgery began in the 1960s with the use of the operating microscope, perfected and

widespread by G. Yasargil in Switzerland. The invention in the seventies of computerized axial
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tomography (CT) and subsequently of magnetic resonance imaging, (§fBatly increased the
diagnostic and therapeutic possibilities, allowing to see the lesion in its relationships before surgery.
Nowadays it is possible to "illuminate" the active brain areas, while computerized systems

(neuronavigators) map the surgeopath as he proceeds.

2.2 CRANIOTOMY

Since the brain is located inside the skull, in order to access it, an intervention that allows its exposure
is necessarythe technical term is craniotomy. This is a very standardized surgery; the evolution of
surgical instruments and, in particular of drills, has made possible to obtain over the years more
precise and safer and above all more aesthetically pleasing results.

Craniotomies can have a different shape and position depending on the brain areadth& be
operated on. The preparation in the operating room for a craniotomy can take a few ten of minutes
(to place vascular accesses, catheters, monitoring ...) and the patient must be positioned on the
operating table in order to allow the surgeon ez exposure of the skull.

A craniotomy is performed after the skin and subcutis have been incised with a scalpel. Exposed to
the bone, one or more holes are drilled with a drill. The craniotome is then used, an instrument that
can be connected to a corapsed air or electric power supply. With the craniotome a bone flap (the
operculum) is made which completely exposes the dura mater that covers the brain.

At this point themeningess incised and the brain is exposed. The craniotomy is only the fitsifpar

a neurosurgical intervention: once the surgeon has access to the brain, the central phase begins whict
consists, depending on the different pathology, in the evacuation of a hematoma, in the removal of a
tumor or in clipping. of an aneurysm (a sortchp is placed to close the vascular malformation). In

the development of neurosurgery, the introduction of the operating microscope has played a
fundamental role, which allows you to enlarge the area in which you operate, in order to be much
more precisand accurate.

At the end of the surgery, the part of the skull that has been removed to allow surgical access is
repositioned and fixed with some nypliates made of metal alloys.

In some cases, depending on the position of the area to be operatedi the type of surgery to be

performed, the operculum not replacedn this caseve perfom acraniectomy.



3 HISTORY OF BRAIN RETRACTION

3.1 STATE OF ART

Since the earliest medicdiscoverof Hippocrates, the dura mater has been characterized by a strong
sense of respect and importance. It wasn't until the nineteenth century that this limit was pushed and
brain retraction became an essential part of intracranial surgery.

Brain retractors hae recently been devised and developed in order to obtagtter visualization,
increase the freedom of manipulation and stability. At the stame, it is essential that these
instruments require less and less effort on the part of the surgeon, batabivs essential to
minimize thepossible complications dlfie use of these

Brain retractors have therefore evolved from simple manual retractors to more complex systems
equipped with components capable of stabilizing the retraction.

The first operabn we have evidence of is trepanation, which consisted of drilling the bone in order
to expose the intracranial contents for both medical and mystical reasons. This procedure dates back
to the Mesolithic, before the development of writing and the usestdlrtools.

Manual retractors appeared in the assortment of surgical instruments used by the Romans and were
presumably kept by assistants to allow the surgeon access to the skull.

Hippocrates was the first to mention the use description and proceduepanidtion in his treatise

On Wounds of the Hea#lis toolset included a drill, a serrated drill, a chisel, and a probe. The probe
that served as a retractor and protection for the dura mater during craniotomy, as it was placed in the
drilling hole to detemine the depth and mobility of the underlying bone. Despite some exceptions,
cranial surgery from the time of Hippocrates up to the eighteenth century focused mainly on head
trauma, with particular attention to the dura mater and brain parenchyma, aslythreecessary
retraction was that of the extra axial soft tissue.

In his book on skull fractures, Jacopo Berengario da Carpi {1880 AD) illustrates a retractor used

to drill during the sixteenth century. However, many surgical instruments of tresersit and
seventeenth centuries were decorative, large and shabby.

Significant innovations occurred in the field of brain surgery during the second half of the nineteenth
century. Advances in cerebral localizati@amaesthesjacontrol of intracranial presire, antisepsis

and aseptic techniques thanks to which it was possible to significantly reduce the morbidity and
mortality associated with neurosurgery, allowing neurosurgeons to take more energetic actions in the
management of cranial pathologies.

As intracranial surgery became less risky and neurosurgeons more comfortable working deeper into

the brain, a growing need for brain retractors developed. Initially, the cerebral retraction took place



thanks to manual retractors, which required an assistamidotiem. However, in addition to the
assistant's hand obscuring vision and limiting light, his mistakes or his fatigue could cause the
retractors to slide out of the desired position, causing excessive retraction or damage to the brain

parenchyma and othstructures.

h‘ » L r" n

lllustration of the variety of sizes and shapes of manual retractors that are part of the surgical tools used by

the Romans. (lllustration by Ernst Julius Gurlt, 1898)

Manual cerebral retraction

In 1879 William Macewen (1848924) successfully resected the first brain tumour, a frontal
meningioma. Sir Rickman Godlee (184925) performed the first intracranial brain tumour
operation for a glioma in 1884: he used a narrow spatula to separatenig tisom the brain
parenchyma. The patient survived the surgery, but died of dehiscence and wound infection a month
later. William Williams Keen (18371932), the first US neurosurgeon, used spoon and spoon handles
in his 1882 intracranial operations. I18ID Alec Fraser, in his operative text 'A Guide to Operations

on the Brain', gave instructions regarding the placement of manual retractors. In 1901 Lothar
Heidenhain (186A940) described the use of thin spatulas of various sizes to delineate tumours unde
direct vision. Later, in addition to using spoon handles for brain retraction, Charles Frazier (1870

1936) developed an elevator that could be used in operations at the base of the brain. This retractor
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was unique in shape and thickness: the angle didhdle was located so that the hand holding the
retractor did not obscure the surgeon's field of operation and the blade was thick enough to flex evenly
under pressure. In some situations, Frazier used both his elevator and spoon retractor to facilitate
resection of the tumour. Sir Victor Alexander Haden Horsley (41886), known as the first surgeon

able to successfully remove a spinal cord tumour, performed many intracranial surgeries in which he

used brain retraction in 1887, in addition leaving numgnaritings to the regard.

FiG. 80.—The spoon-spatula—a very useful instrument for protecting the underying cerebral
m‘mmng the dura with the small dural scissors; it is also of much value in facilitating the
of the adjacent cerebral cortex beneath the bony margins of the decompression opening.

Spoon spatula by Dr. William Sharpe (18B260), probably very similar to that used by William Williams

Keen. ('Neurosurgery: Principles, Diagnosis, and Treatment', J.B. Lippincott, 1928)

Mid. Meningeal Artery.
\ i

Hand-held spoormretractor, illustration from 1909

(‘'Surgery: It Principleand Practice, Vol. 5)

In 1909, William Harvey Cushing (18639), the father of American neurosurgery, used a rounded
edged spoohaped retractor causing less damage to cortical vessels thsimdtpedged retractors.
Cushing and Horsley have therefore both introduced manual retractors designed as rectangular belts
that can be molded as needed. Cushing describes the use of manual retraction in the removal of
olfactory sulcus meningiomas, commiegton how the lower surface of the frontal lobe must be

elevated and displaced to expose enough tumour.
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In 1913 Thierry de Martel (1873940) one of the founders of neurosurgery in France, introduced a
malleable retractor which he attached to the mawgthe cranial defect.

Around this same time, Fedor Krause (18B¥37), the father of German neurosurgery, was
employing, in addition to manual roundedge retractors, a suctioatraction technique to help
stabilize, expose and remove gliomas.

In 1926 Has Brun (18741947) recommended a cautious injection of saline around the lesion to

help separate the tumour from normal brain parenchyma.

Left: Krause retraction of the frontal lobe with a manual retractor to approach a meningioma located in the
skull base. Right: Krause uses a hew method that involved vacuum aspiration of the tumour mass to facilitate
nornrtraumatic dissection, especially within the posterior fossa. (lllustrations from 'Surgery of the Brain and
Spinal Cord")

While Temple Fay (1881963) is often credited with developing the first retractor with illumination

in 1927 to facilitate exposure during the operation. However, there is evidence that his mentor,
Charles Frazier, used a device that had previously been lit, as descrileti9@1mAnnals of Surgery.
Furthermore, in the 1922 text 'Surgery Its Principles and Practice’, Frazier describes the use of his
retractor with illumination in trigeminal nerve surgeries.

There is also evidence that in 19%red Washington Adson (188¥951) used a retractor equipped

with illumination for the elevation of the temporal lobe during surgery along the trigeminal ganglion.

Self-locking retractors
The first selflocking retractors were scretype: in 1895 such mechanisms were used to open
retrectors and Broz's wound dilator was a famous example. These retractors were complicated to

handle- they required two hands to place them, they were difficult to clean and the screw mechanism
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was often inaccessible once in place. To overcome these shonysorirranz Weitlaner, (1872

1944), an Italian physician working in Ottenthal, Austria, developed the 'Weitlaner' retractor in 1905.
Regarding the specific sdlicking retractors for cranial neurosurgery, there are four categories:

A mount ed ie.diredthhattactsedta thd skull or indirectly fixed with a special clamp;

A mounted on soft tissues, therefore secured
A mounted to the operating tabl e;

A mounted on the headrskbclamp. whi ch are attached

Skull-mounted retractors

In 1930 Thierry de Martel developed the first skualbunted retractor, which consisted of a
cylindrical metal post inserted on one end of the skull and a rectangular retractor on the other.
However, this instrument ddimitations: each retraction blade required its own kol the varying
thickness and strength of the skull did not allow for pin placement in all craniotomy positions.
Norman (189v1973) often described as the "engineering surgeon”, developed anskmited
retractor that he described as "the nice little machine we use to keep the brain out of the way when
dealing withtumours difficult to access. "

The Gillingham retractor solved some problems by attaching multiple retractors to a rod.

In 1937,Wallace Hamby (19031999) developed a clamp that connected the retractors to the rim of
the craniotomy to obviate the need to drill additional holes in the skull. However, this too depended
on the thickness of the skull and was not usable in all positions.

Subsequently, Theodore Kurze's first neurosurgical use of the operating microscope in 1957 and the
development of microsurgery in the following decade led to the creation of numerous new
microsurgical instruments and the improvement of existing instriemamiuding brain retractors.

The retractor blades remained fairly similar, but the main changes occurred in the fixation of the
blade: no movement of the retractor blade or head was acceptable anymore during surgery. To this
end the Malis and Heifetz rectors, which were developed in the late 1970s, allowed multiple blades

to attach to one attachment point: in a hole or on the edge of the skull. Additionally, these retractors
offered surgeons more customized options: they included various shaft landthsultiple blade
attachment points al ong e at)hTwkshrfetrosurgdenhmi@e8 Ga
developed another flexible sétfcking retractor known as the Leyla retractor, initially attached to

the rim of the craniotomy. Howeveliiffitulties in obtaining adequate clamping of the arm can cause

the retractor to move during use. Additionally, a long arm interferes with the surgeon's hands and
causes damage to the dura and soft tissue around the clamp. As a result, the Leylaattcietant

was moved to the operating table rather than to the rim of the craniotomy.
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Leyla retractor, seHocking and skull mounted with flexible arm
and spatula attached to its end. (From "Neurol Res", Dujovny, 2010)

Retractors mounted on softssue

Soft tissuemounted retractors, such as the Weitlaner, were among the first retractors in neurosurgery
to provide access to the skull while keeping these tissues out of the surgical field. In 1961 the House
Urban retractor was developed described a®dified Weitlaner that provided extradural elevation

of the temporal lobe. Later Peter J. Jannetta (1932) modified the Weitlaner soft tissue retractor in
1973 by attaching two posts to each arm of the retractor, allowing the attachment of rodsesd blad
to perform cerebellar retraction. He eliminated some of the inherent instability of tkessodt
mounted retractor by attaching it to surgical drapes.

Instead in the early 1980s the Apfelbaum retractor was developed, which contained a flexible shaft
and rounded retraction blades to minimize excessive cerebellar compression.

Later the cerebellar retractors Miskimon, Cloward and Enker were developed: these are soft tissue
retractors that use malleable retraction blades. Although useful and pragmaiealgped at the

time, a common limitation presented by soft tissue retractors is that the support system for retraction
is very close to the operative site, so the joints provided by the retractor arms and blades are

insufficient to provide retractiondm all angles.

Table mounted retractors

This type of retractor helped to solve the above limitations by fixing the base of the retractor to the
operating table. Notabl vy, in 1974, Yakargil a
the Aesculap retractor. Later in 1976 Jose Kapslsi&y developed adhaped frame that served as
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an attachment point for the base of the retractors. However, these systems also have disadvantages
the possibility of independent movements of the head or of the retractor arm cause uncontrolled
movements tethe brainretractor interface and the amplification of any movement in the direction of

the retractor arms.

In this photograph, a double r m Y aleyarbrgin retractor was attached to the extracranial support.
This equipment ipositioned for a righsided craniotomy. Technical Note J Neurosurg 461836, 1977.

Retractors mounted to the headrest

In 1967, Frank Mayfield (1908991) and George Kees (192910) developed the Mayfield
AfHor seshoedo and 0 Ge nrasrtabetterBuppopt ansl stabilize the ltbad dw@isgt r a
operations. With the advent of microsurgery and subsequent minor craniotomies with improved head
stabilization, Mayfield and Kees developed the Mayfield THteenged Skull Forceps in 1973. Later
Kenichiro Sugita (19321994), a Japanese neurosurgeon, also developed-piffiofixation head

support in 1978. Skull clamps, such as "the Mayfield" and "the Sugita" are securely attached to the
skull and then to the operating table, theoretically eliminatingpasgibility of headnovement.
Therefore, the greater distance from the craniotomy site and their rigid attachment to the table made
these threeor four-point headrests ideal for supporting the base oflseking retractors. Mark S.
Greenberg, Kenichir&ugita, Takanori Fukushima and Keiji Sano have all developedosklhg

retraction systems that attach to the skull clamps. Greenberg's retractor and hand rest system was
developed in 1975 and consists of primary clamps, secondary clamps, flexiblddes h@tractor

blades and palm rests for stabilization.
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Then in 1977, the Sugita system was devised, consisting of a head support with a frame attached to
it to hold flexible seHlocking retractors, hand rests, stands for microsurgical instrumentgedqn

cotton discs and spring retractors for flaps of skin.

In 1981, Richard Budde and Jim Day developed the "Budde Halo Brain Retractor System". This
system was designed to be attached to the Mayfield Skull Clamp.

The most commonly usedurosurgical tools around the world, which help stabilize the patient's head during
surgery.A: The Mayfield horseshoe headrest (left) and the general purpose headrest (right). Used with
permission from the Mayfield Clinic. B: The Mayfield Three Point Hdadnt. Used with permission from

the Mayfield Clinic. C: The Sugita Four Point Head Mount, designed in 1978.

Other retraction techniques

Today, in the 21st century, surgeons and scholars are still looking for ways to improve brain
visualization during surgery, ensuring that the brain parenchyma remains unharmed.

In 2000, special spoon retractors were developed, useful for retracting and removing soft tissue
masses. They are designed with an eggdikeliconcave shape to allow fopward retraction. This

allows for the creation of sufficient space to dissect the soft masses from the surrounding tissues in
the operative field.

In 2006 Serarslan and others designed afill@éid, cottonfilled microballoon device for use between
metalretractors and the surface of the brain to minimize operational damage to the brain parenchyma.
Their materials have been noted to help minimize tissue damage and aid in the separation of sulcus
and cistern walls during surgery. Giannantonio Spena ani Rietsari reported the use of balloon

tips of Fogarty catheters for mild brain retraction in cases involving aneurysms of the anterior
circulation, as well as for brain tumours of the base and midline of the skull. Described as a less
traumatic and moreymhamic method to aid in vision during the operation, they suggest that their
method may act as an alternative to the use ol@giing retractors. In addition, tubular retractors

have been used in neurosurgery to access deep brain lesions and thesse dbereffects of

retraction on the parenchyma.
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Finally, the ViewSite Tubular Retraction System has proven its effectiveness in retraction for both

adults and children for the removal of tumours in deep areas.

ViewSite Tubular Retraction System. Tubuédractors disperse the retraction force over a larger surface

area than standard retractors, helping to minimize parenchymal damage.

With the development of neurosurgery, the need to retract the brain in order to reach deeply located
lesions has becomecreasingly evident.

The retraction must be carried out with appropriate tools that allow to obtain not only the visualization
of the site but also the space necessary for the surgeon to access and move the instruments.
Currently, the most common toolgrfcerebral retraction are spatulas: these tools are generally flat
and can have different geometry and dimensidhsy are manually moved by the surgeon and, being
made of metal material, they can be bent at will in order to obtain the most suitabkei@ifor the
retraction site.

Very complex neurosurgical operations can last several hours and therefore manually managing the
retraction can be difficult and unsafe due to human errors connected to the fatigue and effort required.
To overcome this probie, various solutions have been developed for the mechanical support of
retractors. The spatulas can thus be fixed to the operating table, to the headrest or even to the skull
itself using special clamps applicable to the edge of the bone.

The last frontieof cerebral retraction are tubular retractors. These tools differ in shape and geometry
from the spatulas being in fact made in tubular form. Their section, circular or ovoid, is not constant
but decreases in axial development. In this way, the narra@egos is inserted into the brain more

easily.

They are generally used with a shutter: component with a geometry similar to the retractor that is

inserted inside this in order to make insertion easier and less traumatic. The shutter ends in fact with
a tgpered shape suitable for moving the fabric.

The real innovation of this technology is the use of transparent plastic material that allows you to

monitor the retracted fabric, moment by moment, in order to prevent possible injuries.
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This device was borand is still used in operations for the removal of cerebral hematomas, a
pathology that requires easier retraction given the radial development of the hematomas: this
facilitation is not present in tumour removal operations where the lesion is deep aneldcaith

healthy tissue that needs to be retracted.

3.2 BRAIN RETRACTION INJURIES

Thanks to the advent of ever new technologies, even very complex interventions are now possible,
especially in the oncology field. The refinementatrosurgical techniques has made it possible to
carry out increasingly complex approaches, which can allow the removal of tumours located in
eloquent areas of the brain. To reach these lesions, often located in very deep areas of the brain,
however, it isnecessary to create a suitable space for the passage of surgical instruments in order to
reach the specific target.

The result is the need to move portions of the brain parenchyma, even sometimes in contact with the
bones of the skull, in order to obtanfficient space to operate; therefore, from this necessity tools

for cerebral retraction were born.

Retractors are often essential for the success of the surgery but one of the difficulties in the
neurosurgical field is precisely maintaining a consisten¢bral retraction.

In some surgical situations, the operating field is so restricted that the assistant's hand, aimed at
keeping the retractor in position, tends to further reduce the space required to access. It may therefore
be useful to use microscapim order to expand visibility.

The greatest limitation to the use of brain retractors is their high possibility of causing damage to the
parenchyma. This is especially evident when it comes to interventions lasting many hours which
therefore require a tw-lasting cerebral spatulation.

Possible damage from cerebral retraction can include bruises, hematomas and haemorrhages. The
first two are caused by direct trauma on the cortex which then reacts by swelling; haemorrhages can
instead be caused by direcauma on the cortex and subcortical layer, or by indirect trauma on the
same vessels that rupture causing blood to leak into the surrounding brain.

These lesions may be visible intraoperatively, but it has been seen that often thkesioas not
macrosopically visible but also a possible source of neurological deficit, are visualized with
postoperative radiologicavestigationsuch as CT and MRI of the brain.

These damageseparticularly severe in childrein fact, in children the intracranial sge is smaller

in size and, therefore, access to the disease can be very difficult. This results in a necessary need to
create space for the surgical approach and, therefore, the need to retract the brain.
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The exacpaediatridolood pressure threshold beybwhich there is damage to the brain parenchyma

is not known, however there are several cases reported in the literature-opgadive deficit due

to cerebral retraction.

Cerebral retraction involves pressure on the surface of the whadh is consguently discharged

onto the underlying tissue, the subcortical parenchyma or white niditeraction can also cause a
partial or total closure of blood vessels and therefore also compromise the supply of oxygen to the
cells of the brain.

The severity othe damage certainly depends on many factors that act in a different but summation
way: the distribution of the retraction pressure, the shape, the geometry of the retractor, the properties
of the type of tissue retracted and the vascular pressure deitiagtion.

In addition to the aforementioned primary lesions such as contusions, hematomas and haemorrhages,
there may then be the-salled secondary lesions, connected to the physiology of the brain, which
are aggravated by systemic conditions such psteysion, hypoxemia, hypercapnia.

From the data of thigeratureit has been seen that, if the mean arterial pressure falls below 70 mmHg
with respect to the retraction pressure, the brain is damaged; on the other hand, if this difference
remains above@ mmHg, the brain is completely preserved.

Some studies have also revealed another interesting fact relating to the "regional blood flow" (rCBF):
this must be kept greater than-1® ml per 100 g per minute to avoid damage.

To protect the brain during arlg operation, it is necessary to monitor that the pressure is kept within

a certain level for the entire duration of the operation.

The greatest obstacle in developing safe retraction lies precisely in the lack of instruments capable of
measuring the preare exerted on the retracted tissue.

In modern neurosurgery, retractors have evolved into more complex systems that include articulated
supports and increasingly performing geometries.

Brain retraction, despite the developments achieved, remainsedable threat to brain tissue

since there is a lack of technology capable of detecting the pressure that is being applied.

33INTERMITTENT RETRACTION

In order to investigate the nature of the borderline conditions of brain damagerdtradtion, it is
particularly interesting to report the results of the aforementioned studies on intermittent retraction.
This particular practice is compared to normal retraction and described as less damaging to the
retracted tissue. This result helpshiave a broader perspective and introduces a new variable in the
damage process, which is time.
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Several studies have been conducted with pigs to evaluate the benefits of intermittent retraction versus
continuous retraction. In the article by J. Rosenord B. H. Diemer et al. Cerebral retraction
pressure (PRC) was monitored and correlated with regional cerebral blood flow (rCBF) in rats. It has
been shown that for PRC valugfs30-40 mmHg maintained for 15 or more minutes they cause severe
drops in rCBFand consequent brain damage.

With the same experiment model, an intermittent PRC of 40 mmHg was applied, maintained for 5
and 7 minutes with omminute intervals, without applying pressure for a total test time of 29 and 31
minutes without producing retton lesions. Only for continuous pressure maintenance over 10
minutes did we start to observe lesions to the retracted tissue.

As regards the decreases in rCBF values, sufficient recirculatie80¢@0/ 100g / min) was achieved

in one minute and no chge in rCBF was detected in the 10 minutes following the interruption of
pressure.

Judging from these results, intermittent PRC is preferred over continuous PRC and the PRC
maintenance cedff time of 40 mmHg is approximately 7 minutes. For these PRC rahga€BF

is quickly restored, so only good release times are needed to avoid critical flow drops.

If the PRC valueduring an intracranial operation are higher than 30 mmHg and maintained for longer
than 810 minutes, there is a naregligible risk of njury from cerebral ischemia. These conditions

are aggravated in the case of induced hypotension, a procedure commonly used in intracranial
vascular surgery, especially in the case of aneurysms.

It is therefore essential to understand the effects of peessuthe blood flow, to understand what

the critical valuesre and how quickly it is possible to return to a safe condition.

The results on animals may have some deviation from the description of the human brain: the anatomy
of the blood vessels andetlbrain itself is different, in particular the human brain parenchyma has a
more convoluted surface that could better protect the regional arteries

In some human cases the reduction of rCBF was less accentuated thanks to the collateral blood
circulation ad it was possible to maintain an elevated PRC for longer times.

In practice, all these conditions cannot be monitored on the individual patient and it is necessary to
refer to the 7minute threshold time for high PRC values: this is a general guidelinéracranial
surgery.

In another study a similar comparison was made between continuous and intermittent brain retraction
in dogs. Here the cerebral retraction was imprinted in control of force expressed in grams. Continuous
retraction was applied for 6@inutes with constant forces ranging from 20 to 70 g.

For intermittent retraction the loading period is 10 minutes followed by 5 minutes of release, all
repeated six times. The same retraction forces were applied for both tests.
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Electrocorticography (ECoGecording of the action potentials of the cerebral cortex and their
variations induced by the various experimental situations) was used to monitor brain functions.

The morphological study showed an aggravation of the damage in the continuous retraetion. T
samples were treated with a particular dye that highlights the damaged tissue (Blue Evans, a dye that
tends to bind to albumin, the tissue is permeable to this protein only in pathological conditions such
as haemorrhages which are then highlighted byife). The samples show an increasing percentage

of colouring (spots) as the force applied increases.

At 209, 25% of the samples have spots, without bleeding.

At 30g 70% of the samples have spots. 50% have point haemorrhages.

At 40g, 100% of the samplatiow bleeding and bleeding.

At 50g haemorrhages and bruises are always present and extend to the surrounding white matter, in
some cases to the cortical grey matter.

At 60g, the bruised area is so large that in one third of cases the arachnoid mentbrane is

At 70g the membrane is always torn.

Regarding intermittent retraction:

At 20 and 30g no changes are observed.

At 409, 33% of the samples show spots (again change the term as before or specify it in the context
of the radiological examination or whiiey did) without bleeding.

At 50g, 100% of the samples had spots, 66% had bleeding but no contusion was found.

At 60g, 100% of the samples have bruises.

At 70g the results are comparable to those of a continuous retraction with an equal retraction force.
On average, an additional 20g of force was required to produce the same degree of injury with an

intermittent retraction as a continuous one.

The study of the electrocorticogram has also highlighted how a continuous retraction is more
burdensome than a discontinuous one.

The continuous retraction at 30 and 40 g resulted in an average decrease in power in the ECoG of
50% with a rapid recovery after releasing the retraction.

With a continuous retraction at 50 and 60 g, an (average) dnopwer in the ECoG was observed

equal to 90%. This pressure drop is not recovered quickly: in some of the specimens complete
recovery was not achieved even in the three hours following the end of which the guinea pigs were

sacrificed for subsequent anadgs
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With intermittent retraction at 40 and 50 g the decrease in power reaches 70% but is immediately
recovered during the release intervals. This rapid recovery allows the intermittent retraction at 40 and
509 to be compared to the continuous retracti@0and 40g.

Intermittent retraction is therefore a safer and less burdensome procedure for the retracted tissue. As
for the threshold force and pressure values obtained in the various studies, these are very dispersed

due to the different test and pressuareasurement methods.
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4. LIMITS OF ACTUALLY TECHNOLOGY SOLUTIONS

Brain retraction, despite continuous developments, remains a necessary procedure for the success of
the surgery, although it is not without risks for gegient. Several studies report, in fact, a high rate

of complications due to the violation of the brain given by the retraction which, for operations at the
base of the skull (skull base surgery), reach 10% and 5% in the case of intracranial aneurysms.
Radiologically, it is found that ischemia caused by the retraction blade occurs in approximately 22%
of patients in postoperative CT (computed tomography) scans, eddieman the Sylvian fissure

region can occur in 47% of patients operated on for anesryd#nthe middle cerebral artery.
According to MRI scans (magnetic resonance imaging), permanent lesions caused by retraction were
observed in 36% of the cases of surgical interventions on aneurysms of the anterior circulation.

The technologies currently aNable lack some limitations found in the experience of surgeons and
also reported in the literature.

The geometry of the retractor must be able to adapt to the retracted tissue, in order to avoid stress
concentrations and deformations on the tissue whitterefore subjected to higher pressures.

As reported in several studies the retractors with flat shape spatulate the tissue with focused pressures
and, therefore, more dangerous.

The inability of the retractor to follow the tissue, dursgatulation, leads to the development of an
acute pressure gradient, at the edge of the spatula, with the consequent risk of injuring the brain
parenchyma.

Otherwise, retractors with curved (cylindrical) profile can apply pressure on a larger surfduesand t
discharge the forces radially, thus obtaining the retraction of the tissue with homogeneous and
reduced pressure values

A curved geometry allows the retractor to be rotated and to change the angle of approach without
applying additional pressure, thugreasing the manoeuvrability of the instrument.

The transparency of the retractor is strictly connected to the possibility of constantly monitoring the
conditions of the underlying parenchyma, displaying possible damage such as bruises or
haemorrhagesna being able, therefore, to act promptly to resolve them.

The possibility of using a transparent retractor has been described as an advantage by surgeons as i
allows to constantly monitor the retracted brain and also better visualize the dimensidsaiflthe

lesion without having to move the instrument further.

Spatulas made of metal do not allow you to view the site of the retraction and, therefore, any damage
connected to it. Transparency, combined with a specific robustness of the devicecudapgrt
advantageous during its insertion: it can in fact be carried out by displaying the trajectory of

advancement.
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The Tubular retractors deserve a special mention, which as previously described, have proposed
themselves as the last frontier of cerébetraction, enjoying both a geometry suitable for retraction

and an appreciated transparency

This type of device is currently used for the removal of hematomas that do not have the same
complexities as the operations for the removal of the tumourctntifee tumour can develop in depth
leaving intact the overlying tissue which becomes an obstacle to reaching the site of the operation,
the hematomas instead have a radial development and do not reach great depths, allowing less
problems in the retractigghase and more ease in the operative gesture: the hematoma is in fact easily
aspirated having a different consistency than that of the tumour parenchyma.

To date, tubular retractors cannot replace blade retractors which still remain the most usedinstrume
in neurosurgical operations.

In fact, several surgeons find the corridor obtained from the tubular retraction too narrow to be able
to operate easily. These tools, although available in various sizes, are inherently rigid tools; their
insertion does nqirovide for a control on the retraction and it is not possible, for example, to control
the speed with which the tissue is moved.

Furthermore, in another study, the extension of the operating field provided was found to be limiting:
the opening of the redctor on the lesion is even narrower than the canal due to the tapered shape.
The same authors also state that the retraction obtained with the spatulas could be less invasive than
the tubular retraction, because the latter requires contimepositioning, especially in the case of
voluminous and deep lesions. Such repositioning manoeuvres could be dangerous given the rigidity
of the instrument and the impossibility of adapting its shape to the operating site.

Another limit of this technologys the rigidity of the retractor itself which in fact decreases the
manoeuvrabilityand the stability: just consider, for example, that as you proceedtuwitbur
resection, the retractor loses stability due to the new space created.

Finally, the instrumets currently used in surgical interventions do not provide a confirmation of the
pressure or force valuepplied during parenchymal retraction. Therefore, the surgeons do not know,

in real time, the effects of the retraction on the retracted tissuthigndhplies a serious limit to the
achievement of the surgical goal. This become evident in very long operation where there is the
difficulty of manually maintaining a certain position (and a certain strength) stable for the entire
duration of a neurosuigal operation, which can reach up t& Gours.

Moreover, in the literature reliable critical valuet pressure threshold have been hypothesized
beyond which damage to the brain can occur.

To date, there is still no brain retraction system that caobsidered safe with certainty.
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5. MECHANICAL BEHAVIOUR OF BRAIN

5.1 HOMOGENEOQOUS AND ISOTROPIC LINEAR ELASTIC BOND

It is of great importance to understand the mechanical response of the brain tissue in order to be able
to create models ansimulations that allow to predict the effects of a load applied to the brain
parenchyma and any damage.

This type of constitutive equation is among the simplest and is based on several important
assumptions about the material being considered:

- Elastic, wth reversiblebehaviouyi.e. if the body is loaded, deformed and subsequently unloaded,
the sample will return exactly to the starting conditions following the same deformation path;

- Linear, stresses and strains are linked through a linear relatipnship

- Isotropic, the response of the material is independent of the direction of stress;

- Homogeneous, the material properties are constant at every point.

The equations that describe this model are:
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Where E is the elastic modulus and is the elastic anhsinds the stresses in one direction to the
deformations in the same direction. G is the shear modulus of elasticity and similarly links the
tangenti al stresses to the tangenti al strains
direction to the stresses in the two orthogonal directions. It is important to remember that only two of

these elastic constants are linearly independent in fact:

E

C=2d+v
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5.2 VISCOELASTICITY
With viscoelastic materials we refer to those materials uhder the action of a force show an
intermediate behaviour between that of elastic solids and that of fluids: their response to stress is

partly elastic and partly viscous.

5.3DYNAMIC MECHANICAL BRAIN BEHAVIOUR

Since the early 1960s, studies have beemdgcted to arrive at a description of the mechanical
properties of the brain.

Finding a valid constitutive equation for the brain would then serve to be able to implement a finite
element model. A valuable tool for investigating the nature of the stresgkbsleformations
associated with damage processes.

The literature presents a large number of very heterogeneous studies. In fact, experiments have been
conducted on both animals and humans. Furthermore, the tests may have been performed in vitro or
in vivo as well as presenting different testing methods and protocols.

The experimental results present in the literature are therefore dispersed and not easy to interpret.
We recently published a study about brain tissue dynamic behaviour pointing out newimgitite

material nonlinear viscoelasticity.

Shear dynamic response curves are obtained in different working conditions in terms of strain sweep
and superimposed static compression offsets (SCO) applied in orthogonal direction to the shear.

The strain sweep mode is used to study the storage anudaolsdi dependence on the amplitude of

the applied strain. It is found that the material exhibits linear viscoelastic behaviour up to about 0.1%
strain amplitude. Above this <critical thresh
increasing dynai strain amplitude and this effect is gradually intensified as the SCO are increased.

Il n additi on, It i s observed that the | oss fac
specimens. The dynamic strain amplitude results of the storagelus reveal that the elastic
component of the brain tissueds stiffness ((
increasing static superimposed compression strain while the loss factor in the same strain range
appears to be SCO independent.

Finally, dynamic stiffness recovery after a large strain deformation is considered. The reduction in
low amplitude dynamic modulus and subsequent recovery kinetics due to a perturbation is found to
be independent of the level of the SCO.

The same assessnterwere carried out on 5 consecutive strain sweep cycle loading. It has been

noticed that at the last cycle, the dissipation peak is reduced, and thegaoity of the curve begins
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earlier. This could be explained by the effects of ceretedemaon cdls and their surrounding

environment.

Brain parenchyma not homogeneous, it is a biphasic material:
- Extracellular matrix (ECM), neurons, glial cells, and capillaries: Solid Viscoelastic component;

- Freeflowing fluid (FFF) within the network: Liquid/iscous component.

Neurons and CELL'-ECM Adhesive protein (Integrin)

Plasma Membrane glial cells

Extracellular space (ECS) Cell

Cell

*5a] ~ Collagen

45 ‘:“
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~ Elastina Crosslinks

'ﬁ'\\ A £,
_Proteoglycan
complex

CELL-CELL Adhesive
protein (Cadherin) Trapped Extracellular Fluid

Brain parenchyma composition

Brain sample deformed in shear with superimposed static compression

We performed solid test specimens with shear mode at various levels of strain amplitude in
superimposed static compression offset tnaperature of 25°C, frequency of 1 Hz. Our objective

is to study elastic and viscous stresses related to material properties through the ratio of stress to

strain: the modulus.

Laboratory test®f static compression
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Nonlinear viscoelasticity

Storage m d u | issheeBeabgy stored in the elastic structure of the specimet® isindependent
of shear strain amplitude below a critical strain amplitude (of about PbE¥#)nd which it decreases
rapidly.

This strain dependence of complex dynamic modugualitatively similar to that observed in filled

elastomers, represented the "Payne effect".
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Microstructural reorganization

There is amicrostructural reorganization of brain:

- reduction of celicell and celECM interaction through the main adhesion protéaagiherin and
integrin respectively)

- ECM network subversion and disentanglements (collagen, elastin)

- release of the hydrostatic pressure exerted onWthFconsequentlyiow in areas of lower pressure
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b)

Fig. 6 a) Shear assembly configuration b) Schematic cellular and extracellular fluid rearrangement during the
dynamic shear test. The superimposed compression preload increases the cell-cell surface interactions and the FFF;

the shear at high amplitude allows the extracellular fluid to flow in another region.

Dynamic stiffness recovery

We noticed that there is a complex shear dynamic stiffness and dynamic stiffness recovery after a
large strain amplitude:

- after the FIRST cycle the stiffness immediately returns to the starting point for each Static

Compressin Offset.
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- After the FIFTH cycle there is not a sudden immediate return of the stiffness to its initial value, but
there is a temporal latency.
In particular, with increasing the offset preload both the tempeateicy and the speed of recovery

increase.
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Trend of emporal latency and the speed of recovery

Probablythere are some explanatioof the aforementionegoints: after five cycles there are a
greater effect of cytotoxic and vasogeoedemadue to tle addition of insults in the various cycles
and a greater extravasation of water from the intra to the extracellular compartment.

Latency is probably due to a more seriogslemawith extravasation of extracellular water which

then also restores the initdissipated water.

Edema cerebral

Schematic physiology of cerebral edema

In conclusion we can assert that microstructural architecture of our brain affects its macrostructural

response.
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6. DESIGN OF OUR INSTRUMENT

6.1 OBJECTIVE

Our goal is to devise a toa@apable of overcoming the limitations of the current technological
solutions available for retraction previously discussed. The design choices, made on the basis of an
in-depth bibliographic research on the case study, were implemented and supported fthiteug

element simulation (FEM), the results of which were appropriately interpreted.

6.2 MATHERIALS

The first design choiceven before geometry was that of the material. As already illustrated, there
are numerous references in the bibliography tooghecity of the current spatula retractors, which
therefore do not allow the visualization of the retracted tissue necessary to monitor the retraction and
prevent any damage. We therefore opted for a transparent polymeric material and the choice
immediatelyfell on polycarbonate (PC).

Polycarbonate is an amorphous thermoplastic polymer that is characterized by its transparency,
resistance to temperature and impact. Thanks to these characteristics, polycarbonate is classified as ¢
technical polymer (polymer itth high physicalmechanical properties).

For these reasons it is used in artifacts where safety is essential, for example it is used in motorcycle
helmets or when high temperature sterilization is required, such as in some hospital objects.

Against a higbr cost, however, polycarbonate stands out for its high thermal resistance (the glass

transition temperature is around 150 ° C versus 110 ° C for PMMA) and superior impact resistance.

6.3 GEOMETRY

The choice of geometry must satisfy two particular requéngts. The first is due to the choice of
material: we pass from an elastic modulus in the order of 200 GPa (steel) to that of polycarbonate,
2.2 GPa. It is therefore necessary to compensate for the loss of stiffness of the material with a
stiffening of thesection.

The second concerns the contact surface with the fabric. Since, as previously reported, humerous
studies attributes to the flat geometry of the current retractors the cause of the high number of injuries
reported during retraction. The geometrusnbe able to follow the deformation of the fabric as
closely as possible without generating high pressure gradients.

The following geometry has therefore been defined starting from the dimensions of the metal spatulas

currently in use and on the market.
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Common geometry of the spatulas currently present on the market

Similarly, the geometry of a metal alloy spatula currently used in the operations was replicated in a
CAD model. The resulting CAD model was then used to compare the performancéngiihe

spatula with the "old" one.

S

Geometry of the retractor made, the "U" section involves a considerable stiffening of the section, especially in

bending. Dimensions in millimetres. The width of the spatula is 22mm.
Both CAD models were imported intan FEM simulation program where different analysis

configurations were devised to highlight the performance improvement as well as to study the stresses

and strains associated with the retraction.
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6.4 SIMULATED GEOMETRY
Brain
In addition to the CA models of the two spatulas already described, a CAD model of a section of a

real brain obtained from a scan was used.

CAD model of a section of a real brain

The simulations carried out with this geometry were particularly demanding: the very complex
geometry prevented the software from finishingdhalysedy interrupting them in advance.

However, the results obtained were not sufficient to compare thekagerobtained with the two
different spatula geometries.

To overcome this limitation due to the computational complexity connected to the geometry, the
CAD model of the brain was replaced with a hemisphere, the simulation of which was then decidedly
easier

The choice of such a simple geometry also allowed to eliminate another complexity, consisting in the
configuration of the retraction: how to make the spatulas come into contact with the brain in order to
obtain comparable results that are also valichfor other contact configuration. The configurations
between spatulas and hemispheres were found to be simple to define uniquely for both and the results
were deprived of the strong variability due to the geometric complexity of the brain.

The simulations vth the brain model that managed to complete were however used to ensure the

reliability of the results of thanalyse®f the analogues with the sphere.

6.5 FEM ANALYSES

Finite element analysis, also known as FEM, is a numerical calculation techratjaéldtvs you to

find solutions to complex problems that are difficult to solve analytically.

Therefore, some software is used that discretize reality and carry out a set of differential equations

that describe thbehaviourof the case study object, foxample static, dynamic, thermahalyses
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etc. The solution obtained is an approximate result, the result of multiple repetitions of calculation,
but it represents reality in a more than acceptable way.

The discretization of the element (or elements) tpksse through the creation of a mesh, which is a

grid of 2D shapes (triangles, squares) or 3D (tetrahedra, cubes) depending on the options selected.
Each mesh element has nodes and edges shared with the adjacent elements and the calculations o
the equilbrium equations are performed on these nodes.

The definition of the mesh is a crucial phase as it influences the quality of the results: it is not possible
to define the quality or the size of the mesh in advance, because it varies according to théaelement
be analysed therefore it tends to thicken it in the areas of greatest interest or where there is high
variability, for example of a load. Next it is necessary to introduce the properties of the materials that
make up the model.

Generally, simple matels with linear isotropidehaviourare usedi.e. where the correspondence
between stress and strain is linear. For these types of material, two elastic constants are needed: the
elastic modulus and the Poisson's ratio.

By selecting models corresponditg increasingly complex materials, it is necessary to gradually
define an increasing number of parameters up to the possibility of providing the entire experimental
curve to the software.

It is then necessary to define and place constraints, displacandntads applied to the components

of the analysis. Proceed by selecting the affected nodes of the mesh (corresponding to the stressed ol
constrained areas of the piece) and defining the type of constraint or load applied to them.

In the case of severabmponents that come into contact with each other, it is necessary to specify to
the software the contact bodies and what type of interaction develops between them. For example,
the "contact type" used in the simulations reported below has been definedcksny": a contact

that allows translation and relative rotation without interpenetration of the two bodies.

Finally, it is necessary to indicate to the software which results we want to obtain from the simulation,

these can be both scalar and vectamal are calculated for each element of the mesh.

6.6 SIMULATIONS

The following simulations have been set up to investigate the development of pressure on the brain
surface during retraction.

Two different retraction conditions have been devised:witle a straight spatula and one with a

slightly inclined spatula (15 °). Both were forced to move the same way.
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Starting from the top left, Spatuka Straight, Spatula inclined, SpatuldB Straight, Spatuld inclined.

The boundary conditions used in thealysesre now presented. The proposed images relate to the
constraints, displacements and loads applied to the models of a single simulation-ptitght)
presented as an example.

The hemisphere, representatiof the brain, is constrained to the base as shown in the figure. Beside
the definition of the constraint: all the possible translations and all the possible rotations of the nodes

are blocked.

constraint display

The spatula is insteambnstrained on the nodes highlighted in the figure. All rotations and translations

are set equal to zero except for the displacement in Z.

display of the constraint just defined.
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Spatula A. flat configuration

Inc: 200
Time: 1.000e+00

1.300e+01 y

1.170e+01
1.0

1.0406+01 Displacement Z
9.100e+00
7.800e+00

6.500e+00

5.200e+00

3.900e+00
2.600e+00
1.300e+00

-4.140e-21

Report 1 Spatola-A Piatta, Spostamento Z.

Inc: 200
Time: 1.000e+00

7.098e+00

6.38%+00

_10

5.679e+00
® Displacement Z

4.969+00
|| 4.259e+00

3.549%e+00

2.839%e+00

2.130e+00

1.420e+00

7.098e-01

-4.140e-21

Report 2 Spatola-A dritta, Spostamento Z. Rimossa la spatola per visualizzare meglio la retrazione.
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Inc: 200
Time: 1.000e+00

10

S.u22e04  EQUvalent Von Mises Stress

4.627e-04
4.132e-04
3.637e-04
3.143e-04
2.648e-04

D 2.153e-04

| 1.659%-04

_] 1.164e-04

6.692e-0

1.745¢-0 &
Y

Report 3 Spatola-A dritta, sforzo equivalente di Von Mises.

In report 1 it is clearlyisible that the spatulA made of polycarbonate is not sufficiently rigid to be

able to efficiently retract the brain. In fact, we see in report 2 that the maximum displacement value
in the Z direction p is just over 7 mm compared to a displacement isepres the spatula of 12 mm

(1 mm gap). In report 3 you can see the distribution of efforts through the Von Mises effort. The
distribution is not uniform at all, the fabric near the edge is stressed with maximum values that exceed
500 Pa.

Spatula B. flat configuration

1.302e+01

Displacement Z

1.172e+01
1.042e+01
9.114e+00
7.812e+00
6.510e+00

] 5.208e+00

| 3.906e+00

B 2.604e+00

1.302e+00

-1.036e-19
¥

Report 4 Spatola-B dritta, spostamento Z.
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Displacement Z

1.168e+01

1.051e+01

9.346e+00

8.178e+00

7.010e+00

5.841e+00

4.673e+00

AWK
PRIV
|| 3.505e+00 ATATAV S

1.168e+00

X
-1.036e-19

Report 5 Spatola-B dritta, spostamento Z.

Inc: 62
Time: 6.200e-01

Equivalent Von Mises Stress

5.267e-04

4.778e-04

4.290e-04

3.801e-04

3.312e-04

2.824e-04

2.335e-04

1.847e-04
1.358e-04
8.694e-05

3.808e-05

Report 6 Spatola-B dritta, sforzo equivalente di Von Mises.

Report 4 shows how the spatiBathanks to the modification of the section, has stiffened and does
not present the visible signs of bending that can instead be seen in the Apatrdport 1.

The displacement of the brain occinemogeneously (report 2), and with values close to 12 mm,
further proof that the spatula is able to withstand the load without deforming too much.

In report 6 we analyse the efforts of Von Mises, the fabric is homogeneously stressed with values that
slightly exceed 500 Pa. Value comparable with the maximum scale of report 3, for the-8p#tida
comparison, however, must take into account that the sgatatdieved a maximum retraction of

11 mm against a retraction conducted by the spa&tdf7 mm.
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The spatuleB is therefore able to effectively retract the fabric, generating less and more distributed

stresses in the fabric itself than the spafila

Spatula A inclined at 15 °

1.300e+01

Displacemen: Z

1.172e+01

1.04)e+01
| | 9.100e+00
7.80Je+00

6.500e+00

5.20Je+00

3.90Je+00

2.600e+00

1.30Je+00

-5.748e-19

Report 7 Spatola-A inclinata, Spostamento Z.

Displacement Z
8,237e+00

7.413e+00

6.58%e+00

|| 5.766e+00

| | 4.942e+00

|| 4.118e+00

3.295e+00

2.471e+00
1.647e+00
8.237e-01

-5.748e-19

Report 8 Spatola-A inclinata, spostamento Z.
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Equivalent Yon Mises Stress
8.619e-04
7.781e-04
6.942e-04
6.103e-04
S.264e-04
4.426e-04
3.587e-04
2.748e-04

ﬂ 1.910e-04

1.071e-04

2.324e-05

Report 9 Spatola-A inclinata, sforzo equivalente di Von Mises.

Report 7 presents the same criticalities of the sp&tubserved in report 1.

In report 8 the displacement generated by this configuration leads to a maximum displacement of less
than 9 mm, maximum values concentrated at the point of contact with the side of the spatula.

As anticipated by the focused displacesenbserved in report 8, report 9 shows a high concentration

of efforts in the area of contact with the spatula. Efforts reaching maximum values of 860 Pa.
Compared to report 3 (relative to the simulation performed with spajw#raight), in report 9 |
register an increase in the maximum effort from 500 to 860 Pa compared to a similar movement
(report 8 and report 2).

We therefore have a worsening of the performance of tgeometry spatula if the retraction is

applied with an angle of incidence (ireteimulated case 15 °) with respect to the fabric.
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Spatula B inclined at 15 °

1.340e+01

lcasel
1.206e+01
Displacement Z

1.072e+01

9.380e+00

|| 8.040e+00

6.700e+00

5.360e+00

4.020e+00

2,680e+00

1.340e+00

Y
»
-6.440e-20 N

Report 10 Spatola-B inclinata, spostamento Z.

leasel

Displacement Z

1.279e+01
1.151e+01
WKk
1.023e+01 NS
NS
IR
8.954¢+00 N
| | 7.675e+00
6.396e+00
] 5.117e4+00
3.838e+00
2.558e+00
1.279e+00
-6.440e-20
Report 11 Spatola-B inclinata, sy Z.

leasel

Equivalent Von Mises Stress

1.500e-03
1,350e-03
1.200e-03
1.050e-03
9.000e-04
7.500e-04
6.000e-04
4.500e-04
3.000e-04
1,500e-04
0.000e+00

Report 12 Spatola-B sforzo equivalente di Von Mises.
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Also in this configuration the spatdBashows adequate stiffness, in report 10.

Report 11 (displacement Z for the inclined spa®ilas comparable with theomologous report 5
(displacement Z for the straight spat@aboth in the distribution and in the maximum val(es

avoid problems related to the contact of the two bodies during the analysis the straight spatulas were
started with 1mm of detachmembin the hemisphere, it is therefore necessary to consider legitimate
the displacement difference in the order of 1 mm).

Report 12 is difficult to interpret due to some nodes that return very high point yahuekable, the

result of analysis anomalied he scale was then manually imported and shown to be isolated nodes.
The rest of the surface has valueghe order of 800 Pa. Value, once again comparable with the
analogous report 9 (Spatthainclined, equivalent stress of Von Mises) but in theefaf a higher
displacement.

Therefore, even in an inclined configuration, the spaBullaas better performance in terms of
retraction obtained with the same stress peaks.

Finally, by comparing the displacement and stress reports of the sBaitulstraight and inclined
configuration (reports-86, 11-12) we obtain on the one hand 11mm of retraction with peaks of 520

Pa on the other, a retraction of 12.7 mm with stress peaks of 800 Pa. We observe a slight worsening

of the ability to retract while keepingetlstress valudsw.

EFFECT OF DEFORMATION RATE

The "SpatuleB flat" analysis has been modified in the calculation settings in order to obtain data
relating to the maintenance over time of the deformation applied by the spatula.

For simplicity of analgis, the Von Mises equivalent stress values were evaluated at the node at the
apex of the hemisphere.

By applying the same displacement (10 mm) in two different time intervals, we observe effort peaks
significantly greater than those necessary to mainkesrretraction. This particular effect is due to

the viscous component of the material (which we have defined as viscoelastic).

41
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6,00E-04
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4,00E-04
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2,00E-04

1,00E-04

Sforzo equivalente di Von Mises [MPa]

0,00E+00

0,00E+00

Effetto della velocita deformazione

N

~——0,1 s, spatola rigida
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5,32E-04 10 s, spatola rigida
3,59E-04 10 s, spatola deformabile
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Tempo t [s]

This graph shows the Von Mises stress values recorded over time at the apex of the hemisphere in a "straight

B spatula" simuwdtion where a displacement of the spatula equal to 11 mm was set and maintained over time.

The rigid and deformable captions in the legend refer to the type of constraint application. The yellow curve

also shows a strain relief that is performed by remgvire spatula.

6.7 FEM ANALYSIS WITH BRAIN MODEL

Inc: 18
Time: 3.600e-01

8.748¢-01

-1.013e+00

-2.900e+00

4.788e+00

-6.675e+00

-8.563¢+00

-1.045e+01

-1.234e+01

-1.423e+01

-1.611e+01

-1.800e+01

MSC XSoftware

leasel W

Displacement X

SpatulaB Brain, X shift
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Inc: 18
Time: 3.600e-01

8.748e-01
-6.816e-01
-2.238e+00
-3.794e+00
-5.351e+00
-6.907e+00

[ -8.464e+00

-1.002e+01

-1.158e+01

-1.313e+401

-1.469e+01 Y

lcasel

Displacement X

SpatulaB Brain, Xshift, imprint.

Inc: 18
Time: 3.600e-01
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5.398e-04

3.59%-04

1.79%-04

0.000e+00 ¥
%—[

Equivalent Yon Mises Stress A

lcasel

SpatulaB Brain, Von Mises equivalent effort, imprint.

These simulations were obtained by simulating the CAD models ofspla¢ulaB and the
symmetrically duplicated brain model in order to have a larger surface on which to test the retraction.
The brain mesh has been superficially thickened in the area where the spatula will apply pressure.
The results are comparable in teraisnaximum values and distribution with the results obtained

from the simulations with the sphere.
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Inc: 18
Time: 3.600e-01
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SpatulaB Brain, Von Mises equivalent effort sectioned impression.
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SpatulaB Brain, Von Mises equivalent effort detail
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Inc: 18
Time: 3.600e-01
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SpatulaB Brain, minimal principal deformation. Detail
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Inc: 18
Time: 3.600e-01
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7.MEASURES

One of the goals of this study was to find an effective method for measuring retraction pressure that
could be as simple and versatile as possible so that it could be used later in normal neurosurgical
procedures. First of all it was necessary to choose the type of sensor to be used, a piezoresistive senso
was evaluated among the availability proposethieymarket.

7.1 PIEZORESISTIVE SENSORS

Piezoresistivity is the characteristic that all materials have of varying their electrical resistance when
they are subjected to the action of external forces.

The application of a force leads to ttm@dification of both the number of charges and the average

mobility therefore an axial stress, compression or traction, leads to the variation of relative resistivity.

Repeatability
Repeatability is the degree of agreement obtained when measuring thieysaw@@suring under the
same measurement conditions. Thus it allows to define the sensor's ability to respond in a constant

and consistent way to an identical force applied repeatedly.

Linearity
Linearity refers to the type of response that skasor offers when it is stressed. In particular, it
highlights how much the measurement system varies from an ideally perfectly linear response.

(Improve linearity with calibration)

Hysteresis

The hysteresis is the signal difference that occurs whembpahd unloading cycles are applied
under the same force. For applications where the force is static or monotonous increasing, the
hysteresis effect is obviously minimal. When there are increases or decreases in the same

measurement phase, the hysteresisbe important and is not always compensated by the calibration.

Time drift

Time drift is the variation of the signal outgoing from the sensor when a constant force is applied for

a significant period of time. If the sensor is subjected ¢orestant load, its resistance will tend to
decrease over time, thereby increasing the output. The drift can be considered and compensated for

in the calibration phase by applying the loads within time intervals similar to those being measured.
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Temperatureeffect

The temperature and its variation led to the modification of both the Gauge factor (GF) and the value
of the nominal resistance, this dependence is quantified by the thermal sensitivity.

It is essential to operate at temperatures as close aslepdssiose in which GF is obtained.

Gauge Factor: fundamental quantity for this type of transducer; it relates the variation in electrical

resistance with the deformation undergone by the material.

7.2 MISURE SYSTEM

For the combination of cosfffectiveress, ease of use and portability, the FlexiForce OEM
Development Kit from the American company Teskan has been identified as a suitable measuring
tool. it consists of a development board, two FlexiForce sensors, a USB key containing the acquisition
softwae and a USB A cable. The development board is composed in turn of a MicroView USB
Interface Board and a MicroView Controller with an OLED screen, two buttons (calibration and
ignition), the Quickstart Circuit which presents the potentiometer, the blackhé terminal
connection, the-pin for sensor and connection fow8lt battery. The Arduino components convert

the analog signal coming from the Quickstart Circuit Board into a digital signal that can be viewed

directly on the display or acquired thgiua computer and dedicated software.

( Pluggabl B
MicroView Controller uggane
with OLED Display OEM T S
Development Board
MicroView g g'\(&" Cli
USB Interface -y
Board - |
USB Cable Quickstart
Connector Circuit Board
3-pin Sensor
—_ Connector
otentiometer
Tare Button (jeweler's screwdriver
required to adjust)
Startup Button
\_ .

Composition of the acquisition card that makes up the Development Kit

FlexiForce sensors are flexible and particularly thin printed circuits that can be easily integrated into
different applications, in fatchanks to their properties they are able to measure forces between almost
any type of surface and in different environments.

The sensor consists of a double substrate composed of a polyester film, or polyamide in the case of
sensors for high temperaturepéipations. A conductive material, silver, and a pressure sensitive ink
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layer are placed on both substrates. An adhesive is then used to colaminate the two substrates anc
form the sensor. To complete the sensor and in order to be able to put it in wathtact electrical

circuit there are three connectors, of which the two external ones are active, while the control unit
does not carry an electrical signal. As already described, the sensor behaves like a variable resistance
in particular when it is nainder load there is a resistance greater than 5 megaohm while when a force

is applied the resistance decreases. There are several possible ways to use a FlexiForce sensor, on

appropriate calibration to relate the electrical quantity with the physical one, depending on the
specific circuit some variations can be made to vary the sensitivity of the sensor. In our case the
quickstart circuit board toogare of the translation of the signal.

Of the various sensors available, the A201 model was chosen as it allows for a length comparable to
that of the reference retractor so as not to reduce its ergonomics and interfere with the retraction
procedures. ThA201 is a thin and flexible piezoresistive force sensor that is on the market in four
different lengths, from 50.8mm to 190.5mm, and three force scales, 4N, 111N and 445N. For the
reasons of ergonomics and practicality just mentioned, it was decided tteeuk0.5 mm sensor,

the choice of the force scale required an investigation in the literature regarding the typical forces
involved.

As has already been said in the literature (3; 6; 13) it emerges that the critical retraction pressures are
in the ordeof 25 mmHg; starting from this data and knowing that the diameter of the sensitive area
isd=9.53 mm, it is possible to trace the force vaimeslved.

First it was necessary to obtain the surface of the area through the formula:

d2
A= T [mm?]
Thus obtaining aalue of 71.33 mm.
Subsequently, the values in mmHg were converted into units of measurement for the pressure of the
international system, that is Pascal. Knowing that 1 mmHg = 133.32 Pa, it follows that the pressures
are of the order of 3500 Pa.
Thanks tahis and the subsequent formula it was possible to obtain the typical force value F,

AP

F="0c N

Obtaining an F value of about 0.25 N and moving the choice towards the sensor with a full scale of

4N so as to have sufficient sensitivity and no fear of reaching lihecéle by saturating the signal.
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A201 sensor used during the tests with relative measurements.

An important phase is the calibration of the sensor with a uniform distribution of the forces and it is
also important to perform the procedure at the stemgerature in which the forces of interest will

then be measured.

Positioning of the sensor on the retractor to obtain the retraction pressure values.

7.3 UWSim HYBRIDE SYMULATOR SYSTEM

As a preclinical phase, before testing our device oarpse and in the clinic, we therefore used a
special simulator: UpSim from the company UpSurgeOn s.r.l.

It is a hybrid simulator for neurosurgical training consisting of two parts: the app needed to create the
augmented reality environment and the physoaulator.

The physical simulator is further divided into the base, the augmented reality marker and the one that
is the fulcrum of everything, that is the box containing the model of the chosen brain area. There are
three possible approaches: pteriotamporal and retrosigmoid depending on the different needs.

The anatomical model was created by the combined work of neurosurgeons and 3D designers and
validated in its accuracy through more than 1000 hours of study.

In addition to providing the possiliii of exercising the surgeon's manual skills, in working with
delicate structures even during the use of the microscope, it allows to offer mental exercise thanks to
both the simulation component and the modularity and anatomical fidelity that allows gxpidre

and visualize the deeper structures of the brain.
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7.4 TESTS PROCEDURES

In order to investigate the most suitable method for measuring the retraction pressure, various tests
were carried out on the UpSim simulator with a pteriapgiroach.

The first phase of the tests focused on investigating the applicability of the TekScan measurement
system, already presented, to the type of retraction required and to the reference spatula. This
preliminary investigation covered the assessménhe calibration phase, the identification of the
calibration and conditioning masses, the training in the retraction necessary to understand the
operational needs, and only after this were measurements carried out with actual retractions.

As mentioned,ie A201 sensor was used, with a length of 191mm similar to that of the retractor, and
with 4N full scale.

Knowing the literature valugbat should have been found, about 25g, a series of masses was sought
that could cover a neighborhood of this magrétfor the calibration phase. Three batteries of 119,

23g and 50g were identified that could be suitable not only for the relationship between the reciprocal
masses, but also for a uniform distribution of the mass in its own volume and simple geometry. Give
the need to have a uniform load distribution on the sensor and the excessive size of the larger batteries,
use was made, temporarily, of EVA thermocolla to adapt the surface of the batteries to that sensitive
area.

Having identified and modified the tleenasses, calibration was carried out, the company suggests
calibrating the instrument on a smooth surface and on the same surface on which the measurements
will be made, this was not possible as the spatula, due to use prolonged, it had residual deformati
that led it to sway during loading and to give variable and untrue readings. Therefore, the calibration
was performed on a surface similar in roughness and hardness, but flat and stable.

In each of the three tests, similar retraction forces betweearttDg0g are reached. The peaks present

are attributable to disturbances that have led to inadequate readings more than to real forces since for
the type of tests the presence of impulsive forces is difficult, the peak is within a time window of 0.1

S.

Theneed to have masses that can exceed 80g was important, this is necessary to be able to carry ou
a correct conditioning to have at least 120% of this mass. For this reason, the set of masses presentec
in figure 3.14 has been identified as suitable forpigoose. It is composed of six different masses,

one of 10g, two of 20g, one of 50g, two of 100g and one of 200g. As anticipated, we made use of the

masses of 20g, 50g and 100g.
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8. LABORATORY TEST OUR INSTRUMENT
8.1RETRACTION TESTS

In order toidentify a clear target for the retraction, a yellow and red glass ball with a diameter of
16mm was used, positioned in the simulator as shown in the figure.

The tests were performed by positioning the sensor A201 in thelledl proximal position oms

shown in figure 4.1, with the terminal part of the sensor in contact with the final part of the spatula,
this is because intuitively and as confirmed by the study in the area in the greater the depth, the higher

retraction pressures are found, therefomre dangerous.

a) position of the ball as the target of the retraction. b) proximal position of the sensor on the spatula.

8.2 SIMULATOR TESTS

The first tests conducted in this configuration were performed by an operator with no medical and
surgical eperience, this to evaluate, once again, how the entire system can respond to an
inexperienced hand such as that of a student who has to be trained.

Before presenting the data, it is important to specify that they are shown with units of measurement
in g, since calibration necessarily leads to obtaining this unit. Given the configuration, the conversion
from grams to mmHg is rather simple and direct, in fact 1g = 1,053mmHg is obtained.

The following graphs (figures 4.2, 4.3 and 4.4) show the results @& thteaction tests carried out

by the inexperienced operator whose operating procedure was to start by inserting the retractor in the
known position of the ball and try to expose it for about 10 mm, maintaining the retraction until the
end of the test.

Thegraphs show comparable trends with a gradual growth of the load and then it is kept relatively
constant, there is no manifestation of relaxation of the efforts, if not slightly in the first graph, this
may be caused by the operator who reports that h&ibdso maintain the constant pressure and
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focusing less on maintaining the same retraction. In the second graph there are high peaks, about
120g, probably deriving from operator shortcomings. However, it is good to repeat that the time scale

is in the &ns of seconds so that these peaks are included in a few seconds or even tenths of seconds.
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Retraction test 1 performed by an inexperienced operator.
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Retraction test 2 performed by an inexperienced operator.

53



100

Forza [g]

40

0 10 20 30 40 50 60
Tempo [s]

Retraction test 3 performed by arexperienced operator

The force values deriving from the five tests performed were measured, considering the values in the
region that most likely presented a plateau so as to be significant than an average. The values are
shown in table 2.1.

Proval Prova2 Prova3 Provad4 Prova5 Medie
Valore
72,0 44,5 79,7 64,3 56,91 63,5
medio [g]

Dev. Std [g] 10,7 10,6 11,3 16,02 5,90 13,5
ATempo [s] 28 39,1 31,7 30,8 33,8 32,68

Min [g] 36,9 16,0 55,9 38,90 38,24 37,2
Max [g] 98,3 92,4 115,4 116,19 93,11 103,1

Delta [g] 61,4 76,4 59,5 77,29 54,87 65,9

Force values measured during the retraction tests on the simulator

As already mentioned, the graphs presented refer respectively to test 1, test 3 and test 5.

From the data in th&able,it can be seen that there is a certain variability in the averdgée o
retraction forces, in particular test 2 and test 3 are at the extremes for minimum and maximum values,
respectively. This result is not surprising and does not affect the validity of the measurement system,

in fact there is a clear influence of therinsic variability of the test which, being performed by a
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human hand, cannot be easily eliminated, moreover the time interval considered is quite wide. and
you can see, from the graphs, how there can be even important variations, but which must be taken
into consideration.

That said, the mean value of the five tests remains in line with the literature data reported by Evins et
al.

Following the tests carried out by the inexperienced operator, the validity of the system and the force
valueswere investgjated in the event that an experienced neurosurgeon operates the retraction.
During the test, what would happen in the case of a real operation was simudated; knowing

the exact location of the lesion, in our case, it is necessary to performagapiaetractions to locate

it. Once the lesion has been identified, a minimal retraction is performed to allow aspiration of any
cerebrospinal fluid. This retraction was evaluated in relation to the size of the bead and was evaluated
to be approximatel@ mm.

The graphsrelating to two retraction tests performed as described above and with the sensor
positioned proximally are presented below.

The first graph highlights some peaks prior to the major growth and subsequent maintenance of the
load, these ardue to the exploration phase for identifying the target. From the experience of the
neurosurgeon these peaks are not correctly representative of the forces at play which should be greatel
than what was detected, this discrepancy is attributable to themanat the simulator which has

some cavities in correspondence with the sensor which therefore cannot correctly detect the forces at

stake.

|

30
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Retraction trial 1 performed by an experienced neurosurgeon. Relaxation of efforts is shown.
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Comparison between the relaxation occurred in the tests shown in &ifpresnentioned

In both tests there is a rapid growth of the load when the lesion is iderttiithcrease is followed
after a few seconds, 15/20 s, by an evident relaxation of the efforts. This relaxation causes the
retraction effort to cancel itself out in a short time, once again about 15 and 20 s, this allows to drop

below the critical loadseported in the literature of about 25g, thus avoiding generating permanent
damage.

56



In the third graph the two graphs were compared, moving the results of the first test along the time
axis, in order to better compare the two different relaxations;lgas that in both tests the relaxation

is similar indicating a constant response to the same solicitation.

Relaxation should be further emphasized during a real operation as cerebral fluid is removed and this
leads to a reduction in the volume of the bra@arenchyma resulting in relaxation.

From these tests we can however affirm that the simulator actually manibesta\aourvery close

to that of the human parenchyma. As with the tests carried out by the inexperienced operator, we
wanted to investigate the force valadgained during retraction, given the greater operating precision
and the presence of relaxation, in tbése the valuesonsidered were those included between the
moment in which retraction suitable for viewing has been reached and the subsequent 12.5 s.

The results of these acquisitions are shown in the following table.

Prova 1 Prova 2 Prova 3 Prova 4 Media
Valore medio [g] 61,62 69,2 71,4 56,30 64,6
Dev. St. [g] 6,27 131 17,3 9,35 11,5
min. [g] 36,07 45,2 15,0 36,07 33,1
max [g] 78,19 101,4 105,6 95,74 95,2
Delta [g] 42,12 56,2 90,6 59,67 62,1

Summary of the strengtlalues obtained by the neurosurgeon.

The graphs shown refer to the data of the tests identified with the name Test 1 and Test 4.

From the data shown in the table we can see how, once again, the average strength values reflect wha
emerges from the litenate. Compared to the tests performed by the inexperienced operator, there is

a lower variability of the average values which is reflected by a lower standard deviation.

Once again there are high peaks and the difference between the maximum and miniragnit v&lu

always valid, as can be seen in the graph of test 4, that the peaks refer to short intervals of time,
sometimes so short that they can be attributed to wrong readings and therefore it could be useful to

carry out a more halepth analysis to purdeem of the signal and the readings.
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8.3 SPECIMENS TESTS

Following the tests carried out on the simulator, it was possible to perform similar tests on a fixed
cadaveric model so as to verify and evaluate the retraction pressure values on a hushan mod

Before presenting the data obtained from the tests carried out on the cadaveric sample, it is interesting
to deepen the study proposed by Evins et al.

The thesis work produced by Evins et Al. Concerned the investigation of the difference in retraction
pressure between tubular and traditional retractors, these pressures were calculated by measuring the
average force of the minimum retraction necessary to obtain an adequate visualization of the target
within cadaveric models. Subsequently there was algisual and qualitative assessment of the
retracted tissue to assess the presence of possible damage.

The study investigated different neurosurgical approaches to cover the widest possible variety of
medical practices and possibilities. Approaches weredatd supraorbital, middle fossa,
retrosigmoid, infratentorial supracerebellar, interhemispheric and transcortical, performed on three
cadaver heads without arteriovenous injection. A further division was based on the relative position
of the retractori.e.,with the retractor between the parenchyma and the dura, the parenchyma and the
skull or inside the parenchyma.

The target for each different facility was defined in such a way as to provide one that could guarantee
a similar standard for each procedure

The study is even more interestingcause& measurement system similar to the one we tsbé

used, in fact the Teskan company's FlexiForce Economical Load & Force Measurement System was
used.

Each different approach was performed six times, three with the tubular retractors and three with the
spatula. The spatula used was 229mm long and 3mmmim@ide, while the tubular retractors were
12x8mm wide and 70mm long in all approaches except in the retrosigmoid and median fossa case
where a 12x8mm and 30mm long retractor was used respectively. a retractor 17x11mm and 70mm in
length.

Force measurementgere performed after obtaining visualization of the lesion and attaching the
retractor to the support arm.

The mean retraction distance MRD of the parenchyma was measured using a surgical ruler at the
opening point of the skull, which allowed to cover tloe-retracted and fully retracted tissue.

In each approach, measurements were performed on two different points of the retractor, proximal
and distal, where proximal is the closest point of contact between the tissue and the spatula and vice
versa the disl one. As regards the tubular retractors, the pressure wakresevaluated in four
positions, proximal and distal on both the upper and lower sides, in the event that the retractor was
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placed between the parenchyma and the dura or inside the panentssif, in the approaches where

the retractor was in contact with the skull, two measuring points were used, proximal and distal,
positioned on the side in contact with the retracted parenchyma. Each measurement was performed
four times.

At the end of ach measurement and the subsequent removal of the retractor thanks to the use of a
surgical microscope, the study visually investigated the presence of damage such as, deformity of the
cortical tissue, collapse of the vessels, damage to the corticalesudaerations of the cerebral
parenchyma along the surgical corridor and at the edge of the retractor.

The retraction valuesere first measured as retraction force and subsequently converted into pressure
expressed asillimetresof mercury (mmHQg).

Ead approach was performed bilaterally on all three samples, leading to a total of 36 retractions, 18
with the use of the spatula and another 18 with tubular retractors. In each approach, the retraction
pressure was measured effectively when the minimumactein necessary to visualize the structures
considered as target was reached. The MRP was found to be 56.93% lower in the case of the use of
tubular retractors, obtaining a pressure of 37.89 + 5.18 mmHg (range from 17.00 to 49.72 mmHg)
compared to that k&ting to the traditional retractor where it is a mean total pressure of 87.98 + 10.80
mmHg was detected (between the valoies4.92 and 118.71). As far as the proximal measurements
are concerned, the reduction described is 59.27%, the pressure pasetdrom the average values

of 100.96 mmHg in the case of the spatula to average vafué%.12 mmHg using the tubular
retractor. This reduction is confirmed by the distal data which are described to be 58.25% lower in
the case of tubular retraxt where a pressure of 33.31 mmHg is reported, while using the spatula a
pressure of 75.00 mmHg was obtained. In any case, it is shown that there is a clear and significant
reduction in pressure between the proximal and distal measurements.

The study showed that in each approach a significant reduction in pressurevzaswddained when

using the tubular retractors. The greatest reduction shown was in the case of supraorbital and
transcortical approaches in which a reduction of 66.82%68r@6% respectively was obtained. In

the supratentorial approach, the study found a reduction of 60.92%, from 118.71 + 2.77 in the case
of spatulas to 46.39 = 1.27 mmHg using tubular retractors. In the middleajmssEachthere is a
reduction of 56.73%again with a tubular retractor, going from 114.91 mmHg to 49.72mmHg. The
same result is shown in the retrosigmoid approach where it goes from 93.47 mmHg to 42.11 mmHg,
equal to a reduction of 54.95% using tubular retractors. The minor reduction odauiredase of

the interhemispheric approach, where the pressure was reduced by 17.57 mmHg equal to 28.44%.
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Distribution of the retraction pressure of the spatula

As shown in the grapimentioned abovethe study highlighted significant differences betwee
proximal and distal MRPs in all approaches except interhemispheric and transcortical. In particular,
the greatest reduction is obtained in the supraorbital and retrosigmoid approaches where a distal
pressure is obtained which is, respectively, 54.92%34rll % lower, while in the case of the middle
fossa and supracerebral approaches the proximal pressure is of the 22.00% and 8.98% greater.

This shows that there is a concentration of force at the tip of the retractor.

Distribution of the retraction pressre of the tubular retractors

The thesis shows how in the case of retractors the pressure difference along the axis is generally
lower, in fact, a significant variation is obtained in the interhemispheric, middle fossa and
retrosigmoid approaches. In pattiar, in the last two there is a difference of 10.63% and 16.57%
respectively, while in the first the greatest reduction is shown, which is 52.95%. It is interesting to
note that in the transcortical approach the greatest pressure is found in thedistabs the retractor

and that in the approaches in which the sensors were positioned on opposite sides of the retractor, no

significant pressure difference was obtained.

Pressure distribution: differences between spatula and tubular retractor

By compaing the data relating to the distal or proximal pressure distribution between the traditional
retractor and the tubular one, Evins et al. show how in each approach the decrease in retraction
pressure is confirmed using the tubular retractor. The miniméheretice is obtained in proximal
pressures during the interhemispheric approach, while the maximum differences are exchanged

between middle fossa and supracerebral in the proximal and distal case respectively.

Retraction pressure as a function of the pben of the retractor

Another fact that the study considers and highlights is the difference in pressure obtained according
to the position of the retractare., whether it was positioned between the parenchyma and the dura,
between the parenchyma ane ttranial bone or inside of the parenchyma. As mentioned in each
approach the retraction pressure is lower using a tubular retractor, this is confirmed by the data
differentiated according to the position. In particular, it is interesting how the lovssupeedata are
obtained using a tubular retractor positioned between the parenchyma, average pressures of 16.75
mmHg are reached which are 69.05% lower than using a spatula and is the reduction greater in this

analysis.
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Average retractiordistance

Given the geometry and the practice of use, the retraction achieved with the use of retractors was
eqgual to the span added to the thickness, leading to a total of 9mm in each approach except in the case
of a middle pit where it was necessary te @asretractor wider tubular and having a retraction of
12mm. Using the spatula in the study, it was necessary to obtain variable retractions greater than
those achieved with tubular retractors, in particular the average retraction varied from 15.5 to 29.5

mm, or on average 10 mm greater equal to 49.94% increase compared to tubulars.

Retraction damage analysis

Both using the spatula and the Evins et al. Tubular retractors. found tissue deformities which in most
cases were found to be slightly less tti@mean retraction. Given the nature of the brain tissue, this
study also shows how it returns to the position prior to the retraction within 10 minutes from the end
of the retraction itself. The vessels along the surgical corridor were found to be posgao
however, given their neperfusion, it was not possible to determine their collapse as they were not
physiologically accurate. The study shows how damage to the cortical surface was present in both
groups. In the case of tubular retractors, it waed that the tissue entered the lower opening in three
cases during the transcortical approach. Using the spatula damage to the cerebral parenchyma in the
form of lacerations was noted in three procedures during the middle fossa and transcortical
approacks and once during the supraorbital approach, in each of these the damage was found to be
at the edges of the spatula.

Summarizing what was reported by the study, it is evident that the average retraction pressure is less
than 50mmHg or 57% when using &wlar retractor and not a spatula. In all cases, using the spatula

or tubulars, the distal pressure was lower than the proximal one. When using the spatula, maximum
pressure valuesf a single reading of 150 mmHg were reached, while using the tubutgradiier
exceeded 65 mmHg. With both types of retractors, the transcortical approach produced the lowest
retraction pressure value. Given the static nature of the geometry of the retractors, the minor is easily
explained standard deviation obtained, 12im@iHg compared to 26.44 mmHg using the spatulas.
This may be attributable to the significant difference in retraction distance between the use of the
spatula and the tubular retractor which allows a 50% reduced retraction. There were no differences
in pressire between the sides of the tubular retractors. In 39% of cases of spatula retraction, laceration

of the cortical tissue was noted.
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Test methods and results

The tests were performed in the Anatomy Laboratory of Brescia on a cadaveric head previously
suljected to a fixing process.

The preliminary procedures necessary for the correct use of the measurement system were carried out
in the same way as already described, once again the sensor was first conditioned with the mass of
100g and subsequently lingadalibrated at three points with the masses of 20g, 50g and 100g.

To obtain a clear retraction target, a ball very similar to the one used for the tests with the simulator
was used, therefore with a diameter of 16mm, this allowed to evaluate the netaactioding to the

size of the ball and to obtain an average retraction. of 8mm. The marble has been positioned as shown

in the figureunderlying.

Tesk on specimens

The graphs relating to the retraction tests performed without havingetergnce to the pressure
values read by the instrument are shown below.

The two graphs show a similar trend although reaching different retraction force values, in fact in the
first graph a force is reached at the point of maximum retraction of abouwBig,n the second it
exceeds 50g. Despite this difference, the peaks given by the exploration phase are still present and
are positioned at a similar instant of time, about 9s.

As in the case of the tests on the simulator, a rapid growth of the Ibayhighted at the moment

of retraction and after about 10 s, therefore less than in the UpSim model, relaxation begins to occur
which for both tests ends by completely canceling the load in aboufréB8s26s to 42s, a time

similar to that of the simulat test.
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Retraction force values related to the second test performed on the corpse.

The graphunderlying insteadompares the tests performed on the simulator and on the fixed one so
as to have a better view of how thehaviourof both is similar, in particular in the relaxation phase
which follows a perfectly superimposable profile.
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Comparison between the relion found on the fixed sample and with the UpSim simulator.
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This demonstrates once again how the simulator is faithful to a human model making it effective and
useful in the tests, this further validates the tests performed previously and those beaprediented

later.

After the first two tests presented, the target was moved to the temporal area in order to evaluate
whether a different position in the brain could modify the retraction valoesned. It is important

to report what was highlightdaly the neurosurgeon, namely that in the case of a real operation the
approach used would have been different, exposing the temporal more and positioning the head so as
to have easier access and probably lower retraction pressures than the one. phesiergdsample.

The curves below show the two tests performed in this configuration. The first graph refers to the
retraction performed without being aware of the force vahesthe instrument was detecting, while

the second graph shows the resaftthe retraction performed by having a second operator who read

and reported the force valuesthe neurosurgeon in real time.

Forza [g]

Tempo [s]

Graphs relating to the tests carried out in the temporal area with and without an operator who provided

feedback on thpressure value. It is noted that thanks to the feedback, the retraction forces are reduced.

As shownin the graphs, the presence of a feedback has effectively allowed the surgeon to remain
below the threshold of 50mmHg while achieving an adequate viatiahzof the target. It is also
possible to observe how in the case with feedback the pressure is maintained for a shorter time and
the relaxation, while starting at a time similar to that of the case without feedback, is faster.
Therefore, the measuremesyistem can be implemented in the case of daily use, but the possibility

of a signal of exceeding the limit of force, visual or sound, convenient for the surgeon, is still missing,

since this function cannot be delegated to a second. operator.
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Tablebelowshows the valuelating to the four tests performed on the fixed sample relating to the

linear section of the curve in which the retraction was maintained.

Prova 1 Prova 2 No feedback  Con Feedback
Valore medio 28,18 47,84 58,59 45,89
[a]
Dev. St. [g] 3,29 2,31 1,62 2,18
Min [g] 20,89 43,04 55,06 41,77
Max [g] 36,71 55,06 62,03 52,53
Delta [g] 15,82 12,03 6,96 10,76

Summary of the data relating to the retractions obtained on specimen

From the table emergésat there is an increase in the retraction force in retracting the temporal zone,
this increase is howeveancelledwhen there is an operator reporting the read values, in fact, as
already seen from the graphs just presented, the value of averags foveerithan that of test 2 and

of the limit one, in particular a reduction is obtained with respect to not hegadpackof 12.7g

equal to 21.68%.

Comparing the valuesbtained with that reported by Evins et al. it emerges that they are wiline

the valuesresented as regards the interhemispheric and transcortical approaches, approaches that

have similarities with the experimental procedure followed during the tests on the fixed sample.
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9. OUR DEVICES
9.1 TRANSPARENT SPATULA

In order to obtain the transparency required to view the retracted fabric, a polycarbonate spatula was
created. In addition to ensuring high transparency, it has been designed in such a way as to avoid
exceeding the critical retractigoressure value during its use. This was possible by creating the
geometry presented in figure 5.1 as a CAD drawing. As you can see, the reduction to 7mm of section
in the centreof the spatula, which ideally creates a handle, allows to reduce the corapifatne
flap, providing the operator with greater sensitivity on the applied load and naturally avoiding
reaching critical loads.
In order to obtain this result and this geometry, we proceeded experimentally starting from a sample
of polycarbonate with aurvature similar to the reference one of a traditional spatula. The sample
was cut manually following the profile of the spatula and subsequently the necessary notches were
made to create the flap. The depth of the notches was evaluated from time to time
time using a digital scale with a resolution of one tenth of a gram so as to quickly understand the
forces involved.
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a) CAD model of the spatula with the greatest dimensions. b) First prototype of the spatula

transparent.
Once a flap size of 7.88 mm weesached, the FlexiForce TekScan system and the UpSim simulator

were used again to have a more faithful correspondence with the real pressure values exerted by the

spatula and the relative sensation returned.
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The system was composed as in fighedow and the test consisted in carrying out the greatest
possible retraction until the sensation of breaking the spatula was perceived, which consisted in
passing the line a with respect to the line b.

Test on preclinical model made by Upsurgeon s.r.l.

Initially, the detected pressure easily reached 70mmHg, an excessive value that led us to reduce the
section to obtain the 7mm previously presented. In fact, with this geometry the tests carried out in the
same way led to the maintenance of the pressure belamitibal value of 50mmHg.

Once this spatula was proposed to the neurosurgeon, the effectiveness of the sensation of exceeding
the pressure value was confirmed, however, a limitation of the spatula emerged, namely the difficulty
of adapting it quickly accding to needs as is currently possible with steel spatulas. In order to
overcome this limit, yield points were carried out in the area in contact with the parenchyma, so as to
obtain areas that can be easily deformed while maintaining the given shape.

To further improve the versatility of the spatula, a LED was inserted that could illuminate the tip of
the spatula.
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lllumination of the spatula

This was possible thanks to the particular optical properties of the polycarbonate which behaves like
an optical fibre, i.e., the light does not come out of the spatula profile, but is reflected and then
transported from the point of contact with the light source to the tip of the spatula.

We have also designed the spatula considering different correspagrifingoints at different
pressure levels. Thanks to tleiggonomicshrewdness it is possible to choose the retraction pressure

to be exerted and, at the same time, to safely retract the brain being aware of the force being exerted

on the parenchyma.

Handle of the spatula at different pressures of force

Finally, a cannula was inserted on the side of the spatula so that it can be connected to an aspiration
system so as to allow the deliquoration operations necessary to remove the organllwio
to proceed with the surgical operation.
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9.2CHAMBER

As presented in the previously described studies a strong criticality of traditional spatulas is the
concentration of load that is created along the edges, increasing the possibsgyenity of lesions

to the brain parenchyma. This problem recurs in the same way in our transparent spatula, it was
therefore necessary to find a solution.

The solution consists in the use of the device shown in figeiew, the chamber, consisting of dw
identical halves that can be opened so as to perform a softer retraction and with a curvature such as

to reduce the effects of pressure concentration.

First prototype of the chamber inserted in the cadaveric sample.

In addition to reducing thpressures exerted on the parenchyma, the chamber also creates a surgical
corridor that allows you to operate, with a robotic arm, without the risk of accidental impacts that
would seriously damage healthy tissue.

The halves that make up the chamber werderad PLA through 3D printing, as can be seen from
figure belowthe geometry presents variations in sections, grooves, which allow to reduce the stiffness

so as to allow deformation and obtaining the cylindrical geometry of the chamber.

Half thatmakesup the camera, on the right for the 22mm camera and on the left for the 40mm one
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For surgical needs, the chamber had to reach a proximal dimension, i.e. in the area closest to the
lesion, final of about 20mm x 10mm, starting from this the size of thenzafdefined, which was
identified as being 44mm wide and 70mm deep.

The two halves of the chamber were then joined by welding the specially created tabs.

To allow the closure of the chamber to be maintained and any movement, an accessory has been
created(Figure below) which, once inserted, prevents the chamber from opening. It also has a
projection made in order to be able to insert it into the reference instrument holder arm, so as to avoid

the neurosurgeon having to constantly keep one hand occupied.

Lid to lock the chamber and attach it to the instrument arm.

The chamber was tested by the neurosurgeon on the fixed specimen and four stages leading to its

complete unfolding were identified.

Phasesf Chamber positioninga) insertion of thehamber in the area of interest through the use of a
retractor.b) Removing the retractor and holding the chamber in plelcBlanual opening of the chamber
up to the desired sizd) Insertion of the lid and possible locking.

70



Following the tests carrieaut on the cadaveric sample and the comparison with the surgeon, it was
decided to modify and improve some aspects of the chamber.

First of all, the height of the chamber has been reduced from 70mm to 50mm since it protruded
excessively from the intervaah area, however this may depend on the specific case of the lesion to
be treated, so it is obviously possible to create chambers with different depths.

A further change inherent in the geometry was to eliminate the circular part at the apex of the chambe
making it flat, this to ensure that the end part remained more in line with the profile of the chamber.
This geometric change also resulted from a different operating methodology. In fact, as mentioned,
the original idea was to use the chamber with gada to retract the parenchyma and subsequently
remove the spatula, this procedure was more complex than expected and for this reason it was decided
to retract the tissue with the spatula alone. and then enter the chamber.

In order to improve the contraf the opening phase of the chamber, a klemmer type pincer was
designed that could facilitate the management of the chamber, avoiding to cover the visual field with
the hands and providing three closing clicks that lead to a retraction pressure petigrthed

chamber as constant as possible.

Klemmer gripper model for the smallest chamber.

Measurements of the chamber opening respectively first (14mmx28mm), second
(219mmx25mm) and third (22mmx21mm) snap.
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Similarly to what was done with the transparent retractor, thanks to the use of the forceps and the
FlexiForce measurement system it was possible to calibrate and verify that the chamber did not
exceed the critical retraction pressure value.

To do this, the sensaras positioned in two different positions: central with respect to the axis of one
half that makes up the chamber and laterally.

The decision to investigate the two different positions is derived from two main considerations, first
of all assessing whether there were differences in pressure as the drealohmber varies and,
secondly, because the opening of the chamber causes the sensor to deform in a way that which is not
designed and this generates a false reading more or lesduatednaccording to the level of
curvature reached by the sensor.

The graph$elowderiving from the tests are shown below; both graphs show the first, second and

third snapshots that identify the closing phases of the klemmer.

Rimozione con

terzo scatto
Terzo scatto

Secondo scatto

Forza [g]

)
Primo scatto Secondo scatto

Primo scatto

Tcm}io [s]

Retraction forces derivinffom the opening of the chamber with the central sensor. You notice how

even once extracted from the simulator, the sensor produces readings.

In the first graph, referring to the central sensor, it can be seen that the pressure values detected are
significantly higher than those of the second graph. This difference is attributable only to the greater
deformation to which the sensor is subjectguich leads to obtaining false readin@nce the
chamber has been removed from the simulator, the force reading shows a significant drop, but it does
not reach zero as it should and settles on the value of about 40g. This allows us to evaluate the net
value as a delta between the reading with the chamber inserted and the reading just described at abou

50g, a value which in mmHg is substantially identical.
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Retraction forces deriving from the opening of the chamber with the lateral sensor allowing to
hawe fewer false readings.

The phenomenon and reasoning just described also apply to the first and second shot and to a lessel
extent in the configuration with the sensor positioned laterally where only the third shot has a false
reading, however limited tbOg.

The following graph shows the test performed in the gedpfementionedbut with the net data so

as to have a more accurate perception of the forces really at play during the opening of the chamber.
The data presented in the graph have been mad&leadng the valuesf the different clicks in the

linear and notpassage areas for ease of identifying a certain deformation value of the sensor that
would allow to remove the staggered reading component due to this deformation. For this reason, the
grgph starts from instant O with the chamber already open at the first click éfetmenerand
therefore only two jumps and not three as happened in the graphs previously shown. This
approximation of presentation was also necessary due to the reduceddilaiglegince, remember,

the maximum data recording time is 60 seconds.

0 5 10

Tempo [s]

Representation of the net values of the test shown in f&jure

73



The table below shows the net force values of the tests carried out with the sensor centred and on the
side. Ofthe lateral sensor the data present refers only to the third click since the first two did not

present false readings and the data of our interest is the maximum pressure exerted.

Media camera aperta [g] Dev st
Scattol 18,1062432 2,150069
Scatto2 31,5751874 3,589287
Scatto3 51,71084033 4,805812
Sensore laterale 46,85110501 11,32185

Values of retraction force referred to the clicks of the gripper.

Fromthe data presented in the table it emerges that the averageofdheesentral snap sensor3 and

of the lateral sensor are statistically comparable and around the critical pressure values, making the
use of the chamber safe during a neurosurgical bpera

A further larger chamber was then created that would allow to reach greater retractions and generate
a wider corridor, so as to allow adaptation to the different anatomy possibilities of the patient and the
lesion. The largest chamber has been desiga provide double the space compared to the first, so

the width of one half is 63mm, so as to reach, once closed, an internal diameter of 40mm and an
external diameter of about 42mm.

Given the greater retraction, it is easy to understand that in thetase entirely similar to that of

the 20mm chamber, greater retraction pressures would have been reached. In order to investigate the
pressure levels involved, some changes were made to the simulator, since the original configuration
did not have enougépace to ensure the insertion and opening of the chamber.

The base was removed and the silicone part, which simulated the cortical area, was inserted directly
into the lower area ahe box. As shown in Figudeelowtwo positions of the silicone modelene

used to ensure different distances from the rigid wall, so as to simulate a variability of spaces between

the parenchyma and the cranial bone.
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a) Test setup with very little space to investigate maximum force values

b) Configuration with askull parenchyma space of about 15mm, more realistic situation.

The first tests performed were those relating to the most critical condition, that is with the brain
parenchyma. The sensor was positioned in two different positions: proxien#he closst to the
hypothetical lesion and distal farthest from the lesion, in particular as high as possible considering
the size of the forceps.

The graph in figurdelowshows the false sensor readings when the different shots are taken, these
readings are obvissly without load.

40

Secondo scatto

25

Primo scatto

Forza [g]
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Values of false readings deriving from the deformation of the sensor when opening the chamber.

As you can see, the readings turn out to be about 25g in the case of the third shot, they are therefore
lower than in the case of tlsensor positioned centrally in the small chamber, but higher with the
side sensor. However, it must be specified that these vedue®t be subtracted directly from the

valuesread during retractions since the deformation applied to the sensor deiraxgion is lower
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than in the case of the graph because the proximal part of the chamber deforms less due to the presenc:
of the tissue.

The graph below shows two tests performed with the proximal sassorfigures aforementioned

a) with the simulatompositioned the first was performed after some preliminary tests and without
lubrication, in the second a lubrication had just been perforitesllubricant considerably reduces

the pressure valuaketected; from the experience gained during the stueygelieve that these are

the most reliable values the case of application on human brain parenchyma.

Forza [g]

30
Tempo [s]

Comparison between two retraction tests performed with and without lubrication of the simulator, it is noted

that the force values witlibrication are significantly lower.

The values reached in the lubricated case are lower than the critical reference value so as to make this
chamber theoretically always applicable even with considerable retractions and starting from small
spaces. Thissasoning has, however, been debunked by tests carried out with the sensor positioned
distally, since it is in proximity to the clamp where the greatest retraction and theoretichityhinst
pressurezalues are obtained.

The various tests have in factndimmed this assumption as shown by the graplowwe can see

how the pressure reaches high values, in particular peak values around 100g are reached. This make:
it impossible to apply the chamber since these values would cause permanent damageste the tis
and therefore to the patient.
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Force values with the distal sensor. We see how the force largely exceeds the threshold values making this

device unsafe.

Tests were then performed with the simulator in configuration b of figimementionedwhich

allowed to simulate a situation of previous retraction or anatomy of the patient such as to guarantee
a space between the skull and the parenchyma of abQ@@mis.

Also in this case the tests were carried out with the distal and proximal sensor, isattyecsensor

was positioned slightly less in depth even in the proximal case since from the tests just presented it is
evident that the higher pressure is in the distal area.

The following graph shows the data obtained in the proximal case, in partioeldifference in
retraction pressure obtained according to the lubrication used on the simulator is highlighted. Once
again, we see how the presence of the lubricant greatly decreases the retraction forces, bringing the
chamber to acceptable levels, espic considering the false readings given by the deformation of

the sensor.
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Tom?)o[s]
Comparison between retraction force values with and without prior lubrication. The significant reduction in

the presence of lubrication is confirmed

The tests were thguerformed with the distal sensor, trying to position it as close as possible to the
forceps where there is the greatest retraction.
Figurebelowshows the graphs of two tests carried out in this way; all the tests were performed after

lubrication for the reasons given above.

Proval

Prova3

Forza [g]

Te mbo [s]

Two chamber opening tests compared. The peak present in test 3 derives from inappropriate handling

From the graph it cabe seen that in test 1 the critical value of 50g was kept constantly. In test 3 the
peak of force is due to the attempt to insert even deeper into the chamber at maximum opening, to
have a view of possible increases in force, this is not the case, ontacthe thrust is stopped the
force returns to acceptable values.
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Following figure shows the comparison graph between two tests in distal and proximal configuration,

it is easy to see how there is no substantial difference between the two tests, ithe/sitbngth
valuesare kept close to 50g, which should be purged of the values of false reading, not easily
identifiable, but which are certainly of the order of at least 10g.

From the tests performed we can therefore state that the chamber ofdhiarsiguarantee a safe
retraction only when there is sufficient initial space, identified of at least 15mm. In operative practice
this dimension can be evaluated by using the smallest camera, in fact the first snapshot reaches 14mm,
while the second one frim, by opening the camera and evaluating when the contact with the cerebral

parenchyma occurs, it is possible to have a verification of maximum of the initial distance.

Comparison of the retraction force values with the sensor in the proximal andmistabn, no significant

differences are found

Extension for Klemmer pliers

As an alternative to the pliers we designed, an attempt was made to create a multipurpose tool that
could adapt to the various diameters of the chamber.

To do this, &lemmer pliers of the type shown in figure 5.19 have been identified as the basis. It was
machined manually by removing chips in the end in order to provide sufficient space between the

two allowing the insertion of extensions designed by us.
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