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Abstract

The endoscopic approach to the skull base has revolutionised surgery in this region.
Neurosurgery involves working around anatomical structures that are uniquely sensitive to
damage and manipulation and patients may be left with the potentially devastating
consequences of violating these structures. The endoscope allows the surgeon to visualise
and reach areas that were previously only accessible with large amounts of destructive
dissection. Tumours are able to be removed and aneurysms clipped without the need for

large craniotomies and bony drilling.

There are, however, drawbacks. The midline endoscopic route takes the surgeon between
the carotid arteries. It potentially violates the anterior communicating artery complex and
the basilar artery region anterior to the brainstem. These are important arteries that supply
critical structures. Damage to these, or diminution of blood flow through them, results in

profound neurological dysfunction or death.

The rate of damage to the carotid artery with these approaches ranges from 1.1-9%
depending on the specific approach and pathology. The carotid artery in this region does
not generally lend itself to suturing, clipping or direct closure methods. Currently, the gold
standard for repair is the application of crushed muscle patch to stop the bleeding and seal
the vessel. The drawbacks to this are that it takes time to harvest and control the bleed
(generally requiring 2 surgeons), and that there is a risk of pseudoaneurysm formation post

recovery.



This thesis describes novel techniques that may replace the muscle patch in order that a

single surgeon may have this technique available to them immediately.

Aims:

To demonstrate the use of fibrin/thrombin/gelatin patches, fibrin/thrombin glues,
beta-chitosan patches and self-assembling peptides on a sheep model of carotid

artery haemorrhage and quantify the rate of pseudoaneurysm formation.

To show the percentage of platelets activated by crushed and uncrushed muscle,
chitosan, and fibrin and thrombin patches and gels using flow cytometry to further

delineate the mechanism of action of crushed muscle as a haemostatic agent.

To quantify the stress response in surgeons training on this sheep vascular
haemorrhage model de novo, to quantify its effect on surgeons’ teamwork and
communication skills, and determine the effect and value of training on modulation

of this stress response.
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Chapter 1 — Introduction

The skull base refers to the floor of the cranial cavity and forms a complex boundary
between the brain and facial structures(1). It is conventionally described as comprising the
ethmoid, sphenoid, occipital, frontal, and temporal bones(2). From a neurosurgical
perspective, it is one of the most challenging anatomical areas to operate on. There are a
number of crucial vascular and neural structures which pass through the skull base or lie
upon its surface; all in close proximity to each other. Furthermore, there are a number of
bony foramen and dural folds, which restrict both access and vision when operating in this

area(3).

There are a huge variety of pathologies that occur within the skull base. These include
tumours of the brain parenchyma and pituitary gland, tumours of nerves and nerve sheaths,
tumours of dural origin and affixation, aneurysms of blood vessels, carotid-cavernous
fistulae, traumatic fractures, & cerebrospinal fluid leaks — both spontaneous and
traumatic(4-8). There are also multiple pathologies that occur within the pneumatised
paranasal sinuses of the frontal, sphenoid, and ethmoid bones. The primary surgical
challenge for the majority of these lesions is gaining access to the pathology without

damaging surrounding structures(9).

Neurosurgeons and Otolaryngologists have long collaborated in designing approaches to
this area however the concept of accessing the cranial cavity via the nose has existed for

longer than either of these subspecialties. The midline trans-sphenoidal, trans-nasal

10



approach to the brain was described by the Egyptians over 2400 years ago. They used it to
remove the cranial contents for embalming purposes(10-13). From the point of view of
surgical practice, the trans-nasal approach was explored in the 1890s by Giordano on
cadavers. In 1907, Schloffer described using this approach to successfully debulk a pituitary
tumour(14). Results from transcranial approaches appeared superior however, and
mainstream practice favoured transcranial approaches until Guiot demonstrated both
efficacy and safety of the endoscope in the 1960s(5). His work described the first attempts
to use an endoscope in this situation however, even he conceded that a microscope

provided better visualisation.

The advent and refinement of the surgical endoscope by Harold Hopkins with his rod-lense
system in the 1960s and ongoing development in camera and video technology led to the
first neuro-endoscopy multi-specialty teams being formed in the 1990s(5, 15). Endoscopic
surgery has subsequently become a valuable tool for accessing the anterior, middle, and
posterior cranial fossae and even the odontoid process region(16-21). It can be a minimally
invasive technique leaving few to no external scars and with potentially less requirement to
mobilise intracranial structures and retract brain to access pathology(22). This does not
mean that the approach is without morbidity, merely that the set of risks and potential
morbidities have changed(22). The technique requires knowledge of where anatomical
structures may be located in relation to fixed landmarks. The consequences of violating

these structures can be neurologically devastating and potentially fatal for the patient.
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Computerised tomography (CT) scan of the skull base (sagittal) demonstrating the endonasal
endoscopic approaches possible. (1) Transfrontal, (2) Transcribriform, (3) Transplanum, (4)
transphenoid, (5) transclival, (6) Trans-odontoid(23)

Challenges of Skull Base Surgery

The bony contours of the skull base and the sensitive structures it contains pose a surgical
challenge. The ideal approach would use the shortest and most direct route to the
pathology, with the minimum of anatomical disruption. This, however, is rarely possible.
Approaches must therefore be tailored to the patient’s anatomy to provide access and
visualisation but to avoid potentially irreversible damage to the sensitive neural and
vascular structures that course through these areas. In situations where an anatomical
corridor is not immediately accessible, the usual route is to remove bony prominences and
divide dural folds that hinder access and visualisation(24). This follows the philosophy of
most skull base surgeons who advocate removal of bone to prevent retraction injury on the

brain or nerves that traverse this area. This can be a painstaking process as there are many
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structures such as the internal carotid artery(ICA), greater and lesser superficial petrosal
nerves, oculomotor, trochlear and abducens nerves that run in close proximity to, and in
some cases through these bony areas. Given that bony structures are essentially
incompressible and dural reflections can only be manipulated to a small degree, surgeons
have developed strategies to increase their access and visualisation. Key amongst these is
the draining of cerebrospinal fluid (CSF). There is between 75 and 150ml of CSF within the
combined cranial cavity and spinal subarachnoid space. Drainage or diversion of CSF can
significantly improve the ability to manipulate brain parenchyma in order to visualise
pathology and aid dissection. This may be achieved through either the pre-operative
placement of a lumbar drain with judicious release of CSF if the situation allows or the
opening of arachnoid planes within the basal cisterns and subsequent gentle suction and

drainage(25-27).

The skull base surgeon is also constrained by the ability to position the patient to
adequately access these areas. Optimum positioning for visualisation may cause
compression of venous channels with impedance of blood return, engorgement of deep and
superficial veins and raised intracranial pressure (ICP)(28). This may also increase bleeding
and hinder visualisation of the operative field. Surgery may occur near venous sinuses. If
these are torn and air allowed to enter, an air embolism may result with potentially fatal
results. The range of mobility of the patient’s neck may pose a difficulty in positioning and
allowing efficient and comfortable surgical corridors to be created. The surgeon’s hands and
line of site along the microscope’s field of view should align in such a way as to allow for
protracted operating times. If the surgeon has to hold him or herself in an uncomfortable or

strained position, then muscle fatigue will occur and tremor may impede the surgery’s
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smooth progress. There is thus a compromise that must occur between optimum

positioning for patient and surgeon.

The increasing use of endoscopic approaches to the skull base region has both ameliorated
and exacerbated some of these problems. The direct approach, generally using loupes or
microscope for magnification, has the advantage of providing the surgeon with a 3-
dimensional field of view and, from a kinesiology perspective, allows the surgeon’s hand-
eye coordination to work in the way in which it is accustomed to. It does, however, have
drawbacks. There must be a direct line of site down the line from eye, through microscope,
and down to the operative field. This requires the use of retraction, bayonetted instruments

and removal of bony and dural structures in this line(28).

Endoscopic view Microscopic view

Intraoperative images — Endoscopy vs. Microscopy of approach to the pituitary. The
endoscopic view is panoramic. The microscopic view is impeded by instruments(18)

e

Surgeon using the microscope demonstrating the complex relationships between surgeon
and bed heights, microscope angle and working instrument access(29)
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The endoscope has the drawback of (until the very recent addition of the 3D endoscope)
providing a 2-dimensional picture to the surgeon however it does allow the surgeon to ‘look
around corners’ with angled scopes, removing the need for a direct line of site. It also
provides a source of illumination at the tip of the scope and, with the ever-improving quality
of lenses and cameras, a high definition view of the operative area(30, 31). Endoscopic
instruments may be introduced through or alongside the scope to manipulate and resect
pathology(32). The patient may therefore be positioned in such a way as to provide a more
comfortable and efficient stance for the surgeon. Endoscope and instrument rests may be
utilised to stabilize vision(33). There is also less need for large craniotomy flaps or scars as
the endoscope may be introduced through natural anatomical points of access — i.e. the
nostrils. The endoscopic approach has traditionally been restricted to the midline through
the sphenoid sinus with lateral vision being provided through the use of angled scopes. With
appropriate removal of bony structures however, and careful dissection of overlying tissue,
the endoscopic approach can provide access to lesions ranging from the floor of the anterior
cranial fossa, planum sphenoidale, pituitary fossa, clivus and brainstem all the way down to
the top of the spine(2, 19, 34-36).

A B

Endoscopic view Microscopic view

Comparison of fields of illumination and vision — endoscopy(A) vs microscopy(B)(18)

15



— ]

Endoscopic view Microscopic view

Comparison of operative fields endoscopy(A) vs microscopy(B). The endoscopic field is wider
and dissecting instruments do not interfere with the lines of sight(18)

Storz endoscopes showing ranges of camera angles and vision achieved(37)

Both access to pathology and surgical results for midline structures have been comparable
or even improved with endoscopic approaches compared to traditional open
approaches(38-40). Evidence is also emerging that less invasive endoscopic approaches
may be associated with improved quality of life outcomes including post-operative cognitive

and physical functioning(22).
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Neuro-navigation has also advanced. Pre-operative images may be loaded onto a navigation
computer which triangulates the patient’s skull, a fixed reference point on the operating
table, and a camera affixed to the computer(41). Through the pre-operative registration of
the patient’s surface anatomy to either computerised tomography (CT) and/or magnetic
resonance imaging (MRI) scans, surgeons can acquire a real-time view of where his or her
instruments relative to the patient’s anatomy. Although not a substitute for a sound
understanding of skull base anatomy this can improve a surgeon’s confidence during a case

(3,42, 43).

Access to the skull base for most midline cases in the anterior and middle cranial fossae and
pituitary region is achieved through the sphenoid sinus. The endoscope is introduced
through the nostril and advanced to the back of the nasal cavity. If the surgeon has concerns
regarding the possibility of CSF leak, they may raise a mucosal septal flap on an inferiorly-
based vascular pedicle. The sphenoid ostia are then identified and enlarged before
removing their entire anterior wall, intersinus septum and the vomer. The endoscope is
further advanced to visualise the posterior wall of the sphenoid sinus and the important
anatomical landmarks of the cavernous carotids, front face of the sella and medial and
lateral optico-carotid recesses. The posterior wall is then thinned with a drill and the bone

removed.
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Relationship of cavernous sinuses and carotid artery to sphenoid sinus in cadaveric study
(Rhoton)(44)

The cavernous sinuses are paired venous structures that lie lateral to the sphenoid sinus.
They are contained within a dural envelope. They receive venous blood from the superior
and inferior ophthalmic veins, superficial cortical veins, the sphenoparietal sinus and the
superficial middle cerebral veins. They drain via the superior and inferior petrosal sinuses
and emissary veins through skull foraminae. They also have connections to the basilar
plexus posteriorly and the pterygoid plexus of veins via the inferior ophthalmic and inferior

facial veins(45-47).
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Posterior view of the relationship of the carotid arteries and inferior petrosal sinuses to the
cavernous sinus(48)

Representation of Endoscopic right nasal view with a naso-septal flap (NSF) moved laterally
and the view of the sella (S) beyond with the internal carotid arteries (ICA) laterally in the
cavernous sinus. (IT) inferior turbinate, (PWA) posterior wall of antrum, (NP)
Nasopharynx(49)
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Anterior v)‘ew of partially dissecte
cavity to sphenoid sinus and then to pituitary stalk and intracranial cavity (Rhoton). (50)

The carotid artery runs through the cavernous sinus, as does the abducens nerve(51). The
lateral wall contains the oculomotor and trochlear nerves and the first and second divisions
of the trigeminal nerve(52, 53). There are a number of pathologies that can occur within the
sinus and the structures passing through it(54). Despite initial enthusiasm, surgery within
the cavernous sinus itself has largely been abandoned because of concerns about bleeding
and damage to vital neural structures, with mortality rates of 7-12% and morbidity above
50% in some series(24, 55-59). Irradiation with proton beam or gamma knife has generally

been considered a preferable approach for tumours in this region(60-63).

Internal Carotid Artery Anatomy

Within each cavernous sinus is the cavernous segment of the internal carotid artery(ICA).
This is the first of three common ‘danger areas’ where the possibility of major vessel

haemorrhage is greatest — the others being the anterior cerebral artery (ACA) complex and
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the basilar artery (BA) region. It is conventionally divided into three segments separated by
two ‘turns’ or genua(51). There are two main branches that leave the carotid artery along
these three segments. The meningohypophyseal trunk is the most proximal of these, which
subsequently divides into the inferior hypophyseal artery (supplying the posterior pituitary),
the tentorial artery of Bernasconi and Cassinari (supplying the tentorium, occulomotor
nerve and trochlear nerve) and the dorsal meningeal artery, suppling the abducens nerve
and clivus(2, 64). The inferolateral trunk is the more distal and divests from the parent
artery approximately 6-8mm distal to the meningohypophyseal trunk. It supplies the

inferolateral wall of the cavernous sinus and the first and second divisions of the trigeminal

nerve(65, 66).

Endoscopic view of the anterior cranial fossa dura (ACFd) looking from anteriorly into the
sphenoid sinus. ON-optic nerves, ICAc-cavernous carotid artery, PG-pituitary gland, CR-clival
recess(67)
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The cavernous segment of the carotid and the contents of the cavernous sinus from an
anterior perspective(68).

The ICA then passes through the base of the skull and divides into the ACA and the middle
cerebral artery (MCA) to supply brain parenchyma (the anterior circulation)(67). In up to
25% of cases, the posterior communicating artery (PCOM) is also supplied by ICA, either
unilaterally or bilaterally — this is known as the ‘foetal’ or ‘embryonic’ configuration(69). This

is clinically important because in the orthodox adult configuration, only the middle cerebral
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artery (MCA) and anterior cerebral artery (ACA) are fed from the ICA and are thus at risk of
infarction if this supply is interrupted(70, 71). In the foetal or embryonic configuration, the
posterior cerebral artery (PCA) is also fed from this anterior circulation and is thus also at

risk of infarction in an ICA occlusion(72).

Circle of Willis viewed from inferior aspect demonstrating ICA, MCA, ACA, PCA and optic

chiasm (Rhoton) (68)

Anterior Cerebral Artery anatomy

The second major area of vascular concern in extended endoscopic neurosurgical
procedures is the anterior cerebral artery (ACA) complex. The ICA gives off an anterior
cerebral branch running anteriorly (the pre-communicating or Al segment) before
continuing on laterally as the middle cerebral artery(51, 67). The ACAs unite via the anterior
communicating artery (ACoA) which forms part of the circle (polygon) of Willis (this may not
be complete). In some individuals, there may be a significant discrepancy in the sizes of each
ACA with the larger or ‘dominant’ one supplying the majority of the blood flow to the
anterior communicating artery is important when deciding from which side to approach an

aneurysm of the anterior complex(7, 73, 74). There may also be an absent anterior cerebral
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artery on one side. In this situation, the ipsilateral ACA territory is fed by the contralateral
Al across the anterior communicating artery. This is known as an azygous ACA. The
recurrent artery of Huebner is a small feeding artery to the caudate nucleus and
anteroinferior internal capsule that comes of the distal A1 or proximal A2. Disruption to its
flow may give the patient contralateral spastic hemiparesis and sensory loss(75). Endoscopic
approaches to the floor of the anterior cranial fossa and the planum sphenoidale require
drilling and tissue dissection directly under this complex. The ACAs and their perforating
branches supply eloquent cortex and every effort is made to preserve the vessels.
Dissection is complicated by the fact that anterior skull base pathology such as planum
sphenoidale and tuberculum sella meningiomas often shift the anterior cerebral arteries
from their usual anatomical position(73, 76, 77). Careful attention must be paid to the pre-
operative imaging to ensure that the surgeon is aware of where they are likely to be

encountered.

Two Views of the anterior cerebral artery complex in an injected cadaveric specimen (Al —
Al segment anterior cerebral artery; A2 — A2 segment anterior cerebral artery; RAH —
recurrent artery of huebner; ACoA — anterior communicating artery; Ch — Chiasm)(73)
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Endoscopic, endonasal view of the suprachiasmatic cisternal region post resection of
tuberculum sellae meningioma (GR:Gyrus Recti; ON: Optic nerve; Al: Pre-communicating
segment of the anterior cerebral artery; A2: Post-communicating segment of the anterior
cerebral artery; Ch: Chiasm; Ps: pituitary stalk; AcoA: Anterior communicating artery; H:
artery of Heubner)(78)

Basilar Artery Region and Posterior Circulation Anatomy

The posterior circulation may also be encountered in endoscopic skull base surgery. The
paired vertebral arteries enter the cervical spine at the C6 level in the majority of patients.
They travel superiorly through the foramen transversarium, lateral to the spinal cord, and
then loop posteriorly and then anteriorly over C1 to enter to skull through the foramen
magnum. They give off a posterior inferior cerebellar artery (PICA) and then unite to form
the basilar artery (BA), which is generally at approximately the level of the ponto-medullary
junction(2, 79, 80). The anterior spinal artery is given off at this point and runs down the
anterior aspect of the spinal cord in the midline. The BA then runs in roughly the midline
plane (but can deviate significantly to either side) up the anterior aspect of the brainstem,
gives off the anterior inferior cerebellar arteries (AICA) and the superior cerebellar arteries

(SCA) and then ends by dividing into the posterior cerebral arteries (PCA). There are
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numerous brainstem perforators and branches to the labyrinthine apparatus given off along

its course.

Brainstem and cerebellar perforators given off by the basilar artery (Rhoton)(79)

The passage of the basilar and its perforators are of interest to skull base surgeons as more
extended endoscopic skull base approaches involve removing part or all of the clivus to
access the posterior fossa. A number of pathologies exist in this area that may be amenable
to endoscopic approach. These include aneurysms and vascular malformations which may
not be amenable to endovascular treatment(7), chordomas that originate from the clivus, or
to remove pannus from anterior to the spinal cord in the case of arthritic conditions and
instability(18). Again, the caveats to endoscopic approaches apply — these are primarily for
midline pathologies however more recently, these have expanded to include lateral

conditions usually treated with retrosigmoid craniotomies(81).
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Endoscopic, endonasal view of the superior third of the retroclival area. (PG: pituitary gland;
MB:Mamillary bodies; ICAs Internal carotid supracavernous segment; ICAc: Internal carotid
cavernous segment; lll: Third nerve; BA: Basilar artery)(78)

Endoscopic, endonasal view of the inferior third of the retroclival area. (VA: Vertebral
arteries)(78)
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(Left)
Cerebral digital subtraction angiogram demonstrating 4mm right distal basilar perforator
aneurysm feeding small arteriovenous malformation. (Right) Intraoperative image

demonstrating basilar region aneurysm with endoluminal stent in situ(82)

3D CT angiogram and intraoperative image showing aneurysm clipping of basilar perforator
aneurysm (82)

Bleeding from the BA in endoscopic approaches is difficult to control. It is an artery at least
as vital as the carotid in terms of its supply of eloquent brain (primarily the brainstem) and
complete occlusion is usually fatal or severely disabling(83). Bleeding may also occur from
any number of small brainstem perforating vessels which are generally unable to be
coagulated without causing neurological deficit(7, 84, 85). This is a deep approach, often at

the limits of instrument length and ensuring that there is a clear operative and visual field is
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vital. There is a clear need for a haemostatic agent that is able to stop bleeding from the BA

or its branches without causing occlusion or parent vessel thrombosis.

The brain does not store glucose and is therefore highly susceptible to damage in the event
of disruption of its vascular supply. This is most commonly due to focal embolism or
thrombus but may also occur as a result of global hypoperfusion and hypotension(86, 87). It
makes up 2% of the adult human body weight but receives 25% of cardiac output and
utilises 20% of total energy production(88). This energy is used primarily for neuronal
signalling and maintaining ion gradients across cells utilising the sodium potassium ATPase
pump(86). The circle of Willis connects the two hemisphere’s vessels through the PCOM and
ACoA. There is wide anatomical variation and most authorities agree that this is fully patent
in only around half the population(89, 90). Scoring systems have been proposed to
determine the potential function patency of the circle by radiologically measuring the ACOA
and PCOM and PCA segment 1 to give a score however it remains to be validated in large

case numbers(89).

In theory, acute unilateral ICA blood flow disruption should result in contralateral ICA and
VA flow reaching the hemispheres through the circle of Willis(91). In practice, however, this
is highly variable. Techniques to control haemorrhage in endoscopic skull base surgery must
take this factor into account and maintain patency of flow through the ICA as much as
possible. The evidence from neurosurgical literature regarding the temporary proximal
clipping of feeding vessels indicates that interruption to the blood supply of <3 minutes is
generally well tolerated, with the brain likely deriving oxygen and glucose from collateral
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perfusion, however longer times risk permanent neuron and astrocyte death(92-94). Care
should also be taken when extrapolating this data to entire anterior circulation or whole
hemisphere models which would occur with sudden, complete ICA occlusion. The risk of
cerebral ischaemia or infarction post sacrifice of the carotid artery is difficult to quantify
however even in patients who have passed a balloon occlusion test (where a balloon is
inflated in the carotid artery to occlude flow, the patient kept awake and monitored for
neurological change), rates of neurological injury can be as high as 4.8%(95-97). This injury
may not be immediately apparent and there is a risk of ongoing development of delayed
cerebral ischaemia of 1.4% per year(98). In open cranial surgery for aneurysm or extra-
cranial/intracranial bypass, temporary clips may be applied to the parent artery proximal to
the aneurysm to allow manipulation of the fundus and dissection around the aneurysm
neck(80, 99). This temporary clipping is tolerated to varying degrees depending on a
number of factors including collateral circulation, systemic blood pressure and blood
rheology. In some instances, ischaemia and infarction may occur(100, 101). Woertgen and
colleagues performed an audit on 292 patients treated for aneurysm. 29% demonstrated an
ischaemic lesion on CT post-operatively. 58% of these patients had undergone temporary
clipping as part of their surgery. Temporary clipping time correlated with increasing

vasospasm and the development of infarction (34% vs 22% p<0.006)(100).

Haemorrhage control

Bleeding in skull base surgery
Bleeding in skull base surgery is a feared complication. If one takes the ‘Swiss cheese” model

of root cause analysis and applies it to surgery in this region, one can see a number of
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factors or ‘slices’ lining up to potentially contribute to, not just bleeding in this area, but
increasing the difficulty in stopping it once it occurs(102-105). The skull base is an
anatomically constrained area with brain parenchyma, neural and vascular structures, bony
prominences and canals, acute angles and dural reflections all existing within a few
millimetres of each other. In addition to this, there are a wide range of pathologies that can
occur in this area. These include neural tumours, nerve-sheath tumours, dural-based
tumours, bony skull lesions, cavernous sinus lesions, and, importantly, vascular aneurysms
and malformations given the location under the brain of the circle of Willis(6-8, 29, 102-

114).

The control of haemorrhage in endoscopic approaches is of concern to surgeons; and has
long been recognised as such. Small working corridors and the unique sensitivity of neural
structures to damage from both compressive forces and toxic metabolites of red blood cell
breakdown make it crucial that surgeons are prepared to deal with this complication. The
endoscope lens must remain free of blood to avoid the surgeon operating ‘blindly’. To
achieve this, suction must be introduced into the field and further instruments to control
bleeding are then utilised. Space and angle restrictions in endoscopic skull base surgery
mean suturing and haemostatic clamps are not usually a realistic option. It is also much
more difficult to introduce traditional bipolar cautery, although endoscopic skull base
instruments with curved and angled tips have been designed(115). It is obvious that the
two-surgeon, four-hands technique is of great help in this situation. It is important that the
approach is planned so that there is adequate space to introduce and manipulate multiple

instruments concurrently.
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Increasing use of anticoagulant medications including aspirin (thromboxane A2 inhibitor),
clopidogrel (ADP receptor inhibitor), dabigatran (direct thrombin inhibitor), warfarin
(vitamin K carboxylation inhibitor) and apixaban (GPlIbllla inhibitor) in an aging population
makes achieving haemostasis even more difficult unless these medications can be ceased
pre-operatively. This is sometimes difficult given comorbid conditions and, occasionally, the
requirement for urgent surgery(116). In addition, the underlying parenchyma being
operated on is often abnormal, with tumours, trauma, and infections with subsequent

hyperaemia. This facilitates further bleeding and damage to neural structures.

Carotid artery injury in endoscopic endonasal skull base surgery

The incidence of major vessel injury in uncomplicated midline endoscopic skull base surgery
varies in the literature but is quoted as being between 0.16% and 1.1%(117-123). This is in
contrast to the much lower rate in endoscopic sinus surgery (<0.25%) where the sphenoid
sinus is either not entered or not drilled extensively(120). These rates are much higher in
the case of extended endoscopic approaches (EEA) where the instruments and endoscope
may come into more direct contact with the carotid artery or require more extensive bone
removal. These EEA generally extend the surgical corridor more rostral or caudal and may,
through the use of angled scopes, also extend the boundaries of the approach laterally.
Couldwell et al & Frank et al and Gardner et al report rates of 5-9% in series of
craniopharyngiomas, chordomas and chondrosarcomas, which, by virtue of their location
and tumour consistency, invariably require more bone removal or dissection(117-120, 124-

126). Surgeons who have been involved with greater than 500 transphenoidal approaches
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are thought to have a 50% chance of having seen a carotid artery injury(127). Given the
increasing use of endoscopic transphenoidal surgery to access more complex pathologies, it
is reasonable to assume that rates will only increase despite our knowledge of predisposing

factors.

Initial planning and management

The most important initial management step occurs before the operation even begins and
requires that the surgeon be proactive in assessing the likelihood of the injury occurring.
Tumours that encase the carotid, or are at least adherent in a plane >120 degrees are at
much higher risk and these cases should be discussed in a multi-disciplinary meeting with
skull-base otolaryngologists, skull-base neurosurgeons, radiologists, endovascular
radiologists & neurosurgeons and ophthalmologists(128). The value of developing a team-
based approach to skull base surgery cannot be over-stressed, and extended endonasal
cases should not be attempted before developing a collaborative team able within the
institution. Additionally, team-based training in vascular injuries courses on animal models,
such as that developed by Valentine and Wormald is invaluable and allows surgical teams to

practice managing this stressful scenario(117-119).

Endoscopic trainer utilised on sheep carotid artery injury model(129)
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Training on the animal model of endoscopic haemorrhage control(129)

Risk Factors

It is important to review the pre-operative imaging closely to determine if there are any
pre-disposing factors that may increase the risk of ICA injury and allow modifications to
surgical technique at any pre-determined ‘danger points’. These factors may be divided into

anatomical factors, tumour factors and patient factors.

Anatomical factors

The posterior wall of the sphenoid sinus is dehiscent in 4-22% of cases, leaving only mucosa
or dura to surround the carotid. Even if present, the wall should not be considered thick
enough to protect the artery from the drill or other instruments(130). Bone windows on
pre-operative CT may assist with this but should not be relied on. The carotids may also
deviate towards the midline. The ICA are usually at least 12mm apart but have been
described as close together as 4mm in their cavernous segment and, rarely, even touching
each other(131). These so called ‘kissing carotids’ have been considered as having
contributed to ICA injury in a number of case reports(53). CT or MR angiography may be

performed but, even on plain MRI, flow voids may be seen on axial slices and the distance
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between these measured. There may also be bony septations and spicules within the
sphenoid and cavernous sinuses which, whilst not dangerous in themselves, may either
require the use of instrumentation to remove, with consequent risk of ICA injury by either
bone fragments or the instruments used to remove them. Cavernous segment ICA
aneurysms make up to 12% of total intracranial aneurysms in some case series and require
the surgeon to carefully plan any endoscopic approach(66, 74, 96, 132). It is advisable to
consider treating these prior to attempting any endoscopic endonasal skull base
approaches(133-135). Rupture of this intra-operatively may cause torrential bleeding and,
potentially, the development of a carotid-cavernous fistula (CCF). These may be treated
with flow diverting stents with or without coil insertion into the fundus, however it is
important to recognise that this will require the patient to take antiplatelet therapy for at

least 3-6 months post stent insertion which may factor into further surgical planning.

Tumour factors

Tumours may themselves adhere to the ICA and any extension into the cavernous sinus
should be approached with caution, especially if this extends >120 degrees around the ICA.
There is a risk of tumour adherence to the ICA. This not only predisposes the ICA to injury
when the tumour is dissected off the carotid, but this dissection may result in vasospasm as
the carotid is handled(128). This may manifest as neurological injury or as elevated blood
pressure as the patient attempts to maintain cerebral perfusion pressure with impaired
autoregulation. The size of the tumour is an independent risk factor. Tumours that require
extensive bone removal for exposure will tend to require exposure of more of the ICA.
There also appears to be an increased risk of carotid injury with pituitary tumours secreting
growth hormone or adrenocorticotrophic releasing hormone (ACTH)(136, 137). This may be
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due to tumour size or invasion but also due to as yet undefined influences of Insulin-like

growth factor-1 (IGF-1) or cortisol on the arterial wall(120).

Patient factors

Previous transphenoidal surgery may result in aberrant anatomy and adhesions. It may also
be difficult to ascertain the precise amount of anatomical disruption and bone removal that
has previously occurred. Previous radiation to the region may result in scarring and
adhesions with loss of normal tissue plans and/or increased friability of vessels.
Bromocriptine therapy appears to increase the risk of ICA injury, possibly due to adhesions
and fibrosis and acromegaly patients have a tendency towards more ectatic and tortuous

carotid arteries(120, 128).

Factors contributing to increased risk of ICA injury

Anatomical Sphenoid wall defect

Carotid proximity

Bony septations and spicules
Cavernous segment ICA aneurysm

Tumour Encasement of ICA
Surrounding >120 degrees
ACTH secreting tumours

Patient Previous surgery
Previous radiotherapy
Bromocriptine therapy
Acromegaly

Theatre setup
Ideally factors such as anatomical variation or the possibility of tumour erosion into the
artery or cavernous sinus will have alerted the surgeon to the danger of carotid artery injury

however this is not always possible or indeed reliable(138, 139). The entire surgical team
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must always be alert to the possibility of injury. A pre-operative briefing involving all staff
that identifies the risks involved and the plan should such an injury occur is a highly valuable
step. The patient should always be cross matched with compatible blood readily available,
especially in more extended endonasal approaches. Anaesthetic staff should be aware of
the possibility of ICA injury and have a plan in place in the event that it occurs. Large bore IV
access and invasive arterial monitoring should be considered prior to it being required.
Neuro-navigation should be utilised as, whilst it does not replace a thorough knowledge of
anatomy, it gives the surgeon greater confidence in identifying anatomical structures
intraoperatively. A Doppler ultrasound device with an angled probe may also be useful to

confirm the location of the ICA intraoperatively.

Theatre staff should have patties, gauze and oxidised cellulose (surgicel snow(ethicon) is
generally preferred for its absorptive capacity) on the setup for all cases and the endoscope
should have a lens cleaning system attached. There should be two 10 French suction devices
on the setup. These suction devices should be checked to ensure that they work and do not
require changing immediately prior to any bone removal and at regular intervals. Most
authors advocate the use of blunt instruments, such as suction Freer dissectors and pituitary
ring curettes, when working adjacent to the ICA and that bone removal should take place
with diamond rather than cutting burrs(7, 117-122, 125, 128, 140-142). These should all be
ready on the instrument tray at the commencement of the case. It may also be advisable
when using the kerrison punch that a twisting or pulling motion is not used but that the
sharp edges of the instrument are allowed to completely transect the bone before removal.

The lower blade of the Kerrison should be kept in contact with the bone when approaching
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the carotid as folding the vessel wall between the Kerrison upper and lower blades is the

most common cause for vascular injury when removing bone over the carotid(128).

Injury types

It is important to be aware of the different injury types that are seen in carotid vessel injury.
These range from linear incisions to stellate or large wall defects caused by kerrison-type
punches or high-speed drill injury. Whilst initial management and resuscitation is the same,
the likelihood that different techniques may work varies accordingly and decision making

should reflect this(122).

Initial management

The immediate management of carotid artery injury in endoscopic surgery is a team-
centered approach involving coordination between nursing, anaesthetic and surgical
staff(138). Communication with the anaesthetic staff early is vital and they should
immediately begin volume resuscitation of the patient before their haemodynamic
parameters are affected. It is important to maintain normotension or even mild
hypertension to maintain cerebral perfusion despite the temptation to lower the blood
pressure to assist haemostasis. Theatre staff should check the suction to ensure that the bag
isn’t becoming full which may lead to a stoppage of suction when most required. Theatre

staff should also activate the on-call angiography team.

ICA injury is much easier to manage with a 2 surgeon, 4 hands approach. Consideration
should be given to obtaining a second surgeon’s assistance if they are not already in the

room. A third surgeon may also be utilised to harvest muscle from the abdomen or lateral
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thigh. Visualisation is key to management and the endoscope lens must remain free of
blood. To achieve this, suction must be introduced into the field, generally down the side
closest to the bleeding with the endoscope introduced down the opposite nostril to just
proximal to the posterior septal edge, allowing it to be used as a shield from the blood
jet(143, 144). The sucker is used to direct the flow of blood away from the lens. The second
sucker should be placed adjacent to the endoscope to ensure it is kept clear of blood. This
can then be moved in further to hover over the bleed point. It is obvious that the two-
surgeon technique is of great help in this situation and planning the approach such that
there is adequate space to introduce and manipulate multiple instruments concurrently is
key. Routine removal of the posterior septum to create a single posterior cavity is helpful in

this regard as the surgeon may use both nostrils to pass instruments and endoscope.

Once visualisation has been achieved, pressure can be applied to the bleeding point with
patties, gauze or surgical snow(Ethicon) as a temporising measure. It is tempting to pack the
entire nasopharynx in an attempt to stop the bleeding but this should be avoided as much
as possible as it impedes access to the bleeding point. Depending on the point reached in
the operation, this practice may stop the bleeding from exiting the nose but blood may be
directed intra-cranially with detrimental results. Over-packing may also completely occlude
the ICA and any other vessels exposed with potentially devastating results. In theory, acute
unilateral ICA blood flow disruption should result in contralateral ICA and vertebral artery
flow reaching the hemispheres through the circle of Willis. In practice, however, this is
highly variable. Techniques to control haemorrhage in endoscopic skull base surgery must
take this factor into account and maintain patency of flow through the ICA as much as

possible. The evidence from neurosurgical literature regarding the temporary proximal
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clipping of feeding vessels indicates that interruption to the blood supply of <3 minutes is
generally well tolerated with the brain likely deriving oxygen and glucose from collateral
perfusion however longer times risk permanent neuron and astrocyte death(92-94). Care
should also be taken when extrapolating this data to entire anterior circulation or whole

hemisphere models which would occur with sudden, complete ICA occlusion.

Haemostatic options

Traditionally, 1 to 2cm? of muscle has been harvested from the abdomen or thigh. This is
crushed and placed over the bleeding point and held in place for at least 5-7 minutes
(although this may take up to 12 minutes to adhere)(117-120). It is important to hold this in
place with sufficient pressure to stem the bleeding but not to completely occlude the artery.
The crushed muscle is thought to activate a platelet/fibrin plug which seals the artery whilst
the high flow within the lumen maintains patency of the parent vessel(145). No attempt
should be made to remove the muscle once haemostasis has been achieved. This muscle
patch should be reinforced with a previously raised septal flap if the carotid is in the nasal
cavity and covered with oxidised cellulose and fibrin glue if intracranial(128). Nasal packing
may then be placed however it is important that this is not packed too tightly as this may
occlude distal ICA flow. This method is suitable for both linear and stellate or jagged type

injuries(122).
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Haemorrhage control in a sheep model. A — Blood jet from ICA, B — Sucker in contralateral
nostril used to direct flow away from endoscope lense, C — Crushed muscle patch being
applied, D — Crushed muscle held in place for 5-7 minutes(128).

If the injury is clearly able to be visualised and accessed with instruments, then direct vessel
closure may be attempted. This is usually more applicable for linear injuries. Padhye et al
have shown in a sheep model of haemorrhage that a curved T2 aneurysm clip may be
applied to the wall of the vessel without occluding the lumen(122). Direct closure may also
be achieved with a ‘pincer’ type metal clip (AnastoClip — LeMaitre Vascular). The vessel walls

are held together by a Wormald endovascular clamp and the clips applied sequentially along

the injury.

A — Wormald vascular clamp across carotid laceration in a sheep model of haemorrhage. B —
AnastoClips being applied with clamp in situ. C — Anastoclips post clamp removal(122)
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Bipolar cautery devices have been designed specifically for endoscopic endosnasal surgery
and attempts have been made to use this technique on carotid injury(115). Whilst this may
work for smaller bleeds, there is the risk of the cautery device becoming adherent to the
bleeding vessel with subsequent tearing when attempts are made to remove the
instrument. There is some experimental evidence to suggest a higher rate of secondary
bleeds and complete vessel occlusion than other methods and its use is not recommended

in ICA bleeding(128).

Other haemostatic patches and glues

There are a number of other commercially available products that have been trialled with
varying degrees of success. A high flow/high pressure bleed will tend to wash away
thrombin-based powders such as Floseal(Baxter) or Surgiflow(Ethicon) and fibrin/thrombin

glues(117-120).

If haemostasis is not able to be achieved with these methods, then endovascular
intervention may be urgently required to occlude the ICA(146). It is important that
endoscopic techniques are attempted first as endovascular intervention tends to result in
artery sacrifice. Balloon or coil occlusion should be performed at the site of injury to prevent
ongoing haemorrhage from antegrade or retrograde filling(146). It is also important to avoid
balloon or coil migration and subsequent occlusion of the ophthalmic artery (a complication
discussed later). It is important to emphasise that endovascular intervention at this point is
a life-saving procedure and a pre-sacrifice balloon test occlusion is unlikely to change

management at this stage, unlike in the elective setting(147).
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Once haemostasis has been achieved, the case should not proceed further as there is risk of
further injury or dislodgment of the muscle patch or clips. The patient should undergo a
formal angiogram to determine if a dissection, pseudoaneurysm or carotid-cavernous fistula
has formed(138). It is advisable to perform this immediately under the same anaesthetic to
avoid blood pressure fluctuation or a valsalva manoeuvre being performed by the patient
on emergence and extubation, which may potentially cause the patch to ‘blow off’ the
vessel. The surgeon should attend the initial formal angiogram to determine if the ICA is
patent, especially if large amounts of nasal packing has been left in situ. If this is ‘over-
packed’ the patient may need some of this removed to allow distal flow in the ICA. It is
important to note that whilst we have discussed the obvious and immediate ICA bleed, a
smaller, unrecognised injury may occur and manifest in the weeks or months following

surgery(148).

The decision to extubate the patient depends on whether any vascular anomaly is
discovered at the initial post-operative angiogram. If none is discovered then a reasonable
option is to wake the patient slowly in ICU, avoiding blood pressure fluctuations and
ensuring cerebral perfusion is maintained. Sylvester et al performed a retrospective
institutional and literature review of the types of ICA injury and the subsequent

endovascular treatment modalities(147).
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Types of ICA injury and subsequent treatment modalities (from Sylvester et al) (147)

If an arterial wall injury such as a dissection flap is seen on formal angiogram, it is safe to
assume that the intima has been disrupted with potential for thrombosis to occur. Some
authors advocate intravenous heparin administration at the time of injury(138). Much of the
rationale behind this has been extrapolated from stroke literature which does tend to limit
external validity when applying this data to the ICA injury patient population. The CADISS
trial, designed to determine the optimal treatment for carotid dissection was unable to
make a recommendation regarding whether antiplatelet agents or anticoagulant agents
should be used(149). Our practice has been to wait until the immediate post-operative
angiogram to make a judgement regarding the risks and benefits of anticoagulation at this

point.
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Flowchart: Haemorrhage control in ICA injury

Haemorrhage control in ICA injury
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event of disruption of this endothelium, whether by surgical injury or atherosclerotic plaque
rupture, underlying collagen and von Willebrand factor are exposed and platelets undergo
activation and adherence(152). In the event of a laceration or tear of all three layers, as can
occur in an injury during endoscopic surgery, blood escapes until the surgeon is able to
apply pressure to the wound and close the defect. The anastoclip and primary closure with
suture are two ways in which this can be performed(108, 121, 122, 140). It is important
when closing the arterial wall to ensure that all three layers are included in the closure as
the possibility exists of a dissecting pseudoaneurysm forming if the intima or media are not

tightly opposed(153, 154).

Evidence for the pathophysiological mechanism of this is extrapolated from
histopathological studies of spontaneous and traumatic carotid dissections(155). Blood may
track between the intima and media layers and generate a false lumen. Pulsatile flow
peaking at systolic pressures may force blood along this neo-layer. This may eventually
thrombose or may rupture out into the surrounding tissues. In arteries where there are
branch vessels, the dissection may occlude the take-off of these vessels and cause distal
ischaemia. This propagation is usually anterograde but may occur in a retrograde fashion as
well(156). Thrombosis of the aneurysm is not benign. The thrombosis may cause
intraluminal clot initiation via exposure of the luminal contents to pro-thrombotic stimuli.
This may cause the entire lumen to become blocked. There may also be extensive disruption

of vascular smooth muscle layers(123, 135, 157).
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Anatomy of the arterial wall(158)

H&E Histology of human carotid artery wall demonstrating three layers with media showing
large amounts of smooth muscle cells (155)

Histology of pseudoaneurysm is not well described however there are cases described in
veterinary pathology. The adventitial side wall of the pseudoaneurysm contains fibroblasts
in @ myxomatous matrix. These form whorls and small to medium blood vessels are present.
Smooth muscle cells that usually form the vascular wall are replaced with collagen fibres in
non-linear orientations and there are large numbers of neutrophils, multi-nucleated giant

cells and moderate amounts of adipose tissue(159).
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H&E of pseudoaneurysm in Fresian horse demonstrating fibrosis, fat and inflammatory
monocyte infiltration(159).

H&E stain of pseudoaneurysm in Fresian horse demonstrating disorganised collagen
fibres(159)

Histology and immunohistochemistry studies have been performed to determine the
precise sequence of events in arterial wall remodelling and healing(160). Bauriedel et al
used a rat carotid artery model of injury to show the changes that occur at 0, 4, 24, and 48
hours and 4, 7, 14, and 28 days post injury. Their experiment was designed to delineate the
exact cells involved to determine if these could be inhibited to prevent stent thrombosis
post angioplasty. Rats underwent a balloon angioplasty to damage the endothelium of the
vessel wall. 6 rats were then sacrificed at each time point and their artery wall examined.
They demonstrated the development of a neointima at 4 days post injury. Intimal cells
arranged themselves in concentric rings over the course of 7 days. Immunohistochemistry

demonstrated high reactivity for dendritic cells at the 7-day mark. By the 28-day mark, the
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neointima displayed evidence of alpha-smooth muscle actin positive - Smooth muscle cells.
Whilst this is not a sharp surgical injury, it does provide some evidence for the time course

of neo-intimal regeneration(160).

Pseudoaneurysm

After an ICA injury, there is the potential for the development of a pseudoaneurysm(161).
The putative mechanism of development is damage to the vessel in the initial phase with
subsequent arterial pulsations forcing blood between layers (sometimes known as a ‘false
aneurysm’) or, more commonly in this context, between the damaged vessel and the patch
or packing which has been applied(123, 125, 162, 163). This grows larger over time as the
systolic pressure forces further tracking of blood along this dissection layer(164). The most
common aetiology worldwide is in penetrating cranial trauma such as stabbing or
shrapnel/bullet wounds and the majority of the literature supporting treatment is
extrapolated from this(165, 166). Post ICA injury, it is generally considered that the
incidence of subsequent pseudoaneurysm development is in the order of 10-35% however
some series report up to 66%(7, 111, 121, 125). This is partly a function of the low case
numbers in each case series reported and partly because no reliable animal model of this
exists. A pooled analysis of case series would seem to indicate that a reasonable estimate
would put the rate somewhere between 10-35% across all patients with a patent ICA(7). A
recent review of carotid pseudoaneurysm after transphenoidal surgery identified 23 cases in
the literature from 1975-2010(167). Intraoperative arterial haemorrhage occurred in 17
(77%) of these patients. The remaining 23% (5 patients) did not have intraoperative
bleeding evident but 4 of these patients presented with epistaxis at an average of day 12

post-operatively. The average time between operation and pseudoaneurysm diagnosis was
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64 days for those with intraoperative haemorrhage and 83 days for those without. The
mortality rate was 9% with one patient dying of epistaxis and another of intracranial
hypertension day 1 post stenting(167). Treatment mechanism was heterogeneous as would
be expected for a pooled case series over such a long time frame and ranged from
conservative management, stenting, coiling, microsurgical clipping and complete carotid
occlusion (41% of patients). The authors of this review advocate weekly MRI/MRA post-
operatively in the event of carotid injury for 4 weeks with monthly MRI/MRA post this(167).
The Adelaide experience has been to obtain a formal angiogram on the day of injury, which
is then repeated at 1 week post-operatively and then again at 6 weeks and 1 year post-
operatively(58, 121, 122, 168-170). Crucially, as the authors of this review point out, any
bruit, ophthalmoplegia or epistaxis in patients who have undergone transphenoidal surgery

should prompt a search for a vascular injury(147).

N .
) ‘(171)
Catheter angiogram of common carotid on gunshot victim. Bullet fragment (white) overlies
common carotid pseudoaneurysm (left). Digital subtraction angiogram of transected internal
carotid post gunshot with contrast extravasation (right).(171)
Sylvester et al’s review of the literature on ICA injury demonstrates the spectrum of timing
in injury recognition(147).
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The treatment of pseudoaneurysm is dependent on size, location, and whether it has
ruptured prior to treatment. Given that even a balloon test occlusion cannot reliable predict
an individual patient’s reliance on blood flow from a particular carotid artery, consideration
should be given to preserving the carotid if possible(172). It is possible to perform an
endovascular sacrifice of the carotid artery by completely occluding it with coils however
this leaves the patient at risk of developing an infarction distal to this(138). Other options
include coil occlusion of the pseudoaneurysm with or without stenting of the parent vessel
or direct open repair, and remodelling (although this is generally not possible in the
cavernous segment of the carotid)(122, 148, 156, 157, 169, 170, 173-175). It may also be
possible to use a flow diverting stent that directs flow beyond the pseudoaneurysm and
causes stasis and subsequent thrombosis within the aneurysm(173, 176). It is important to
be aware of the location of the ophthalmic artery in relation to the pseudoaneurysm. The
ophthalmic typically leaves the ICA a few millimetres beyond any injury to the cavernous

segment and stent migration may occur, occluding this artery and resulting in potential
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blindness or even death(53, 68). Additionally, rates of stroke following carotid stenting can
be as high as 4.5% in the first 30 days and patients are generally treated with dual
antiplatelet agents (aspirin and clopidogrel) or similar agents which may delay or preclude
further surgery(134, 135, 177-180). A more invasive approach to revascularisation is an
extra-cranial to intracranial (EC-IC) bypass with a conduit being sutured from the external

carotid to the middle cerebral artery allowing retrograde filling of the MCA and ACA and

subsequent sacrifice of the now redundant ICA(181).

Pseudoaneurysm post ICA injury. A — initial angiogram with no aneurysm, B — Angiogram at
1 week showing cavernous segment pseudoaneurysm, C — Coiling of pseudoaneurysm(150)
Carotid-Cavernous fistula

In this situation, arterial blood escapes from a defect in the ICA and enters directly into the
venous channels of the cavernous sinus. Signs of this include proptosis, chemosis,
conjunctival injection, ocular bruit, blindness due to venous hypertension, ophthalmoplegia
due to cranial nerve defects, pulsatile tinnitus, venous infarct of the cortex and pain(182).
CT or MRI demonstrates characteristic features of proptosis and ‘corkscrewing’ of engorged
vessels however diagnosis requires formal angiogram and demonstration of early venous
filling as blood exits the ICA(123, 182-184). Treatment is performed via endovascular
approach with obliteration of the fistula via coils, glue, stenting or combination of these(24,

58, 182-185).
52



Representation of a coronal section through a cavernous sinus with extravasation of blood
from the ICA into the venous channels of the cavernous segment(186).
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Axial representation demonstrating dilation of the superior ophthalmic vein secondary to
CCF with proptosis of the eyeball(186).

Conjunctival and episcleral vessel injection in carotid-cavernous fistula.(182)
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Axial T2 MRI of orbits showing left sided venous engorgement and proptosis in carotid-
cavernous fistula(182).
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A case of carotid-cavernous fistula of unknown aetiology demonstrating marked proptosis,
chemosis and injection(A). The initial angiogram is shown at (B) and (C) demonstrating filling
of the cavernous sinus in arterial phase and then an angiogram post coiling to obliterate the
fistula (D)(185).

Summary

ICA injury is a potentially devastating complication of endoscopic endonasal surgery. It is

crucial to have a plan in place before this potentially disastrous situation occurs. Good

communication and teamwork is vital to ensure that the situation is rapidly brought under
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control. It is helpful to have trained for this eventuality as a team and ensure that roles are
clearly defined before this situation is encountered. The muscle patch is certainly the
simplest and most studied haemostatic material utilized in this setting however in the event
that the injury is able to be both visualized and accessed by instruments, direct vessel
closure with AnastoClip (LeMaitre vascular) or a curved T2 aneurysm clip may be attempted.
It is important that whatever technique is used, that vessel lumen patency is maintained
and ongoing flow to allow distal perfusion of the brain occurs. Endovascular sacrifice of the
vessel is a last resort and one that may potentially lead to neurological deficit, even if one
had performed a balloon test occlusion previously. It is important to realize that stopping
the haemorrhage is merely the first step in the management of these patients and they will
require ongoing angiographic follow up to ensure that they do not develop
pseudoaneurysm, carotid-cavernous fistulae or have a delayed ICA rupture. It is crucial that
endoscopic, endonasal skull base operations, even those that are considered comparatively
simple, are performed by a dedicated skull base team and that all cases are discussed and

individualized risk analysis performed pre-operatively.

Haemostasis and Platelet activation

Platelet anatomy and function

Effective Coagulation and subsequent haemostasis results from a balance of multiple
inhibiting and facilitating factors. These include the endothelial wall cells of blood vessels,
platelets, leukocytes, coagulation cascade, and the milieu of temperature and blood
pH(152). The precipitating event for non-pathological coagulation initiation is vessel wall

damage(187). This causes activation of endothelial cells and subsequent platelet activation.
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Platelets ‘roll’ along the damaged cells and, using von Willebrand adhesion factor to bind to
newly exposed subendothelial cells, aggregate in platelet clumps(152). Post this event, a
mesh of platelets and trapped leukocytes form a scaffold for development of a fibrin clot as

part of the coagulation pathway(188).

The interaction of platelets with the damaged endothelial wall is a key component of the
pathophysiology of many atherosclerotic and ischaemic disease but it also serves a valuable
role in haemostasis. The normal platelet count is 150-300x10°L. Platelet life span is generally
considered to be 8-10 days which accounts for the usual surgical practice of ceasing
irreversible antiplatelet agents 7-10 days prior to elective surgery. Platelets have a size

ranging from 2-5 micrometers and a mean cell volume of 5 femtolitres(189).

The platelet has an outer layer known as the glycocalyx. This is comprised of glycoproteins
(GP). It is the binding of these glycoproteins to substances within the bloodstream and on
the exposed and damaged endothelial walls that activates and aggregates platelets and
allows them to form a plug. Platelets’ response to exposure to activating factors may be
reversible or irreversible. The reversible responses are shape changing and adhesion. The
irreversible are release reactions and aggregation. Adhesion and shape change are the first

step towards plug formation(189).

There are multiple methods and phases of activation but the most prominent is the
exposure of platelets to collagen, which is found almost everywhere in the body apart from
the inner wall of the vascular endothelium. When endothelium becomes damaged, the

normal laminar flow of the blood vessel becomes disrupted. Platelets adhere to exposed
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collagen and extracellular membrane proteins on damaged endothelium despite this
extensive ‘shear stress’ caused by rapidly flowing blood(190, 191). They do this via a number
of mechanisms, the most prominent being GPIb-IX binding to vVWF and GPIIbllla binding to

fibrin and fibrinogen(189).

On the platelet membrane surface, GPIb-IX (a glycoprotein receptor) is coupled to the
platelet cytoskeleton by actin-binding protein(192). When GPlb-IX is exposed to vascular
endothelium, it immediately attaches to von Willebrand factor (VWF), which is layered on
collagen fibres in the damaged endothelium. Two collagen receptors, GPVI and GPIlbllla
stablise this attachment. GPIb-IX and GPVI bind together and activate GPlIbllla complex
which binds fibrinogen and fibronectin to the damaged area(192-195). This GPIb-IX binding
to VWF triggers actin filament formation and acts to further the production of a scaffold
with other activated platelets along with secretion of products stored in platelet organelles.
As further platelets express GPllbllla on their surface, they aggregate together to serve as a

platelet plug(196).
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Traditional model of platelet activation and aggregation. Integrin a 11bf33 is activated and
binds to fibrinogen, cross linking platelets. Activated GPlIbllla is identified on flow cytometry
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by binding of PAC1 to the exposed fibrinogen site (197)
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Phases of the mechanisms of platelet-induced haemostasis. Platelet fibronectin (pFn) is
released from intracellular platelet granules. Platelets then bind to vWF and collagen
exposed on the vessel wall. This activates GPIIbllla with fibrinogen binding and platelet plug
formation(152).

Once platelets bind to the subendothelial matrix, they change their shape and become more
spherical compared with their usual discoid shape when circulating in blood(195, 198). This
shape change also involves the projection of pseudopods, which increase platelet surface
area for adhesion. This adhesion is mediated by many factors(199). High levels of localised
extracellular calcium (Ca+) and magnesium (Mg+) ions cause ‘reversible aggregation’
whereas irreversible aggregation occurs when activated platelets release arachidonic acid
derivatives from their internal membrane and pro-aggregation substances such as
adenosine diphosphate (ADP), adenosine triphosphate (ATP), Serotonin and Ca+ from their

dense granules (organelles within the platelets only released upon activation)(189). The
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basic structure of aggregation is of VWF and fibrin binding to receptors on two or more

platelets simultaneously and holding them together — crosslinking them(189).

Fibrinogen

Fibrinogen in a soluble glycoprotein that exists in blood plasma. It is comprised of three
polypeptide chains. It is cleaved into fibrin by the action of thrombin, a serine
protease(200). Damaged cells release tissue factor. This initiates the extrinsic pathway of
coagulation, the end result of which is the development of a cross-linked fibrin meshwork or
‘clot’ via thrombin production. This extrinsic pathway does not result in sufficient thrombin
in and of itself however. The small amounts of thrombin produced initially cause
subsequent further activation of platelets and triggers a further coagulation pathway, the
intrinsic pathway. This intrinsic pathway activation results in the conversion of prothrombin
to thrombin. This thrombin causes the development of a stable fibrin clot via catalysis of

fibrinogen to fibrin and activation of factor Xlll and inhibits subsequent fibrinolysis.
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Figure 1. Coagulation cascade and hemostatic technologies.

The coagulation cascade with several haemostatic agents shown at the stage in which they
primarily cause effect(201)

As more becomes known about the way platelets become activated and subsequently
aggregate, new therapeutic targets become available for anti-platelet drug design. Common
agents include clopidogrel (a thienopyridine-class Adenosine Diphosphate (ADP) receptor
antagonist), aspirin (a Cyclooxygenase-1 (COX-1) inhibitor) and Abciximab/Ticagrelor

(GPIIbllla antagonists)(202).

The efficacy of these drugs is still debated however there is significant evidence for the
efficacy of GPIlIbllla antagonists as agents in the treatment of acute coronary events by
blocking the final step in the pathway of platelet aggregation(203-206). These should all
ideally be ceased 7-10 days prior to elective neurosurgery however the indications and the

relative risk/benefit for each patient must be taken into account(203, 207-209).
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There are a number of pro-coagulant factors that occur as a result of platelet activation and
aggregation that cause a trend towards clot formation by the coagulation pathways. The
intrinsic coagulation pathway is potentiated by membrane phospholipids released from
platelets. This leads to eventual thrombin formation(189). Several factors expressed on
platelet surface appear to play a role in preventing the clot from being broken down.
Platelet factor 4 inhibits heparin activity. P-selectin is a glycoprotein usually found only in
granules within the platelet. It translocates to the platelet surface when the platelet is
activated and mediates platelet-leukocyte interactions to include them within the platelet-
clot plug. The fact that P-selectin is found only on the surface of activated platelets makes it
useful in flow cytometry studies as it may be ‘tagged’ and serve as a marker for platelet

activation(210).

Tests for platelet activation and aggregation

Given the important role platelets play in both physiological and pathological responses to
damaged endothelium, and the subsequent formation of clots, it is useful to be able to look
for markers of activation and aggregation, especially if these were able to be detected in
peripheral blood in the setting of acute coronary syndrome or stoke. Platelet activation
may be detected by a change in shape and aggregation. It is also possible to measure
specific metabolites released by platelets into plasma(189). Platelet aggregation may be
measured via platelet aggregrometry when agonists such as ADP and collagen are added.
Light is passed through platelet rich plasma and compared with platelet free plasma. There
is some uncertainty if this in vitro technique reflects in vivo conditions however(189, 211).
Platelet alpha granule contents such as thromboglobulin and platelet factor-4 may be
measured in vivo by ELISA and radioimmunoassay however there are a number of
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endogenous and exogenous factors that make measuring this problematic, not least of
which is that normal levels are not known(212). A better reflection of in vivo platelet activity

is thought to be achieved through the use of flow cytometry(213).

Flow Cytometry

Flow cytometry is used to determine changes in platelet membrane structure and
glycoprotein expression which act as surrogate markers of activation. It is also be used to
demonstrate structural deficiencies in certain proteins denoting platelet function disorders,
and the relative function of antiplatelet agents(189, 214). The benefit of flow cytometry is

that it utilises whole blood and is thought to more accurately reflect in vivo conditions(215).

Monoclonal antibodies or fluorescent stains are utilised to identify and detect specific
antigens on the membrane of activated platelets, platelet membrane-bound proteins
(GPllbllla or P-selectin) or shape changes in activated platelets(216, 217). GPllbllla
undergoes a conformational change with a new epitope formation when the platelet is
activated and this is able to be detected by a laser when a tagged monoclonal antibody
conjugated to a fluorescent dye is added(215). Whole blood is incubated with these
antibodies. It is able to detect activation in platelets with high sensitivity (down to 0.8% of
the total number of platelets)(189). Flow cytometry is able to give an accurate percentage
of platelets activated in any given sample by using a laser to count the number of labelled

platelets as they pass by a detector.
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Antibodies demonstrating platelet activation in flow cytometry

PAC1

GPlIbllla is a receptor for fibrinogen and von Willebrand factor that is required for platelets
to aggregate. When activated, it undergoes a conformational change exposing the
fibrinogen binding site(218). PAC1 antibody is able to bind to this site thus labelling active
platelets when analysed via flow cytometry(216). PAC1 expression is generally decreased
with clopidogrel treatment. Clopidogrel blocks the ADP P2Y12 receptor site and prevents
platelet activation(215). Aspirin (acetylsalicylic acid) does not affect CD62 or PAC1
expression post ADP stimulation(215).
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10° PAC-1 FITC 10 10° PAC-1 FITC 104

Flow cytometry demonstrating PAC1 positivity (right) on ADP stimulated platelets compared
to non-stimulated (left)(219).

CD62

P-selectin (P-SEL) is a protein component of the alpha-granule membrane of resting
platelets and is only seen on the platelet surface membrane after platelet activation(218). It
is thus a marker of platelet degranulation which only occurs with platelet activation. In vitro,
this is irreversible. In vivo, platelets lose P-selectin rapidly(216). CD62 antibody binds to P-

SEL and demonstrates activation(220).
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Commercially available haemostatic agents in neurosurgery

Neurosurgery involves operating within the central nervous system on structures that have
no capacity for regeneration. There are eloquent areas within the cortex and brainstem that
are irreplaceable in terms of neurological control of human functions, both physical and
cognitive. Additionally, there are some areas where collateral blood supply is minimal or
absent so sacrifice of feeding vessels is a last result as doing so will result in stroke in areas
they perfuse. Conventional methods such as warm irrigation for small capillary bleeding in
brain parenchyma, bipolar cautery (in which bipolar electrical current is used to weld cut
ends of a vessel together), and very gentle simple compression are suitable for open cranial
operations and have some applicability to endoscopic skull base surgery. Major
haemorrhage is, however, unlikely to be stopped with such methods. Novel agents have
been developed to attempt to influence or promote various parts of the coagulation
cascade. These use the pre-existing natural pathways but insert foreign promoters to both
mimic and increase the local coagulation response. These products include gelatin-thrombin
matrix powders, fibrin/thrombin patches and fibrin glue sealants. These agents have the

effect of amplifying the natural coagulation pathway(201).

Topical Thrombin

Topical thrombin exerts its effect by converting soluble fibrinogen to fibrin, allowing a fibrin
clot to form and subsequently stabilise. There are a number of forms commercially

available.
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Floseal is a bovine gelatin/human-sourced thrombin combination. The bovine gelatin is

arranged into microspheres with a diameter of approximately 500 micrometers. The
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thrombin is derived from plasma prothrombin that is then mixed with calcium chloride to
convert it to thrombin. These are both sourced from within the United States. This presents
a small but real risk of infectious disease transmission despite screening. This includes
bovine spongiform encephalopathy (BSE — a transmissible form of neurodegenerative prion
disease) however the absolute risk is likely to be exceedingly small(223). There have been
no reports of adverse immune reaction other than a single case report of anaphylaxis

attributed to the gelatin component in a 14 year old undergoing scoliosis correction(224).

The gelatin-thrombin powder matrix is mixed in a syringe with a flexible applicator in 5-10ml
quantities and, once applied, conforms to whatever cavity shape required. It is then covered
with a moist cottonoid or gauze and allowed to exert local effect for 2 minutes. It swells in
contact with blood so providing a localised tamponade effect. From the point of view of
coagulation activation, the thrombin catalyses the formation of a fibrin clot and allows
subsequent onflow coagulation effects. Excess matrix is removed with irrigation at the end
of the 2 minutes(225). There is a small risk of oedema from the granulomatous
inflammation subsequent to Floseal application however this is minimized by removal of

excess matrix post fibrin clot formation(226).

Floseal does not require the presence of functional platelets and, by providing topical
thrombin, bypasses much of the upstream intrinsic coagulation cascade. It will not,
however, work in the presence of a fibrinogen deficiency(201). Whilst Floseal has been used
since 1999 in the United States and 2008 in Australia, the majority of evidence for its use
comes from animal studies(227) and case series(26, 227-230). The first prospective,

randomized evidence for its efficacy was a study of 309 patients across ten hospitals(201).
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The study compared Floseal with a gelatin sponge with thrombin in an effort to
demonstrate equivalent results. Surgeries were spread across cardiac, vascular, spinal and
orthopaedics. If bleeding was unable to be controlled via conventional means (sutures,
pressure, bipolar cautery) patients were randomized to Floseal or gelatin sponge with
thrombin (control). Success was defined as haemostasis at 10 minutes following
application(201). At 3 minutes, Floseal was significantly more effective at controlling
bleeding (Floseal 85% vs. control 48% p<0.001). At 10 minutes, the haemostasis success rate

was similar when all specialties were pooled (floseal 95% vs. control 83% p<0.001)(201).

TABLE 3
Treatment Successes, by Surgical Specialty for First Lesion Only

Surgical Specialty Treatment Group Number of Patients Number of Successes Percent Successes CMH P-value*

All Patients FloSeal 156 149 96 <0.001
Control® 153 118 77

Cardiac FloSeal 438 45 94 <0.001
Control a5 27 60

Vascular FloSeal 43 40 ¢4 0.036
Control a6 35 79

Spinal FloSeal 65 64 98 0.042
Control 62 56 90

AControl = Thrombin-soaked-Gelfoam.
*pvalue from Cochran-Mantel-Haenszel test for row mean scores, adjusted for investigational site.

Percentage of patients achieving primary outcome of haemostasis at 10 minutes(201)

Floseal has also been used in endoscopic nasal/sinus surgery. Cappabianca authored a

gualitative experience with 29 patients with bleeding from various sources. He described

Floseal as a very useful adjunct to haemorrhage control in this setting(230)
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— Applied precisely at the source of bleeding, FloSeal granules conform to
irregular wound shapes

— The granules swell by 10-20% within 10 minutes and physically
restrict the flow of blood

— High concentrations of thrombin cause the rapid formation of a
reinforced clot around the stable matrix provided by the granules

— FloSeal granules not enmeshed in the clot can be removed with
gentle 1rmigation or suction

— Granules remaining in the clot are resorbed by the body in 6 to 8
week.

Figure 2. FloSeal—mechanism of action.

Floseal[Baxter] macroscopic mechanism of action(201)

Floseal is used extensively for areas of bleeding within the brain parenchyma. Gazzeri
describes a neurosurgical indication for floseal in a series of 31 patients with primary
intracerebral haemorrhage. The rationale for this approach was that instead of a wide
craniotomy and potentially destructive corticotomy to access the clot and inspect all
guadrants of the cavity to ensure haemostasis, a much small corticotomy could be
performed if Floseal was then used to fill the cavity. These 31 patients underwent
craniotomy and evacuation of the intracerebral clot with a minimally-sized craniotomy. The
cavity was filled with Floseal for 3 minutes and then irrigated out with wash. An 80%
reduction in clot volume and mass effect was achieved and only one patient required

reoperation for rebleed 2 days later which was performed using the same technique(229).
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Removal of bone flap and clot evacuation with bipolar and suction through small
corticotomy(229)

: 4

Injection of Floseal into the cavity and subsequent irrigation out after 3 minutes.(229)

It does, however, appear important to remove as much of the excess Floseal as possible
without disrupting the fibrin clot. A more recent study of rat brains treated with Floseal

demonstrated granulomatous reaction and inflammation 28 days post use(227).

Surgiflow[Ethicon]

Surgiflow with thrombin is comprised of porcine gelatin and human-derived thrombin
(20001U). These are packaged separately and mixed prior to application. The powder may
swell up to 20% post application. The manufacturer’s advice is that Surgiflow not be used in
conjunction with autologous blood recollection circuits as the gelatin collagen particles have

been demonstrated to pass through scavenge filters of ~40micrometers(231). The porcine
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gelatin has also been observed to be a nidus for infection and may potentiate bacterial
growth. The gelatin/thrombin has, like floseal, been shown to cause a granulomatous
foreign body reaction(231). There is a variable immune response in patients on whom
Surgiflow has been used. The baseline safety study showed anti-porcine collagen antibodies
developed in 6/206 patients compared with a single patient who had these at the
commencement of the study(231). The risk of clinically apparent adverse events does not,
however, appear to differ between bovine and porcine origin thrombin as assessed in a
phase lll randomized, double-blinded, controlled trial of 305 patients (porcine n=153 vs.

bovine n=152)(232).

Adverse Effects of topical thrombin

Clinically apparent adverse effects have been reported with the use of topical thrombin,
specifically of bovine origin(233-235). Factor V antibodies may develop as a response to
exposure. These inhibitors block the normal coagulation function. Approximately 126 cases
have been reported worldwide, approximately 2/3 of which are post bovine-thrombin
exposure. 33% of these developed clinically apparent bleeding problems(233). If
asymptomatic, no treatment is required. Mild to moderate bleeding is treated with oral
steroids and more severe cases with plasma exchange, Intravenous immunoglobulins (IVIG)

or cyclosporine A(236).

Ballard et al pooled the results of 8 trials that utilized thrombin in humans with a total of
552 patients(233). 5 of these 552 (0.9%) developed antibodies to recombinant thrombin at
29 days post use. None of these patients suffered an adverse effect secondary to this. The

patient’s native thrombin continued to function normally in coagulation tests. Further 2.2%
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of the patients in the pooled analysis had pre-existing antibodies recognizing recombinant
thrombin despite never having been exposed to this previously. The researchers were able
to determine this because recombinant thrombin was not available at this time other than

as a study drug for these trials(233).

There is also some evidence that topical thrombin use may significantly increase the risk of
deep vein thrombosis formation. Safaee et al published a single institution review of 467
patients undergoing craniotomy for meningioma(237). 2.6% of these patients suffered a
thromboembolic event (DVT/PE). In univariate analysis, the authors found that higher
tumour grade and higher body mass index (BMI) were positively associated with the chance
of developing thromboembolic complications. In multivariate analysis, they found that BMI
and the use of >10ml of topical thrombin agent (Floseal[Baxter]) was associated with
increased risk of DVT/PE(237). Interestingly, the cases in this paper were performed by two
surgeons, one of whom did not put patients on any form of DVT prophylaxis and one who
did so but only after 72hrs. There are no strict protocols within the Australian neurosurgical
community, but accepted practice is to commence DVT prophylaxis either immediately
post-operatively or within 24 hours after a post-operative CT or MRI scan to ensure that

there is no haematoma formation(238, 239).

There are also isolated case reports of venous air embolism associated with the use of
Floseal(240). This complication occurs when operating with the head at a higher level than
the heart. If a venous sinus is opened, air (and potentially Floseal) may be sucked into the
sinus and embolise to the right atrium. This may cause a decrease cardiac output and
potentially cardiac arrest and death. Cardinal signs are a decrease in blood pressure and end

tidal CO2 reflecting the decreased blood flow through the lungs available for gas exchange.
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It does not, however, appear to be a common event and is a potential risk at any point
when surgeons operate near the cranial venous sinuses irrespective of the use of

haemostatic agents.

Table 2 Commercially available topical hemostatic agents [2]

Product Manufacturer Description Indication
Thrombin-containing products
Thrombin-JMI King Pharmaceuticals, Bovine thrombin Aid in hemostasis whenever oozing blood or minor

Bristol, TN

bleeding from capillaries and small venules is
accessible, and control of bleeding by standard
surgical techniques is ineffective or impractical.

Evithrom Johnson & Johnson, Lyophilized human pooled Aid in hemostasis whenever oozing blood and
Somerville, NJ thrombin minor bleeding from capillaries and small
venules is accessible, and control of bleeding by
standard surgical techniques is ineffective or
impractical.
Recothrom Zymogenetics, Seattle, Recombinant thrombin Aid in hemostasis whenever oozing blood and

WA

minor bleeding from capillaries and small
venules is accessible, and control of bleeding by
standard surgical techniques is ineffective or
impractical.

FloSeal ™ Hemostatic Baxter Healthcare Flowable bovine gelatin In surgical procedures (other than ophthalmic) as an
Matrix Corporation, matrix and licensed adjunct to hemostasis when control of bleeding
Hayward, CA human thrombin by ligature or conventional procedures is
meflective or impractical.
CoStasis Cohesion Technologies Flowable bovine collagen In surgical procedures (other than neurological,
Inc., Palo Alto, CA and licensed bovine ophthalmological, and urological) as an adjunct
thrombin to hemostasis when control of bleeding by
ligature or conventional procedures is ineffective
or impractical.
Surgiflo Johnson & Johnson, Porcine gelatin with or In surgical procedures (except ophthalmological)

Somerville, NJ

without thrombin

for hemostasis, when control of capillary, venous
and arteriolar bleeding by pressure, ligature, and
other conventional procedures is ineffective or
impractical.

Summary of commercially available topical thrombins(241).

Fibrin Sealants and Gels

There are several commercially available fibrin-based sealants(242). These are generally
composed of varying ratios of human plasma-derived thrombin and fibrinogen. Their
efficacy has been established in multiple anatomical sites and across many flow rates of
bleeding in both animal models and human trials(242-250). Commercial preparations have
been marketed as both haemostatic agents and as sealants to prevent cerebrospinal fluid

(CSF) leaks(16, 26, 251-253).
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Evicel[Ethicon]

Evicel[Ethicon] is a haemostatic agent approved for use in the United States and Australia as
an adjunct for haemostasis. It consists of 55-85 mg/ml fibrinogen and 800-1200 1U/ml
human thrombin in frozen solution. It is provided in separate vials which are mixed in a
sterile applicator. They are stored in a refrigerator and may be mixed and ready to apply in
<1 minute. It is dripped or sprayed onto the wound. This may be assisted with an air pump
as the provided cannula has a tri-lumen to ensure that the products mix at the tip. The
manufacturer advises caution when using the air pump to avoid the occurrence of an air
embolism(254). It is derived from human plasma so the theoretical risk of infectious disease
transmission remains, however this is screened for viral and bacterial pathogens. A
randomized vascular surgical study demonstrated a statistically significant improvement in
achievement of haemostasis when compared to manual compression in end-to-end femoral
anastomoses (83.3% vs. 39.7% P<0.001) at 4 minutes(245). It is currently undergoing human
clinical trials in Australia to expand its indication as a dural sealant in cranial and spinal

neurosurgery(255).

Evicel was original marketed under the trade-name Quixil, and contained tranexamic acid,
however this was found to be potentially neurotoxic so was removed from the formulation.
This did not affect the haemostatic effect of the fibrin/thrombin combination because
plasminogen is also removed from the fibrinogen component by chromatographic
techniques and, therefore, tranexamic acid is not required as a stabilizer(256). Fibrin
sealants are broken down and metabolised by endogenous fibrinolytic activity. Healing
wounds induce plasmin production and activity and the clot undergoes fibrinolysis and

eventual phagocytosis(256).
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Tisseal[Baxter]

Tisseal[Baxter] is a combination of human thrombin, human fibrinogen and a synthetic
fibrinolysis inhibitor — aprotinin — to prevent premature degradation of the clot(257, 258). It
can be used directly on the brain, dura and spinal cord and it has been described as an
adjunct to cavernous sinus surgery in which it is injected into the cavernous sinus prior to
tumour dissection to minimise peri-capsular bleeding(243, 259). It will adhere to a wet
surface however the flow rates of torrential arterial bleeds mean that it is unable to provide
adequate haemostasis unless it can be held in situ as part of a patch(260). There is evidence
to show that it reduces time to haemostasis and blood loss in vascular anastomosis
lines(260, 261). A randomized non-blinded trial of 17 patients was performed to determine
whether topical fibrin sealant reduced anastomosis suture line bleeding during carotid
endarterectomy with polytetrafluoroethylene (PTFE) patch closure. Time taken to achieve
haemostasis at the suture line and intraoperative blood loss were measured. The median
time to achieve haemostasis was 5.5 min (range 4-31 rain) in the treatment group and 19
min (range 10--47 min) in the control group (P<0.005). Operative blood loss was lower in the
treatment group (median 420mi, range 300-500mi) than in the control group (median
550ml, range 350-1200ml) however this was not statistically significant(261). These findings
have subsequently been replicated in a cardiac surgical trial along aortic graft suture

lines(262).

Mechanism of action of Fibrin products
Fibrin sealants augment the final stages of the endogenous coagulation process. Thrombin
activates the conversion of fibrinogen into fibrin, which occurs by the splitting of fibrinogen

into fibrin monomers and fibrinopeptides. The fibrin monomers aggregate and form a fibrin
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clot. Factor Xllla, which is activated from Factor Xlll by thrombin, crosslinks fibrin. Calcium
ions are required for both the conversion of fibrinogen and the cross-linkage of fibrin(242,
243, 247, 248). This crosslink stability has been shown in a number of studies where
Evicel[Ethicon] was compared with Tisseal[Baxter]. The resultant Evicel fibrin clots had more
tensile strength than Tisseal on skin adhesive tests (0.25N vs. 0.08-0.11N p<0.006)(263)
however other studies have shown less clear results(241, 242). This difference in clot
stability may be due to the fact that the fibrin component of Evicel has detectable levels of
factor XllIl in the formulation (91U/ml) whereas the Tisseal had undetectable levels(264).
Measures of resistance to stretch also favoured Evicel over Tisseal (mean 38 kPa vs. 11 kPa

p< 0.001) as did tensile strength (135 kPa vs. 25 kPa p< 0.001)(263).

Haemostatic properties of Fibrin Gel Sealants

In a vascular surgical prospective randomised controlled trial, Evicel (75 patients) was
compared with manual compression only (72 patients) in patients undergoing end to side
femoral or upper extremity arterial anastomoses(245). These grafts were
polytetrafluoroethylene-based. Evicel was significantly more effective at achieving
haemostasis than manual compression alone at the 4-minute mark (85% vs 35%). The
incidence of treatment failure was also lower in the Evicel group(245). Graft thrombosis or
occlusion occurred in 8% of the Evicel group compared with 1% in the manual compression
group in the early post-operative stage out to 12 days. When reassessed at 5 weeks
postoperatively, an additional 3% of Evicel group patients had suffered a graft occlusion
compared with 7% of the manual compression group. 9% of the Evicel group (7 patients)
and 4% of the manual compression group (3 patients) required further surgical
intervention(245). These complications did not differ significantly between groups(245).
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compression(245)

This positive haemostatic effect was also shown in a study comparing Evicel (when
formulated as Quixil) to Kaltostat (a calcium alginate dressing) in carotid
endarterectomies(265). Primary outcomes were median time to haemostasis and mean
blood loss. Quixil was placed onto the suture line. The interim analysis was so compelling
after 20 patients in favour of Quixil that further recruitment was ceased. Median time to
haemostasis 2.5 vs. 17 mins p< 0.001) and mean blood volume loss 24.5ml vs 203ml (P<

0.001)(265).

Evicel has also been trialled in endoscopic endonasal surgery using post-operative mucosal
bleeding rates as an outcome measure(266-268). Post-operative bleeding occurred in 0-5%
of patients in the Evicel groups compared with 23-37% of patients in the nasal packing alone
groups. This also had the advantage of allowing the patient to nasal-breath immediately

post-operatively in the absence of nasal packing(268). It is important to note that this was
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purely looking at small mucosal and capillary bleeds and not high flow, high pressure arterial

haemorrhage.

Evicel displays no neurotoxicity. A study using a rabbit model placed Evicel subdurally and
observed behavioural characteristics for 14 days with no abnormal events occurring(254).
Histological and CSF studies did not demonstrate any inflammation(254, 256). There is the
theoretical risk of transmission of blood-borne diseases with fibrin sealants of human
derivation. This risk is minimised by screening of donors, inactivation of viruses and testing
of pooled plasma(269-271). This is considered to effectively remove the risk of Human
Immunodeficiency Virus (HIV), Hepatitis A, Hepatitis B and Hepatitis C however may not be
effective against Parvovirus B19. The risk of transmission of HIV or the hepatitis Viruses is

thought to be negligible and the risk of Parvovirus B19 is thought to be <1 in 100 000(256).
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Table 1 Commercially available fibrin-based sealants [2]

Product Manufacturer Description Indication
EVARREST Ethicon, Inc, a Johnson & Human fibrinogen and human thrombin For use with manual compression as an adjunct
Johnson Company, sealant patch to hemostasis for soft tissue bleeding during
Somerville, NJ open retroperitoneal, intra-abdominal, pelvic,
and non-cardiac surgery.
Quixil/Crosseal OMRIX Biopharmaceutical Two vials containing human thrombin For use in obtaining liver hemostasis and in
Ltd., Kiryat-Ono, Israel and human fibrinogen orthopedic surgery
TachoSil Nycomed GmbH, Linz, A ready-to-use surgical patch composed An adjunct to hemostasis in cardiovascular
Austria ofa dry collagen sponge made from surgery when control of bleeding by standard
horse tendons, and on one side surgical techniques (such as suture, ligature,
coated with human fibrinogen and or cautery) is ineffective or impractical.
thrombin
Evicel Johnson & Johnson, Fibrin sealant—human pooled An adjunct to hemostasis for use in patients
Somerville, NJ; OMRIX undergoing surgery (liver and vascular
biopharmaceuticals Ltd. surgery are also separately indicated) when
Kiryat Ono, Israel control of bleeding by conventional surgical
techniques is ineffective or impractical.
CryoSeal Fibrin Thermogenesis, Rancho Fibrin sealant—human An adjunct to hemostasis on the incised liver
Sealant System Cordova, CA surface in patients undergoing liver resection
when control of bleeding by standard surgical
techniques is ineffective or impractical.
Vitagel Orthovita, Malvemn, PA Fibrin sealant- individual units of For use during surgical procedures (except
plasma, bovine collagen, and bovine neurosurgery and ophthalmic surgery) as an
thrombin adjunct to hemostasis when control of
bleeding by ligature or other conventional
procedures is impractical or ineffective.
TISSEEL Baxter Healthcare Fibrin sealant- human pooled An adjunct to hemostasis in surgeries involving

Corporation, Westlake
Village, CA

cardiopulmonary bypass and treatment of
splenic injuries. TISSEEL is satisfactory for
use in fully heparinized patients undergoing
cardiopulmonary bypass. Also indicated as
an adjunct to prevent leakage from colonic
anastomosis following the reversal of
temporary colostomies.

Summary of commercially available fibrin sealants(241)

Haemostatic Patches for Topical Haemostasis

Patches impregnated with haemostatic agents are widely marketed(272). The patch assists
in rapid application and helps to hold the agent in situ. Much of the research involving these
patches has been performed by the military in the treatment of battlefield injuries with the

potential for exsanguination prior to definitive surgical management(273-276).

Modified Rapid Deployment Haemostat [MRDH; Marine Polymer Inc; Boston, Mass]
This is a purified, fully acetylated poly-N-acetyl glucosamine nanofibre material in a 4x4inch

non-absorbable sponge. This has been demonstrated to have red cell and platelet specific
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receptor interactions to decrease time to haemostasis(194, 277-281). This is applied directly
to the site of bleeding and compression applied for ten minutes(282). This is a large
bandage and used primarily to staunch haemorrhage from bullet and blast injuries in an
‘immediate response’ setting to allow the patient time to reach definitive surgical care. It
swells on contact with blood and would be unsuitable for use in an endoscopic

environment, especially one so constrained as cavernous ICA bleeding.

Syvek is a soft, white, sterile, non-woven pad of poly-N-acetyl glucosamine fibres derived
from algae. It is attached to a foam backing and is marketed commercially in both the
United States and Australia as a sealing dressing for the femoral artery post angioplasty(283,
284). The glucosamine fibres induce vasoconstriction mediated via endothelin release and
activate plasma clotting proteins and platelets. Studies in cardiology patients demonstrate
its efficacy with only a 1.4-2% failure rate in >600 patients(285). Syvek has regulatory
approval for use in the United States and Australia in an external fashion only. Animal
studies on rat aorta have demonstrated that Syvek causes arterial vasoconstriction in the
presence of an intact endothelial layer. When this layer is removed, the vasoconstriction

effect is lost(286).

Evarrest is a fibrin sealant patch indicated for use with manual compression as an adjunct to
hemostasis for control of bleeding during adult liver surgery and soft tissue bleeding during
open retroperitoneal, intra-abdominal, pelvic, and non-cardiac thoracic surgery in adults

when control of bleeding by standard surgical methods of hemostasis (e.g., suture, ligature,
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cautery) is ineffective or impractical(287). The Patch consists of human fibrinogen and
human thrombin embedded in a flexible composite patch component. The patch is
absorbable. It contains 8.6 mg per square cm of human fibrinogen and 37.5 Units per square
cm of human thrombin. Upon contact with a bleeding wound surface, the biological
components embedded in the patch component are hydrated, and the subsequent
fibrinogen-thrombin reaction initiates the last step in the conversion of fibrinogen into fibrin
monomers that further polymerize to form a fibrin clot(287, 288). Hemostasis is achieved
when the formed fibrin clot integrates with the patch component and adheres to the wound
surface thus providing a physical barrier to bleeding. Evarrest has been shown to have a
statistically significant difference compared to usual standard of care in the proportion of
subjects achieving haemostasis at 4 minutes after identification of the target bleeding site
and randomization (82.5% versus 29.5% (p < 0.0001), with no re-bleeding requiring

treatment any time prior to the initiation of wound closure(287-291).

Evarrest patch(292)

Tachosil [Baxter]

Tachosil is a topical fibrin sealant patch (9.5x4.8cm) that consists of human fibrinogen and
human thrombin coated onto an equine-derived collagen sponge. The patch is absorbable

and contains human fibrinogen 3.6 to 7.4 mg (5.5 mg) per cm” and human thrombin 1.3 to
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2.7 Units (2.0 U) per cm?(291). It is thought that it works in a similar fashion to other
thrombin/fibrin patches by activation of fibrinogen into fibrin monomers with subsequent
polymerization into a clot and platelet activation. The fibrin polymers and platelet activation
lead to subsequent activation of the coagulation cascade with further adherence to the
wound surface via further thrombin mediated fibrin polymerization and conglutination of
the patch’s collagen matrix and the wound surface, forming a tight seal(293). The human
origin of the fibrinogen and thrombin mean a theoretical risk of CJD and B19 Parvovirus

however the donor blood is screened for these(294, 295).

Tachosil patch(292)

Tachosil is indicated for use in cardiac and hepatic surgery as an adjunct to haemostasis
where it is placed as a sheet upon the bleeding surface(291). The literature is replete with
case reports and small series of novel use. Several cardiac case studies report its use to seal
ventricular bleeding post infarction and rupture and at least one case of its use to seal a
high pressure ruptured coronary artery(296-299). It has also been trialed to prevent the
development of pericardial adhesions post cardiac surgery(300, 301), been used in swine
liver and spleen injury models(299, 302-304), gynaecological surgery for uterine wrapping
and myomectomy bleeding(305, 306), in renal artery aneurysm surgery(307, 308) and post

nephrectomy surgery(309, 310).
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Tachosil has also been used in neurosurgery in humans. A large case series at the University
of Helsinki retrospectively analysed the use of tachosil in 100 neurosurgical patients as both
a haemostat and as a dural sealant with a mean follow up of 4 months. Indications for
neurosurgery varied but included tumour surgery (53%), cerebral aneurysm (31%),
Arteriovenous malformation (4%) and cavernoma (4%). The remainder were spinal tumours
and chronic subdural haematoma(293). The authors describe its use in a number of settings
from stopping small arteriole bleeding to reinforcing suture lines as a dural sealant. The
most applicable from a haemostatic perspective was its use to repair the superior sagittal
sinus in vertex and parafalcine meningioma surgery. Conventional teaching is that the
anterior 1/3" of the sinus may be resected without neurological deficit occurring but that
resecting the posterior 2/3rds will result in venous infarction of the cortex and potentially
death(28, 115, 311). In this series, the authors describe laying the tachosil in strips cut to
size over dural defects when resecting meningiomas with a patent superior sagittal sinus.
There were no instances of post-operative haematoma resulting from this practice and no

evidence of thrombosis of the sinus as a result of its use(293).

The authors describe some technical points or nuances of relevance to endoscopic skull
base surgery. Firstly, wetting the tachosil prior to application made the patch too flaccid to
handle properly prior to application, especially down a narrow surgical corridor. Secondly,
the instrument used to apply the patch should be cleaned of blood as the patch tended to
stick to the instrument in such cases. This was a problem when withdrawing the instrument
as it occasionally pulled the patch off the bleeding point with further haemorrhage. To
obviate this, the authors covered the tachosil with fibrillar oxidized cellulose with good

results(293).
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Tachosil has been used in the treatment of type-A aortic dissections. A small case series of
12 patients from Germany describes a dual layer of tachosil being inserted between the two
layers of aortic dissection before a new aortic ring was sutured in place(312). This was
designed to ensure adhesion between the dissected layers and prevention of further
propagation of the dissection distally. There was no evidence of recanalization of the false
lumen once it had been treated with tachosil insertion and no evidence of neurological
impairment in the 10 survivors of the procedure and perioperative period. There were two
deaths — one of cardiac tamponade from suture line leak at day 29 and one patient who
awoke with hemiparesis, was sent to a neurological rehab facility and died 6 months post

the procedure from unknown causes(312).

Human aorta(A) with tachosil folded into the dissection(D,E)(312)

Tachosil is bound to equine collagen. Whilst the incidence of the development of antibodies
to the human fibrin and thrombin is less than 1%, a paper reporting the use of tachosil in a
hepatic haemorrhage model reported that the incidence of development of antibodies to

equine collagen was 26%(293, 313). This did not result in any known clinical harm. It does
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not appear to carry an increased risk of systemic or localized thromboembolic
complications(234). It is important to acknowledge that given the proposed trial of this
product on the carotid artery, which feeds the brain with its paucity of collateral flow, it

must be established that thromboembolism does not occur.

Crushed muscle as a haemostatic agent

Crushed muscle is currently considered to be the gold standard in haemostasis in the event
of carotid or large vessel injury in endoscopic surgery(120, 121, 145). It is postulated that a
mix of vessel spasm and activation of a fibrin/platelet plug results from the application of
this crushed muscle(314). A platelet aggregation study by Rajiv et al demonstrated
concentration-dependent aggregation of platelets increasing as the concentration increased

from 0.1mg/ml to 0.8mg/ml(145).

Other Agents

Other agents include sealants that have no effect on the coagulation system itself but rather
form a physical barrier to blood or cerebrospinal fluid. These include cyanoacrylate
absorbable sealant that polymerises on contact with tissues and glutaraldehyde bovine
albumin glue(315-317). Research has also been performed on systemic agents that may
influence the coagulation pathways. Tranexamic acid to prevent fibrinolysis and
recombinant factor VIl have been trialed however their use is generally more appropriate in
situations with systemic coagulation deficits and consumptive pathologies such as

disseminated intravascular coagulation in major trauma(318, 319).
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Schematic demonstrating the primary mechanism of action for commercially available
neurosurgical haemostatic agents from Yao et al (223)
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Table 2

Intra-operative haemostasis methods in neurcsurgery

Haemestasis method and examples*

Mechanisms of action

Comments

Mechanical compression
Bipolar cautery

Warm water irrigation

Absorbable gelatin sponges

W Gelfoam®

B Surgifoam® Absorbable Gelatin Sponge

W Spongostan™

W AviteneTM UltrafoamTM Caollagen Sponge

Microfibrillar collagens
W Avitene™ Flour MCH
W Instat®

Oxidized regenerated cellulose
W Surgicel®

Microporous polysaccharide hemospheres
W Arista®

Thrombin

W Used in conjunction with other
haemostatic agents like: Floseal®, Gelfoam
Aus®

Fibrin sealants
W Tisseel®

Fibrinogen and thrombin coated collagen

sponge
B Tachosil® patch

Gelatin-thrombin matrix sealant

W Physical barrier to bleeding
W Provides stasis to allow clot formation

W Spasm of vessel walls
W Dessication of tissue
B Thrombus formation

W Suggested mechanisms:

O Oedema of surrounding tissue — mechani-
cal compression

O Vasodilatation — decreasing intraluminal
pressure

W Physical barrier to bleed ing
W Providing stasis to allow clot formation

W Absorption of blood and fluids — swelling of
sponge - mechanical compression
B Stable site for clot formation

W Promates platelet aggregation and adhesion

W Reacts with blood to precipitate an artificial
coagulum
W Provide substrate for further clot formation

W Absorb fluid and small molecular blood
P - s platelets and
coagulation proteins on its surface and thereby
h fibrin clot fe th

W Catalyzes the conversion of fibrinogen to
fibrin

W Activates factor X1l to stabilize the clot
B Activates fibrinolysis inhibitor

W Action of thrombin as above with extrinsk
boost of fibrinogen, factor X11l

W Contains aprotinin which is a potent
antifibrinalytic

W Action of thrombin above with extrinsic boost
of fibrinogen
W Action of collagen sponge as above

W Gelatin component swells up to produce

W Conventional haemastasis method
B May damage delicate underlying and surrounding neural tissue
W May be difficult to apply insome procedures

W Often ad ly achieves h
B May place ad jacent neural tissue at risk of thermal injury

W Often used in diffuse cozing
W Can be used in conjunction with other haemostatic adjuncts

W Used to stop bone bleeding

W Can cause a range of adverse reactions including impaired bone
healing, allergic reaction and granuloma formation

W Preparation time: Ready to use out of the package

W Can swell and cause potential problems in confined spaces so excess
material should be removed after haemostasis achieved

W Preparation time: Ready to use out of the package

W Does not work in severe thrombocytopaenia

W Requires an intact coagulation cascade

W Can swell and cause potential problems in confined spaces so excess
material should be removed after haemostasis achieved

W Preparation time: Ready to use out of the package

B Thought to be bactericidal due to its acidic quality

W Can swell and cause potential problems in confined spaces so excess
material should be removed after haemostasis achieved

W Preparation time: Ready to use out of the package

B Requires an intact coagulation cascade

W Rapid degradation of haemostatic product as it is made from starch,
therefore cause less g inflammat ory reactions

W Preparation time: Ready to use out of the package

He adi

W Often used in junction with other h
B Acquired factor V antibodies may develop, which has potential to
cause life-threatening bleeding

B Risk is reduced with bi human th
W Preparation time: 30s to recorstitute thrombin in calcium chloride
solution

W Requires no bleeding for activation

W Does not rely on intrinsic coagulation cascade

W Primarily used in prevention and treatment of cerebrospinal fluid leak
in neurcsurgery

W Preparation time: Ifnot pre-thawed will require 5-12 minutes of thawing
in the sterile field

W Require no bleeding for activation

W Does not rely on intrinsic coagulation cascade

W Primarily used in prevention and treatment of cerebrospinal fluid leak
in neurcsurgery

W Preparation time: Ready to use out of package

W Less effective in fibrinogen deficiency

W Floseal® mechanical compression and platform for clot W Can swell and cause potential problems in confined spaces so excess
formation material should be removed after haemostasis achieved
W Action of thrombin above W Preparation time: 2 minutes
Gl Ide hyde/bovine albumi W Folymerises to form a firm adhesive bond W Used in prevention and treatment of cerebrospinal fluid leak in
W Bioglue® neuros:
W Preparation time: 30 seconds — 1 mimge
— = leading to.

* The manufacturer details of each producted: Arista® (Medafor, Minneapolis, MN, USA); Avitene™ Flour MCH (Davcol, Warwick, RI, USA); AviteneTM UltrafoamT™M
Collagen Sponge (Dawcdl); Bioglue® (Cryolife, Kennesaw, GA, USA); Floseal® (Baxter, Hayward, CA, USA); Gelfoam® (Baxter); Instat® (Ethicon, Somerville, NJ, USA);

Spongostan™ (Ethicon); Surgicel® (Ethicon); Surgifoam® Absorbable Gelatin Sponge (Ethicon); TachoSil® patch (Nycomed, Linz, Austria); Tisseel® (Baxter).

(223)

Cerebral thromboembolism

Any haemostatic agent placed directly on an open arterial injury runs the risk of becoming

an embolic phenomenon and lodging distally in the arterial tree. There are a number of case
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reports of foreign bodies becoming lodged in the cerebral vasculature, sometimes quite
delayed post the initial event(320, 321). The most common of these are high velocity
projectiles such as shotgun pellets(165, 322-324). These have caused a number of vascular
pathologies, the most common being strokes and fistulae(325). There are however, also
several reports of iatrogenic thromboembolism of hydrophilic polymer coating of vascular
stents, glues and cyano-acrylates that were intended for use in obliterating arteriovenous
malformations and aneurysms(326-328). These embolic phenomena have resulted in death

and histopathological examination at autopsy has revealed this embolised foreign material

completely occluding the cerebral vasculature(327).

Embolised hydrophilic polymer coating within the vasculature of the occipital lobe(327)
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There are also isolated case reports of venous air embolism associated with the use of
Floseal on superior sagittal sinus wounds(240). This are assumed rather than actually proven
events but it highlights a potential issue and the potential importance of a carrier matrix to
keep any thrombotic material localised to the area in which it is required. It is important to
note, however, that haemostatic agents such as fibrin/thrombin powders, gels and oxidised
cellulose are regularly used on bleeding vessels within the cerebral cortex with no evidence
of clinical ill-effects, distal embolism or stroke(229, 230, 329-333). It is important to ensure
that any new haemostatic agent does not embolise distally, especially to an organ that is

exquisitely reliant on continuous blood flow and has unreliable collateral circulation.

Synthetic Chemical Engineering in Haemostasis

As the coagulation and platelet activation and aggregation/clot formation pathways become
more clearly defined, synthetic agents are better able to be engineered to activate or
augment intrinsic mechanisms(334). The majority of them are derived from human or
animal (generally bovine or ovine) sources and consist of purified or refined forms of
substances such as thrombin and fibrin. These act as ‘additives’ to augment the patient’s
innate response. This is important as one of the rate limiting steps to haemostasis is delivery
of autologous components to the area involved and the consumption of these components

once they are incorporated into the platelet mesh and subsequent clot(318, 319).

These substances do, however, suffer from the disadvantage of a relatively short shelf life,
storage conditions that range from frozen to room temperature, and comparatively long
preparation times (2-10 minutes). There is also the theoretical risk of disease transmission

given their source, despite this being exceedingly low given that they are screened and, in
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the case of animal source, usually from a specifically bred and genetically-typed herd(201,
223, 225, 227, 230, 330). Seconds can count in major haemorrhage and tissue engineering
and biomaterials design work has been focussed on eliminating some of these storage and
preparation issues(334). The ideal haemostat would be stored at room temperature and be
able to be readily applied within a matter of seconds from its storage state without

activating substances needing to be added.

Qin et al have demonstrated an elegant potential solution to this problem. They have
covalently bonded thrombin-receptor-agonist-peptide-6 (TRAP-6) to a poly-vinyl alcohol
(PVA) hydrogel(334). Once platelets become activated, they express GPllbllla on their
surface to act as a binding site for fibrinogen. This activation is mediated by Protease
activated receptors 1 and 4 (PAR-1 and PAR-4)(335). Thrombin proteolytically cleaves the N-
terminal domain of PAR-1 to become a new N-terminal ligand domain, TRAP-6. This triggers
the signalling activation pathway for PAR-1(336-338). By covalently bonding TRAP-6 to PVA
hydrogel, the clotting time was reduced by 45% when compared to physiological clotting
time. It was also able to cause platelet activation as measured by multiplate analysis
whereas PVA itself had nil or negligible effect(334). Both these substances are able to be

stored at room temperature and humidity.
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Trap6-presenting Hydrogels
for Local Hemostasis

Mechanism of action of TRAP-6/PVA combination(334)

89



Hydrogels

Hydrogels are networks of polymer chains that are hydrophilic and high in water content
(usually >90%). They are very absorbent and flexible due to this water content. Hydrogels
form a net-like structure with multiple voids which increase their water carrying capacity.
An in-situ hydrogel is one which is liquid at room temperature but becomes a gel under
specific conditions, whether this is due to ionic-cross linking, temperature, or pH(339).
These hydrogels may act as a base material whose properties can be manipulated for a
desired effect. Gong et al, for example, developed a hydrogel polymer with antimicrobial
properties(340). This is due to the addition of a long lipophilic alkyl chain that penetrates
bacterial membranes and causes autolysis and cell death(340). Recent research has
focussed on the use of hydrogels as dressings promoting wound healing, as scaffolds for
drug delivery that are able to release their therapeutic drug load only under certain

physiological conditions, and as contact lense components(339, 341-343).

Lih et al combined chitosan with poly-ethylene-glycol which allows this to form an in situ
hydrogel(316). They then evaluated the adhesive strength and wound healing ability of this
hydrogel in vitro and in vivo in a mouse model of liver haemorrhage. With regard to
haemostasis in vivo, the hydrogel reduced blood loss by 2/3rds (154mg vs. 59mg)(316). The
in situ hydrogel gelated within 5 seconds and demonstrated an adhesive strength of 3-20
times that of a fibrin glue used as a comparator(316). This adhesiveness was thought to be
due to the interaction of positively charged amino groups of the chitosan with negatively
charged sialic acid residues on the mucus membrane of porcine skin used as the test

substance(316).
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Comparison of haemostatic ability in a rat liver injury model of hydrogel (a) and control (b)
with total blood loss after 3 minutes (316)

Original formulations of chitosan-based hydrogels suffered from the inability to gelate
quickly enough for use as a haemostatic agent. Nie et al have developed a chitosan/e-
polylysine hydrogel with a fast crosslinking rate by the addition of maleimide group that acts
as a peptide crosslink. The gelation time was reduced from 60 minutes to 15seconds +/-

3sec(344).

Behrens et al manufactured a N-(3-aminopropyl)methacrylamide hydrochloride (APM)
hydrogel that was dehydrated and formed into spheres(345). These were then mixed with
ovine blood. Their baseline size ranged from 500-1000 micrometers. Once mixed with
blood, they increased in size to 1400-2900 micrometers. This equated to a 1600% increase
in mass and a 1687% increase in volume. These particles were used on a mouse liver and tail
amputation model and resulted in a 300-500% decrease in blood loss. These particles

formed a macroscopically visible aggregate at any point of contact with bleeding(345).
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the hydrostatic particle group (345)

Photographs demonstrating the liver laceration (1) and (2), followed by gauze pressure over
hydrostatic particles (3) and post gauze removal (4) (345)

Wu et al developed a hydrogel based on RADA-16 (a well-described nano-peptide used as
an experimental haemostat in animal models). This was applied to an iliac crest defect and a

middle auricular artery laceration in rabbits. The hydrogel formed a “red jelly-like half-solid
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state” which formed a mesh with 100 nanometre pores(346). Blood loss in both
experimental injuries was significantly reduced (0.16g vs. 0.72g). A small amount of this
nano-peptide hydrogel was placed within the paravertebral musculature of rabbit. This was
then harvested at 2, 4 and 8 weeks. H&E staining revealed relatively little inflammatory

reaction with only a few foreign body giant cells identified(346).

24 .o
224 The untreated group

20 The peptide treated group
1.8 ]
16 ]

1.4
1.2
1.0
0.8 -

Blood loss (g)

06}
0.4

0.2 4
0.0

Firgt 5 minutes Last 5 minutes

Total 10 minutes

Blood loss of untreated controls and peptide study groups in Wu et al(346)

Whilst this hydrogel may be applicable and efficacious in smaller arterial injuries in animals,
this gel is unlikely to achieve haemostasis in a carotid injury in humans given the much

higher flows and pressures involved.

Kim et al developed a hydrogel with a dopamine poly-ethylene-glycol base which gelates at
human body temperature within a few seconds(347). This is based on the properties shown
by mussel adherent proteins that allow mussels to adhere to wet surfaces under a variety of
conditions with high binding strength. This was tested on a rat liver model of haemorrhage

and demonstrated an ability to significantly decrease blood loss (22.675mg vs. 71.16mg in
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the control group)(347). Again, this is in a low flow/low pressure model and it remains to be

seen if this has any applicability to higher flow/pressure bleeding in skull base surgery.

These experiments go some way towards validating the concept of engineering
‘haemostasis activators’ that can immediately be used to control bleeding. It remains to be
determined the effect that these substances will have on tissues and whether they provide
long term control. Further, animal studies will be required to not only examine their
efficacy, but to ensure that complications such thromboembolism, infection, intracellular

insoluble protein inclusion and pseudoaneurym do not occur.

Poly-N-acetyl Glucosamine (pGlcNAc) (Chitin/Chitosan) as a haemostatic agent

Poly-N-acetyl Glucosamine (pGIcNAc) is a carbohydrate polymer derived from animal, fungal
and algal sources. In its natural form, it is a major component of crustacean exoskeletons,
squid pens, the wings of insects, marine algae, or fungal mycelial mats(279, 348-350). It
consists of polymers in a crystalline form. These polymers are arranged in either parallel
lines (where they may be termed B-chitin) or antiparallel lines (where they may be termed
a-chitin) which are held together by a combination of van der Waal forces and hydrogen
bonds. They are able to be formed, via temperature variation and various solvents, into
nano-fibres measuring 60-100 micrometers in length and 20-80 nanometres in diameter.
The marine form, derived from microalgae, forms a beta-pleated sheet(350-353). The
exoskeleton and fungal forms are usually of a more complex form incorporating

deacetylated analogues and other proteins(354).
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Chitin is a heterogeneous mix of polymers with 10-20% N-acetyl residues and 80-90%
glucosamine residues(356). This heterogeneity poses a problem in utilising the pGIcNAc in
medical settings where standardisation and predictability of action is key. This problem can
be mitigated somewhat by combining chitin with alkaline substances such as sodium
hydroxide. This is termed ‘deacetylation’ and the resultant product is known as
chitosan(357). The form taken by chitosan varies depending on the degree of hydration, the

complexity of the original chitin mix, and the counter-ion mix(355, 358).

pGIcNAc has also been produced from microalgae sources. These are unique because the
polymer fibres are bound to each other by interchain hydrogen bonds in parallel structure.
These fibres have a diameter of 2-4 nanometres and are composed of approximately 80
polymers per fibre. They are able to be dissociated from their polymer form by hydrogen
bond breaking solvents and reassembled in an antiparallel fashion to form a sheet or

hydrogel(356).

In vitro studies
pGIcNAc is thought to increase red blood cell aggregation and endothelial-dependant
vasoconstriction. It has also been shown to activate platelets(200) and has an antimicrobial

action against a range of pathogens(200, 359-364). The beta-chitin form of pGIcNAc, with its
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parallel fibres derived from microalgae is more effective in tests of haemostasis than the
alpha-chitin form of pGIcNAc, which has antiparallel fibres(365). Deacetylation of chitin to
chitosan is thought to reduce its activation of the intrinsic coagulation pathway(356).

Studies have demonstrated less red cell agglutination and platelet aggregation(354).

Thatte and colleagues performed in vitro studies on alpha and beta forms of pGlcNAc and
demonstrated that contact with beta pGIcNAc caused total and irreversible activation of
platelets. P-selectin was expressed on the platelet surface and there was a morphological
shift in the platelets with pseudopodia demonstrated(366). The authors propose a three-
step activation mechanism(366)
1. pGlcNAc binds to immobilised plasma proteins such as fibrinogen and/or platelets
directly bind to pGIcNAc
2. Integrin-mediated platelet activation activated the intrinsic coagulation pathway via
Hageman activation factor (Factor Xll). This generates thrombin and forms a stable
clot. This clot is further stabilised by the tendency for platelets to aggregate on
pGIcNAc matrices and generate vasospastic substances such as thromboxane and
serotonin
3. Clot retraction via platelet mediators and local vasospasm accelerates wound

healing

Valeri and colleagues used thromboelastography to demonstrate platelet activation. A

mixture of platelet poor plasma, platelet rich plasma or platelet rich plasma with red cells to

a haematocrit of 20% was mixed with a pGIcNAc slurry. There was an increase in the
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production of thromboxane A2 by platelets, an increase in platelet Factor X and Annexin V

and increased platelet microparticles, all suggesting increased platelet activation(280).

Fischer et al performed a series of experiments to determine the mechanical events that
lead to platelet activation when exposed to algae-derived pGlcNAc. They identified the
plasma and surface proteins involved, the effect of integrin inhibitors and intrinsic
coagulation pathway turnover on fibrin polymerisation and the intracellular signalling
processes that activate platelets. Their conclusion was that the effect was multifactorial but
they did determine that GP1b, a platelet protein that ordinarily binds to von Willebrand’s
factor, binds strongly to the pGIcNAc fibres to prevent platelet shearing and allow further

binding to fibrin(194).

Follow up work by the same group using thromboelastography demonstrated that beta
pGIcNAc (marine algae source) accelerated fibrin polymerisation to the extent that it
negated the effect of GPllbllla inhibition. Blood treated with eptifibatide (a GPllbllla
inhibitor) inhibited platelet aggregation. When beta pGIcNAc fibres were added, this
inhibition was reversed. The kinetics of blood treated with aspirin or clopidogrel where
unchanged compared with normal blood when mixed with pGIcNAc fibres(354). The authors
suggest that the ability of pGIcNAc to reverse the GPllIbllla inhibition may be due to its
exposure to platelet phosphatidylserine which activates the intrinsic clotting mechanism to

produce thrombin and cross-linked fibrin polymers(192, 280, 354).
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pGIcNAc binds to platelets. The resultant rise in intracellular calcium results in phosphatidyl
serine being expressed on the platelet surface. There is also activation of peripheral platelet
factor Xl with activation of the intrinsic coagulation cascade(354)
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Scanning Electron Microscope photos of pGIcNAc products. The lowest right image shows
activated platelets adhering to a fibrin clot(356)
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Scanning electron microscope image of a Chitosan-based patch(syvek) covered in ovine
erythrocytes (Jukes unpublished data).
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Scanning electron microscope image of a Chitosan-based patch(syvek) covered in ovine
erythrocytes (Jukes unpublished data).
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Scanning electron microscope image of a Chitosan-based patch(syvek) covered in ovine
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Scanning electron image of beta-chitin synthesised as a haemostatic patch (Jukes
unpublished data)
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Scanning electron image of beta-chitin synthesise as a haemostatic patch (Jukes unpublished
data)

In vivo studies

Jegatheeswaran and colleagues performed in vivo experiments to determine the effect of
pGIcNAc- derived chitosan on haemostasis in an ovine hepatic injury(367). They performed
partial liver injuries and subsequently hepatectomies on pigs and demonstrated a non-
significant decrease in time to haemostasis when compared with manual pressure (control)
with a median time of 2 minutes less in the chitosan group(367). There was no significant

difference in haemodynamic parameters or blood loss volume.

Horio et al performed a similar experiment on liver injury in rats, comparing hydrogel-mixed
chitosan sponges to fibrin/thrombin patches (TachoComb)(368). They demonstrated no
difference in haemostatic efficacy between these groups in non-heparinised rats however
the chitosan sponges had a significantly higher haemostatic efficacy in the heparinised rats,
with all rats in this group achieving haemostasis within 5 minutes and all rats in the control

group exsanguinating(368).
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Brandenburg et all used liquid chitosan (2mg/ml) in the brain of cats to determine efficacy
and safety. Liquid chitosan was applied to a corticotomy 10mm wide and 5mm deep.
Haemostasis was achieved in an average time of 4 minutes and 10 seconds. There was no
increase in inflammation over and above that of controls in histological examination of the
specimens when brains were sectioned at 6-8 weeks post injury indicating that chitosan is
potentially safe for use in the central nervous system(369).

Chitosan is thought to increase granulation around wound sites. As it is broken down, it
depolymerises and releases N-acetyl-D-glucosamine which stimulates fibroblasts and
increases hyaluronic acid production at the wound site(355, 361, 370). This allows increased

delivery of oxygen to surrounding tissues and increased neutrophil activation(200).

Chitin/Poly-N-acetyl glucosamine allergies

Given pGlcNAc is derived from crustaceans/molluscs/shellfish, it is important to ensure that
it does not result in allergic reactions in those patients susceptible to this. The true
incidence of shellfish allergy is unknown but population studies have placed it somewhere in
the range of 0.5%-3.8%(371). Reactions vary from the potentially life-threatening
anaphylaxis to mild skin reactions. There are over 50,000 different species of shellfish and
over 100,000 species of molluscs described(371). The precise allergen is often difficult to
determine and further testing is rarely performed. Once a shellfish allergy has been
diagnosed, the advice is often simply to avoid the entire shellfish family(371-373). There are
several individual allergens that have been identified including Tropomyosin (TM), arginine
kinase (AK), myosin light chain (MLC), and a calcium-binding sarcoplasmic protein (SCP).
Chitin itself, in purified form, is not generally considered immunogenic when not associated
with these proteins(374). It is important to note that chitin in vivo in shellfish, molluscs and
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fungi is part of a complex structure and not found in a purified form. It is generally
covalently linked to proteins and, in fungi, linked to glucans. This is very different to the

regulated and highly associated structure of purified chitin used in vitro(362).

Chitin is known to be involved in host tissue responses to allergy(374, 375). Workers in
shellfish processing plants are known to have higher levels of allergy and ‘shellfish asthma’
is a recognised disease by the centre for disease control with a prevalence of 2-36%(376).
These workers are also known to have a higher level of allergy to mites and insects, likely
reflecting the homogeneity of the protein structures in their shells(376). There is some
evidence that the chitin in fungal cell walls induces a T-helper cell type 2 (Th2) response and
this has been hypothesised to contribute to chronic rhinosinusitis however this is not yet

definitively established(377).

Reese et al demonstrated chitin accumulation in IL-4 cells involved in macrophage activation
— essentially acting as a co-factor for activation and non-specific tagging of pathogens(374).
It is also known to be a strong Th1 cell adjuvant in inducing mycobacterium immunity(362).
Chitin, when introduced into the lungs of mice, causes an allergic response with both
basophil and eosinophil migration within 6 hours and upregulation of the gene coding for an
enzyme that breaks down chitin (chitinase)(374). There is, however, some conflicting
evidence that chitin itself may actually down-regulate adaptive type 2 allergic responses to
subsequent allergens and be beneficial in humans(378). Chitin fibres introduced into the
sinuses have been shown to decrease the host response to the lipopolysaccharide from

Enterobacter agglomerans. This may result in a trend towards less rhinorrhoea however the
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difference in the literature is thus far non-significant(378). In studies of quantitative
measures of circulating inflammatory cells, the presence of chitin in the spleen reduces
expression of allergen-associated interleukins IL-4, IL-5 and 1L-10(362, 379, 380).

Mechanisms of allergic and nonallergic inflammartion
in seafood exposed individuals
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Allergy mechanism via IgE mediated mast cell degranulation in response to environmental
allergens(376)

From the point of view of drug design and biomaterials modification, there has not been a
reported case of allergic reaction to purified chitin/chitosan in either humans or animals, no
matter what the method of administration(362, 373, 381). Muzarelli, in a review of marine
drugs derived from chitin makes the assertion that “it is concluded that crab, shrimp, prawn
and lobster chitins, as well as chitosans of all grades, once purified, should not be considered
as "crustacean derivatives", because the isolation procedures have removed proteins, fats
and other contaminants to such an extent as to allow them to be classified as chemicals

regardless of their origin.”(362). Once chitin has been deacetylated to chitosan or fully
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depolymerized to pGIcNAc, these new structures have their own composition and

characteristics that mean they may be safe to use in patients with shellfish allergies(362).

Peptides in Medicine

Nanomedicine

Nanomedicine was defined in 1983 as “the ability to influence, in a positive or negative way,
any process, cell or organ, to maintain function; in other words, to stop loss, maintain
function, or increase function” and refers specifically to work on structures that are <100nm
in size (382). The challenges that this poses are immense and involve controlling structures
on an atomic scale(383). Given many disease processes involve damage to cell structures,
the ability to administer a substance that either provides a scaffold for ordered cellular
regeneration or delivers growth factors that stimulate such recovery is attractive, especially
if this scaffold were comprised of materials that were able to be broken down without

causing long term damage once their function had expired(383, 384).

Peptides in the context of nano-medicine are amino acid chains that are amenable to self-
assembly into a 3-dimensional structure — that is, they form secondary structures according
to their amino acid sequence under certain external conditions(365, 383). They are, as Loo
et all have pointed out, “versatile building blocks for fabricating supramolecular
architectures”(365). The development of these has come about through increased
understanding of the protein chains found in naturally occurring substances. Peptide self-
assembly is a complex interaction of forces including hydrogen bonding, ionic forces,

hydrophobic forces, van der Waals interactions, and electrostatic forces(365). Proposed
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uses for these peptides include drug delivery, scaffold sheaths for neural redevelopment,

and, importantly, haemostasis.

NB: (Van der Waals forces are the residual attractive or repulsive forces between atomic
groups or molecules that are not explained by covalent bonds or electrostatic forces. These
forces are anisotropic i.e. they depend on the relative orientation of the molecules. They are
also dependent on the size of the bodies. These forces can be seen in nature, with the van
der Waal’s forces between the filaments of hair on Gecko’s feet and the surface upon which

they are standing accounting for their adhesion to such a surface)(385-387).

Self-assembling peptides have been demonstrated to form ‘gel in situ’ in response to
specific stimuli. Studies have demonstrated that it is possible to insert a bioactive drug into
the peptide mix by gelation and form a scaffold. The porous nature of this scaffold can be
modulated to affect the rate of drug delivery by altering peptide density(365, 388). These
are generally formed into beta-pleated (B-pleated) sheets. The advantage to this method of
drug delivery is that amalgamation into a protein sheet renders the drug less susceptible to
metabolic processes within the body and allows it to be delivered unaltered to the site of

action(387).

NB: A pB-pleated sheet is comprised of chains of amino acids (8-10 amino acids long) known
as strands. These are connected laterally by hydrogen bonds (generally 2-3 bonds per
strand). Together, these form a twisted sheet of protein chains. These can be synthesised
artificially and are analogous to the B-pleated sheets found in Alzheimer’s disease, which
exert a pathological effect by their insoluble nature and subsequent plaque formation(365).
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Loo et al defined the ideal biological scaffold as meeting the following criteria(365)

“1. The basic building blocks should be derived from biological sources, namely, amino acids,
lipids, nucleic acids, and sugars

2. Basic units should be amenable to design and modification at the single molecular level to
achieve specific needs

3. The scaffolds should exhibit a controlled rate of material biodegradation

4. The materials should have no cytotoxicity

5. They promote cell-substrate interactions

6. The materials afford economically scale up and reproducible material production,
purification, processing and long-term storage

7. The materials should be readily transportable

8. They should be chemically compatible with aqueous solutions and physiological conditions
9. They do not elicit immune responses and inflammation when used in human species

10. The materials should integrate with other materials and especially tissue in the body”

Self-assembling peptides have been described as haemostatic agents(389, 390), as adjuncts
to ophthalmological surgeries (such as corneal endothelial stem cell transplantation) and as
a self-assembling peptide to provide a scaffold or bridge for axonal regeneration in optic
nerve reconnection(383). A peptide chain self-assembled into a B-pleated sheet named
RADA16 has been used to deliver epidermal growth factor to increase the rate of wound
healing and insulin-like growth factor, platelet-derived growth factor and stromal cell-
derived growth factor-1 to post-infarction myocardium(365). These hydrogels allow the

delivery of bioactive molecules to direct to areas that they are required whilst protecting
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them from degradation in systemic circulation. Ellis-Behnke’s group has also demonstrated
the ability to use these nanofibre scaffolds to repair hamster brain lesions by allowing nerve
fibres to reconnect post severance(391, 392). This is analogous to the role played by myelin
sheaths in neural protection and redirection(392). Theories have also been advanced in the
field of cancer medicine that nanostructures could change the extracellular matrix that
facilitates cancer metastasis and ensure malignancy remains localised(393). When applied
to drug delivery, nanobiotechnology may solve the problem of permeation through cell
membranes. At less than 10nm, particles within the human body can be thought of as
having “infinite permeability”(383). This might allow topical delivery of a therapeutic

molecule if bound to these particles.

Nano-haemostats

‘Nano-haemostat’ refers to an amino acid chain forming a self-assembling peptide that is
used as a scaffold for haemostasis, potentially trapping endogenous coagulation factors
around the site of bleeding. There are multiple different types and formulations described
but they common features are that they comprise a dissolvable L-amino acid chain that
does not interfere with cellular pathways or promote or inhibit signaling and that is broken
down via the body’s natural peptidases and enzymes to constituent amino acids after its
primary role has been performed(389). There are a number of studies demonstrating almost
immediate haemostasis in small animal models without activation of the coagulation
cascade. This has been demonstrated on mammalian brain, spinal cord, liver, kidney,
femoral artery and skin.(379, 389, 390, 394). These solutions have been demonstrated to

breakdown via natural enzymatic processes and are non-immunogenic and nontoxic(383). In
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addition, the breakdown products are amino acids that may be used for subsequent tissue

repair(383, 389).

Peptide ‘ Small Peptide

Peptide scaffold

_molecules assembly )7 nanofibers

Representation of stages of self-assembling peptide forming a scaffold(395)

The ideal haemostatic agent has previously been described as having 5 qualities; it must be
safe, efficacious, easy to use, low cost, and able to undergo regulatory approval for human
use(389). When applied specifically to the problem of bleeding in endoscopic surgery, it
must be able to conform to irregular cavities, not interfere with or obstruct the surgical
field, and not damage surrounding structures, either through thermal or chemical injury or

through expansion and pressure injury to nerves or vessels(284, 396, 397).

Current methods of haemostasis used in carotid artery injury in the endoscopic surgical field
(including muscle patches(117-121), Floseal, tisseal, thrombin with gelatin(223, 398), and
haemostatic clips (anastoclip)(121, 122)) meet some of these requirements. Whilst these
have been proven to be efficacious, they all have their limitations. There can be some delay
in harvesting a muscle patch and it is partially dependent on platelet activation as part of its
mechanism of action(121). Floseal and tisseal have been shown to wash out of the surgical
field rapidly in the case of torrential haemorrhage(117-120). Anastoclip can be difficult to

apply in situations with a tear in an artery at the lateral extremity of the field(122).
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Nano-haemostat appears to form a scaffold around bleeding vessels independent of any
coagulation or platelet pathway(394, 399, 400). Previous research in a rat model has shown
that not only does it stop bleeding, but that this scaffold is then broken down into
constitute amino acids(384). It also has the advantage of being a liquid and is thus more
able to conform to irregular-shaped cavities. It does not appear to provoke an immune
response. These peptide chains have been shown to work best as a haemostatic agent when
comprised of amino acids of the same chirality. Alternating chirality gave bleeding times up

to 8 times longer in a rat liver haemorrhage model(400).

Nano-haemostat is applied in liquid form when first mixed before gelating around the
bleeding structure. Whilst it has been proven to be successful in a small animal model of
vessel injury, this may not hold true in larger animal/human models where pressures may
be many times that of smaller animals(332, 390, 398, 401). This pressure may wash the
haemostat away from its site of action before it can take effect. The optimal delivery
method and amount will need to be determined. Further, the liquid may need to be either
impregnated in, or held on by a patty or similar. This may remove the advantage of having a

clear liquid haemostat, at least in the immediate phase of application(402).

Safety studies will also be needed if nano-haemostat is to be used in the central nervous
system. The build-up of abnormal proteins within the central nervous system is pathological
and the basis for the development of diseases such as dementias and prion diseases. It
would be incumbent upon designers of nano-haemostats to ensure that their solution is
adequately broken down by the body’s enzymatic processes and is not trapped in insoluble

form within neurons or astrocyte.
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There are thus many questions to answer before nano-haemostat technology can be utilized
in skull base surgery.
e Which formula is best and why?
e What rate of flow can it stop?
e Does it need to be impregnated in a carrier?
e Does it preserve vessel lumen patency and thus allow distal brain perfusion?
e Does the scaffold last long enough for more permanent healing to occur?
e Do pseudo-aneurysms form after its use?
e Are there long-term effects on the brain — i.e. what happens to the breakdown
products?
e Does any nano-haemostat remain on the vessel wall over time?
e Has re-epithelialisation of the vessel wall taken place?
e Isthe vessel patent?
e Has there been pseudo-aneurysm formation?
e Do surrounding neurons/glial cells contain any evidence of abnormal protein
inclusions?

e Isthere evidence of distal embolic phenomena?

Several studies have looked at the role these self-assembling peptides may play in
haemostasis(389, 390, 400, 403). A putative rational for these nano-peptide scaffolds is that

they may provide a complex framework analogous to this mesh of platelets and leukocytes
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to allow endogenous coagulation a more stable foundation. Evidence to support this
hypothesis that nano-peptides in haemostasis provide more than a simple physical barrier

comes from studies looking at peptide d-EAK16 by Luo et al(400).

Self-assembly of d-EAK16 was timed in a pure water solution and in a living animal model
(rabbit liver). It took ~16 hours for d-EAK16 to self-assemble in water but ~20 seconds to
self- assemble and control haemorrhage in bleeding(400). The authors conclude that ions,
proteins, enzymes and “other factors” in blood work cooperatively to cause haemostasis.
Their rationale is that normal haemostasis occurs when there is a high concentration of
clotting factors held within a localised area whereas the same gross number of coagulation
components would be ineffective if spread out over a larger area. A solution of d-EAK16 is
thought to be triggered by Na+, Cu2+, K+, Mg+, Ca+, Fe3+ and Zn2+ to form a stable B
pleated sheet in which endogenous coagulation factors become trapped and undergo
activation in the usual fashion. This B pleated sheet however is not the final form the nano-
peptide takes. Rather the sheets combine to form short and then long nanofibres which

may then form ‘tight junctions’ impervious to liquids.

Wu et al performed a study to determine the haemostatic efficacy of RADA-16 in a rabbit
model of bone bleeding using an ilium bone defect. 4mm bony defects were created which
were filled with RADA-16, bone wax or saline. Whilst the RADA-16 and bone wax were
comparable in terms of haemostatic efficacy, the RADA-16 permitted significant new
osteogenic activity as opposed to the bone wax, which impaired new bone formation. The
authors concluded that nanofibre hydrogel did not impair osteogenesis and allowed

increased formation of new bone(346).
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Ellis-Behnke and Colleagues performed several small animal experiments using RADA-16 1%
weight/volume on brain, spinal cord, liver and femoral artery bleeds in rat models(389). The
demonstrated that compared with iced saline, RADA-16 was capable of forming a gel that
caused total bleeding cessation in under 15 seconds. They also demonstrated no evidence
of neurofibrillary tangles in the brains of animals recovered out to 6 months post application

of RADA-16(389).

ACS5 is a proprietary, synthetic, nano-haemostat formulation(404). Currently in the initial
phases of human trials, AC5 addresses the potential for haemostasis in context of
anticoagulation(390). In a liver punch biopsy model in rats(390), AC5 achieved haemostasis
to the same pre-determined degree in heparinized and non-heparinized rats with a 94%
reduction in time to haemostasis compared to saline controls(390). A Full thickness 4mm
punch biopsy to ventral liver was created to give a non-compressible wound. The core was
then filled with 200 microliters of AC5-H or AC5-L or saline as control. Activated clotting
time (ACT) and partial thromboplastin time (aPTT) were taken from animals. Animals were
euthanized if time to haemostasis was >1500sec. Animals were not recovered post

procedure. Histology showed that RBC surrounding the AC5 did not change shape(390).

Safety of nanopeptides in the central nervous system

RADA-16 is a self-assembling peptide of ionic hydrophilic and hydrophobic amino acids. It is
5 nanometers in length(384). It forms stable beta-pleated sheet structures which turn into
hydrogels. Sang et al performed a study in which they divided 20 rats in 4 groups — (1)
Intracerebral haemorrhage (ICH) without aspiration, (2) ICH with aspiration, (3) ICH with

aspiration and saline and (4) ICH with aspiration and RADA-16 injection.
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ICH was created via intrastriatal injection of collagenase. 210 mins later, the haematoma
was aspirated and 20 microliters of saline or RADA-16 was injected into the ICH cavity.
Differences in haematoma volume in aspiration vs saline vs RADA-16 group were not
significant. Aspiration with injection of RADA-16 significantly reduced inflammatory cells in
surrounding cortex on histological examination. There was a reduction in brain oedema,
peri-haematoma apoptosis and inflammatory reaction in the RADA-16 group. The authors
concluded that self-assembling peptide attenuated brain injury, enhanced functional
recovery and reduced cavity volume(384). This reduction in secondary brain injury is
thought to come about by decreasing the leakage of serum proteins into the surrounding
parenchyma. Histology showed tight contact between self-assembling peptide and the
cavity wall(384). More work is required to validate this concept in both the acute and
chronic phases of brain inflammatory reactions. The longer-term effects of the breakdown

of this nano-haemostat over months to years have not yet been studied.

Histology of brain response to ischaemia and foreign bodies

Histologically, ischaemic or toxic changes in the brain follow a predictable time course. With
regard to neuronal reaction, ‘red neurons’ appear. These occur within 12-24 hours and are
visual morphological markers of cell death. They include shrinkage of the cell body, pyknosis
of the nucleus, disappearance of the nucleolus and loss of nissl substance. There is an
eosinophilic appearance to the cell(405). Glial cells eventually undergo gliotic change, swell,
develop pale cytoplasm and prominent nucleoli. Microglia are phagocytic cells within the
brain which proliferate and form aggregates around damaged neurons and astrocytes. They

may be accompanied by blood-derived macrophages in areas of toxic damage(405, 406).
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Molecular mediators of responses to cell damage peak at different times post injury.
Neutrophils are maximally seen at approximately 1 day post injury whilst monocytes, T-Cells
and dendritic cells are found in maximal numbers at approximately 3 days post injury(407).
The inflammatory reaction is generally full resolved by 10 days post injury and more chronic

changes become apparent(408).

Histological examination allows identification of the acute inflammatory response that
occurs as a reaction to foreign body exposure. It is essential to demonstrate that there is
minimal inflammatory reaction to any haemostatic product that is to be placed within the
central nervous system. The cortex is uniquely sensitive to damage and, given the limits of

regenerative capacity and neural plasticity, any inflammation should be avoided.
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Time course of cellular response to traumatic brain injury(407)
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It appears that the inflammatory reaction within the CNS commences early in <6 hours and
that there is a variation in the time course of peak numbers of inflammatory cell. These
studies would appear to indicate that in order to determine the inflammatory response to
foreign body haemostats, tissue should ideally be collected between 1 and 4 days post

injury to see maximum inflammation.

Detrimental Effects of Bleeding Elsewhere in the Central Nervous System

Post-Laminectomy Adhesions

Laminectomy is a neurosurgical procedure commonly performed for spinal stenosis with
claudicant leg pain, to decompress nerve roots impinged upon by bone, and to access the
spinal cord to operate on intra and extradural pathology(409-411). This can be performed at
any level with minor variations however the general workflow is thus: The patient is placed
prone on blocks or on a Jackson spinal table after induction of general anaesthesia. After
prepping and draping, a linear incision is made in the skin and dissection through adipose
tissue to the lumbar fascia is made. The paraspinal multifidius and longissimus muscles are
dissected off the spinous processes and held out to the width of the facet joints with the aid
of retractors. Rongeurs and drill are used to remove the spinous processes and lamina. The
ligamentum flavum is then exposed and removed, generally with a kerrison punch. This
exposes the thecal sac. From here the operation varies depending on pathology. On closing,
haemostasis is achieved in the field and the paraspinal muscles reapproximated with
sutures. The lumbar fascia is closed and the extrafascial space obliterated with sutures. The
skin and subcutaneous tissues are then closed. Patients are then recovered and, generally,

ambulate as tolerated immediately. Published rates for reoperation and revision lumbar
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laminectomy vary widely but range from 6-19%(412). This can be for a number of
indications including early revision and washout for infection, progressive deformity and
spondylosis, adjacent segment disease and recurrence of the pathology that prompted the

initial laminectomy (tethered cord, malignancy etc)(409, 413-417).
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Posterior view of lumbar spine with spinous processes and lamina removed — section
through pedicles (A) and axial section of lumbar spine with dorsal aspect most superior
(B)(418)

Post-surgery adhesions and pain

There are a significant number of patients who develop back pain post laminectomy
surgery(419-421). This is sometimes termed ‘Failed back syndrome’ (FBS) or Failed back
surgery syndrome (FBSS). FBS is a chronic pain syndrome that occurs after spinal surgery. It
may include leg or back pain, or a combination of both(413). Adhesions may play a role in
this although the overall syndrome is thought to be complex and multifactorial with a
number of biological, social, pathophysiological and legal factors at play(413). These

adhesions prevent the spine, thecal sac and nerve roots from moving freely along with
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biomechanical movement of the entire body. There is likely also a component of chronic
biochemical inflammation and phospholipase A2 has been implicated in the development of
this(422-426). The incidence of FBS ranges from 5-60% across case series(413, 427). It is
difficult to quantify the exact cost of FBS or disabling pain post spine surgery however the
resulting disability has been rated as higher than that of rheumatoid arthritis using the
Oswestry disability index(428). The burden of disease is economic, social, psychological and
physical. Current treatment strategies range from cognitive behavioral therapy to spinal
cord stimulators(413, 429, 430). Part of the aetiology is thought to be due to the formation
of adhesions post-operatively with consequent tension on nerve roots and pain

generation(420, 431).

No matter what form of haemostatic technique (or combination of techniques) used, a post-
operative haematoma forms over the thecal sac. This is then invaded by fibroblasts from
adjacent muscle(420, 432, 433). These fibroblasts encourage the formation of adhesions. As
patients mobilise, tension is placed upon nerve roots, facet joints and the surrounding
tissues. This sensation is interpreted as pain(413). This adhesion work was first
demonstrated in a canine model by LaRocca and McNab in 1974(434). They demonstrated
the progression of immediate post-operative haematoma through stages of fibroblast
invasion and subsequent formation of a ‘laminectomy membrane’, which consisted of a
fibrous scar covering the surface of the thecal sac and extending some way out over the
nerve roots. These nerve roots, dorsal ganglion and facet joints all have sensory
innervation(418, 435, 436). Further studies have implicated platelet derived growth factor
(PDGF) which may attract proliferation myofibroblasts to the area and possible defects in

the fibrinolytic pathway(432).
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Histology demonstrating mild, moderate, and severe fibrosis of the epidural sac in a rat
model(437)

Photo of decalcified histological section through sheep laminectomy site showing dense
adhesion of muscle to dura (arrow)(433).

Adhesions are also a concern in other areas of neurosurgery. Decompressive craniectomy
for indications such as trauma, ischaemic and haemorrhagic stroke generally requires a wide
dural opening(438-441). Some authors advocate using a pericranial graft at the time of
operation whilst others use a synthetic graft to prevent periosteum and scalp flap from
adhering to the brain and causing subsequent injury whilst raising the flap during
cranioplasty(442). There is evidence that there is a higher infection rate with these synthetic
materials(442). This is especially relevant in the setting of decompressive craniectomy as

there is often gross tissue contamination of these wounds from the initial trauma. There is
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also potentially an increased risk of the development of early (<48hrs) post-operative
haematoma of up to 18%(442). Interestingly, postulated reasons for this include that the
lack of adhesions between brain cortex and scalp flap leads to the development of a
potential space for haematoma formation(442). The hunt for anti-adhesion agents has led
to the development of a number of compounds and animal models(443-445). There are 5
potential ways in which this can be achieved(446).

1. Control the inflammatory reaction

2. Prevent clotting of inflammatory exudates that have already formed

3. Removal of fibrin deposit

4. Barriers to mechanically separate dura and clot

5. Inhibition of fibroblastic reaction
Adhesions are generally measured using the ‘strip test’ in which qualitative, blinded
assessment is performed post mortem by measuring the resistance to separation of the
tissue in question and its surrounding structures such as dura removal from paraspinal

musculature and vertebra(433).

Score Epidural Adhesion Formation
extent of adhesion
0 no epidural scar
1 minimal, as much as 25% of the length of the dorsal dura

involved in scar formation
2 moderate, from 26 to 75% of dorsal dura involved in scar

formation
3 marked, >76% of the length of the dorsal dura involved in
scar formation
density of adhesion
0 no epidural scar
1 throughout length of adhesion, most connective tissue

scant and poorly organized

2 scar more organized than Score 1, most of scar still
composed of loosely arranged connective fissue stroma
throughout its length

3 scar more organized than Score 2, throughout length of
scar most connective tissue dense and organized con-
nective fissue

Qualitative scoring system to evaluate the extent of adhesion formation in the epidural
space. (443)
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Commercial Dural Sealants

There are a number of topical patches for dural repair currently commercially available.
These include thrombin-based, cellulose sheets, fibrin gels, hydrogels and combinations of
these(201, 223, 226, 230, 330, 333, 447, 448). There are also gels that act as physical
barriers and dural substitutes that have been developed, a number of which are also

commercially available(421, 449-451).

Duragen is a semi-synthetic collagen matrix sourced from bovine Achilles tendon(452). It is
subsequently purified to minimise the risk of foreign body granulomatous reaction. It is
provided in multiple patch sizes and used as a dural substitute when the dura is unable to
be closed primarily. It is postulated to work as a dural repair matrix providing a scaffold for
fibroblast infiltration and then being broken down at a rate comparable to endogenous
tissue formation with decreased adhesion to pia and arachnoid(452, 453). Studies have
demonstrated mixed results. Whilst studies of its use on spinal patients post tumour
resection have demonstrated decreased incidence of spinal adhesions and CSF leaks(452-
455), an Ovine study demonstrated increased adhesion to brain cortex when compared with
bilayered collagen matrix or periosteum. In all studies, however, there was fibroblast

invasion into the duragen within 1 month and complete integration after 6 months(456).
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Diagram of duragen matrix placed over the dura exposed in a laminectomy(452)
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Durepair [Medtronic]

Durepair [Medtronic] matrix consists of both Type | and Type Il foetal bovine collagen that
undergoes purification to remove the cellular components. The collagen fibres form a highly
porous matrix with 10-100 micron pores. This matrix is a scaffold for the ingrowth of
fibroblasts and blood vessels. It is used as a dural ‘onlay’ graft but is also able to be
sutured(458, 459). Canine studies have demonstrated that durepair maintains its structural
integrity as a barrier to CSF at 6 months and, at that time, histological examination shows

infiltration of fibroblasts into the graft(457).

Durepair as onlay and sutured in a canine model of dura repair(457)

Duraseal [Medtronic]
Duraseal [Medtronic] is a polyethylene glycol-based gel that acts as a synthetic fibrosis
inhibitor. It is composed of a polyethylene glycol (PEG) ester solution and a trilysine amine

solution. When mixed together, the precursors cross link to form the hydrogel sealant(246,
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315, 460). The hydrogel implant is absorbed in approximately 4 to 8 weeks and renally
excreted. Prospective, randomized controlled studies of patients undergoing elective
microdiscectomies have demonstrated reductions in pain scores at 30, 90 and 180 days in

patients who were treated with duraseal versus controls(460).

Topical Steroids

Steroid medications, such as budesonide and dexamethasone, target the nuclear membrane
receptors to affect DNA transcription(461). Although they have a multitude of mechanisms
of action that work synergistically, the overall effect is to reduce inflammation. They
prevent leukocyte migration to areas of inflammation or injury(462). Budesonide is
approved for inhalant use in chronic obstructive airways disease in Australia(463, 464).

Budesonide:

e Controls the rate of protein synthesis.

e Depresses the migration of polymorphonuclear leukocytes and fibroblasts.

e Reverses capillary permeability and lysosomal stabilization at the cellular level to
prevent or control inflammation.

e Has a potent glucocorticoid activity and weak mineralocorticoid activity.

Chen et al have developed an injectable hydrogel that they combined with dexamethasone
for the prevention of epidural adhesions in rats(465). Their rationale was that by interposing
a barrier between the thecal sac and the overlying soft tissue, scarring and adhesions would

be reduced. The addition of anti-inflammatory steroid (dexamethasone) was postulated to
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contribute further the adhesion reduction. Dexamethasone was suspended within hydrogel.
This gel was formulated to form a non-flowing gel at body temperature. This is known as a
‘thermal reversal’ gel. Rats underwent a laminectomy and were randomised to five groups.
(1) saline control; (2) placement of the hydrogel mixture; (3) 1mg/ml
dexamethasone/hydrogel; (4) 2mg/ml  dexamethasone/hydrogel; (5) 4mg/ml
dexamethasone hydrogel. After 4 weeks, animals were sacrificed and the amount of
adhesions quantified in 2 ways. A single rat in each group underwent re-exposure of the
laminectomy site and the difficulty in re-exposure and inflammation in the surrounding
tissues was scored. The remaining rats underwent histological examination and were scored
for fibroblast and blood vessel density and extent of adhesions. This adhesion quantification
used a scoring system adapted from He et al whereby 0=no scar tissue, 1=small fibrous
bands, 2- continuous adherence in less than 2/3rds exposed area, 3-adherence greater than

2/3rds or extends to nerve roots(461).
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Representation of Chen et al’s study demonstrating the laminectomy cuts, the placement of
the hydrogel with dexamethasone and the epidural scar formation(465)

The study demonstrated a significant decrease in adhesions with the hydrogel barrier but
that there was not a reliably significant decrease in adhesions with the addition of
dexamethasone, nor was this dose dependant. This significant reduction in adhesions was
only seen in the 2mg/ml dexamethasone concentration cohort. The authors attribute this to
the possibility that the drug is not uniformly released from the hydrogel. The study did,
however demonstrate that there was no evidence of haematotoxicity from the hydrogel or
its breakdown products(465). This study would seem to at least partially confirm the theory
that the migration of pro-inflammatory cells and direct contact of paraspinal tissue with the
thecal sac results in adhesions and that a physical barrier to this may inhibit adhesion

formation. It also provides some evidence for the use of anti-inflammatory medications in
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this barrier but there is conflicting evidence regarding dose and the issue of medication
release from the barrier medium is one that requires further study. Ultimately this may be

due to the mix of lipophilic steroid with a hydrophilic hydrogel.
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Deferiprone

Deferiprone is an iron chelator used in the treatment of thalassaemia major(466-468). It is
an oral iron chelator that binds to iron in a 3:1 ratio. This binding acts to reduce total body
iron in conditions such as thalassaemia where total iron is increased(469). Deferiprone
complexed to iron is excreted renally. Iron is chelated from a number of sources within the
body, including ferritin, transferrin, hepatocellular iron and abnormal intra-erythrocyte
deposits(466). Deferiprone has also been shown to inhibit several cell lineages in vitro,

especially myeloid precursors and may induce myelosuppression(466).

The theoretical framework for the use of deferiprone to prevent adhesions stems from its
ability to inhibit free-radical formation. Hydroxyl radicals are liberated by free iron in
vivo(470, 471). These hydroxyl radicals are toxic to tissues. Experimental induction of free
radical damage to hepatocytes by exposure to hydrogen peroxide has been shown to be
reduced by concurrent exposure of deferiprone 1mmol/L(472). It has also been shown to
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prevent the oxidative damage from low density lipoprotein oxidation to blood vessels in rats
and protect against reperfusion injury in rat hearts(473), possibly through the inhibition of
free-radical formation, however human trials of these agents have no efficacy in the

prevention or treatment of coronary heart disease(474, 475).

Kartikasari and colleagues demonstrated that monocyte adhesion to damaged endothelium
is modulated by iron loading in these monocytes(470, 471). This iron is thought to
upregulate chemokine receptors facilitating chemotactic protein-dependant trans-
endothelial migration(470, 471). If the iron was chelated and the monocytes ‘unloaded’ of
their iron, this migration and adhesion was blocked. Iron may therefore play a role in

inflammation via modulating the movement of pro-inflammatory cells(471).

Deferiprone has also been trialled as an antibacterial agent in staphylococcus biofilms.
Staphylococcus requires iron and sequesters it from its host(476). Exposure of
staphylococcus biofilms to deferiprone results in a dose-dependent reduction of biofilms in
vitro. This was enhanced by subsequent exposure to gallium protoporphyrin, a non-iron
metalloporphyrin which acts as a haem analogue and is taken up by the staphylococcus in
its search for iron. Once internalised, it interferes with cellular pathways in both the

cytoplasm and the cellular membrane(476).

Given adhesion formation post-surgery is the result of inflammatory free-radical formation
and the migration of pro-inflammatory cells in response to the chemotactic effect of these
free-radicals, deferiprone may, when placed within a barrier gel substance, reduce adhesion
formation.
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There have been some initial attempts to demonstrate a positive effect of deferiprone on
wound healing. Mohammadpour and colleagues showed improved cutaneous wound
healing in rats with topical application of deferiprone at 3%, 6%, and 9%(477). The authors
also used DPPH (2,2-diphenyl-1-picrylhydrazyl(478)) free radical assay, an antioxidant assay
that determines the ability of a substance to give hydrogen to a free radical and thus
neutralise it, and showed that deferiprone is able to act as an antioxidant, which may

contribute to its wound healing effect(477).

Major Vessel Haemorrhage in Skull Base Surgery — A High Stress Situation

Impact of Stress on Surgical Performance

Patient outcome is dependent on a multitude of factors in surgery. The surgeon’s technical
skill is but one small part of this. The non-technical skills such as communication, planning,
teamwork and decision making are increasingly recognised as playing a crucial role(479).
When all goes well with surgery, it is relatively easy to maintain open lines of
communication with all members of the surgical team — scrub and scout nurses, assistant,
anaesthetist, orderlies and staff outside of theatre. It is when a potentially catastrophic
event occurs that coordinated teamwork is vital and clear and concise communication so
necessary(479). Unfortunately, this is often the time when stress and anxiety may hinder

optimum performance(480, 481).

The aviation industry has long been a proponent of teamwork and communication training,

along with fatigue management and critical incident reviews(482). The industry shares with
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surgery the high stakes of a bad outcome and has many parallels. Human performance
assessment and management in the world of aviation has much to teach surgeons about
ways to train for adverse events. Critics of this approach argue that surgery is a different
beast to aviation(483). We are, after all, dealing with the human body with all its frailties
and variations, in comparison to the standardised mechanics of aeroplanes. There are,
however, too many similarities when it comes to teamwork, resource management, critical
incident reviews and learning from previous adverse events to ignore, and it is arguable that
some of the greatest benefits to surgical practice within the operating room, such as ‘team
time outs” and the use of surgical checklists, have come about through the cross-pollination

of ideas between the two areas(104, 105, 284, 480, 484-488).

The Yerkes-Dodson performance curve was developed in an attempt to explain the
relationship between arousal and performance. Their original work showed that mice
performed better when exposed to an intermediate-grade aversive stimulus rather than a
high one when performing a complex task(489). The upward slope of the curve represents
the positive effect of arousal on performance. The downward slope reflects the adverse

effects of ‘over-arousal’ or stress on performance.
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The Yerkes-Dodson performance curve plotting performance and its relationship to
stress(489)

Studies looking at ‘stress’ as a concept vary widely in terms of both definition and methods
of measurement. It is difficult to compare studies precisely because there is no standardised
definition of this amorphous concept. Stokes and Kite define stress broadly and state their
views on the difficulty of studying it as “an agent, circumstance, situation, or variable that
disturbs the ‘normal’ functioning of the individual...stress [is also] seen as an effect—that is
the disturbed state itself...this bifurcation of meaning is arguably the most fundamental
source of the confusion surrounding the stress concept(490). Traditional research has
assumed that external stimuli generate ‘stress’ in all subjects equally and researchers then
manipulate these variables (temperature, noise etc) and observe the effect on the
individual. This does not allow for individual differences in human responses and emotions.
This is termed the ‘stimulus-based’ approach. An attempt to refine this has led to the
‘response-based’ approach, which defines stress as the pattern of responses that occur
during exposure to a stimulus. These may be a mix of physiological and psychological(490).
This response-based approach has been extended further to what is termed the
“transactional approach” where the entire interaction between the individual and the

environment is taken into account and stress becomes viewed as “the result of a mismatch
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between individuals’ perceptions of the demands of the task or situation and their

perceptions of the resources for coping with them.”(490).

Physiological markers of stress range from easily measurable markers of sympathetic
nervous system activation, such as hypertension and tachycardia, to serum levels of
catecholamines, such as noradrenaline and adrenaline, and hormones such as cortisol(485,
491). Evidence suggests that chronic stress may be reflected by a high cortisol level and that
this may have adverse long-term outcomes on immunity and cardiovascular health(492-
494). The half-life of cortisol and its secretion pathway preclude its use as a marker of
immediate response to stress over seconds to minutes. Psychoneuroendocrinological
studies have demonstrated the utility of salivary alpha-amylase as a marker of immediate
sympathetic nervous system activation with a reliable correlation with plasma
catecholamines(492, 495-501). This rises in response to acute stress(502, 503). Salivary
alpha-amylase is comprised of 2 isoenzymes with a molecular weight of 57000kDa(495). It is
synthesised primarily in the parotid gland and hydrolyses the linkages of starch to glucose
and maltose(497). It initiates the digestion of starch in the mouth. Acinar cells are
innervated by both the parasympathetic and sympathetic nervous system. The
parasympathetic efferent pathway to the parotid gland is via the glossopharyngeal nerve
and otic ganglion(53). The parasympathetic efferent pathway to the salivary and
submandibular glands is via the facial nerve and the submandibular ganglion. The
sympathetic post-ganglionic pathways are from the cervical ganglion(497, 498).
Noradrenaline from sympathetic post ganglionic neurons binds to alpha and beta receptors
on acinar cells. Alpha stimulation increases intracellular Ca+ and beta receptor stimulation
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increases intracellular cAMP. Together these increase release of salivary secretions which
are stored in membrane bound secretory granules(497). Murine models have demonstrated
that sympathetic nervous system(SNS) stimulation to rat parotid results in a low flow
rate/high protein salivary secretion. Parasympathetic nervous system (PSNS) stimulation
results in the opposite effect(497). Thus mean concentrations of salivary alpha-amylase are
higher when sympathetic nervous system stimulation is increased. Human studies have
confirmed this using isoprenaline and cold water as SNS stimulants and propranolol for SNS
blockade(497). Studies amongst humans have demonstrated a positive correlation between
salivary alpha-amylase levels and traffic noise exposure, video games, skydiving and tests of
mental arithmetic(497, 500). It is a generally accepted biomarker for acute stress in test
subjects in the psychoneuroendocrinological literature(504). Salivary alpha-amylase would
appear to hold promise as a biological marker. It reflects trends in sympathetic nervous
system activation over the short term. It is easily collectable with a salivary swab and is
stable in transit. It should be analysed within 4 hours or frozen for intervals of >4 hours

between collection and ELISA testing.

From the point of view of surgical simulation and training, the most relevant description of
stress is probably that described by McGrath in 1976. Stress is “the interaction between
three elements: perceived demand, perceived ability to cope, and the perception of the
importance of being able to cope with the demand”(505). Surgical simulation and training is
therefore able to be focused on improving people’s perceived ability to cope through
repeated exposure to an environment where the consequences of task failure are

minimized compared with surgery on humans.
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‘When performed well, surgery should be boring’ is a phrase many of us have heard early in
surgical training. It is a function of the fact that surgery deals with the changing and diverse
array of pathology in the human body that makes it impossible to state with absolute
certainty what will happen in any particular case. Experience and exposure allow for not
only more precise operating but also allow the surgeon to more accurately predict risks and

complications and take action to minimise the chances of adverse events(506).

Simulation in surgery is a valuable tool. It has been incorporated into many training
programs and varies widely from laparoscopic and animal training models to videotaped
sessions with actors and other members of the surgical team to develop communication
and team work skills(119, 488, 507-509). It also provides surgeons with the ability to
experience situations that they may never encounter in their entire careers such as cerebral
gunshot wounds — analogous to a pilot simulating multiple engine failures just after aircraft

rotation — allowing them to develop strategies to safely master the event(273).

As has previously been described, there is a risk of arterial injury in endoscopic endonasal
surgery which, depending on the approach, is in the order of 0.5%-9%. Valentine and
Wormald have developed a sheep model of carotid artery injury(117). Merino sheep are
anaesthetised and undergo a midline neck dissection. The carotid is identified in the neck
and a length approximately 20cm is freed. A functional endoscopic sinus surgery (FESS)
training device is applied to the carotid and surgeons can drill the posterior plastic wall to
expose the carotid itself. The carotid is then sharply incised to create a model of
haemorrhage. Surgeons are taught to manipulate the endoscopic camera and keep their
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visual and working fields free, enabling them to control the haemorrhage. From the point of
view of surgical training, this is a valuable model that allows surgeons to be exposed to a
relatively rare and potentially fatal event and equip them with the skills required to deal
with this safely. There are a number of studies that demonstrate that skills learned in

simulation training successfully transfer across into the operative setting(510-517).

It is difficult to quantify the stress response that occurs in surgeons when faced with a novel
or challenging situation. Contemporaneous questionnaires are obviously tempered
somewhat by the surgeon filling it out after having dealt with the situation and being aware
of the outcome. They are also somewhat subjective. This is not entirely inappropriate as a
tool for research as the stress response has a psychological component to it however it is
subject to biases and a relative and subjective grading system(484). The ideal method would
be to capture the subjective psychological and objective physiological responses and then
correlate them with both the time course of the stressful situation and with each other(480,

518).

The use of independent observer or rater analysis of communication skills is a useful adjunct
to the assessment of stress on performance(519). Multiple studies have video-taped
surgeons in training as part of simulation exercises. These have the dual purpose of allowing
surgeons to watch themselves and pick up any deficits in communication or non-surgical
technical skills that may occur whilst also allowing independent surgeons and psychologists
to rate communication skills outside of the scenario. Stress can have a negative impact upon

communication, especially at the higher levels which, given successful surgery relies upon
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the actions of a team (anaesthetist, surgeon, nurses, and orderlies) may result in negative

outcomes for patients(484, 520, 521)
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Chapter 2

Nano-haemostats and a Pilot Study of Their Use in a Large Animal Model of Major
Vessel Hemorrhage in Endoscopic Skull Base Surgery.

Jukes A, Murphy J, Vreugde S, Psaltis A, Wormald P. Nano-hemostats and a Pilot Study of
Their Use in a Large Animal Model of Major Vessel Hemorrhage in Endoscopic Skull Base
Surgery. Journal of Neurological Surgery Part B: Skull Base. 2016;e-first(Dec).
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Nano-hemostats are synthetic amino acid chains that self-assemble into a scaffold under
certain conditions. These have been shown to be effective in stopping bleeding in small
animal models of hemorrhage. Proposed mechanisms for their effect are that they form
a mesh analogous to the fibrin plug in native hemostasis and that they may potentiate
both platelet activation and the coagulation cascade. These may potentially become
valuable adjuncts to endoscopic skull base surgery where there is the potential for both
major vessel injury and smaller perforator injury to eloquent areas where bipolar cautery
may not be suitable. We present a summary of the clinical studies to date and a small
pilot study of nano-hemostat in an endoscopic sheep model of major vessel hemorrhage
to determine its efficacy in stopping bleeding in this potentially catastrophic

injury complication.

Introduction

“Nano-technology” or “nano-engineering” involves working
with structures that are less than 100 nm in size. The
challenges that this poses are immense and involve control-
ling entities on an atomic scale. Given that many disease
processes involve damage to cell structures, the ability to
administer a substance that either provides a scaffold for
ordered cellular regeneration or delivers growth factors that
stimulate such recovery is attractive, especially if this scaffold
were composed of materials that were able to be broken
down without causing long-term damage once their function
had expired.'

The Use of Self-Assembling Peptides in
Medical Applications

The medical applications of nanotechnology have revolution-
ized our options for drug delivery, in vivo medical imaging,
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and biotechnological techniques.? Typically these applica-
tions utilize amino acid chains that are amenable to self-
assembly—that is, forming secondary structures according to
their amino acid sequence under certain external condi-
tions."*# They are, as Loo and colleagues described in 2012,
“versatile building blocks for fabricating supramolecular
architectures.” The development of these has come about
through increased understanding of the protein chains found
in naturally occurring substances. Peptide self-assembly in-
volves a complex interaction of forces, including hydrogen
bonding, ionic forces, hydrophobic forces, van der Waals
interactions, and electrostatic forces.* Proposed uses for these
peptides include drug delivery, scaffold sheaths for neural
redevelopment, and, importantly for surgeons, hemostasis.
Multiple different types of self-assembling peptides and
their formulations have been described. The feature common
to all is that they comprise a dissolvable L-amino acid chain
that does not interfere with cellular pathways or promote or
inhibit signaling and that is broken down via the body’s
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natural peptidases and enzymes to constituent amino acids
after its primary role has been performed.> These peptides
have been used as hemostatic agents,>® as an adjunct to
ophthalmologic surgeries (e.g., corneal endothelial stem cell
transplantation) and, intriguingly, as a self-assembling pep-
tide to provide a scaffold or bridge for axonal regeneration in
optic nerve reconnection.' Theories have also been advanced
in the field of oncology that nanostructures could change the
extracellular matrix that facilitates cancer metastasis and
ensure malignancy remains localized.” A peptide chain self-
assembled into a B-pleated sheet named RADA-16 has been
used to deliver epidermal growth factor, insulin-like growth
factor, platelet-derived growth factor, and stromal cell-de-
rived growth factor-1 to postinfarction myocardium to in-
crease the rate of wound healing.# The advantage to this
method of drug delivery is that amalgamation into a protein
sheet renders the drug less susceptible to metabolic processes
within the body and allows it to be delivered unaltered to the
site of action.? Ellis-Behnke and colleagues have also demon-
strated the ability to use these nano-fiber scaffolds to repair
hamster brain lesions by allowing nerve fibers to reconnect
postseverance.>'? This is analogous to the role played by
myelin sheaths in neural protection and redirection.'®

Self-Assembling Peptides as Nano-hemostats

Coagulation and subsequent hemostasis depends on multiple
factors. These include the endothelial cells of blood vessels,
platelets, leukocytes, the coagulation cascade, and the milieu
of temperature and blood pH. There are also multiple antico-
agulant forces and inhibitors. The precipitating event for
nonpathologic coagulation initiation is vessel wall damage.
This causes activation of endothelial cells and subsequent
platelet activation. Platelets roll along the damaged cells and,
using von Willebrand factor adhesion to bind to newly
exposed subendothelial cells, aggregate in platelet clumps.
Post this event, a mesh of platelets and trapped leukocytes
form a scaffold for development of a fibrin clot as part of the
coagulation pathway.!'~"3

Several studies have examined the role that these self-
assembling peptides may play in hemostasis.>®'4 There are a
number demonstrating almost immediate hemostasis in
small animal models without activation of the coagulation
cascade. This is thought to occur as the nano-hemostat
scaffold acts in an analogous fashion to fibrin clot, forming
a barrier that both holds platelets in situ and provides an
activation stimulus, leading to further aggregation. This has
been demonstrated on the mammalian brain, spinal cord,
liver, kidney, femoral artery, and skin.>®'>'6 The peptide
solutions have been shown to breakdown via natural enzy-
matic processes and are nonimmunogenic and nontoxic." In
addition, the breakdown products are amino acids that may
be used for subsequent tissue repair.'->

Nano-hemostat is a particularly attractive concept in skull
base surgery, especially when performed endoscopically. Sur-
geons are constrained by relatively narrow access corridors that
are in close proximity to major vascular structures such as the
internal carotid artery, anterior cerebral arteries, and basilar
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artery and venous structures such as the cavernous sinus.'”"'8

Injury to these structures carries the potential for devastating
and potentially fatal bleeding.'’~24 Much work has been per-
formed to determine the safest way to halt bleeding in this
environment and the safest way to train surgeons to operate in
this area.25-2% In this situation, the ideal hemostatic agent should
be able to conform to irregular cavities, to not obstruct the
surgical field, and to not damage surrounding structures, either
through thermal or chemical injury or through expansion and
pressure injury to nerves or vessels.3°32 Current methods of
hemostasis used in majorvessel injury to the skull base include
muscle patches2>-2833 Floseal (Baxter Healthcare, Hayward,
California, United States), Surgiflo with thrombin (Ethicon,
Somerville, New Jersey, United Stated), Tisseel (Baxter Health-
care),'"3* and hemostatic clips.3>3°> While these are efficacious
to varying degrees, they all have their limitations. There can be
some delay in harvesting a muscle patch, and it is partially
dependent on platelet activation as part of its mechanism of
action.?? Floseal and Tisseel have been shown to wash out of the
surgical field rapidly in the case of torrential hemorrhage.25-28
Hemostatic clips can be difficult to apply in situations with a tear
in an artery at the lateral extremity of the surgical field.>®

Nano-hemostats in Animal Models

d-EAK16

Evidence to support the hypothesis that nano-peptides in
hemostasis provide more than a simple physical barrier
comes from studies looking at peptide d-EAK16 by
Luo et al.'# Self-assembly of d-EAK16 was timed in a pure
water solution and in a living animal model (rabbit liver). It
took approximately 16 hours for d-EAK16 to self-assemble
in water but approximately 20 seconds to assemble in
whole blood. The time to hemostasis in this d-EAK16 group
was significantly lower when compared with controls (no
treatment) (20 vs. 80-120 seconds). The authors conclude
that ions, proteins, enzymes, and “other factors” in blood
work cooperatively to cause hemostasis. Their rationale is
that normal hemostasis occurs when there is a high con-
centration of clotting factors held within a localized area
whereas the same gross number of coagulation compo-
nents would be ineffective if spread out over a larger area.
d-EAK16 is thought to be triggered by sodium, magnesium,
potassium, calcium, iron, and zinc within the circulating
plasma to form a stable B-pleated sheet in which platelets
and subsequently endogenous coagulation factors become
trapped and undergo activation in the usual fashion. This
B-pleated sheets then combine to form first short and then
long nano-fibers that may then form “tight junctions”
impervious to liquids. These peptide chains have been
shown to work best as a hemostatic agent when comprised
of amino acids of the same chirality. Alternating chirality
gave bleeding times up to eight times longer in a rat liver
hemorrhage model.'

AC5
AC5 is a proprietary, synthetic nano-hemostat formulation
developed by Ellis-Behnke and colleagues, which is currently
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in preclinical trials.® It addresses the potential for hemostasis
in the context of anticoagulation.® In a noncompressible, full-
thickness 4-mm liver punch biopsy model in rats, AC5
achieved hemostasis equivalently in heparinized and non-
heparinized rats with a 94% reduction in time to hemostasis
compared with saline controls.®

RADA-16

RADA-16 is a self-assembling peptide of ionic hydrophilicand
hydrophobic amino acids. It is 5 nm in length and forms
stable B-pleated sheet structures that turn into hydrogels.?
Sang et al performed a study in which they divided 20 rats in
four groups: intracerebral hemorrhage (ICH) without aspira-
tion, ICH with aspiration, ICH with aspiration and saline, and
ICH with aspiration and RADA-16 injection. ICH was created
via intrastriatal injection of collagenase. After 210 minutes,
the hematoma was aspirated and 20 pL of saline or RADA-16
was injected into the ICH cavity. Differences in hematoma
volume in aspiration versus saline versus RADA-16 group
were not significant. Aspiration significantly reduced inflam-
matory cells in surrounding cortex on histologic examination.
The authors concluded that self-assembling peptide attenu-
ated brain injury; enhanced functional recovery; and reduced
cavity volume with a reduction in brain edema, peri-hema-
toma apoptosis, and inflammatory reaction.? This reduction
in secondary brain injury is thought to come about by
decreasing the leakage of serum proteins into the surround-
ing parenchyma. Histology showed tight contact between
RADA-16 and the cavity wall.2 More work is required to

Pilot Study of Use of Nano-hemostats Jukes et al.

validate this concept in both the acute and chronic phases
of brain inflammatory reactions.

Possible Limitations

While nano-hemostats have been proven to be successful in a
small animal model of vessel injury, this may not hold true in
larger animal/human models where pressures may be many
times that of smaller animals.%343637 This pressure may
wash the hemostat away from its site of action before it can
take effect. Further, the liquid may need to be either impreg-
nated in or held on by a patty or similar. This may remove the
advantage of having a clear liquid hemostat—at least in the
immediate phase of application.>® While this has not been
seen in nano-hemostats to date, a buildup of abnormal
proteins within the central nervous system is the basis of
conditions such as dementias and prion diseases. It would be
incumbent upon designers of nano-hemostats to ensure that
their solution is adequately broken down by the body’s
enzymatic processes and is not trapped in insoluble form
within neurons or astrocytes.

Pilot Study of Nano-hemostat on an Animal
Model of Major Vessel Injury Relevant to
Skull Base Surgery

Aim

The aim is to determine the feasibility of a nano-hemostat
solution in stopping bleeding from major arterial and venous
sources and its ease of use in an endoscopic setting.

Fig. 1 Endoscopic trainer model (A) placed on sheep’s carotid artery and (B) draped and ready for use.
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The peptide chosen was RADA-16 (Arg - Ala - Asp - Ala -
Arg - Ala - Asp - Ala - Arg - Ala - Asp - Ala - Arg - Ala - Asp - Ala
-NH,), which is known for its propensity to self-assemble and
has been used as a nano-hemostat in small animal mod-
els.>816:39 This was sourced from China Peptides as a 70%
pure powder.

Method
Ethics approval was obtained from the Animal Ethics Com-
mittee of the South Australian Health and Medical Research
Institute. Two merino sheep were anaesthetized and placed
supine. A midline neck dissection was performed, and left
carotid artery was cannulated for an arterial line and the left
internal jugular cannulated for a central venous catheter. The
right carotid artery and right internal jugular vein were
dissected free and a segment of at least 8 cm was cleared of
surrounding fascia. An endoscopic training model was placed
around the internal jugular. These silicon-based models
re-create the sinonasal cavity with the vessel running
through a groove at the base of the model. The sheep is
then draped and provides a realistic representation of endo-
scopic surgery (=Fig. 1A, B).

RADA-16 nano-hemostat was mixed with saline in a 10%
mixture forming a gel at room temperature. This was drawn

up into a 10-mL syringe and a blunt cannula attached. Using a
19-gauge needle, a hole was made in the internal jugular and
blood allowed to escape for 20 seconds (~Fig. 2A). RADA-16
was then applied to the jugular injury at the rate of 1 mL/s
(=~Fig. 2B). While it slowed the bleeding and provided a
semitranslucent membrane over the injury, blood could still
be seen escaping from the hole in the jugular vein underneath
this for a period of 15 seconds before hemostasis occurred. A
proximal injury was subsequently made in the same animals
as an untreated control that continued to bleed for 5 minutes
until RADA-16 was applied and hemostasis occurred at
approximately 15 seconds. The nano-hemostat did not
appear to set in a solid fashion but remained as a jelly-like
substance when observed for 20 minutes.

The endoscopic trainer was then applied to the carotid
artery of the same sheep. A curved aneurysm clip was placed
half way across the carotid artery and a 4-mm linear incision
was made in the wall of carotid artery (~Fig. 2C). The
aneurysm clip was removed and the injury allowed to bleed
for 3 seconds (~Fig. 2D). A sucker was used to control the
field, and an identical mix of 10 mL of RADA nano-hemostat
was immediately applied to the injury. There was no discern-
able decrease in the bleeding rate. RADA-16 appeared to be
washed away by the pressure of the bleeding (systolic range:

Fig. 2 (A) Bleeding from the jugular vein. (B) RADA-16 being applied to the jugular vein. (C) Aneurysm clip across carotid artery and scalpel

making linear incision. (D) Arterial hemorrhage from carotid injury.
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70-90 mm Hg). We were unable to control the bleeding and
after a period of 90 seconds were forced to use a crushed
muscle patch to stop the bleeding that worked to good effect
as previously reported.2>-28 This was repeated in a second
sheep with identical results. Sheep were then humanely
killed. The jugular and carotid were dissected out and placed
in formalin and scanning electron microscopy (SEM) fixative.
A small amount of muscle was also covered in nano-hemostat
postmortem and sent for histology and SEM. SEM was
performed postpreparation and coating of the samples in
platinum. The nano-hemostat could be seen coating the
muscle patch and forming a “glue” or matrix with long
scaffolds or fibers with a width of 30 to 70 nm. Erythrocytes
could be seen trapped within this matrix (~Fig. 3).

Discussion

This pilot study demonstrates some of the inherent limita-
tions of gels or liquids in high-flow, high-pressure bleeding.
While the bleeding from the jugular vein injury could be
stopped with this nano-hemostat mixture, this is a compara-
tively low-flow, low-pressure injury. The carotid artery injury
was unable to be controlled with the nano-hemostat, and
eventual control was achieved with the conventional option
of crushed muscle patch.

Pilot Study of Use of Nano-hemostats Jukes et al.

There are several questions raised by this small pilot study
that may warrant further investigation. The literature is not
clear regarding the percentage strength of solution used in
previous nano-hemostat studies utilizing RADA-16.25:15:40:41
While these have stopped bleeding in mouse models, this may
simply be areflection of the lower pressure and lower volume
of flows in these injuries. The ideal percentage is not yet clear.
Our 10% solution provided a solution viscous enough to
adhere to the side of the plastic syringe. This was chosen
because we were interested in its ability to be applied in an
endoscopic scenario, and it appeared to provide a balance
between applicability and viscosity.

This pilot study appears to add weight to previously pub-
lished studies that have described success in bleeding control of
small vessels in small animal models using nano-hemo-
stat.>154041 Certainly it appeared to have some success control-
ling a small jugular vein puncture. There may be future avenues
worth exploring regarding the use of nano-hemostat in areas
where visualization of the bleeding point would be useful such
as a venous ooze from the lateral borders of the sphenoid
corridor of a pituitary resection or in endoscopic resection of a
skull base tumor. Current teaching involves packing these areas
and moving the dissection to another region rather than labori-
ously obtaining control and drying the field with bipolar as this

Fig. 3 (A) Scanning electron microscope view of RADA-16 scaffold. (B-D) Scanning electron microscope views of erythrocytes and platelets

trapped in scaffold of fibrin and RADA-16.
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would add inordinate amounts of time to what is already a long
operation. It would be advantageous to have a semitranslucent
hemostat that would allow the surgeon to see the bleeding point
underneath the hemostat rather than having to remove the pack
and potentially remove the fibrin/platelet plug/clot in doing so,
causing further bleeding.

This pilot study appears to show that nano-hemostat is
unlikely to adequately control a high-flow, high-pressure
bleed such as that from a carotid artery injury. SEM shows
the nano-hemostat forming a matrix in which circulating
erythrocytes and platelets are trapped (in much the same way
as a fibrin plug is formed), but this only formed in the
postmortem samples where there was obviously no pressure
washing the nano-hemostat away. For this to work in vivo, the
nana-hemostat would need to be held in situ for a prolonged
period, possibly as part of a patch or pad. It would also be
useful to test this nano-hemostat in a recovery model to
determine whether pseudoaneurysms form and whether the
scaffold holds for sufficient time for re-endothelialization to
occur. Further research is needed to address the optimum
formulation and indications for use of this potentially revo-
lutionary new hemostatic agent.
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Nano-haemostats and a Pilot Study of Their Use in a Large Animal Model of
Major Vessel Hemorrhage in Endoscopic Skull Base Surgery.

Jukes A, Murphy J, Vreugde S, Psaltis A, Wormald P.
Nano-hemostats and a Pilot Study of Their Use in a Large Animal Model of Major Vessel

Hemorrhage in Endoscopic Skull Base Surgery. Journal of Neurological Surgery Part B: Skull
Base. 2016;e-first(Dec).

‘Nano-technology’ or ‘nano-engineering’ involve structures that are <100nm in size. The
challenges that this poses are immense and involve controlling structures on an atomic
scale(383). Given many disease processes involve damage to cell structures, the ability to
administer a substance that either provides a scaffold for ordered cellular regeneration or
delivers growth factors that stimulate such recovery is attractive, especially if this scaffold
were comprised of materials that were able to be broken down without causing long term

damage once their function had expired(383, 384).

The medical applications of nanotechnology have revolutionized our options for drug
delivery, in vivo medical imaging and biotechnological techniques(522). Typically, these
applications utilize amino acid chains that are amenable to self-assembly — that is, forming
secondary structures according to their amino acid sequence under certain external
conditions(365, 383). They are, as Loo and colleagues described in 2012, “versatile building
blocks for fabricating supramolecular architectures”(365). The development of these has
come about through increased understanding of the protein chains found in naturally
occurring substances. Peptide self-assembly involves a complex interaction of forces
including hydrogen bonding, ionic forces, hydrophobic forces, van der Waals interactions,
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and electrostatic forces(365). Proposed uses for these peptides include drug delivery,
scaffold sheaths for neural redevelopment, and, importantly for surgeons, haemostasis.
Multiple different types of self-assembling peptides and their formulations have been
described. The feature common to all is that they comprise a dissolvable L-amino acid chain
that does not interfere with cellular pathways or promote or inhibit signaling and that is
broken down via the body’s natural peptidases and enzymes to constituent amino acids
after its primary role has been performed(389). These peptides have been used as
haemostatic agents(389, 390), as an adjunct to ophthalmological surgeries (such as corneal
endothelial stem cell transplantation) and, intriguingly, as a self-assembling peptide to
provide a scaffold or bridge for axonal regeneration in optic nerve reconnection(383).
Theories have also been advanced in the field of oncology that nanostructures could change
the extracellular matrix that facilitates cancer metastasis and ensure malignancy remains
localised(393). A peptide chain self-assembled into a B-pleated sheet named RADA16 has
been used to deliver epidermal growth factor, insulin-like growth factor, platelet-derived
growth factor and stromal cell-derived growth factor-1 to post infarction myocardium to
increase the rate of wound healing (365). The advantage to this method of drug delivery is
that amalgamation into a protein sheet renders the drug less susceptible to metabolic
processes within the body and allows it to be delivered unaltered to the site of action(387).
Ellis-Behnke and colleagues have also demonstrated the ability to use these nanofibre
scaffolds to repair hamster brain lesions by allowing nerve fibres to reconnect post
severance(391, 392). This is analogous to the role played by myelin sheaths in neural

protection and redirection(392).
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Coagulation and subsequent haemostasis depends on multiple factors. These include the
endothelial cells of blood vessels, platelets, leukocytes, the coagulation cascade, and the
milieu of temperature and blood pH. There are also multiple anticoagulant forces and
inhibitors. The precipitating event for non-pathological coagulation initiation is vessel wall
damage. This causes activation of endothelial cells and subsequent platelet activation.
Platelets roll along the damaged cells and, using von Willebrand factor adhesion to bind to
newly exposed subendothelial cells, aggregate in platelet clumps. Post this event, a mesh of
platelets and trapped leukocytes form a scaffold for development of a fibrin clot as part of

the coagulation pathway(196, 223, 523).

Several studies have examined the role that these self-assembling peptides may play in
haemostasis(389, 390, 400). There are a number demonstrating almost immediate
haemostasis in small animal models without activation of the coagulation cascade. This is
thought to occur as the nano-hamostat scaffold acts in an analogous fashion to fibrin clot,
forming a barrier that both holds platelets in situ, and provides an activation stimulus,
leading to further aggregation. This has been demonstrated on mammalian brain, spinal
cord, liver, kidney, femoral artery and skin.(379, 389, 390, 394). The peptide solutions have
been shown to breakdown via natural enzymatic processes and are non-immunogenic and
nontoxic(383). In addition, the breakdown products are amino acids that may be used for

subsequent tissue repair(383, 389).

Nano-haemostat is a particularly attractive concept in skull base surgery, especially when

performed endoscopically. Surgeons are constrained by relatively narrow access corridors
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that are in close proximity to major vascular structures such as the internal carotid artery,
anterior cerebral arteries and basilar artery and venous structures such as the cavernous
sinus(138, 524). Injury to these structures carries the potential for devastating and
potentially fatal bleeding (4, 7, 123, 125, 138, 168, 524, 525). Much work has been
performed to determine the safest way to halt bleeding in this environment and the safest
way to train surgeons to operate in this area(65, 117-120). In this situation, the ideal
haemostatic agent should be able to conform to irregular cavities, to not obstruct the
surgical field, and to not damage surrounding structures, either through thermal or chemical
injury or through expansion and pressure injury to nerves or vessels(284, 396, 397). Current
methods of haemostasis used in major vessel injury in the skull base include muscle
patches(117-121), Floseal[Baxter], Surgiflow with thrombin[Ethicon], Tisseal[Baxter](223,
398), and haemostatic clips (121, 122). Whilst these are efficacious to varying degrees, they
all have their limitations. There can be some delay in harvesting a muscle patch and it is
partially dependent on platelet activation as part of its mechanism of action(121). Floseal
and Tisseal have been shown to wash out of the surgical field rapidly in the case of torrential
haemorrhage(117-120). Haemostatic clips can be difficult to apply in situations with a tear

in an artery at the lateral extremity of the surgical field(122).

d-EAK16

Evidence to support the hypothesis that nano-peptides in haemostasis provide more than a
simple physical barrier comes from studies looking at peptide d-EAK16 by Luo et al(400).
Self assembly of d-EAK16 was timed in a pure water solution and in a living animal model
(rabbit liver). It took ~16 hours for d-EAK16 to self-assemble in water but ~20 seconds to
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assemble in whole blood. The time to haemostasis in this d-EAK16 group was significantly
lower when compared with controls (no treatment) (20 seconds vs. 80-120 seconds). The
authors conclude that ions, proteins, enzymes and “other factors” in blood work
cooperatively to cause haemostasis. Their rationale is that normal haemostasis occurs when
there is a high concentration of clotting factors held within a localised area whereas the
same gross number of coagulation components would be ineffective if spread out over a
larger area. d-EAK16 is thought to be triggered by sodium, magnesium, potassium, calcium,
iron and zinc within the circulating plasma to form a stable B-pleated sheet in which
platelets and subsequently endogenous coagulation factors become trapped and undergo
activation in the usual fashion. These B-pleated sheets then combine to form first short and
then long nanofibres which may then form ‘tight junctions’ impervious to liquids. These
peptide chains have been shown to work best as a haemostatic agent when comprised of
amino acids of the same chirality. Alternating chirality gave bleeding times up to 8 times

longer in a rat liver haemorrhage model(400).

AC5

ACS is a proprietary, synthetic nano-haemostat formulation developed by Ellis-Behnke and
colleagues which is currently in pre-clinical trials(390). AC5 addresses the potential for
haemostasis in the context of anticoagulation(390). In a non-compressible, full thickness
4mm liver punch biopsy model in rats, AC5 achieved haemostasis equivalently in
heparinized and non-heparinized rats with a 94% reduction in time to haemostasis
compared to saline controls(390).

RADA-16
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RADA-16 is a self-assembling peptide of ionic hydrophilic and hydrophobic amino acids. It is
5 nanometers in length and forms stable B-pleated sheet structures which turn into
hydrogels(384). Sang et al performed a study in which they divided 20 rats in 4 groups —
Intracerebral haemorrhage (ICH) without aspiration, ICH with aspiration, ICH with aspiration
and saline and ICH with aspiration and RADA-16 injection. ICH was created via intra-striatal
injection of collagenase. 210 minutes later, the haematoma was aspirated and 20
microliters of saline or RADA-16 was injected into the ICH cavity. Differences in haematoma
volume in aspiration vs saline vs RADA-16 group were not significant. Aspiration significantly
reduced inflammatory cells in surrounding cortex on histological examination. The authors
concluded that self assembling peptide attenuated brain injury, enhanced functional
recovery and reduced cavity volume with a reduction in brain oedema, peri-haematoma
apoptosis and inflammatory reaction(384). This reduction in secondary brain injury is
thought to come about by decreasing the leakage of serum proteins into the surrounding
parenchyma. Histology showed tight contact between RADA-16 and the cavity wall(384).
More work is required to validate this concept in both the acute and chronic phases of brain

inflammatory reactions.

Further research

There are many questions to answer before nano-haemostat technology can be utilized in
human surgery routinely, namely; Which formula is best and why? What rate of flow can it
stop? Does it need to be impregnated in a carrier? Does it preserve vessel lumen patency
and thus allow distal brain perfusion? Does the scaffold last long enough for more
permanent healing to occur? Do pseudo-aneurysms form after its use? Are there long term

effects on native tissues and what happens to the breakdown products? Is there pseudo-
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aneurysm formation? Do surrounding neurons/glial cells contain any evidence of abnormal

protein inclusions? And finally, is there evidence of distal embolic phenomena?

Possible Limitations

Whilst nano-haemostats have been proven to be successful in a small animal model of
vessel injury, this may not hold true in larger animal/human models where pressures may
be many times that of smaller animals(332, 390, 398, 401). This pressure may wash the
haemostat away from its site of action before it can take effect. Further, the liquid may
need to be either impregnated in, or held on by a patty or similar. This may remove the
advantage of having a clear liquid haemostat, at least in the immediate phase of
application(402). Whilst this has not been seen in nano-haemostats to date, a build up of
abnormal proteins within the central nervous system is the basis of conditions such as
dementias and prion diseases. It would be incumbent upon designers of nano-haemostats
to ensure that their solution is adequately broken down by the body’s enzymatic processes

and is not trapped in insoluble form within neurons or astrocytes.

Pilot study of nano-haemostat on an animal model of major vessel injury relevant to skull
base surgery
Aim: To determine the feasibility of a nano-haemostat solution in stopping bleeding from

major arterial and venous sources and its ease of use in an endoscopic setting.

The peptide chosen was RADA-16 (Arg - Ala - Asp - Ala - Arg - Ala - Asp - Ala - Arg - Ala - Asp - Ala - Arg -

Ala - Asp - Ala -NH,), Which is known for its propensity to self-assemble and has been used as a

154



nano-haemostat in small animal models(387, 389, 394, 526). This was sourced from China

Peptides as a 70% pure powder.

Method: Ethics approval was obtained from the Animal Ethics Committee of the South
Australian Health and Medical Research Institute. Two merino sheep were anaesthetised
and placed supine. A midline neck dissection was performed and left carotid artery
cannulated for an arterial line and the left internal jugular cannulated for a central venous
catheter. The right carotid artery and right internal jugular vein were dissected free and a
segment of at least 8cm was cleared of surrounding fascia. An endoscopic training model
was placed around the internal jugular (Figure. 1). These silicon-based models recreate the
sinonasal cavity with the vessel running through a groove at the base of the model. The

sheep is then draped and provides a realistic representation of endoscopic surgery.

RADA-16 nano-haemostat was mixed with saline in a 10% mixture forming a gel at room
temperature. This was drawn up into a 10ml syringe and a blunt cannula attached. Using a
19-gauge needle, a hole was made in the internal jugular and blood allowed to escape for
20 seconds (Figure. 2A). RADA-16 was then applied to the jugular injury at the rate of 1ml
per second (Figure. 2B). Whilst it slowed the bleeding and provided a semi-translucent
membrane over the injury, blood could still be seen escaping from the hole in the jugular
vein underneath this for a period of 15 seconds before haemostasis occurred. A proximal
injury was subsequently made in the same animals as an untreated control which continued
to bleed for 5 minutes until RADA-16 was applied and haemostasis occurred at ~15 seconds.
The nano-haemostat did not appear to set in a solid fashion but remained as a jelly-like

substance when observed for 20 minutes.
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The endoscopic trainer was then applied to the carotid artery of the same sheep. A curved
aneurysm clip was placed half way across the carotid artery and a 4mm linear incision was
made in the wall of carotid artery (Figure. 2C). The aneurysm clip was removed and the
injury allowed to bleed for 3 seconds (Figure. 2D). A sucker was used to control the field and
an identical mix of 10ml of RADA nano-haemostat was immediately applied to the injury.
There was no discernable decrease in the bleeding rate. RADA-16 appeared to be washed
away by the pressure of the bleeding (Systolic range 70-90mmHg). We were unable to
control the bleeding and after a period of 90 seconds were forced to use a crushed muscle
patch to stop the bleeding which worked to good effect as previously reported(117-120).
This was repeated in a second sheep with identical results. Sheep were then humanely
killed. The jugular and carotid were dissected out and placed in formalin and scanning
electron microscopy (SEM) fixative. A small amount of muscle was also covered in nano-
haemostat post mortem and sent for histology and SEM. SEM was performed post
preparation and coating of the samples in platinum. The nano-haemostat could be seen
coating the muscle patch and forming a ‘glue’ or matrix with long scaffolds or fibres with a
width of 30-70 nanometres. Erythrocytes could be seen trapped within this matrix (figure.

3).

Discussion: This pilot study demonstrates some of the inherent limitations of gels or liquids
in high flow, high pressure bleeding. Whilst the bleeding from the jugular vein injury could
be stopped with this nano-haemostat mixture, this is a comparatively low flow, low pressure
injury. The carotid artery injury was unable to be controlled with the nano-haemostat and

eventual control was achieved with the conventional option of crushed muscle patch.
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There are a number of questions raised by this small pilot study that may warrant further
investigation. The literature is not clear regarding the percentage strength of solution used
in previous nano-haemostat studies utilising RADA-16(379, 384, 389, 527, 528). Whilst these
have stopped bleeding in mouse models, this may simply be a reflection of the lower
pressure and lower volume of flows in these injuries. The ideal percentage is not yet clear.
Our 10% solution provided a solution viscous enough to adhere to the side of the plastic
syringe. This was chosen because we were interested in its ability to be applied in an
endoscopic scenario and it appeared to provide a balance between applicability and

viscosity.

This pilot study appears to add weight to previously published studies that have described
success in bleeding control of small vessels in small animal models using nano-
haemostat(379, 389, 527, 528). Certainly, it appeared to have some success controlling a
small jugular vein puncture. There may be future avenues worth exploring with regards to
the use of nano-haemostat in areas where visualisation of the bleeding point would be
useful such as a venous ooze from the lateral borders of the sphenoid corridor of a pituitary
resection or in endoscopic resection of a skull base tumour. Current teaching involves
packing these areas and moving the dissection to another region rather than laboriously
obtaining control and drying the field with bipolar as this would add inordinate amounts of
time to what is already a long operation. It would be advantageous to have a semi-
translucent haemostat that would allow the surgeon to see the bleeding point underneath
the haemostat rather than having to remove the pack and potentially remove the

fibrin/platelet plug/clot in doing so, causing further bleeding.
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This pilot study appears to show that nano-haemostat is unlikely to adequately control a
high-flow, high-pressure bleed such as that from a carotid artery injury. SEM shows the
nano-haemostat forming a matrix in which circulating erythrocytes and platelets are
trapped (in much the same way as a fibrin plug is formed) but this only formed in the post
mortem samples where there was obviously no pressure washing the nano-haemostat
away. In order for this to work in vivo, the nana-haemostat would need to be held in situ for
a prolonged period, possibly as part of a patch or pad. Further research is needed to address
the questions posed in the earlier part of this paper regarding the optimum formulation and

indications for use of this potentially revolutionary new haemostatic agent.
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Chapter 3

An Endoscopic Trial of Fibrin/Thrombin patches, Fibrin/Thrombin glue and Beta-Chitin
patches for major vessel bleeding
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An Endoscopic Trial of Fibrin/Thrombin patches, Fibrin/Thrombin glue and Beta-Chitin
patches for major vessel bleeding

Alistair Jukes, Jae Murphy, Sathish Paramasivan, Alkis J Psaltis, Lyall Hanton, Marina
Roxburgh, Simon Moratti, PJ Wormald

Background: As indications and approaches in endoscopic skull base surgery expand, the
potential for major vessel haemorrhage in areas that are relatively constrained from an
anatomical perspective increases. These expanded endonasal approaches can carry risks of
cavernous carotid injury of up to 5-9%. This study looks at methods to expand the surgeon’s
armamentarium when dealing with these potentially catastrophic bleeds. This study aims to
demonstrate efficacy, ease of application and safety of a fibrin/thrombin patch - Tachosil
[Baxter, Deerfield, IL], fibrin/thrombin glue - Evicel [Ethicon, Sommerville, NJ]) combined
with oxidized cellulose - Surgicel snow [Ethicon, Sommerville, NJ], and a squid-derived Beta-
Chitin patch [Department of Chemistry, University of Otago, Dunedin, New Zealand] in the
acute management of major vessel haemorrhage in endoscopic skull base surgery using a
sheep model of carotid artery bleeding and compare these with muscle patch and

anastoclip controls.

Methods: 18 sheep underwent neck dissection and placement of an endoscopic trainer over
the carotid artery. Standardised incisions were made in the artery and the experimental
patches used to control the haemorrhage with a 2-surgeon endoscopic technique.
Haemodynamic changes, time to haemostasis and volume loss were measured. Animals

were recovered for 3 months and underwent Magnetic resonance angiography (MRA) to
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determine incidence of pseudoaneurysm formation. Histology and electron microscopy of

the site of injury was then performed.

Results: Mean time to haemostasis was 124 seconds (95% Cl 70.9-177) in the Tachosil
group, 79.8 seconds in the Evicel/Snow group (95% Cl 69-90.6) and 67 seconds (95% Cl 52.3-
81.8) in the Beta-Chitin group. Mean blood loss was 281ml (95% Cl 106-456ml) in the
Tachosil group, 150ml (95% CI 105-196ml) in the Evicel/Snow group and 121ml (95%Cl 97-

146ml) in the Beta-Chitin group.

Conclusions: Tachosil, Evicel/Snow and Beta-Chitin are potentially valuable adjuncts to the
control of major vessel haemorrhage in endoscopic surgery. They are able to be introduced
and manipulated trans-nasally with endoscopic instruments and have a lower rate of
pseudoaneurysm formation than muscle patch. They also have the advantage of being

immediately available and do not require harvesting by a second surgeon.
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The extended, endonasal approach to the skull base continues to gain popularity and
increasing numbers of pathologies are now removed through this approach. As more
surgeons become proficient at these techniques and extend their skills, it is important to
acknowledge that there is a real risk of potentially catastrophic major arterial
haemorrhage(125, 128, 529). This is typically from the cavernous segment of the carotid
artery but, as approaches to deeper and more complex pathologies are developed, the risk
to the anterior communicating artery complex and the basilar regions increases. Large,
pooled case series put this risk at between 1-9% in extended endonasal approaches(117-
120). This bleeding is often difficult to control as anatomic restrictions often preclude the
application of surgical clips and other devices. Currently, the gold standard for treatment of
these injuries is the application of crushed autologous muscle patches. Whilst this treatment
is able to control the bleeding, it has a high incidence of pseudoaneurysm development over
the post-operative period. Some estimates range as high as 66% but most pooled series put
this in the region of 20-40%(121-123, 125, 167, 524). Muscle patches also take time and a
second surgeon to harvest and significant blood loss can occur whilst gaining definitive
haemostasis. Our research group has developed an ovine endoscopic carotid artery injury
model which is used for both research and surgical training(117). Several techniques have
been trialled on this model including the muscle patch and direct vessel closure via the
anastoclip device (LeMitre, Burlington, USA)(117, 119, 122). In an effort to reduce the time
to haemostasis, blood volume loss, and the incidence of pseudoaneurysm formation, we
trialled three commercially available products (2 in combination) and a Beta-Chitin patch

that we have formulated from squid pen on the endoscopic injury model.
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Ethics approval for this study was granted from the South Australian Health & Medical
Research Institute Animal Ethics Committee and the University of Adelaide Animal Ethics

Research Committee.

18 merino sheep underwent a general anaesthetic using intravenous ketamine and
diazepam for induction and intubated. Isoflurane was given for maintenance of anaesthesia.
and the animals placed supine with neck extended. Intramuscular antibiotics were given. A
midline neck dissection was performed and an arterial line and 12-french central line placed
in the left common carotid and internal jugular vein respectively. The right common carotid
was dissected free from surrounding strap muscles and adventitia and encased in a
modified SIMONT endoscopic trainer (Pro-delphus, Sao Paulo, Brazil) following the
procedure established by Valentine and Wormald and utilized in studies by Padhye and
Wormald subsequently(117, 121, 122, 128, 140). A curved aneurysm clip was placed half
way across the common carotid endoscopically to isolate a segment of the vessel. A scalpel
was then used to make a standardised 4mm linear incision in the carotid artery. Warmed
intravenous saline (Baxter, Sydney, Australia) was infused through the central line. The
aneurysm clip was then removed and the vessel allowed to bleed for 5 seconds.
Haemorrhage control was then achieved by endoscopic application of the haemostats being
tested. A 2 surgeon, 4 hand technique was used. Once bleeding had been controlled, the
area was observed for ten minutes to ensure no rebleeding. The endoscopic training model
was removed, the central and arterial lines removed, and the neck incision sutured closed in
a single absorbable layer. Sheep were then given IM analgesia, recovered and observed with
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monitoring of vital signs, feeding and behaviour in line with local animal ethics protocol.
Sheep were kept alive for 3-months post operatively and then underwent MRA of the neck
vessels to determine if a pseudoaneurysm had formed. Sheep were then humanely
euthanised and the right sided carotid removed en-bloc with surrounding strap muscles. In
2 sheep from each group, this was placed in electron microscopy fixative for 7 days and in 4
sheep from each group, this underwent 7 days of formalin fixation. The specimens were

then prepared for formal histology and electron microscopy.

18 Merino Sheep were used in this study. These were divided into 3 groups. 6 sheep
underwent application of Tachosil (Baxter, Deerfield, IL), 6 sheep underwent application of
Evicel/Surgicel snow (Ethicon, Sommerville, NJ) and 6 underwent application of Beta-Chitin
patch (Department of Chemistry, University of Otago, Dunedin, New Zealand). Samples
were made from squid pens (Nototodarus sloanii from Sealord, NZ). Squid pens were cut
into small pieces, washed with ethanol to dry, and ground to a fine powder in a coffee
grinder. The powder (7.50 g) was sieved through a sieve with a 0.420 mm mesh size, and
stirred in NaOH (1 M, 200 mL) for 3 days. The solid was filtered off, washed with H,O until
the pH was neutral, washed with EtOH, and air dried on the funnel to give a sticky solid
which eventually (30 min) dried to a white solid (2.53 g, 33%). A portion (1.00 g) was then
sonicated with acetic acid (1% v/v, 200 mL) with a probe sonicator (UP100H Heilscher) for
30 min, alternating the site which the probe sat in, to give an opaque thick solution with no
separate liquid. To determine the concentration of chitin fibres in suspension a portion of
the liquid (11.6 g) was filtered on a Blichner flask, the collected solid was dried at 45°C O/N.
This gave a solid film of chitin fibres (56 mg). To make a bulk solution containing 20% w/w
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PEG (based on chitin content), melted PEG (1K, 168 mg) was dissolved in a portion of the
remaining solution (139.2 g). The backing films were made by filtering the PEG/Chitin
solution (11.6 g) using a Biichner flask of desired width (4 cm). Once flat, the sample was
further dried under a weight in the oven at 45°C O/N. The foams are made on top of the
backing films by dampening a backing film to adhere to the bottom of a beaker, then
pouring PEG/chitin solution (11.6 g) on top. The sample was then frozen at -4°C O/N, and

lyophilised giving the desired film/foam (thickness ~0.7 cm, width 4 cm).

Parameters measured included blood pressure, heart rate, blood loss volume, and time to
haemostasis. All endoscopic cases were video-recorded for timekeeping and record
purposes. The outcome measures were measured using identical protocols to those
published by Padhye et al as we used their muscle patch and anastoclip animals as historical
controls(122). “Primary hemostasis” was said to be gained if haemostasis was achieved
during the operation and up to 1 hour post-operation with MAP > 55 mmHg. “Time to
hemostasis” was taken in seconds from the time the aneurysm clip was removed to the time
all instruments were removed from the nasal cavity in the absence of bleeding. “Blood loss”
was measured in milliliters (mL) from suction canisters and calculated from weight of soiled
drapes in grams (g). A “secondary bleed” was deemed to have occurred if bleeding was
noted from the operative site in the form of neck hematoma or rapid exsanguination from
the time the neck wound had been closed until the 3-month end point. “Pseudoaneurysm”
was deemed to have occurred if features noted on MRA scan or rupture of pseudoaneurysm

occurred resulting in sheep death.
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Statistical analysis was performed using SPSS. One-way ANOVA was performed utilising

Kruskal-Wallis test with uncorrected Dunn’s test to perform multiple comparisons of the

haemostatic agents relative to each other.

Short term outcomes: Haemorrhage control was achieved in all 18 sheep. Mean time to

haemostasis was 124 seconds (95% Cl 70.9-177) in the Tachosil group, 79.8 seconds in the

Evicel/Snow group (95% Cl 69-90.6) and 67 seconds (95% Cl 52.3-81.8) in the Beta-Chitin
group. This was compared with historical anastoclip and muscle patch controls from our

group using identical methodology. Mean time to haemostasis for Anastoclip was 249.1

seconds (95%Cl 112.9-385.3) and mean for muscle patch was 850.3 seconds (95%Cl 593.1-

1108). Overall effect of haemostatic agent was significant (P=0.0001). There was a

significantly reduced time to haemostasis between Evicel vs. Anastoclip (P=0.007), Evicel vs.

muscle (P=0.001), Tachosil vs. muscle (P=0.027), Chitin vs. Tachosil (P=0.004), Chitin vs.

Anastoclip (P=0.0003), and Chitin vs. Muscle (P=0.0001). The differences between Tachosil

and Evicel (P=0.264), Tachosil and anastoclip (P=0.142), Anastoclip and muscle (P=0.232),

and Chitin and Evicel (P=0.384) were not significant.

95% ClI 95% ClI

Mean SD lower upper

Muscle 850.3 103.6 593.1 1108
Anastoclip 249.1 177.2 112.9 385.3
Tachosil 124 50.5 70.9 177
Evicel 79.8 10.3 69 90.6
Chitin 67 14 52.3 81.6

Table 1: Mean times to haemostasis
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Summary | P Value
Muscle vs. Anastoclip ns 0.2324
Muscle vs. Tachosil * 0.027
Muscle vs. Evicel ok 0.0018
Muscle vs. Chitin oA 0.0001
Anastoclip vs. Tachosil | ns 0.1452
Anastoclip vs. Evicel ok 0.0074
Anastoclip vs. Chitin oA 0.0003
Tachosil vs. Evicel ns 0.2643
Tachosil vs. Chitin * 0.047
Evicel vs. Chitin ns 0.3842

Table 2: Comparison of significance in mean times to haemostasis between products
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Figure 1: Time to haemostasis

Mean blood loss was 281ml (95% Cl 106-456ml) in the Tachosil group, 150ml (95% CI 105-

196ml) in the Evicel/Snow group and 121ml (95%CI 97-146ml) in the Beta-Chitin group.

Mean Blood loss was 146ml (95%Cl 17-298ml) for anastoclip and 928 (95%Cl 406-1449ml)

for muscle patch. The overall effect of haemostatic agent on volume of blood loss was
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significant (P=0.005). The difference in mean blood loss was significantly different between

muscle vs. anastoclip (P=0.0008), Muscle vs. Evicel (P=0.031), Muscle vs. Chitin (P=0.006)

and Anastoclip vs Tachosil (P=0.010). The differences between Muscle vs. Tachosil

(P=0.212), Anastoclip vs. Evicel (P=0.181), Anastoclip vs Chitin (P=0.561), Tachosil vs. Evicel

(0.264), Tachosil vs. Chitin (P=0.071) and Evicel vs. Chitin (P=0.490) were not significant.

95% ClI 95% Cl
Mean SD lower upper
Muscle 928 209.8 406.7 1449
Anastoclip 146.2 197.7 17.4 298.2
Tachosil 281.7 166.5 106.9 456.4
Evicel 150.8 43.1 105.5 196.1
Chitin 121.7 23.1 97.36 146
Table 3: Mean blood volume loss in milliliters
Summary | P Value
Muscle vs. Anastoclip wokx 0.0008
Muscle vs. Tachosil ns 0.2129
Muscle vs. Evicel * 0.0311
Muscle vs. Chitin ok 0.0066
Anastoclip vs. Tachosil * 0.0105
Anastoclip vs. Evicel ns 0.1817
Anastoclip vs. Chitin ns 0.5613
Tachosil vs. Evicel ns 0.2647
Tachosil vs. Chitin ns 0.0712

Table 4: Comparison of significance in milliliters of blood loss between products
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Figure 2: Mean blood volume loss (mls)

Haemodynamic parameters did not vary significantly between the groups with mean arterial
pressure (MAP) of 67.7mmHg at the beginning of the procedure in the Tachosil group, 69.8
in the Evicel/Snow group and 70 mmHg in the beta Chitin group. MAP at the end of the
procedure was 64.3mmHg in the Tachosil group, 62.5mmHg in the Evicel/Snow group, 66

mmHg in the beta Chitin group. The change in MAP was not significant for any group.

Long-term outcomes: 1 sheep in the Tachosil group died of acute neck swelling on post-
operative day 11 and autopsy demonstrated a large clot compressing the neck vessels. The
carotid artery was removed and a pseudoaneurysm was discovered on histological
examination with a defect in the muscular layer of the artery with disorganized collagen
fibres overlying this and a fresh blood clot (figure). Two sheep in the Beta-Chitin group
underwent humane killing on day 11 and day 13 post-operatively for infection not

responsive to antibiotics. They underwent formal angiography prior to this which
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demonstrated no significant abnormalities of the carotid. The remainder of the sheep
survived to 3 months. MRA of the neck vessels did not demonstrate the development of
pseudoaneurysm in any of these sheep. In the historical controls, 1 sheep in the anastoclip
group had an unruptured pseudoaneurysm and 1 of the sheep in the muscle patch group
suffered a ruptured pseudoaneurysm. Histological examination of the carotid arteries did

not demonstrate any adverse inflammatory response to any of the patches used.

Figure 3: Endoscopic views of application of different haemostatic agents - (A) Surgicel Snow;
(B) Evicel glue; (C) Tachosil; (D) Chitin
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Figure 4: Axial (left) and Coronal (right) magnetic resonance angiograms at 3 months post
injury

Figure 5: Electron microscopy images of (A) carotid artery injury with tachosil patch
overlying the artery wall defect; (B) Fibrin clot with erythrocytes and plates enmeshed; (C)
Ovine platelet undergoing activation and projecting podocytes; (D) Chitin fibres

173



Figure 6: The sheep model demonstrating (A) Trainer on carotid artery; (B) Draped; (C)
Haemorrhage control; (D) Arterial jet from injury (endoscopic view)

Discussion

Definitive hemostasis was achieved in all cases in this study. There was a significant
improvement in time to haemostasis and blood loss for all three haemostat types compared
to muscle patch controls. Blood loss was significantly reduced in all groups when compared
with muscle patch controls. We elected to trial haemostatic agents that work on different

parts of the coagulation and platelet activation pathways.
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Tachosil [Baxter] is a topical sealant patch (9.5x4.8cm) that consists of human fibrinogen
(3.6 to 7.4 mg (5.5 mg) per cm” and human thrombin (1.3 to 2.7 Units (2.0 U) per cm?)(291)
coated onto an equine-derived collagen sponge. It is thought to work by activation of
fibrinogen into fibrin monomers with subsequent polymerization. The fibrin polymers and
platelet activation lead to subsequent activation of the coagulation cascade with further
adherence to the wound surface via further thrombin mediated fibrin polymerization and
conglutination of the patch’s collagen matrix and the wound surface, forming a tight
seal(242, 243, 247, 248, 293). Tachosil is indicated for use in cardiac and hepatic surgery as
an adjunct to haemostasis where it is placed as a sheet upon the bleeding surface(291). The
literature is replete with case reports and small series of novel use. Several cardiac case
studies report its use to seal ventricular bleeding post infarction and rupture and at least
one case of its use to seal a high pressure ruptured coronary artery(296-299). It has also
been trialed to prevent the development of pericardial adhesions post cardiac surgery(300,
301), been used in swine liver and spleen injury models(299, 302-304), gynaecological
surgery for uterine wrapping and myomectomy bleeding(305, 306), in renal artery
aneurysm surgery(307, 308) and post nephrectomy surgery(309, 310). A large case series at
the University of Helsinki retrospectively analysed the use of Tachosil in 100 neurosurgical
patients as both a haemostat and as a dural sealant(293). The authors describe its use in a
number of settings from stopping small arteriole bleeding to reinforcing suture lines as a
dural sealant. The most applicable from a haemostatic perspective was its use to repair the
superior sagittal sinus in vertex and parafalcine meningioma surgery. The authors describe
laying the Tachosil in strips over dural defects when resecting meningiomas with a patent

superior sagittal sinus. There were no instances of post-operative haematoma or evidence

175



of thrombosis of the sinus as a result of its use(293). Whilst the incidence of the
development of antibodies to the human fibrin and thrombin is less than 1%, a paper
reporting the use of Tachosil in a hepatic haemorrhage model reported that the incidence of
development of antibodies to equine collagen was 26%(293, 313). This did not result in any
known clinical harm. It does not appear to carry an increased risk of systemic or localized

thromboembolic complications(234).

Evicel [Ethicon] consists of 55-85 mg/ml fibrinogen and 800-1200 IU/ml human thrombin in
frozen solution provided in separate vials which are mixed in a sterile applicator. It is
dripped or sprayed onto the wound. In a prospective randomised controlled trial, Evicel was
compared with manual compression only in patients undergoing end to side femoral or
upper extremity arterial anastomoses(245). Evicel was significantly more effective at
achieving haemostasis than manual compression alone at the 4-minute mark (85% vs
35%)(245). Evicel has also been trialled in endoscopic endonasal surgery using post-
operative mucosal bleeding rates as an outcome measure(266-268). Post-operative bleeding
occurred in 0-5% of patients in the Evicel groups compared with 23-37% of patients in the

nasal packing alone groups(268).

Beta-Chitin is a form of Poly-N-acetyl Glucosamine (pGlcNAc). This is a carbohydrate
polymer derived from animal, fungal and algal sources. In its natural form, it is a major
component of crustacean exoskeletons, squid pens, the wings of insects, marine algae, or
fungal mycelial mats(279, 348-350). It consists of polymers in a crystalline form arranged in
either parallel lines (where they may be termed B-chitin) or antiparallel lines (where they
may be termed a-chitin). They are able to be formed into nano-fibres measuring 60-100
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micrometers in length and 20-80 nanometres in diameter. In-vitro studies have shown that
Chitin is able to increase red blood cell aggregation and endothelial-dependant
vasoconstriction and also to activate platelets(200, 349, 355, 356, 367, 530, 531). The Beta-
Chitin form of pGIcNAc is more effective in tests of haemostasis than the Alpha-Chitin form
of pGIcNAc (356, 365). Thatte and colleagues performed in vitro studies on alpha and beta
forms of chitin and demonstrated that contact with Beta-Chitin caused total and irreversible
activation of platelets(366). The authors propose a three-step activation mechanism(366).
(1) - pGlcNACc binds to immobilised plasma proteins such as fibrinogen and/or platelets
directly bind to pGIcNAc. (2) - Integrin-mediated platelet activation activated the intrinsic
coagulation pathway via Hageman activation factor (Factor Xll). This generates thrombin
and forms a stable clot. This clot is further stabilised by the tendency for platelets to
aggregate on pGIcNAc matrices and generate vasospastic substances such as thromboxane
and serotonin. (3) - Clot retraction via platelet mediators and local vasospasm accelerates
wound healing. Valeri et al used thromboelastography to demonstrate platelet activation
upon exposure to chitin with an increase in the platelet production of thromboxane A2, an
increase in platelet Factor X and Annexin V and increased platelet microparticles, all
suggesting increased platelet activation(280). Fischer et al performed a series of
experiments to determine the mechanical events that lead to platelet activation when
exposed to algae-derived pGIlcNAc and concluded that GP1b, a platelet protein that
ordinarily binds to von Willebrand’s factor, binds strongly to the pGIcNAc fibres to prevent
platelet shearing and allow further binding to fibrin(194). Follow up work by the same group
using thromboelastography demonstrated that beta pGIcNAc (marine algae source)
accelerated fibrin polymerisation to the extent that it negated the effect of Glycoprotein

lIblla inhibition(192, 280, 354). Jegatheeswaran and colleagues performed in vivo
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experiments to determine the effect of pGIcNAc- derived chitosan on haemostasis in an
ovine hepatic injury(367). They performed partial liver injuries and subsequently
hepatectomies on pigs and demonstrated a non-significant decrease in time to haemostasis
when compared with manual pressure (control) with a median time of 2 minutes less in the
chitosan group(367). Horio et al performed a similar experiment on liver injury in rats,
comparing hydrogel-mixed chitosan sponges to fibrin/thrombin patches (TachoComb)(368).
They demonstrated no difference in haemostatic efficacy between these groups in non-
heparinised rats however the chitosan sponges had a significantly higher haemostatic
efficacy in the heparinised rats, with all rats in this group achieving haemostasis within 5
minutes and all rats in the control group exsanguinating(368). Chitosan is thought to
increase granulation around wound sites. As it is broken down, it depolymerises and
releases N-acetyl-D-glucosamine which stimulates fibroblasts and increases hyaluronic acid
production at the wound site(355, 361, 370). This allows increased delivery of oxygen to
surrounding tissues and increased neutrophil activation(200). Whilst chitin is derived from
shellfish, there has not been a reported case of allergic reaction to purified chitin/chitosan

in either humans or animals(362, 373, 381).

This trial has shown the efficacy of ready-to-apply patches for hemorrhage control in cases
of carotid injury. These patches add to the skull base surgeon’s armamentarium when
dealing with potentially catastrophic arterial bleeding. They appear to be safe, efficacious
and provide long term haemostasis out to three months with no significantly increased risk

of pseudoaneurysm formation over muscle patch or anastoclip.
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BRIGINAL ARTICISS

Platelet activation by crushed and uncrushed muscle: a flow
cytometry analysis

Alistair Jukes, MBBS(Hons) B.LibStud"%?, Dijana Miljkovic, BMedPharmBtech PhD'3, P.J. Wormald, MD
FRACS'-? and Alkis J. Psaltis, MD PhD FRACS'3

Background: Crushed autologous muscle is used in skull
base surgery in the acute phase of major arterial hemor-
rhage to stop bleeding. The mechanism of this is not yet

blood (p < 0.0001); and 9.4-fold greater in clopidogrel-
exposed blood (p < 0.0001).

Conclusi Crushed muscle caused a consistently in-

clear, but is thought to involve the formation of a platelet
plug, which seals the vessel wall defect but still allows
ongoing blood flow to the brain.

Methods: In this study we use flow cytometry to repli-
cate the in-vivo actions of crushed muscle on platelets
in whole blood. We compare the ratio of activation of
platelets exposed to crushed and uncrushed muscle super-
natant in control patients and in patients on antiplatelet
agents.

Results: Crushed muscle activated platelets to a higher
degree than uncrushed muscle: 5.18-fold greater in con-
trol blood (p = 0.002); 6.53-fold greater in aspirin-exposed

creased ratio of platelet activation when compared with un-
crushed muscle across all groups, adding to the evidence
that at least part of its clinical effect is the result of platelet
activation. © 2017 ARS-AAOA, LLC.
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C rushed autologous muscle is a known adjunct to ma-
jor arterial hemorrhage control in a number of surgical
specialties. It is currently the “gold standard” in control-
ling cavernous-segment carotid artery bleeding during en-
doscopic skull base surgery. In this setting the constrained
anatomy of the skull base precludes direct vessel closure
with sutures or other devices. The incidence of bleeding
ranges from 0.16% to 1.1% in uncomplicated pituitary
surgery to 5% to 9% in extended, endonasal approaches
to the skull base.»? Previously published research from our
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department has demonstrated that applying crushed mus-
cle patches to carotid artery injuries results in decreased
blood volume loss and faster time to hemostasis when com-
pared with chitosan patches and surgical clips in preclin-
ical models.’” There are a number of case reports of the
use of crushed muscle patches in potentially life-threatening
carotid injury.®!! The mechanism for this hemostatic effect
is unknown. It is thought that crushed muscle releases fac-
tors that induce platelet activation and aggregation, which
is then is assisted by the formation of a fibrin scaffold
where procoagulant factors are trapped and subsequently
activated.'? This forms a “platelet plug” over the artery
wall defect. We hypothesize that this is due to release of
factors from crushed vessel walls and collagen within the
muscle patch. In an effort to demonstrate this effect in vitro,
Rajiv and colleagues used platelet aggregrometry to demon-
strate significantly increased amounts of platelet aggrega-
tion with increasing concentrations of muscle supernatant
(ranging from 0.1 to 0.8 mg/mL).'? Flow cytometry pro-
vides a better picture of in-vivo platelet activity as it analy-
ses whole blood. In view of the findings by Rajiv et al, we
hypothesized that crushed muscle would activate a higher
percentage of platelets than uncrushed muscle.
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FIGURE 1. Platelets identified by CD42 APC (A) and activated platelets by PAC-1 Alexa Fluor 488 (B).

Methods

Patient sample collection

This study was approved by the human research ethics
committee of the Queen Elizabeth Hospital, Adelaide, Aus-
tralia. All patients provided informed written consent prior
to enrollment. Blood specimens were prospectively col-
lected from 30 patients. Patients were divided into those
not taking antiplatelet medications for at least 3 months
(controls) and those on antiplatelet medications, clopido-
grel or aspirin (blood was collected from patients already
taking aspirin or clopidogrel who had not undergone a di-
agnosed ischemic event in the previous 3 months). After
discarding the first 3 mL of blood, samples were collected
in ethylene-diamine tetraacetic acid (EDTA) tubes and then
prepared within 5 minutes of collection.

Crushed muscle preparation

Fresh human muscle was obtained from the viable proximal
region of below-knee amputation specimens at the Queen
Elizabeth Hospital. The muscle tissue was immediately di-
vided into 1-g blocks and either crushed immediately be-
tween 2 kidney dishes for 5 seconds or left whole and placed
in 1 mL of phosphate-buffered saline (PBS). Both samples
were then agitated for 5 minutes and the macroscopic mus-
cle component removed. Supernatant was stored at —80°C
until use.

Flow cytometry

Fifty microliters of muscle supernatant, adenosine diphos-
phate (ADP) or PBS, was incubated at room temperature
for 5 minutes with 0.45 mL of blood per sample. Samples
were then stained for 15 minutes at room temperature with
CD62 (APC, Clone AK-4) to define unactivated platelets
and PAC-1 (Alexa Fluor 488 Clone PAC-1) to determine
activated platelets (Becton Dickinson Biosciences, San Jose,
CA). Gates were based on fluorescence minus 1 (FMO) con-
trols (Fig. 1).

We sought to identify whether exposure to crushed and
uncrushed muscle supernatant results in direct platelet
activation by using flow cytometry to examine whole

blood exposed to each of these. To determine the po-
tential inhibitory effect of commonly prescribed an-
tiplatelet agents on this interaction, we also exposed blood
from separate groups of patients taking clopidogrel (a
thienopyridine-class ADP receptor antagonist) and aspirin
(a cyclooxygenase-1 [COX-1] inhibitor) to the crushed and
uncrushed supernatants. The ratio of platelets activated in
each group along with the total percentage of platelets ac-
tivated when crushed was compared with those uncrushed.
Ratios of the mean percentage activation in each blood
group between each hemostatic agent were calculated ac-
cording to the geometric mean with lower and upper limits
representing the 95% confidence interval (CI).

Results

Platelet activation

Crushed muscle activated platelets to a higher degree than
uncrushed muscle: 5.18-fold greater in control blood (p =
0.002); 6.53-fold greater in aspirin-exposed blood (p <
0.0001); and 9.4-fold greater in clopidogrel-exposed blood
(p < 0.0001) (Table 1).

Total percentage activation findings show that rushed
muscle caused a mean platelet activation of 6.63% (95%
CI, 0.55-12.71) in control blood, 31.38% (95% CI, 14.22-
48.54) in aspirin-exposed blood, and 26.08% (95% CI,
16.02-36.14) in clopidogrel-exposed blood (Fig. 2 and
Table 2).

Uncrushed muscle caused a mean platelet activation
of 0.99% (95% CI, 0.44-2.42) in control blood, 5.84%

TABLE 1. Ratios of mean percentage activation in each
blood group between each hemostatic agent

Group Agent 1 Agent2 | Meanratio (95%Cl) | pvalue
Aspirin Crushed | Uncrushed | 6.53(3.00to 14.22) | <0.0001
Clopidogrel | Crushed | Uncrushed | 9.40(4.30t020.53) | <0.0001
Normal Crushed | Uncrushed | 5.18(1.90 to 14.16) 0.002

Cl = confidence interval.
International Forum of Allergy & Rhinology, Vol. 00, No. 0, xxxx 2017 2
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FIGURE 2. Percentage of activated platelets divided by blood cohort.

TABLE 2. Mean percentage platelet activation divided by
hemostatic agent

Group Presentation Mean (95% CI) Median (95% CI)

Aspirin ADP 45.46 (16.80 to 74.12) | 54.50 (7.4 to 68.0)
Aspirin Crushed 31.38 (14.22 t0 48.54) | 27.40 (0.2 to 62.0)
Aspirin Unactivated | 15.94 (4.80 to 27.08) 11.90 (0.3 to 36.8)
Aspirin Uncrushed 5.84 (0.31t011.37) 1.90 (0.4 t0 23.4)
Clopidogrel | ADP 38.68 (14.03 t0 63.33) | 46.60 (5.2 to 54.6)
Clopidogrel | Crushed 26.08 (16.02 to 36.14) | 25.85 (5.5 t0 43.5)
Clopidogrel | Unactivated | 10.01(2.25 to 17.77) 7.55 (0.0 to 28.4)
Clopidogrel | Uncrushed 4.67 (0.40 to 8.94) 2.45(0.1t019.5)
Normal ADP 20.08 (9.21 to 30.95) 22.00(1.11t052.3)
Normal Crushed 6.63 (0.55 to 12.71) 3.65(0.2t0 28.4)
Normal Unactivated 0.78 (0.40 to 1.16) 0.75(0.0t0 1.9)

Normal Uncrushed 0.99 (—0.44 t0 2.42) 0.20 (0.1t0 6.5)

ADP = adenosine diphosphate; Cl = confidence interval.
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(95% CI, 0.31-11.37) in aspirin-exposed blood, and 4.67%
(95% CI, 0.40-8.94) in clopidogrel blood. ADP was used as
a positive control. ADP exposure resulted in a mean platelet
activation of 20.08% (95% CI, 9.21-30.95) in control
blood, 45.46% (95% CI, 16.80-74.12) in aspirin-exposed
blood, and 36.68% (95% ClI, 14.03-63.33) in clopidogrel-
exposed blood. “Unactivated” exposure, where blood was
not exposed to any hemostatic agent but just labeled with
antibodies, resulted in a mean platelet activation of 0.78%
(95% CI, 0.40-1.16) in control blood, 15.94% (95% CI,
4.80-27.08) in aspirin-exposed blood, and 10.01% (95%
CI, 2.25-17.77) in clopidogrel-exposed blood (Fig. 3).

Discussion

In this study we found that crushed muscle effectively
activated platelets within whole blood at a ratio of be-
tween 5.18- and 9.40-fold greater than uncrushed mus-
cle. Crushed muscle activated platelets to a higher degree
than uncrushed muscle in both controls and patients tak-
ing platelet-inhibiting medications. This indicates a con-
sistent effect even in the face of platelet activation path-
way inhibition at 2 different points. There are multiple
methods and phases of platelet activation but the most
prominent is exposure of platelets to collagen, which is
found almost everywhere in the body apart from the inner
wall of the normal vascular endothelium. Platelets adhere
to exposed collagen and extracellular membrane proteins
on damaged endothelium despite extensive “shear stress”
caused by rapidly flowing blood.'>'* The platelets do this
via a number of mechanisms, the most prominent being
glycoprotein Ib-IX (GPIb-IX) binding to von Willebrand
factor (vWF) and glycoprotein IIbllla (GPIIbIlla) binding
to fibrin and fibrinogen.!® Crushing muscle likely results in
the release of large amounts of prothrombotic factors, such
as collagen, to platelets in the vicinity of the arterial injury,
allowing subsequent activation. This effect appears to be
reflected in surgical practice where crushed muscle (gener-
ally vastus or rectus muscle) has proven to be lifesaving
in a number of instances in which autologous muscle was
harvested emergently, crushed, and applied to the bleeding
poing.26:16:17

C Clopidogrel

L 1] + *
s N
2 o
:
= {
o 40
H v
3200 ofe [] e
3 o © & A v *P<0.05
#

T T T T
Crushed Uncrushed ADP Unactivated

T T T T
Crushed Uncrushed ADP Unactivated

FIGURE 3. Percentage of activated platelets (PAC1+) out of total platelets (CD42+), in (A) control patients, (B) patients on aspirin, and (C) patients on
clopidogrel in crushed, uncrushed, and ADP-activated and -unactivated patient samples. Data expressed as median with interquartile range. p < 0.05,
Kruskal-Wallis test.

International Forum of Allergy & Rhinology, Vol. 00, No. 0, xxxx 2017

188



Jukes et al.

Alle
]&hmology

Our group has developed a preclinical ovine model of en-
doscopic carotid artery hemorrhage control for surgeons.
In this model, the carotid artery of an anesthetized Merino
sheep is dissected free of surrounding adventitia and a mod-
ified Sinus Model Otorhino Neuro Trainer (SIMONT; Pro
Delphus, Pernambuco, Brazil) is placed over this artery. An
incision is made in the artery, and surgeons, who are trained
to control the bleeding vessel, harvest muscle from the neck
or thigh, crush it, and apply it to the bleeding artery. We
have found that crushing the muscle provides a significantly
reduced time to bleeding control, lower total blood vol-
ume loss, and less hemodynamic deterioration in the animal
when compared with noncrushed muscle.®716:18,19

Although the ratios of activation between crushed and
uncrushed muscle remained somewhat consistent between
groups in our study, the absolute value of the percentage of
platelets activated was increased in the aspirin and clopi-
dogrel cohorts. We included these commonly prescribed
antiplatelet agents as there are instances where operations
may need to be performed without the usual medical cessa-
tion period (such as in the case of pituitary apoplexy with
visual impairment).20-26

It should be reiterated that platelet transfusions do not en-
tirely reverse or negate the effect of antiplatelet agents.?”>$
Blood was collected from patients already taking aspirin
or clopidogrel and who had not undergone a diagnosed is-
chemic event in the previous 3 months. Patients were not
placed on these medications solely for the purpose of our
study. It is possible that these patients may have had more
reactive platelets, predisposing them to a thromboembolic
event, and therefore already had a higher circulating per-
centage of activated platelets. This may have accounted for
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Background: Crushed autologous muscle is used in skull base surgery in the acute phase of
major arterial hemorrhage to stop bleeding. The mechanism of this is not yet clear but is
thought to involve the formation of a platelet plug, that seals the vessel wall defect but still
allows ongoing blood flow to the brain.

Methods: This study uses flow cytometry to attempt to replicate the in vivo actions of
crushed muscle on platelets in whole blood. It compares the ratio of activation of platelets
exposed to crushed and uncrushed muscle supernatant in control patients and those on
antiplatelet agents.

Results: Crushed muscle activated platelets to a higher degree than uncrushed muscle. This
ratio was 5.18 times greater in control blood (P=0.002), 6.53 times greater in aspirin-
exposed blood (P<0.0001) and 9.4 times greater in clopidogrel exposed blood (P<0.0001).
Conclusion: Crushed muscle caused a consistently increased ratio of platelet activation
when compared with uncrushed muscle across all groups, adding to the evidence that at

least part of its clinical effect is the result of platelet activation.

Crushed autologous muscle is a known adjunct to major arterial hemorrhage control in a
number of surgical specialties. It is currently the gold standard in controlling cavernous-
segment carotid artery bleeding during endoscopic skull base surgery. Here the constrained
anatomy of the skull base precludes direct vessel closure with sutures or other devices. The
incidence of bleeding ranges from 0.16-1.1% in uncomplicated pituitary surgery to 5-9% in
extended, endonasal approaches to the skull base(125, 138). Previously published research
from our department demonstrates that applying crushed muscle patches to carotid artery
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injuries results in decreased blood volume loss and faster time-to-hemostasis when
compared with chitosan patches and surgical clips in pre-clinical models(117-120, 122).
There are a number of case reports of its use in potentially life-threatening carotid
injury(130, 142, 167, 532). The mechanism for this hemostatic effect is unknown. It is
thought that crushed muscle releases factors that induce platelet activation and
aggregation, which is then is assisted by the formation of a fibrin scaffold in which pro-
coagulant factors are trapped and subsequently activated(145). This then forms a ‘platelet
plug’ over the artery wall defect. We hypothesise that this is due to release of factors from
crushed vessel walls and collagen within the muscle patch. In an effort to demonstrate this
effect in vitro, Rajiv and colleagues performed a study using platelet aggregrometry which
demonstrated significantly increased amounts of platelet aggregation with increasing
concentrations of muscle supernatant (ranging from 0.1mg/ml to 0.8mg/ml)(145). Flow
cytometry provides a better picture of in vivo platelet activity as it analyses whole blood.
Given the findings of Rajiv et al, we hypothesise that crushed muscle should activate a

higher percentage or platelets than uncrushed muscle.

Patient Sample Collection
This study was approved by the Human Research Ethics Committee of the Queen Elizabeth

Hospital, Adelaide, Australia. All patients provided informed written consent prior to
enrollment. Blood specimens were prospectively collected from 30 patients. Patients were
divided into those not taking antiplatelet medications for at least three months(controls)
and those on antiplatelet medications; clopidogrel or aspirin (Blood was collected from

patients already taking aspirin or clopidogrel who had not undergone a diagnosed ischaemic
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event in the previous 3 months). After discarding the first 3ml of blood, samples were
collected in ethylenediaminetetraacetic acid (EDTA) tubes and then prepared within 5

minutes of collection.

Crushed Muscle Preparation
Fresh human muscle was obtained from the viable proximal region of below knee

amputation specimens at the Queen Elizabeth Hospital. This was immediately divided into
1g blocks and either crushed immediately between two kidney dishes for five seconds or left
whole and placed in 1ml phosphate buffered saline (PBS). Both samples were then agitated
for 5 minutes, then the macroscopic muscle component removed. Supernatant was stored

at -80*C until use.

Flow Cytometry
50ul of muscle supernatant, adenosine diphosphate (ADP) or PBS was incubated at room

temperature for 5 minutes with 0.45ml of blood per sample. Samples were then stained for
15 minutes at room temperature with CD62 (APC, clone AK-4) to define unactivated
platelets and PAC-1 (AF488 clone PAC-1) to determine activated platelets. (Becton Dickinson
Biosciences, San Jose, CA, USA). Gates were based on Fluorescence minus one (FMO)

Controls. (Fig. 1).

We sought to identify whether exposure to crushed and uncrushed muscle supernatant
results in direct platelet activation, using flow cytometry to examine whole blood exposed
to each of these. In order to determine the potential inhibitory effect of commonly
prescribed anti-platelet agents on this interaction, we also exposed blood from separate

groups of patients taking clopidogrel (a thienopyridine-class Adenosine Diphosphate (ADP)
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receptor antagonist) and aspirin (a Cyclooxygenase-1 (COX-1) inhibitor) to the crushed and
uncrushed supernatants. The ratio of platelets activated in each group along with the total
percentage of platelets activated when crushed was compared to uncrushed. Ratios of the
mean percentage activation in each blood group between each hemostatic agent were
calculated according to the geometric mean with lower and upper limits representing the

95% confidence interval (95%Cl).

Platelet Activation:

Crushed muscle activated platelets to a higher degree than uncrushed muscle at a ratio of
5.18 times greater in control blood (P=0.002), 6.53 times greater in aspirin-exposed blood
(P<0.0001) and 9.4 times greater in clopidogrel exposed blood (P<0.0001) (Table 1)

Total Percentage activation: Crushed muscle caused a mean platelet activation of 6.63%
(95% CI 0.55-12.71) in control blood, 31.38% (95% Cl 14.22-48.54) in aspirin-exposed blood
and 26.08% (95% Cl 16.02-36.14) in clopidogrel-exposed blood (Figure 2) (Table 2).
Uncrushed muscle caused a mean platelet activation of 0.99% (95% Cl-0.44-2.42) in control
blood, 5.84% (95% Cl 0.31-11.37) in aspirin-exposed blood and 4.67% (95% Cl 0.40-8.94) in
clopidogrel-blood. ADP was used as a positive control. ADP exposure resulted in a mean
platelet activation of 20.08% (95%CI 9.21-30.95) in control blood, 45.46% (95%Cl 16.80-
74.12) in aspirin-exposed blood and 36.68% (95%Cl 14.03-63.33) in clopidogrel-exposed
blood. ‘Unactivated’ exposure where blood was not exposed to any hemostatic agent but
just labelled with antibodies gave a mean platelet activation of 0.78% (95%Cl 0.40-1.16) in
control blood, 15.94% (95% Cl 4.80-27.08) in aspirin-exposed blood and 10.01% (95% Cl
2.25-17.77) in clopidogrel exposed blood (Figure 3).
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In our study crushed muscle effectively activated platelets within whole blood at a ratio of
between 5.18-9.40 times greater than uncrushed muscle. Crushed muscle activated
platelets to a higher degree than uncrushed muscle in both control and in patients taking
platelet inhibiting medications. This indicates a consistent effect even in the face of platelet
activation pathway inhibition at two different points. There are multiple methods and
phases of platelet activation but the most prominent is the exposure of platelets to
collagen, which is found almost everywhere in the body apart from the inner wall of the
normal vascular endothelium. Platelets adhere to exposed collagen and extracellular
membrane proteins on damaged endothelium despite extensive ‘shear stress’ caused by
rapidly flowing blood(190, 191). They do this via a number of mechanisms, the most
prominent being Glycoprotein Ib-IX (GPlb-IX) binding to Von Willebrands factor (vWF) and
Glycoprotein llbllla (GPIIbllla) binding to fibrin and fibrinogen(189). Crushing muscle likely
results in the release of large amounts of pro-thrombotic factors such as collagen to
platelets in the vicinity of the arterial injury, allowing activation and subsequent activation.
This effect appears to be reflected in surgical practice where crushed muscle (generally
vastus or rectus muscle) has proven to be life-saving in a number of instances where
autologous muscle has been harvested emergently, crushed and applied to the bleeding
point(120, 121, 138, 139). Our group has developed a pre-clinical ovine model of endoscopic
carotid artery hemorrhage control for surgeons. In this model, the carotid artery of an
anaesthetised merino sheep is dissected free of surrounding adventitia and a modified Sinus
Model Otorhino Neuro Trainer (SIMONT, Pro Delphus, Pernambuco, Brazil) is placed over
this. An incision is made in the artery and surgeons are trained to control the bleeding

vessel, harvest muscle from the neck or thigh, crush it, and apply it to the bleeding artery.
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We have found that crushing the muscle provides a significantly reduced time to bleeding
control, lower total blood volume loss and less haemodynamic deterioration in the animal
when compared to non-crushed muscle(117, 121, 122, 128, 140). Whilst the ratios of
activation between crushed and uncrushed remained somewhat consistent between
groups, the absolute value of the percentage of platelets activated was increased in the
aspirin and clopidogrel cohorts. We included these commonly prescribed anti-platelet
agents as there are instances where operations may need to be performed without the
usual medical cessation period (such as in the case of pituitary apoplexy with visual
impairment)(39, 123, 137, 533-536). It should also be remembered that platelet
transfusions do not entirely reverse or negate the effect of these antiplatelet agents(116,
537). Blood was collected from patients already taking aspirin or clopidogrel who had not
undergone a diagnosed ischaemic event in the previous 3 months). They were not placed on
these medications solely for the purpose of our study. it is possible that these patients may
have had more reactive platelets, predisposing them to a previous thromboembolic event
and therefore already had a higher circulating percentage of activated platelets. This may
potentially account for the higher absolute levels of platelet activation seen in this study.
We have therefore chosen to report both absolute values and ratios. Our results may be
reflective of real world practice as patients may have multiple medical comorbidities when

they come to surgery.

Exposing whole blood to crushed muscle supernatant causes platelet activation at a ratio of
between 5.18-9.40 times greater than uncrushed muscle supernatant indicating the release
of platelet activating factors by this crushing. We hypothesise that there are both
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intracellular and extracellular factors at play. The extracellular proteins that are exposed to
whole blood may be insufficient to activate platelets and that the exposure to intracellular
components that occurs when cells are crushed increases platelet activation. These
components are usually shielded from circulating blood so their exposure renders platelets
more active and thrombogenic. These components likely include collagen fibres and
cytoplasmic proteins. The higher absolute percentage of platelets activated in the
clopidogrel and aspirin groups may be reflective of an innate propensity of these patients to
arterial thrombosis but it indicates that the crushed muscle patch may still provide some in
vivo platelet activating effect in the face of what is, ostensibly, significant platelet inhibition.
It would be of benefit to surgeons and patients alike if a component of crushed muscle
could be isolated that was efficacious in activating platelets. Further research is required to
determine the precise components released by crushed muscle that cause platelet

activation and whether these may be isolated or synthesised for clinical use.

Group Agent 1 Agent 2 Mean ratio (95% CI) p
Aspirin Crushed Uncrushed 6.53(3.00-14.22) <0.0001
Clopidogrel  Crushed Uncrushed 9.40(4.30-20.53) <0.0001
Normal Crushed Uncrushed 5.18(1.90-14.16) 0.002

Table 1. Ratios of mean percentage activation in each blood group between each hemostatic
agent.
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Group Presentation Mean(95%ClI) Median(95% CI)

Aspirin ADP 45.46(16.80-74.12)  54.50(7.4-68.0)
Aspirin Crushed 31.38(14.22-48.54)  27.40(0.2-62.0)
Aspirin Unactivated  15.94(4.80-27.08) 11.90(0.3-36.8)
Aspirin Uncrushed  5.84(0.31-11.37) 1.90(0.4-23.4)
Clopidogrel ADP 38.68(14.03-63.33)  46.60(5.2-54.6)
Clopidogrel Crushed 26.08(16.02-36.14)  25.85(5.5-43.5)
Clopidogrel Unactivated 10.01(2.25-17.77) 7.55(0.0-28.4)
Clopidogrel Uncrushed 4.67(0.40-8.94) 2.45(0.1-19.5)
Normal ADP 20.08(9.21-30.95) 22.00(1.1-52.3)
Normal Crushed 6.63(0.55-12.71) 3.65(0.2-28.4)
Normal Unactivated  0.78(0.40-1.16) 0.75(0.0-1.9)
Normal Uncrushed 0.99(-0.44-2.42) 0.20(0.1-6.5)

Table 2. Mean percentage platelet activation divided by hemostatic agent.
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Figure 1. Platelets were identified by CD42 APC (A) and activated platelets by PAC-1 AF488
(B)
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Figure 2. Percentage of activated platelets divided by blood cohort.
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Figure 3. Percentage of activated platelets (PAC1 +) out of total platelets (CD42+), in (A)
Control patients, (B) patients on Aspirin and (C) patients on Clopidogrel in crushed,
uncrushed, ADP activated and un-activated patient samples. Medians with interquartile
range. p<0.05 Kruskal-Wallis
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Stress response and communication in surgeons undergoing training in
endoscopic management of major vessel hemorrhage: a mixed methods
study
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Background: Major vessel hemorrhage in endoscopic, en-
donasal skull-base surgery is a rare but potentially fatal
event. Surgical simulation models have been developed to
train surgeons in the techniques required to manage this
complication. This mixed-methods study aims to quantify
the stress responses the model induces, determine how re-
alistic the experience is, and how it changes the confidence
levels of surgeons in their ability to deal with major vascular
injury in an endoscopic setting.

Methods: Forty consultant surgeons and surgeons in train-
ing underwent training on an endoscopic sheep model of
jugular vein and carotid artery injury. Pre-course and post-
course questionnaires providing demographics, experience
level, confidence, and realism scores were taken, based on
a5-point Likert scale. Objective markers of stress response
including blood pressure, heart rate, and salivary alpha-
amylase levels were measured.

Results: Mean “realism” score assessed posttraining
showed the model to be perceived as highly realistic by
the participants (score 4.02). Difference in participant self-
rated pre-course and post-course confidence levels was sig-
nificant (p < 0.0001): mean pre-course confidence level
1.66 (95% confidence interval [Cl], 1.43 to 1.90); mean

post-course confidence level 3.42 (95% ClI, 3.19 to 3.65).
Differences in subjects’ heart rates (HRs) and mean arte-
rial blood pressures (MAPs) were significant between injury
models (p = 0.0008, p = 0.0387, respectively). No statisti-
cally significant difference in salivary alpha-amylase levels
pretraining and posttraining was observed.

Conclusion: Results from this study indicate that this highly
realistic simulation model provides surgeons with an in-
creased level of confidence in their ability to deal with the
rare but potentially catastrophic event of major vessel in-
jury in endoscopic skull-base surgery. © 2017 ARS-AAOA,
[Lie,
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urgery can be an inherently stressful activity for all con-
S cerned, especially when complications occur. The re-
sponse of surgeons to complications can both help and hin-
der the situation. Up to a certain level, stress may improve
concentration on the task at hand, focus communication,
and assist in solving the problem. Beyond this, stress hin-
ders effective responses and impairs communication and
problem solving. This has been described by Stokes and
Kite! as “the result of a mismatch between individuals’
perceptions of the demands of the task or situation and
their perceptions of the resources for coping with them.”
Simulation training is one of the ways in which surgeons
can prepare themselves for encountering such situations
in a safe and educational environment. Internal carotid
artery (ICA) hemorrhage is a recognized complication of
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FIGURE 1. The carotid artery simulation model showing: (A) model attached to the right carotid artery; (B) model draped as the participants see it;
(C) participants operating on the model; and (D) endoscopic view of the arterial injury.

endoscopic, endonasal approaches (EEAs) to the skull base
with an incidence of 0.5% to 9% depending on the extent
of the approach.>* Valentine and Wormald have previ-
ously described and validated a sheep model of endoscopic
major vessel hemorrhage.’® In this model, a specifically
designed, endoscopic skull-base model is placed over the
internal jugular vein or common carotid artery of an anaes-
thetized sheep (Fig. 1). The vessel is then sharply injured and
the surgeons must work as a team using the “2 surgeons,
4 hands” technique to gain control of the bleeding. This
model affords a high-fidelity experience while mimicking
the hemodynamic changes one would expect in a situation
of major hemorrhage and incorporates the animal’s innate
haemostatic mechanisms to increase the reality of the situa-
tion. Previous studies have demonstrated that skills learned
in simulation training successfully transfer across into the
operative setting.””'® There are also a number of studies
which have established not only a preference among stu-
dents for high-fidelity training, but that this higher fidelity
may result in more efficient skills acquisition provided the
stress levels are not overtly high.?!7"! This study aimed
to quantify the stress response of surgeons to this estab-
lished simulation model using self-reported questionnaires,

continuous heart rate recording, intermittent blood pres-
sure recording, and salivary alpha-amylase levels (a
biomarker for acute stress).2’ It further aims to assess the
model’s “realism” and utility in increasing confidence in
dealing with this situation, and to determine if level of
experience with skull-base surgery or prior experience of
endoscopic carotid hemorrhage has a modulating effect on
this stress response.

Subjects and methods

Ethics approval for this study was granted by the Central
Adelaide Local Health Network Human Research Ethics
Committee and the Scientific Ethics Committee of the Fac-
ulty of Medicine of Pontificia Universidad Catolica de
Chile.

Participants
This multicenter, multinational study recruited consul-
tant otolaryngology surgeons and otolaryngology surgi-
cal trainees enrolled in the Vascular Injuries Management
Workshops run in Adelaide, Australia (22 participants)
and Santiago, Chile (18 participants). Participants were
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excluded if they were taking medications causing alpha-
adrenergic or beta-adrenergic blockage. Participants were
randomly split into 2 equal groups. One-half underwent
training in the morning and one-half underwent training
in the afternoon. Surgeons that underwent training in the
afternoon observed the ones that underwent training in
the morning. The surgeons were assisted by experienced
otolaryngology scrub and scout nurses and all participants
encouraged to behave and communicate as they would in
a routine operating theatre.

Vascular injury model

As described by Padhye et al.,”> Valentine and Wormald,®
and Valentine et al.,” merino sheep undergo bilateral neck
dissection and application of a specifically designed skull-
base model based on the SIMONT endoscopic trainer (Pro-
medicus, Sao Paulo, Brazil) to first the internal jugular and
then the carotid artery (Fig. 1). Participants remove a syn-
thetic bone that overlies the vessel with both drill and bone
rongeurs. Incisions are then made in the vessels and are
controlled with various hemostatic agents including Floseal
(Baxter, Deerfield, IL) and autologous muscle patches.

Methods

After consent, participants completed a baseline question-
naire (Fig. 2) providing basic demographics, gauging level
of general endoscopic experience, prior exposure to vas-
cular injuries, and quantifying their level of confidence in
dealing with ICA injuries on a 5-point Likert scale. A base-
line salivary swab for alpha-amylase was then taken and a
chest strap heart rate monitor (Suunto M2, Suunto, Vantaa,
Finland) was fitted to participants. Baseline blood pressure
levels were taken (Health care wrist portable digital auto-
matic blood pressure monitor; Sodial, Shanghai, China) and
participants then underwent exposure to both venous and
arterial injuries in the animal model. Peak heart rate (HR;
bpm) was measured during each injury type and, immedi-
ately after exposure to each injury model, a second blood
pressure recording was taken, along with a postexposure
salivary alpha-amylase swab after the final arterial injury.
Participants then filled out another questionnaire at the end
of the session, self-rating their communications skills with
their team, rating the “realism” of the model, rating their
anxiety during the course, and quantifying their posttrain-
ing confidence level in dealing with an ICA injury. Mean
arterial pressure (MAP; mmHg) was calculated as (2 x
diastolic + 1 x systolic)/3.

Salivary alpha-amylase
Samples were stored frozen at —20°C until assay. On the
day of assay, appropriate number of samples were thawed
and analyzed using commercially available kits (Salimet-
rics, USA) according to the manufacturer’s instructions See
Appendix. Thawed samples were centrifuged at 1500g for
15 minutes to collect clear saliva and this saliva was used
without further processing for all assays. All samples were

brought to room temperature before adding to the assay
wells and all samples were analyzed in duplicate. Thawed
and centrifuged saliva samples were diluted 1:200 by first
diluting samples 1:10 with the a-amylase diluent provided
followed by a 1:20 dilution of the 1:10 diluted sample re-
sulting in a final dilution of 1:200. Eight microliters (8 pL)
of diluted saliva samples were added in duplicate to indi-
vidual wells of a 96-well plate using a positive displacement
pipette. The plate was placed on a 37°C heating block and
320 pL of preheated (37°C) a-amylase substrate solution
(provided as part of the kit) was added to each well simul-
taneously using a multichannel pipette. After the addition
of substrate, the plate on the heating block was mixed con-
tinuously using a vortexer at 500 rpm. Optical density mea-
surements were taken at 1-minute and 3-minute intervals
using a plate reader with a filter set at 405 nm. High and
low salivary alpha-amylase level controls (supplied as part
of the kits) were included in each plate run to ensure a high
standard of assay performance with each run.

Statistical analysis

Statistical calculations were performed on SAS version 9.3
(SAS Institute Inc., Cary, NC) with a p value of <0.05
considered significant. Questionnaires were analyzed using
Mann-Whitney U tests. Wilcoxon matched pairs signed
rank test was used to determine the significance of the
difference between baseline HR, peak HR during venous
training, and peak HR during arterial training; the signif-
icance of the difference between MAP at baseline, during
venous training, and during arterial training; and the signif-
icance of the difference in pretraining and posttraining sali-
vary alpha-amylase levels. Nonparametric Spearman tests
of correlation were used to determine if there is any rela-
tionship between the physiological markers of stress and
experience levels.

Results

There were 27 males and 13 females. Mean age was 31
years. Mean overall endoscopic skull-base experience level
was 1.85 on a ranking scale where 1 = <10 cases; 2 = 10
to 50 cases; 3 = 50 to 100 cases; 4 = 100 to 200 cases;
and 5 = >200 cases. A skull-base case was defined as a
case where endoscopic drilling of the sella, clivus, olfactory
groove region, or similar location was required. Functional
endoscopic sinus surgery was not counted. A total of 17
surgeons had performed <10 cases; 14 surgeons had per-
formed 10 to 50 cases; 5 surgeons had performed 50 to
100 cases; and 4 surgeons had performed 100 to 200 cases.
Mean experience level in the surgeons from Chile was 1.21.
Mean experience level in the Australian surgeons was 2.32.

Post-course questionnaire
The mean communication score was 4 out of a maximum
score 5 (high). Mean anxiety levels during the course were
4 (high) with a mean anxiety awareness score of 3. The
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1 Whatis your overall case load of experience in skull base surgery?
(1) <10 (2)10-50 (3)50-100 (4)100-200 (5)>200
2 Whatis your annual case load of experience in skull base surgery?
(1) <10 (2) 10-50 (3) 50-100 (4) 100-200 (S) >200
3 Have you experience or witnessed a major vascular injury during endoscopic transnasal surgery?

Yes No

4 How do you rate your anxiety levels during that event?

(4) High

(5) Very high  N/A

S How do you rate your confidence levels at controlling a major vascular injury?

(1) Verylow (2)low (3)Regular
(1) Verylow (2)Low (3)Regular
Post Course

(4) High

(5) Very high

1 How well do you feel you communicated with your partner during the procedure?

(1) Verylow (2)Llow

(3) Regular  (4) High

(5) Very high

2 How do you rate your anxiety levels during the procedure?

(1) Verylow (2)Llow

(3) Regular  (4) High

(5) Very high

3 How aware of feeling anxious were you during the procedure?

(1) VeryLlow  (2) Low

(3) Regular  (4) High

(S) Very high

4 How do you think this simulated situation compares to ‘real’ surgery events?

(1) Verylow (2)Llow

(3) Regular  (4) High

(5) Very high

5 How would you rate your post course anxiety levels during a major vascular injury?

(1) Verylow (2)Llow

(3) Regular  (4) High

(5) Very high

6 How do you rate your post course confidence levels at controlling a major vascular injury?

(1) Verylow (2)low

(3) Regular  (4) High

(5) Very high

FIGURE 2. Pretraining and posttraining questionnaire filled out by participants.

mean “realism” score assessed posttraining was 4 out of a
maximum of § (high). Mean realism scores did not differ
between participants with case experience of less than 50
cases or more than 50 cases.

Confidence levels

Questionnaire results were analyzed using the Mann-
Whitney U test. The difference between self-rated pre-
course and post-course confidence levels was significant,
indicating that the course achieved one of its major aims in
improving participants’ confidence in being able to control
major vascular bleeding (p < 0.0001). Mean pre-course
confidence level was 1.66 (95% confidence interval [CI],
1.43 to 1.90). Mean post-course confidence level was 3.42
(95% CI, 3.19 to 3.65) (Fig. 3A). Subgroup analysis, with
participants divided into experience with “less than” or
“greater than” 50 skull-base cases, demonstrated that level
of experience did not appear to have a significant modulat-
ing effect on participants’ increased confidence posttraining
(p = 0.5323). The increased confidence derived from the
training was equivalent between groups. In addition, sub-
group analysis of the morning and afternoon groups did
not demonstrate a significant difference in confidence lev-
els between watching the model and then participating or
participating immediately (p = 0.253).

HR

Both peak HR during time of venous injury and time of
arterial injury were significantly elevated when compared
to the baseline HR recorded (p < 0.0001 for both groups).
The mean HR for venous training was 91.65 bpm (95% ClI,
86.39 t0 96.91 bpm) and the mean HR for arterial training
was 100.6 bpm (95% CI, 96.05 to 105.1 bpm). The differ-
ence between peak HR recorded during venous injury and
that recorded during arterial injury was also statistically
significant (p = 0.0023) (Fig. 3B). The mean HR during
training in the morning and afternoon groups were com-
pared to each other using an unpaired Mann-Whitney test
to determine if watching the morning group had a stress-
modifying effect on the afternoon group. The difference
between the 2 groups was not significant for either the ve-
nous (p = 0.118) or arterial (p = 0.537) training, suggesting
that observing a major vessel injury earlier in the day did
not modify the stress response when participating in the
injury model firsthand.

MAP

There was a significant difference in MAP between base-
line and venous training (p = 0.0234), and baseline and
arterial training (p = 0.0176). There was a significant dif-
ference in MAP between the venous and arterial training
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FIGURE 3. (A) Mean confidence levels pre-course and post-course. (B) Mean peak heart rate during venous and arterial training compared to mean baseline.
(C) Mean arterial pressure (mmHg) during venous and arterial training compared to baseline. (D) Mean salivary alpha-amylase levels pretraining and posttraining
(U/mL) (bars represent standard deviation; *p < 0.05, **p < 0.01, ****p < 0.0001, ns signifies p > 0.05).

(p =0.0062) with mean MAP 91.68 mmHg (95% CI, 87.61
to 95.76 mmHg) during the venous injury and 97.36 mmHg
(95% CI, 91.34 to 103.40 mmHg) during the arterial in-
jury (Fig. 3C). The MAP during training in the morning
and afternoon groups were compared to each other using
an unpaired Mann-Whitney test and the difference between
the 2 groups was not significant for either the venous (p =
0.3633) or arterial (p = 0.2952) training.

Salivary alpha-amylase
Wilcoxon matched pairs signed rank test of the difference in
salivary alpha-amylase between pretraining and posttrain-
ing was not significant (p = 0.5389). The mean pretrain-
ing was 213 U/mL (95% CI, 183.3 to 242.7 U/mL) and
the mean posttraining was 229.2 U/mL (95% CI, 198 to
260.4 U/mL) (Fig. 3D). This was not significant when the
morning and afternoon groups were analyzed separately,
indicating that observing the injury model prior to actually
training on it did not appear to have a moderating effect
on salivary alpha-amylase levels. When participants were

divided into “less than” and “greater than” 50 skull-base
cases, there was not a significant difference in the rise in
salivary alpha-amylase in each group (p = 0.7451) for the
“less than” and (p = 0.2783) for the “greater than” group.
The mean pretraining level in the “less than” group was
239 U/mL and the mean posttraining level was 243.4 U/mL.
The mean pretraining level in the “greater than” group was
186 U/mL and the mean posttraining level was 215 U/mL.

Correlation between experience level and change
in physiological markers
Nonparametric Spearman correlation analysis demon-
strated a significant correlation between experience level
and participant HR in the arterial injury training (p =
0.0194), with a higher HR in those with more experience.
This would suggest that even in surgeons with a large ex-
perience in endoscopic surgery, this model provides a real-
istic simulation of major vessel hemorrhage. Analysis did
not demonstrate any significant correlation between ex-
perience level and participant HR during venous training
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(p = 0.1592), experience and participant venous injury
MAP (p = 0.2770), experience and participant arterial in-
jury MAP (p = 0.3171), experience and baseline salivary
alpha-amylase (p = 0.8290), and experience and posttrain-
ing salivary alpha-amylase (p = 0.5087).

Discussion

This study indicates that the Adelaide animal model is a
highly realistic simulation model for the surgical training
of the management of major vascular injury in endoscopic
skull-base surgery. Self-reported confidence levels signifi-
cantly improved after training on this model. “Realism”
was rated as high on the posttraining questionnaires and
the significant difference between the participant’s HR and
MAP between baseline and the venous and arterial injuries
training suggests that the model provides an expected dif-
ference in the level of stress encountered for each of these
2 injury types, as measured objectively.

Stress, especially high levels, can negatively impact ef-
fective communications and, given that safe and success-
ful surgery relies upon the coordinated actions of a team
(anesthetist, surgeon, nurses, and orderlies), this may re-
sult in negative outcomes for patients if not dealt with
appropriately.?!=?3 It is difficult to quantify the stress re-
sponse that occurs in surgeons when faced with a novel
or challenging situation. Contemporaneous questionnaires
are obviously tempered somewhat by the surgeon filling it
out after having dealt with the situation and being aware
of the outcome. They are also somewhat subjective. This
is not entirely inappropriate as a tool for research because
the stress response has a psychological component to it. It
is, however, subject to biases and a relative and subjective
grading system.”® The ideal method would be to capture
the subjective psychological and objective physiological re-
sponses and then correlate them with both the time course
of the stressful situation and with each other, as we have
attempted to do in this study.'$2*

We opted to utilize relatively noninvasive measurement
methods for HR and MAP that are widely accepted as
surrogate markers of the innate human stress response.”’%’
Campbell and Ehlert’s review of 49 studies of the correla-
tion between psychological stress and anxiety and physio-
logical markers found a significant correlation between HR
and stress, especially in the “anticipation” phase, although
this association diminishes with repeated exposure. To
further attempt to measure the objective magnitude of
this stress response, baseline and posttraining salivary
alpha-amylase levels obtained. Psychoneuroendocrinology
studies have demonstrated the utility of salivary alpha-
amylase as a marker of immediate sympathetic nervous
system activation with a reliable correlation with plasma
catecholamines.?®283¢ Human studies have confirmed
that mean concentrations of salivary alpha-amylase are
higher when sympathetic nervous system stimulation is
increased.’37:3% There is a less reliable correlation with
emotional state, with a number of studies that demonstrate

a trend toward, rather than absolute statistical signifi-
cance, depending on the precise definition of “anxiety”
and “stress” used. Salivary alpha-amylase appears to hold
promise as a biological marker because it reflects trends in
sympathetic nervous system activation over the short term.
This study did not, however, show significant change in the
salivary alpha-amylase levels, neither when the group was
analyzed as a whole, nor when subgroup analysis was per-
formed according to experience level, although the mean
levels did increase to a higher degree in the “greater than”
group when participants were divided into groups based
on experience. We hypothesize, given that the “less than”
group had higher mean pretraining levels, that they may
have already undergone a stress response at the prospect
of the training, rather than during the training itself.

Patient outcomes are dependent on a multitude of fac-
tors in surgery. The surgeon’s technical skill is but one
small part of this. The nontechnical skills such as com-
munication, planning, teamwork, and decision making are
increasingly recognized as playing a crucial role.’® When
all goes well with surgery, it is relatively easy to maintain
open lines of communication with all members of the surgi-
cal team—scrub and scout nurses, assistant, anesthetist, or-
derlies, and staff outside of theatre. It is when a potentially
catastrophic event occurs that coordinated teamwork is vi-
tal and clear and concise communication is imperative.’’
Unfortunately, this is often the time when stress and anxi-
ety may hinder optimum performance.**’ Human perfor-
mance assessment and management in the world of avia-
tion has much to teach surgeons about ways to train for
adverse events.?»2428:41-46 The aviation industry has long
been a proponent of simulation of not just technical skills
but teamwork and communication.*” The industry shares
many things with surgery, particularly the high stakes of a
bad outcome. Simulation is focused on improving people’s
perceived ability to cope through repeated exposure to sce-
narios and environments, where the consequences of task
failure are minimized compared with surgery on humans.
Simulation in surgery is a valuable tool. It has been incorpo-
rated into many training programs and varies widely from
laparoscopic and animal training models to videotaped ses-
sions with actors and other members of the surgical team
to develop communication and teamwork skills.”>#6:48-50 ¢
also provides surgeons with the ability to experience rare
situations that they may never encounter in their entire ca-
reers, allowing them to develop strategies to safely master
the event should it occur.’! In this simulation, surgeons are
taught to manipulate the endoscopic camera and keep their
visual and working fields free, enabling them to control the
hemorrhage expeditiously and appropriately.

Conclusion

From the point of view of surgical training, this preclinical
simulation of endoscopic skull-base hemorrhage remains a
valuable model that allows surgeons to be exposed to a rel-
atively rare and potentially fatal event and equip them with
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the confidence and skills required to deal with this safely.
Results would suggest that participants find the course re-
alistic, that it is able to induce a stressful response, and
that it provides participants with an increased level of con-
fidence in their ability to deal with major vessel bleeding in
an endoscopic environment. €

Appendix
Salivary alpha-amylase
Sample collection and storage

Samples were stored frozen at —20°C until assay. On the
day of assay appropriate number of samples were thawed
and analyzed using commercially available kits (Salimet-
rics, USA) according to the manufacturer’s instructions.
Thawed samples were centrifuged at 1500g for 15 minutes
to collect clear saliva and this saliva was used without
further processing for all assays. All samples were brought
to room temperature before being added to the assay
wells and all samples were analyzed in duplicate. Thawed
and centrifuged saliva samples were diluted 1:200 by first
diluting samples 1:10 with the a-amylase diluent provided,
followed by a 1:20 dilution of the 1:10 diluted sample,
resulting in a final dilution of 1:200. Eight microliters
(8 uL) of diluted saliva samples were added in duplicate
to individual wells of a 96-well plate using a positive
displacement pipette. The plate was placed on a 37°C
heating block and 320 pL of preheated (37°C) a-amylase
substrate solution (provided as part of the kit) was
added to each well simultaneously using a multichannel
pipette. After the addition of substrate the plate on the
heating block was mixed continuously using a vortexer at
500 rpm. Optical density measurements were taken at
1-minute and 3-minute intervals using a plate reader with a
filter set at 405 nm. Subtract the 1-minute reading from the
3-minute reading and multiply by the conversion factor 328

(see Calculations below). The conversion factor takes into
account the 1:200 sample dilution, sample volume, and
assay volume, light path for the 96-well plates used, and
the millimolar absorptivity of the substrate. High and low
salivary alpha-amylase level controls (supplied as part of
the kits) were included in each plate run to ensure a high
standard of assay performance with each run. The Salimet-
rics assay uses the principle that salivary alpha-amylase
catalyses the substrate maltotriose linked with a chro-
mogenic substrate, 2-chloro-p-nitrophenol. The enzymatic
action of a-amylase on maltotriose releases the 2-chloro-
p-nitrophenol, which can be spectrophotometrically
measured at 405 nm. The amount of a-amylase activity
present in the sample is directly proportional to the increase
in absorbance at 405 nm over a specified period of time.

Calculations
A Abs./min x TV x DF

MMA x SV x LP
= U/mL of a-amylase activity in sample

where: AAbs./min = absorbance difference per minute
TV = total assay volume (0.328 mL)
DF = dilution factor
MMA = millimolar
nitrophenol (12.9)
SV = sample volume (0.008 mL)
LP = light path = 0.97 (specific to plate received with
kit)
A Abs./2 x 0.328 x 200
12.9 x 0.008 x 0.97

= AAbs. x 328*% = U/mL a-amylase activity

absorptivity of 2-chloro-p-

Example:

If change in absorbance (OD change over 2 minutes) was
0.3, then 0.3 x 328 = 98.4 U/mL

Intraassay variability (within assay) 5.5%

Interassay variability (between assays) 6.2%
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Background: Major vessel haemorrhage in endoscopic, endonasal skull base surgery is a
rare but potentially fatal event. Surgical simulation models have been developed to train
surgeons in the techniques required to manage this complication. This mixed-methods
study aims to quantify the stress responses the model induces, determine how realistic the
experience is, and how it changes the confidence levels of surgeons in their ability to deal

with major vascular injury in an endoscopic setting.

Methods: Forty consultant surgeons and surgeons in training underwent training on an
endoscopic sheep model of jugular vein and carotid artery injury. Pre-and post-course
guestionnaires providing demographics, experience level, confidence and realism scores
were taken, based on a 5-point Likert scale. Objective markers of stress response including

blood pressure, heart rate and salivary alpha-amylase levels were measured.

Results: Mean ‘realism’ score assessed post training showed the model to be perceived as
highly realistic by the participants (score 4.02). Difference in participant self-rated pre- and
post-course confidence levels was significant (P<0.0001) (Mean pre-course confidence level
1.66 (95% Cl 1.43-1.90), mean post-course confidence level 3.42 (95% Cl 3.19-3.65).
Differences in subject’s heart rates (HR) and mean arterial blood pressures (MAP) were
significant between injury models ((P=0.0008) and (P=0.0387) respectively). No statistically

significant difference in salivary alpha-amylase levels pre- and post-training was observed.
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Conclusions: Results from this study indicate that this highly realistic simulation model
provides surgeons with an increased level of confidence in their ability to deal with the rare

but potentially catastrophic event of major vessel injury in endoscopic skull base surgery

Surgery can be an inherently stressful activity for all concerned, especially when
complications occur. The response of surgeons to complications can both help and hinder
the situation. Up to a certain level, stress may improve concentration on the task at hand,
focus communication and assist in solving the problem. Beyond this, stress hinders effective
responses and impairs communication and problem solving. This has been described by
Stokes and Kite as “the result of a mismatch between individuals’ perceptions of the
demands of the task or situation and their perceptions of the resources for coping with
them.”(490). Simulation training is one of the ways in which surgeons can prepare
themselves for encountering such situations in a safe and educational environment. Internal
carotid artery (ICA) haemorrhage is a recognized complication of endoscopic, endonasal
approaches (EEA) to the skull base with an incidence of 0.5-9% depending on the extent of
the approach(121, 122, 142). Valentine and Wormald have previously described and
validated a sheep model of endoscopic major vessel haemorrhage (117-120). In this model,
a specifically designed, endoscopic skull base model is placed over the internal jugular vein
or common carotid artery of an anaesthetized sheep (Figure 1). The vessel is then sharply
injured and the surgeons must work as a team using the ‘2 surgeons, 4 hands’ technique to
gain control of the bleeding. This model affords a high-fidelity experience whilst mimicking
the haemodynamic changes one would expect in a situation of major haemorrhage and
incorporates the animal’s innate haemostatic mechanisms to increase the reality of the
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situation. Previous studies have demonstrated that skills learned in simulation training
successfully transfer across into the operative setting(510-517). There are also a number of
studies which have established not only a preference amongst students for high fidelity
training, but that this higher fidelity may result in more efficient skills acquisition provided
the stress levels are not overtly high(510, 518, 538, 539). This study aims to quantify the
stress response of surgeons to this established simulation model using self-reported
guestionnaires, continuous heart rate recording, intermittent blood pressure recording and
salivary alpha-amylase levels (a biomarker for acute stress)(504) It further aims to assess the
model’s ‘realism’ and utility in increasing confidence in dealing with this situation, and to
determine if level of experience with skull base surgery or prior experience of endoscopic

carotid haemorrhage has a modulating effect on this stress response.

Ethics approval for this study was granted by the Central Adelaide Local Health Network
Human Research Ethics Committee and the Scientific Ethics Committee of the Faculty of

Medicine of Pontificia Universidad Catolica de Chile

This multicenter, multinational study recruited consultant otolaryngology surgeons and
otolaryngology surgical trainees enrolled in the Vascular Injuries Management Workshops
run in Adelaide, Australia (22 participants) and Santiago, Chile (18 participants). Participants
were excluded if they were taking medications causing alpha-adrenergic or beta-adrenergic
blockage. Participants were randomly split into two equal groups. Half underwent training in
the morning and half underwent training in the afternoon. Surgeons that underwent
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training in the afternoon observed the ones that underwent training in the morning. The
surgeons were assisted by experienced otolaryngology scrub and scout nurses and all
participants encouraged to behave and communicate as they would in a routine operating

theatre.

As described by Valentine et al and Padhye et al, merino sheep undergo bilateral neck
dissection and application of a specifically designed skull base model based on the SIMONT
endoscopic trainer (Pro-medicus, Sao Paulo, Brazil) to first the internal jugular and then the
carotid artery (Figure 1)(117, 119, 122). Participants remove a synthetic bone that overlies
the vessel with both drill and bone rongeurs. Incisions are then made in the vessels and are
controlled with various haemostatic agents including floseal (Baxter, Deerfield, IL) and

autologous muscle patches.

Post consent, participants completed a baseline questionnaire (figure 2) providing basic
demographics, gauging level of general endoscopic experience, prior exposure to vascular
injuries and quantifying their level of confidence in dealing with ICA injuries on a 5- point
scale. A baseline salivary swab for alpha-amylase was then taken and a chest strap heart
rate monitor (Suunto M2, Suunto, Finland) fitted to participants. Baseline blood pressure
levels were taken (Health care wrist portable digital automatic blood pressure monitor,
Sodial, China) and participants then underwent exposure to both venous and arterial
injuries in the animal model. Peak HR was measured during each injury type and,

immediately after exposure to each injury model, a second blood pressure recording was
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taken, along with a post-exposure salivary alpha-amylase swab after the final arterial injury.
Participants then filled out another questionnaire at the end of the session, self-rating their
communications skills with their team, rating the ‘realism’ of the model, rating their anxiety
during the course and quantifying their post-training confidence level in dealing with an ICA

injury. Mean arterial pressure (MAP) was calculated as (2 x diastolic + 1 x systolic)/3.

Samples were stored frozen at -20°C until assay. On the day of assay, appropriate number
of samples were thawed and analysed using commercially available kits (Salimetrics, USA)
according to the manufacturer’s instructions. Thawed samples were centrifuged at 1500 x g
for 15 min to collect clear saliva and this saliva was used without further processing for all
assays. All samples were brought to room temperature before adding to the assay wells
and all samples were analysed in duplicate. Thawed and centrifuged saliva samples were
diluted 1:200 by first diluting samples 1:10 with the a-amylase diluent provided followed by
a 1:20 dilution of the 1:10 diluted sample resulting in a final dilution of 1:200. 8 uL of diluted
saliva samples were added in duplicate to individual wells of a 96 well plate using a positive
displacement pipette. The plate was placed on a 37°C heating block and 320 pL of
preheated (37°C) a-amylase substrate solution (provided as part of the kit) was added to
each well simultaneously using a multichannel pipette. After the addition of substrate, the
plate on the heating block was mixed continuously using a vortexer at 500 RPM. Optical
density measurements were taken at 1 min and 3 min intervals using a plate reader with a
filter set at 405 nm. High and low salivary alpha amylase level controls (supplied as part of
the kits) was included in each plate run to ensure a high standard of assay performance with

each run.

217



Statistical calculations were performed on SAS Version 9.3 (SAS Institute Inc., Cary, NC, USA)
with a P-value of < 0.05 to be considered significant. Questionnaires were analysed using
Mann-Whitney U tests. Wilcoxon matched pairs signed ranking test was used to determine
the significance of the difference between baseline HR, peak HR during venous training and
peak HR during arterial training; the significance of the difference between MAP at baseline,
during venous training and during arterial training; and the significance of the difference in
pre-training and post-training salivary alpha-amylase levels. Non-parametric Spearman tests
of correlation were used to determine if there was any relationship between the

physiological markers of stress and experience levels.

There were 27 males and 13 females. Mean age was 31 years. Mean overall endoscopic skull
base experience level was 1.85 on a ranking scale where 1 = <10 cases; 2 = 10-50 cases; 3 =
50-100 cases; 4 = 100-200 cases and 5 = >200 cases. A skull-base case was defined as a case
where endoscopic drilling of the sella, clivus, olfactory groove region or similar was
required. Functional endoscopic sinus surgery was not counted. 17 surgeons had performed
<10 cases, 14 surgeons had performed 10-50 cases, 5 surgeons had performed 50-100 cases
and 4 had performed 100-200 cases. Mean experience level in the surgeons from Chile was

1.21. Mean experience level in the Australian surgeons was 2.32.

Post-course Questionnaire: The mean communication score was 4 out of a maximum score
5(high). Mean anxiety levels during the course were 4 (high) with a mean anxiety awareness
score of 3. The mean ‘realism’ score assessed post training was 4 out of a maximum of 5
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(High). Mean realism scores did not differ between participants with case experience of less

than 50 cases or more than 50 cases.

Confidence levels: Questionnaire results were analysed using Mann-Whitney U test. The
difference between self-rated pre- and post-course confidence levels was significant,
indicating that the course achieved one of its major aims in improving participant’s
confidence in being able to control major vascular bleeding(P<0.0001). Mean pre-course
confidence level was 1.66 (95% Cl 1.43-1.90). Mean post-course confidence level was 3.42
(95% CI 3.19-3.65)(figure 3A). Sub-group analysis, with participants divided into ‘less than’
or ‘greater than’ 50 skull base cases experience, demonstrated that level of experience did
not appear to have a significant modulating effect on participants increased confidence
post-training (P=0.5323). The increased confidence derived from the training was equivalent
between groups. In addition, sub group analysis of morning and afternoon groups did not
demonstrate a significant difference in confidence levels between watching the model and

then participating or participating immediately (P=0.253).

Heart rate: Both peak HR during time of venous injury and time of arterial injury were
significantly elevated when compared to the baseline HR recorded (P<0.0001 for both
groups). The mean HR for venous training was 91.65 (95% Cl 86.39-96.91) and the mean HR
for arterial was 100.6 (95%Cl 96.05-105.1). The difference between peak HR recorded
during venous injury and that recorded during arterial injury was also statistically significant
(P=0.0023)(figure 3B). The mean HR during training in the morning and afternoon groups
were compared to each other using an unpaired Mann-Whitney test to determine if

watching the morning group had a stress modifying effect on the afternoon group. The
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difference between the two groups was not significant for either the venous (P=0.118) or
arterial (P=0.537) training, suggesting observing a major vessel injury earlier in the day did

not modify the stress response when participating in the injury model first hand.

Mean Arterial Pressure (MAP): There was a significant difference between baseline and
venous training (P=0.0234), and baseline and arterial training (P=0.0176). There was a
significant difference in MAP between the venous and arterial training(P=0.0062) with mean
MAP 91.68mmHg (95%Cl 87.61-95.76) during the venous injury and 97.36mmHg (95%Cl
91.34-103.40) during the arterial injury(figure 3C). The MAP during training in the morning
and afternoon groups were compared to each other using an unpaired Mann-Whitney test
and the difference between the two groups was not significant for either the venous

(P=0.3633) or arterial (P=0.2952) training.

Salivary Alpha Amylase: Wilcoxon matched pairs signed ranking test of the difference in
salivary alpha-amylase between pre- and post-training was not significant (P=0.5389). The
mean pre-training was 213 (95% Cl 183.3-242.7) and the mean post training was 229.2 (95%
Cl 198-260.4) (figure 3D). This was not significant when the morning and afternoon groups
were analysed separately, indicating that observing the injury model prior to actually
training on it did not appear to have a moderating effect on salivary alpha-amylase levels.
When participants were divided into ‘less than’ and ‘greater than’ 50 skull base cases, there
was not a significant difference in the rise in salivary alpha amylase in each group
(P=0.7451) for the ‘less than’ and (P=0.2783) for the ‘greater than’ group. The mean pre-

training level in the ‘less than’ group was 239 and the mean post-training level was 243.4.
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The mean pre-training level in the ‘greater than’ group was 186 and the mean post-training

level was 215.

Non-parametric Spearman correlation analysis demonstrated a significant correlation
between experience level and participant HR in the arterial injury (P=0.0194) with a higher
HR in those with more experience. This would suggest that even in surgeons with a large
experience in endoscopic surgery, this model provides a realistic simulation of major vessel
haemorrhage. Analysis did not demonstrate any significant correlation between experience
level and participant HR during venous training (P=0.1592), experience and participant
venous injury MAP (P=0.2770), experience and participant arterial injury MAP (P=0.3171),
experience and baseline salivary alpha-amylase (P=0.8290) and experience and post-training

salivary alpha-amylase (P=0.5087).

This study indicates that the Adelaide animal model is a highly realistic, simulation model for
the surgical training of the management of major vascular injury in endoscopic skull base
surgery. Self-reported confidence levels significantly improved after training on this model.
‘Realism’ was rated as high on the post-training questionnaires and the significant
difference between the participant’s HR and MAP between baseline, and the venous and
arterial injuries training, suggests that the model provides an expected difference in the

level of stress encountered for each of these two injury types, as measured objectively.
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Stress, especially high levels, can negatively impact upon effective communications and,
given that safe and successful surgery relies upon the coordinated actions of a team
(anaesthetist, surgeon, nurses, and orderlies), this may result in negative outcomes for
patients if not dealt with appropriately (484, 520, 521). It is difficult to quantify the stress
response that occurs in surgeons when faced with a novel or challenging situation.
Contemporaneous questionnaires are obviously tempered somewhat by the surgeon filling
it out after having dealt with the situation and being aware of the outcome. They are also
somewhat subjective. This is not entirely inappropriate as a tool for research as the stress
response has a psychological component to it. It is, however, subject to biases and a relative
and subjective grading system (484). The ideal method would be to capture the subjective
psychological and objective physiological responses and then correlate them with both the
time course of the stressful situation and with each other, as we have attempted to do in

this study (480, 518).

We opted to utilize relatively non-invasive measurement of HR and MAP that are widely
accepted as surrogate markers of the innate human stress response (491, 540, 541).
Campbell and Ehlert’s review of 49 studies of the correlation between psychological stress
and anxiety and physiological markers found a significant correlation between HR and
stress, especially in the ‘anticipation’ phase, albeit that this association diminishes with
repeated exposure. To further attempt to measure the objective magnitude of this stress
response, baseline and post-training salivary alpha amylase levels were performed.
Psychoneuroendocrinology studies have demonstrated the utility of salivary alpha-amylase
as a marker of immediate sympathetic nervous system activation with a reliable correlation

with plasma catecholamines(485, 491, 492, 495-501). Human studies have confirmed that
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mean concentrations of salivary alpha-amylase are higher when sympathetic nervous
system stimulation is increased (497, 502, 503). There is a less reliable correlation with
emotional state, with a number of studies that demonstrate a trend towards, rather than
absolute statistical significance, depending on the precise definition of ‘anxiety’ and ‘stress’
used. Salivary alpha-amylase appears to hold promise as a biological marker as it reflects
trends in sympathetic nervous system activation over the short term. This study did not,
however, show significant change in the salivary alpha amylase levels when the group was
analysed as a whole, nor when sub-group analysis was performed according to experience
level although the mean levels did increase to a higher degree in the ‘greater than’ group
when participants were divided into groups based on experience. We hypothesise, given
that the ‘less than’ group had higher mean pre-training levels, that they may have already

undergone a stress response at the prospect of the training, rather than the training itself.

Patient outcomes are dependent on a multitude of factors in surgery. The surgeon’s
technical skill is but one small part of this. The non-technical skills such as communication,
planning, teamwork and decision making are increasingly recognised as playing a crucial role
(479). When all goes well with surgery, it is relatively easy to maintain open lines of
communication with all members of the surgical team — scrub and scout nurses, assistant,
anaesthetist, orderlies and staff outside of theatre. It is when a potentially catastrophic
event occurs that coordinated teamwork is vital and clear and concise communication
imperative (479). Unfortunately, this is often the time when stress and anxiety may hinder
optimum performance (480, 481). Human performance assessment and management in the
world of aviation has much to teach surgeons about ways to train for adverse events (104,
105, 284, 480, 484-488). The aviation industry has long been a proponent of simulation of
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not just technical skills but teamwork and communication (482). The industry shares many
parallels with surgery, particularly the high stakes of a bad outcome. Simulation is focused
on improving people’s perceived ability to cope through repeated exposure to scenarios and
environments, where the consequences of task failure are minimized compared with
surgery on humans. Simulation in surgery is a valuable tool. It has been incorporated into
many training programs and varies widely from laparoscopic and animal training models to
videotaped sessions with actors and other members of the surgical team to develop
communication and team work skills (119, 488, 507-509). It also provides surgeons with the
ability to experience rare situations that they may never encounter in their entire careers
allowing them to develop strategies to safely master the event should it occur (273). In this
simulation, surgeons are taught to manipulate the endoscopic camera and keep their visual
and working fields free, enabling them to control the haemorrhage expeditiously and

appropriately.

From the point of view of surgical training, this pre-clinical simulation of endoscopic skull
base haemorrhage remains a valuable model that allows surgeons to be exposed to a
relatively rare and potentially fatal event and equip them with the confidence and skills
required to deal with this safely. Results would suggest that participants find the course
realistic, that it is able to induce a stressful response, and that it provides participants with
an increased level of confidence in their ability to deal with major vessel bleeding in an

endoscopic environment.
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Salivary alpha amylase:

Sample collection and storage.

Samples were stored frozen at -20°C until assay. On the day of assay appropriate number of
samples were thawed and analysed using commercially available kits (Salimetrics, USA)
according to the manufacturer’s instructions. Thawed samples were centrifuged at 1500 x g
for 15 min to collect clear saliva and this saliva was used without further processing for all
assays. All samples were brought to room temperature before adding to the assay wells
and all samples were analysed in duplicate. Thawed and centrifuged saliva samples were
diluted 1:200 by first diluting samples 1:10 with the a-amylase diluent provided followed by
a 1:20 dilution of the 1:10 diluted sample resulting in a final dilution of 1:200. 8 uL of diluted
saliva samples were added in duplicate to individual wells of a 96 well plate using a positive
displacement pipette. The plate was placed on a 37°C heating block and 320 L of
preheated (37°C) a-amylase substrate solution (provided as part of the kit) was added to
each well simultaneously using a multichannel pipette. After the addition of substrate the
plate on the heating block was mixed continuously using a vortexer at 500 RPM. Optical
density measurements were taken at 1 min and 3 min intervals using a plate reader with a
filter set at 405 nm. Subtract the 1 min readings from the 3 min reading and multiply by the
conversion factor 328 (see below). The conversion factor takes into account the 1:200
sample dilution, sample volume and assay volume, light path for the plates 96 well plates
used, and the millimolar absorptivity of the substrate. High and low salivary alpha amylase
level controls (supplied as part of the kits) was included in each plate run to ensure a high
standard of assay performance with each run. The Salimatrics assay uses the principle that

sAA catalyses the substrate maltotriose linked with a chromagenic substrate, 2-chloro-p-
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nitrophenol. The enzymatic action of a-amylase on maltotriose releases the 2-chloro-p-
nitrophenol, which can be spectrophotometrically measured at 405 nm. The amount of a-
amylase activity present in the sample is directly proportional to the increase in absorbance

at 405 nm over a specified period of time.

A Abs./min x TV x DF = U/mL of a-amylase activity in sample

MMA x SV x LP

Where: AAbs./min = Absorbance difference per minute
TV = Total assay volume (0.328 mL)
DF = Dilution factor
MMA = Millimolar absorptivity of 2-chloro-p-nitrophenol (12.9)
SV = Sample volume (0.008 mL)

LP = Light path = 0.97(specific to plate received with kit)

AAbs./2 x 0.328 x 200 = AAbs. x 328* = U/mL a-amylase activity

12.9 x 0.008 x 0.97

Example

If change in absorbance (OD change over 2 minutes) was 0.3, then 0.3 x 328 =98.4 U/mL

Intra assay variability (within assay) 5.5%

Inter assay variability (between assays) 6.2%
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Chapter 6

Thesis Summary

As endoscopic approaches to the skull base become more commonplace, it seems
reasonable to assume that the risk of potential major vessel injury will also increase.
Surgeons are attempting ever more complex operations through endoscopic approaches
that were once the exclusive domain of the open cranial skull base surgeon. Not only are
these venturing beyond the lateral boundaries of the carotid arteries; they also extend ever
more anterior and posterior with consequent exposure to anterior communicating and
basilar vascular complexes. The good news is that as surgeons gain more experience,
confidence and skill with these operations, the ability to identify ‘at risk’ areas and the

confidence to deal with vascular injury increases(129, 542-545).

This thesis has accomplished a number of aims. The first was to determine the feasibility of
the use of self-assembling nano-peptides as haemostats in arterial injury. This is described in
detail in chapter 2. Whilst the literature shows that there is promise in both laboratory
settings and in small, low pressure animal models, our pilot study demonstrated a high flow,
high pressure bleed is not able to be stopped by this particular self-assembling
nanopeptide(546). We utilized a validated animal model with which we have much
familiarity. An identical mix of 10ml of RADA nano-haemostat was immediately applied to
the injury. There was no discernible decrease in the bleeding rate. RADA-16 appeared to be
washed away by the pressure of the bleeding (Systolic range 70-90mmHg). We were unable

to control the bleeding and after a period of 90 seconds were forced to use a crushed
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muscle patch to stop the bleeding which worked to good effect as previously reported(117-

120). This was repeated in a second sheep with identical results.

There is much more work to be done in this particular field in terms of further refining of
peptides to allow more durable and adherent haemostatic agents to be formed. There are
many questions to answer before nano-haemostat technology can be utilized in human
surgery routinely, namely; Which formula is best and why? What rate of flow can it stop?
Does it need to be impregnated in a carrier? Does it preserve vessel lumen patency and thus
allow distal brain perfusion? Does the scaffold last long enough for more permanent healing
to occur? Do pseudo-aneurysms form after its use? Are there long-term effects on native
tissues and what happens to the breakdown products? Is there pseudo-aneurysm
formation? Do surrounding neurons/glial cells contain any evidence of abnormal protein
inclusions? And finally, is there evidence of distal embolic phenomena? This study was

published in 2016(546).

Chapter 3 describes the results of a second study with several aims. The first was to
determine the relative haemostatic capabilities of 3 commercially available products to
control major vessel arterial injury (2 in combination). Again, this utilized the sheep model
of carotid artery haemorrhage. Fibrin/thrombin patch (Tachosil [Baxter, Deerfield, IL]) and
fibrin/thrombin glue (Evicel [Ethicon, Sommerville, NJ]), combined with surgicel snow
[Ethicon, Sommerville, NJ]) as a carrier agent, were applied to a standardised carotid artery

injury.
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The results from this study demonstrated both decreased time to haemostasis and
decreased blood volume loss for both products when compared with muscle patch, which is
considered the current gold standard in the literature and from previous studies within our
department. Muscle patch is easily obtainable, autologous and thus costs little apart from
possible increases in operative time to harvest and close the wound. It does, however
require a second or third surgeon to harvest and there is a not insignificant risk of
pseudoaneurysm formation. Tachosil is primarily used in extra-cranial surgery and whilst
there are case reports of off-label use in intracranial regions (such as superior sagittal sinus
tears), there is little data as to its safety when exposed long term to neural tissue.
Evicel/Snow suffers from the technical problem of adherence to instruments when
attempting to withdraw these from the nasal cavity although we have found that the

addition of a second layer of snow obviates this to some degree.

A secondary aim was the development of a novel beta-chitin patch [Department of
Chemistry, University of Otago, Dunedin, New Zealand] as a haemostatic agent. This was
developed after literature review and previous experience within our department and
proved to be a very effective haemostatic agent with no signs of allergy or ill effect in a
recovery model. It compared very favourably to gold standard muscle patch with
significantly decreased times to haemostasis and blood volume loss. Animals were
recovered to a 3-month pre-determined endpoint and underwent magnetic resonance
angiography to determine the incidence of carotid pseudoaneurysm formation. One animal
died of a ruptured pseudoaneurym in the fibrin/thrombin patch group at day 11 post
operatively however no other animal suffered this complication indicating that the

incidence of pseudoaneurysm formation is not greater than muscle patch. This study has
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been submitted for publication. Further studies of the intra-cranial uses of these patches on
vascular injury could focus on smaller arterial injury models as the avulsion of perforators
and exposure to anterior communicating and basilar complexes becomes more common

with extended endonasal approaches.

Crushed autologous muscle is used in skull base surgery in the acute phase of major arterial
hemorrhage to stop bleeding. The mechanism of this is not yet clear but is thought to
involve the formation of a platelet plug, that seals the vessel wall defect but still allows
ongoing blood flow to the brain. Chapter 4 describes a flow cytometry study, published in
2017, designed to replicate the in vivo actions of crushed muscle on platelets in whole
blood. It compared the ratio of activation of platelets exposed to crushed and uncrushed
muscle supernatant in control patients and those on antiplatelet agents. This study
demonstrated that crushed muscle activated platelets to a higher degree than uncrushed
muscle. This ratio was 5.18 times greater in control blood (P=0.002), 6.53 times greater in
aspirin-exposed blood (P<0.0001) and 9.4 times greater in clopidogrel exposed blood
(P<0.0001). Crushed muscle caused a consistently increased ratio of platelet activation
when compared with uncrushed muscle across all groups, adding to the evidence that at
least part of its clinical effect is the result of platelet activation(547). This is likely due to the
exposure of collagen and other extracellular matrix components to the circulating platelets

and their subsequent activation with formation of a platelet fibrin plug.

Surgery can be an inherently stressful activity for all concerned, especially when
complications occur. Major vessel haemorrhage in endoscopic, endonasal skull base surgery

is a rare but potentially fatal event. Live animal surgical simulation models have been
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developed to train surgeons in the techniques required to manage this complication.
Chapter 5 describes a mixed-methods study, published in 2017, which aimed to quantify the
stress responses the model induces, determine how realistic the experience is, and how it
changes the confidence levels of surgeons in their ability to deal with major vascular injury
in an endoscopic setting. Forty consultant surgeons and surgeons in training underwent
training on an endoscopic sheep model of jugular vein and carotid artery injury. Pre-and
post-course questionnaires providing demographics, experience level, confidence and
realism scores were taken, based on a 5-point Likert scale. Objective markers of stress
response including blood pressure, heart rate and salivary alpha-amylase levels were
measured. Mean ‘realism’ score assessed post training showed the model to be perceived
as highly realistic by the participants (score 4.02). Difference in participant self-rated pre-
and post-course confidence levels was significant (P<0.0001) (Mean pre-course confidence
level 1.66 (95% Cl 1.43-1.90), mean post-course confidence level 3.42 (95% Cl 3.19-3.65).
Differences in subject’s heart rates (HR) and mean arterial blood pressures (MAP) were
significant between injury models ((P=0.0008) and (P=0.0387) respectively). No statistically
significant difference in salivary alpha-amylase levels pre- and post-training was observed,
although we hypothesis that this occurred as a result of an already heightened baseline
level of stress as part of the anticipated course participation. If this study was to be
repeated then perhaps performing baseline salivary alpha-amylase sampling a day or two
prior to the course would have provided a different result. Results from this study indicate
that this is a highly realistic simulation model that not only causes heightened stress levels
in participants, but that it also provides surgeons with an increased level of confidence in
their ability to deal with the rare but potentially catastrophic event of major vessel injury in

endoscopic skull base surgery(129).
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Appendix 1 is a book chapter published during the period of candidacy in a textbook
describing management of internal carotid artery injury. This synthesizes an extensive
review of the literature including case reports, case series and previous published
management strategies, the results of several studies into the management of this
complication within our department and the development of a management algorithm able

to be utilised by surgeons, anaesthetists and their respective teams.

This thesis describes novel techniques for large vessel, high pressure, high volume
haemorrhage control. There are, however, other vascular injuries that can occur in
endoscopic skull base surgery such as small vessel perforator injuries. These injuries can be
just as devastating as carotid injury as often there is little or no collateral supply to eloquent
brain. Further work is required to develop techniques and products to manage these injuries

in a safe and durable manner.
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Appendix 1

Book Chapter — Management of ICA injury
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12

Management of Internal Carotid
Artery Injury

Introduction

Internal carotid artery (ICA) bleeding in endoscopic endonasal surgery is one of the most feared
complications. There are a wide range of pathologies that involve the major vessels of the skull base,
which include sinus, nasopharyngeal, neural and dural-based tumors, bony skull lesions, cavernous
sinus pathologies, and, importantly, vascular aneurysms and malformations.' The skull base is
an anatomically constrained area with brain parenchyma, neural and vascular structures, bony
prominences and canals, and dural reflections that make it one of the most difficult areas in which
a surgeon can operate. In addition to this, with a major vascular injury and the level of difficulty
increases enormously as does the potential for a poor outcome for the patient.

Incidence

The incidence of major vessel injury in uncomplicated midline endoscopic skull base surgery varies
in the literature but ranges somewhere between 0.58 and 1.1%.4° This is in contrast to the much
lower rate in endoscopic sinus surgery (<0.25%) in which the sphenoid sinus is either not entered or
not drilled extensively.” These rates are much higher in the case of extended endoscopic approaches
(EEAs) in which the instruments and endoscope may come into more direct contact with the carotid
artery or require more extensive bone removal. These EEAs generally extend the surgical corridor
more rostral or caudal and may, through the use of angled scopes also extend the boundaries of the
approach laterally. Couldwell et al, Cavallo et al, and Gardner et al report rates of 5 to 9% in series of
craniopharyngiomas, chordomas, and chondrosarcomas, which, by virtue of their location and tumor
consistency, invariably require more bone removal or dissection.*” '3 Surgeons who have been
involved with more than 500 transsphenoidal approaches are thought to have a greater than 50%
chance of having seen a carotid artery injury.' Given the increasing use of endoscopic transsphenoidal
surgery to access more complex pathologies, it is reasonable to assume that rates will only increase
despite the author’s knowledge of predisposing factors.

Initial Planning and Management

The most important initial management step occurs before the operation begins and requires that the
surgeon be proactive in assessing the likelihood of the occurrence of injury. Tumors that encase the
carotid, or are at least adherent in a plane of more than 120 degrees, and those tumors in which the
surgical intent is curative, total resection are at a much higher risk. These cases should be discussed in
a multidisciplinary meeting with skull base otolaryngologists, skull base neurosurgeons, radiologists,
endovascular radiologists/neurosurgeons, and ophthalmologists. The authors cannot stress enough
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the value of developing a team-based approach to skull-base surgery, and that extended endonasal
cases should not be attempted before developing a collaborative team able within the institution.
Additionally, team-based training in vascular injuries courses on animal models (Figs. 12.1, 12.2),
such as that developed by Valentine and Wormald, is invaluable and allows surgical teams to practice
managing this stressful scenario.*®

Fig. 12.1 Endoscopic trainer utilized sheep carotid artery injury model.

Fig. 12.2 Training on the animal model of endoscopic hemorrhage control.
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Risk Factors

It is important to review the preoperative imaging closely to determine whether there are any
predisposing factors that may increase the risk of ICA injury and allow modifications to surgical
technique at any predetermined “danger points.” These factors may be divided into anatomical factors,
tumor factors, and patient factors.

Anatomical Factors

The wall of the sphenoid sinus is deficient in 4 to 22% of cases, leaving only the mucosa or dura to
surround the carotid. Even if present, the wall should not be considered thick enough to protect the
artery from the drill or other instruments.’> Bone windows on preoperative computed tomography
(CT) may assist with this but should not be relied on.

The carotids may also deviate toward the midline. The ICAs are usually at least 12 mm apart but
have been described as close together as 4 mm in their cavernous segment and, rarely, even touching
each other. These so-called “kissing carotids” have been considered as having contributed to ICA injury
in several case reports.'® Magnetic resonance angiography (MRA) may be performed, but even on plain
magnetic resonance imaging (MRI) flow voids may be seen on axial slices and the distance between
these measured.

There may be bony septations and spicules within the sphenoid and cavernous sinuses that, while
not being dangerous in themselves, may either require the use of instrumentation to remove with
consequent risk of ICA injury by either bone fragments or the instruments themselves.

Cavernous segment ICA aneurysms make up to 12% of total intracranial aneurysms in some case
series and require the surgeon to carefully plan any endoscopic approach.'”-2° It is advisable to consider
treating these prior to attempting any endoscopic endonasal skull base approaches.?'?* These may
be treated with flow diverting stents with or without coil insertion into the fundus; however, it is
important to recognize that this will require the patient to take antiplatelet therapy for at least 3 to 6
months post stent insertion that may factor into further surgical planning.

Tumor Factors

Tumors may themselves adhere to the ICA, and any extension into the cavernous sinus should be
approached with caution, especially if this extends greater than 120 degrees around the ICA. There is
a risk of tumor adherence to the ICA. This not only predisposes the ICA to injury when the tumor is
dissected off the carotid, but this dissection may result in vasospasm as the carotid is handled.?* This
may manifest as neurologic injury or as elevated blood pressure as the patient attempts to maintain
cerebral perfusion pressure with impaired autoregulation.

The tumor size is an independent risk factor. Tumors that require extensive bone removal for
exposure will tend to require exposure of more of the ICA.

There also appears to be an increased risk of carotid injury with pituitary tumors secreting growth
hormone or adrenocorticotrophic-releasing hormone (ACTH).?>?¢ This may not be only due to tumor
size or invasion but also due to as yet undefined influences of insulin-like growth factor 1 (IGF-1) or
cortisol on the arterial wall.”

Patient Factors

Previous transsphenoidal surgery may result in aberrant anatomy and adhesions. It may also be
difficult to ascertain the precise amount of anatomical disruption and bone removal that has previously
occurred. Previous radiation to the region may result in scarring, adhesions, or more friable vessels.
Bromocriptine therapy appears to increase the risk of ICA injury, possibly because of adhesions and
fibrosis, and acromegaly patients have a tendency toward more ectatic and tortuous carotid arteries.”?
Table 12.1 summarizes the risk factors in ICA injury.
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Table12.1 Factors contributing to increased risk of internal carotid artery injury

Anatomical Sphenoid wall defect
Carotid proximity
Bony septations and spicules
Cavernous segment ICA aneurysm

Tumor Encasement of ICA
Surrounding > 120 degrees
ACTH-secreting tumors

Patient Previous surgery
Previous radiotherapy
Bromocriptine therapy
Acromegaly

Abbreviations: ACTH, adrenocorticotrophic-releasing hormone; ICA, internal carotid artery.

Operation Theater Setup

Ideally factors such as anatomical variation or the possibility of tumor erosion into the artery or
cavernous sinus will have alerted the surgeon to the danger of injury to the carotid artery; however, this
is not always possible or indeed reliable.?”?® The entire surgical team must be alert to the possibility of
injury. A preoperative briefing involving all staff that identifies the risks involved and the plan, should
such an injury occur, is a highly valuable step. The patient should always be cross-matched and blood
available, especially in more extended endonasal approaches. Anesthetic staff should be aware of the
possibility of ICA injury and have a plan in place in the event that it occurs. Large-bore IV access and
invasive arterial monitoring should be considered prior to it being required. Neuronavigation should
be utilized as, while it does not replace a thorough knowledge of anatomy, it gives the surgeon greater
confidence in identifying anatomical structures intraoperatively. A Doppler ultrasound device with an
angled probe may also be useful to identify the ICA intraoperatively.

Theater staff should have patties, gauze, and oxidized cellulose (authors prefer Surgicel snow
[Ethicon, NJ, United States] for its absorptive capacity) on the setup for all cases and the endoscope
should have a lens-cleaning system attached. There should be two 10F suction devices on the setup.
These suction devices should be checked to ensure that they work and do not require changing immedi-
ately prior to any bone removal and at regular intervals. Authors advocate the use of blunt instruments,
such as suction freer dissectors and pituitary ring curettes, when working adjacent to the ICA and that
bone removal should take place with diamond rather than cutting burrs. It may also be advisable that
when using Kerrison’s punch, a twisting or pulling motion is not used, but that the sharp edges of the
instrument are allowed to completely transect the bone before removal. These should all be ready on
the instrument tray at the commencement of the case. The patient should be draped to allow access to
the lateral thigh or abdomen for muscle harvesting as required. It may also be advisable for the angio-
graphy service to be made aware that the operation is planned in case they are required post any injury.

Injury Types

It is important to be aware of the different injury types that are seen in injury to the carotid vessel.
These range from linear incisions to stellate or large wall defects caused by Kerrison-type punches or
high-speed drill injury. While initial management and resuscitation is the same, the likelihood that
different techniques may work varies accordingly and decision making should reflect this.?
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Initial Management

The immediate management of injury to the carotid artery in endoscopic surgery is a team-centered
approach involving coordination between nursing, anesthetic, and surgical staff.?” Communication with
the anesthetic staff early is vital and the staff should immediately begin volume resuscitation of the
patient before their hemodynamic parameters are affected. It is important to maintain normotension
or even mild hypertension. Cerebral perfusion is vital to maintain despite the temptation to lower the
blood pressure to assist hemostasis. Theater staff should check the suction to ensure that the bag is
not becoming full, which may lead to a stoppage just when it is required the most. Theater staff should
also activate the on-call angiography team.

ICA injury is only possible to manage with a “two-surgeon, four-hand” approach. A second surgeon’s
assistance must be immediately sought if they are not already in the room. A third surgeon may also
be utilized to harvest muscle from the abdomen or lateral thigh. Visualization is key to management
and the endoscope lens must remain free of blood. To achieve this, the second surgeon introduces the
suction down the side with most bleeding, clearing the majority of the blood and allowing the first
surgeon to advance the second suction just ahead of the endoscope down the other nostril and into the
surgical field. The second surgeon’s suction is used to direct the blood flow away from the endoscope
lens. Once the site of bleeding is visualized, the second surgeon moves the suction directly over the
bleeding point of the vessel. This suction is hovered over the bleed point collecting all the blood from
the injury. The need to have space in the surgical field for both surgeons to operate is important so
that when the surgical approach to the lesion is planned creation of such space should be part of the
approach. Routine removal of the posterior septum and floor of sphenoid to create a single posterior
cavity is helpful as the surgeons may use both the nostrils to pass instruments and the endoscope.

Once visualization has been achieved, pressure can be applied to the bleeding point with patties,
gauze, or Surgicel snow as a temporizing measure. It is tempting to pack the entire nasopharynx in
an attempt to stop the bleeding, but this should be avoided as much as possible as it impedes access
to the bleeding point. Depending on the point reached in the operation, this practice may stop the
bleeding from exiting the nose, but blood may be directed intracranially with detrimental results.
Overpacking may also completely occlude the ICA and any other vessels exposed with potentially
devastating results. In theory, acute unilateral ICA blood flow disruption should result in contralateral
ICA and vertebral artery flow reaching the hemispheres through the circle of Willis. In practice,
however, this is highly variable. Techniques to control hemorrhage in endoscopic skull base surgery
must take this factor into account and maintain patency of flow through the ICA as much as possible.
The evidence from neurosurgical literature regarding the temporary proximal clipping of feeding
vessels indicates that interruption to the blood supply of less than 3 to 5 minutes is generally well
tolerated with the brain likely deriving oxygen and glucose from collateral perfusion; however, longer
times risk permanent neuron and astrocyte death.?®! Care should also be taken when extrapolating
these data to entire anterior circulation or whole hemisphere models that would occur with sudden,
complete ICA occlusion.

Options for Hemostasis

Traditionally, 1 to 2 cm? of the muscle has been harvested from the abdomen or thigh. This is crushed
between two hard surfaces, placed over the bleeding point, and held in place for at least 5 to 7 minutes
(although this may take up to 12 minutes to adhere).#” It is important to hold this in place with
sufficient pressure to stem the bleeding but not to completely occlude the artery (Fig. 12.3). The
crushed muscle is thought to activate a platelet/fibrin plug that seals the artery while the high flow
within the lumen maintains patency of the parent vessel.>> No attempt should be made to remove
the muscle once hemostasis has been achieved. This muscle patch should be reinforced with oxidized
cellulose, and if the carotid injury is within the sphenoid sinus, a pedicled septal flap is placed over
the injury. If the lesion is intracranial, the combination of oxidized cellulose and fibrin glue is used.*
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Fig. 12.3 Hemorrhage control in a sheep model. (a) Blood jet from internal carotid artery. (b) Sucker in
contralateral nostril used to direct flow away from endoscope lens. (c) Crushed muscle patch being applied.
(d) Crushed muscle held in place for 5 to 7 minutes.

If the lesion is in the sphenoid, nasal packing may then be placed; however, it is important that this is
not packed too tightly as this may occlude distal ICA flow. This method is suitable for both linear and
stellate or jagged-type injuries.

If the injury is clearly able to be visualized, accessed with instruments, direct vessel closure may
be attempted. This is usually more applicable for linear injuries. Padhye et al have shown in a sheep
model of hemorrhage that a curved T2 aneurysm clip may be applied to the wall of the vessel without
occluding the lumen.® Direct closure may also be achieved with a “pincer”-type metal clip (AnastoClip,
LeMaitre Vascular, MA, United States). The vessel walls are held together by a Wormald endovascular
clamp or aneurysm clip and the AnastoClips applied sequentially along the injury (Fig. 12.4).

Current and Future Studies in Animal Models

There are several other commercially available products that have been trialed with varying degrees
of success. In general, the authors have found that the high-flow/high-pressure bleed will tend to
wash away thrombin-based powders such as Floseal (Baxter, IL, United States) or Surgiflow (Ethicon,
NJ, United States) and fibrin/thrombin glues. Animals trials within the author’s department have
demonstrated that it is possible to stop carotid bleeding with fibrin/thrombin glue, however, only if
the initial blood jet is able to be controlled with Surgicel snow and the glue is then able to be applied
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Fig. 12.4 (a) Wormald vascular clamp across carotid laceration in a sheep model of hemorrhage.
(b) AnastoClips being applied with clamp in situ. (c) AnastoClips post clamp removal."!

without being washed away. Pressure is applied with instruments for 5 to 7 minutes. The authors do
not yet have data of the long-term efficacy of this or the rate of pseudoaneurysm formation. Another
option is human-derived fibrin/thrombin embedded in a collagen-based patch such as Tachosil
(Baxter). This has an active and nonactive side, and the authors have found it useful to fold this over
upon itself so that all sides are effectively hemostatic. Again, the authors have found this to work in an
animal model but, as yet, have no long-term data of its efficacy or pseudoaneurysm formation.

Bipolar cautery devices have been designed specifically for endoscopic endonasal surgery and
attempts have been made to use this technique on carotid injury.>* While this may work for smaller
bleeds, there is a risk of the cautery device becoming adherent to the bleeding vessel with subsequent
tearing when attempts are made to remove the instrument. There is some experimental evidence to
suggest a higher rate of secondary bleeds and complete vessel occlusion than other methods and the
authors do not recommend its use in ICA bleeding.?*

Endovascular Control

If hemostasis is not able to be achieved with these methods, endovascular intervention may be
urgently required to occlude the ICA. It is important that endoscopic techniques are attempted first
as endovascular intervention tends to result in artery sacrifice. Balloon or coil occlusion should be
performed at the site of injury to prevent ongoing hemorrhage from antegrade or retrograde filling. It
is also important to avoid balloon or coil migration and subsequent occlusion of the ophthalmic artery
(a complication discussed later). It is important to emphasize that endovascular intervention at this
point is a lifesaving procedure and that a presacrifice balloon test occlusion is not likely to change
management at this stage, in contrast to the elective setting. Flowchart 12.1 shows hemorrhage
control in ICA injury.

Postoperative Management

Once hemostasis has been achieved, the patient should undergo a formal angiogram to determine
perfusion through the site of injury, ongoing bleeding, and whether a dissection, pseudoaneurysm,
or carotid-cavernous fistula has formed.?” It is advisable to perform this immediately under the same
anesthetic to avoid blood pressure fluctuation or Valsalva being performed by the patient on emergence
and extubation, which may potentially cause the patch to “blow off” the vessel. The surgeon should
attend the initial formal angiogram to determine whether the ICA is patent, especially if large amounts
of nasal packing have been left in situ. If this is “overpacked,” the patient may need some of this
removed to allow distal flow in the ICA. It is important to note that while the authors have discussed
the obvious and immediate ICA bleed, a smaller, unrecognized injury may occur and manifest in the
weeks or months following surgery.
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Preoperative planning in multi-disciplinary
endoscopic skull base meeting

!

Preoperative brief with all theater team members

.

Notify theater of ICA injury and call second surgeon

Surgeon Actions Anesthetist Actions Theater Staff Actions

o Sucker down e Commence volume o Check suckers and

o Ipsilateral nostril e Resuscitation blood equipment

e Camera down e Early blood plasma and e (Call angiogram team and on
o Contralateral platelet replacement call interventional radiologist
e Second sucker hovers e Ensure adequate access

e Over bleed

e Pattie or surgical

e Snow to temporize

e Muscle patch or direct closure

|
Y ¢

If unable to control, do Immediate post-operative .

nasal packing and transfer angiogram after transfer GEAEEng e ClE

. ; > : | 6 weeks and 1 year post-
it urgently to angiogram to ICU and extubate in operativel

suite for ICA occlusion controlled fashion P Y

Flowchart 12.1 Hemorrhage control in internal carotid artery injury. ICA, internal carotid artery.

The decision to extubate the patient depends on whether any vascular anomaly is discovered at
the initial postoperative angiogram. If none is discovered, a reasonable option is to wake the patient
slowly in intensive care unit (ICU), avoiding blood pressure fluctuations, and ensuring that cerebral
perfusion is maintained.

If an arterial wall injury such as a dissection flap is seen on formal angiogram, it is reasonable to
assume that the intima has been disrupted with potential for thrombosis and subsequent embolism
to occur. Some authors advocate intravenous heparin administration at the time of injury.?” Much of
the rationale behind this has been extrapolated from stroke literature, which tends to limit external
validity when applying these data to the ICA injury patient population. The Cervical Artery Dissection
in Stroke Study (CADISS) trial, designed to determine the optimal treatment for carotid dissection, was
unable to recommend whether antiplatelet agents or anticoagulant agents should be used.>* Author’s
practice has been to wait until the immediate postoperative angiogram to make a judgment regarding
the risks and benefits of anticoagulation at this point.

Complications

After an ICA injury there is the potential for the development of a pseudoaneurysm. The putative
mechanism of development is damage to the vessel in the initial phase with subsequent arterial
pulsations forcing blood between layers (sometimes known as false aneurysm) or, more commonly
in this context, between the damaged vessel and the patch or packing that has been applied.
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This grows larger over time as the systolic pressure forces further tracking of blood along this dissection
layer.*> The most common etiology worldwide is in penetrating cranial trauma such as stabbing or
shrapnel/bullet wounds and the majority of the literature supporting treatment is extrapolated from
this.?s?” Post-ICA injury, it is generally considered that the incidence of subsequent pseudoaneurysm
development is in the order of 10 to 35%; however, some series report up to 66%.8'2#3° This is partly
a function of the low case numbers in each case series reported and partly because no reliable animal
model of this exists. A pooled analysis of case series would seem to indicate that a reasonable estimate
would make the rate somewhere between 10 and 35% across all patients with a patent ICA.>® The
formal angiogram should be repeated; authors advocate for this at 1 week postoperatively and then
again at 6 weeks and 1 year postoperatively.8940-43

The treatment of pseudoaneurysm is dependant on size, location, and whether it has ruptured prior
to treatment. The pseudoaneurysm is usually coiled and/or the artery stented as first-line management
(Fig. 12.5). Given that even a balloon test occlusion cannot reliably predict a patient’s reliance on
blood flow from a particular carotid artery, consideration should be given to preserving the carotid,
if possible.* It is possible to perform an endovascular sacrifice of the carotid artery by completely
occluding it with coils; however, this leaves the patient at risk of developing an infarction distal to this.?’
The most common intervention is stenting of the parent vessel. Direct open repair and remodeling can
be considered but is generally not possible in the cavernous segment of the carotid.%#2434>-50 [t may
also be possible to use a flow-diverting stent that directs flow beyond the pseudoaneurysm and causes
stasis and subsequent thrombosis within the aneurysm.* It is important to be aware of the location of
the ophthalmic artery in relation to the pseudoaneurysm. The ophthalmic artery typically leaves the
ICA a few millimeters beyond any injury to the cavernous segment and stent migration may occur,
occluding this artery and resulting in potential blindness or even death. Additionally, rates of stroke
following carotid stenting can be as high as 4.5% in the first 30 days and patients are generally treated
with dual-antiplatelet agents (aspirin and clopidogrel) or similar agents that may delay or preclude
further surgery.?22351-54

Another vascular complication is the development of a carotid—cavernous fistula. In this situation,
arterial blood escapes from a defect in the ICA and enters directly into the venous channels of the
cavernous sinus. Symptoms and signs of this include proptosis, chemosis, conjunctival injection,
ocular bruit, blindness due to venous hypertension, ophthalmoplegia due to cranial nerve defects,
pulsatile tinnitus, venous infarct of the cortex, and pain.>® The initial imaging is often CT or MRI that
demonstrate characteristic features of proptosis and “corkscrewing” of engorged vessels; however,
diagnosis requires formal angiogram and demonstration of early venous filling as blood exits the
ICA.>>58 Treatment is performed via endovascular approach with obliteration of the fistula via coils,
glue, stenting, or combination of these.?0.5536.58-60

Fig. 12.5 Pseudoaneurysm post internal carotid artery injury. (a) Initial angiogram with no aneurysm.
(b) Angiogram at 1 week showing cavernous segment pseudoaneurysm. (c) Coiling of pseudoaneurysm.
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Conclusion

ICA injury is a potentially devastating complication of endoscopic endonasal surgery. It is crucial to
have a plan in place before this potentially disastrous situation occurs. Good communication and
teamwork is vital to ensure that the situation is rapidly brought under control. It is helpful to have
a trained team for this eventuality and ensure that team members’ roles are clearly defined before
this situation is encountered. Training has been shown to improve the outcome for injuries managed
by surgeons subsequent to training.>?* The muscle patch is certainly the simplest and most studied
hemostatic material utilized in this setting; however, if the injury is able to be both visualized and
accessed by instruments, direct laceration closure with AnastoClip (LeMaitre vascular) or a curved T2
aneurysm clip may be attempted. It is important that whatever technique is used, that vessel lumen
patency is maintained and ongoing flow to allow distal perfusion of the brain occurs. Endovascular
sacrifice of the vessel is the last resort and one that may potentially lead to neurologic deficit, even
if one had performed a balloon test occlusion previously. It is important to realize that stopping the
hemorrhage is merely the first step in the management of these patients and they will require ongoing
angiographic follow-up to ensure that they do not develop pseudoaneurysm, carotid-cavernous
fistulae, or have a delayed ICA rupture. It is crucial that endoscopic, endonasal skull base operations,
even those that are considered comparatively simple, are performed by a dedicated skull base team
and that all cases are discussed and individualized risk analysis is performed preoperatively.
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