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1 Abstract

Background: Neurocritical care is focused on the prevention thiedminimization of secondary brain
damage and enabling neurological recovery. Sinequate supply of blood containing oxygen and
glucose is crucial for the recovery and survivabdin tissue, monitoring the cerebral blood flow
(CBF) is an essential part of neurocritical carewdver, easy, non-invasive and reliable direct
bedside monitoring of the CBF is not feasible & thoment in the ICU. Contrast enhanced

ultrasound (CEUS) is a promising technique for gugpose. A literature study was performed to
investigate promising CEUS techniques for becoraif@BF monitoring technique for patients with
acute brain injury at the ICU. Following the corgitins of this systematic review a pilot study was
performed. From the systematic review it is cléat studies using CEUS to measure CBF had many
different aims, furthermore it was concluded tinat flash-replenishment technique was the most
promising technique for becoming a CBF monitoriaghinique. However the repeatability of the
different CEUS techniques has not yet been assebbetkefore the aim of this study is to determine
the repeatability of the bolus kinetic and to detiee the correlation between the blood flow velpcit
measured with duplex and the perfusion paramefahedolus technique at different CBF.

Method: A study was performed on 10 young healthy volursteEne bolus kinetic technique was
performed three times during baseline. After theebae measurements, a CEUS measurement during
mild hyperventilation was performed to measureange in CBF within the same subject. The degree
of hyperventilation was monitored with end-tidal O®easurements. Duplex was used as a reference,
measuring the cerebral blood flow velocity (CBFY}tee middle cerebral artery (MCA) before each
CEUS measurement.

Four regions of interest (ROIs) were selected,intiee MCA and three in the parenchyma. From
the ROIs, time intensity curves were calculated lamids curves were fitted. The outcome parameters
of the bolus kinetic technique that were analysetewpeak intensity (PI), time peak intensity)(Time
to peak (TTP), area under the curve (AUC) andviidth of half the maximum (FWHM). The outcome
parameters from the Duplex were the mean CBFV (GREkVand the peak systolic velocity (PSV).

Repeatability was determined by calculating cogffit of variation (CV) in the three baseline
CEUS measurements. Adequate repeatability was atbfas a CV <10%. Pearson’s correlation
coefficients of the duplex and the CEUS outcomeaipmaters were calculated. Furthermore CEUS
perfusion parameter values and CV of the CEUS pmnfuparameters in the different ROIs were
analysed with a paired-T-test.

Results: the CEUS parameter with the lowest CV in the MCgiae is the F with a value of 13.7%.
In the three parenchyma regions the parameter tvéhlowest CV is # with a value of 6.1% in
ROlpostipsiand 9.7% in the other parenchyma regions. Othempeters in the MCA and parenchyma
all had a CV >10%. An average decrease of 21.2%ebaseline end-tidal G@vas reached during
mild hyperventilation. An average decrease of 10@%he PSV and 16,7% of the CBRM»was
determined. The correlation of each of the CEU%upaters and the PSV or CBRn» was significant

in a maximum of two subjects.

Discussion/Conclusion: We conclude that the CEUS parameters have pooatayibity, except for the
Tei in the parenchyma regions. However the CV of th@ Ts more representative for the variation of
the arrival time than thesl. The poor repeatability corresponds with the highiation in CEUS
outcome already described in literature. For thantjtication of the CBF we believe that the poor
repeatability within the same individual is the mimsportant limitation of this technique.

Future perspective: Quantification of the CBF with CEUS s still far toaf reach due to the high
variability of the CEUS outcome. However, with tip@wth of our understanding of the microbubble
behaviour, development of microbubbles which aréoum in size and coating, developments in the
areas of ultrasound system, transducer designigndl 9rocessing, we believe that quantificatibn o
the CBF will be possible in the future. However; the ultimate application at the ICU there are
essential additional steps that need to be madmse quantification for this population becomes
possible.



2 Introduction

Acute brain injury (ABI) has a high mortality andrbidity.! ABI is caused by stroke or traumatic brain
injury (TBI). The extend of the brain damage deeod both the primary brain damage following the
injury and the secondary brain damage. Brain is¢desnthe major common pathway of secondary
brain damage, but hyperperfusion may also includaltlamagé.Neurocritical care is focused on the
prevention and the minimization of secondary bcEimage and enabling neurological recove®jnce
adequate supply of blood containing oxygen andients is crucial for the recovery and survival of
brain tissue, monitoring the cerebral blood flowBE} is an essential part of neurocritical care.
However, easy, non-invasive, reliable and bedsideitoring of the CBF does not exist in the ICU at
this moment.

In order to limit the risk of secondary brain damag patients with ABI, changes in the brain pedos
should be detected before irreversible damaged¢@as@d. Furthermore, the effects of the interaTgi
have to be monitored in order to adjust therapr&fore, monitoring of the CBF is essential. Severa
methods exist to measure or image the CBF or cklaéeameters. Imaging methods that can be used
include positron emission tomography (PET), Pediusveighted MRI (PWI), stable xenon computed
tomography (Xenon CT), single-photon emission camgutomography (SPECT) and computed
tomography perfusion scan (CTP)These techniques give a quantitative, qualitative semi-
guantitative measure of the regional CBF. The fiflgase techniques in ICU patients is however &uahit
due to the risk involved in transportation of thegient, the use or radioactive compounds or other
contrast agents and/or the restrictions of the BtRironment. Other techniques measuring the CBF are
thermal diffusion flowmetry (TDF), laser Doppler oftmetry (LDF), transcranial Doppler
ultrasonography (TCD), jugular venous oximetry (&)y brain tissue oxygen monitoring (PbjO
Near-infrared spectroscopy (NIRS) and intracerefmarodialysis (ICM). Although these techniques
can be used at the bedside, their use has a nurhld@portant limitations: the measures are only
indirectly related to CBF, the technique measurdg flow in a very restricted region of the brain o
the technique is invasiveA non-invasive bedside technique which is ablemtonitor the CBF
continuously is ideal, currently no device can ipgled out as an ideal CBF monitor.

Cerebral contrast enhanced ultrasound (CEUS) é&@s suggested as a promising method to measure
CBF in patients with ABI at the ICU. Ultrasoundas attractive technique because it is non-invasive,

has a high temporal resolution and can be usdtkdiddside. Ultrasound contrast agents (UCAs) have
been used for visualization of the cerebral arsetdeovercome the low level of acoustic intensig d

to the ultrasound absorption of the skull leadm@ poor signal-to-noise ratio.

This master thesis is focussed on the developnfeat@BF monitoring technique at the ICU using
CEUS.



3 Clinical background

3.1 Clinical relevance

ABI has a high mortality and morbidityTraumatic brain injury (TBI) and acute stroke dre main
disorders that result in acute brain injury. Theidence of TBI is approximately 85,000 per yeathia
Netherlands, from which the majority (85-90%) sirsta mild or moderate head injury. In 2011
approximately 21,000 TBI patients were submittethehospital in the Netherlanéi$he incidence of
acute stroke is 45,000 respectively 20,000 patieath yeaf.There are two types of stroke: ischemic
stroke, caused by an obstruction of cerebral blassels or hypoperfusion, and hemorrhagic stroke,
caused by a intracerebral haemorrhage or subarachaemorrhage (SAH). Since adequate supply of
blood containing oxygen and glucose is cruciatti@rrecovery and survival of brain tissue, monitgri
the cerebral blood flow (CBF) is an essential parieurocritical care.

Imaging modalities measuring the CBF that canngtdréormed at the ICU but are executed in some
cases are PCT, DSA or CT angiography (CTA). Thesdatities give a measure of the CBF over the
total brain, where PCT gives an indication of therotirculation of the parenchyma and DSA and CTA
give an indication of the state of the cerebral mdeicculation® Because these techniques cannot be
used bedside at the ICU, transportation of thespais needed. Due to the possible deleterioustaiffe
transportation in this patient population as intidaby Peerdeman et al., transportation should be
avoided if possiblé.Furthermore there is a radiation exposure dutiegeé measurements. Therefore
the use of these imaging modalities for patients WBI is limited and only performed when considgre
absolutely necessary.

3.2 Cerebral blood flow

Although the weight of the brain is only 2% of tieéal human body weight, CBF in the normal brain
is approximately 50 ml/100 g/min, which is 15% dfetcardiac output. The cerebral oxygen
consumption is 20% and glucose consumption is 2B6%teavhole body consumption. The brain is able
to withstand only very short periods of lack of ddosupply due to its limited capacity for anaerobic
metabolism and limited capacity of energy storehjctv makes the brain extremely sensitive to
ischemia.

The total CBF depends on the cerebral perfusiosspre (CPP) and the cerebrovascular resistance
(CVR) (Equation 3-1). Furthermore the CPP equadsdifference between the mean arterial pressure
(MAP) and the intracranial pressure (ICP) (EquaB8e).

CcpPP 31
CBF = CVR
CPP = MAP - ICP 32

As is explained by Poisseuille’s law in Equatior8,3a decrease in vessel diameter with constant
perfusion pressure will decrease the blood flowepresents the flow through a cylindrical tube with
length L and radius RAP represents the perfusion pressure in the tube #me viscosity of the fluid
flowing through the tube.

n 3-3
F= AP—R*
8nL

The regulation of the CBF involves a wide spectaimverlapping regulatory mechanisms that together
provide an adequate CBF to ensure optimal oxygematrient delivery. The principal regulators of
the CBF are the carbon dioxide partial pressBseot), mean arterial pressure, cerebral metabolism and
the autonomic nervous system. With these mecharasnaslequate CBF over a wide range of cerebral
perfusion pressures can be achieved using vasatiblatand vasoconstriction of the cerebral artesol



located between the large arteries and the capilaHowever the regulatory mechanisms and the
interaction between them have not yet been fullgtdished.

3.2.1 Brain injury and cerebral blood flow

The primary brain damage caused by acute braimyinguioften largely irreversiblePrimary brain
damage initiates metabolic, immunological and béwmsttal changes that can result in secondary brain
damagé. The course of these changes are described regdhdinype of damage.

Ischemia

In a patient with primary brain damage due to a@dieemic stroke, the damage regions can be divided
in ischemic penumbra and the core of infarctione Terebral damage in the core of infarction is
irreversible, however the damage in the penumbpmisntially viable before it becomes completely
infarcted as the cofeFactors which influence the viability of the perana are for example the
cerebrovascular collateral circulation that maimgaflow in the penumbra area and the CPP. Many
patients have an acute hypertensive response camiagute strokg.

The phenomenon of secondary ischemia after a SAHlisd delayed cerebral ischemia (DCI). DCl is
a common clinical syndrome which occurs in 30% afignts who suffered from SAHThe widely
held concept of DCI is thaxtravasated blood from aneurysm rupture leads d¢baén reaction of
cerebral artery vasoconstriction, tissue infarctimd clinical deterioratiohThis vasoconstriction of
the large arteries is called vasospasm. The exenttiloution of the cerebral vasoconstriction in DCI
remains unclear. For examp#dter SAH, patients can develop cerebral infarctiona vascular
distribution unaffected by angiographic vasoconstm, however not every patient with angiographic
vasospasm develops symptomatic spssn?.

Hyperperfusion

Cerebral hyperperfusion is frequently encounterelibwing reperfusion of the ischemic brain.
Reperfusion injury is defined as the structural phgsiologic failure of brain tissue following aoute
reperfusion or after a long-standing hyperperfusiechanisms of this reperfusion injury could be
related to tissue plasminogen activator toxicityidative stress, and hyperperfusion due to impaired
cerebral autoregulation in already maximally dithtcerebral vasculaturé@resentation of this
reperfusion injury include headache, seizure, stagypilepticus, cerebral edema, intracranial
hemorrhage, or subarachnoid hemorrhidge.

Edema

Edema is an important factor leading to secondeainlmiamage, especially in TBI. Cerebral edema can
be classified in two main categories: cellular edear vasogenic edema.Cellular oedema is
characterized by a water shift from the extracafl@pace to the intracellular space, resultingeih ¢
swelling. Cellular edema itself does not resulifmincrease in brain water content or brain swehind

no rise in ICP. It does however impact the celldlanction by altering intracellular metabolite
concentration. Vasogenic edema is the result ofntbgement of water from the vasculature to the
extracellular space in response to an osmotic gnadienerated by the leakage of vascular components
through the blood-brain barrier (BBB) into the lorgarenchyma. Increase brain water content results
in tissue swelling and an increase in IAMe two types of edema can occur simultaneously. An
increased ICP leads to compression of the bloosel®sdecrease of CPP, which leads to a decrease in
CBF as explained in Equation 3-2. Eventually, H@R results in compression and shifts of brairugss
which may affect vital brain areds.

Cerebral autoregulation disturbance

Cerebral autoregulation is the maintenance of ateom CBF despite variations in the mean arterial
pressure (MAP). The classical assumption regariegerebral autoregulation was that under normal
conditions the CBF remains constant over a rangg@pfoximately 50-150 mmHg by adjustment of the

cerebrovascular resistance. Recent studies hawenshanore pressure-passive relationship between
MAP and CBF in healthy individuals with a smalléatpau region.



Regulatory mechanisms of CBF may be impaired dintds may be exceeded following acute brain
injury.12 Events that may occur after acute brain injury sehemia and hyperperfusion. These events
occur during ischemia and the reperfusion and atetiva cascade of events resulting in (secondary)
ischemia. Reperfusion after ischemia may also Istralgtive for the brain parenchyma and vessels.
Ischemia will lead to damage of the endothelial weall of the vessels and with reperfusion molecula
mechanisms and signal pathways further damaginigrttie are activatetf.Furthermore, with ischemia
the resistance vessels maximally dilate and bedews® responsive. As a result, the arterial blood
pressure is not dampened in the resistance vahsgatg reperfusion, resulting in capillary damage a
brain edema during reperfusiétiThis brain edema increases the ICP, influencingBE 1! All these
events together can result in an impaired CBF agtdation due to the less responsive and damaged
vessels, which again can result in secondary isizhentase of hypotension or raised ICP.

CBF distribution in the brain is strongly heterogeuns. These regional differences are likely to bexo
more pronounced in pathophysiologic conditionsaiee autoregulatory mechanisms may be affected
heterogeneously. The range of cerebral perfusiesspire necessary to maintain adequate CBF is highly
variable between individuals and changes over tirherefore, the current opinion is that the indixad
cerebral perfusion thresholds should be used idsiBa fixed general threshotd.

3.3 Neuromonitoring at the ICU

Neurocritical care aims to limit secondary braijuig and prevent systemic complications in patients
with ABI. Therefore measurements of CBF or relapadameters are performed on the ICU of the
macro- and microcirculation. In this section a nembf neuromonitoring techniques used at the ICU
will be further explained. However the optimal tetrgalues of the perfusion related parameters are
unknown.

3.3.1 Invasive neuromonitoring

Invasive neuromonitoring techniques include in@adl pressure (ICP) measurement, thermal
diffusion flowmetry (TDF), laser Doppler flowmet}.DF), brain tissue oxygen monitoring (PbjO
Jugular venous oximetry (Sjy¥oand intracerebral microdialysis (ICM). The apgtion and the relation
between the outcome parameters and the CBF aralmebbelow.

ICP

The ICP can be monitored using a catheter intradiircéhe ventricles or parenchyfhAs described in
Equation 3-1 and Equation 3-2, the ICP influenbes@PP and therefore the CBF. Current guidelines
for treatment of ABI aims to keep the ICP <20 mmiPifIn case the ICP exceeds this threshold, several
treatment options exist to lower the ICP. Furthewribis important to realize that the ICP can dmdy
measured at one region in the brain, the regiamhich the catheter is placed. The measured ICP does
not represent the ICP of the total brain.

TDF

The temperature difference between the neutrad jglatl the heated element of the probe positioned in
the parenchyma reflects the local CBF. Studie® tiaund good correlation with other methods such
as Xenon CT. The main limitation of TDF are prooisof only a single focal CBF measurement from
the area near the probe and potential complicatbreeute tissue damage, bleeding and infeétién.
When positioned near the large vessels it may m®diuaccurate measurements. Also loss of tissue
contact and fever may affect the reliability of theasurements.

LDF

LDF continuously measures regional CBF changestimeal This technique has been used to assess
autoregulation, C@reactivity, detect ischemic insults and responsdberapeutic interventions. LD
measures erythrocyte flux rather than actual CBd-therefore the quantitative CBF is expressed in
units2 Limitations of this technique are the invasivenassl small region of which the CBF is
measured:!’
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Pbl’Oz

A PbrG probe is an electrode inserted into the brainmdmngma measuring pOThreshold for critical
cerebral ischemia is considered to be 10 mmHg. Wakement near the injury or penumbra, values
will reflect the local measure of brain tissue osygo guide therapy. Pbs@onitoring is considered
useful in a variety of clinical situations whereagral ischemia is at risk’ In patients with TBI Pbr®
has shown to be a good indicator of treatment tsfiaed correlates well with clinical outcome measur
Furthermore Pbr@guided therapy is associated with better outcdmaa tonventional therapy This
additional Pbr@ monitoring to ICP/CPP directed management enathiednvestigators to tolerate
higher ICPs and avoid ICP management side-effddtsitations of the technique are: the invasiveness
of the technique, placement of the probe withim@tasion or clot will give incorrect readings anmdyo

the pQ near the probe can be monitored.

SVOQ

Cannulation of the jugular bulb enables the assessof the global oxygenation status of the braith a
therefore the adequacy of CBF. Normal Sjv@nges between 55 and 759 The ischemic threshold
has been reported to be a Sjw®0% for at least 10 minutésLow SjvQ; indicates either an increase
in oxygen demand or a reduction in oxygen delivérpigh SjvQ indicates the opposite and may be
consistence with benign hyperaemia or decreasedbolegt demand. SjvOmonitoring has been
commonly used in patients with TBI or SAH for detec of reduced cerebral perfusion. A significant
association exists between jugular venous desainrand poor neurological outcome. However it has
a low sensitivity and a large volume of tissue (agpnately 13%) must be affected before Sj\€vels
decrease below 50947 Another limitation is the risk of complications cditheter insertiof.

ICM

ICM is a frequently used technique continuously itming biochemical markers for occurrence of
hypoxia and/or ischemia. ICM can only measure twll metabolic parameters in the area of the
catheter, so the catheter should ideally be platéat-risk’ tissue?!® The most commonly measured
interstitial brain analytes are lactate, pyruvagtacose, glutamate and glycefdl.Low glucose values
correlate with increased tissue injury and pooconte. The lactate to pyruvate ratio indicates gnerg
failure and ischemia. Glycerol is a marker for welit stress, low oxygen or low glucose leves.
Glutamate is an excitatory amino acid neurotrartemthat is likely a marker of late injury. Due to
considerable patient variation, trend interpretatiomore useful than absolute measdrfestthermore
ICM only provides a focal measurement, therefoterpretation should be on the basis of the locatfion

3.3.2 Non-invasive neuromonitoring

Non-invasive neuromonitoring techniques are: treatsal Doppler (TCD) and near-infrared
spectroscopy (NIRS).

TCD

TCD is frequently used in the neuro-ICU for theedtibn of vasospasméWith TCD the CBFV of the
large cerebral arteries can be measured non-irelgsiging ultrasound. Many studies have focused on
the correlation between the CBFV and the predictbithe occurrence of vasospasms. Mean flow
velocities over 200 cm/s are highly suggestivest®rere vasospasm, whereas velocities less than 100
cm/s are rarely associated with substantial vasosffe! The sensitivity of TCD for diagnosis of
vasospasm is 50-60% for mean flow velocities o\ ¢m/s to 150 cm/s and the specificity is over
9092122

NIRS

NIRS measures the light reflected from haemoglahirthe brain to derive the regional oxygen
saturation. The values are closely related to érebral venous oxygen saturation as can be measured
with SjvQ,. NIRS has been utilized for non-invasive cerebtdbregulation assessment. Establishing a
consensus value for NIRS-derived thresholds fohdsaa/hypoxia can be difficult due to many
individual factors influencing the outcome valueurthermore extracranial blood contamination,
ambient light and probes positioning are othertimons?1’
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3.3.3 CEUS: a promising CBF monitoring technique

The main limitations of the techniques describethia chapter are: the invasiveness, focal or dloba
measurements, outcome parameters are only relatbe ICBF or the metabolic state or oxygenation
are measured. However a CBF monitoring techniqtieealCU must fulfil the following requirements:

Applicable bedside at the | CU: A lot of equipment is connected to the patienthatCU and
they are continuously monitored. Therefore transpbithese patients is not practical, time
consuming and has its risks. The study of Peerdeznah in 2002 indicates possible negative
side effects of transportation in critically ill,echanically ventilated head-injured patients.
Therefore transportation of these patients shoeldvwided if possible.

Repeatable measurement: Optimizing the (patient specific) therapy is argoimg process at
the ICU. To know the effect of therapy on the CBiE o be able to detect changes in the CBF
over time, it is not sufficient to have a singleaserement of the CBF. The measurement must
be repeatable at least every few hours and comlearabow inter observer variability and a
low operator dependency is preferred.

Safe measur ement: Inherent to the previous point, the measurementdae safe and without
side effects for the patients.

Semi-quantitative or quantitative outcome: the goal of the CBF measurement is early
detection of alteration of the CBF before irrevielesi(secondary) damage occurs. Furthermore
the CBF measurements can monitor the effects efhviantions in order to adjust therapy.
Therefore, it is important that relative changesrotime can be measured in an individual
patient.

Suitable measur ement characteristics: The technique should have sufficient temporaltiapa
resolution and accuracy.

Taking these requirements in account CEUS is a igsingimethod because it is non-invasive, can
measure the brain region that is insonated withuttnasound probe and it measures perfusion
parameters correlated with the blood volume anddielocity. Multiplication of these perfusion
parameters then correlates with the CBF.
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4 Technical Background

4.1 Introduction to contrast enhanced ultrasound

Contrast enhanced ultrasound (CEUS) is an imagicigiique that is frequently used to detect abnormal
flow during cardiograms and for the characterizatbliver lesions. CEUS has also been suggested as
a promising method to measure CBF in patients With at the ICU. Ultrasound is an attractive
technique because it is non-invasive, has a higipéeal resolution and can be used at the bedsale. T
visualize cerebral arteries, ultrasound contrashtsg(UCAS) are necessary to overcome the low level
of acoustic intensity due to the ultrasound absomptf the skull leading to a poor signal-to-naiago.

Several CEUS methods have been used in order teumgethe CBF. The main approaches to measure
the blood flow in the microcirculation with UCAseathe bolus kinetics, depletion kinetics and refill
kinetics. Besides different UCA techniques, différeontrast specific imaging modes have been used
to quantify CBF.

The different CEUS methods have specific limitatiamd measure different parameters related to CBF.
In the search for a bedside neuromonitoring tectena the ICU, not only measuring the most accurate
perfusion parameter is required. The technique ralssi be: safe, feasible at the ICU, repeatable,
reproducible and accurate.

4.2 Ultrasound contrast agents (UCAS)

Current ultrasound contrast agents consist of rbidsbles, which are gas-filled particles of 1-10 pm
diameter with various types of shells for stabiii@a. Because of their small size, they are ablestes
through the microcirculation. When the microbubldes dissolved, the gas is removed from the blood
via exhalatiorf?

Microbubbles increase the reflectivity of blood duéts very low acoustic impedance with respect to
blood. Furthermore microbubbles demonstrate a m@mat behaviour. An acoustic wave applies
alternating positive and negative pressures resguiiti compression and expansion of the microbubbles
Because microbubbles are able to expand much mmangtey can compress, an asymmetric non-linear
bubble oscillation is produced. Consequently thekbeattered signal contains a range of frequemties
addition to that of the incident ultrasound fielthese additional frequency components are usually
integer or fractional multiples of the incidentdreency, called harmonics. Since tissue is lesdinear,
these harmonics can be used to distinguish theolmitable echoes from tissue echéfes.

When microbubbles are expanded with a strong negatiessure, the shell stabilizing the bubble can
break. The mechanical index (MI), originally define predict the onset of cavitation in fluids, egv
an indication of the likelihood of bubble disruptidl' he probability of microbubble rupture increases
with increasing MI, where Ml is defined as:

P—
MI = — 4-1

7

WhereP- is the negative pressure anthe ultrasound frequency. The probability of thierobubble
rupture increases with a higher peak negative presmd a lower ultrasound frequency. The threshold
between a low Ml and high Ml is not clearly definéa extracranial organs, ultrasound intensitieth wi
an Ml >0.5 are referred to as high Ml imaging. krebral imaging an Ml >1.0 is needed for the
destruction of the microbubbles to compensateHeruitrasound absorption of the skdlWwith a Ml

of 0.1 or less in extracranial imaging, the micriolbles are not significantly destroyed, but giveoady
harmonic contrast signal. In transcranial imagiag,MI up to 0.2 is used to compensate for skull
attenuatiort®
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4.3 UCA safety

There are several UCAs currently approved by thegean Medicines Agency for use in European
countries. The UCAs differ in type of shell and ¢fass within the shell. The UCA that is currentiygiely
used in Europe is SonoVdeln general, UCAs are safe with a low incidencsidé effects. They are
not nephrotoxic and do not interact with the thgrgiand. Mild, temporary side effects have been
reported, such as nausea, flushing, pruritus ankiache. The incidence of severe hypersensitivity or
anaphylactoid reactions is lower than with curdémay agents and is comparable to that of MR cettra
agents. Life threatening anaphylactoid reactiong Ieeen reported with a rate of less than 0.082%.

Theoretically the interaction of ultrasound and nolbibbles could produce bioeffects. Cellular eBect
that have been observed in vitro are sonoporakiaamolysis and cell death. Such effects may have
relevance for the in vivo situation. Data from shrmhimal models have already suggested that
haemorrhage and microvascular rupture could octienwnicrobubbles are insonated with high?R1.
However Studies investigating the integrity of thleod brain barrier (BBB) in humans after using
standard contrast-enhanced ultrasound perfusiogimgalid not lead to MRI detectable BBB changes
or focal brain damag®:*! Therefore users should balance the potentiaicalitenefit of the use of
UCAs against the theoretical possibility of asstetiaadverse bioeffects in humafs.

4.4 UCA detection

As described in the previous section, one of ththots to distinguish microbubbles from tissue is by
using its harmonic behaviour. Next to this nondinemaging, also linear scattering and bubble
destruction can be used for imaging of contrashisgd he different contrast agent detection methods
are described below.

Harmonic B-mode imaging (HI)

Harmonic B-mode imaging is a single pulse moddi#ged on the stronger non-linear oscillation of
contrast agents compared to the surrounding tiSshe non-linear oscillation results in harmonics in
the frequency domain of the scattered signalsefbes the signals of tissue and microbubbles @n b
separated using a band pass filter.

Multi-pul se ultrasound techniques

Multi-pulse techniques use multiple pulses withfediénces in amplitude (Power Modulation, PM),
phase (Pulse Inversion, PI; Pulse Inversion Harmdmiaging, PIHI) or both amplitude and phase
(Contrast Pulse Sequencing, CPS; Power modulatedti PMPI) in order to detect the harmonic
response. By sending several of these pulses dntidhsting the responses the linear response reduces
and the harmonic response remains.

Power Doppler

Power Doppler uses the Doppler shift in frequemcuced by the movement of the scattering objects,
but instead of displaying this frequency shifgigplays the amplitude of the Doppler signal, witah
also be colour coded. Microbubble destruction dgyae being interpreted as moving objects with
strong scattering power. The monochrome colourniitg is characteristic for microbubble
concentration. This technique can also be combividgda harmonic bandpass filter (Harmonic power
Doppler).

Contrast burst imaging (CBI) and Time Variance Imaging (TVI)

Contrast Burst Imaging and Time Variance Imagirg darived from Power Doppler in which pulses
are broadband with high acoustic power. CBI detdles changes in the acoustic properties of
microbubbles that are caused by ultrasound-indugleihking, splitting and destruction, while
suppressing tissue and clutter signals by mulgpleo measurements. TVI also depicts the time varian
acoustic properties of microbubbles by analysindtipia pulse echo measurements, but TVI uses a
contrast agent specific analysis strategy to impittre suppression of noise and artefécts.
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4.5 From microbubble to perfusion parameters

In CEUS, next to the different contrast specifiagimg modes, three different approaches are used to
measure the cerebral perfusion. These approachdsaaed on the bolus, refill (replenishment) and
depletion kinetics. In CEUS, the CBF has mainlyrbassessed with the bolus kinetic approach.

45.1 Bolus kinetics

After a bolus injection, microbubbles enter theoimetion field and the acoustic intensity in thians
increases. The acoustic intensity over time carepeesented by a time intensity curve (TIC) as show
in Figure 1. Microbubbles entering the insonatimidf are destroyed by ultrasound energy. To allow
inflow into the parenchyma, a frame rate of 0.28ZLmust be used. Different parameters of the TIC
can be extracted, such as: time-to-peak (TTP),-toymeak intensity (&), peak intensity (Pl), peak
width (PW, full width at 90% of the maximum intetygi full width at half of the maximum intensity
increase (FWHM), area under the curve (AUC) andtipesgradient (PG, slope of the wash-in phase).

Acoustic Intensity

x = fe
Ld

TTP Ty

Figure 1: Time intensity curve of the bolus kinetic CEUS agmf, with time-to-peak (TTP), time-to-peak intengikPlI),
peak intensity (PI), peak width (PW, full width@3% of the maximum intensity), full width at haffthe maximum intensity
increase (FWHM), positive gradient (PG), and amden the curve (AUC).

45.2 Refill kinetics

Refill kinetics is based on the reappearance ofo-@cmtrast after complete destruction of the
microbubbles, when a constant UCA infusion is givBy destroying the contrast agent within the
scanning plane using a high Ml flash image, a negdtolus of contrast agent is created locally and
new microbubbles enter the plane with a certaimaigt within a certain tissue volume. The refill
intensity curve can be achieved using two methtds$sigure 2, the flash-replenishment method is
shown where low MI ultrasound imaging is used tonitay replenishment kinetics in real-time
following UCA destruction. The second method, ahltbe increasing intervals method, detects the
intensity gain between destructive ultrasound fraaténcreasing pulsing intervals, from 50 ms t6@B0
ms2®
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Figure 2: Intensity curve of the refill kinetics, resultingpfn high Ml pulses followed by low MI pulses, with
parameters A anfll .

After bubble destruction, microbubble tissue refement can be described as an exponential curve
with the corresponding equation:

y=A(1-e Pt 4-2

Where y is the acoustic intensitlyrepresents time after the high Ml flashes (flagblenishment
imaging) or pulsing interval (increasing intervatethod), represents the rise rate of the acoustic
intensity over time and A is the plateau of acaustiensity, reflecting the microvascular crosstieeal
area is directly related to the blood flow velocity aAdo the blood volume. Therefore, the product
of both (A>) is related with the blood flow.

4.5.3 Depletion kinetics

Depletion kinetics is based on the destructionomitiast agent at a constant frame rate with a kigh
The TIC decreases to a new equilibrium, determined balance between destruction and reperfusion
of the UCA between the high MI frames. Three matitgral models have been applied for analysing
the depletion curve: an exponential decay modebraplex exponential model, which separates the
curve into destruction and reperfusion phases,igiray a perfusion and destruction coefficient, and
simple linear model (Figure 3). Because of the tsk@mpling time needed (1- 10 seconds), depletion
kinetics can be analysed using either bolus irgaatir infusiorn?®

Acoustic Intensity
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Frames

Figure 3: Scheme of contrast depletion kinetics of brainymdn assessmerfi= In2/Tharite, B = baseline intensity
(exponential model), equivalent to I(S) = intensitithe steady state (linear model). The dottezlitidicates the two
components of the complex exponential model.
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4.5.4 Perfusion parameters

The parameters retrieved from the intensity cufua®m the bolus, depletion and refill kinetics cam b
used to quantify the cerebral perfusion. The valubese parameters depend on the relation with. CBF
From the theoretical point of view, time dependpatameters like TTP (bolus kinetics), perfusion
coefficient (depletion kinetics) of (refill kinetics) are more useful than amplitudepdndent
parameters. This because the amplitude dependi®dnstonation depth and contrast concentration and
therefore depends on the attenuation of the sKirhe dependent parameters are independent from
amplitude and insonation depth and are expectbd timearly related to the blood flow velocity3®

In order to extract the perfusion parameters froenTtiICs measured with CEUS, curve fitting must be
applied due to the noise, scattering and probeemewt artefacts. This will be further explained in
section 4.6.2 and in section 6.4.1.

4.6 General aspects of CEUS

CEUS is frequently used for the diagnosis and bizgacterization of focal liver lesions. The appeaea

of focal liver lesions during the CEUS procedure @escribed in terms of degree of enhancement and
phase of enhancement (arterial phase, portal veploase and the late phase). Other applications of
CEUS in the liver are inter operative CEUS duriivgt resection and monitoring ablation therdpy.
Over the years CEUS has also been applied to dentbex medical fields as an enhancement on the
conventional US and Doppler ultrasound. Overall GEW used for diagnosing and characterizing
lesions, tumours and vascular disorders in sewegains?®3’

However, to overcome the subjective evaluation e £nhancement of normal and abnormal
parenchyma, or between a focal lesion and surrogriiisue, quantitative measures of the blood flow
are needed. Depending on the organ and the gtla¢ @EUS measurement quantification is focussed
on the blood volume or on the CBF. So far the maa of CEUS quantification is for monitoring
therapeutic response to drugs implying an effectumour vascularization, which focusses on the
quantification of the blood volunté.

4.6.1 CEUS outcome variability

High variability of CEUS outcome is the key chatlenof quantification of this technique. The causes
of this high variability have not yet been complgtenderstood® The sources of this variability that
are described can be divided in four categoriedJ€Bperator, scanner settings, patient based factor
and microbubble based factors. Variation due tsedldifferent factors may be effectively reduced by
standardizing the data acquisition and processirmopols. However these protocols can only
effectively reduce the variations to a certain ext@rotocols cannot deal with variation caused by
physiological or pathological variation of the jeatis"32

CEUS operator

CEUS is operator dependent, due to differencesdmtwperators according to microbubble handling,
probe positioning, selection of the regions of rest, sonographic interpretation and personal
preferences in scanner settings. In order to redpeeator based variation it is recommended thigt on
one experienced operator does the measurementthiclinical and study applicatiods.

Scanner settings

Imaging parameters and specific equipment settingatly influence the quantification outcomes. All
CEUS examinations should be performed on systentis monlinear imaging modes designed to
suppress tissue echoes and detecting microbubtie®® as described in section 4.4. Furthermore a
dual image display format is recommended. In tligpldy format a tissue image and a microbubble
contrast image are displayed side-by-side. Thisesessary due to the fact that before contrast
administration the contrast image is totally blackl it is difficult to keep the region of interess¢ady

in the image plane. Other settings that must beaavith caution are: the acoustic power (Ml ared th
number and positions of focal zones) and depths&hmrameters alter the spatial profile of the
ultrasound beam and therefore influence the digioh of the acoustic power and the local MI. Aresth
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important parameter is the dynamic range, als@dabmpressich, which is further explained in
section 4.6.2.

Patient based factors

There are different factors and conditions thalugrice the kinetics of UCAs in a patient, such as
posture, resting time, heart rate, blood pressiody and ambient temperature, and metabolic factors
Blood pressure for example affects the signals foufbles both by altering their equilibrium radius
and their stability. Blood pressure itself variesass a large range depending on location, phaae of
heart cycle and the condition of the patient. Femtfrore, interactions of microbubbles with the body
can create additional variability. Lung filtratioasults in a lowering of the microbubble conceirat
particularly of large microbubbles. This lung fdtion alters the size distribution and therefore th
echogenicity of the contrast agent suspension. filtination of large microbubbles may impact the
acoustic signal even more because passage of thelbmbbles through the lungs and exposure to low
blood pressure with high oxygen and nitrogen cotraéon can cause diffusion of these gases into the
bubbles, resulting in an increased size of micrbleds® Another influence concerning passage through
the lungs may be the effect of phagocytosis byptiimonary macrophages, as hypothesized by Skrok
et al*® They investigated the effect of a second injecib&onoVue after complete disappearance of
the enhancement of the first injection. They showadincreased Pl in the second injection. They
hypothesized that the increase in intensity wasedby saturation of pulmonary macrophages by the
first injection.

Recirculation of the microbubbles also influendesghape of the TIC. A bubble could circulate acbun
the body in less than a minute, influencing thé dhithe TIC. However the extend of the effect of
recirculation remains difficult to quantify. Onectar is the gradual spatial spreading of the cehtra
agents within the vessels over tirfie.

Also tissue motion caused by for example a pumpieat or breathing causes variation in the CEUS
measurements. The extend of this variation dependshat kind of features move in and out of the
ROI. For example, when main source of the backsgatf remains within the ROI the extend of
variation will be less than when this source mawesnd out of the ROI. Tissue attenuation influence
the TIC directly, whereas the peak intensity of The decreases as the depth increds&©Other factors
that are described are temperature and the blawitd€¢haematocritj*

It is recommended to keep detailed record of patiased settings and surrounding factors to help
explain discrepancies in unexpected findings taltadifferent sessions during follow up.

Microbubble based factors

The microbubble based factors depend on the buipés the administration of the microbubble and
the dosage. As described in section 4.3, theresavreral different UCAs available for clinical use.
These agents differ both in terms of their comparsiand size distribution, determining the propeeti
for perfusion studie®. Currently all the commercial available contrasertg have broad size
distributions and the mean size differs signifibariietween contrast agents, making comparison
between contrast agents difficult. Even for the esaagent, the way it is reconstituted prior to the
administration may introduce significant variatiansboth size and concentration owing to manual
shaking of vials. Such variations during reconsitity together with further variations caused by
administration and the physical and physiologicaiditions in the immediate environment means the
size distribution of commercial agents providedtby manufacturers does not provide a sufficient
accurate indication of the bubble distribution ino/*° Furthermore the bubble coating is an important
factor determining the acoustic response. Its ma@chhproperties determine the bubble resonance
frequency, amplitude and linearity of oscillatideven two SonoVue bubbles with a similar initial
diameter showed significantly different behavidadicating significant difference in their coatify.

Preparation and administration of microbubblesierfice the microbubble properties. The time between
the preparation of the microbubbles and the admnatisn, the diameter of the needle, the needle
orientation and the time to administer the UCA hsigaificant impact on the size distribution, stipi

and the concentration of the UCAs and thereforéhenperfusion parameters. At high UCA doses,
multiple scattering can occur, with the sound wasesgtered by one bubble affecting the oscillatiod
hence scattering from its neighbours. This wilealthe echoes obtained from highly concentrated
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bubble populations and render the relationship éebmhe UCA concentration and signal intensity
nonlinear®

4.6.2 Data analysis

Variability of CEUS outcome can also be causeditfgrént data analysis approaches. Important
steps in the data analysis are the linearizatidghetlata, the extraction of the perfusion pararadig
the quantification software and the correspondieg@ntation of the results.

Linearizing image data

Quantification data are taken at various stageshefimage processing chain. A key underlying
assumption for quantification is that image intgn$s linearly proportional to the concentration of
bubbles and thus blood flow. Although it is recomighed to directly analyse raw linear data, thisapti

is not always available. In the image processirairclogarithmic compression is applied. However the
underlying assumption for quantification based ¢@sTis that image intensity is linearly relatedte
concentration of UCA. Some ultrasound scannerg diffe opportunity to save the data in a “native”
format that allows accurate removal of the loganith compression, others offer an approximate
linearization algorithni®3° Furthermore linearization scheme can also expetafigrbe derived from
measurements of tissue phantcths.

Quantification software

Several different software packages are used fddSguantification. Some are implemented into the

ultrasound machines and some are accessible asatare software. These quantification software

packages use different curve fitting algorithmsifymon parameter names, type of image data and
guantification machine settings.

Results are processed using manually selected &@lthe corresponding averaged TICs and their
fitted curves. The shape of the fitted curves @& thgions of interest are then compared. Another
approach to evaluate and present the results dénedric mapping. Parametric maps are constructed in
a way that the brightness or colour of each pigpresents the value of a certain parameter from the
TIC of that pixel. This approach allows global \afimation of the hemodynamics in the whole image.
The two presentations may be combined by visugittie parameter image in the selected ROls.

4.6.3 CBF quantification using CEUS

In section 4.6.1 and 4.6.2 the challenges in gfieation of CEUS have been described. In this secti
these challenges will be further specified regaydime CBF quantification. First the basic cerebral
CEUS procedure is described to emphasize the eliffdactors influencing the CEUS outcome. In the
systematic review in Appendix IV the different tsaranial CEUS procedures that have been used in
literature are described, however in this sectionegrample of an transcranial CEUS procedure is
described. Then the difficulties regarding CBF difimation will be further explained.

Transcranial CEUS Procedure

The patient is placed in supine position with thkeadh in midline and elevated at 30 degrees. The
ultrasound probe is then positioned at the tempmyak window. By small manipulations of the probe
the correct insonation plane is found. There aediandardized insonation planes which are frequent
used in the transcranial ultrasonography. The ilirthe mesencephalic plane, an untilted axiai@ect

in which the butterfly shaped mesencephalic bregmswith surrounding hypoechogenic basal cisterns
are visualized. By tilting ~10 degrees towardsphgetal lobe, the third ventricle and the thalarates
visualized in the so called diencephalic planehla plane the third ventricle is used as a lanérfar
orientation and the adjacent thalamus is visudlaea semicircular hyperechogenic structtiféThe
position of the two planes are visualized relativéhe orbitomeatal line (OML) in Figure 4. In Figu

5 the ultrasound images of the standardized alaalgs with the corresponding MRI section is shown,
adapted from Berg et &.
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Figure 4: Schematic illustration of the two standardizedasitund insonation planes, with the orbitomeatal (@ML),
the mesencephalic plane (1) and the diencephaiep)2).

Figure5: overview of the axial insonation planes. A) schamititistration of the axial mesencephalic scanrptane; B)

MRI of axial section ad midbrain level; C) transcenultrasound image of the mesencephalic scanniagep
corresponding to (B); D) schematic illustrationtoé axial diencephalic scanning plane; E) MRI of bséation at the level
of the thalamus; F) transcranial ultrasound imaigta® diencephalic scanning plane, correspondin@&jpThe arrows in
(E) and (F) indicate the pineal gland that candgrilarly shown on the ultrasound image as a sopbgréandmark or high
echogenicity owing to calcification. C= head of catednucleus; Cb= cerebellum; d= dorsal. f= frontal;lenticular

nucleus. M= mesencephalon. N= red nucleus. R = raph¢halamus; *=frontal horn of lateral ventrickesmeasuring
points of widths of third ventricle; x=measuringiqts of widths of frontal horn. Adapted from Bergatt2008%3

When the probe is correctly positioned for the mesphalic or diencephalic plane, the probe is kept
stable during the administration of the UCA andmlythe measurement. The UCA is then administered
using a bolus injection or a continuous infusioriteAthe bolus injection the bolus kinetic CEUS
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measurement is started simultaneously and las® foinutes. Five minutes after the start of an UCA
infusion, the flash-replenishment or depletion mieament is performed. After these five minutes the
concentration of UCA is expected to be constanterAhe bolus or infusion measurement a wash-out
period of ~15 minutes is taken to ensure clearaftiee UCA from the blood. Then the measurement
is finished.

Challenges of CBF quantification

Many studies used comparison of TICs of ROIs takate whether there were perfusion deficits. This
is usually done by comparing the same ROI in thedthg and the suspected pathologic hemisphere.
The perfusion parameters of the corresponding R@dscompared, resulting in a semi-quantitative
outcome. However diffuse changes of the perfusifecting both hemispheres will remain undetected
using this approach.

The factor that makes CBF quantification even naiffecult than in extracranial organs, is the prese

of the skull. CEUS is performed through the tempacaustic window, the thinnest part of the skull.
However, the thickness of the temporal acousticdain is expected to be heterogeneous within and
between patients. Therefore the acoustic windoweases the inhomogeneity of the acoustic power
distribution in the brain. This results in an exgeater variance in perfusion parameters in differe
ROIls. Another difficulty concerning the skull isetisorrect placement of the CEUS probe and keeping
it steady. Especially due to the varying acoustimdaw thickness within the same acoustic window of
patients.

When CBF is indeed quantified using CEUS, the roddllenge approaches. This challenge is not
caused by the characteristics of the CEUS techpigueby the physiological differences in CBF
between patients. The CBF thresholds for ischemigyperaemia is difficult due to the intra- anceint
individual variation of appropriate CBF in the braiThe variation in CBF is caused by metabolic
demands of the brain. Deciding what CBF is needeachieve a healthy perfusion at a certain brain
region is difficult and also remains a subject ebate in the application of other (imaging) techek
measuring CBF, such as CT-perfusion and PWI.
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5 Systematic Review

In order to develop a neuromonitoring techniquéhatiCU using CEUS, it is important to know the
relevance and the usability of the measured pass)diut also to know to what extend the measuring
technique meets the requirements of a monitoriclgnigue at the ICU. Therefore the first objectife o
this study was to write a systematic review aboHtJS techniques measuring the CBF. We have
analysed the studies performing CEUS for the assm#sof the CBF from 1994 to October 2014. By
comparing the methods and results of the studiesnvestigated which CEUS method is most suitable
for becoming a CBF monitoring technique at the ICle systematic review, “The potential of contrast
enhanced ultrasound as a bedside monitoring tewhrmitjthe cerebral blood flow at the intensive care
unit”, is included in Appendix IV. The method, résuand conclusions of the review are summarized
in this chapter.

5.1 Method

The search strategy and study selection are desanbAppendix Il. In order to compare potential fo
becoming a bedside monitoring technique of theediifit ultrasound techniques, the studies were
categorized according to the ultrasound detectioetic principle that was used: bolus kineticsillref
kinetics and depletion kinetics. For each categjoeyexecution and data analyses characteristics wer
compared. Execution characteristics included: dperatudy population, UCA type, UCA dosage,
UCA side-effects, duration of measurement, andriaon approach. Data analysis characteristics
including reference method, ultrasound method, iadaan time, temporal and spatial resolution, and
outcome parameters were recorded. Safety was edd@gseqgistration of side effects of both the
UCA and the contrast-imaging modes.

5.2 Results

A total of 38 studies were included in the studiytHese studies 4 cases of mild local side effafcts
the UCA Optison was described on a total of 623exib undergoing the measurement.

In the ongoing development of CEUS, studies hafgmiht aims concerning the use of CEUS for
measurement of the CBF. Some studies investighteddtential of the CEUS techniques for cerebral
perfusion measurement. The potential was studiezl/bluating whether there was accurate contrast
in different cerebral structurés* or whether it was possible to visualize cerebeafysion deficité’~

%9, Furthermore, the three different CEUS methodtughalepletion, refill) were evaluated by looking
at the dependence of the measured parameters emdosgusion rate, UCA, frame rate and
insonation deptk?-%*Next to the three different kinetics, differennt@st-specific imaging modes
were used in the different studies. Some studiegeoed different contrast-specific imaging
modes32425365-67n twenty-seven studies the CBF was assessedhétholus kinetic technique, six
studies used the depletion kinetics and five studged the refill kinetics technique. Differences
between these three approaches were particularlgahtrast administration, acquisition time, Ml,
frame rate and outcome parameters. An overviewwasfd characteristics are shown in Table 1. In all
the techniques an outcome parameter was relathe ©BFV and another parameter to the cerebral

blood volume (CBV).
Table 1: Overview of the microbubble detection techniquesrabteristics.

Approach UCA Mechanical Index (MI)  Acquisition Framerate
intravenous time

Bolus Bolus High (> 1) 1-2 minutes 05-1Hz

Depletion Bolus or High (> 1) 1-10 seconds >1Hz
infusion

Refill Infusion High (> 1) with Several 0.125 Hz - 20

Increasing interval increasing pulse interval minutes Hz

Refill Infusion High (> 1) followed by | 10 seconds 15 Hz

Flash replenishment low (< 0.3)
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5.3 Discussion

Several studies have performed different CEUS nukstlamd measured corresponding perfusion
parameters. The techniques have been performeatients with different cerebral perfusion
pathologies over the last 20 years and severaligierf parameters have been proven to be sensitive t
detect these perfusion deficits. Due to high intired inter-individual variation of the perfusion
parameters quantification of the CBF has not yenhlgerformed. However no study has assessed the
repeatability of the different CEUS techniques.

Contrast detection method

Studies using the bolus kinetic approach and tipetlen kinetic approach are based on using a high
MI. This high MI results in a temporal resolutioh~d second. Furthermore the high Ml is
accompanied with the shadowing effect. With théldghetics on the other hand, a better temporal
resolution can be used, because after the bubbteudgon at start, the Ml is low and no

microbubbles will be destructed during the repliemisnt, which also results in no shadowing effect.
This high temporal resolution will also result @s movement artefacts due to movement of the probe
or the patient. Therefore the refill kinetic appbaeems to be the contrast imaging techniquetinvgth
most potential for being a bedside monitoring tégha of the cerebral perfusion.

An important question that remains unanswered istidr a high Ml is needed to increase the signal-
to-noise ratio. All the studies using the bolusekin approach used a high MI. Therefore, low Ml
CEUS (in for example low MI bolus kinetics or réfinetics) might be more sensitive to artefacts or
limited backscattering of microbubbles are detedtémvever, to date no study has compared the
different CEUS techniques using low and high MI.

Outcome parameters

From the theoretical point of view, time dependgartameters like TTP (bolus kinetics), perfusion
coefficient (depletion kinetics) @ (refill kinetics) are the most useful for the qtication of the
cerebral perfusion. Studies agree on focusing ettitie dependent parameters, which seem to be the
most reliable perfusion parameters. However it immanknown which of the time parameters is the
most reliable for the estimation of the CBF. Balege et al. compared the time parameters of the low
MI bolus and refill kinetics and concluded thal P andp were both sensitive parameters for the
detection of perfusion changes in acute MCA stf8lIgased on the outcome parameters, no superior
technique can be indicated. For all methods thedatould be on the time dependent parameters.

5.4 Conclusion

The flash-replenishment contrast ultrasound methsthg the refill kinetics using high Ml flashes
followed by low MI ultrasound has the highest parfor being a bedside monitoring technique @ th
cerebral blood flow at the intensive care unit.sThecause of the high temporal resolution, short
acquisition time (~10 seconds after optimal positig of the transducer) and the use of low Ml, Whic
avoids the shadowing effect and movement artefél¢ith this technique both the time dependent and
theoretically depth independent real-time TTP (& bolus kinetics) anfl (of the refill kinetics) are
measured, which may increase the possibility ohtjfyéng the cerebral perfusion.

5.5 Recommendations

It is important perform a study which compares@JS techniques regarding the outcome
variability and the correlation of the perfusiorrgraeters with CBF. Although the flash-replenishment
technique is concluded to have the highest potdntidbecoming a bedside monitoring technique
based on the characteristics of the techniquemains unclear whether the flash- replenishment
outcome parameters and their intra- and inter-idda variation also reflects this high potential.
Therefore it is suggested that the flash-replenattrtechnique should be compared with the
frequently used bolus kinetic technique to asdesstitcome variability and the correlation of the
perfusion parameters with CBF.
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6 Repeatability study

From the systematic review it is clear that studigieg CEUS to measure CBF are very heterogeneous
in methodology. Although this technique is frequeméferred to as a technique that can potentially
quantify CBF, studies on the validity of CEUS aguantitative measure of CBF are lacking. The
systematic review failed to identify studies thgétematically and prospectively tested the validity

the technique by assessing repeatability, reproditgiand accuracy.

For the quantification of the CBF with CEUS itmsportant to assess the variation within a subjeet i
stable situation. When the variation in CEUS patansewithin a subject during stable CBF is known,
it can be estimated to what extend quantificatibthe CBF with CEUS is feasible.

It is also important to investigate whether chanige€BF can be detected with CEUS parameters .
Previous studies have shown that perfusion defezts be distinguished using CEUS. However the
guestion is whether CEUS can be used to monitaa¢heal CBF and detect significant changes in CBF.
No study has been performed in which different GBies were assessed within one subject.

6.1 Study approach

The first steps that will be taken towards the dewment of a CBF monitoring technique are focussed
on the repeatability of CEUS and the detection &BF change with CEUS. The bolus kinetics
technique is chosen because it is the most frelyuesed technique so far. In addition, the techeaigu
expected to be easier to perform compared to filearedepletion kinetics.

6.2 Study objectives

The primary and secondary objectives of this stdydescribed below:

Primary objective:
= To determine the repeatability of the bolus kinetic technique

Secondary objectives
= To determine the correlation between the CEUS parameters and the CBFV measured with
duplex.
= To determine the differences in the perfusion parameter values, the repeatability and the
correlation between the contra- and ipsilateral parenchyma and the MCA?
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6.3 Method

In Appendix Il the complete study protocol is désed as submitted and approved by the local medical
ethical committee. In this chapter the method rdigarthe bolus kinetic approach used in this study
protocol is described.

6.3.1 Study population

The population consists of a total of 10 young tigalolunteers, between 18-35 years old. Before
inclusion, subjects must meet all inclusion craeand none of the exclusion criteria.

Inclusion criteria
= Healthy men or women of 18-35 years old

Exclusion criteria

» Hypersensitivity to the active substance(s) omyp af the excipients in SonoVue
Right-to-left shunt cardiac shunt
Severe pulmonary hypertension (pulmonary arterggune >90 mmHg)
Uncontrolled systemic hypertension
Pregnancy
Lactation
Participation in another clinical trial within 3 milvs prior to the experimental day.
History, signs, or symptoms of cardiovascular disear pulmonary disease
History, signs or symptoms of neurological disease
History, signs or symptoms of renal disease
History of hyperventilation

6.3.2 Study protocol

Duplex and CEUS measurements were performed osubgects during rest (baseline) and during
hyperventilation. In Figure 6 an overview of thadst design regarding the bolus kinetic technique is
shown. The measurements consisted of bilaterabdupeasurements of the MCA followed by a CEUS
measurement of the MCA, which was performed thmeed during baseline. Furthermore a duplex
measurement during baseline and hyperventilation peaformed on one side, followed by a CEUS
measurement during hyperventilation.

6.3.3 Temporal bone window assessment

Subjects were placed on a bed in a horizontal ipasitith the head in midline and elevated at 30
degrees. In each patient the most optimal temparadow was determined by comparing the duplex
signal and the skull bone artefacts in the contraste. The side with the most optimal temporal wimd
was therefore called the ipsilateral side and thercside the contralateral side.

6.3.4 CBFV measurement with duplex

For the baseline measurements the blood flow wglotithe MCA was measured at both sides,
followed by the ipsilateral side with duplex. Fhethyperventilation measurements only the blood
flow velocity of the MCA at the ipsilateral side sveneasured.

The CBFV of the MCA was measured through the teapemdow. With the colour mode the MCA
was visible in the mesencephalic plane. The de&atting of the gain of the colour mode was 66%.
The gain of the colour mode determines the rand®wfvelocities that are visible in the colour
range. By increasing the gain lower flow velocitigs visible which could lead to noise from the
parenchymal perfusion. The gain settings were #eljis such a way that the MCA was clearly
visible, but no parenchymal noise was present. iRecbinsonation plane for was defined as an
insonation plane in which the MCA is clearly Thedd flow velocity was measured using the pulse
wave mode. According to the shape of the pulse wéeedepth, the position of the artery relative to
other structures and the mean and peak veloditiesyiICA was identified. During the CBFV
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measurement in the MCA the mean blood flow velof@BFVmea) and the peak systolic velocity
(PSV) were measured and recorded.

1. Duplex of MCA
- contralateral side
- ipsilateral side
Bolus kinetic technique*
- ipsilateral side

2. Duplex of MCA
- contralateral side

- ipsilateral side — Baseline

Bolus kinetic technique*
- ipsilateral side

3. Duplex of MCA
- contralateral side
- ipsilateral side
Bolus kinetic technique*
- ipsilateral side

1. Duplex of MCA v
- ipsilateral side (baseline)

- ipsilateral side (hyperventilation) — Hype rventilation

Bolus kinetic technique*
- ipsilateral side

—

*After the CEUS measurement a break of approximately 15 minutes followed to
enable microbubble wash-out

Figure 6: Study design overview.

6.3.5 CEUS

A standard venous catheter (18 G or 20 G venfleag placed in the left or right fossa cubiti. After
identification of the correct insonation plane hyptex, the duplex mode was switched to the contrast
mode. An intravenous injection of 2.4 ml the UCA8Wue (Bracco Imaging Europe BV, Amsterdam,
8 uL/ml) was given as a bolus followed by a 10 i of NaCl 0.9% through the venous catheter. A
two minutes recording of the bolus measurementstesed at the start of the bolus injection. After
these 2 minutes the contrast mode was switchedtbéablke duplex mode to evaluate the position of the
probe. A screenshot of the insonation plane irdtiex mode was taken.

This bolus kinetic method was performed during aseand hyperventilation in each subject.
Consecutive measurements were separated by avaihtdrat least 15 minutes, to ensure wash-out of
the microbubbles. Complete wash-out was assessexhlyating the appropriate settings for the duplex
measurement. In case the gain of 66% had to beawssd below 55% in order to visualize the MCA
without parenchymal noise, it was assumed the roudybles had not yet been washed out.
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6.3.6 Hyperventilation

After the baseline measurements, an additional wmneagent during mild hyperventilation was
performed. This in order to get a measurementoblamged CBF within the same patient. Previously, it
was shown that an increase of minute ventilatio2®3 in patients after cardiac arrest changes mean
CBFV by 15%?5°

Patients were asked to breath normally throughoat sinal tube and to pinch their nose to prevent ai
leakage. The end-tidal G@ressure was measured at the end of the tubecatiduwously displayed on
the monitor. After baseline duplex measurementthatipsilateral side, volunteers were asked to
increase the minute ventilation by 20%, reflectgd?26% decrease in end-tidal @Qhen a duplex
measurement during hyperventilation was perforrfathwed by a CEUS measurement. The end-tidal
CO, values measured during the baseline duplex measumte the start of the bolus kinetic
measurement during mild hyperventilation and atethe of the bolus kinetic measurement during mild
hyperventilation were noted.

6.3.7 Ultrasound device

The iU22 xMATRIX ultrasound system (Philips Medi&stems B.V., Eindhoven, The Netherlands)
was used as with an S5-1 probe for all duplex aBJ€ measurements. For the duplex measurement
the TCD preset was used with an image depth ofidi8/ith the colour mode the flow velocities were
visible in colour. The gain of the colour mode V6886 (default setting). The colour gain was adjusted
when evaluating the probe position or the microlilsbash-out. In the contrast mode an Ml of 1.09
with a gain of 76% was used. The image depth was,5with a focus at 7.7 cm (range 5.3- 9.7 cm).
The linearization scheme and the automatic gainecbon curve were experimentally derived from
measurements of tissue phantoms.

6.4 Data analysis

For the data analysis of the CEUS measurementsusehsoftware was developed in MATLAB. With
this software the DICOM files were visualized, paeter images were calculated, ROI selected from
which TIC were calculated and bolus curves weteditFor the data analysis only the first minute of
the two minute recordings were analysed to redoeealculation time. First the method for extragtin
the perfusion parameters is described. Then thgcapion according to our data analysis is desdtib

6.4.1 Extraction and calculation of perfusion parameters

To calculate the perfusion parameters from a TH€ nhethod of least squares was used. The method of
least squares assumes that the best-fit curvgioka type is the curve that has the minimal surthef
deviations squared from a given dataset. The susyoéred error (SSE) is defined as described in
Equation 6-1, whergis the raw dataset affithe fitted function for the data poiritsl to n.

n
SSE= ) (i~ f(xn ap)?
i=1 6-1
With the functionfminsearch in MATLAB, the bolus curve fitting was performed.

3 be ¢t 6-2
y=at 1+ e—dt-e)
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Figure 7: Example of the bolus curve fit of 4 different TI®@gth thin lines the original TICs and the thick Ige
the curve fits.

The function that was fitted to the bolus TICshewn in Equation 6-2. This function was previously
described by Postert et3land used in several clinical studfé>°":¢7.797The following perfusion
parameters of the bolus curve were extracted: PR, T, AUC, PW, FWHM. PI is defined as the
maximum amplitude the curve reaches in the firsts&fbnds of the measurement. TTP is defined as the
time at which the curve reaches its P#);Tminus the start of the bolus curve. The stathefcurve is
defined as the time at which > 2% of the Pl washed. The AUC is calculated by a summation of all
the acoustic intensities starting from the stathefbolus curve. PW is defined as the time theisten
intensity is> 90% of the PI. FWHM is defined as the time the atiountensity i 50% of the PI.

The error of the fit is defined as the root meamasg error (RMSE), based on the SSE as defined in
Equation 6-1. The function for the RMSE is desatili@ Equation 6-4, whera the amount of data

points. Furthermore RMSEwas used as RMSE corrected for the Pl of the ctitvas defined in
Equation 6-5.

SSE
RMSE = |— 6-4
n
SSE
e n_ RMSE 6-5
PL= pr = pI

In this study the SSE is defined as the sum ofrgguerrors of the fit from the start of the bolusve
until the end of the measurement (60 seconds). R 8t mean error of each data point and RMSE
the mean error of each data point as a percenfdbe Bl

In total the perfusion parameters (PIl, TTR, ARUC, PW, FWHM) and the fit error parameters (SSE,
RMSE, RMSE)) were calculated for each TIC. TICs were firstmalized by subtraction of the first
data point of the TIC.
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6.4.2 Parametric images and ROls

The curve fitting approaches that were used inghidy is the parameter images approach and the is
the ROI selection. In the parameter images approlehperfusion and fit error parameters were
calculated for each pixel and an image of all taki@s of a single parameter was then visualized as
parameter image. In order to visualize fits withrherrors with respectively unreliable parametéues,

a correction of the parameter images was performbig. correction was performed by changing the
badly fitted pixel values into the value -5. Beaaall the parameter values of the perfusion pararset
were positive, these pixels could easily be distisiged from appropriate fits by choosing sufficient
grey scale limits. A fit was defined as a badrithse the RMSiE>100%. A RMSE of 100% means
that the mean error between the fit curve and t@eig 100% of the PI.

The second approach that was used is selectingl @d@isting of multiple pixels and calculating the
perfusion parameters of this specific region. TlamTIC of the pixels within the ROI was calculated
TICs from which the bolus fit resulted in a badwiere not included in the calculation of the med#D. T
Then the parameter values were calculated aftetus liit of the mean TIC.

6.4.3 ROI selection

For the ROI selection the PI parameter image aedtheen shot of the duplex recording was used. In
the screen shot of the duplex recording the pesitiothe CBFV measurement is visible between the
two green lines, as shown in Figure 8. Four ROIsevselected manually on the corresponding Pl
parameter image$he screen shot of the duplex recording was usechimosing the ROI in the MCA.
Looking at the position at which the CBFV recordimigh the duplex was performed the corresponding
region was manually selected in the Pl parametagé@nFigure 9 shows the anatomical position and
characteristics of the circle of Willis. Figure 48ows the Pl parameter image on which the ROIs were
selected.

A total of four regions of interest were selectedhie Pl parameter image as shown in Figure 9. One
ROI was selected in the ipsilateral MCA and thre¢hie parenchyma. First the ROI of the ipsilateral
MCA (ROlwucaipsi) Was selected by clicking of the position of theotners at a depth of 4 to 5 cm. It
was pursued to select a ROI which was positionédimvihe MCA at the position as measured with the
duplex. When the RQ@taipsiwas selected the remaining three regions weretsdl&y clicking on the
position of the left upper corner. Then automalycdie shape of the R@daipsi was used to create a
ROI in that parenchyma position. The second regibrinterest (RQdostipsy Was selected in the
parenchyma at the ipsilateral side on a depthtof3cm posterior to the ipsilateral MCA region.€Th
third region of interest (R@bstcong Was selected at the contralateral side at a dwp@il0 cm at the
same posterior level as RQ&ripsi The fourth region of interest (Rfhcony) Was also selected at the
contralateral side a depth of 9-10 cm at the sarnteriar level as the R@taipsi. In case of reflections,
large arteries, artefacts or many bad fits, thdtiposvas chosen as close to the position as plessib
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Figure 8: Example of a screen shot of a duplex measuremeheadpsilateral MCA.

ANTERIOR

CONTRALATERAL
IPSILATERAL

POSTERIOR

Figure 9: Visualization of the Circle of Willis with the largeerebral arteries: anterior cerebral artery (AGAdle
cerebral artery (MCA) and the posterior cerebredrgir(PCA). Furthermore the side at which the prislhisitioned is
called the ipsilateral side, whereas the otherisidalled the contralateral side.
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Figure 10: Example of the four selected ROIs, with the corresjeg names, on the parametric image of the Pl.kBlac
pixels represent a bad bolus curve fit.

6.5 Statistical analysis

6.5.1 Primary objective

Each CEUS measurement resulted in one TIC for B&hwith the perfusion parameters TTP, B, T
PW, FWHM, and AUC for the bolus kinetic measurerseifibe repeatability of these parameters were
determined by calculation of the coefficient ofiation (CV), expressed in % of the mean. A CV <10%
from the mean was considered to indicate adeqeptsatability.

The repeatability of the mean CBFV and the PSV ftbenduplex measurements are also determined
by calculation of the CV as described. Also a CWO%LCBFV was considered to indicate adequate
repeatability.

6.5.2 Secondary objectives

The correlation between the CEUS perfusion parasétdP, PI, F, PW, FWHM and AUC) and the
CBFVmean and the PSV in the MCA and parenchyma regions dedermined by linear regression
analysis with the calculation of the Pearson’sa@ation coefficient. A p value < 0.05 was considere
to indicate statistical significance.

CEUS perfusion parameter values and CV of the Cpiftision parameters in the different ROls were
analysed with a paired-T-test. The end-tidal ,C@BFVmean and PSV during baseline and
hyperventilation were also analysed with a paire@st. A p value < 0.05 was considered to indicate
statistical significance.
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7 Resaults

Thirteen healthy volunteers were screened for éingqgipation in the study. One volunteer was exetlid
due to an ECG abnormality and two volunteers wexdueed due to insufficient temporal bone
windows. Ten healthy volunteers signed informedseom and underwent the measurements of this
study. No adverse events occurred. The data dirgtsubject were not analysed due to technicalds

in the duplex recordings and due to different sg#tiof the CEUS device than described in secti®76.

In all the CEUS bolus measurements it was possibi@age the ipsilateral MCA.

7.1 Demographic data

The data of nine subjects were used in this sthghe subjects were male (age: 21.2+2.6) and four
subjects were female (age: 21.5+2.9). Blood presstithe subjects before the start of the
measurements was a systolic pressure of 120.74#9grand a diastolic pressure of 70.4+9.3
mmHg, with a heart rate of 65.7+12.3 beats per tainu

7.2 CEUS repeatability

To determine the repeatability of the perfusiorapaaters and the duplex parameters, CV expressed in
percentage of the mean baseline was calculatedreBdts of the CEUS parameters in the four ROIs
are shown in Table 2, Table 3, Figure 11 and Figdr&hese results are mean values of the totapgrou
In Appendix Ill, Table 12 to Table 15 show the mestandard deviation and coefficient of variation
for each subject of the four ROls.

7.2.1 Parameter values

As shown in Table 3 and Figure 11, the PI, PW abl€An the MCA were significantly higher than in
all parenchyma regions. ThesTwas significantly lower in the MCA than in the pachyma.
Furthermore the TTP was significantly lower in MEA compared to the two contralateral parenchyma
regions. The FWHM was significantly higher in theCl compared to the contralateral parenchyma
regions.

As shown in Figure 11, there was no significantedénce between the Pl of the parenchyma regions.
However the TTP of the R@Jstipsiwvas significantly lower than in the contralatgratenchyma regions.
Te was significantly lower in the R@isripsithan in the RQlbosreconry AUC of the RObostconr Was
significantly higher than in the R@ircont. PW of the RQlostconrwas significantly higher than in the
ROlanTcontr and ROposTipsi The FWHM of the three parenchyma regions wersigtlificantly different.

7.2.2 Coefficient of variation

As shown in Table 2, the CEUS parameter with tiaeki CV in the MCA region is therwith a value
of 13.7%. Other parameters in the MCA region h&Vahigher than the d. In the three parenchyma
regions the parameter with the lowest CV dgWlith a value of 6.1% in R@bsripsiand 9.7% in the other
parenchyma regions. Other parameters in the payerechll had a CV >10%.

As shown in Figure 12, comparing the CV of the M@ith the parenchyma regions the CV of the PI
was significantly lower in the MCA than in the R4ripsi The CV of the TTP and TPI in the MCA was
not significantly different than the parenchymaioeg. The CV of the AUC in the MCA was
significantly lower than in all the parenchyma . The CV of the PW in the MCA was significantly
higher than all parenchyma regions. The CV of tiéHM was not significantly different than the
parenchyma regions. The CV values of all parameteitse parenchyma regions were not significantly
different from each other except for the. The CV of the # in the ROposripsiwas significantly lower
than the other parenchyma regions.

The results of the CBRManand the PSV measurements are shown in Table 4h&@BF\ieanvalues

the CV was 7.0% and 6.5% for the PSV. In Figurei® Figure 16 the mean and standard deviation of
the baseline CBFMean and the PSV values are shown. In Table 11 in Agperl the PSV and
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CBFVmean Values of the individual duplex measurements ava with the corresponding mean,

standard deviation and CV.

Table 2: Coefficient of variation (CV) of the CEUS parameterstie four ROIs.

CV (% of mean baseline)
ROI MCA ipsilateral
ROl anterior contralataral

ROI posterior contralateral

ROI posterior ipsilateral

PI
16,6
53,0
46,8
52,3

TTP
25,2
19,1
25,0
14,2

TPI
13,7
9,7
9,7
6,1

AUC
22,3
65,0
64,3
63,9

PW
44,4
20,2
24,6
18,6

FWHM
26,7
20,9
28,0
22,6

Table 3: Mean baseline, mean standard deviation (SD) anfficieat of variation (CV) of the perfusion parareet in the four

different ROls.

ROI MCA ipsilateral Pl TTP TPI AUC PW FWHM
Mean baseline 24,3 5,9 14,1 10465,9 11,0 38,2
SD baseline 5,2 3,6 3,2 2878,1 7,4 11,7
CV (% of mean baseline) 16,6 25,2 13,7 22,3 44,4 26,7
Hyper (% of mean baseline) 89,2 139,1 100,3 53,6 54,0 48,5
ROI anterior contralateral PI TTP TPI AUC PW FWHM
Mean baseline 2,5 8,1 17,3 358,1 2,8 8,9
SD baseline 1,3 2,0 2,3 246,6 0,7 2,6
CV (% of mean baseline) 53,0 19,1 9,7 65,0 20,2 20,9
Hyper (% of mean baseline) 44,1 70,6 86,6 57,8 81,4 91,6
ROI posterior contralateral Pl TTP TPI AUC PW FWHM
Mean Baseline 3,1 7,5 17,8 606,2 3,4 11,7
SD Baseline 1,7 2,1 2,2 526,2 1,2 5,2
CV (% of mean baseline) 46,8 25,0 9,7 64,3 24,6 28,0
Hyper (% of mean baseline) 51,0 92,7 90,2 49,3 83,5 81,6

ROI posterior ipsilateral

PI

TTP

TPI

AUC

PW

FWHM

Mean Baseline 2,7 6,4 16,8 424,1 2,7 9,3
SD Baseline 1,5 1,3 1,9 326,0 0,7 3,3
CV (% of mean baseline) 52,3 14,2 6,1 63,9 18,6 22,6
Hyper (% of mean baseline) 46,2 81,9 89,1 43,7 73,7 75,0

Table4: Mean, standard deviation (SD) and coefficient afataon (CV) of the duplex parameters PSV and CB&W

MCA ipsilateral

Mean Baseline 104,2 61,7
SD Baseline 12,4 8,0
CV (% of mean) 6,5 7,0
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(PAR_ANTcontr), ROkostcontr(PAR_POSTcontr) and R&dstipsi(PAR_POSTipsi), with *significance of p <0.05 arféignificance of p

<0.01.
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7.3 Correlation between CBFV and the CEUS parameters

7.3.1 Hyperventilation

In Table 5 the duplex parameter values are showmglthe baseline measurement before and after
hyperventilation. In Table 6 the corresponding &det CO values are shown measured during baseline
and at the start and end of the contrast measutetugng hyperventilation.
As shown in Figure 13 and Figure 14, the end-1&al decreased significantly during hyperventilation,

resulting in a significant decrease in PSV and CR&VAnN average decrease of 21.2% of the baseline
end-tidal CQ during mild hyperventilation resulted in an avexafpcrease of 10,9% of the PSV and

16,7% of the CBF¥ean

Table 5: Duplex parameters PSV and CB¥h during hyperventilation and during the baselireasurement before hyperventilation.

Duplex measurement

PSV

101,6 |

Subject | Parameter Baseline Hyperventilation Change (%)
1 PSV 116 104 -10,3
CBFVmean 70 54 -22,9
) PSV 102 91,2 -10,6
CBFVmean 59 54 -8,5
3 PSV 106 80,8 -23,8
CBFVmean 62 50 -19,4
4 PSV 119 106 -10,9
CBFVmean 70 52 -25,7
5 PSV 81,8 81,8 0,0
CBFVmean 47 50 6,4
6 PSV 107 87,4 -18,3
CBFVmean 58 51 -12,1
7 PSV 104 93 -10,6
CBFVmean 64 48 -25,0
8 PSV 95,9 93,1 -2,9
CBFVmean 59 45 -23,7
9 PSV 82,7 74 -10,5
CBFVmean 56 45 -19,6

CBFVmean 60,6

Table6: The measured end-tidal CO2 at the baseline measuteat the start and at the end of the CEUS meamnt. In the column
‘Change at start’ the % change of the end-tidal COReastart of the contrast measurement regartiedpaseline measurement is shown.

Subject | Baseline Start CEUS End CEUS Change at start (% of baseline)
1 5,8 4,5 3,8 -22,4
2 5,3 4,4 4,4 -17,0
3 5,7 4,7 4,2 -17,5
4 5,8 4,8 4 -17,2
5 5,4 4,4 4,3 -18,5
6 4,8 3,8 3,7 -20,8
7 5,4 4,5 3,8 -16,7
8 5,8 3,9 3,8 -32,8
9 5 3,6 3,1 -28,0

Mean 5,4 4,3 3,9 21,2
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Figure 13: Values of the end-tidal CO2 (mean +SD) during baseletCO2_base) and hyperventilation (etCO2_hyper),
with *significance of p <0.05 and **significance pf<0.01.
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Figure 14: Values of the CBFWMeanand PSV (mean £SD) during baseline (CBFVmean_b&¢, Pase) and during
hyperventilation (CBFVmean_hyper, PSV_hyper), witlgfgficance of p <0.05 and **significance of p <@.0
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In Figure 15 and Figure 16 the mean and standavatin of the baseline CBRManand PSV

measurements are shown with the corresponding Ygptiiation value.
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Figure 15: CBFVmean(cm/s) values during baseline and hyperventilaiioean £SD)..
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Figure 16: PSV (cm/s) values during baseline and hyperveiaiigmean +SD).
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7.3.2 Effect of hyperventilation on the CEUS parameters

In Table 4 the mean parameter value of during hyggilation as a percentage of the mean baseline
value is shown. In Figure 17 to Figure 22 the maradh SD of perfusion parameters PI, TTP and PW
during the baseline measurements in fR@si and ROAnTcontr are shown with the corresponding
hyperventilation value. These figures illustrate #ffect of the hyperventilation on these paransedsr
also shown in Table 4.

Parameter values during hyperventilation were madtdse or within the mean +SD of the baseline
measurements. However looking at the values thatdiside the mean +SD and looking at the mean
effect of the hyperventilation on the parametershasvn in Table 3, it seems that: Pl decreasedl in a
the four ROIs, TTP increased in the MCA regiondrtreases in the parenchyma regions, TPl remained
unchanged in the MCA region but decreased in thenghyma regions. All other parameters decreased
in all regions during hyperventilation.
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Figure 17: Parameter Pl values (mean £SD) during baseline QlReksurements and the corresponding value during
hyperventilation, in RQlcaipsi.
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Figure 18: Parameter TTP values (mean +SD) during baseline QBe&Surements and the corresponding value during
hyperventilation, in RQlcaipsi.
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Figure 19: Parameter PW values (mean +SD) during baseline GB&kSurements and the corresponding value during
hyperventilation, in RQlcaipsi.
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Figure 20: Parameter Pl values (mean +SD) during baseline Qfesurements and the corresponding value during
hyperventilation, in RQNTcontr.
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Figure 21: Parameter TTP values (mean +SD) during baseline QBe&Surements and the corresponding value during
hyperventilation, in RQNTcontr.
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Figure 22: Parameter PW values (mean £SD) during baseline GB&iurements and the corresponding value during
hyperventilation, in RQNTcontr.

7.3.3 Correlation

In Table 7 to Table 10 the Pearson’s correlaticeffaments of the CEUS parameters compared to the
CBFVmeanin the four ROIs are shown. In Appendix Il theaPson’s correlation coefficients of the
CEUS parameters compared to the PSV in the foursROkhown in Table 16 to Table 19. The
correlation of each of the CEUS parameters comptoetthe PSV or CBFMean, Was significant a
maximum of two subjects.
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Table 7: Pearson's correlation coefficient of the CBlMand the CEUS parameters in the R€lpsi.

ROlmcaipsi Pl TTP TPI AUC PW FWHM

Subject 2 Pearson

CBFVmean Correlation -323 -845 573 226 134
Sig. (2-tailed) 677 ,155 427 774 ,266

Subject 3 Pearson

CBFV mean Correlation -207 -937 -932 -402 nr12 -429
Sig. (2-tailed) 793 ,063 ,068 ,598 ,288 571

Subject 4 Pearson

CBFVmean Correlation 566 102 260 625 513 586
Sig. (2-tailed) 434 ,898 , 740 375 487 414

Subject 5 Pearson

CBFV mean Correlation -266 498 912 612 866
Sig. (2-tailed) 734 ,502 ,088 ,388 ,134

Subject 6 Pearson

CBFV mean Correlation ,660 915 868 815 919 878
Sig. (2-tailed) ,340 ,085 ,132 ,185 ,081 122

Subject 7 Pearson

CBFV mean Correlation 916 S755 362 935 801 817
Sig. (2-tailed) ,084 245 ,638 ,065 ,199 123

Subject 8 Pearson

CBFVmean Correlation 356 -645 691 104 058 094
Sig. (2-tailed) 644 355 ,309 ,896 ,942 ,906

Subject 9 Pearson

CBFVmean Correlation 937 597 943
Sig. (2-tailed) ,063 ,403 ,057

*, Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).

Table 8: Pearson's correlation coefficient of the CBlMand the CEUS parameters in RQ@tontr.

ROlanTcontr PI TTP TPI AUC PW FWHM

Subject 2 Pearson

CBFVmean Correlation 316 848 275 316 834 779
Sig. (2-tailed) ,684 ,152 , 725 ,684 ,166 ,221

Subject 3 Pearson

CBFVmean Correlation -1259 -527 -950 -864 -1949
Sig. (2-tailed) 741 473 ,050 ,136 ,051

Subject 4 Pearson

CBFVmean Correlation 342 751 592 289 646 602
Sig. (2-tailed) ,658 ,249 ,408 711 ,354 ,398

Subject 5 Pearson

CBFVmean Correlation 204 370 564 2172 416 386
Sig. (2-tailed) , 796 ,630 ,436 , 728 ,584 ,614

Subject 6 Pearson

CBFVmean Correlation 836 -351 189 157 123
Sig. (2-tailed) , 164 ,649 ,811 ,243 277

Subject 7 Pearson

CBFVmean Correlation 248 137 113 430 593 641
Sig. (2-tailed) ,452 ,263 ,287 ,570 407 ,359

Subject 8 Pearson

CBFVmean Correlation 310 317 965 050 -199 -387
Sig. (2-tailed) ,690 ,683 ,435 ,950 ,801 ,613

Subject 9 Pearson

CBFVmean Correlation 683 -302 865 591 1486
Sig. (2-tailed) ,317 ,698 ,135 ,409 ,514

*, Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).

42




Table 9: Pearson's correlation coefficient of the CBfMand the CEUS parameters in the Rétcontr

ROlposTcontr Pl TTP TPI AUC PW FWHM

Subject 2 Pearson

CBFVmean Correlation 315 169 768 279 712 473
Sig. (2-tailed) ,685 ,231 ,232 ,288

Subject 3 Pearson

CBFVmean Correlation -407 -,864
Sig. (2-tailed) ,593 ,136

Subject 4 Pearson

CBFVmean Correlation 912 494 589 653 545 965
Sig. (2-tailed) ,088 ,606 411 ,347 ,455 ,435

Subject 5 Pearson

CBFVmean Correlation 392 659 698 305 494 1405
Sig. (2-tailed) ,608 ,341 ,302 ,695 ,506 ,695

Subject 6 Pearson

CBFVmean Correlation 351 7161 760 255 030 -291
Sig. (2-tailed) ,649 ,239 ,240 , 745 ,970 , 709

Subject 7 Pearson

CBFVmean Correlation 933 1266 545 934 117 898
Sig. (2-tailed) ,067 , 734 ,066 ,223 ,102

Subject 8 Pearson

CBFVmean Correlation 292 134 -860 -702
Sig. (2-tailed) , 708 ,866 ,140 ,298

Subject 9 Pearson

CBFVmean Correlation 823 755 248 S74
Sig. (2-tailed) 177 ,245 , 752 426

*, Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).

Table 10: Pearson's correlation coefficient of the CBfMand the CEUS parameters in the R§3tipsi

ROlposTipsi PI TTP TPI AUC PW FWHM

Subject 2 Pearson

CBFVmean Correlation 201 105 645 225 321 259
Sig. (2-tailed) , 799 ,895 ,355 775

Subject 3 Pearson 632

CBFVmean Correlation !
Sig. (2-tailed) ,368

Subject 4 Pearson

CBFVmean Correlation 457 822 733
Sig. (2-tailed) ,543 , 178 ,550 ,185 ,267

Subject 5 Pearson

CBFVmean Correlation 1255 926 234 261 -044
Sig. (2-tailed) , 745 ,074 , 766 , 739 ,956

Subject 6 Pearson

CBFVmean Correlation -159 461 -439 -230 -669
Sig. (2-tailed) ,841 ,639 ,561 770 ,331

Subject 7 Pearson

CBFVmean Correlation 883 116 785 1700 701
Sig. (2-tailed) 117 ,884 ,215 ,300 ,299

Subject 8 Pearson

CBFVmean Correlation 47l -517 445 -261 -173
Sig. (2-tailed) ,529 ,483 ,372 ,555 , 739 ,827

Subject 9 Pearson

CBFVmean Correlation 525 766 -426 409 605 438
Sig. (2-tailed) 475 ,234 ,574 ,591 ,395 ,562

*, Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).
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8 Discussion

8.1 CEUS repeatability

In general, repeatability of CEUS for the quanéifion of CBF was low. Repeatability of all paramste
was insufficient for quantification of flow in tHdCA, with the lowest CV of 13.7% for the-T For the
parenchyma d had an adequate repeatability, with a CV of 6.h%he ROpostipsiand 9.7% in the
contralateral parenchyma regions. All other paransah the parenchyma had poor repeatability.

Tp : parameter with the lowest variance?

Tei showed the best repeatability. This may be expthioy the first 10 seconds of the measurement
included in the #, in which no microbubbles arrive and thereforaiateon. The variation only takes
place in the TTP period of the bolus curve. Du¢hto fact that the CV is calculated by dividing the
variance by the mean value, the CV ¢f i$ lower than the TTP because of the additionadeldbnds.
Because the variation of interest takes place duha TTP period of the bolus curve, we conclude th
the CV of the TTP is more representative for theatmn of the arrival time than thesT The only
additional information the A& gives with respect to the TTP, is the time betwéwen start of the
measurement and the arrival of the microbubblegaBse measurements are started manually this
results in additional variation in TPI. This varaat is expected to be small in proportion with toel

Tri value. To compare the repeatability of the TTP &ndthe SD should be used instead of the CV to
prevent misinterpretation.

Comparison of the CV in the MCA and parenchyma

The CV of the Pl was significantly lower in the MG@#an in the RQbsrTipsi In the MCA the blood may

be close to microbubble saturation, which couldl@rpthe significantly lower CV in the MCA
compared to the parenchyma regions. The microbugattleation may reduce the variation induced by
movement artefacts, variation in microbubble doseattering and skull artefacts. Microbubble
saturation might also explain the significantly EwCV of the AUC in the MCA compared to the
parenchyma regions. With microbubble saturation Eieof all the baseline measurements are
comparable. Therefore it is expected that with carable recirculation values the CV of the AUC is
lower than in the parenchyma. The CV of the TTP &Rdin the MCA was not significantly different
than in the parenchyma regions. This may be expthiny their independence of microbubble
concentration. The TTP and,Tare expected not to be influenced by variatiomiorobubble dose,
which has also been concluded by Meves EtHthe CV of the PW in the MCA was significantly hagh
than all parenchyma regions. It is expected thatishdue to variation in the effect of recircutation

the bolus curve. Looking at the bolus curve fittofghis study, the PW depends on the course of the
TIC in the first 10 seconds after the maximum psakeached. Because in some measurements the
recirculation influenced the TIC within 10 secomdi®r the maximum peak, the PW was larger.

In literature it was suggested that due to largéatians in blood pressure, the variation of thelUSE
outcome in large arteries would be larger tharhngarenchyma. This due to the effects of the blood
pressure on the size, the resonant frequency diubbles and the strength of the backscatterealsign
from the microbubble® However in this study this variation expressed_M seems to be mostly
comparable or lower than the CV of the parenchyrhés could suggest that the influence of the blood
pressure on the behaviour of the microbubblesstlgan expected or that the effect is the sarhetn

the large arteries and the parenchyma.

Comparision of the CV in parenchyma regions

The CV values of all parameters of the parenchyagions were not significantly different from each
other except for thesl. We do not have an explanation of the significhifierences in ¥ between the
parenchyma regions. However the comparable CV saifithe other parameters may suggest that skull
artefacts and scattering do not increase the CV.inftneased CV was expected in the anterior
contralateral parenchyma region, due to more infiee of shadowing or skull artefacts in the ipsitait
hemisphere. Due to different probe positions areteflore different scattering and skull artefacts
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present, it was expected that the CV in the regimmtralateral to the MCA was higher than in other
parenchyma regions.

Comparison of CEUS parameter valuesin MCA and parenchyma

The Pl was significantly higher in the MCA regidmah in the parenchyma regions, due to high
microbubble concentration in the MCA in comparisath the parenchyma. Furthermore the TTP was
lower in the MCA then in the parenchyma. This caneliplained by the higher CBFV in the MCA
compared to the microcirculation in the parenchyhie fact that the AUC, PW and FWHM was also
significantly higher in the MCA compared to the grachyma is explained by the differences in the
course of the fitted bolus curve in the MCA regamd in the parenchyma region. In contrast to the
parenchyma regions, the bolus curves in the MCAoredo not reach zero within the first minute after
microbubble injection. This is reflected in higtddC, PW and FWHM values.

Comparison of CEUS parameter values in parenchyma regions

The parameter values in the parenchyma regionsrddfsignificantly in all parameter except for the
PI. The comparable Pl in the parenchyma regionsintigate a comparable microbubble concentration
and therefore a comparable blood volume. Howeweother parameters show significant differences
between the parenchyma. We have no explanatiothforspecific significant differences for each
parameter. Overall the differences indicate thettettare significant differences in the bolus curegen
though the PIin the regions is nog significanifyedent. This may be explained by sources of \tama
affecting the TIC, such as movement artefacts aradteying from nearby tissue. However CBF
differences between the parenchyma regions maybalgoesent.

8.2 CBFV manipulation and correlations

In this study a significant decrease of 21.2% eflihseline end-tidal G@uring mild hyperventilation,
resulted in a significant decrease of 10,9% ofRB& and 16,7% of the CBRVanin the MCA. This
corresponds to the findings of Bisschops et alviinch an increase of minute ventilation by 20% in
patients after cardiac arrest decreased the me&v @Bthe MCA by 15%°%°

It was expected that the Pl would decrease duedeceease of CBFV during hyperventilation and
therefore an expected decrease of CBF. In peroewnfafe baseline values, the Pl decreased l¢he in
MCA during the hyperventilation than in the pareyrola regions. The decrease in Pl in the parenchyma
was much stronger than in the MCA region due tonigeer baseline PI value. The TTP in the MCA
increased during hyperventilation, whereas in ta@pchyma the TTP decreases. Translating this TTP
into CBFV this could mean that the CBFV in the MGlkcreases, as expected, however in the
microcirculation this CBFV increases. This may sgjg compensatory mechanism in the parenchyma
which aims to keep the CBF constant.

The correlation of each of the CEUS parameters epatpto the PSV or CBR\an,was significant in
only a maximum of two subjects. No pattern washisin the Pearson’s coefficients of the CEUS
parameters that indicate a certain relation betwleeparameter and the CBFV. Also no pattern was
seen in the Pearson’s coefficients of the CEUSrperers in the different ROIs, for example different
correlation coefficients in different ROIs. Thelauf significance in the correlation was explaitgd
the poor repeatability of the CEUS parametersaBedhere is a significant correlation between
certain CEUS parameters and CBFV, more measurerdentgy CBF manipulation or a larger change
in CBF are necessary to establish this correlation.

8.3 Quantification of the CBF

High variation in CEUS parameters has been destiibéterature as a difficult problem concerning
the quantification of the CBF. In this study thepeatability of the bolus kinetic technique was
investigated for the first time and the resultsfeomthe high variability issues. Furthermore thedy
suggests that TTP and TPI are the most robustredeas in the parenchyma regions with the lowest
and the most constant CV in different ROIs. Conicgrthe quantification of the CBF we believe that
the poor repeatability within the same individuaynbe the most important limitation of this techréq
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In case the CBFYV is linearly related to the TTRyntla CV of ~20-25% for the TTP could still only
detect large CBFV changes.

8.4 Study limitations

8.4.1 Determination of the repeatability

There are several limitations regarding the deteation of the repeatability in this study. A limitan

for example is the fact that the CEUS measuremeetts performed in intervals of at least 15 minutes,
due to the time that was needed to ensure washfdbe microbubbles. Assessment of repeatability
requires a stable baseline CBF. We cannot exclhdethe CBF could have changed between the
different baseline measurements. PSV and GBR$howed adequate repeatability, suggesting no
large changes in macrocirculatory CBF in time. adidition, vital parameters such as blood pressure
were kept stable over time, thus minimising spoetais changes in the CBF. However, no information
on the stability of the flow in the microcirculatiovas available. Taken together, a constant GBiRgl

the experiment is uncertain.

Another limitation of the determination of the rapability is the definition of adequate repeatayilA
healthy CBF variability with a CV of 5-10% has beeported’® With a healthy CV of 5-10% of the
CBEF, the repeatability norm of a CV <10% may begbat.

8.4.2 Determining of the correlation between CBFV and@i&JS parameters

One of the limitations of determining the corradatbetween the CBFV measured with the duplex and
the CEUS parameters in this study is the restrictb only one hyperventilation measurement per
subject. More hyperventilation measurements pejestilvould provide more insight in the effect of
hyperventilation (and therefore a lower CBFV) oa @EUS parameters.

8.4.3 Microbubble administration

The main concern regarding our study protocol & ddministration of the microbubbles. Just after
preparation of the SonoVue solution the syringe wasnected to the infusion. First duplex
measurements were performed before administrafidmeanicrobubbles. These duplex measurements
required approximately one minute. In this timajisentation of the microbubbles was visible in the
syringe. We expect that there is a high limitationCEUS measurements because it seems to be
impossible to administer an equal microbubble dotke measurements. Furthermore we experienced
that the wash-out period of the SonoVue was fretipéonger than 20 minutes. This variation may be
due to inter-subject variation of clearance of witbbles or due to microbubbles which initially
remained in the infusion tube. We tried to facitthe wash-out of the microbubbles by performing a
extra 10 ml flush after the bolus measurement.rAfte extra flush was added to the protocol, ndwas
out periods >20 minutes occurred.

Different amounts of sedimentation in the syringeedle and/or infusion tube, result in different
microbubble doses. We believe this is one of thenrmoauses of the poor repeatability of the CEUS
parameters, especially the intensity dependentpeteas.

8.4.4 Insonation plane

Stability of the insonation plane probe during@t&JS measurements was adequate. Clear visualization
of the MCA was present in almost all the measurdésnand due to the fact that the reflection of the
contrast remained present after bolus arrival teg position could be kept constant by focussimg o
the position of the MCA. Furthermore, after the CElheasurements we checked the position of the
probe by performing another duplex, which in alasigrements confirmed a stable probe position, Still
subtle changes in probe position due to movemethiecubject or the examinator is possible, esfhgcia
during hyperventilation.. Small movement artefagtse supported by the observation of irregularities
in the TICs during the data analysis.
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8.4.5 Curve fitting

Due to the recirculation of the microbubbles, thewstic intensity remained high in the MCA during
the measurement. By fitting the bolus curve asngeffiin this study the decay of the acoustic intgnsi
was larger than in the TIC of the MCA region. Thtefl curve seemed to follow the TIC of the MCA
accurately until just after the peak. This is dls®reason that we have restricted the lengtheoTtie
that we used to fit the bolus curves. Adjustmenhefcurve fitting analysis for the MCA, may resalt
more reliable parameters. On the other hand cosganf those specific parameters with the bolus
parameters from the parenchyma would then be mfireud.

We believe that restricting the data analysis g tre first minute of the CEUS measurement doés no
affect the curve fitting any further, because theves are only fitted based on the TIC of the #@t
seconds or shorter to eliminate the recirculatifeceon the TIC in the MCA region as describedwaho

8.4.6 ROI selection and data analysis

Manual selection of the ROIs makes the data arsafygiroach observer dependent. To prevent selecting
a parenchyma regions with artefacts, bad fits yelarteries, parameter images of the Pl are used f
the ROI selection. In these parameter images thenmizn backscattered intensity is visible of each
pixel, therefore some artefacts and large arteniewisible. After the ROI selection bad fits withthe
selected regions are eliminated from the TIC calioh. We believe that both the ROI selection m th
Pl parameter images and the elimination of baddifroves the TIC of the regions. With our region
selection and analysis methods we created an siteation, rather than a random selection. However
due to the explorative character of this study kekt it is appropriate to first analyse the optiedz
TICs, in order to investigate whether with thestropzed TICs quantification would be feasible ireth
future. When this is the case it would be importarfurther evaluate data analysis steps in sughya
that the TICs are representable for its correspundéegions. A pre-processing step that could be
considered is filtering of the pixelwise TICs inchua way that the TIC of each pixel also is inflcesh

by the TICs of the near pixels

8.4.7 Microbubble interaction with the body

Passage of the microbubbles through the lung clsdmggé the microbubble concentration and size, and
therefore could introduce variations in quantificat Trapping of large microbubbles, diffusion afkgs
into the microbubbles and phagocytoses are expéutealse these variations. In this study, repgatin
the same SonoVue dosage after disappearance sigted enhancement did not show a higher Pl as
mentioned by Skrok et &.Skrok et al. showed an increase of 5 + 1.5 dBiénsiecond injections in the
aorta and liver. In this study this effect was s@é¢n. But this increase may have resulted froritte
variation in the CEUS parameters as shown in todys

Regarding the hyperventilation measurements peddrim this study, the influence of lung filtration
and diffusion may have created a larger variabiliih respect to the baseline measurements. Thas du
to the changes blood gas and minute ventilation.
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9 Conclusion

To enable CBF monitoring, quantification of CBFessential and therefore the repeatability of the
CEUS technique and the correlation between chamgeSBF and the CEUS parameters were
investigated in this study.

We conclude that the CEUS parameters have pooataméty, except for the & in the parenchyma
regions. However the CV of the TTP is more repreger for the variation of the arrival time thdret

Tri. The poor repeatability corresponds with the highation in CEUS outcome already described in
literature. Furthermore no significant correlatiomsre found between the CEUS parameters and the
CBFV measured with duplex. For the quantificatiérihe CBF we believe that the poor repeatability
within the same individual is the most importantitation of this technique.
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10 Future perspective

CEUS offers many significant advantages in theyséoh imaging of the brain over existing imaging
modalities such as CT and MRI. Especially the aapion bedside and no radiation exposure. However,
the clinical value of this technique is compromiggdhe relatively large variation in the imagingda
guantification results. Quantification of the CBRmCEUS using the bolus kinetic technique is il

out of reach according this study and previousissud

With the growth of our understanding of the micrbble behaviour and the development of
microbubbles that are uniform in size and coating;ombination with developments in the areas of
ultrasound systems, transducer design and sigoeégsing, we believe that quantification of theFCB
will be possible in the future. However, for thdimhkte application at the ICU there are essential
additional steps that need to be made.
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11 Recommendations

We suggest that before quantification efforts aaelenin vivowith a certain microbubble,
investigation of the microbubble reconstruction émeladministration is performed. The prominent
difficulty that we experienced in this study waskéep the SonoVue microbubbles from depositing.
With all the expected sources of variability of thizcrobubble behaviour in vivo, it is crucial that

the reconstruction and the administration the viarias as low as possible. We expect that ultityate
the microbubble reconstruction and administratiarsiie done automatically instead of manually in
order to effectively reduce variability.

Next to development of more suitable microbubbkedescribed in the previous chapter, also many
steps can be taken regarding the imaging techriisgié and the data analysis. Possible first steps
following this project would be evaluation of diféat post processing steps regarding the cuniedfitt
and perhaps the curve fit function itself. Furtherenin this study we have chosen for an insonation
plane pointing towards the MCA. For a more reliabieestigation of the parenchyma CEUS results it
is recommended to avoid large arteries in the brdiis approach is probably better suited for the
investigation of the microbubble behaviour or tleefpsion in the parenchyma.

Regarding the development of a CBF monitoring teimin the ICU, the CEUS is not ready for use
in clinical practice. We believe that the limitatiof the technique due to the calcification of the
acoustic window in older patients may be the mdétdlt limitation to overcome. When keeping in
mind that the quantification of blood flow with CBWill be possible in the future it is recommended
to enhance the ultrasound technique and proberdasiguch a way that ultrasonography of the brain
in is possible in every patient.
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Appendix |
Abbreviations

ICU

A
AUC
BBB
CBF
CBFV
CBFVmean
CBI
CBvV
CEUS
CPP
CPS
CTA
CVR
DCI
DSA
FWHM
HI
ICM
ICP
LDF
MAP
MCA
Ml
NIRS
Pao2
PbtQ
PCT
PG

Pl

Pl
PIHI
PM
PMPI
PSV
PW
RMSE
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Intensive care unit

Plateau intensity parameter of the refill intéysiurve
Area under the curve (of the bolus TIC)
Blood brain barrier

Cerebral blood flow

Cerebral blood flow velocity

Duplex parameter, the mean CBFV calculated irdtiex mode
Contrast burst imaging

Cerebral blood volume

Contrast enhanced ultrasound
Cerebral perfusion pressure

Contrast pulse sequencing

Computed tomography angiography
Cerebrovascular resistance

Delayed cerebral ischemia

Digital subtraction angiography

Full width at half of the peak intensity inase (of the bolus TIC)
Harmonic imaging

intracerebral microdialysis

Intracranial pressure

Laser Doppler fowmetry

Mean arterial pressure

Middle cerebral artery

Mechanical index

Near-infrared spectroscopy

Carbon dioxide partial pressure

Brain parenchymal oxygen tension
Perfusion computed tomography
Positive gradient (of the bolus TIC)
Pulse inversion

Peak intensity (of the bolus TIC)

Pulse inversion harmonic imaging
Power modulation

Power modulated PIHI

Duplex parameter, the peak systolic velocitgudated in the duplex mode

Peak width (of the bolus TIC)
Root mean square error



ROlanTcontr
ROlvcaipsi
ROlpostecontr
ROlposTipsi
SAH
SivO,
SSE

TBI

TCD

TDF

TIC

Tri

TTP

TVI

UCA

B

ROI selected in the parenchyma of the contralbbemaisphere at the anterior side

ROI selected in the ipsilateral MCA

ROI selected in the parenchyma of the contralbhenaisphere at the posteror side
ROI selected in the parenchyma of the ipsilateeahisphere at the posterior side

Subarachnoid hemorrhage
Jugular bulb oxygen saturation
Sum of squared error
Traumatic brain injury
Transcranial Doppler
Thermal diffusion flowmetry
Time intensity curve
Time-to-peak intensity (of the bolus TIC)
Time-to-peak (of the bolus TIC)
Time variance imaging
Ultrasound contrast agent
Rise rate parameter of the refill intensity curve
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Appendix 11
Study Protocol

SUMMARY

Rationale: The primary goal of neurocritical care is the prevention and management of secondary cerebral
damage. Cerebral ischemia is considered as a common final pathway in secondary brain injury and generally
occurs when the balance between delivery and consumption of oxygen and nutrients in the brain is disturbed.
Monitoring the cerebral blood flow (CBF) is essential in patients with acute brain injury, however, no bedside
technique is available for use in critically ill patients. Contrast enhanced ultrasound (CEUS) is an established
technique that allows real-time assessment of focal lesions in the brain and for assessment of neurovascular lesion
in patients with sroke. Ultrasound is an attractive technique because it is non-invasive, has a high temporal
resolution and can be used at the bedside. With the use of ultrasound contrast agents (UCAS) the low level of
acoustic intensity due to the ultrasound absorption of the skull can be overcome, thus improving the signal-to-
noise ratio. No quantitative technique has been developed yet in the CEUS technology.

Objective: This protocol is a first pilot study to determine both feasibility and reproducibility of CEUS in the
quantification of CBF. Aim of the current study is to determine the reproducibility of CEUS in quantification of
cerebral blood flow, compared to transcranial Doppler at normal and impaired CBF. In addition, differences in
quantification using a bolus technique and the refill kinetics will be studied.

Study design: Observational study

Study population: Healthy human volunteers, 18 - 35 yr old

Intervention (if applicable): Not applicable

Main study parameters/endpoints: Main study parameter is the reproducibility of the CEUS bolus kinetics
and the flash-replenishment method. A difference between the measurements of more than 10% is considered to
imply poor reproducibility. As a control, the reproducibility of measurement of the flow velocity in the ipsilateral
middle cerebral artery will be assessed. Secondary study parameters are 1) Correlation between the bolus kinetics
approach and the flash-replenishment method and 2) Comparison of the CEUS bolus technique with transcranial
Doppler (at 2 different levels of cerebral blood flow. 3) determination of the attenuation of the signal by the skull
bone.

Nature and extent of the burden and risks associated with participation, benefit and group
relatedness:

The burden of acute brain injury is enormous, both from a clinical and economical perspective. Since adequate
supply of blood containing oxygen and glucose is crucial for the recovery and survival of brain tissue, monitoring
the cerebral blood flow (CBF) is an essential part of neurocritical care. However, easy, non-invasive and reliable
direct bedside monitoring of the CBF is not feasible at this moment in the ICU. Development of such a method is
very likely to improve the quality of care in patients with acute brain injury since early detection of reduced
cerebral blood flow provides the opportunity of intervention to prevent ischemia. In addition, the effect of
therapeutic intervention to improve cerebral blood flow can be assessed with adaption of the intervention if
necessary.

The burden of the study procedures consists of the time investment related to the screening procedure and 1 visit
to the hospital, with a total time of hospitalisation of approximately 4 hours. All subjects will visit the hospital for
a screening visit in which a medical interview, physical examination, ECG recording and transcranial Doppler will
be performed. For the bloodflow measurements, transcranial ultrasound and Doppler will be performed, which is
not painful and does not induce any discomfort. In addition, an ultrasound of the left or right kidney will be
performed that is also not painful and does not induce any discomfort. All subjects will receive a standard venous
canula (18G) in the left or right fossa cubiti. Mild hyperventilation is performed by the subject itself, and is
generally well tolerated in previous experiments in our department.

The use of ultrasound, Doppler and transcranial Doppler for the measurement of flow is without any risk. The
ultrasound contrast agent SonoVue is used in general clinical practice (mainly by cardiologists and oncologists)
and has an excellent safety profile. Mild, temporary side effects have been reported, such as nausea, flushing,
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pruritus and backache. The risk of serious adverse events caused by the use of SonoVue is estimated at 0.0086%,
of which none were fatal. Possible adverse effects associated with mild hyperventilation are easily managed by
cessation of hyperventilation.

Our research population consists of young male and female volunteers that are from a young age group (18-35
years) and in general good health. We chose to select this young and healthy population to avoid the risks of
SonoVue even further.

Privacy of the volunteers is guarded by handling and storing the research data using the guidelines of good clinical
practice (GCP) as recorded in our data management plan. There is no risk of social stigmatization. There is no risk
for exclusion from health insurance.

In light of the abovementioned potential issues of concern, we assess the possible damage for our volunteers in the
present study to be “light”. We assess the possibility that this will occur as “small’. Therefore, in line with the
guidelines provided by the NFU (Dutch Federation of University Medical Centres), the risk classification for this
study is “negligible risk".

1. INTRODUCTION AND RATIONALE

The primary goal of neurocritical care is the prevention and management of secondary cerebral damage®2. This
series of pathological events occur in the early phase following primary brain injury and result in an increase in
cerebral damage with an associated increased risk of poor outcome. A large number of mechanisms are implicated
in the pathophysiology of secondary cerebral damage. Cerebral ischemia is considered as a common final pathway
in secondary brain injury and generally occurs when the balance between delivery and consumption of oxygen and
nutrients in the brain is disturbed. Since adequate supply of blood containing oxygen and glucose is crucial for the
recovery and survival of brain tissue, monitoring the cerebral blood flow (CBF) is an essential part of neurocritical
care®. However, easy, non-invasive and reliable direct bedside monitoring of the CBF is not feasible at this moment
in the ICU. Current techniques of CBF monitoring have important limitations. Perfusion MRI, perfusion CT or
SPECT scanning are not routinely available, use radiation or radioactive tracers and are generally not available at
the bedside. Currently used bedside CBF monitors such as a thermal diffusion probe are invasive and estimate
only regional CBF. Other techniques such as jugular venous oxygen saturation or brain tissue oxygen pressure are
surrogate markers and do not represent actual cerebral blood flow. Transcranial Doppler (TCD) is frequently used
in the ICU for measurement of cerebral blood flow velocity in the larger cerebral arteries. As the diameter of the
insonated vessel in transcranial Doppler is unknown, cerebral blood flow cannot be determined by this technique.
Another major limitation of conventional Doppler ultrasound for the imaging of CBF in acute brain injury is that
it is not sensitive enough to detect the blood flow in small vessels where the major part of the hemodynamic
response occurs.

Contrast enhanced ultrasound (CEUS) is an established technique that allows real-time assessment of focal lesions
in the brain®. Ultrasound is an attractive technique because it is non-invasive, has a high temporal resolution and
can be used at the bedside. With the use of ultrasound contrast agents (UCASs) the low level of acoustic intensity
due to the ultrasound absorption of the skull can be overcome, thus improving the signal-to-noise ratio. So far,
CEUS has mainly been applied for the qualitative monitoring of the brain parenchyma, for instance in neuro-
oncologic surgery. More recently a (semi)quantitative approach is developed for patients with neurovascular
pathology such as acute stroke®.

Several CEUS methods have been developed to measure the CBF. The main approaches to measure the blood flow
in the microcirculation with UCAs are the bolus kinetics, depletion kinetics and refill kinetics. In addition several
contrast specific imaging modes have been used to quantify CBF.

The different methods of quantification of CBF have advantages and disadvantages and have not yet been directly
compared within one patient. In addition, the reproducibility of the technique is not well studied. Although CEUS
is a promising technique for bedside monitoring of CBF in ICU patients with acute brain injury, more research is
necessary before this technique can be used in clinical practice. Development of the quantification method,
optimisation of the contrast administration and imaging technique and ultimately, validation studies, are required
before this technique can be applied in general patient care. This protocol is a first pilot study to determine both
feasibility and reproducibility of CEUS in the quantification of CBF.
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Aim of the current study is to determine the reproducibility of CEUS in quantification of cerebral blood flow,
compared to transcranial Doppler at normal and impaired CBF. In addition, differences in quantification using a
bolus technique and the refill kinetics will be studied.

2. OBJECTIVES

Primary Objective:
Determine the reproducibility of CEUS for measurement of CBF.

Secondary Objective(s):

- Correlation between flow measurements using the bolus kinetics approach with the flash-
replenishment method.

- Correlation between flow measurements using the CEUS bolus technique with transcranial
Doppler

- Determination of the effect of attenuation of the skull on the flow measurements by determining
the correlation between measurement of renal artery blood flow with Doppler and renal blood
flow measurements using the CEUS bolus technique.

3. STUDY DESIGN

We will perform an observational study in healthy volunteers.

Baseline \

TCD of MCA

High MI Bolus measurement of the brain
TCD of MCA

High Ml Bolus measurement of the brain
TCD of MCA

High MI Bolus measurement of the brain
Doppler of renal artery

High Ml Bolus measurement of the kidney
TCD of MCA

Flash-replenishment measurement

TCD of MCA

Flash-replenishment measurement

TCD of MCA

Flash-replenishment measurement /

Minute ventilation
increase of 20%

N

(00N Oy Ut 0N

— -
W O

ﬂ
& w

Mild hyperventilation
1. TCD of MCA
2. High MI bolus measurement of the brain

Figure 1: overview of the experiments
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Study protocol

Cerebral CEUS

Cerebral CEUS will be performed unilaterally, at the side with the most optimal temporal window. First the the
bolus kinetics method using a high mechanical index (M) will be performed, followed by the flash-replenishment
technique. Each test is performed 3 times, separated by a 15 minute break to allow the ultrasound contrast agent
(UCA) to wash-out from the blood stream. After mild hyperventilation, only the bolus technique will be used in a
single measurement. All measurements will be performed after assessment of the CBF velocity in the middle
cerebral artery using TCD.

Renal CEUS

The skull bone is a major source of bias in the calculation of the cerebral blood flow from the CEUS data. The
thickness of the temporal acoustic window is expected to be heterogeneous within and between patients. Therefore
the acoustic window increases the inhomogeneity of the acoustic power distribution in the brain. This results in an
even greater variance in perfusion parameters in different regions of interest. In order to analyse the differences in
acoustic power distribution in a patient with and without the skull bone, CEUS of the kidney will be performed. A
single measurement of the flow velocities of the left or right renal artery will be performed using Doppler, followed
by a single measurement of the renal blood flow using the bolus kinetic CEUS technique.

Bolus kinetics method brain

Flow velocities in the middle cerebral artery will be measured by TCD ipsilaterally to the CEUS measurements.
An intravenous injection of 2.5 ml the UCA SonoVue (Bracco Imaging Europe BV, Amsterdam, 8 puL/ml) will
be given as a bolus. Simultaneously high mechanical imaging will be performed for 2 minutes (MI1>1).

Bolus kinetics method kidney

Flow velocities in the left or right renal artery will be estimated by Doppler, ipsilateral to the renal CEUS
measurements. A single intravenous injection of 2.5 ml the UCA SonoVue (Bracco Imaging Europe BV,
Amsterdam, 8 pL/ml) will be given as a bolus. Simultaneously high mechanical imaging of the ipsilateral kidney
will be performed for 2 minutes (M1>0.5).

Flash-replenishment technique brain

Flow velocities in the middle cerebral artery will be measured by TCD ipsilaterally to the CEUS measurements.
The contrast agent SonoVue (Bracco Imaging Europe BV, Amsterdam) will be infused intravenously at a
concentration of 8 uL/ml with a speed of 1 ml/min through an intravenous access in the left or right fossa cubiti.
Five minutes after the start of UCA infusion a flash-replenishment measurement will be performed by applying
(~8) high M1 flashes of MI>1, followed by switching to low MI imaging with an MI of 0.17 for ~10 seconds.

PaCO manipulation

Mild changes in PaCO; will be induced in order to induce small changes in cerebral blood flow. After obtaining
baseline measurements volunteers will be asked to increase the minute ventilation by 20% (as measured by end-
tidal CO, measurement). Patients will be asked to breath normally through a short oral tube using noseclips to
prevent air leakage through the nose. The end-tidal CO2 pressure is measured at the end of the tube and
continuously displayed on the monitor. After baseline ultrasound values have been obtained, volunteers will be
asked to increase the minute ventilation by 20% to decrease cerebral blood flow. Previously, we have shown that
an increase of minute ventilation by 20% in patients after cardiac arrest is safe and changes CBF velocity by 15%
8, Volunteers will be asked to keep end-tidal CO2 pressure stable at 20% above the baseline end-tidal CO2 pressure
by visual guidance of the value on the monitor.
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4. STUDY POPULATION

4.1 Population (base)
The population consists of a total of 10 young healthy volunteers, between 18-35 years old. Before inclusion,
subjects must meet all inclusion criteria and none of the exclusion criteria. Recruitment of healthy volunteers will
take place by placement of posters in the medical faculty and several other faculties and locations on the campus
of the Radboud University Nijmegen. This method of recruitment has been used in previous studies in our
department and has resulted in more than adequate numbers of subjects willing to participate.

4.2 Inclusion criteria
- Healthy men or women of 18-35 years old

4.3 Exclusion criteria

- Hypersensitivity to the active substance(s) or to any of the excipients in SonoVue
- Right-to-left shunt cardiac shunt

- Severe pulmonary hypertension (pulmonary artery pressure >90 mmHQ)

- Uncontrolled systemic hypertension

- Pregnancy

- Lactation

- Patrticipation in another clinical trial within 3 months prior to the experimental day.
- History, signs, or symptoms of cardiovascular disease or pulmonary disease

- History, signs or symptoms of neurological disease

- History, signs or symptoms of renal disease

- History of hyperventilation

4.4 Sample size calculation

In this first pilot study we plan to include 10 volunteers. Since this study has an explorative nature, a
power calculation is not provided.

5. TREATMENT OF SUBJECTS

Study specific measurements (Figure 1)

Study protocol

CEUS of the brain will be performed unilaterally, at the side with the most optimal temporal window. First the the
bolus kinetics method using a high mechanical index (MI) will be performed, followed by a single CEUS bolus
measurement of the kidney. Then the flash-replenishment technique of the brain will be performed. Each of the
CEUS measurements of the brain is performed 3 times, separated by a 15 minute break to allow the ultrasound
contrast agent (UCA) to wash-out from the blood stream. After mild hyperventilation, only the CEUS bolus
technique of the brain will be used in a single measurement. All the brain measurements will be performed after
assessment of the CBF velocity in the middle cerebral artery using TCD. The single kidney measurement will be
performed after assessment of the blood flow velocity in the renal artery using Doppler.

Measurement technique

Bolus kinetics method brain

Flow velocities in the middle cerebral artery will be measured by TCD ipsilaterally to the CEUS measurements.
An intravenous injection of 2.5 ml the UCA SonoVue (Bracco Imaging Europe BV, Amsterdam, 8 uL/ml) will
be given as a bolus. Simultaneously high mechanical imaging will be performed for 2 minutes (MI>1).
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Bolus kinetics method kidney

Flow velocities in the left or right renal artery will be estimated by Doppler, ipsilateral to the renal CEUS
measurements. A single intravenous injection of 2.5 ml the UCA SonoVue (Bracco Imaging Europe BV,
Amsterdam, 8 puL/ml) will be given as a bolus. Simultaneously high mechanical imaging of the ipsilateral kidney
will be performed for 2 minutes (M1>0.5).

Flash-replenishment technique brain

Flow velocities in the middle cerebral artery will be measured by TCD ipsilaterally to the CEUS measurements.
The contrast agent SonoVue (Bracco Imaging Europe BV, Amsterdam) will be infused intravenously at a
concentration of 8 pL/ml with a speed of 1 ml/min through an intravenous access in the left or right fossa cubiti.
Five minutes after the start of UCA infusion a flash-replenishment measurement will be performed by applying
(~8) high M1 flashes of MI>1, followed by switching to low MI imaging with an Ml of 0.17 for ~10 seconds.

PaCO, manipulation

Mild changes in PaCO; will be induced in order to induce small changes in cerebral blood flow. After obtaining
baseline measurements volunteers will be asked to increase the minute ventilation by 20% (as measured by end-
tidal CO, measurement). Patients will be asked to breath normally through a short oral tube using noseclips to
prevent air leakage through the nose. The end-tidal CO. pressure is measured at the end of the tube and
continuously displayed on the monitor. After baseline ultrasound values have been obtained, volunteers will be
asked to increase the minute ventilation by 20% to decrease cerebral blood flow. Previously, we have shown that
an increase of minute ventilation by 20% in patients after cardiac arrest is safe and changes CBF velocity by 15%
8, Volunteers will be asked to keep end-tidal CO, pressure stable at 20% above the baseline end-tidal CO2 pressure
by visual guidance of the value on the monitor.

TCD of MCA (10 minutes)
Bolus measurement of the brain (2 minutes)

UCA wash-out (15 minutes)

TCD of MCA (10 minutes)
Bolus measurement of the brain (2 minutes)

UCA wash-out (15 minutes)

TCD of MCA (10 minutes)

Bolus measurement of the brain (2 minutes)

UCA wash-out (15 minutes)

Doppler of renal artery (10 minutes)

Bolus measurement of the kidney (2 minutes)

UCA wash-out (15 minutes)

2hrs ——
TCD (10 minutes)

Flash-replenishment measurement (10 seconds)

UCA wash-out (15 minutes)

TCD (10 minutes)
Flash-replenishment_measurement (10 seconds

UCA wash-out (15 minutes)

3hrs
TCD (10 minutes)

Flash-replenishment measurement (10 seconds)

UCA wash-out (15 minutes)

Start mild hyperventilation (1 minute before TCD

TCD (10 minutes)

Bolus measurement (2 minutes)

UCA wash-out (15 minutes)

4 hrs -

Figure 2: schematic representation of the experiments in time
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6. METHODS
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6.1 Study parameters/endpoints

6.1.1 Main study parameter/endpoint

Main study parameter is the reproducibility of the CEUS bolus kinetics and the flash-
replenishment method. Tests will be performed at baseline by a single investigator, the
differences between the subsequent measurements at baseline will be compared (all
measurements performed within 90 minutes). A difference between the measurements of more
than 10% is considered to imply poor reproducibility. As a control, the reproducibility of
measurement of the flow velocity in the ipsilateral middle cerebral artery will be assessed. The
investigator performing the test is blinded for the results, as determination of flow is only possible
after off-line analysis.

6.1.2 Secondary study parameters/endpoints (if applicable)

Secondary study parameters are
o Correlation between the bolus kinetics approach and the flash-replenishment method
of the brain. All measurements will be performed by a single investigator.
o Flow measurements performed with the CEUS bolus of the brain technique will be
correlated with transcranial Doppler (at 2 different levels of cerebral blood flow).
o Flow measurements performed with the CEUS bolus technique of the kidney will be
correlated with Doppler.

6.2 Randomisation, blinding and treatment allocation

Not applicable

6.3 Study procedures

A schematic overview of the procedure is presented in Figure 2
Procedures

Screening

Subjects will be recruited by posters in the university area. Before inclusion in the study, all procedures
will be explained to the subjects, informed consent will be obtained after a minimum of 24 hours.

After inclusion in the study, volunteers will be subjected to a medical examination during the screening
visit, which will take place within 4 weeks of the experiment day. A medical history will be obtained
including prior engagement in studies, allergic and other adverse reactions during hospital admissions. A
physical examination including measurement of blood pressure, heart rate, auscultation of heart and lungs
and examination of the abdomen will be performed. In addition, a neurological examination will be
performed and the quality of the temporal bone window for insonation will be assessed. Also a 12-lead
ECG will be recorded. Subjects are eligible for the study if all tests are normal, if they meet all inclusion
and none of the exclusion criteria and if the temporal bone window is accessible for ultrasound.

Experiments

At the day of the measurements, first a standard venous catheter (18 G venflon) will be placed in the left
or right fossa cubiti. Subjects will be placed on a bed in a horizontal position with the head in midline and
elevated at 30 degrees. Measurements will be performed as depicted in Figure 1.

The first series of measurements are performed while the subject is at baseline under normoventilation.



CEUS measurements

First a transcranial Doppler will be performed and the left or right temporal window will be chosen for
insonation (both for the transcranial Doppler and for the CEUS). Next, mean flow velocities of the middle
cerebral artery at 50 mm from the temporal bone window will be assessed and documented. Next, an
intravenous injection of 2.5 ml the UCA SonoVue (Bracco Imaging Europe BV, Amsterdam, 8 uL/ml)
will be given as a bolus. Simultaneously high mechanical imaging will be performed for 2 minutes
(MI>1). After a wash-out of 15 minutes the entire procedure is repeated (please see figure 2) for a total
of 3 measurements. Then the flow velocities in the left or right renal artery will be estimated by Doppler,
ipsilateral to the renal CEUS measurements. A single intravenous injection of 2.5 ml the UCA SonoVue
(Bracco Imaging Europe BV, Amsterdam, 8 pL/ml) will be given as a bolus. Simultaneously high
mechanical imaging of the ipsilateral kidney will be performed for 2 minutes (M1>0.5).

After this single renal CEUS measurement, the new set of experiments using the flash-replenishment
method will be started after a 15 minute wash-out period.

Mean flow velocities of the middle cerebral artery at 50 mm from the temporal bone window will be
assessed and documented. The contrast agent SonoVue (Bracco Imaging Europe BV, Amsterdam) will
be infused intravenously at a concentration of 8 uL/ml with a speed of 1 ml/min through an intravenous
access in the left or right fossa cubiti. Five minutes after the start of UCA infusion a flash-replenishment
measurement will be performed by applying (~8) high Ml flashes of M1>1, followed by switching to low
MI imaging with an Ml of 0.17 for ~10 seconds. The intravenous infusion will be stopped immediately
after the recording period of 10 seconds. After a wash-out of 15 minutes the entire procedure is repeated
(please see figure 2) for a total of 3 measurements.

After the final flash-replenishment method a 15 minute wash-out period will follow.

PaCO, manipulation

After obtaining all baseline measurements volunteers will be asked to increase the minute ventilation by
20% (as measured by end-tidal CO, measurement). Patients will be asked to breath normally through a
short oral tube using noseclips to prevent air leakage trough the nose. The end-tidal CO, pressure is
measured at the end of the tube and continuously displayed on the monitor. After baseline ultrasound
values have been obtained, volunteers will be asked to increase the minute ventilation by 20% to decrease
cerebral blood flow. Previously, we have shown that an increase of minute ventilation by 20% in patients
after cardiac arrest is safe and changes CBF velocity by 15% ©. Volunteers will be asked to keep end-tidal
CO; pressure stable at 20% above the baseline end-tidal CO2 pressure by visual guidance of the value on
the monitor.

Mean flow velocities of the middle cerebral artery at 50 mm from the temporal bone window will be
assessed and documented. Next, an intravenous injection of 2.5 ml the UCA SonoVue (Bracco Imaging
Europe BV, Amsterdam, 8 pL/ml) will be given as a bolus. Simultaneously high mechanical imaging
will be performed for 2 minutes (MI>1). The measurements will end after a single transcranial Doppler
and a single CEUS bolus kinetics measurement.

6.4 Withdrawal of individual subjects

Subjects can leave the study at any time for any reason if they wish to do so without any consequences. The
investigator can decide to withdraw a subject from the study for urgent medical reasons.

6.4.1 Specific criteria for withdrawal (if applicable)
Not applicable

6.5 Replacement of individual subjects after withdrawal

After withdrawal or exclusion of a subject, the subject will be replaced in order to maintain an adequate
sample size of the study. A maximum of 5 subjects will be replaced.
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6.6 Follow-up of subjects withdrawn from treatment

After withdrawal or exclusion of a subject, subjects are monitored medically if necessary for the time of
the study. For all subjects who are prematurely withdrawn, the reason will be documented carefully.

6.7 Premature termination of the study

The coordinating investigator has the right to discontinue the clinical study at any time for medical or
procedural reasons.

7. STATISTICAL ANALYSIS

7.1 Primary study parameter(s)

Each bolus measurement results in one time-intensity curve with the perfusion parameters TTP, PlI,
FWHM, and AUC. The reproducibility of bolus kinetics parameters TTP, PI, FWHM, and AUC will be
determined by calculation of the % change from the mean of the 3 individual measurements. A change
of > 10% will be considered to indicate poor reproducibility.

Acoustic Intensity (dB)

>
>

Time

Figure 3: Time intensity curve of the bolus kinetic CEUS approach, with time-to-peak (TTP), time-to-peak intensity (Tp;), peak
intensity (P1), peak width (PW, full width at 90% of the maximum intensity), full width at half of the maximum intensity increase
(FWHM), area under the curve (AUC) and positive gradient (PG, slope of the wash-in phase).

The flash-replenishment perfusion parameters (A, B and Axp) are determined from the time-intensity-
curves (TIC) retrieved from continuous measurement of the intensity response of the ultrasound. Each
flash-replenishment measurement therefore results in one TIC with one responding A, p and Axf value.
The reproducibility of the flash-replenishment perfusion parameters A,  and Axp will be determined
by determination of the % change from the mean of the 3 individual measurements. A change of > 10%
will be considered to indicate poor reproducibility.

Microbubbie Signal Strength

Tima

Figure 4: Time intensity curve flash-replenishment perfusion. Intensity curve of the refill kinetics, resulting from high Ml pulses
followed by low MI pulses.
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The TCD and Doppler recordings will generate a quantitative variable for the blood flow velocity.
Similar to the CEUS, a mean flow velocity from the 3 measurements will be determined and the
percentage change from the mean value will be calculated.

7.2 Secondary study parameter(s)

o

The correlation between the high MI bolus perfusion parameters (TTP, PlI, FWHM,
AUC) of the brain and the flash-replenishment perfusion parameters (A, B and Axp).
will be determined by linear regression analysis with the calculation of the Pearson’s
correlation coefficient. The correlation will be calculated using the data obtained during
baseline and hyperventilation. A p value < 0.05 is considered to indicate statistical
significance.

The correlation between the high MI bolus perfusion parameters (TTP, Pl, FWHM,
AUC) of the brain and the mean flow velocity in the middle cerebral artery will be
determined by linear regression analysis with the calculation of the Pearson’s
correlation coefficient. The correlation will be calculated using the data obtained during
baseline and hyperventilation. A p value < 0.05 is considered to indicate statistical
significance.

The correlation between the high MI bolus perfusion parameters (TTP, Pl, FWHM,
AUC) of the kidney and the mean flow velocity in the renal artery will be determined by
linear regression analysis with the calculation of the Pearson’s correlation coefficient.
The correlation will be calculated using the data obtained during baseline and
hyperventilation. A p value < 0.05 is considered to indicate statistical significance.
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Appendix III:

Additional results

Table 11: PSV and CBFVmean values of the individual duplex measurements with the corresponding mean, standard
deviation (SD), coefficient of the variation (CV) and the parameters during hyperventilation expressed in percentage of

the mean baseline.

Subject 1 PSV CBFVyean Subject 1 PSV CBFVean
Baseline 1 119,0 72 | Mean Baseline 112,3 65,3
Baseline 2 117,0 68,0 | SD Baseline 9,9 8,3
Baseline 3 101,0 56,0 | CV (% of mean) 8,8 0,1
Hyperventilation 104,0 54,0 | hyper (% of mean baseline) 92,6 82,7
Subject 2 PSV CBFVmean Subject 2 PSV CBFVmean
Baseline 1 103,0 65,0 | Mean Baseline 101,2 62,7
Baseline 2 98,7 61,0 | SD Baseline 2,3 2,1
Baseline 3 102,0 62,0 | CV (% of mean) 2,2 3,3
Hyperventilation 91,2 54,0 | hyper (% of mean baseline) 90,1 86,2
Subject 3 PSV CBFVpean Subject 3 PSV CBFVmean
Baseline 1 95,9 60,0 | Mean Baseline 105,0 66,0
Baseline 2 117,0 73,0 | SD Baseline 10,9 6,6
Baseline 3 102,0 65,0 | CV (% of mean) 10,3 9,9
Hyperventilation 80,9 50,0 | hyper (% of mean baseline) 77,1 75,8
Subject 4 PSV CBFVmean Subject 4 PSV CBFVmean
Baseline 1 115,0 62,0 | Mean Baseline 117,3 67,7
Baseline 2 119,0 71,0 | SD Baseline 2,1 4,9
Baseline 3 118,0 70,0 | CV (% of mean) 1,8 7,3
Hyperventilation 106,0 52,0 | hyper (% of mean baseline) 90,3 76,8
Subject 5 PSV CBFVmean Subject 5 PSV CBFVmean
Baseline 1 81,8 47,0 | Mean Baseline 78,5 45,7
Baseline 2 67,1 42,0 | SD Baseline 10,1 3,2
Baseline 3 86,5 48,0 | CV (% of mean) 12,9 7,0
Hyperventilation 81,8 50,0 | hyper (% of mean baseline) 104,2 109,5
Subject 6 PSV CBFVyean Subject 6 PSV CBFVmean
Baseline 1 99,6 58,0 | Mean Baseline 102,5 61,3
Baseline 2 102,0 58,0 | SD Baseline 3,2 5,8
Baseline 3 106,0 68,0 | CV (% of mean) 3,2 9,4
Hyperventilation 87,4 51,0 | hyper (% of mean baseline) 85,2 83,2
Subject 7 PSV CBFVmean Subject 7 PSV CBFVmean
Baseline 1 119,0 70,0 | Mean Baseline 112,7 66,0
Baseline 2 102,0 60,0 | SD Baseline 9,3 5,3
Baseline 3 117,0 68,0 | CV (% of mean) 8,2 8,0
Hyperventilation 93,0 48,0 | hyper (% of mean baseline) 82,5 72,7
Subject 8 PSV CBFVyean Subject 8 PSV CBFVean
Baseline 1 115,0 70,0 | Mean Baseline 105,6 59,3
Baseline 2 106,0 51,0 | SD Baseline 9,6 9,7
Baseline 3 95,9 57,0 | CV (% of mean) 9,0 16,4
Hyperventilation 93,1 45,0 | hyper (% of mean baseline) 88,1 75,8
Subject 9 PSV CBFVmean Subject 9 PSV CBFVmean
Baseline 1 105,0 61,0 | Mean Baseline 102,3 61,7
Baseline 2 101,0 61,0 | SD Baseline 2,3 1,2
Baseline 3 101,0 63,0 | CV (% of mean) 2,3 1,9
Hyperventilation 74,0 45,0 | hyper (% of mean baseline) 72,3 73,0
Total PSV CBFVmean
Mean Baseline 104,2 61,7
SD Baseline 4,0 2,8
CV (% of mean) 6,5 7,0
hyper (% of mean baseline) 87,0 81,7
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Table 12: CEUS parameter values in the ROlwmcaipsi. The mean, standard deviation and the coefficient of variation (CV) as
percentage of the mean are shown. Furthermore the parameters values of the hyperventilation measurements are expressed
in percentage of the mean baseline.

Subject 1 Pl TTP TPI AUC PW FWHM
Mean Baseline 27,1 8,1 17,1 11477,9 9,5 45,6
SD Baseline 0,3 1,2 0,8 320,4 0,2 2,2
CV (% of mean) 0,9 14,6 4,5 2,8 1,9 4,8
hyper (% of mean baseline) 97,4 60,8 40,4 86,4 62,0 63,4
Subject 2 Pl TTP TPI AUC PW FWHM
Mean Baseline 26,3 3,8 12,4 11018,3 14,1 39,3
SD Baseline 4,3 0,3 0,4 3328,4 13,6 16,4
CV (% of mean) 16,3 8,3 3,4 30,2 96,2 41,9
hyper (% of mean baseline) 100,9 179,6 106,5 40,4 22,4 27,8
Subject 3 Pl TTP TPI AUC PW FWHM
Mean Baseline 19,3 5,0 12,6 12955,7 18,3 44,3
SD Baseline 13,3 1,8 3,6 2522,8 11,3 8,8
CV (% of mean) 68,9 36,9 28,5 19,5 61,8 19,8
hyper (% of mean baseline) 136,4 371,7 224,2 101,8 145,7 102,2
Subject 4 Pl TTP TPI AUC PW FWHM
Mean Baseline 25,1 10,4 17,6 9092,7 8,0 32,0
SD Baseline 4,2 9,6 7,9 4522,6 3,9 17,0
CV (% of mean) 16,8 92,5 45,2 49,7 48,6 53,2
hyper (% of mean baseline) 91,6 38,6 53,6 53,8 39,7 42,2
Subject 5 Pl TTP TPI AUC PW FWHM
Mean Baseline 26,9 7,1 14,4 11617,1 10,1 40,6
SD Baseline 0,9 1,5 2,3 1151,2 4,4 6,1
CV (% of mean) 3,4 21,0 15,8 9,9 43,0 15,1
hyper (% of mean baseline) 88,7 100,4 78,2 16,5 21,4 15,8
Subject 6 Pl TTP TPI AUC PW FWHM
Mean Baseline 25,0 6,0 14,3 9436,5 6,8 33,3
SD Baseline 3,6 0,1 0,5 2257,1 1,3 8,4
CV (% of mean) 14,5 1,6 3,6 23,9 19,6 25,2
hyper (% of mean baseline) 87,3 69,8 91,3 69,4 66,1 64,6
Subject 7 Pl TTP TPI AUC PW FWHM
Mean Baseline 25,9 6,7 15,5 10060,9 7,6 36,2
SD Baseline 1,1 1,4 1,5 83,7 1,1 5,3
CV (% of mean) 4,2 20,2 9,6 0,8 14,6 14,6
hyper (% of mean baseline) 62,4 120,2 89,4 29,9 48,5 33,6
Subject 8 Pl TTP TPI AUC PW FWHM
Mean Baseline 21,5 3,4 12,3 7719,1 7,3 30,7
SD Baseline 3,0 0,8 0,8 4460,1 5,5 19,7
CV (% of mean) 14,1 23,0 6,4 57,8 75,9 64,1
hyper (% of mean baseline) 81,6 142,7 83,5 53,0 47,9 48,3
Subject 9 Pl TTP TPI AUC PW FWHM
Mean Baseline 24,2 5,0 14,0 11827,2 15,6 48,8
SD Baseline 2,5 0,4 0,9 731,6 6,0 0,7
CV (% of mean) 10,4 8,7 6,8 6,2 38,4 1,4
hyper (% of mean baseline) 56,0 168,3 135,4 31,3 32,0 38,4
Total Pl TTP TPI AUC PW FWHM
Mean Baseline 24,6 6,2 14,5 10578,4 10,8 39,0
SD Baseline 3,9 2,9 2,4 1700,4 4,6 6,8
CV (% of mean) 16,6 25,2 13,7 22,3 44,4 26,7
hyper (% of mean baseline) 89,2 139,1 100,3 53,6 54,0 48,5
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Table 13: CEUS parameter values in the ROlanTcontr. The mean, standard deviation and the coefficient of variation (CV)
as percentage of the mean are shown. Furthermore the parameters values of the hyperventilation measurements are
expressed in percentage of the mean baseline.

Subject 1 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,6 8,9 20,4 296,0 2,7 8,0
SD Baseline 1,6 1,2 0,3 180,8 0,2 0,3
CV (% of mean) 59,6 13,2 1,4 61,1 6,5 3,7
hyper (% of mean baseline) 65,5 68,2 53,6 60,9 86,2 93,3
Subject 2 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,1 7,5 16,9 299,0 2,9 9,2
SD Baseline 1,3 0,6 0,7 204,7 0,2 0,9
CV (% of mean) 62,7 8,7 4,2 68,5 6,1 9,6
hyper (% of mean baseline) 16,0 88,1 99,3 6,7 58,3 51,8
Subject 3 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,0 6,1 13,7 218,3 2,1 6,8
SD Baseline 1,2 2,4 2,4 172,2 0,6 1,7
CV (% of mean) 62,1 39,6 17,2 78,9 26,9 25,2
hyper (% of mean baseline) 119,3 112,7 136,0 318,4 240,8 314,8
Subject 4 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,2 9,1 18,6 305,3 2,8 8,2
SD Baseline 2,3 1,3 2,5 387,8 0,8 2,6
CV (% of mean) 104,2 14,3 13,7 127,0 27,3 31,2
hyper (% of mean baseline) 5,9 35,8 65,4 1,2 30,3 32,7
Subject 5 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,3 7,2 17,0 390,6 2,9 9,6
SD Baseline 1,5 2,1 2,5 351,1 1,2 4,1
CV (% of mean) 62,0 28,6 14,4 89,9 39,7 43,1
hyper (% of mean baseline) 441 61,6 72,1 13,1 42,5 41,7
Subject 6 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,0 6,6 16,7 222,9 2,5 7,9
SD Baseline 0,8 0,8 1,3 65,4 0,1 0,6
CV (% of mean) 39,3 11,4 7,7 29,4 5,0 7,4
hyper (% of mean baseline) 44,4 116,0 100,7 33,8 85,7 78,9
Subject 7 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,6 9,7 19,4 311,5 2,8 8,3
SD Baseline 1,1 0,7 1,3 179,5 0,4 1,3
CV (% of mean) 40,3 7,2 6,5 57,6 14,7 15,1
hyper (% of mean baseline) 20,9 68,6 77,6 10,1 58,8 56,2
Subject 8 PI TTP TPI AUC PW FWHM

Mean Baseline 3,3 9,9 17,6 426,4 2,9 8,7
SD Baseline 1,2 2,3 1,8 256,1 0,8 2,1
CV (% of mean) 34,9 23,1 10,4 60,1 26,2 24,6
hyper (% of mean baseline) 66,3 70,4 74,9 67,7 97,1 102,9
Subject 9 PI TTP TPI AUC PW FWHM

Mean Baseline 3,8 8,3 18,0 690,8 3,8 12,6
SD Baseline 0,4 2,1 2,1 88,1 1,1 3,5
CV (% of mean) 11,9 25,9 11,4 12,8 29,1 28,1
hyper (% of mean baseline) 14,3 14,1 99,5 8,6 33,3 52,3
Total PI TTP TPI AUC PW FWHM

Mean Baseline 2,5 8,1 17,6 351,2 2,8 8,8
SD Baseline 0,5 0,7 0,8 107,6 0,4 1,3
CV (% of mean) 53,0 19,1 9,7 65,0 20,2 20,9
hyper (% of mean baseline) 44,1 70,6 86,6 57,8 81,4 91,6




Table 14: CEUS parameter values in the ROlpostcontr. The mean, standard deviation and the coefficient of variation
(CV) as percentage of the mean are shown. Furthermore the parameters values of the hyperventilation measurements are
expressed in percentage of the mean baseline.

Subject 1 Pl TTP TPI AUC PW FWHM

Mean Baseline 1,5 11,0 23,2 230,1 3,4 10,2
SD Baseline 0,7 3,1 1,6 156,6 0,9 2,5
CV (% of mean) 47,6 27,9 7,1 68,0 26,2 24,8
hyper (% of mean baseline) 153,3 71,2 46,0 62,4 61,7 58,0
Subject 2 Pl TTP TPI AUC PW FWHM

Mean Baseline 3,0 7,9 17,7 599,8 3,6 13,1
SD Baseline 2,0 2,2 2,1 456,2 0,6 49
CV (% of mean) 66,8 27,4 11,8 76,1 16,6 37,8
hyper (% of mean baseline) 13,4 70,3 89,0 49 48,1 39,6
Subject 3 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,0 5,9 13,9 249,7 2,3 7,6
SD Baseline 1,1 2,3 2,3 194,2 0,7 2,3
CV (% of mean) 52,5 39,7 16,3 77,8 31,1 29,5
hyper (% of mean baseline) 115,0 160,6 139,2 189,9 175,0 177,8
Subject 4 Pl TTP TPI AUC PW FWHM

Mean Baseline 3,5 6,5 18,1 618,9 3,3 11,6
SD Baseline 0,1 2,6 2,5 202,4 1,2 3,9
CV (% of mean) 2,1 40,3 13,8 32,7 35,6 33,4
hyper (% of mean baseline) 7,6 19,1 65,3 1,6 17,9 22,2
Subject 5 Pl TTP TPI AUC PW FWHM

Mean Baseline 3,9 10,6 19,9 1018,8 4,7 16,3
SD Baseline 2,8 2,3 1,9 1046,7 1,7 8,1
CV (% of mean) 72,7 22,0 9,6 102,7 35,5 49,9
hyper (% of mean baseline) 10,2 41,5 67,3 3,4 37,3 36,3
Subject 6 Pl TTP TPI AUC PW FWHM

Mean Baseline 1,2 7,3 18,3 150,9 2,3 7,2
SD Baseline 1,3 2,2 1,5 194,3 0,8 2,2
CV (% of mean) 108,2 30,2 8,1 128,8 34,1 31,1
hyper (% of mean baseline) 98,7 73,3 91,3 121,5 117,9 139,0
Subject 7 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,3 7,1 18,6 264,6 2,6 7,9
SD Baseline 0,3 0,8 1,4 38,0 0,2 0,3
CV (% of mean) 11,9 11,2 7,4 14,3 6,8 4,2
hyper (% of mean baseline) 11,6 88,2 84,2 5,7 71,7 66,1
Subject 8 PI TTP TPI AUC PW FWHM

Mean Baseline 4,0 6,8 17,8 721,5 3,3 11,2
SD Baseline 1,9 1,1 0,9 413,1 0,8 3,2
CV (% of mean) 45,9 16,8 5,0 57,3 23,5 28,6
hyper (% of mean baseline) 41,8 156,1 96,7 48,9 135,9 127,0
Subject 9 PI TTP TPI AUC PW FWHM

Mean Baseline 4,6 7,7 17,8 1225,5 4,8 18,6
SD Baseline 0,6 0,8 1,5 255,5 0,6 2,4
CV (% of mean) 13,6 10,0 8,2 20,8 11,9 12,8
hyper (% of mean baseline) 7,4 154,3 132,4 5,1 86,2 68,6
Total PI TTP TPI AUC PW FWHM

Mean Baseline 2,9 7,9 18,4 564,4 3,4 11,5
SD Baseline 0,9 0,8 0,5 298,0 0,4 2,2
CV (% of mean) 46,8 25,0 9,7 64,3 24,6 28,0
hyper (% of mean baseline) 51,0 92,7 90,2 49,3 83,5 81,6
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Table 15: CEUS parameter values in the ROlposTipsi. The mean, standard deviation and the coefficient of variation (CV) as
percentage of the mean are shown. Furthermore the parameters values of the hyperventilation measurements are expressed

in percentage of the mean baseline.

Subject 1 Pl TTP TPI AUC PW FWHM

Mean Baseline 3,4 11,0 23,2 230,1 3,4 10,2
SD Baseline 1,8 3,1 1,6 156,6 0,9 2,5
CV (% of mean) 54,7 27,9 7,1 68,0 26,2 24,8
hyper (% of mean baseline) 34,8 71,2 46,0 62,4 61,7 58,0
Subject 2 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,6 7,9 17,7 599,8 3,6 13,1
SD Baseline 1,8 2,2 2,1 456,2 0,6 49
CV (% of mean) 68,1 27,4 11,8 76,1 16,6 37,8
hyper (% of mean baseline) 29,4 70,3 89,0 49 48,1 39,6
Subject 3 Pl TTP TPI AUC PW FWHM

Mean Baseline 4,3 5,9 13,9 249,7 2,3 7,6
SD Baseline 0,7 2,3 2,3 194,2 0,7 2,3
CV (% of mean) 17,2 39,7 16,3 77,8 31,1 29,5
hyper (% of mean baseline) 85,1 160,6 139,2 189,9 175,0 177,8
Subject 4 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,6 6,5 18,1 618,9 3,3 11,6
SD Baseline 0,8 2,6 2,5 202,4 1,2 3,9
CV (% of mean) 31,6 40,3 13,8 32,7 35,6 33,4
hyper (% of mean baseline) 50,4 19,1 65,3 1,6 17,9 22,2
Subject 5 Pl TTP TPI AUC PW FWHM

Mean Baseline 2,6 10,6 19,9 1018,8 4,7 16,3
SD Baseline 3,0 2,3 1,9 1046,7 1,7 8,1
CV (% of mean) 118,4 22,0 9,6 102,7 35,5 49,9
hyper (% of mean baseline) 8,2 41,5 67,3 3,4 37,3 36,3
Subject 6 Pl TTP TPI AUC PW FWHM

Mean Baseline 1,6 7,3 18,3 150,9 2,3 7,2
SD Baseline 0,9 2,2 1,5 194,3 0,8 2,2
CV (% of mean) 57,6 30,2 8,1 128,8 34,1 31,1
hyper (% of mean baseline) 155,3 73,3 91,3 121,5 117,9 139,0
Subject 7 Pl TTP TPI AUC PW FWHM

Mean Baseline 3,4 7,1 18,6 264,6 2,6 7,9
SD Baseline 1,1 0,8 1,4 38,0 0,2 0,3
CV (% of mean) 32,4 11,2 7,4 14,3 6,8 4,2
hyper (% of mean baseline) 9,6 88,2 84,2 5,7 71,7 66,1
Subject 8 PI TTP TPI AUC PW FWHM

Mean Baseline 1,8 6,8 17,8 721,5 3,3 11,2
SD Baseline 0,6 1,1 0,9 413,1 0,8 3,2
CV (% of mean) 36,9 16,8 5,0 57,3 23,5 28,6
hyper (% of mean baseline) 31,7 156,1 96,7 48,9 135,9 127,0
Subject 9 PI TTP TPI AUC PW FWHM

Mean Baseline 3,0 7,7 17,8 1225,5 4,8 18,6
SD Baseline 1,6 0,8 1,5 255,5 0,6 2,4
CV (% of mean) 53,7 10,0 8,2 20,8 11,9 12,8
hyper (% of mean baseline) 11,4 154,3 132,4 5,1 86,2 68,6
Total PI TTP TPI AUC PW FWHM

Mean Baseline 2,8 7,9 18,4 564,4 3,4 11,5
SD Baseline 0,8 0,8 0,5 298,0 0,4 2,2
CV (% of mean) 52,3 25,0 9,7 64,3 24,6 28,0
hyper (% of mean baseline) 46,2 92,7 90,2 49,3 83,5 81,6
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Table 16: Pearson's correlation coefficient of the PSV and the CEUS parameters in the ROImcaipsi.

ROlmcaipsi Pl TTP TPI AUC PW FWHM

Subject 2 Pearson

PSV Correlation -,150 -,928 ,515 ,130 ,601
Sig. (2-tailed) ,850 ,072 485 ,870 ,399

Subject 3 Pearson

PSV Correlation -,401 -,901 -,868 ,515 -,677 -,346
Sig. (2-tailed) ,599 ,099 1132 485 ,323 ,654

Subject 4 Pearson

PSV Correlation ,602 ,038 211 734 677 ,729
Sig. (2-tailed) ,398 ,962 ,789 ,266 ,323 271

Subject 5 Pearson .

pSy Correlation ,956 ‘ -,076 ,659 754 ,930
Sig. (2-tailed) 044 | 924 341 246 070

Subject 6 Pearson

pSy Correlation 739 ,944 ,948 ,907 ,858
Sig. (2-tailed) 261 ,056 ,052 ,150 ,093 142

Subject 7 Pearson

PV Correlation ,891 -,616 ,529 ,945 ,894 ,948
Sig. (2-tailed) ,109 ,384 AT1 ,055 ,106 ,052

Subject 8 Pearson

PV Correlation ,316 -,535 ,808 ,122 ,050 ,131
Sig. (2-tailed) ,684 465 ,192 878 ,950 ,869

Subject 9 Pearson .

PSV Correlation -,986" -,998" ‘ 502 950
Sig. (2-tailed) 498 ,050

*_Correlation is significant at the 0.05 Ievel (2- talled) * Correlatlon is S|gn|f|cant at the 0.01 level (2-tailed).

Table 17: Pearson's correlation coefficient of the PSV and the CEUS parameters in the ROl anTcontr.

ROl anTcontr Pl TTP TPI AUC PW FWHM

Subject2  Pearson

PSV Correlation ,388 ,879 ,418 377 ,855 ,799
Sig. (2-tailed) ,612 ,121 ,582 ,623 ,145 ,201

Subject 3  Pearson

PSV Correlation -419 -421 -878 -,948
Sig. (2-tailed) ,581 ,579 ,122 ,052

Subject4  Pearson

PSY Correlation ,525 ,798 ,609 476 ,750 724
Sig. (2-tailed) 475 ,202 ,391 ,524 ,250 ,276

Subject5 Pearson

PSV Correlation 367 012 699 444 ,560 534
Sig. (2-tailed) ,633 ,488 ,301 ,556 ,440 ,466

Subject 6 Pearson

PSY Correlation ,718 -,390 ,293 ,874 874 ,832
Sig. (2-tailed) ,282 ,610 ,707 ,126 ,126 ,168

Subject 7 Pearson

PSY Correlation ,514 ,784 ,793 ,400 ,605 ,657
Sig. (2-tailed) ,486 ,216 ,207 ,600 ,395 ,343

Subject 8 Pearson

PSV Correlation ,218 ,329 ,606 -,025 -,214 -,404
Sig. (2-tailed) 671 ,394 ,975 ,786 ,596

Subject9  Pearson

Y Correlation ,687 -,299 ,846 ,565 ,440
Sig. (2-tailed) ,313 ,701 ,154 ,435 ,560

*, Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).
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Table 18: Pearson's correlation coefficient of the PSV and the CEUS parameters in the ROlposTcontr.

ROlpostcontr Pl TTP TPI AUC PW FWHM

Subject 2 Pearson

PSV Correlation ,439 ,805 ,745 ,325 ,682 -,212
Sig. (2-tailed) ,561 ,195 ,255 ,675 ,318 ,788

Subject 3 Pearson

PSY Correlation -,463 -,750 -,898 -,823 -,920 ,418
Sig. (2-tailed) ,537 ,250 ,102 177 ,080 ,582

Subject 4 Pearson

PSV Correlation ,921 ,539 ,647 ,723 ,614
Sig. (2-tailed) ,079 ,461 ,353 277 ,386

Subject 5 Pearson

PSV Correlation ,555 ,628 ,765 ,484 ,624 ,651
Sig. (2-tailed) ,445 ,372 ,235 ,516 ,376 ,349

Subject 6 Pearson

PSV Correlation 224 714 ,800 ,128 -,096 ,565
Sig. (2-tailed) 776 ,286 ,200 ,872 ,904 ,435

Subject 7 Pearson

PSV Correlation ,903 211 ,651 ,892 734 -,412
Sig. (2-tailed) ,097 ,789 ,349 ,108 ,266 ,588

Subject 8 Pearson -

PSV Correlation ,335 -,993 ,183 ,239 -, 743 ,869
Sig. (2-tailed) ,665 ,007 ,817 ,761 ,257 ,131

Subject 9 Pearson . .

PSV Correlation ,829 -,975 -,989 77 ,351 ,654
Sig. (2-tailed) 171 ,025 | ,011 ,223 ,649 ,346

*_Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).

Table 19: Pearson’s correlation coefficient of the CBFVmean and the CEUS parameters in the ROlposTipsi.

ROlposTipsi Pl TTP PW AUC PW FWHM

Subject 2 Pearson

PSV Correlation ,805 ,805 , 745 ,325 ,682 ,418
Sig. (2-tailed) ,195 ,195 ,255 ,675 ,318

Subject 3 Pearson

pSV Correlation -,750 -,750 -,898 -,823 -,920
Sig. (2-tailed) ,250 ,250 ,102 177 ,080

Subject 4 Pearson

pSV Correlation ,539 ,539 ,647 ,723 ,614 ,651
Sig. (2-tailed) ,461 ,461 ,353 277 ,386 ,349

Subject 5 Pearson

PSV Correlation 628 628 /765 484 624 565
Sig. (2-tailed) ,372 ,372 ,235 ,516 ,376 ,435

Subject 6 Pearson

pSy Correlation 714 714 ,800 ,128 -,096 -,412
Sig. (2-tailed) ,286 ,286 ,200 ,872 ,904 ,588

Subject 7 Pearson

pSY Correlation 211 211 ,651 ,892 , 734 ,869
Sig. (2-tailed) ,789 ,789 ,349 ,108 ,266 ,131

Subject 8 Pearson . .

pSV Correlation -,993 ‘ -,993 ,239 -, 743 -,546
Sig. (2-tailed) ,007 ,007 , 761 257 454

Subject 9 Pearson . .

pSy Correlation -,975 -,975 77 ,351 ,654
Sig. (2-tailed) ,025 ,025 \ ,223 ,649 ,346

*. Correlation is significant at the 0.05 level (2-tailed); **. Correlation is significant at the 0.01 level (2-tailed).
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Appendix IV

Systematic Review

The potential of contrast enhanced ultrasound as a bedside monitoring

technique of the cerebral blood flow at the intensive care unit

L2E J. Vinke, 2C.H. Slump, 3C.L. de Korte and 'C.W.E. Hoedemaekers

'Department of Intensive Care, Radboud University Medical Centre, Nijmegen, The Netherlands
2Department of Technical Medicine, University of Twente, Enschede, The Netherlands

3Medical Ultrasound Imaging Center, Department of Radiology, Radboud University Medical Center, Nijmegen,
The Netherlands

Abstract:

Neurocritical care is focused on the prevention and the minimization of secondary brain damage and the
facilitation of neurological recovery. Since adequate supply of blood containing oxygen and glucose is crucial
for the recovery and survival of brain tissue, monitoring the cerebral blood flow (CBF) is an essential part of
neurocritical care. However, easy, non-invasive and reliable direct bedside monitoring of the CBF is not feasible
at this moment in the ICU. This review focussed on the potential of contrast enhanced ultrasound techniques
being a monitoring technique of the CBF at the ICU. The flash-replenishment contrast ultrasound method using
the refill kinetics has the highest potential for becoming a CBF monitoring technique at the ICU. This because of
its high temporal resolution, short acquisition time (~10 seconds after optimal positioning of the transducer) and
the use of low MI, which avoids the shadowing effect and movement artefacts. Furthermore this technique uses
an UCA infusion, which decreases the needed pause between subsequent measurements. However, a comparison
study between the different methods must be performed to reassure the flash-replenishment method is as
promising as expected.
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Introduction:

Clinical relevance

Acute brain injury (ABI) has a high mortality and morbidity.® ABI is caused by stroke or traumatic brain injury
(TBI). The extend of the brain damage depends on both the primary brain damage following the injury and the
secondary brain damage. Brain ischemia is the major common pathway of secondary brain damage, but
hyperperfusion also leads to brain damage.” Neurocritical care is focused on the prevention and the minimization
of secondary brain damage and the facilitation of neurological recovery.” Since adequate supply of blood
containing oxygen and nutrients is crucial for the recovery and survival of brain tissue, monitoring the cerebral
blood flow (CBF) is an essential part of neurocritical care. However, easy, non-invasive, reliable and bedside
monitoring of the CBF is not feasible in the ICU at this moment.

In order to limit the risk of secondary brain damage in patients with ABI, changes in the brain perfusion must be
detected before irreversible damage has occurred. Furthermore, the effects of the interventions must be
monitored in order to adjust therapy. Therefore, monitoring of the CBF is essential. Currently direct and bedside
measurement of the overall CBF is not available for clinical use. CBF can only be directly measured using PET,
perfusion weighted MRI, Xenon CT, SPECT and CT perfusion.” A non-invasive bedside monitoring device
which is able to monitor CBF continuously would be ideal.

Cerebral contrast enhanced ultrasound (CEUS) has been suggested as a promising method to measure CBF in
patients with acute brain injury at the ICU. Ultrasound is an attractive technique because it is non-invasive, has a
high temporal resolution and can be used at the bedside. Ultrasound contrast agents (UCASs) have been used for
visualization of the cerebral arteries to overcome the low level of acoustic intensity due to the ultrasound
absorption of the skull leading to a poor signal-to-noise ratio.

Ultrasound contrast agents

UCAs consist of microbubbles, which are gas-filled particles of 1-10 um diameter. Because of their small size,
they are able to pass through the microcirculation and when they are dissolved the gas is removed from the blood
via exhalation. Microbubbles increase the reflectivity of blood due to its very low acoustic impedance with
respect to blood. Furthermore, microbubbles demonstrate a non-linear behaviour in response to ultrasound. In the
frequency domain this results in harmonics. Since tissue is less non-linear, these harmonics can be used to
distinguish the microbubble echoes from tissue echoes.® When microbubbles are expanded with a strong
negative pressure, the shell stabilizing the bubble can break. The mechanical index (MI) gives an indication of

the likelihood of bubble disruption, defined as: = P\/—% , Where P- is the negative pressure and f the ultrasound

frequency. A high Ml indicates an higher probability of microbubble disruption. The threshold between a low
Ml and high M1 is not clearly defined. In extracranial organs, ultrasound intensities with a Ml of > 0.5 are
referred to as high MI imaging. In transcranial imaging a M1 of > 1.0 is needed for the destruction of the
microbubbles to compensate for the ultrasound absorption of the skull.*> With a MI of about 0.1 or less in
extracranial imaging, the microbubbles examined are not significantly destroyed, but give a good harmonic
contrast signal. In transcranial imaging, an MI up to 0.2 is used to compensate for skull attenuation.®’

Ultrasound contrast agent detection

One of the methods to distinguish microbubbles from tissue is by using its harmonic behaviour. Examples of
these methods are harmonic B-mode imaging (HI) and multi-pulse imaging techniques such as power
modulation (PM), pulse inversion (PI) and contrast pulse sequencing (CPS) or combination of these techniques.
Next to this non-linear imaging, also linear scattering and bubble destruction can be used for imaging of contrast
agents. Techniques using these characteristics are power Doppler, contrast burst imaging (CBI) and time
variance imaging (TVI).

From microbubble to perfusion measurement
In CEUS three different approaches are used to measure the CBF. These approaches are based on the bolus, refill
(replenishment) and depletion kinetics.

Bolus Kinetics

After a bolus injection, microbubbles enter the insonation field and the acoustic intensity in this plane increases.
The acoustic intensity over time can be represented by a time intensity curve (TIC) as shown in Figure 1.
Microbubbles entering the insonation field are destroyed by ultrasound energy. To allow inflow into the
parenchyma, a frame rate of 0.25-1 Hz must be used. Different parameters of the TIC can be extracted, such as:
time-to-peak (TTP), time-to-peak intensity (Tpi), peak intensity (P1), peak width (PW, full width at 90% of the
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maximum intensity), full width at half of the maximum intensity increase (FWHM), area under the curve (AUC)
and positive gradient (PG, slope of the wash-in phase).

Refill kinetics

The refill kinetics approach is based on the reappearance of UCA after complete destruction of the microbubbles,
when a constant UCA infusion is given. By destroying the UCA within the scanning plane using a high Ml flash
image, a negative bolus of contrast agent is created locally and new microbubbles enter the plane. The refill
intensity curve can be achieved using two methods. Figure 2 shows the refill intensity curve of the flash-
replenishment method using low MI ultrasound imaging to monitor replenishment kinetics in real-time after
UCA destruction. The second method, called the increasing intervals method, detects the intensity gain between
destructive ultrasound frames at increasing pulsing intervals, from 50 ms to 8000 ms.*®> After bubble destruction,
microbubble tissue replenishment can be described as an exponential curve with the corresponding equation:

y = A(1 — eP%), where y is the acoustic intensity in decibel (dB), t represents time (flash-replenishment
imaging) or pulsing interval (increasing intervals method), B represents the rise rate of the acoustic intensity over
time and A is the plateau of acoustic intensity, reflecting the microvascular cross-sectional area. P is said to be
directly related to the blood flow velocity and A to the blood volume. Therefore, the product of both (Axp) is
correlated with the blood flow.*°

Depletion kinetics

Depletion kinetics is based on the destruction of contrast agent at a constant frame rate with a high MI. The TIC
decreases to a new equilibrium, determined by a balance between destruction and reperfusion of the UCA. Three
mathematical models have been applied for analysing the depletion curve: an exponential decay model, a
complex exponential model which separates the curve into destruction and reperfusion phases providing a
perfusion and destruction coefficient, and a simple linear model (Figure 3). Because of the short sampling time
needed (1- 10 seconds), depletion kinetics can be analysed using either bolus injection or infusion.

Aim of this study

A CEUS method which measures CBF quantitatively has not yet been found. Only qualitative and semi-
quantitative parameters were measured. Furthermore, the different CEUS methods have their own limitations
and measure different parameters related to CBF. The aim of this review is to establish which CEUS technique
has the highest potential for becoming a bedside monitoring technique of the CBF.
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Materials and Methods/Case Material:

The requirements of a bedside monitoring technique at the ICU are considered regarding the execution and the
data analysis.

Requirements regarding CEUS execution

1. Bedside Applicability at the ICU: A lot of equipment is connected to the patients at the
ICU and they are continuously monitored. Transport of these patients is not practical,
time consuming and has its risks. The study of Peerdeman et al. in 2002 indicates
possible deleterious effect of transportation in critically ill, mechanically ventilated, head-
injured patients. Therefore transportation of these patients should be avoided if possible.®

2. Repeatable measurement: Optimizing therapy is an ongoing process at the ICU. To know
the effect of therapy on the CBF and to be able to detect changes in the CBF over time, it
is not sufficient to have a single measurement of the CBF. The measurement must be
repeatable at least every few hours and comparable, therefore a low inter observer
variability and a low operator dependency is preferred.

3. Safe measurement: Inherent to the previous point, the measurement has to be safe and
without side effects for the patients.

Requirements regarding data analysis

1. Semi-quantitative or quantitative outcome: the goal of the CBF measurement is early
detection of alteration of the CBF before irreversible (secondary) damage occurs.
Furthermore the CBF measurements can help monitoring the effects of interventions in
order to adjust therapy. Therefore, it is important that relative changes over time can be
measured in an individual patient.

2. Suitable measurement characteristics: The technique should have sufficient temporal
resolution, spatial resolution and accuracy.

These requirements were the guidance to the ultrasound technique with the highest potential for being a
monitoring technique of the CBF at the ICU.

In order to compare all different ultrasound techniques on the requirements, the studies are categorized according
to the ultrasound detection kinetic principle that was used: bolus Kinetics, refill kinetics and depletion kinetics.
From each category the execution and data analyses characteristics are compared, as described below:

Execution characteristics: Executors, study population, UCA type, UCA dosage, side-effects after UCA
administration, duration, insonation approach.

Data analysis: Reference method, ultrasound method, acquisition time, temporal and spatial resolution, outcome
parameters.

Search strategy

To retrieve the articles of interest for this review, an online literature search (PubMed) was conducted on
October the 23 2014. The search terms included are listed in Table 1. Inclusion criteria were a human study
published in English between 1994 and 2014, which used transcranial CEUS in order to measure CBF or related
parameters. Reviews and general discussion papers, not presenting original data were excluded. Two authors
(EV,CH) independently assessed the eligibility by reading abstracts and, if necessary, whole articles. The
snowball method was used to manually select relevant references from the reference list of included articles.
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Results:

Two hundred and forty eight publications met the search criteria and were evaluated. In Figure 4 a flowchart of
the literature review process is shown. Two hundred and thirteen publications were excluded because the studies
were performed in animals, the publications were not available in English or because no transcranial CEUS was
used to measure CBF or related parameters. By means of the snowball method, 2 articles were added to the
article selection. Hence, thirty eight publications were eligible for review (Table 1).

In the ongoing development of CEUS, studies had different objectives regarding the quantification of the
cerebral perfusion. Some studies investigated the potential of the CEUS techniques for cerebral perfusion
measurement. The potential was studied by evaluating whether there was accurate contrast in different cerebral
structures®38 or whether it was possible to visualize cerebral perfusion deficits?25911,16252840,44,46,48,50
Furthermore, the three different CEUS methods (bolus, depletion, refill) were evaluated by looking at the
dependence of the measured parameters on dose or infusion rate, UCA, frame rate and insonation
depth.141531.39.43 Next to the three different kinetics, different contrast-specific imaging modes were used in the
different studies. Some studies compared different contrast-specific imaging modes,31013.19.3541

Demographic data

Table 2 shows the included studies and the study population. Fifteen studies (39%) were performed on healthy
volunteers and 17 studies (45%) were performed on patients. The remaining 6 studies (16%) were performed on
patients and controls. In total 296 healthy volunteers and 347 patients were included in the studies. Mostly
ischemic stroke patients were included in the studies. Other diseases in which the perfusion was analysed was
hemispheric syndrome, brain tumor, intracerebral haemorrhage, Moya-moya syndrome, severe ICA stenosis,
TBI, intracranial space-occupying lesions and diabetes type Il (Table 3).

Exclusion criteria were the contraindications for the UCA as in the operators instruction of the UCA, such as
right-left shunt, severe pulmonary hypertension, ARDS and pregnant and lactating women. Furthermore the
additional exclusion criteria were added in case a reference method was used, such as MRI or CT.

Ultrasound Contrast Agents

Until 2003 the UCAs Levovist (Sehering) and Optison (Amersham Health) were mainly used. Later SonoVue
(Bracco) was mainly used. In 15 publications (39%) the toleration of the UCAs was not mentioned. In four
studies (11%) mild side effects (mild transient headache after investigation, mild burning sensation in right upper
abdominal quadrant) and local side effects of Optison were described. In nineteen studies (50%) no side effects
owing to the UCAs were observed. 23 studies mentioned usage of a saline flush after the UCA administration.
16 studies used a saline flush of 10 ml, 4 studies used 5 ml and 2 studies used 3 ml. Table 4 provides an
overview of the study population and mentioned side effects of each UCA.

Insonation approach

In 34 studies the CEUS were performed via the transtemporal approach (Table 5). In 23 of these studies, a
sufficient acoustic transtemporal bone window was one of the inclusion criteria of the subjects. Three different
transtemporal approaches were used. Onesided transtemporal insonation is insonation through the acoustic
window at one side, imaging only the hemisphere of that side. Transtemporal twosided insonation is insonation
of both acoustic windows one after another, imaging both corresponding hemispheres. Onesided bilateral
insonation is insonation through one acoustic window, but imaging both hemispheres.

14 studies used the twosided transtemporal approach. 20 studies used the onesided transtemporal approach,
which was performed on the side of the pathologic hemisphere. 6 studies used the onesided bilateral approach. In
4 studies, patients with decompressive craniectomy and patients undergoing craniotomy were included.

Duration

The total duration of the ultrasound examination was defined as the sum of the time necessary for search of the
correct plane of insonation, the time between the UCA injection and the start of the acquisition and the
acquisition time itself. Correct placement of the transducer is the most time consuming in an examination and
depends on the executor’s experience and patient characteristics. Furthermore the time between the UCA
injection and the start of the acquisition and the acquisition time itself depends on the imaging method, which is
described for each technique in section 4.3.

Another influence on the duration of a measurement is the time needed to ensure the contrast has been removed

from the circulation. In the studies in which different UCAs, UCA concentrations, insonation planes, different
sides or different imaging techniques were compared in the same patient a pause was used to ensure removal of
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the UCA. This pause was mentioned in nineteen studies, in which the pause varied from 5 to 30 minutes (Table
6). In the depletion kinetic studies which mentioned this pause, it lasted 10 minutes. In the refill kinetic studies
which mentioned this pause, it lasted 10 or 15 minutes. In the bolus kinetic studies mentioning this pause, it
lasted 5-10, 10, 20 or 30 minutes.

Temporal and spatial resolution

The temporal resolution of the techniques depends on the frame rate, which depends on the ultrasound method.
In section 4.3 the frame rate of each ultrasound method is described. The spatial resolution depends on the
transducer frequency, where an increasing frequency results in an improved spatial resolution. However
increasing the transducer frequency decreases the penetration depth. The used transducer frequency and the
frame rate of the different studies can be found in Tables 7 a)-d), Table 8 and Table 9.

Executor dependence and inter observer variability

In most studies the executor, or the experience of the executor were not mentioned. Overall, executors mentioned
in the studies were medical doctors with experience in the ultrasound measurements. Furthermore, comparability
between brain perfusion assessment was studied by Holscher et al in 2005.2° Hélscher et al. concluded that
contrast burst imaging achieves comparable results in different centers using the same scanning protocol.

Data analysis
Additional information about the measurement characteristics and the perfusion parameter characteristics are
described in this section for the bolus, refill and depletion kinetics approach.

Reference method

28 studies used a reference method to validate the CEUS measurements. Several studies used MRI or CT as a
reference for the localization of the perfusion deficits in order to define the regions of interest (ROIs) and/or to
evaluate the perfusion parameter results in these regions,1-491216:21,2538,40444850 |y some studies also the
correlation between measured perfusion parameters of the ultrasound measurement and comparable perfusion
MRI or CT parameters were determined in order to validate the CEUS data.*>2327.3032 The perfusion state was
mostly performed by the analysis of local time intensity curves in pre-specified ROI (region-wise imaging) or by
the visual interpretation of pixel-wise parametric images.®445°5! In 2007 Eyding et al. compared these two
analysis methods and concluded that parameter imaging was less accurate than the region-wise analysis.?

Bolus kinetics

The cerebral blood flow was assessed with the bolus kinetic approach in twenty seven studies (71%) to analyse
the cerebral perfusion. In Tables 7 a), b), ¢) and d) present an overview of the characteristics of these bolus
kinetic studies.

Ultrasound method

Harmonic imaging was the most commonly used ultrasound method, performed in thirteen of the twenty-seven
bolus kinetics studies. From these thirteen studies using this technique, five studies used the integrated
backscatter modus. In addition pulse inversion harmonic imaging was used in 6 studies. Other imaging methods
used were contrast burst imaging, time variance imaging, power modulation imaging and contrast pulse
sequencing.1%-21:30354648 Three studies used both the time variance imaging and the contrast burst imaging.%3035

Acquisition time

The acquisition time in the bolus kinetics approach depends on the frame rate and the number of images taken.
Not all the studies described the frame rate, or number of images or the acquisition time. Two studies described
none of these characteristics. Nine studies only described the frame rate and one study described only the
number of frames. Nine studies described the frame rate and the acquisition time. The frame rates used were 0.5
Hz in 11 studies, 0.67 Hz in 3 studies, 1 Hz in 3 studies and 30 Hz in 1 study. In 6 studies used an ECG triggered
pulsing interval of one frame every four cardiac cycles.

The number of images acquired was >36. The time needed for the acquisition described in the bolus approach
studies was > 60 seconds. In all bolus approach studies, the acquisition started immediately after the UCA
injection.

Perfusion parameters

The perfusion parameters that were determined using the bolus kinetic approach are: PI, AUC, TTP, TPI, mean
transit time, PG, rise-time (time between 10% of the Pl and 90% of the PI) and PW. Pl and TTP were mostly
analysed for defining perfusion deficits. Studies agree on the dose and depth dependence of Pl and the depth-
independent TTP, which makes TTP the most reliable parameter in the bolus kinetic.3® However the translation
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from this TTP towards quantitative CBF measurements remains difficult because TTP is believed to be
correlated with the CBFV instead of CBF and because of to the inter- and intra-individual variability of TTP.

Seidel et al. defined hypoperfusion as a TTP delay of >3 seconds and a 50% lower intensity increase.** Bartels
et al. used an intensity increase <15%, resulting from the contrast enhancement as a cut-off for hypoperfusion.2
However, Krogias et al determined the intra-individual range of perfusion parameters to describe individual cut-
off scores and concluded that TPI is the most robust parameter of the bolus parameters because of its depth
independence and that a delay of 3-4 seconds would be the cut-off for hypoperfusion,? which was also
confirmed by Meyer-Wiethe et al.*? Eyding et al. expanded this 3 seconds TTP cut-off by defining ‘no perfusion’
when no bolus-like curve progression was visible and ‘normal perfusion’ when a bolus-like progression of the
TIC and TPI within +/- 3 seconds of the intra-individual median of the ROIs of the nonaffected contralateral
hemisphere was present.®

Depletion Kinetics
6 studies (16%) used depletion kinetics to analyse the cerebral perfusion. Table 9 provides an overview of the
characteristics of these studies using the depletion kinetics approach.

Ultrasound method

The ultrasound methods used in the depletion studies were Harmonic Imaging with integrated backscatter3!,
Contrast Burst imaging®*-*®, Pulse inversion harmonic imaging*24 and Power pulse inversion contrast harmonic
imaging?®. Eyding et al. concluded that PIHI was more reliable than CBI, in combination with second generation
UCA®

Acquisition time

The studies using the depletion kinetics approach described different acquisition times varying from a few
seconds to 35 seconds. The acquisition time of only a few seconds are calculated from the amount of flashes
times the frame rate. The amount of flashes needed to reach an equilibrium depends on the UCA dosage, which
was investigated by Eyding et al.* They concluded that a frame rate of 1 Hz was optimal due to a higher signal-
to-noise ratio than with a higher frame rate. Furthermore, the time between the start of the UCA injection and the
start of the acquisition varies from 30 to 90 seconds. Kern et al. combined the depletion kinetic approach with
the bolus kinetic approach, in which direct after the start of the infusion the TTP was measured and after that the
depletion acquisition started.?

Perfusion parameters
The perfusion parameters measured with the depletion kinetic approach were: Intensity (1), PC, DC, T min, AL
intensity before the depletion (I(to)), baseline intensity (I(toasetine))-

In 2002, Meyer and Seidel et al. investigated the depletion Kinetics approach in healthy subjects using a rapid
sequence harmonic imaging. Using this technique the time intensity curves could be collected within seconds.
Contrast half-life and the baseline intensity were computed from selected ROIs for two different infusion rates. It
was concluded that with higher UCA infusion the contrast half-life was more depth dependent, which could be
explained by the shadowing effect.®*

Eyding et al. investigated the diagnostic potential of the new contrast burst imaging method in healthy subjects
in 2003.1° They assumed there was a constant microbubble concentration at a specific time after the bolus and
concluded that PC seemed to be independent of depth and independent of type of UCA. However DC showed
high inter- and intra-individual variation.

In 2004 Eyding et al. investigated the influence of the frame rate and different UCAs on the perfusion coefficient
(PC). They concluded that PC was independent of type of UCA and the frame rate.!*

Kern et al. studied whether perfusion deficits could be detected with depletion kinetics using power pulse
inversion contrast harmonic imaging (PPICHI), assuming a constant UCA concentration 30 seconds after the
bolus. They used the perfusion parameters Al, I(to) and I(toasetine) t0 identify the perfusion deficits. Reduced
microbubble destruction (lower AI) was shown in infarction regions, compared to the non-affected region.?

Refill kinetics

Five studies (13%) used refill kinetics to analyse the cerebral perfusion. From these studies, Bartels et al., Kern
et al. and Bolognese et al., the bolus kinetics was additionally used in order to measure the real-time bolus
kinetic parameter TTP.3423 Table 8 presents an overview of the characteristics of the CEUS studies using the
refill kinetics approach.
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Ultrasound method

The ultrasound methods used in the refill kinetic studies were harmonic imaging®, contrast pulse sequencing®*2
and power modulation imaging®€. In 2002, Seidel et al. investigated the refill kinetics approach in humans using
the pulsing interval method in healthy volunteers.*® A high M1 was used of 1.0-1.6 with different time intervals
in order to receive the refill parameters. In 2005, Bartels et al. used the flash-replenishment refill method in order
to evaluate cerebral perfusion deficit using CPS and concluded that CPS imaging was a suitable tool for the
ultrasonographic evaluation of cerebral perfusion. However, Bartels et al. did not use the refill parameters, but
the intensity increase and TTP in the perfusion evaluation.®

The first study in humans using real-time ultrasound perfusion imaging with a low MI (rt-UPI) to assess cerebral
perfusion through the intact skull was done by Kern et al.2® Kern et al. concluded that the performance of real-
time refill kinetics is relatively simple as compared with previous ultrasound methods for the evaluation of brain
tissue perfusion. Analysis of data is possible online and involves selection of one or multiple ROIs. Consequent
calculation and display of refill kinetics are practically instantaneous, thus allowing immediate bedside
interpretation of results. These features reflect important advantages over first-generation techniques of CEUS,
which were limited by relatively difficult and operator dependent data acquisition, tedious data transfer, and off-
line analysis. Furthermore this real-time refill approach avoids the shadowing effect, which is a significant
problem associated with high MI imaging. The shadowing problem is eliminated with low MI imaging, because
bubbles are not destroyed with such low acoustic pressure. The rt-UPI offers a far better temporal resolution than
all the other modalities that have been described previously. This is due to the fact that this refill approach is not
restricted to triggered image sequences of 1 Hz or less because of bubble destruction.?®

Acquisition time

The acquisition time of the refill kinetic approach depends on the method used. Seidel et al., who used the time
interval approach, did not mention a precise acquisition time.** However, summation of the used time intervals
indicates that an acquisition time of several minutes. The flash-replenishment method on the other hand was
described to have an acquisition time of ~10 seconds.**823

Seidel et al. and Heppner et al. used an infusion in order to create a steady UCA concentration before the
measurement. However Bartels et al. Kern et al. and Bolognese et al. used a (slow) bolus, assuming a steady
state of UCA is reached after the highest peak intensity. Kern et al. and Bolognese et al. started the acquisition
direct after the bolus injection in order to measure the TTP. After that (around 45 seconds after the injection) the
flash replenishment method started.*?* Seidel et al. were using an contrast infusion and started the acquisition 90
seconds after the start of the infusion.*

Perfusion parameters

The perfusion parameters which were assessed using the refill kinetic approach were: A, B and Axf. Amplitude
A is dependent on the insonation depth, which makes Axf also depth dependent. Theoretically, the parameter 3
on the other hand is depth independent. Parameter A, assessed by Bolognese et al., showed high standard
deviation, just as has been shown by Kern et al.. They suggested this could be explained by the inter-individual
differences of acoustic attenuation of the skull.

Kern et al and Bolognese et al. calculated the optimal cut-off for the additional bolus parameter TTP which was
measured real time with low Ml (rt-TTP), and the refill parameters.*?® Kern et al. concluded that the refill
parameters 3 and Ax[ and the bolus parameter TTP had high sensitivity for discriminating ischemic from normal
tissue in the ROC analysis. Optimal cut-off values of these parameters for identification of ischemic brain tissue
were as follows: rt-TTP > 10.1 seconds, < 0.76, A < 1.89 and Axp < 1.91. Subsequently Bolognese et al.
concluded that both rt-TTP of bolus kinetics and the slope factor § of refill kinetics measured with real-time
ultrasound perfusion imaging are suitable parameters to assess the changes of cerebral perfusion in acute MCA
stroke.*
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Discussion:

CEUS is a non-invasive, safe and easy method to measure cerebral perfusion parameters. Therefore, CEUS has
been suggested as a promising modality as bedside monitoring technique of the cerebral perfusion at the ICU.
Several studies have performed different CEUS methods and measured corresponding perfusion parameters. The
techniques have been performed in patients with different cerebral perfusion pathologies over the last 20 years
and several perfusion parameters have been proven to be sensitive to detect these perfusion deficits. However
due to high intra- and inter-individual variation of the perfusion parameters quantification of the CBF has not yet
been performed.

Execution characteristics

Applicability at the ICU

An important requirement of the monitoring technique is the repeatability, therefore the execution of the
technique and the duration must be feasible at the ICU. After probe positioning the cerebral perfusion parameters
of the insonation plane can be measured in a few minutes or even seconds. However, the positioning time of the
probe for each insonation plane depends on the executor’s experience. Overall the medical doctors with
experience in cerebral (contrast) ultrasonography performed the measurements. To be able to use this technique
at the ICU, several insonation planes of both hemispheres ought to be measured regularly. Therefore, an
experienced executor is necessary in order to shorten the probe positioning time for each insonation plane to
ensure the repeatability of the technique at the ICU. Furthermore, the time between measuring different
insonation planes may be shortened by choosing a contrast imaging technique that uses a UCA infusion, rather
than a bolus.

Another requirement which was originally not defined in this review is that the monitoring technique should be
feasible for all the ICU patients. Our main concern of the applicability of transtemporal CEUS at the ICU is the
possible need for a sufficient transtemporal window for the execution. In the execution of TCD and transcranial
color coded duplex (TCCD), patients regularly have an insufficient window (5-20%).26 Furthermore, the
sufficiency of the acoustic window decreases with age, due to progressive osseous calcification.®? A majority of
the ICU patients are > 60 years old, therefore a CEUS technique in which both temporal acoustic windows need
to be sufficient does not meet the requirements at the ICU. However UCAS have been used to increase the
sensitivity of TCD and TCCD in patients with an insufficient transtemporal window.747

Safety

Overall no severe adverse events have been documented in numerous volunteer studies using these contrast
agents, which have included hundreds of patients.*? In the studies reviewed, only 4 cases of mild local side
effects on the UCA Optison were described on a total of 623 subjects undergoing the measurement.
Theoretically the interaction between the ultrasound and the UCA could cause damage to the microvasculature.3*
Studies investigating the integrity of the blood brain barrier (BBB) in humans after using standard contrast-
enhanced ultrasound perfusion imaging did not lead to MRI detectable BBB changes or focal brain damage.?22
These results are reassuring but not totally conclusive in terms of ultrasound safety, since hypothetically more
subtle effects of ultrasound and microbubbles on the BBB might be missed by MRI.%°

In order to minimize the possible adverse bioeffects, the EFSUMB Guidelines on the clinical practice of CEUS
state that the operator should be mindful of the desirability of keeping the MI low and of avoiding long exposure
times.*

Data analysis

Contrast detection method

Studies using the bolus kinetic approach and the depletion kinetic approach are based on using a high MI. This
high MI results in a temporal resolution of ~1 second. Furthermore the high Ml is accompanied with the
shadowing effect. With the refill kinetics on the other hand, a better temporal resolution can be used, because
after the bubble destruction at start, the Ml is low and no microbubbles will be destructed during the
replenishment, which also results in no shadowing effect. This high temporal resolution will also result in less
movement artefacts due to movement of the probe or the patient. Therefore the refill kinetic approach seems to
be the contrast imaging technique with the most potential for being a bedside monitoring technique of the
cerebral perfusion.
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An important question that remains unanswered is whether a high Ml is needed to increase the signal-to-noise
ratio. All the studies using the bolus kinetic approach used a high MI. Therefore, low MI CEUS (in for example
low M1 bolus kinetics or refill kinetics) might be more sensitive to artefacts. However, to date no study has
compared the different CEUS techniques using low and high MI.

Outcome parameters

From the theoretical point of view, time dependent parameters like TTP (bolus kinetics), perfusion coefficient
(depletion kinetics) or B (refill kinetics) are the most useful for the quantification of the cerebral perfusion. This
because amplitude also depends on the insonation depth and therefore depends on the attenuation of the skull. In
accordance with this theoretical point of view, studies that investigated the depth and ultrasound dosage
dependence of the different perfusion parameters found higher dependence of these external factors in the
amplitude parameters, rather than the time parameters. Studies agree on focusing on the time dependent
parameters, which seem to be the most reliable perfusion parameters.

It remains unknown which of the time parameters is the most reliable for the estimation of the CBF. Bolognese
et al. compared the time parameters of the low MI bolus and refill kinetics and concluded that rt-TTP and B were
both sensitive parameters for the detection of perfusion changes in acute MCA stroke. Based on the outcome
parameters, no superior technique can be indicated. For all methods the focus should be on the time dependent
parameters.

The sensitivity of the CEUS perfusion parameters was studied using perfusion CT or diffusion or perfusion
weighted MRI as reference method. However the gold standard for quantifying CBF is positron emission
tomography (PET) with *O-labeled water. High cost and limited accessibility have restricted the widespread
clinical use of PET. The approximation of the CBF using perfusion CT has been validated, but these
approximations do not meet the true CBF as measured with the gold standard.

Limitations

The identification of the highest potential CEUS technique in this systematic review has limitations. Since no
comparison studies between the different CEUS techniques have been performed it is difficult to conclude which
technique has the highest potential. Moreover not all studies mentioned information about the executor of the
measurements, total duration of the measurements, acquisition time, the UCA procedure and the data analysis.

Challenges

To assure repeatability of the measurement, a short duration of the measurement is ideal. Despite a variation in
acquisition time between minutes and seconds is present between the bolus versus the depletion and refill
method, the total time of the measurement mainly depends on the time needed to position the probe and the
pause between subsequent measurements. In a few bolus kinetic studies, both hemispheres were assessed
through one acoustic temporal window. This shortens the total measurement duration dramatically, because only
one side has to be investigated. However, comparison between the two hemispheres might be difficult due to the
insonation angle. On the other hand, measuring at two sides separately makes using one consistent insonation
angle difficult. Therefore, the question is whether using one acoustic window side is preferable. Another
consideration is the use of an infusion, as suggested by Bolognese et al. This way several insonation planes can
be made during the same infusion.*

Focussing on the quantification of the CBF, the relation between CBF and the time parameter must be identified
in order to quantitatively measure the CBF. Although, high variability of CBF between different subjects and
variability of the CBF within the patient makes this quantification of the CBF even more difficult. However, this
step is necessary to be able to monitor the cerebral perfusion. The perfusion parameters must not only be able to
identify hypoperfusion or healthy perfusion, but ideally also hyperperfusion and the degree of the perfusion.
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Conclusions:

CEUS is a non-invasive, safe and easy method to measure cerebral perfusion parameters. Therefore, CEUS has
been suggested as a promising modality as bedside monitoring technique of the cerebral perfusion at the ICU.
The flash-replenishment contrast ultrasound method using the refill kinetics and high MI flashes followed by low
MI ultrasound has the highest potential to become a CBF monitoring technique at the intensive care unit. This
because of its high temporal resolution, short acquisition time (~10 seconds after optimal positioning of the
transducer) and the use of low MI, which avoids the shadowing effect and movement artefacts. Furthermore this
technique uses an UCA infusion, which decreases the needed pause between subsequent measurements.
However, a comparison study between the different methods must be performed to reassure the flash-
replenishment method is indeed as promising as expected.
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Figure 1: Time intensity curve of the bolus kinetic CEUS approach, with the perfusion parameters: area under
the curve (AUC), full width at half of the maximum intensity increase (FWHM), positive gradient (PG, slope of
the wash-in phase), peak intensity (PI), peak width (PW, full width at 90% of the maximum intensity), time-to-
peak intensity (Tp) and time-to-peak (TTP).
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Figure 2: Intensity curve of the refill kinetics, resulting from high MI pulses followed by low MI pulses. The

perfusion parameters are 3, corresponding with the slope of the replenishment and A, corresponding with the
asymptote of the refill curve.
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Figure 3: Scheme of contrast depletion kinetics of brain perfusion assessment. = In2/half life, B = baseline

intensity (exponential model), equivalent to I(s) = intensity at the steady state (linear model). The dotted line
indicates the two components of the complex exponential model.
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Table 1:

Search terms of the systematic review.

OR

cerebral blood flow
cerebral circulation
brain perfusion

contrast-enhanced ultrasound
contrast enhanced ultrasound
contrast-enhanced ultrasonography
contrast enhanced ultrasonography
contrast ultrasound

ultrasound perfusion imaging
ultrasound contrast agent
ultrasound contrast agents
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Table 2: Overview of the included studies and the study population.

Page |95

No. healthy No. healthy
Author No. of patients; Type of disease | subjects Author No. of patients; Type of disease subjects
Seidel et al. 19973 0; 13 Seidel et al. 2004 23; Acute ischemic stroke 0
Postert et al. 1998%° 0; 18 Wiesmann et al. 2004'# 30; Acute ischemic stroke 0
Federlein et al. 2000® 25; Acute ischemic stroke 14 Bartels et al. 2005'° 6; Acute ischemic stroke 4
Seidel et al. 2000% 0; 12 Caruso et al. 2005% 20; Diabetes type II 20
Wiesmann and Seidel 2000% 0; 13 Holscher et al. 2005% 0; 32
Postert et al. 2000° 0; 9 Krogias et al. 20052 0; 20
Holscher et al. 2002% 0; 13 Bartels and Bittermann 200622 | 4; Intracranial space-occupying lesions 10
Meves et al. 20023° 0; 12 Eyding et al. 2006% 34; Hemispheric syndrome 0
Meyer and Seidel 200227 0; 12 Heppner et al. 2006% 6, Traumatic brain injury 0
Stolz et al. 20021 2; Moya-moya syndrome 10 Seidel et al. 20062 22; Acute Ischemic stroke 0
Seidel et al. 20027 0; 12 Engelhardt et al. 20075 7; Brain tumour 0
Eyding et al. 2003 jan®® 0; 17 Eyding et al. 2007% 10; Hemispheric syndrome 0
Eyding et al. 2003 oct® 0; 14 Meyer-Wiethe et al. 20074 10; Acute Ischemic stroke 0
Seidel et al. 2003 24; Acute ischemic stroke 0 Ickenstein et al. 2008% 6; Brain tumour 0
Bartels and Bittermann 20042 10; Acute ischemic stroke 10 Kern et al. 2008* 12; Intracerebral hemorrhage 0
Eyding et al. 2004 apr®° 0; 18 Vicenzini et al. 2008%° 20; Brain tumour or brain hemorrhage 0
Eyding et al. 2004 jun®® 4; Hemispheric Syndrome 0 Krogias et al. 2010% 10; Severe ICA stenosis 0
Eyding et al. 2004 aug** 0; 13 Kern et al. 20114 23; Acute ischemic stroke 0
Kern et al. 20046 15; Acute ischemic stroke 0 Bolognese et al. 2013% 24; Acute ischemic stroke 0
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Table 3: Demographic data of the study population.

Study population Total no. of Percentage (%0)
subjects
Healthy subjects 296
Patients: 327 100.00
Stroke 212 64.83
Hemispheric Syndrome 48 14.68
Brain tumor 28 8.56
Intracerebral hemorrhage 17 5.20
Moya-moya syndrome 2 0.61
Severe ICA stenosis 10 3.06
Traumatic brain injury 1.83
Intracranial space-occupying 1.22
lesions
Diabetes type 11 20 6.12

Table 4: Study population and the number of mentioned side effects for each UCA.

UCA Subjects Condition No. No. Subjects
Subjects | with side effects
Levovist Controls 91 0
Patients Stroke 79 0
Optison Controls 112 12
Patients Moya-moya syndrome 0
Definity Controls 0
Patients Traumatic brain injury 0
Sonovue Controls 44 0
Patients 223 0
Stroke 100 0
Hemispheric Syndrome 44 0
Brain tumour 28 0
Intracerebral haemorrhage 17 0
Severe ICA stenosis 10 0
Intracranial space-occupying lesions 4 0
Diabetes type 1l 20 0
Total 555 12
Table 5: Insonation approaches
Insonation approach No. Of studies No. Healthy subjects | No patients
Transtemporal 34 300 322
Onesided 20 151 128
Twosided 14 115 136
Onesided bilateral 34 58
Craniectomy 0 25




Table 6: Time between the CEUS examinations.

Time between examinations

No. Of studies

Bolus studies

Infusion studies

30 minutes

20 minutes

15 minutes

10 minutes

5-10 minutes

w| oo ~| w| &~

Wl O k| W B>

o N O] O] ©
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Table 7 a): Overview of the characteristics of the CEUS studies using the bolus kinetics approach. (Part 1) Abbreviations: mechanical index (M), transducer type (TD),
transmit frequency (TF), ultrasound contrast agent (UCA) and in case characteristics were not mentioned nm was notated.

Author Study us US method, depth, insonation UCA Start after Insonation | Side effects | Reference | Perfusion parameters
Population | system, plane, Ml UCA, Side
TD, TF acquisition
time
Bolus (1)
Seidel et 13 healthy | SONOS | Harmonic Imaging (HI); grey scale; | Levovist | nm Onesided nm X Nr of visible segments, time
al. 1997 2500, depth unknown; axial; MI nm 6.5 ml of signal enhancement,
1.8/3.6 (Aml/s) maximal investigation depth
MHz, nm
Postertet | 18 healthy | SONOS | Harmonic Imaging (HI); grey scale; | Levovist | direct, 244 Twosided | 0; X AUC, PI, TPI
al. 1998 5500, 2.5 | 10 cm; axial; Ml nm 6.5 ml cardiac circles
MHz, nm (0.65 (61 images)
ml/s)
Federlein | 25 Acute SONOS | Harmonic Imaging (HI); grey scale; | Levovist | direct, 2 Onesided nm CT,CTA
etal. 2000 | ischemic 5500, 10 cm; axial diencephalic plane; MI | 10 ml minutes (0.5 or DSA,
stroke; 14 | 1.8/3.6 nm Hz) TCCS
healthy MHz, nm
Seidel et 12 healthy | SONOS Harmonic Imaging (HI); Integrated | Optison | direct, 248 Twosided | 2 subjects X AUC, PI
al. 2000 5500, backscatter (IBS); grey scale; 10 0.5and | cardiac cycles with mild
1.8/3.6 cm; axial; M1 1.0-1.1 1.5ml (62 images) side effects
MHz, nm (Aml/s)
Wiesmann | 13 healthy | SONOS Harmonic Imaging (HI); Integrated | Optison | direct, 248 Twosided | nm X API, PPI
and Seidel 5500, backscatter (IBS); grey scale; 10 0.5 cardiac cycles
2000 1.8/3.6 cm; axial; MI 1.0-1.1 &1.5ml | (62 images)
MHz, nm (1ml/s)
Postert et | 9 healthy Sonoline | Contrast burst imaging (CBI) and Levovist | direct, 90-140 | Onesided 0; X Pl, TPI
al. 2000 Elegra, Time variance imaging (TVI); 10 ml seconds (0.5
2.5 MHz, | Power Doppler (funcamental), 10 Hz)
nm cm, axial diencephalic plane; Ml >1
Hélscher 13 healthy | Sonoline | Contrast burst imaging (CBI) and Optison | nm, 130 Twosided | nm X TPI, PI
et al. 2002 Elegra, Time variance imaging (TVI); 0.7ml seconds (0.5
2.5 MHz, | Power Doppler (funcamental), (2ml/s) | Hz)
nm unknown depth, axial; M1 >1
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Table 7 b): Overview of the characteristics of the CEUS studies using the bolus kinetics approach. (Part 2) Abbreviations: mechanical index (M), transducer type (TD),
transmit frequency (TF), ultrasound contrast agent (UCA) and in case characteristics were not mentioned nm was notated.

Author Study US system, | US method, depth, insonation UCA Start after UCA, | Insonation | Side Reference | Perfusion parameters
Population | TD, TF plane, Ml acquisition time | side effects
Bolus (2)
Meves et 12 healthy Sonoline Contrast burst imaging (CBI) and | Levovist 10 | direct, 100-140 onesided 0; PWI Pl, TPI, PW
al. 2002 Elegra, 2.5 Time variance imaging (TVI); ml (8 ml/s)? | seconds (0.5 Hz)
MHz, nm Power Doppler (funcamental), 10
cm, axial diencephalic plane; Ml
CBI <1.5; TVI <1
Stolzetal. | 2 Moya- SONOS Power Modulation Imaging Optison 2 ml | nm, 240 cardiac twosided nm X PI, TTP, AUC, MTT, RT
2002 moya 5500, (PM); 11 cm; axial; Ml nm cycles (60
syndrome; 1.8/3.6 images)
10 healthy MHz, nm
Eyding et 14 healthy Sonoline Pulse Inversion Harmonic Sonovue; nm (0.5 Hz) ipsi and 0; X TPI, PI, PW
al. 2003 oct Elegra, 2.5 Imaging (PIHI); grey scale; 10 Optison bilateral
MHz, TF 2.0 | cm; axial; Ml nm (onesided)
MHz
Seidel et al. | 24 Acute SONOS Harmonic Imaging (HI); Levovist 5 direct, >160 twosided nm CCT Pl, AUC
2003 ischemic 5500, Integrated backscatter (IBS); ml cardiac cycles
stroke 1.8/3.6 grey scale; 10 cm; axial (>40 images)
MHz, nm midthalamic plane; MI nm
Bartels and | 10 Acute Acuson Harmonic Imaging (HI) (single- | Sonovue 5 nm, patients: 4 patients: 0; CT/MRI Time between application
Bittermann | ischemic Seqouia 512, | pulse transmission technology); ml minutes craniotomy, of UCA and appearance,
2004 stroke; 10 2-4 MHz, grey scale; unknown depth; axial onesided TTP, bolus duration, mean
healthy nm mesencephalic brainstem and intensity before, during
diencephalic plane; Ml stroke bolus, and steady state
(craniectomy) 1.0-1.1, healthy plateau (dB), mean bolus
1.6 perfusion quotient, steady
state perfusion quotient (%)
Eyding et 4 Sonoline Pulse Inversion Harmonic Sonovue 2.5 | 90 seconds, nm onesided nm PWI TPI, PI, PW
al. 2004 Hemispheric | Elegra, 2.5 Imaging (PIHI); grey scale; 15 ml (0.5 Hz) bilateral
jun Syndrome MHz, TF 2.0 | cm (bilateral approach); axial
MHz diencephalic plane; M1 >1




Table 7 c): Overview of the characteristics of the CEUS studies using the bolus kinetics approach. (Part 3) Abbreviations: mechanical index (Ml), transducer type (TD),
transmit frequency (TF), ultrasound contrast agent (UCA) and in case characteristics were not mentioned nm was notated.

midthalamic plane; M1 >1

Author Study US system, TD, US method, depth, insonation UCA Start after UCA, | Insonation | Side Reference | Perfusion
Population | TF plane, M1 acquisition time | side effects parameters
Bolus (3)
Seidel etal. | 23 Acute SONOS 5500, Harmonic Imaging (HI); SonoVue direct, nm (0.67 onesided nm CCT PPI,TTP
2004 ischemic 1.8/3.6 MHz, nm | Integrated backscatter (IBS); grey | 2.4 ml Hz)
stroke scale; 10 cm; axial midthalamic
plane; Ml nm
Wiesmann 30 Acute SONOS 5500, Harmonic Imaging (HI); Levovist 5 | direct, 248 cardiac | twosided 0; CCT PPI, TTP
et al. 2004 ischemic 1.8/3.6 MHz, nm Integrated backscatter (IBS); grey | ml cycles (62
stroke scale; 10 cm; axial midthalamic images)
plane; Ml nm
Caruso et 20 Diabetes | Duplex US Harmonic Imaging (HI); grey SonoVue direct, 2 minutes onesided 0; X Pl, PG
al. 2005 type 11; 20 system, 2 MHz, scale; 10 cm; axial diencephalic 2591 (0.5 Hz)
healthy nm plane; MI nm ml/s)
Holscher et | 32 healthy Sonoline Elegra, Contrast burst imaging (CBI); Optison nm (36-40 twosided nm X TPI, PI
al. 2005 2.5 MHz, nm Power Doppler (funcamental), frames)
unknown depth, axial
diencephalic plane; Ml nm
Krogias et 20 healthy Sonoline Elegra, Pulse Inversion Harmonic SonoVue direct, nm (0.5 onesided 0; X PI, TPI, PW
al. 2005 25MHz, TF 2.0 Imaging (PIHI); grey scale; 15cm | 2.5 ml Hz) bilateral
MHz (bilateral approach); axial (5ml/s)
diencephalic plane; M1 >1
Bartelsand | 4 Acuson Seqouia Harmonic Imaging (HI) (single- SonoVue nm (1 Hz) onesided, 2 | O; CT/MRI API
Bittermann | Intracranial | 512, 2-4 MHz, nm | pulse transmission technology); 2x 2.5 ml craniotomy
2006 space- grey scale; unknown depth; axial | (slow)
occupying mesencephalic brainstem and
lesions diencephalic plane ; Ml
craniectomy (2 subjects) 1.1,
other 1.6
Eyding et 34 Sonoline Elegra, Pulse Inversion Harmonic SonoVue 90 seconds, nm onesided 0; CCT TPI
al. 2006 Hemispheric | 2.5 MHz, TF 2.0 Imaging (PIHI); grey scale; 15cm | 2.5 mi (0.5 Hz) bilateral
syndrome MHz (bilateral approach); axial

100




101

Table 7 d): Overview of the characteristics of the CEUS studies using the bolus kinetics approach. (Part 4) Abbreviations: mechanical index (M), transducer type (TD),

transmit frequency (TF), ultrasound contrast agent (UCA) and in case characteristics were not mentioned nm was notated.

2.0 MHz

MI 1.6

Author Study US system, | US method, depth, insonation plane, | UCA Start after UCA, | Insonation Side Reference Perfusion
Population | TD, TF Ml acquisition time | side effects parameters
Bolus (4)
Seidel et al. | 22 Acute SONOS Harmonic Imaging (HI); grey scale; 10 | SonoVue direct, nm (0.67 onsided nm CT PPI, AUC,
2006 Ischemic 5500, cm,; axial diencephalic plane; MI nm 2.4 ml Hz) PG, TTP
stroke 1.8/3.6
MHz, nm
Engelhardt | 7 Brain Sonoline Pulse Inversion Harmonic Imaging SonoVue nm, 70 seconds onesided nm MRI PI, TTP PW
et al. 2007 tumour Elegra, 6.5 (PIHI), grey scale, unknown, resection | 1.5 ml (1Hz)
MHz, TF area (craniotomy); Transmission
3.0 MHz power 5%
Eyding et 10 Sonoline Pulse Inversion Harmonic Imaging SonoVue nm (0.5 Hz) onesided 0; CCT TPI
al. 2007 Hemispheric | Elegra, 2.5 (PIHI), grey scale, 15 cm (bilateral 2.5ml bilateral
syndrome MHz, TF approach), axial diencephalic plane;
2.0 MHz MI >1
Meyer- 10 Acute SONOS Harmonic Imaging (HI); grey scale; 10 | SonoVue nm, 93 seconds onesided nm MRI PI, TPI, AUC
Wiethe et Ischemic 5500, cm; axial diencephalic plane; Ml 1.6 2.4 ml (0.67 Hz)
al. 2007 stroke 1.8/3.6
MHz, nm
Ickenstein 6 Brain Sonoline Contrast burst imaging (CBI); Power SonoVue nm, 60 seconds twosided 0; CT AUC, TTP, PI
et al. 2008 tumour Elegra, 2.5 Doppler (funcamental); 10 cm; axial; 5ml (1 Hz)
MHz, TF MI 1.8 (2ml/s)
1.2-2.4 MHz
Vicenzini et 15; Brain | Acuson Contrast Pulse Sequencing (CPS); SonoVue direct, 120 onesided nm CT/MRI PI,TTP, full
al. 2008 tumour, 5; | Sequoia Power Doppler (fundamental); 2.5 ml seconds (30 Hz) width, MTT,
intracerebral | 512, 2.5 unknown depth; axial mesencephalic AUC,
hemorrhage | MHz, nm and diencephalic plane; MI 0.9 perfusion
index
Krogiaset | 10 Severe Sonoline Pulse Inversion Harmonic Imaging SonoVue direct, nm (0.5 onesided 0; MRI Pl, TPI, PW
al. 2010 ICA Elegra2.5 (PIHI); grey scale; 15 cm (bilateral 2.5 ml Hz) bilateral
stenosis MHz, TF approach); axial diencephalic plane;




Table 8: Overview of the characteristics of the CEUS studies using the refill kinetics approach. Abbreviations: mechanical index (MI), transducer type (TD), transmit
frequency (TF), ultrasound contrast agent (UCA) and in case characteristics were not mentioned nm was notated.

MI 1.47 (10 flashes) and 0.17

Author Study us US method, depth, insonation UCA Start after Insonation Side Reference | Perfusion parameters
Population | system, plane, Ml UCA, side effects
TD, TF acquisition time
Refill
Seidel et 12 heathy | SONOS Harmonic Imaging (HI); grey scale; | Optison 90 seconds, 16 onesided 0; A, B, Axp
al. 2002 5500, 10 cm; axial diencephalic plane; 4.5 ml min total
1.8/3.6 MI 1.0-1.6 total (0.5 examination
MHz, nm ml/min en
1.0
ml/min)
Bartelset | 6 Acute Acuson Contrast pulse sequencing SonoVue nm (0.5and 1 onesided 0; MRI Time between application
al. 2005 ischemic Seqouia technology (CPS) (single-pulse 2x 2.5 ml Hz) of UCA and appearance,
stroke; 4 512, 2-4 transmission technology); grey (slow) TTP, bolus duration, mean
healthy MHz, nm | scale; unknown depth; axial intensity before, during
mesencephalic brainstem and bolus, and steady state
diencephalic plane; MI 1.1 and plateau (dB), mean bolus
stroke 0.28, healthy 0.29 perfusion quotient, steady
state perfusion quotient (%)
Heppner 6, SONOS Power Modulation Imaging (PM); Definity nm, 10 seconds | Craniectomy | nm X A, B, Axp
etal. 2006 | Traumatic | 5500, nm, | unknown depth; sagittal and 0.1 ml/min
brain TF 1.7 coronal planes through bur hole
injury MHz (craniotomy); M1 0.7, (2 frames)
and 0.2
Kernetal. | 23 Acute iu22 Contrast Pulse Sequencing (CPS); SonoVue direct, 10 twosided 0; PWI A, B, it-TTP
2011 ischemic xMatrix, Power Doppler (fundamental); 2.5ml seconds (15 Hz)
stroke 1-5MHz, | unknown depth; axial 20 degrees
nm cranial from mesencephalic plane;
MI 1.32 (10 flashes) and 0.17
Bolognese | 24 Acute iu22 Contrast Pulse Sequencing (CPS); SonoVue direct, 10 twosided nm DWI rt-TTP, A, B, AxB
etal. 2013 | ischemic xMatrix, Power Doppler (fundamental); 2,5ml seconds &TCCD
stroke 1-5MHz, | unknown depth; axial 20 degrees
nm cranial from mesencephalic plane;
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Table 9: Overview of the characteristics of the CEUS studies using the depletion kinetics approach. Abbreviations: mechanical index (MI), transducer type (TD), transmit

frequency (TF), ultrasound contrast agent (UCA) and in case characteristics were not mentioned nm was notated.
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Author Study US system, US method, depth, insonation UCA Start after Insonation | Side effects | Reference | Perfusion
Population | TD, TF plane, Ml UCA, side parameters
acquisition
time
Depletion
Meyer 12 healthy SONOS Harmonic Imaging (HI); Integrated Optison 4.5 ml total | 90 seconds, | onesided 0; X Acoustic
and Seidel 5500, 1.8/3.6 | backscatter (IBS); grey scale; 10 cm; | (0.5 ml/min, 1.0 2 seconds Intensity
2002 MHz, nm axial diencephalic plane; M1 1.6 ml/min)
Eyding et | 17 healthy Sonoline Contrast burst imaging (CBI); Power | Levovist: 8ml 40 seconds, | twosided 4 subjects PWI PC, DC
al. 2003 Elegra, 2.5 Doppler (funcamental), 10 cm, axial (2ml/s); Optison: nm (at 1 Hz) (Optison)
jan MHz, nm diencephalic plane; MI 1.8 0.5 ml (0.5 ml/s) with local
effects
Eyding et | 18 healthy Sonoline Contrast burst imaging (CBI); Power | Levovist: 8ml 40 seconds, onesided 4 subjects X Tmin, PC
al. 2004 Elegra, 2.5 Doppler (funcamental), 10 cm, axial (2ml/s); Optison: 10-35 with local
apr MHz, nm diencephalic plane; MI 1.8 0.5 ml (0.5 ml/s) seconds effects
(T1/2) (Optison)
Eyding et | 13 healthy Sonoline Contrast burst imaging (CBI) and Optison 0.5 ml; 0.5 | 40 seconds, | onesided 2 subjects X PC, Tmin,
al. 2004 Elegra, 2.5 Pulse Inversion Harmonic Imaging ml/s nm (1 Hz) with local RE
aug MHz, nm (PIHI); unknown depth; axial effects
diencephalic plane; M1 1.8
Kernetal. | 15;Acute HDI 5000, 2- | Power pulse inversion contrast SonoVue 2.5 ml 30 seconds, | twosided 0; PWI 3 1, 1(t0),
2004 ischemic 4 MHz, nm harmonic imaging (PPICHI); Power 1.4 seconds I(tbaseline)
stroke Doppler; axial 20 degrees cranial (14 Hz)
from mesencephalic plane; M1 1.2
(20 frames) and low
Kernetal. | 12 HDI 5000, 2- | Pulse Inversion Harmonic Imaging SonoVue 2 mi 30 seconds, | twosided 0; CT PI, TTPI,
2008 Intracerebral | 4 MHz, nm (PIHI); grey scale; 12 cm; axial; Ml bolus and 1 ml/min | 1.4 seconds PC, DC
hemorrhage 1.3 (14 Hz)




