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Problems with Transcranial Ultrasound Problems with Transcranial Ultrasound 
Perfusion ImagingPerfusion Imaging

1) Bone1) Bone-- and depthand depth--dependent attenuation of the ultrasound dependent attenuation of the ultrasound 
signalssignals

2) Ultrasound systems2) Ultrasound systems
a.a. insufficient resolution and sensitivity (low signalinsufficient resolution and sensitivity (low signal--toto-- 

noise ratio)noise ratio)
b.b. optimal signal processing and imaging proceduresoptimal signal processing and imaging procedures

1. imaging parameters
2. transmitting and receiving frequencies

c.c. inhomogeneous acoustic pressures in sector scansinhomogeneous acoustic pressures in sector scans
3) Ultrasound contrast agents3) Ultrasound contrast agents

a. size and instability of microbubbles
b. absorption and scattering (shadowing)
c. non-linear relation between microbubble concentration 

and image intensity (bubble saturation)
4) Low data reproducibility (transducer fixation, data analysis,4) Low data reproducibility (transducer fixation, data analysis, 

etc)etc)



Ultrasound Interaction with MicrobubblesUltrasound Interaction with Microbubbles
Transient scatteringTransient scattering

Stimulated Acoustic Stimulated Acoustic 
Emission (SAE)Emission (SAE)

Loss of correlation (LOC)Loss of correlation (LOC)

NonNon--linear backscatterlinear backscatter
Harmonic imagingHarmonic imaging

Linear backscatterLinear backscatter

Conventional imagingConventional imaging
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resonant oscillationresonant oscillation



Ultrasound Perfusion Imaging of the BrainUltrasound Perfusion Imaging of the Brain
a) Harmonic Imaging (HI)a) Harmonic Imaging (HI)-- transcranialtranscranial

1) Gray1) Gray--scale HIscale HI
1. Integrated backscatter (IBS);1. Integrated backscatter (IBS);SONOS5500; Levovist, Optison, BY963, BR14, SonoVue

Second harmonic imagingSecond harmonic imaging
Human (Postert et al 1998, 1999, 2001, Seidel et al 1999, 2000, 2001, 2002, 2003, 2004, 2006，

 Wiesmann et al 2000, 2004, Harrer et al  2002, 2003, 2004, 2008, Meyer et al 2002, 2003, 
2007,  Shiogai et al 2002, 2003, 2004, 2005, Caruso et al 2005)

Dogs (Claassen et al 2001, Seidel et al 2001)
UltraharmonicUltraharmonic imagingimaging Human (Shiogai et al 2004)

2. 2. BB--modemode; ; SONOS5500; Levovist (Federlein et al 2000, Shiogai et al 2005) , Shiogai et al 2005) 

3. 3. Pulse (Phase)Pulse (Phase)--inversion HIinversion HI;; HDI5000, Sonoline Elegra, Sequia512; Levovist, 
Sonazoid, Optison, SonoVue

Human (Meairs et al 2000, Postert et al 2000, Nakaoka et al 2001, Eyding et al 2003, 2004, 2005, 
2006, 2007, Holscher et al 2003, Krogias et al 2005, Nolte et al 2005; Engelhardt et al 2007, 
Holscher et al 2007, Wang et al 2007 - via a skull defect), Jungehulsing et al 2008

Dogs (Rim et al 2001)
2) Power HI (PHI): 2) Power HI (PHI): 

1. 1. Harmonic Power Doppler Imaging (PDI)Harmonic Power Doppler Imaging (PDI);; SONOS5500; Levovist, Optison, Sonazoid
Human (Shiogai et al 2000, 2004, 2006, 2008)
Dogs (Seidel et al 2000, Meyer et al 2002) 

2. PowerPower PulsePulse--inversion HIinversion HI;; HDI5000; SonoVue: Human (Kern et al 2004)
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a) Bolus Injection of UCA (Bolus kinetics)a) Bolus Injection of UCA (Bolus kinetics)
1)1) Central Volume Principle (Meier andCentral Volume Principle (Meier and ZielerZieler 1954)1954)

Cerebral blood flow (CBF, ml/min/g) = Cerebral blood 
volume (CBV, ml/g)/ Mean transit time (MTT)

CBV = AUC (brain tissue)/ AUC (artery)
2)2) Contrast Burst Depletion ImagingContrast Burst Depletion Imaging (Eyding et al 2003, 

2004)
perfusion coefficient (p), destruction coefficient (d)
C (n) = C0(Xn-1+Y*Xn-1-1/X-1)

X = e-d*e-pΔt, Y = (1-e-pΔt)
3)3) MicrobubbleMicrobubble Destruction Imaging (Power PIHI)Destruction Imaging (Power PIHI) (Kern et 

al 2004)
ΔΙ = I (t0) - I (tbaseline)

Quantitative Measurements of Quantitative Measurements of 
Brain Tissue Perfusion IBrain Tissue Perfusion I



Bolus KineticsBolus Kinetics

KY 66M Lacunar InfarctKY 66M Lacunar Infarct

TemporalTemporal
Lobe (TL)Lobe (TL)

Basal ganglia (BG)Basal ganglia (BG)

Thalamus (Thalamus (ThTh))

TimeTime--IntensityIntensity
Curve (TIC) Curve (TIC) 

RR LL1.8/ 3.61.8/ 3.6MHzMHz
SHI (IBS)SHI (IBS)

Shiogai et alShiogai et al NeurotraumaNeurotrauma
24:7724:77--82, 200182, 2001



Dynamic CT PerfusionDynamic CT Perfusion

RR LL

Temporal Temporal 
Lobe (TL)Lobe (TL)

Basal Basal 
ganglia ganglia 
(BG)(BG)

Thalamus (Thalamus (ThTh))

TimeTime--Density Density 
Curve (TDC)Curve (TDC)

TY47 F Traumatic SAHTY47 F Traumatic SAH



PI (PH) between Transcranial Ultrasound PI (PH) between Transcranial Ultrasound 
Perfusion Imaging (TPI) and Dynamic CT Perfusion Imaging (TPI) and Dynamic CT 

PI (dB) PH (HU)
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Ultrasound Perfusion Imaging of the BrainUltrasound Perfusion Imaging of the Brain
b) Stimulated Acoustic Emission (SAE)b) Stimulated Acoustic Emission (SAE)-- 

transcranialtranscranial
1)1) PDI and Color Velocity ImagingPDI and Color Velocity Imaging

HDI5000, Sequoia512; Levovist
Human (Pohl et al 2000, Schlachetzki et al 2001- via a skull defect )

2)2) Contrast Burst (Depletion) Imaging/ Time Variance Contrast Burst (Depletion) Imaging/ Time Variance 
ImagingImaging

Sonoline Elegra; Levovist, SonoVue
Human (Postert et al 2000, Meves et al 2002, Eyding et al 2003, 2004, 

Holscher 2005, Ickenstein et al 2008)
3)3) Contrast Pulse Sequencing (CPS)Contrast Pulse Sequencing (CPS)

Sequoia512; SonoVue
Human (Bartels et al 2004 - via a skull defect, 2005, 2006)

4)4) Power Modulation Imaging (PMI)Power Modulation Imaging (PMI)
SonosSonos5500;5500; Levovist

Human (Shiogai et al 2007)
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Power Modulation Imaging (PMI)Power Modulation Imaging (PMI)

KT 75M RICAOKT 75M RICAO

Levovist Levovist 
(400mg/ml 2.5g) (400mg/ml 2.5g) 
Bolus Injection Bolus Injection 

PI = 2SPI = 2S

beforebefore afterafter

R Temporal WindowR Temporal Window

PM (1.7MHz)PM (1.7MHz)

SONOS5500SONOS5500

VascVasc Lab 3:88Lab 3:88--95, 200695, 2006



Vasomotor Reactivity Vasomotor Reactivity 
(CO(CO22 and Acetazolamide)and Acetazolamide)

vonvon ReuternReutern and vonand von BudingenBudingen 19931993

AcetazolamideAcetazolamide



ACZ Vasoreactivity (PHI)ACZ Vasoreactivity (PHI)

TO 55M ATI (L ICAO)TO 55M ATI (L ICAO)
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ACZ Vasoreactivity Test (PHI)ACZ Vasoreactivity Test (PHI)

TO 55M ATI (L ICAO)TO 55M ATI (L ICAO)

ACZ ACZ 

R R L L 

at restat rest

5 months after onset 5 months after onset 

DiamoxDiamox®®

500mg IV500mg IV

Shiogai et al. Minimally Invasive Neurosurgery Shiogai et al. Minimally Invasive Neurosurgery 
and Multidisciplinaryand Multidisciplinary Neurotraumatology Neurotraumatology 
SpringerSpringer--VerlagVerlag, 2006, pp360, 2006, pp360--367 367 



Parameters* Lesion side Non-lesion side
MCA Vm vs. Contrast area 0.45 (ns) 0.69 (p < 0.01)
MCA Vm vs. PI 0.48 (ns) 0.64 (p < 0.05)
MCA Vm vs. TPI - 0.17 (ns) - 0.65 (p < 0.05)
PCA Vm vs. Contrast area 0.50 (ns) 0.67 (p < 0.05)
PCA Vm vs. PI 0.37 (ns) 0.66 (p < 0.05)
PCA Vm vs. TPI - 0.36 (ns) -0.48 (ns)

Correlation Coefficient (p value**)
Occlusive group (n = 15)

Correlation of Vasoreactivity between Correlation of Vasoreactivity between 
transcranial CDS and PHI parameters transcranial CDS and PHI parameters 

Shiogai et al.Shiogai et al. Acta NeurochirActa Neurochir (submitting)(submitting)



1.8/ 3.61.8/ 3.6MHzMHz

Acetazolamide Test (Bolus Kinetics)Acetazolamide Test (Bolus Kinetics)

ＷＷY Y ７３７３M M Ｌ　Ｌ　Cervical ICASCervical ICAS

TemporalTemporal
Lobe (TL)Lobe (TL)

Basal ganglia (BG)Basal ganglia (BG)

Thalamus (Thalamus (ThTh))

AcetazolamideAcetazolamide

RR

at Restat Rest

SHISHI（（IBS)IBS)

Shiogai et al.Shiogai et al. Acta NeurochirActa Neurochir ((SupplSuppl) 86:59) 86:59--63, 200363, 2003



Vasoreactivity (Vasoreactivity (%%Δ Δ CBF) of CBF) of 
Harmonic Perfusion Imaging (HPI) Harmonic Perfusion Imaging (HPI) 

and Dynamic CT and Dynamic CT ((DCT)DCT)

n = 12n = 12
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b) Continuous Infusion of UCAb) Continuous Infusion of UCA
1) 1) Refill kinetics (Refill kinetics (WeiWei et al 1998, Rim et al 2001, Seidel et al 2001, et al 1998, Rim et al 2001, Seidel et al 2001, 

2002, Shiogai et al 2005)2002, Shiogai et al 2005)
Intensity (I) and pulsing interval (t)Intensity (I) and pulsing interval (t)
I (t)I (t) = = A A (1(1--ee --ββｔｔ

))
A : plateau intensity (microvascular cross-sectional area: 

blood volume)
β: rise rate of intensity (microbubble velocity)

2) Diminution kinetics (Meyer and Seidel 2002,2) Diminution kinetics (Meyer and Seidel 2002, MeyerMeyer--WietheWiethe et et 
al 2005, Kier et al 2007)al 2005, Kier et al 2007)

I (t) = II (t) = I00ee--ββｔｔ
++B (baseline intensity)B (baseline intensity)

3) Contrast Destruction Imaging (3) Contrast Destruction Imaging (LucidarmeLucidarme et al 2003)et al 2003)
flow parameter (1/flow parameter (1/ττ), destruction factor (), destruction factor (λλ))
C (n) = C0(XC (n) = C0(Xnn--11+Y*+Y*XXnn--11--1/X1/X--1), X = e 1), X = e --λδλδtt

・・ee --ΔΔtt//ττ, y = (1, y = (1--ee--ΔΔt/t/ττ
 ))

Quantitative Measurements of Brain Quantitative Measurements of Brain 
Tissue Perfusion IITissue Perfusion II



Refill Kinetics Refill Kinetics 

((WeiWei et al. Circulation 97:473et al. Circulation 97:473--483,1998, 483,1998, Rim SRim S--J et al. Circulation 104:2582J et al. Circulation 104:2582--2587, 2587, 
20012001, Seidel et al. Ultrasound Med, Seidel et al. Ultrasound Med BiolBiol 27:105927:1059--1064,2001, 28:1831064,2001, 28:183--189, 2002)189, 2002)

A A : plateau intensity (: plateau intensity (microvascularmicrovascular crosscross--sectional area = blood volume)sectional area = blood volume)
ββ : rise rate of intensity (: rise rate of intensity (microbubblemicrobubble velocity)velocity)

AA

ββ 　　

microbubbles constant infusion



Correlation with CBFCorrelation with CBF

Rim SRim S--J et al. Circulation 104:2582J et al. Circulation 104:2582--2587, 20012587, 2001



Refill KineticsRefill Kinetics
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ACZ Effects for ACZ Effects for ββ
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Related Factors of Optimal Transcranial Related Factors of Optimal Transcranial 
Perfusion Imaging of the Brain Perfusion Imaging of the Brain 

a) Signal processing and imaging proceduresa) Signal processing and imaging procedures
sufficient resolution and sensitivity (high Ssufficient resolution and sensitivity (high S--N ratio)N ratio)
precise anatomical orientation precise anatomical orientation 
simple and quicker visualizationsimple and quicker visualization

1) GrayGray--scale imagingscale imaging (IBS, B-mode, Pulse-inversion, etc) 
ColorColor--coded imagingcoded imaging (PHI, Power Pulse-inversion, Parametric 
imaging, etc)

2) Harmonic imagingHarmonic imaging (2nd, ultra-, 1.5-, sub-harmonics?) 
Fundamental imagingFundamental imaging (CBI, TVI, ADF, Dynamic flow, etc)
CPS, CPS, Power modulationPower modulation, Power modulated pulse, Power modulated pulse--inversioninversion

3) Transient response imagingTransient response imaging
Continuous (realContinuous (real--time) imagingtime) imaging

4) Transmitting and receiving frequencies Transmitting and receiving frequencies 
less bone-dependent attenuation

5) Ultrasound contrast agentsUltrasound contrast agents
1. Levovist
2. Sonazoid, SonoVue, Optison, Definity, etc



Optimal Transcranial Perfusion Optimal Transcranial Perfusion 
Imaging of the BrainImaging of the Brain

b) Evaluationb) Evaluation
Qualitative or Qualitative or Quantitative Quantitative (Semi(Semi-- 

quantitative)quantitative)
1)1) Methods:Methods:Bolus Bolus or Infusionor Infusion
2)2) Transducer fixationTransducer fixation　　((SonopodSonopod))
3)3) Analysis (kinetics): Analysis (kinetics): 

Bolus, Refill, and Bolus, Refill, and Depletion Depletion 
(Diminution, Destruction) (Diminution, Destruction) 



Therapeutic ApplicationTherapeutic Application
1.1. SonothrombolysisSonothrombolysis

Combined withCombined with tt--PAPA ((MCA/BA)MCA/BA)
Levovist,Levovist, SonoVueSonoVue,, DefinityDefinity, MRX, MRX--801 (801 (SonoLysisSonoLysisTMTM ))

2.2. SonodynamicSonodynamic therapytherapy
SonoporationSonoporation，，BBB openingBBB opening
Drug Delivery System, DDSDrug Delivery System, DDS
ApoptosisApoptosis
SonotransfectionSonotransfection

Carotid stenosis, etcCarotid stenosis, etc
3.3. Targeting ImagingTargeting Imaging

endothelial cells, thrombus, inflamed tissue,endothelial cells, thrombus, inflamed tissue, angiogenesisangiogenesis
Molecular ImagingMolecular Imaging

GlycoproteinGlycoprotein ((GPIIbGPIIb//IIIaIIIa):C):C44FF10 10 (MRX(MRX--408), C408), C33FF88, SF, SF66

SelectinSelectin,, IntegrinIntegrin, ICAM, ICAM--11，，VEGFR2, etcVEGFR2, etc



Targeted MicrobubblesTargeted Microbubbles

DijkmansDijkmans et al.et al. EurEur JJ EchocardiogrEchocardiogr 5:2455:245--256, 2004256, 2004

endothelial cells
thrombus
inflamed tissue
angiogenesis



Bubble Targeting ImagingBubble Targeting Imaging

KaufmannKaufmann and Lindnerand Lindner Curr Opin BiotechnolCurr Opin Biotechnol 2007;18:112007;18:11--16. 16. 

LeucocyteLeucocyte--targeted targeted 
microbubblesmicrobubbles

Post Post ––ischemicischemic myocardial inflammationmyocardial inflammation



ConclusionsConclusions
Further studies would be 

indispensable in establishing not 
only optimal transcranial perfusion 
imaging, but also therapeutic 
microbubble applications to the 
brain.
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