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he Quantification of Absolute Myocardial
erfusion in Humans by Contrast Echocardiography
lgorithm and Validation
olf Vogel, MD, PHD, MSEE,* Andreas Indermühle, MD,* Jessica Reinhardt, MD,* Pascal Meier, MD,*
atrick T. Siegrist, MD,† Mehdi Namdar, MD,† Philipp A. Kaufmann, MD,†
hristian Seiler, MD, FACC, FESC*
ern and Zurich, Switzerland

OBJECTIVES We sought to test whether myocardial blood flow (MBF) can be quantified by myocardial
contrast echocardiography (MCE) using a volumetric model of ultrasound contrast agent
(UCA) kinetics for the description of refill curves after ultrasound-induced microsphere
destruction.

BACKGROUND Absolute myocardial perfusion or MBF (ml·min�1·g�1) is the gold standard to assess
myocardial blood supply, and so far it could not be obtained by ultrasound.

METHODS The volumetric model yielded MBF � rBV·�/�T , where �T equals tissue density. The relative
myocardial blood volume rBV and its exchange frequency � were derived from UCA refill
sequences. Healthy volunteers underwent MCE and positron emission tomography (PET) at
rest (group I: n � 15; group II: n � 5) and during adenosine-induced hyperemia (group II).
Fifteen patients with coronary artery disease underwent simultaneous MCE and intracoro-
nary Doppler measurements before and during intracoronary adenosine injection.

RESULTS In vitro experiments confirmed the volumetric model and the reliable determination of rBV
and � for physiologic flow velocities. In group I, 187 of 240 segments were analyzable by
MCE, and a linear relation was found between MCE and PET perfusion data (y � 0.899x
� 0.079; r2 � 0.88). In group II, resting and hyperemic perfusion data showed good
agreement between MCE and PET (y � 1.011x � 0.124; r2 � 0.92). In patients, coronary
stenosis varied between 0% to 89%, and myocardial perfusion reserve was in good agreement
with coronary flow velocity reserve (y � 0.92x � 0.14; r2 � 0.73).

CONCLUSIONS The volumetric model of UCA kinetics allows the quantification of MBF in humans using
MCE and provides the basis for the noninvasive and quantitative assessment of coronary
artery disease. (J Am Coll Cardiol 2005;45:754–62) © 2005 by the American College of

ublished by Elsevier Inc. doi:10.1016/j.jacc.2004.11.044
Cardiology Foundation
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yocardial blood flow (MBF) (ml·min�1·g�1), also re-
erred to as absolute myocardial perfusion, is the gold
tandard to assess myocardial blood supply. It is defined as
he blood flow (ml·min�1) into a region relative to its mass
g), and so far, can only be determined by positron emission
omography (PET) in humans.

Since the introduction of ultrasound contrast agents
UCA), it has been unsuccessfully attempted to use myo-
ardial contrast echocardiography (MCE) for the measure-
ent of absolute myocardial perfusion. Currently, MCE

btains UCA refill curves after ultrasound-induced micro-
phere destruction during UCA infusion, and it has been
hown experimentally that the respective video intensity y(t)
ollows an exponential function:

y(t) � A·�1 � e��·t� [1]

From the *Department of Cardiology, University Hospital, Bern, Switzerland; and
he †Department of Nuclear Cardiology, University Hospital, Zurich, Switzerland.
his work was supported by grants from the Swiss National Science Foundation (No.
2-58945.99) and the Swiss Heart Foundation.
p
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yocardial plateau signal intensity A and rate constant of
ise � have been interpreted as microvascular cross-sectional
rea and microsphere velocity, respectively. Wei et al. (1)
howed in dogs that � and the product A·� are semiquan-
itative estimates of MBF. Although � values vary with
ifferent MCE techniques (2), parameter � can be used to
ssess perfusion changes given that myocardial blood con-
ent variations are negligible. The latter assumption intro-
uces a substantial error into the conventional measurement
f myocardial perfusion by MCE, because myocardial blood
ontent as reflected by A may vary within and between
yocardial regions, with therapeutic interventions or bio-

ogic variables such as age, gender, and cardiovascular risk
actors. Therefore, myocardial blood content should be
irectly determined for the comparison of regional perfusion
ata. However, for parameter A this is impossible because it
trongly depends on UCA concentration, scanner settings,
nd acoustic tissue properties. Hence, the reliability of the
roduct A·� is not given, and this emphasizes the need for

robust quantitative method for assessing myocardial

erfusion.
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Based on a mathematical volumetric model of UCA refill
inetics, we present an algorithm for the quantification of
bsolute myocardial perfusion using myocardial and blood
ool video intensity measurements (Appendix, section A).
yocardial blood flow can be calculated from the blood

olume pool relative to the surrounding myocardial tissue
i.e., relative blood volume [rBV]), the exchange frequency
f this blood volume, and tissue density �T :

MBF �
rBV·�

�T
�

�A ⁄ ALV�·�

�T
[2]

ccording to our model, the blood volume exchange fre-
uency equals �, and the rBV can be estimated quantita-
ively by the division of myocardial plateau video intensity A
nd the adjacent left ventricular intensity (ALV). The anal-
sis of nearby regions within the myocardium and the left
entricle is proposed to compensate for regional beam
nhomogeneities and contrast shadowing.

Objectives of this study were to verify the volumetric
odel by controlled in vitro experiments, to validate the

lgorithm versus PET in healthy volunteers, and to dem-
nstrate its applicability to patients with coronary artery
isease (CAD) by the comparison with intracoronary
oppler measurements.

ETHODS

n vitro experiments. Myocardial tissue and the left ven-
ricular cavity were modeled by hemodialysis filters (mim-
cking the microcirculation) and polypropylene tubes (mim-
cking the macrocirculation; inner diameter 8 mm, wall 1.6

m, Ismatec, Glattbrugg, Switzerland). Two filters were
nvestigated, filter one: Filtral 20 AN69F (Hospal, Meyzieu,
rance), inner fiber diameter 240 �m, rBV 0.327; filter two:
emoflow HF80S (Fresenius Medical Care AG, Bad
omburg, Germany), inner fiber diameter 200 �m, rBV

.213. Filters and polypropylene tubes were connected in
eries and, by bending the tube into a U-shape, aligned in
arallel with a horizontal displacement of 50 mm. The
hantom was mounted in upright position. Physiologic
aline and UCA was driven down the tube and up the filter
y means of a calibrated peristaltic pump (MCP Standard
RO-280, Ismatec). A damping reservoir serving as Wind-

Abbreviations and Acronyms
CAD � coronary artery disease
CCI � coherent contrast imaging
CFVR � coronary flow velocity reserve
MBD � manual bubble destruction
MBF � myocardial blood flow
MCE � myocardial contrast echocardiography
MPR � myocardial perfusion reserve
PET � positron emission tomography
rBV � relative blood volume
UCA � ultrasound contrast agent
essel was inserted between the pump and UCA injection t
ite. A closed circuit was established by removing the
icrospheres via the transmembranous path of a second

emodialysis filter (Hemoflow HF80S, Fresenius Medical
are AG, Bad Homburg, Germany) downstream the per-

usion phantom.
For experiments, the phantom was immersed in tap

ater. The image plane was 11 cm above the filter inlet. The
esulting contrast-containing volume between the site of
CA destruction within the tube and UCA detection
ithin the filter was approximately 61 ml and 52 ml for
lters one and two, respectively. These volumes prevented
he propagation of the destruction zone from the tube into
he filter detection zone during the recording of refill
equences. Filters one (two series with complete replace-
ent of filters and tubes) and two were investigated at flow

ates between 30 to 230 ml·min�1 and 10 to 200 ml·min�1.
he resulting filter flow velocities were 1.1 to 8.1 mm·s�1

nd 0.4 to 8.6 mm·s�1 and covered the physiologic range of
he microcirculation (3).
tudy population. The study protocol was approved by the
thics committees of the universities of Bern and Zurich. A
otal of 20 healthy volunteers and 15 patients were enrolled
n the study. The volunteers had no history of cardiac or
ulmonary disease, hypertension, diabetes mellitus, or
moking. Their lipid profile, hemoglobin level, electrocar-
iogram, and color Doppler echocardiography was within
ormal limits. The patients who were scheduled for elective
oronary angiography were screened for significant coronary
rtery stenosis. All participants gave written informed con-
ent to participate in the study.

CE. DATA ACQUISITION. Constant infusion of FS069
OPTISON, Amersham Health SA, Oslo, Norway) was
sed for MCE. For in vitro experiments, FS069 was diluted
ith physiologic saline (1:9) and infused at a rate of 20
l·h�1. Human studies were performed with parallel intra-

enous infusion of FS069 3 to 6 ml at a rate of 10 to 20
l·h�1 and physiologic saline at a rate of 400 ml·h�1.
A Sequoia C256 ultrasound scanner equipped with a

V2c transducer and coherent contrast imaging (CCI) was
sed for real-time MCE (Siemens Medical Solutions,
ountain View, California). Settings were as follows:
echanical index for microsphere detection 0.08, mechan-

cal index for microsphere destruction 1.3, dynamic range 60
B, linear postprocessing, clip length 200 frames with
riggered intervals of 50 and 75 ms for in vitro and in vivo
tudies, respectively. Refill sequences were generated using
he manual bubble destruction (MBD) feature of the
canner and captured digitally for offline quantification
DataPro 2.11, Noesis S.A., Courtaboeuf, France). Loga-
ithmic signal compression was removed, and linearized
ntensity data were expressed in arbitrary units.

ATA ANALYSIS. Figure 1A depicts the placement of re-
ions of interest within the microcirculation-mimicking
lter and the macrocirculation-mimicking tube. Filter in-

ensity data were corrected for noncontrast signals arising
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rom filter fibers or trapped air by subtracting the intensity
f the first frame after MBD; parameters � and A resulted
rom fitting to equation (Equation 1). Averaging across the
ube lumen yielded ALV ; frames during MBD and mac-
ophantom refill were discarded. For the comparison with
he independent variable of the perfusion phantom (i.e.,
ump flow Qpump), absolute filter perfusion assessed by
CE was transformed into total filter flow QMCE as

escribed in the Appendix, section B.
In vivo, quantitative perfusion analysis was performed on

nd-systolic frames selected from the perfusion sequence.
ccording to the standard 16-segment myocardial region

igure 1. Region-of-interest placement (solid white lines) for in vitro and
uman studies. (A) Contrast image of the perfusion phantom, left and
ight echo-dense structure represents the cross-section of the hemodialysis
lter and the left-ventricular analogue, respectively. The trapezoidal
ppearance of the filter is caused by total reflectance on the filter housing.
B) Four-chamber view of a healthy volunteer.
odel, regions-of-interest were placed and tracked manu- r
lly within the myocardium and in the adjacent left ventric-
lar cavity (Fig. 1B). Myocardial intensity data were cor-
ected for noncontrast signals arising from the tissue by
ubtracting the signal intensity of the first frame after MBD.

yocardial plateau signal intensity A was calculated using
he frames before MBD. Parameter � (s�1) was derived
rom the frames after MBD. For further analysis � data
ere transformed into min�1. Signal averaging of all but the

rames during and the first one after MBD yielded the
ignal intensity of the left ventricle ALV. In accordance with
ET, �T was set to 1.05 g·ml�1, and MBFMCE was
alculated with equation (Eq 2). Myocardial perfusion
eserve (MPR) was calculated by dividing hyperemic and
esting myocardial perfusion.
ET. Positron emission tomography studies were per-

ormed using a whole-body scanner (GE Advance PET-
canner, General Electric, Milwaukee, Wisconsin). An

ntravenous bolus of 13N-ammonia 700 to 900 MBq was
njected for perfusion image acquisition, which was followed
y a transmission scan for photon attenuation correction.
3N-ammonia, like UCA in conjunction with the volumet-
ic model, allows the measurement of MBF per total tissue
olume (4). Semiautomatic offline analysis (pmod package,
MOD Technologies, Adliswil, Switzerland) yielded
BFPET that was corrected for partial volume effect and

pillover.
ardiac catheterization and intracoronary Doppler study.
atients underwent biplane coronary angiography followed
y left ventricular angiography. Intracoronary flow velocity
easurements (5) were performed with the 0.014� JO-
ETRICS FloWire XT (JOMED, Rancho Cordova,

exas). The coronary flow velocity reserve (CFVR) distal to
he stenosis was determined by dividing hyperemic average
eak velocity (cm·s�1) by resting average peak velocity. Steno-
is severity expressed as percent diameter reduction was as-
essed offline using the catheterization laboratory quantifica-
ion software (Philips DA, Best, the Netherlands).

uman study protocol. Myocardial contrast echocardiog-
aphy and invasive studies were performed at the University

ospital of Bern; PET studies were carried out at the PET
enter of the University Hospital Zurich. Myocardial

ontrast echocardiography, PET, and Doppler studies were
nalyzed by three independent examiners blinded to the
ther methods’ results.
Volunteers of group I (n � 15) and group II (n � 5)

nderwent MCE and PET perfusion imaging at rest. In
roup II, MCE and PET imaging was repeated during
aximal coronary hyperemia induced by intravenous aden-

sine 140 �g·kg�1·min�1.
In patients (n � 15), coronary angiography provided the

asis for the selection of the target artery and its myocardial
erritory. Intracoronary Doppler measurements and MCE
ere then performed simultaneously at rest and during
yperemia. Hyperemia was induced using an intracoronary
olus of 18 �g adenosine for left and 12 �g adenosine for

ight coronary arteries. After completion of study-related
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igure 2. Summary of perfusion studies of filter one (left panels) and two (right panels). Myocardial contrast echocardiography (MCE) perfusion
arameter � (A), relative blood volume (rBV) (B), and filter flow QMCE (C) are plotted versus calibrated pump flow Qpump. Solid lines � regression lines.
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easurements, percutaneous intervention was performed
here indicated.
tatistical methods. Statistical data are expressed as mean

SD. Paired and unpaired t tests were used for the
omparison of dependent and independent samples. Anal-
sis of variance followed by Scheffé’s post-hoc testing was
sed for multiple comparison procedures. Correlations were
ssessed using linear regression analysis, and accuracy of the
rediction was measured by the standard error of the
stimate (SEE). Interobserver variability of MCE perfusion
ata is reported as mean � SD of differences of paired
nalysis. Statistical significance was set at p � 0.05.

ESULTS

n vitro experiments. Figure 2 summarizes the in vitro
erfusion data. As anticipated, measured values of exchange
requency � of filters one and two varied linearly with pump
ow. For very low flow rates, the rBV of filter one was
verestimated due to insufficient fitting of incompletely
ecorded slow refill curves, and the data (three measure-
ents) were excluded from the further analysis. Mean �

D rBVs of filters one and two were 0.284 � 0.028 ml·ml�1

nd 0.219 � 0.023 ml·ml�1, respectively. The rBV of filter
ne was independent of pump flow. In the case of filter two,
here was a weak linear relationship between the measured
BV and pump flow (Fig. 2B). For the comparison with the
ndependent variable of the perfusion phantom (i.e., pump
ow), absolute filter perfusion assessed by MCE was trans-
ormed into filter flow QMCE (Appendix, section B, equa-
ion B 1). Figure 2C shows that MCE provides accurate
easurements of pump flow in both filters, the fact which

nally corroborates the volumetric model.
uman studies. MCE VERSUS PET. Mean � SD age of

olunteers (3 women, 17 men) was 32 � 10 years (range 22
o 62 years). Their basic hemodynamic parameters during

CE and PET studies did not differ significantly (Table 1).
igure 3 summarizes the segmental analysis of an MCE
erfusion sequence of a 22-year-old female captured from
he two-chamber view at rest. Myocardial and left ventric-
lar signals demonstrate regional heterogeneity and are
uperimposed by cyclic variations with fundamental fre-

able 1. MCE versus PET: Summary of Hemodynamic and Per
5 Volunteers)

Variable

Rest

MCE PET

eart rate, min�1 66 � 9 69 � 11
BP, mm Hg 121 � 13 119 � 11
PP, min�1 mm Hg 7,883 � 1,280 8,252 � 1,522
BF, ml·min�1·g�1 0.828 � 0.318 0.826 � 0.332

, min�1 8.159 � 4.811*
BV, ml·ml�1 0.123 � 0.045†

alues are mean � SD. *p � 0.0001; †p � 0.005.
MBF � myocardial blood flow; MCE � myocardial contrast echocardiography; P

roduct; SBP � systolic blood pressure.
uencies between 10 to 12.5 min�1, which are compatible g
ith respiratory movements. In this case, the refill curves
id not reach their plateau before clip end, indicating slow
xchange of a large blood volume in order to maintain
erfusion.
In group I, perfusion analysis by MCE was successful in

87 (77.9%) of 240 investigated segments. Cumulative
uccess rates of inferior, (antero)septal, anterior, and (pos-
ero)lateral segments were 93.3%, 92.0%, 66.7%, and 61.3%,
espectively. Cumulative success rates of apical, mid-, and
asal levels were 91.7%, 81.1%, and 65.6%. Segmental data
f �, rBV, MBFMCE, and MBFPET did not differ signifi-
antly. Pooling segmental perfusion data revealed the fol-
owing regional differences. The relative blood volumes of
pical (0.108 � 0.038 ml·ml�1) and mid- (0.129 � 0.049
l·ml�1) levels differed with borderline significance (p �

.048). The rBV of the septal wall (0.135 � 0.043 ml·ml�1)
as larger as compared with the lateral wall (0.102 � 0.040
l·ml�1, p � 0.01).
A linear relationship with modest correlation was found

etween segmental data of � and MBFPET (y � 6.646x �
.708, r2 � 0.21, p � 0.0001). Segmental rBVs were
ormally distributed and correlated weakly with MBFPET (y

0.022x � 0.104, r2 � 0.03, p � 0.029). Linear regression
nalysis and Bland-Altman plot demonstrate good agree-
ent between MBFMCE and MBFPET (Fig. 4); mean �

D of the measurement difference (MBFPET � MBFMCE)
as 0.005 � 0.118 ml·min�1·g�1. The interobserver vari-

bility assessed in four participants was 0.007 � 0.120
l·min�1·g�1; segmental success rates of observer one and

wo were 92.2% and 85.9%, respectively.
In all volunteers of group II, resting and hyperemic

erfusion of septal, lateral, and inferior walls, representing
he main coronary artery territories, was successfully ana-
yzed by MCE. Figure 5 summarizes MCE and PET
erfusion data that demonstrate substantial heterogeneity at
est as well as during hyperemia; MCE and PET measure-
ents of resting and hyperemic MBF were in good agree-
ent. Accordingly, MCE provided accurate estimates of

he MPR as determined by PET (y � 0.89x � 0.21; r2 �
.81, p � 0.0001, SEE � 0.392).

CE versus intracoronary Doppler. In the CAD patient

Data at Rest (20 Volunteers) and During Hyperemia

Hyperemia

p MCE PET p

0.19 91 � 18 88 � 19 0.26
0.68 105 � 10 114 � 6 0.12
0.33 9,645 � 2,373 10,014 � 2,159 0.45
0.79 2.801 � 0.832 2.605 � 0.781 0.12

19.448 � 5.512*
0.157 � 0.045†

positron emission tomography; rBV � relative blood volume; RPP � rate-pressure
fusion
roup (8 female, 7 male), 18 coronary arteries and their
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igure 3. Segmental refill curves (solid circles) and corresponding left ventricular signal intensities (solid triangles) reconstructed from a myocardial
ontrast echocardiography (MCE) perfusion sequence at rest. Upper and lower dashed lines � ALV and A; dotted lines � � 1 SD of ALV ; solid lines

the fitting to y(t) � a·(1 � e��·t) � c with the myocardial plateau intensity A � a � c. Segmental data of �, relative blood volume (rBV), and myocardial
lood flow (MBF) are given in s�1, ml·ml�1, and ml·min�1·g�1, respectively. For the calculation of MBFMCE, � data were transformed into min�1. PET

positron emission tomography.
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erritories were studied (Table 2). Prior myocardial infarc-
ion was present in seven patients. The percent diameter
eduction of nine coronary arteries was above 50%, while six
essels demonstrated only discrete wall irregularities. In our
tudy population, MPR (y � �0.02x � 3.13; r2 � 0.45, p

0.02) and CFVR (y � �0.02x � 3.17; r2 � 0.50, p �
.001) decreased linearly with stenosis severity. Figure 6
llustrates the good accordance of coronary vasodilator
eserve data measured by MCE and intracoronary Doppler
ire.

ISCUSSION

his study, for the first time, presents the theoretical and
xperimental basis for the quantification of absolute myo-
ardial perfusion or MBF using MCE in conjunction with
volumetric model of UCA refill kinetics and proves the

pplicability of the algorithm to the human heart.
Myocardial blood flow is determined by the rBV (a
easure of vascular density) and its exchange frequency

igure 4. Segmental myocardial blood flow (MBF) data at rest from group
. (A) Comparison of myocardial contrast echocardiography (MCE) and
ositron emission tomography (PET) by linear regression analysis (solid

ine). (B) Bland-Altman plot of MCE and PET perfusion data; dashed
nd dotted lines specify mean � 1 SD of the measurement difference.
Appendix, Section B, Equation B 2). Our volumetric
�
i

odel reproduces the experimental refill curve and, there-
ore, is able to yield the biophysical meaning of parameter �.
t is the exchange rate of the blood volume within a
yocardial region by means of the blood flow into this

egion. The comparison of steady state video intensities
ithin the myocardium and a nearby region in the left
entricular cavity yields the rBV. Thus, the assessment of
wo blood pool intensities in addition to � allows the
uantitative measurement of MBF from UCA refill se-
uences.
n vitro validation. The exact knowledge of rBV is pivotal
or determining absolute perfusion. Therefore, tissues with
recisely calculable intra- and extravascular compartments
uch as dialysis filters are required to test the volumetric
odel. While biologic tissues do not meet this condition

igure 5. Territorial myocardial contrast echocardiography (MCE) and
ositron emission tomography (PET) perfusion at rest (open circles) and
uring hyperemia (solid circles) of group II volunteers. Dashed, dotted,
nd solid lines indicate regression lines between resting, hyperemic, and
ooled perfusion data, respectively. MBF � myocardial blood flow.

able 2. Patient Group (n � 15): Patient Characteristics, MCE
erfusion, and Doppler Low Velocity Data

Variable Mean � SD or n Range

ge, yrs 63 � 13 43–85
eart rate, min�1 72 � 10 58–87

ystolic blood pressure, mm Hg 137 � 27 90–192
iastolic blood pressure, mm Hg 78 � 18 57–120
jection fraction, % 63 � 6 50–73
/1/2/3 vessel disease 5/4/4/2
arget vessel: LAD/LCx/RCA 9/6/3
tenosis, % 40 � 32 0–86
BFrest, ml·min�1·g�1 0.956 � 0.281* 0.437–1.450
BFado, ml·min�1·g�1 2.290 � 1.090* 0.717–4.309
PR 2.38 � 0.89† 1.11–3.74
FVR 2.44 � 0.82† 1.1–3.8

p � 0.0001, †p � 0.62 (paired t test).
CFVR � coronary flow velocity reserve; LAD � left anterior decending; LCx �

eft circumflex; MBFado � hyperemic perfusion; MBFrest � resting perfusion; MPR

myocardial perfusion reserve; RCA � right coronary artery. Other abbreviations as

n Table 1.
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nd standardized phantoms are lacking, the use of hemodi-
lysis filters is the most suitable substitute (6,7). Although
eing larger than biologic capillaries, filter fibers are still
elow the resolution of ultrasound and, therefore, fulfill the
asic assumption of the volumetric model.
Our phantom meets the simplest design of a cardiac

nalogue. Sophisticated features such as flow-independent
CA concentration (6) were not implemented for three

easons. First, intravenous UCA infusion is diluted in vivo
y the cardiac output similar to our phantom. Second, the
lgorithm does not rely on absolute microsphere concentra-
ions. Third, any manipulation affecting fiber number or
ntegrity was omitted due to its effects on rBV determina-
ion. In our phantom, FS069 microspheres did not adhere
o polypropylene tubes or fibers of AN69F and HF80S
lters. However, we observed such effects in Nephral
Hospal SA, Meyzieu, France) and Helical (Fresenius

edical Care AG, Bad Homburg, Germany) filters.
Filter flow calculated from MCE perfusion data was in

ery good agreement with pump flow (Fig. 2C), which
roves the correct estimation of parameter �. Furthermore,
his indicates system linearity and excludes relevant micro-
phere destruction during real-time imaging. For filter one,
he rBV was underestimated by 13.1%, while the filter flow
as measured precisely. This discrepancy most probably can
e explained by an overestimation of wCCI (Appendix,
ection B, equation B 1). The underestimation of rBV may
e caused by different acoustic properties of filter housings
nd fibers, insufficient microsphere transfer via the filter
nlet, or a nonlinear contrast signal dilution function of the
xtravascular compartment.
n vivo validation. Myocardial and left ventricular contrast
nhancement variations depend on rBV distribution, local
CA concentration, regional microsphere excitation and

igure 6. Adenosine-induced coronary vasodilator reserve of the patient
roup assessed by myocardial contrast echocardiography and intracoronary
oppler velocity measurements. CFVR � coronary flow velocity reserve;
PR � myocardial perfusion reserve.
estruction, as well as ultrasound beam inhomogeneities, t
nd they may interfere with the quantification algorithm.
o address these problems, segmental MBF at rest of 15

olunteers (group I) was studied in detail using typical as
ell as atypical views in order to assess every segment. As

hown in Figure 3, segmental MCE and PET perfusion
ata vary considerably even in healthy subjects (e.g., apical
nd midinferior rBVs were 0.145 ml·ml�1 and 0.200
l·ml�1). These variations may reflect biologic heterogene-

ty of regional perfusion parameters as well as measurement
rrors. However, the final evaluation (Fig. 4), which com-
rises 187 segments, demonstrates by the excellent agree-
ent between MCE and PET data that video intensity
easurements of adjacent regions within the myocardium

nd the left ventricle obviously correct for regional enhance-
ent changes that are not related to real variations of the

BV.
Dynamic MCE performance was studied in healthy

olunteers (group II) and patients with CAD using
denosine-induced hyperemia. In contrast with group I,
ean resting perfusion of group II was somewhat overesti-
ated by MCE (11.8%, p � 0.03), while there was no

ignificant difference between hyperemic perfusion and
PR data. This finding most probably reflects a sampling

roblem. The patient group was studied invasively and not
y PET, because coronary angiography was mandatory for
atient selection, and ad-hoc PCI is customarily performed
t our institution. Furthermore, perfusion measurements by
ET have never been directly validated in humans with
AD. In our study, MCE was compared with a second

eference method (5,8) that allowed the simultaneous ac-
uisition of resting and hyperemic data. Our results confirm
hat absolute perfusion measurements by MCE can be used
or the functional assessment of CAD.

Spatial heterogeneity of resting and hyperemic MBF in
ealthy humans has already been described (9). Likewise,
ur regional MBF, rBV, and � data varied considerably
ithin (Fig. 3) and between volunteers (Figs. 4 and 5).
yocardial contrast echocardiography provided exact mea-

urements of MBF although only weak correlations were
ound between PET perfusion data and the parameters that
onstitute MBFMCE (i.e., rBV and �). These findings
mphasize that the local myocardial blood supply is con-
rolled by the proper balance of local blood volume and its
xchange frequency.

Published data in the literature on rBV and � are scarce. In
ur study, rBVs at rest and during hyperemia were 12.3% and
5.7% in volunteers (p � 0.005) and 0.124 ml·ml�1 and 0.132
l·ml�1 in patients (p � 0.34), respectively. These data are

onsistent with morphological data from humans (10) and
ammals (11–13), revealing a range of 0.05 to 0.20 ml·ml�1.
ven though being a defined perfusion parameter, human data
n parameter � vary with different MCE techniques (2,14–
6). This fact and the lack of reference methods for the in vivo
ssessment of rBV and � further stresses the need for in vitro
tudies, as presented here, to prove that rBV and � represent

he true biophysical quantity.
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ethodological comparison of MCE and PET. As PET,
ur method calculates MBF from blood pool and myocar-
ial time-intensity curves. Both methods estimate blood
olume exchange per sample volume (ml·min�1·ml�1) by
ntensity comparison and kinetic modeling. Blood volume
xchange per sample mass (ml·min�1·g�1) is then gained by
ivision with tissue density. Because imaging methods
annot determine tissue density, an empirical value of 1.05
·ml�1 is used (17).

Myocardial contrast echocardiography features several
dvantages over PET such as wide availability, small infra-
tructure, low cost, and lack of radiation exposure. Further-
ore, MCE measurements do not depend on cellular
etabolism and are not subjected to partial volume effects

nd spillover. In contrast with PET, MCE study quality
epends on acoustic tissue properties, and measurements
ill not be obtainable in all patients. To date, MCE
erfusion analysis is time consuming, and automated online
alculation running on the scanner is required for the
outine use of the method.
tudy limitations. Relative blood volumes of the examined
lters did not cover the range of in vivo data, and the
eliability of the quantification algorithm is based on theo-
etical considerations of acoustic properties. Appropriate in
itro studies were not performed because perfusion phan-
oms with rBVs substantially below 20% were not available.

Microsphere concentration fluctuations within the
acrocirculation (e.g., due to MBD) may propagate into

he microcirculation and interfere with the quantification
lgorithm. While this was prevented in vitro by adapting the
mage plane, it was not studied in vivo and may play a role,

ost notably in segments with short supply lines.
The quality of CCI images from parasternal short-axis

iews, where myocardial anisotropy is significant, was not
ufficient for quantitative analysis. Additional compensation
ay be necessary to account for angle-dependent attenua-

ion encountered by the ultrasonic beam on its way to and
rom the region-of-interest and within the region-of-
nterest. In short-axis views, signals from nearby regions in
he blood pool will not necessarily be adequate to compen-
ate for these anisotropic effects.

This study was designed to validate MCE for the
uantification of MBF in humans while the detection of
elevant CAD was not considered. The negative linear
elationship between MPR and stenosis severity is a conse-
uence of patient selection, which did not cover mild-to-
oderate stenosis. Appropriate clinical trials have to be

erformed in order to define the method’s sensitivity and
pecificity for the diagnosis of relevant CAD.
onclusions. The quantification of MBF or absolute myo-

ardial perfusion in humans using MCE in conjunction
ith a volumetric model of UCA kinetics is feasible and

ccurate. As a potential bedside technique, this method may
romote the impact of perfusion measurements for the

linical management of CAD. J
eprint requests and correspondence: Dr. Christian Seiler,
rofessor and Co-Chairman of Cardiology, University Hospital
ern, CH-3010 Bern, Switzerland. E-mail: christian.seiler.
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PPENDIX

or the appendix including the volumetric model and
erfusion phantom, please see the March 1, 2005, issue of

ACC at www.onlinejacc.org.
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