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Purpose: Atherosclerosis of peripheral cerebral arteries can lead to stroke either by stenosis for-
mation or plaque rupture. This pathology is initiated by the alteration of arterial wall mechanical
properties shown to be assessable by ultrasound elastography. Recently, noninvasive vascular elas-
tography �NIVE� was introduced for noninvasive imaging of the mechanical properties of superfi-
cial arteries as markers of vulnerable plaques. However, NIVE motion estimates are angle-
dependent, with optimal scanning angle being represented by the alignment of tissue motion with
ultrasound beam orientation. The objective of this study was to introduce a model that compensates
for such angle-dependence in order to reduce the bias on strain estimates, namely, when investi-
gating longitudinal vessel segments.
Methods: The model is based on the Lagrangian speckle model estimator �LSME� because the
LSME assesses the 2D-deformation matrix required to compute the scanning angle.
Results: Experiments on vessel-mimicking phantoms indicated that such a model enables the
estimation of scanning angle with less than 3-degrees error. The method was also validated in vivo
in human carotid arteries where less than 4-degrees error was observed. In both cases, the compen-
sative model estimated the inclination angles with low variability.
Conclusion: Angle-dependence may be an important factor to consider in avoiding potentially
distort clinical diagnoses. Results, reported in this article, suggest that the LSME-based compen-
sative model might be considered as a very interesting and promising clinical tool for NIVE
applications. © 2011 American Association of Physicists in Medicine. �DOI: 10.1118/1.3539701�
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I. INTRODUCTION

I.A. Noninvasive vascular elastography „NIVE…

Noninvasive vascular elastography �NIVE�, an ultrasound-
based imaging modality, was developed to investigate super-
ficial arterial wall mechanical properties.1–9 In NIVE, time
sequences of 2D radio-frequency �RF� data are recorded
transcutaneously, while vascular tissue kinematics is induced
by blood flow pulsation. Strain images, also called elasto-
grams, are usually computed with correlation-based,1,2,4,7,8

optimization-based,5,6,9 or phase-tracking3 methods. Other
NIVE applications use acoustic radiation force impulses
�ARFIs� to generate short-duration bursts of relatively high
energy to elicit vascular tissue kinematics. In ARFI, axial
displacements are assessed by cross-correlation, and local
tissue stiffness is deduced from such relative displacement
amplitudes.10,11

I.B. Angle-dependence of motion estimates

The accuracy of NIVE motion estimates depends, among
several things, on the alignment between tissue-motion and
ultrasound beam orientations. When tissue-motion and ultra-
sound beam orientations coincide, the optimal scanning
angle is reached, and unbiased motion estimates can be ob-
tained. However, in some cases, this situation could be dif-
ficult to achieve. For example, the view of the imaging ves-
sel can be obscured by an organ or bones or, eventually, the
patient can have a surgical scar or a dressing covering a
wound, so as a result, it will not be possible to align the
probe with the tissue-motion orientation.

On the other hand, strain estimates can be used, under
certain conditions, for the assessment of tissue stiffness.
Since tissue stiffness is related to certain pathological lesions
and then can help guide the clinician toward the appropriate
treatment or intervention, it is important to rely on accurate
estimation of strain.

To compensate for the angle-dependence of strain mea-
surements, a technique known as angular compounding can
be applied.12,13 It consists of combining multiple strain esti-
mates at different scanning angle ranges ���n ,�n+1�� to con-
struct the proper strain image. However, this method is
mainly appropriate to assess cross-section areas of an artery.
Indeed, for cross-section vessel data, the alignment between
tissue-motion and ultrasound beam orientations can be as-
sumed within each scanning angle range ��n ,�n+1�. On the
other hand, with regard to investigating longitudinal seg-
ments of arteries, the geometrical context is completely dif-
ferent and this technique will not be appropriate.

I.C. Study objectives

In the present paper, we introduce a compensative model
of angle-dependence to reduce the bias in strain estimates for
the examination of longitudinal artery segments. In 2D elas-
ticity imaging, assuming affine transformation of a region of
interest �ROI� allows us to postulate that its orientation can
be assessed; that is on the premise that the four motion com-

ponents �axial and lateral strain and shear, respectively� of
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linear transformation �L� are known.14 In this respect, the
model that is proposed to compensate for the angle-
dependence of motion estimates is based on the Lagrangian
speckle model estimator �LSME� �Ref. 5� because the LSME
allows the assessment of the 2D L matrix.

On the other hand, because of postbifurcation hemody-
namic perturbations, the internal carotid is a potential site of
atherosclerosis development that requires thorough ultra-
sound examination for the identification of vulnerable
plaques. However, several physical limitations, such as its
angular orientation with respect to the skin surface, its deep
location, and position posterior to the external carotid, can
impede the alignment of the ultrasound beam with the vessel
wall motion when scanning the internal carotid.

In addition, aging, combined with hypertension and ath-
erosclerosis, is associated with an increase in the carotid tor-
tuosity and carotid bifurcation angle.15 Since the target popu-
lation to be investigated by vascular elastography in order to
characterize plaque vulnerability or endothelial dysfunction
is old and susceptible to present advanced atherosclerotic
diseases, a method to correct probe angulation for strain
measurement is needed. As reported in a recent paper that
validated a noninvasive elastographic method on healthy
subject carotids, the consistency of strain measurements was
lower for the internal carotid compared to the common
carotid.9 Such a result gave evidence that the difficulty of
imaging the internal carotid leads to biased motion estimates
that need to be corrected.

In addition to a vessel-mimicking phantom investigation,
the theoretical framework of the “compensative model” was
validated in vivo in human internal carotid arteries.

II. METHODOLOGY

II.A. Phantom study

As illustrated in Fig. 1, in vitro experiments were per-
formed on a homogeneous vessel-mimicking phantom �the
term “homogeneous” refers to a plaque-free arterial wall�,
whose geometry simulated a peripheral artery such as the
carotid 8 cm in length with 9.1 mm external and 6.5 mm
internal diameters, respectively, that provided a wall thick-
ness of 1.3 mm.16,17 It consisted of a three freeze-thaw cycle
polyvinyl alcohol cryogel �PVA-C� material for which
Young’s modulus �E� was estimated to be 180 kPa.18 The
solution was made of a concentration of 10% polyvinyl al-
cohol by weight dissolved in pure water �CAS 7732-18-5�
and ethanol homopolymer �CAS 9002-89-5�. The PVA-C
vessel was pressurized by increments to produce vessel wall
deformations. Based on typical physiological parameters �70
pulses/min heart rate and 40 mm Hg pulse pressure gradient�
and, assuming a frame rate of 19 images/s for the ultrasound
scanner, the intraluminal pressure gradient between two con-
secutive RF image acquisitions was set to 5 mm Hg �0.67
kPa�.

The experimental setup to pressurize the vessel-
mimicking phantom and to record RF data is illustrated in
Fig. 2. The PVA-C vessel was positioned between two wa-

tertight connectors, in a Plexiglas box �label 1� filled with
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degassed water at room temperature. Rubber o-rings were
used to fasten the vessel onto Plexiglas tubes at both ex-
tremities. Intraluminal pressure was induced within the vas-
cular phantom with a syringe pump �label 2� and was mea-
sured by a pressure monitor �label 3� connected to an
acquisition system �label 4�. RF data of the phantom were
obtained with a Sonix RP scanner �Ultrasonix, Vancouver,
BC, Canada—label 5� that was equipped with a 7 MHz lin-
ear array probe �label 6� and had a frame rate of 19 images/s.
As illustrated in Fig. 3, longitudinal images of the vessel-
mimicking phantom were recorded in the �x ,y�-plane, with
“y” being the vertical orientation. For this study, the ultra-

FIG. 1. Picture of the PVA-made vessel-mimicking phantom.

4

5

7

1
2 3

6

FIG. 2. Schematic illustration of the experimental setup indicating �1� the
phantom reservoir, �2� syringe pump, �3� pressure monitor, �4� computer, �5�
ultrasound acquisition system, �6� linear array ultrasound probe, and �7�

mechanical arm.
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sound probe was fixed to a mechanical arm �label 7 in Fig. 2�
that allowed rotational movements simulating different scan-
ning angles. In other words, scanning angle could be defined
as rotation of the probe �equivalently the ultrasound beam�
with respect to the y axis, with 0°-scanning angle being the
case where the ultrasound beam ran parallel to “y.”

II.B. In vivo study

We are currently conducting a clinical validation of our
NIVE method at the CRCHUM. All study subjects signed a
written informed consent form approved by the Research
Ethics Committee of the CRCHUM.

RF data on longitudinal segments of the internal carotid
artery were recorded for several consecutive cardiac cycles
with the Sonix RP scanner. The present study comprised of
five patients whose �1� internal carotid artery did not exhibit
any plaque and �2� ultrasound images displayed an inclina-
tion of this vessel of 10° or more. The carotid scans were
segmented manually by an expert before elastogram compu-
tation. To validate our compensative model, scanning angle
was calculated manually on the segmented images by mea-
suring the slope of the arterial wall.

II.C. Tissue-motion model

Vascular tissue is mechanically heterogeneous, and its ki-
nematics can be very complex. Motion within the vessel wall
preferably needs to be assessed for small ROI, which are
measurement-windows, inside which tissue motion is as-
sumed to be affine.5 Tissue motion in such ROI was formu-
lated as5

�u�t�
v�t� � = �T1�t�

T2�t� � + ��t��x

y
� ,
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FIG. 3. Schematic representation of a longitudinal vessel segment for 0°
scanning angle �a� and for varying scanning angles �b�. In �a�, the “vessel
segment” plane �x� ,y�� coincides with the “ultrasound-image” plane �x ,y�,
i.e. �x ,y�= �x� ,y��.
with
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��t� = ��xx�t� �xy�t�

�yx�t� �yy�t�
� = �

�u�t�
�x

�u�t�
�y

�v�t�
�x

�v�t�
�y

� . �1�

In Eq. �1�, u�t� and v�t� express lateral and axial displace-
ment fields, respectively; T1�t� and T2�t� are lateral and axial
translation components, respectively; ��t� is the 2D-
deformation matrix, with �xx and �yy being the lateral and
axial strain parameters, respectively; and �xy and �yx being
the lateral and axial shear parameters, respectively. It is
worth remembering that the axial orientation �y� convention-
ally coincides with ultrasound beam propagation, whereas
lateral orientation �x� is orthogonal to that of the beam.

II.D. The LSME

The LSME �Ref. 5� was used to compute the 2D-
deformation matrix � given in Eq. �1� between pre- and post-
motion RF images. After rigid registration with 2D cross-
correlation to compensate for translation movements, i.e.
�T1�t� ,T2�t��, the LSME was formulated as the following
nonlinear minimization problem:

MIN
��t�

	I�x�t�,y�t�� − ILag�x�t + �t�,y�t + �t��	2, �2�

where I�x�t� ,y�t�� is a premotion small ROI �measurement-
window� and ILag�x�t+�t� ,y�t+�t�� is the equivalent postmo-
tion small ROI that was compensated for translations
�T1 ,T2�. Linear least-squares were used to solve Eq. �2�.20

In this study, each measurement-window was set to
1540 �m�3125 �m, i.e., 80 axial samples�20 RF lines,
with 94% axial and 90% lateral overlap, respectively. No
postprocessing was necessary for in vitro elastograms, while
a 5�5 pixel median filter was applied to in vivo elasto-
grams.

II.E. Scanning angle estimation with the LSME

To compensate for geometric biases that are due to vary-
ing scanning angles ���, � needs to be estimated. One strat-
egy would be to adjust a cursor on the ultrasound screen
parallel to the vessel axis as in pulsed-wave Doppler imag-
ing. A very interesting alternative could be to adopt the
LSME that allows 2D-� computation and then potential �
estimation.

Because the LSME provides estimates of the deformation
matrix within small ROI, the current method aims to esti-
mate � within each ROI or measurement-window
�I�x�t� ,y�t�� in Eq. �2���. This can be done with the following
formulation:14,19

� = tan−1
 �yx − �xy

��xx + 1� + ��yy + 1�� . �3�

In Eq. �3�, all four components of the deformation matrix are
used. As it has been observed in Ref. 20 that both bias and
variability of the lateral components of the deformation ma-

trix ��xx and �xy� can be quite large, simplifying assumptions
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are made to improve the accuracy of angle estimation.
Namely, because biological tissues are known to be
incompressible,21 �xx�−�yy /2 can be hypothesized.22 Re-
ferring to Eq. �1�, one can deduce that �xy and �yx are also of
opposite signs. Assuming that ultrasound beams and tissue
motion run mostly parallel within the small measurement-
windows allows hypothesizing that “�xy ��yx�0.” Accord-
ing to that, Eq. �3� is reformulated as

� = tan−1
 2�yx

2 + �yy/2
� . �4�

II.F. Angle-dependence compensative model

Knowing �, axial strain estimates can then be compen-
sated for angle-dependence. The procedure is geometrically
sketched in Fig. 4, where, for simplification and clarity, only
the top wall of the vessel segment is represented. As illus-
trated in Fig. 4�a�, �yy can be expressed as

�yy =
uy

li
, �5�

where uy is the axial displacement of the inner layer and li is
the initial dimension of the arterial wall �or wall thickness at
a given time�. Referring to Fig. 4�c�, � can be defined as the
angle between the Eulerian coordinate system �x ,y� and the
Lagrangian coordinate system �x� ,y��. �The Eulerian and La-
grangian coordinate systems respectively represent observer
and motion coordinate systems.� Such angulation is expected
to induce a bias between 0-degree ��yy

0� or unbiased axial
strain and the estimated strain ��yy

��. As shown in Fig. 4�c�,
if a given point moves from position “A” to “A�,” the cal-
culated displacement uy

� will be underestimated with respect
to 0° displacement uy

0. Inversely, calculated length li
� of the

vessel wall will be overestimated with respect to its 0° length
li

0. The calculated biased axial strain can be obtained with
the following simple trigonometric functions:

�yy
� =

uy
�

li
� =

cos � · uy
0

li
0/cos �

=
uy

0

li
0 cos2 � = �yy

0 · cos2 � . �6�

III. RESULTS

III.A. In vitro study

One premotion and three postmotion RF images on lon-
gitudinal sections of the vessel-mimicking phantom, sub-
jected to a 5 mm Hg �0.67 kPa� intraluminal pressure gradi-
ent, were acquired for �=0° , 5° , 10° , 15°, respectively.
Results reported here then averaged three elastograms for
each inclination angle. Only for illustration purposes, Fig. 5
shows axial strain and shear elastograms that were computed
for 0° ��a� and �b�� and 15° ��c� and �d��, respectively. Scan-
ning angles were estimated for each measurement-window
according to Eq. �3� �method 1� and Eq. �4� �method 2�., i.e.
close to 1680 measurement-windows within the top and bot-
tom walls.
The “real” scanning angles were calculated manually on
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the in vitro RF data and were defined as reference angles.
Errors between estimated ��estimated� and reference ��reference�
angles were calculated as

error = �estimated − �reference. �7�

Means and standard deviations, reported in Fig. 6,
were calculated over the whole extent of both proximal
and distal walls �1680 measurement-windows� for each in-
clination angle. Method 1 exhibited very large standard de-
viations with 11.7�56.1, −18.6�53.8, 13.8�43.7,
and 14.4�43.9�° instead of −1.3,4.9,9.8,14.5�°, manually
calculated scanning angles ��reference�. Such results were pre-
dictable due the known inaccuracy and unreliability of lateral
motion estimates.20 On the other hand, method 2 provided
pretty accurate estimates of the scanning angles, with low
errors and variances for any angle. Indeed, as observed in
Table I, it estimated −4.0�9.3, 5.4�8.2, 12.4�9.9,
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FIG. 4. Schematic representation of vessel wall kinetics for optimal 0° scann
strain estimates was derived from �c�. It is noteworthy that, for simplifica
represented.
16.5�10.9�°, whereas −1.3, 4.9, 9.8, 14.5�° were
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manually calculated ��reference�. In summary, method 2 exhib-
ited −2.7, 0.5, 2.6, 2.0�° errors, respectively.

In addition, we also compared, in Table I, axial
strain estimates. Strains “corrected with the reference angles”
��reference� consist of a compensation with
−1.3, 4.9, 9.8, 14.5�°, manually calculated scanning
angles, using Eq. �6�. For strains corrected with method 2
��estimated�, each strain value �i.e., for each measurement-
window� was corrected with the corresponding angle com-
puted with method 2. The bias between these two strain es-
timates was calculated as

bias =
�estimated − �reference

�reference
� 100. �8�

The bias was less than 9% for any angle, indicating the
reliability of the compensative model. Such a result then sug-
gests that Eq. �4� can reliably be used to correct axial strain
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III.B. In vivo study

A typical example of an in vivo ultrasound image of an
internal carotid artery is given in Fig. 7. This figure also
shows the manual segmentation procedure that allowed the
calculation of the scanning angle as the reference method in
Table II.

In vivo, the carotid artery is subjected to systolic/diastolic
blood flow pulsation. Considering several consecutive car-
diac cycles, the data reported in a previous study9 indicated
that peak systolic �PS� and peak diastolic �PD� strain esti-
mates were very stable and reliable. Accordingly, instanta-
neous PS and PD strain elastograms were used to assess
scanning angles. In other words, � was computed for PS and
PD on at least 461 measurement-windows per elastogram,
and their absolute values were averaged over three consecu-
tive cardiac cycles.

The data reported in Table II, for five human carotid ar-
teries, indicate that up to 26.8° inclination was measured
manually. Method 2 estimated 12.8�12.5, 15.3�18.0,

14.6�24.9, 18.8�23.5, 28.0�20.5�° scanning angles

NIVE – Angle-dependence
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lated. Errors between manual calculation and LSME mea-
surement of the inclination angle were less than 4° for any
case. The results obtained with method 1 are not presented
due to large standard deviation values ranging from 25 to 51
degrees, as it could be expected. We also compared, in Table
II, axial strain estimates that were compensated using the
“manually calculated” inclination angles 13.1, 15.1, 17.6,
22.7, 26.8�° and strains that were compensated using method
2. The bias on the strain estimates was 20% or less for any
carotid strain measurement. Similar to the in vitro study, such
a result suggests that Eq. �4� can reliably be used to correct
axial strain estimates for angle-dependence.

IV. DISCUSSION

While not restrictive, in this paper, we have introduced a
compensative model for angle-dependence with an applica-
tion in NIVE to investigate longitudinal artery segments. The
model is based on the LSME �Ref. 5� because the LSME

TABLE I. LSME measurements of scanning angles and of axial strains for th
2, “nominal,” and reference values.

Scanning angle

Nominal
�°�

Reference
�°�

Method 1 Method 2
Estimates

�°�
Error

�°�
Estimates

�°�
Error

�°�

0 �1.3 11.7 13.0 �4.0 �2.7
5 4.9 �18.6 �23.5 5.4 0.5
10 9.8 13.8 4.0 12.4 2.6
15 14.5 14.4 �0.1 16.5 2.0

FIG. 7. Typical B-mode image of the left internal carotid artery of a patient.

Manual segmentation is illustrated.
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allows the assessment of the 2D-deformation matrix ��� re-
quired to compute vessel segment inclination. The theoretical
framework was validated on a vessel-mimicking phantom
and in vivo in human carotid arteries.

Two formulations were proposed to study vessel wall in-
clination. Method 1, which uses the four components of �,
was found to be unreliable; that was because of inaccuracy of
lateral motion estimates, as expected. Method 2 was deter-
mined to be reliable in vitro as well as in vivo. Comparisons
of method 2 with “manual” calculations of inclination angle
indicated less than 4-degrees error for any case. In addition,
scanning angles were estimated with low variances using this
method. Very importantly, comparisons between axial strain
estimates that were compensated with “manually calculated”
inclination angles �as the reference� and with method 2
showed 20% or less bias for every case, suggesting that the
proposed compensative model can reliably be used to correct
axial strain estimates for angle-dependence.

It is important emphasizing that to correct strain values
with method 2 ��estimated�, the compensation procedure was
applied to each respective measurement-window. Neverthe-
less, similar to the reference method, it is also possible to
compensate the strain value with one single method 2 scan-
ning angle estimate for the whole vessel wall. In such a case,
the strain estimate bias would have been less than 5% for any
of the five patients presented in Table II.

However, in real life situations, the carotid can have tor-
tuous geometries and the data can be recorded at the bifur-
cation between common and internal carotids. With this re-
spect, the angle between the ultrasound beam and tissue-
motion orientations �also said “scanning angle”� can exhibit
local variations. According to that, we have proposed to cor-
rect strain values for each respective measurement-window.

On the other hand, simplifying assumptions were made to
enable method 2 angle estimation. We assumed that biologi-
cal soft tissues were incompressible and then deduced �xx

from �yy, i.e., �xx�−�yy /2. Nevertheless, in real clinical
applications, this can be seen as a coarse approximation of
the lateral strain estimate with respect to vascular wall aniso-
tropy. We also assumed that within a measurement-window,
lateral and axial shears are close to be additively inversed,
i.e., �xy �−�yx. This can be deemed to be a reasonable as-
sumption, considering the uncertainty in the lateral motion

sel-mimicking phantom. Comparisons are made between method 1, method

Axial strain

imates
%�

Corrected with reference
�%�

Corrected with method 2
�%�

Bias
�%�

.47 1.47 1.53 4.03

.46 1.47 1.53 4.03

.35 1.39 1.50 7.89

.25 1.33 1.45 8.73
e ves

Est
�

1
1
1
1

estimates.
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However, the compensative model does not take into ac-
count estimation biases due to decorrelation noise induced
by lateral and transverse motions. Indeed, biases due to deco-
rrelation noise and to vessel angulation can be seen as addi-
tive, which may impede the efficiency of the proposed
method. Nevertheless, the in vitro and in vivo data reported
in this paper strongly suggest compensating for the angle-
dependence of NIVE motion estimates. In addition, Eq. �6�
indicates 25% bias for a 30° inclination angle, emphasizing
the importance of such a procedure.

In summary, in a previous study, we have reported some
pitfalls that could impair NIVE reliability. Namely, the
angle-dependence of motion estimates for the internal carotid
was pointed out. This paper proposes an interesting solution
to that. Based on the LSME, a compensative model is pro-
posed. The results reported for in vitro and in vivo studies
confirm that the LSME-based compensative method might
be considered as a very interesting and promising clinical
tool for NIVE applications.

V. CONCLUSION

NIVE has already been demonstrated to be a promising
method for characterizing human carotid arteries.5,9 In the
current study, theory, supported by in vitro and in vivo data,
suggests that angle-dependence may be an important factor
to consider in avoiding any significant bias in the estimation
of motion parameters. With this regard, it is worth underly-
ing that aging, combined with hypertension and atheroscle-
rosis, is associated with an increase in the carotid tortuosity
and carotid bifurcation angle. Since the target population to
be investigated by vascular elastography is old and suscep-
tible to present advanced atherosclerotic diseases, such a
compensative method to correct angulation for strain mea-
surement is needed. Indeed, erroneous strain estimates could
lead to erroneous evaluation of the arterial wall stiffness and
then to inappropriate treatment or intervention. The LSME
enables a compensative model for the angle-dependence of
motion estimates and might potentially be considered as a
very interesting and promising clinical tool for NIVE appli-

TABLE II. LSME measurements of scanning angles and of axial strains for
between method 2 and reference values.

Scanning angle

Patient No.
Reference

�°�

Method 2
Estimate

�%�
Estimates

�°�
Error

�°�

1 13.1 12.8 �0.3 0.96
2 15.1 15.3 0.2 0.45
3 17.6 14.6 �3.0 0.47
4 22.7 18.8 �3.9 0.70
5 26.8 28.0 1.2 0.40
cations, namely, to investigate the internal carotid.
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