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Three-dimensional analysis of the left atrial appendage for detecting paroxysmal

atrial fibrillation in acute ischemic stroke

Koji Tanaka', Masatoshi Koga®*, Kazuaki Sato', Rieko Suzuki’, Kazuo Minematsu', and

Kazunori Toyoda'

Background Atrial fibrillation impairs left atrial appendage
function and the thrombus formation in the left atrial append-
age is a major cause of cardioembolic stroke.

Aims To evaluate the association between the volume of the
left atrial appendage measured by real-time three-dimensional
transesophageal echocardiography and presence of paroxys-
mal atrial fibrillation in patients with cerebral infarction or
transient ischemic attack.

Methods Real-time three-dimensional transesophageal echo-
cardiography was performed to measure left atrial appendage
end-diastolic and end-systolic volumes to calculate left atrial
appendage ejection fraction. Patients with normal sinus
rhythm at the time of real-time three-dimensional trans-
esophageal echocardiography were divided into groups with
and without paroxysmal atrial fibrillation. Volumetric data
were corrected with the body surface area.

Results Of 146 patients registered, 102 (29 women, 72-2 + 10-7
years) were normal sinus rhythm at the examination. In 23
patients with paroxysmal atrial fibrillation, left atrial append-
age end-diastolic volume (4-78 £ 3-00 mi/m? vs. 3-14 £ 2-04 ml/
m?, P =0-003) and end-systolic volume (3-10 + 2.47 mi/m? vs.
139 + 1.56 mli/m?, P<0-001) were larger and left atrial
appendage ejection fraction (37.3+19-1% vs. 57-1+£17-5%,
P < 0-001) was lower than in the other 79 patients without
paroxysmal atrial fibrillation. The optimal cutoff for left atrial
appendage peak flow velocity to predict paroxysmal atrial
fibrillation was 39-0 cm/s (sensitivity, 54-6%; specificity, 89-7%;
¢-statistic, 0-762). The cutoffs for left atrial appendage
end-diastolic volume, end-systolic volume, and ejection frac-
tion were 4-52 ml/m? (sensitivity, 47-8%; specificity, 82-3%;
c-statistic, 0-694), 1-26 mi/m? (sensitivity, 91-3%; specificity,
60-3%; ¢-statistic, 0-8086), and 47-8% (sensitivity, 78-3%; speci-
ficity, 74-7%; c-statistic, 0-774), respectively. In multivariate
analysis, all these parameters were independently associated
with paroxysmal atrial fibrillation after adjusting for sex, age,
diabetes mellitus, and previous stroke.

Conclusions Left atrial appendage volumetric analysis by real-
time three-dimensional transesophageal echocardiography is
a promising method for detecting paroxysmal atrial fibrillation
in acute cerebral infarction or transient ischemic attack.
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Introduction

Atrial fibrillation (AF) is the most common arrhythmia and is a
major risk factor of ischemic stroke (1). Paroxysmal AF (PAF) has
a similar risk of embolism compared with chronic AF (2). There-
fore, the identification of hidden AF in acute cerebral infarction
or transient ischemic attack (TIA) patients with normal sinus
rhythm (NSR) on admission is important for preventing further
brain ischemia. In previous reports, left atrial volume index/late
diastolic peak tissue Doppler velocity on transthoracic echocar-
diography (3), or plasma brain natriuretic peptide levels on
admission (4) were useful for ruling out or predicting PAF in
patients with NSR on admission.

The left atrial appendage (LAA) is an important site of throm-
bus formation in patients with AF. Two-dimensional (2D)
transesophageal echocardiography (TEE) has been widely used
for characterizing LAA structure and function. Enlargement of
the 2D area of LAA and decreased LAA flow velocity were
reported to be associated with AF, spontaneous echo contrast, and
thrombus formation (5-7). Moreover, in patients with PAF, LAA
flow velocity was significantly decreased even if their electrocar-
diogram (ECG) showed NSR at the time of TEE (8).

Three-dimensional TEE (3D-TEE) has advantages for volu-
metric analysis because it allows rotation of heart structures and
slicing the images in any plane to enable accurate visualization of
the cardiac chambers. Recently, real-time (RT) 3D-TEE was devel-
oped to allow real-time acquisition and display of cardiac struc-
tures with high quality images (9) that correlate well with cardiac
CT (10).

In previous reports on RT 3D-TEE, the volume of LAA was
larger (11) and ejection fraction (EF) of LAA was lower in patient
with AF (12). However, there is little information on volumetric
analysis of the LAA and the utility of volume and function param-
eters derived from TEE in stroke patients. This study aimed to
elucidate the association between volume of the LAA measured by
RT 3D-TEE and the presence of PAF in patients with acute cere-
bral infarction or TIA.

Methods

Study subjects

We retrospectively analyzed data from prospectively collected con-
secutive acute stroke patients who were admitted to our facility and
underwent RT 3D-TEE. Participants referred for RT 3D-TEE were
diagnosed with acute cerebral infarction or TIA on admission.
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They admitted principally within 14 days of symptom onset. Cere-
bral infarction was diagnosed by clinical course, neurological
examinations, and CT or MRL TIA was diagnosed based on the
Classification of Cerebrovascular Diseases I from the National
Institute of Neurological Disorders and Stroke (13). Clinical indi-
cation for TEE was made mainly for the detection of embolic
sources by an independent attending physician. Two-dimensional
and RT 3D-TEE were performed lo assess any embolic sources
such as intracardiac thrombus, right-to-left shunt, and compli-
cated atherosclerotic changes of the aortic arch. Patients with an
evident embolic source such as chronic AF, significant valvular
heart disease, a prosthetic heart valve or mitral valve repair, or
those with technically inadequate echocardiographic studies were
excluded. Informed consent for RT 3D-TEE was obtained from all
patients. The following information was obtained from the
medical records of each patient: age, sex, vascular risk factors
(systemic hypertension, dyslipidemia, diabetes mellitus, and ciga-
rette smoking), extracranial and intracranial large artery athero-
sclerosis defined as greater than 50% stenosis or occlusion,
previous stroke, congestive heart failure, and the left atrial diam-
eter (LAD) measured by transthoracic echocardiography. Accord-
ing to the Oxfordshire Community Stroke Project (OCSP) criteria,
patients were classified {rom their clinical symptoms by two expe-
rienced neurologists into four categories, as having total anterior
civculation stroke, partial anterior circulation stroke, posterior
circulation stroke, or lacunar stroke, The neurologists were blinded
to the neuroimaging and vascular imaging results.

The presence of PAF was defined as a history of PAF diagnosed
previously or newly diagnosed by continuous ECG monitoring
for at least several days after admission or 24-hour Holter ECG
monitoring during hospitalization. Patients were allocated to a
group with PAF (PAF group) or a group without PAF (non-PAF
group). The diagnosis of PAF was based on a history of PAF or
recurrent episodes of AF lasting for more than 30 s documented
by continuous ECG monitoring or 24-hour Holter ECG moni-
toring. This study is a retrospective analysis of our prospective
stroke registry and was approved by the institutional review com-
mittee at the National Cerebral and Cardiovascular Center.

Two- and three-dimensional transesophageal
echocardiography

RT 3D-TEE was performed using a commercially available iE 33
Ultrasound machine and fully sampled X7-2t TEE transducer

(Philips Medical Systems, Andover, MA, USA). Routine 2D TEE
and RT 3D-TEE examinations were performed using the same
transcducer.

LAA flow velocity was measured by pulsed-wave Doppler
echocardiographic interrogation at the orifice of the LAA. The
presence of a patent foramen ovale based on the detection using
saline contrast technique and atherosclerotic changes of the aorta
were assessed with 21D TEE. Atherosclerotic changes of the aorta
were defined as 24 mm thick, or with mobile components of
plaques of the aorta. The scan volume was the wide-angled acqui-
sition mode that included the LAA and surrounding structures
acquired at the maximal frame rate. This 3D Full volume mode
had high time resolution and provided ECG-gated acquisition of
a large 3D volume created from subvolumes stitched together and
synchronized to a single cardiac cycle. To avoid stitch artifacts,
special care was taken to stabilize the probe during data acquisi-
tion. The acquisition was repeated whenever obvious artifacts
were found. Images were reviewed online to ensure adequate 3D
visualization of the LAA.

Three-dimensional data analysis
Images were digitally stored for subsequent offline analysis using
QLAB 7-0 software (Philips Medical Systems). LAA volumes are
measured using the multiplanar reconstruction mode of the
General Imaging 3D Quantification plug-in to visualize LAA in
the three different dimensions. Offline 3D analysis was performed
by personnel who were blinded to the clinical information. The
image was rotated in ovder to provide along-axis view of the LAA
(Fig. 1a) and to allow simultaneous visualization of the LAA
orifice in the short-axis view (Fig. 1b). The LAA orifice was deter-
mined by two lines: one was drawn between the vestibule of the
mitral valve annulus near the left coronary artery and the lateral
ledge of the left superior pulmonary vein, and the other was
drawn between a point near the aortic valve annulus and the left
superior pulmonary vein limbus (11,14,15). Using the Stacked
Contours mode in the software, a line was drawn from the LAA
orifice to the apex, and then 15 short-axis multiplanar slices of the
LAA from the orifice to the apex were automatically generated. By
manual tracing the LAA contour in each slice (Fig. 1¢), a virtual
3D image was automatically created from the stacking of multiple
slices, and the volume of the LAA was calculated (Fig. 1d).

LAA end-diastolic volume was measured just before the P wave
in the ECG and the end-systolic volume was measured at the QRS

Fig. 1 Offline measurement of the left atrial appendage (LAA). (a) LAA long-axis view at the level of the mitral valve annulus, and lateral ridge of the left
superior pulmonary vein (white arrowhead). (b) LAA orifice in the short-axis view. {¢) The long-axis view of the LAA that results from the stacking of
multiple short-axis segments. (d) By manually tracing the endocardial border of the individual short-axis segments, a virtual three-dimensional image of

the LAA is obtained that can be used to calculate the LAA volume.
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complex (5). Volumetric data were corrected by area of the body
surface based on the Du Bois formula (end-diastolic volume
index, end-systolic volume index). LAA-EF was calculated using
the following equation: LAA-EF = {{end-diastolic volume — end-
systolic volume) * 100}/end-diastolic volume (%).

Statistical analysis

Statistical analysis was performed using JMP 8-0 statistical soft-
ware (SAS Institute Inc, Cary, NC, USA). Continuous data are
expressed as mean * standard deviation. Categorical data are pre-
sented as absolute numbers (percentages). Differences in con-
finuous variables between two groups were assessed using a
Student’s r-test or Manp-Whitney U-test, as appropriate. Differ-
ences in categorical variables between two groups were assessed
using a chi-square test or Fisher’s exact test, as appropriate.
Observer variability was assessed by the coefficient of variation,
and the concordance correlation coefficient for TEE-derived
measurements repeating the analysis at least one-month later by
the same observer who performed the first analysis and by a
second independent blinded observer. Correlations between two
variables were evaluated by linear regression analysis. To evaluate
the ability of LAA flow velocity, end-diastolic volume index,
end-systolic volume index, and LAA-EF to predict PAE, receiver
operating characteristic (ROC) curves were constructed. The
c-statistic {area under the ROC curve) was used as a scalar
measure to assess the performance of each parameter. The
c-statistics for different parameters were compared by a nonpara-
metric method (16). To determine whether each TEE parameter
was associated with PAF, multivariate logistic regression analysis

was performed. The multivariate logistic regression model was
adjusted for, age, sex, and variables with a probability value <0-1
in univariate analysis to assess the independent impact of each
cutoffs of TEE parameter on PAF. Probability values <0-05 were
considered significant.

Results

Between July 2010 and November 2012, a total of 150 patients
were referred for RT 3D-TEE. Four patients were excluded
because we were unable to insert a probe in two patients, and it
was difficult to view the LAA in the other two patients. The
remaining 146 patients underwent RT 3D-TEE without compli-
cations. Among them, 102 patients (73 men, mean age 72-2 + 10-7
years) were in NSR at the time of TEE and were included in this
study. The other 44 patients including 43 with chronic AF and 1
with a prosthetic mitral valve and AF at the TEE examination
were excluded. Twenty-three patients were allocated to the PAF
group, and 79 to the non-PAF group. The baseline characteristics
of each group are listed in Table 1. Diabetes mellitus was less
frequent in patients with than without PAF (4% vs. 25%,
P =0-038). OCSP categories were not different in the groups.

The intracbserver and interobserver correlation coefficients for
LAA volume measurement were 0-900 and 0-861, respectively;
and the interclass correlation coefficients were 0-891 and 0-847,
respectively. The imaging characteristics derived from echocar-
diography are shown in Table 2. Patients with PAF tended to
have larger LAD (393 £59 mm vs. 36:3 £ 7-7 mm, P =0-086),
lower LAA flow velocity (46-1£27-3 cm/s vs. 66-3 £ 24-2 cm/s,
P < 0-001), larger end-diastolic volume index (4-78 % 3-00 ml/m?
vs. 3-14 £2:04 ml/m?, P=0-003) and end-systolic volume index
(3410 +2-47 ml/m? vs. 1-39 % 1-36 mi/m?, P <0-001), and lower
LAA-EF (37-3£19-1% vs. 57-1£17-5%, P <0-001) than those
without PAR.

The correlations between each TEE parameter are shown in
Fig 2. The end-diastolic volume index was strongly correlated
with the end-systolic volume index, and was moderately corre-
lated with the LAA flow velocity and LAA-EF.

ROC curve analysis showed that the optimal cutoff value of the
LAA flow velocity to predict PAF was 39-0 cm/s, with a ¢-statistic
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Fig. 2 Relations between transesophageal echocardiographic parameters. Regression lines among all subjects are shown. Black open circles = patients
with paroxysmal atrial fibrillation (AF); Gray open circles = patients without AF.

of 0-762. The cutoff values of the end-diastolic volume index and
the end-systolic volume index were 4-52 ml/m’® and 1-26 ml/m?,
with c-statistics of 0-694 and 0-806, respectively. The cutoff of
LAA-EF was 47-9%, with a c-statistic of 0774 (Table 3, Fig. 3).
There was a significant difference in the c-statistics among the
four TEE-derived parameters (P =0-007), and the end-systolic
volume index was superior to the end-diastolic volume index for
predicting PAF (P =0-007).

In multivariate analysis, the LAA flow velocity <39-0 cm/s
(odds ratio 12-91, 95% CI 3-70-53-90), the end-diastolic volume
index 24-52 ml/m* (odds ratio 4-03, 95% CI 1-36-12-44), the end-
systolic volume index >1-26 mi/m® {odds ratio 13-37, 95% CI

3-40-89-75), and LAA-EF £47-9% (odds ratio 10-02,95% CI 3-33~
35-34) were independently associated with PAF after adjusting for
age, sex, and a history of diabetes mellitus, and previous stroke
(Table 4).

Discussion

In this study, we determined the association between LAA volu-
metric parameters assessed by RT 3D-TEE and PAF in patients
with acute cerebral infarction or TIA. This is the first report to
show the association between LAA volumetric parameters and the
presence of PAF in patients with acute stroke, although some 2D
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Fig. 3 Receiver operating characteristic curves comparing transesopha-
gea! echocardiographic parameters for the prediction of paroxysmal atrial
fibrillation. Curves are shown for the left atrial appendage (LAA) flow
velocity, end-diastolic volume index, end-systolic volume index, and LAA
ejection fraction (EF).

parameters on LAA are known predictors for PAE The first major
finding was that LAA volumetric parameters as well as low LAA
flow velocity were independently associated with the presence of
PAE The second finding was that not only a large LAA volume but
also reduced EF was significantly associated with PAF Third, the
LAA end-systolic volume seems to be superior to the end-diastolic
volume for detecting PAF in acute stroke patients. Finally, the
intraobserver and interobserver variabilities for LAA volume
assessment were excellent.

A large LAA volume, low EF and low flow velocity were inde-
pendently associated with the presence of PAF in patients with
acute cerebral infarction or TIA in the present study. Taguchi et gl.
(8) reported a significant difference in the LAA flow velocity
between acute stroke patients with and without PAF (347 &

9-3 cm/s vs. 64-0 +12-1 cmy/s). In 2D- and 3D-TEE in patients
without stroke, a large 21D LAA area (5) and large 3D LAA volume
(11) were found to be significantly association with the presence of
AF. Nucifora et al. (17) reported a progressive increase in LAA
orifice size on RT 3D-TEE with an increasing frequency of AF in
patients that were candidates for LAA closure endotherapy.
Recently, Shimizu et al. (18) reported the correlation between
LAA-EF derived from 2D-TEE area measurement and PAF in acute
stroke patients. In their report, LAA-EF could predict PAF more
accurate than the LAA flow velocity. There are several reports
regarding LAA volumetric comparison between patients with AF
and those with NSR in the absence of stroke (11,19). Chen et al.
(12) reported lower LAA-EF in 62 patients with AF (24 + 14%)
than thatin 34 with NSR (38 + 17%, P < 0-01). Their LAA-EE value
in patients with NSR was relatively low compared with ours
(57-1£17-5%). This difference is most likely due to the time
resolution of 3D image acquisition. Compared with the 3D Zoom
mode, the 3D Full volume mode provides higher time resolution
and allows more accurate measurements of the end-diastolic and
end-systolic volumes, and LAA-EF based on the ECG.

After spontaneous conversion of AF, diminishment of LAA
function was reported as LAA ‘stunning’ (20). The persistence of
AF produces changes in atrial function and structure, electrical
remodeling, structural remodeling and contractile remodeling as
there is reduced contraction and dilatation of the left atrium (21).
The end-systolic volume appeared to be most sensitive parameter
to detect contractile remodeling, since it reflects systolic dysfunc-
tion of a dilated LAA in patients with PAF, even if they return to
NSR. Although LAA-EF and the LAA flow velocity are widely used
to evaluate contractile function, they might not be appropriate for
detecting volume enlargement of LAA. In contrast, the end-
diastolic volume directly reflects volume enlargement, but is not
useful to evaluate contraction of LAA. The end-systolic volume
appears to indicate both volume enlargement and reduced con-
traction of LAA. However, a direct comparison of these param-
eters in multivariate analysis is difficult because of the strong
correlations.

Our method is feasible for the measurement of LAA volume
because of low interobserver and intracobserver variability. In
order to analyze LAA volumes precisely based on the ECG, we
investigated only patients with NSR at the time of TEE. We used
the 3D Full volume mode, and this mode can be used only in
patients with a regular cardiac rhythm. This mode provides 3D
images with adequate width and depth and has high time resolu-
tion. On the other hand, the 3D Zoom mode is commonly used
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for patients in AF. The time resolution of the routine 3D Zoom
mode is reduced by increasing the area of interest. Because ECG
gating is not applicable with the 3D Zoom mode, ECG-based
analysis with reduced time resolution may be unreliable. LAA
flow velocity can be measured easily by 2D-TEE; however, LAA
flow velocity was reported to vary about 1-5 times from the mea-
surement site of the LAA orifice or apex (22). In contrast, our LAA
volumetric evaluation with high time resolution seems to be con-
sistent and reproducible. Classification of LAA morphology may
also enable us to assess the risk of ischemic stroke, but it is still
controversial (23,24).

This study had several limitations and our results could not be
readily compared with previous reports. First, there was a risk of
statistical error because of the small number of patients. Second,
this study was not performed for all the consecutive stroke
patients, because TEE is an invasive procedure and is not well-
tolerated in patients with a poor general condition. Therefore
there may be a selection bias. Third, continuous ECG monitoring
and 24-hour Holter ECG monitoring during hospitalization
might have failed to detect PAFE. This leaves the possibility that
PAF may be present in some of patients in the non-PAF group.
Longer ECG monitoring, such as 7-day Holter ECG monitoring
and outpatient telemetry monitoring (25,26), might have
improved PAF detection and that may enable for further assess-
ment of the correlations between TEE parameters and duration or
frequency of PAF. Fourth, echocardiographic parameters in
patients with PAF would not be different from those without PAF
if we underwent TEE without recent PAF-attack because of the
lack of a recovery effect from LAA stunning. A large prospective
cohort study is needed to confirm the association between the
LAA volumetric parameters and PAF in patients with acute cere-
bral infarction or TIA.

Conclusions

LAA function appeared to be impaired in patients with PAF, even
though RT 3D-TEE was performed during NSR. Three-
dimensional analysis of the LAA is a promising method for
detecting PAF in patients with acute cerebral infarction or TIA.
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2, B8 B 2 ERE AR B, SR AR22 8], AF R L 72 Bl 3 BT RET L7s. [

ZE R (3.4240.71 cm, 2.9540.89 cm, 2.61+0.70 cm, p<0.001), 8 (11.3746.33 cm®, 7.59+45.03 em®,
4904292 en®, p<0.00D) WINSFEEL RO SERITCH ALBERE, AR AF ZEFEICH
LTz D] AR R I R E T E ORI R o v LSENE AF O & B
LTz,
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atrial fibrillation

[FUBIC

% A 3 O B F 9 B #E (ransesophageal echocardiography;
TEE) I3 EREICB U 2 BREORBRCHATH LY. L
) (atrial fibrillation; AF) 12 & o TALF (left atrial append-
age; LAA) S TR S L5 G REPI e i O R ERE O &
ERBERTH Y, TEE CIREFEED L OMTERRE CILF
W7 B L 215 LAA OFIGEENTHRTH Y,

AF T2 B AW (electrical) VB 7Y v 7, R (structural)
YEFY L UEMA, BAOEB LU LAA O, DU
Tl OB (contractile) VEF Y VAL o T, LAAD
BRI T A4 LAY, DT & U 2 %K 5T (two-dimensional; 2D)
TEE 2B\ C, LAA OREIBEHMAL AFEATHEICKE W
TEAHESNTYAEY. L L LAA GRS B 2
EBELTWABSEERDY), DHHOAOBECHLIFLIE
IERER S ASREECH BV, WA, TV F A L 3KTT(real-
time three-dimensional; RT3D)TEE 12 X » T LAA @ 3 RIEHY
HRESEMATI L 2y, SHICHERICID F—FEy b
REHTHI LTI I Y TOREOWE, AETCOEE
REFOPWEATEEE 2o TV BT,

EmERREEEOANMIC AR ARAYT A Z L BETDR

U R S PR BRI v 7 — I R
PR RS e R e
(2013 £ 11 H 14 HZAr, 20134 12 18 HEH)

TRFHOBENLEETH L. S, RLAFELEOID
FHMEH & AF L OBE AP ST A0, SVEIRE
& L B R i 584 (ransient ischemic attack; TIA) OFi
B %0k B RT 3D-TEE % v+ T LAA @ 3D 8- 247w, AF
L OB E R,

A&
1. W&

2010 4E 7 A5 201248 11 A 3 CIIE U BREBRITE
vF-BmENBHCAR L, WE S 5N RT3D-TEE % i
7 L7259 14 H N OB MBI, TIA OERH 235
WCHEFRIGICEE L REEOBIT IS BEEIRE 280
B, BHEECT WL MRIBEGITRE S ZICBIL, TAlR
National Institute of Neurological Disorders and Stroke @ 43 48 45
IR E D WTBR L 22Y. RT3D-TEE &% 2D-TEE &
BRI CREN AR, SEFFLITE 2 /v LR SR, FllES
FATHT 2 BEHREY, KEIROES BRI L
DERELRD ) HERFORREZ BT 7.

BRERISEFSESHEL, 8 B nEEBRET
(B, FREREE BRE BHEOBE 5 DN AR,
SO A Ry VHORBEOEE, 5 - OO R E,
ABEEE X ) EEOMmFEREF U Y 2ZRRERTF K (brain
natriuretic peptide; BNP) fii (E# 1 <17 pg/ml) 27z, £ 72
HE, kB HAEEHE% DuBois D EHWTEE L.

AL TR, FERIE AF OBEIZIS U CUTo 3 83y

Presented by Medical*Online



S0 M A R o (e

'"l!l

BT BELE O 3 Wi 36 1261

Fig. 1 754 W COROLE(LAA) DF
ffif%. (BJLAA
3 (G) ALIHE &
Wi, (D) FE B l/»x L 2= A0 & & & o

IR O IE
WEL (FLAA DS,

.J/‘\

WUz 1 ARl L DB AF B0, FEittod o
{chronic AF; C-AF i) 1 AR @ L,}mk T L AR
LR 30 B DL LR 2 581tk AF % m{} 63) 72 B (paroxys-
mal AF; P-AERE), 3. AROHEFEA 22 < ABERR M P T b AF

O i o Zo B (non-AFBE). 2D 3 4”‘? f‘r«ﬁ’f‘ B R B

f&fm RT3D-TEEZ L % LAA BT % Il L 7o ARTFoe i
Uﬂﬂﬂﬂ]%ﬁ/\g) «’ﬁ(m f‘x}’* & ’fl oo} /»
2, FHES k&

&1 BT EBME MBI SN & XT2ATEE P 7 ¥ A
¥ a2 =W (Philips Medical Systems, Andover, MA, USA) 2 m U
72, RT-3DTEE S X APl @ @ 2D-TEE OFHIC#H L
THro 7z, LAA MR LAA OALETS VR F7 5k
FHOTHMELZ. LAAD3D F— ¥+ v hOilskizid3p
zoom mode & H v 7z (Fig. 1A). k7 — ¥ WAEHZIX LAA
EHELTELIETDEGBLEMERET S LH LA
1 5 > AT 1L QLAR 7.0(Philips Medical Systems) % i\ T
1o 720 LAA OFFI SR R o e Bl C i B I 1
DPIEOWEN,  AF OFEFTIE LAA DR & 75 5 BTl
L7z, &9 General Imaging 3D Quantification 77 "4 & H
W BN TR 2 1TV, LAA O B2 & U8 S50 T ik
(Fig. 1B, C) % FIRL, LAAOKNIEERHERE L. LAA®
AV 2 A IR I u;i&@ lateral ridge & KIHIR
T, RS O & R S R S E LY TR
BT LAA Ao B M2 LKFMZ D), By
BRI RS 7o S BIT T U=y B — bk B TR LT
FR A e L (Fe 1R):  RICRIETNICB W T Laa AT
S LAA B ECOWMe LAADEE L LTl L 2
{(Fig. 1F). B M % 13 Stacked Contours mode & Ji 3T,
LAA O AL & KM E T AR L W47 5 15 04
W iV (Fig. 1G), R FN oM ICBT 5 1AA R
MR FHT L—A L, FEE BERHE LA Fg ). 231

i

1)
I r%)s"ﬁi \C‘)LAA BRI, (D) LAA AL R
W E T 15 DM ST LAA B
sz LAA D 3 PICHARE TN,

=5

T A% WE B 7@ R G R T i B 1 o
Tz, BEEAIEIU 72 10 P18 W CREBAEE € LAA O fk
BEdlE L, SHBEGARE A L.

AL TMP 9.0 (SAS Institute Inc, Cary, NC, USA} % 1
Wi HEREROIETIE Y e Mol SRS HIE

BER T —JCRCIE 2 T0HT & F o, TR
& o 7235 5 11 post hoe Hi 5 & LT Tukey @ honestly signifi-
cant difference #5% WO L7, F 2 LAA O AT [ i
B WREE DU oM D SRR MR W UE.
B, BRPLMECEE. AL OB AP(C-AF, P-AF, non-A},«
FRECAED, WSO BERE, 5 ot 0A 4] o B & S
T B SRR, IR ;i’}ﬁ’;’}?b‘*f“ s, B
AT SR, & B T p 4 <0.05 OB & %
Bk LT L?i ’félig’lf“ (%) 7230 £ e
FTHRL, p <005 ZHEE ML

ORASEEFERAT T

UNEEY
wm R

SWT 46 B LT RTAD-TEE R T L, 209 5%
fE 2 BB PO AR U, TIA R 135 BIChore.
AFLZ 3D zoommode V2 L B LAA DF—% L v FHEAITR+
f*“ﬁa’a o7 8@”& WAl L. g1 127 B R #6 73.5410.8
B E L Zo9 b, 33 H4 CAF
22 45575» P-AF 1¥r 7207 pon-AF BELD A S v RIFgED
[WRIZBOTHED SN AF ISR, e AF Th
Y, P-AF B3R %‘H%?v»ii T H o7

HZHOFRE T LTl SRS, I BECER
(p=0.041), 5 - ML AS % O A I8 (p=0.006), LG BNP i
(p=0.006) IL A WA T, CAFBIIERT, 5 oM oR
ERET HBIELNE T IIE BNP DSE AR S ﬂ/v
PAZ Table 212 LAA OB E 2089, LAA QI
VBN ABREIZ 0829 Th o . 3EMobEET %iI.AA
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p=0.008), ALIHEM(5.73£1.95 cm?, 4.45%
242em?, 3232147 ent, p<0.000), B ¥ (3428070 om, 295%
0.89 cm, 2614070 e p<0001), K FR{11.3746.33 e, 7.59%
503 e, 4.902292 e, p<0O0D DTIIIB O THH BE
RO Bhposthock METHKHBELZ BT L&, A

TTEVER 2 S TSR CAFTE X non-AF B, PAPBE &
non-AF BEOQ B CH BEND 0 (Fie2A, B), B/ RS

S

ES L CAF B L non-AF BFOMTH: S Y (Fia. 20, B,
AITHER B L OAREI N CORHTHEESHL L
(Fig.2D, F).

LAA O AT {fﬂfx; B L O B % P 7 YRR,
RO OFRE Table 3 18T, BB H TR LAA D
A LT WiRE & L, o AL DA IET, LAA
DEH L AR ) o MR OREOH OB CREN A5
Foo EURSFITRAT - oA AL LAA O AR TR 4R
& AF, o M OCAROF OB CAHE R BEIL B,
HRETILAY QA L TEES A BT (p<0.001),

BHLAADED L W2 B 2D

fRid, ¥ Cr @i@

36 : 262 B 36% 4% (201417
Table1 &
HH efkn=127) C-AFBE(n=33)  P-AFEE(1=22)  nonAF B (n=72) pfl
PR, B n{%) 88(69.2) 22(66.7) 14{63.6) 52472.2) 0.695
S 7355108 TTAERT 73.449.1 TiET 0.041
T3 (', T HESD) 1.5940.17 158015 1.5940.21 1594017 0971
88(69.2) 24(72.73 13(59.1) 51(70.8) 0.525
28(22:1) 9(27.3) 1(4.6) 18(25.0) 0.090
65(51.2) 15(45.5) 11{50.0) 39{54.2) 0.704
21(16.3) 3(9.1) 209.1) 16{22.2) 0.143
N i?—(f)l\[,ﬁ: n{%)} 29(22.9) 7(21.2) 1{4.6) 21{292) (1.533
G ML R %) 15(11.9) 9(27.3) 1{4.6) 516.9) 0.006
Mg BNp® (pgsz SHESD) 164142795 287442357 175.74141.1 100.54312.8 0.006
SD: standard deviation, BNP: brain mgtriumtic peptide
PR T O L IR 7 non-AF BEO 4 IR BRI L CRIE LS.
Table2 LAA GRS
THE Ltk (n=127) C-AFH#E(n=33)  P-AF B (0=22) ~“non-AF B (a=72) p i
L/\A L 2R (e, SF352SD) 5184274 2774165 46.1428.0 6474229 <0:001
Isf&{ﬁﬁnm FHSD) 2.74:40.60 3.0840:56 2.94:+0.71 2584047 <(.001
1% (em, T B28D) 1.9140.54 2.2640.47 2.0940.51 1.6940.47 <0.001
SAAE 1.4840.26 1.37+0.13 1.43+027 1.5440.29 0.008
4.08£2.07 5.73+1.95 4.4542.42 3.2341.47 0,001
& (em, 2.88+0.81 3.4240.71 2.95£0.89 2,61+0.70 <0001
ek (on, 7.05£5.18 11,3746.33 7.59£5.03 4.90+2.92 <0.001
LAA; left atrial appendage;, S standard deviation
MFHE (2774165 cmfs, 46.1428.0 cm/fs, 64.7£22.9 emis, 2 =
p<0.001).  J% F£(308£0.56cm, 2.94+0.71 cm, 2.58+047 cm, =
p<0.001),  # #8(226:047 cm, 2093050 cm, 1693047 cm, 2D-TEE CLAA T BN 2 4. ek ig
p<0001), B2 #E/8 1E H(13720003, 1432027, 1.5440.29. IR E N2 2D WHRZ AT 2 L ledr o /oS, £ 0O

12 (best 2D view) T
i AL

CH D
LD LAA ATTHR S

EN ORGSR o e

W 00 best 2D view B IEEF L 22 S MRS LTV D &
éi*@@fk‘f"? (f‘)@;ﬁa

iwb‘ DHSER TR, FRIHL
C ZEMEL T Yk w MR BARRAD
= lf. ’CM”)'{" % best 2D view (/)_ﬁfﬁv%} TR, BT A
LATRETH D,
RTAD-TER TR LT~y MIX S5 LAA DD
DETRE & CHIBILY, LAA wﬁ\éaw
AFERITHBELREW I ESME SN TWETY Lk
L, BB s o e g s Laitiaon g off
HITWw i, Nucifora &7 13, AP A3 FEfd
WP 2 B L2 5 T LAA OB, W s, A
I:iﬁi)?éﬁ\ KEL Y, BE/HRBELSENIL BB L #H
ot AF O WIER 2 SR AR RO TR A EE
Whpdrodz, ZRE UAKRE GRS B AL
B EUEM T non-AFRE & AR O ?ad THOHEELED

\L
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I L U RE SR S BT A AL E O 3 GG 361263
o P00 e BER0L p=0.008
e P12 . {cen) p=0.385 p=0.200
. pRO02 2 p=0.70G7
N * ety w0 oy
g ) ﬁ s e S
g €T
o : o — Wiz
.| ;
5 < o 08 o
C-AFEE 7-AFE%  non-aFBE C-AFEE P-AFF non-AFEE C-AFEE pAFEE nonAFEE
. <0601 § 0,001 ey p <0.D01
. " 0,034 p=0.066 . 50,007
itmz k 7 pe0020 i‘eml‘ V0168 {cmzi - 0037
o 15
g w
g 4 T g | |
<y 5 AIB C
s o 5 : . T émm’
cargt paRlE  nopARlE Cartt  parlE nonath cARRE PARE nonarll D E F
Fig.2 C-AFHF, P-AF . non-AF #EIZI30) & /01 (LAA) O ALTES IR (A), HIE(B), R/ ML
(C), ALIFBWHD), B3 E). KRE ol
Table3  HUFVG T 2 © ONLZ B 694 5047
AL R R
HA [ a4 TG AT EAIPET TR S04
THH B p i B p fiti B p A p il
e 0.064 0.486 -0.00553 0.944 0.076 0.398 0.033 0.675
At (%) 0.26 0.004 0.17 0.033 0.15 0.085 0.041 0.603
FRFEMA (m?) ~0.12 0.206 -0.0335 0.698
AR’ <0.001 <0.001 <0.001 <0.001
AR AF 0.29 0.22 0.31 0.2
FERME AR 0.58 0.58 0.5
ELE 0.020 0.826 ~-0.061 0.492
BEFRRT ~0.060 0.513 0.0020 0982
R ey e 0.028 0.760 -0.014 0.878
B o v 0.026 0776 0.016 0.860
JRHESE D BEE -0.038 0.678 -0.036 0.531
9 o MR 0.26 0.004 0.17 0.035 0.25 0.005 0.12 0.124
MEEA R 029 FEEAR 027
AF; atrial fibrillation
PRI B =0, Kk =1, W0ER, BL=0, Y =1L
FHAENR AT, BRURSATE L AR R LE DX bu—- & Lz
7z, FOBHE LT, AFEMIZBOT LAA O ALTERER R NS K LICABETH BRI CAF BT
RO MRS O5E & BT 5 2 L 25E <, LAA QATIERDPHBILIR VI EAREN Y, EEFR
BRTH DD, ARRFSE S i i R o B 2 1 &4 BRI L ARBRWTELBORE /SRR x

LTwad I &R0, RIS BIT 58I AF EFREI
LAA O R L7 TH o 28, TAREOHE T AF
Lo T B AARERBS ARICEAE
KH, BMA) EF) Y TOBBRIBRETA wWbO3
LAA DAY v = v 7 ORENEE L O i 2 &

(BIER + AT HAMILTF LT 115B0 K & oS Y i
RO B O TR OB O/ RRIEPET LT 1S
DL EDOHERH VY, LAA ALROERE  BEROKTY
LAADOIHHE TR EEANCERN L Twa EFH A
B, BHIRERD L, BHWICRTIDTEE # W72 LAA O
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36+ 264 B 36%4 % (014:7)

3D BRI X ¢ BEEo AR BRI BT
BEVEE AF OFHERZFHT LI EATREL 2500 Lt
¥y,

AT C-AFE L PAFFOMTY LAA O, ALl
WA EELEO. AFRREETH - TLHRET
HoTHRBEREOY X7 ERASEHEESATBYY,
LAA DK O & PN ICHEBENEEST 3 btk
LAA M RES 2P LAA ORI, L EOBEAN L EHR
S LTwAEHESRS ThHDEHRLAADID
FHMEEE & LAA WIMAE X OB, X 5IICBNPYREDISA
Fe— -2 ORI OCTEHSBREPLETH L. £
FAEHBINTVD LAA OBIKO G & AF 08k g
BHHEOMMBIZCT, MRIZFHLAZLOTHEY, &
RT 3D-TEE "C 3 HMOBITAED - LS L5,

S TEBERT I B 72 3D zoom mode VB RIBH O 28 7 <
W LoEZEODEBEOF— 2y PRAPTETHD
25, BB IS O THESHEFMETLCLE
4. =F, & 3—020FFETH S 3D full volume mode
LSERICEHUCRERO 3D 7~ 29 7R o -4y
IO TREST A TET. KWELERTE VRS
MR EET 52 EATE S, L LT — 5 EghoREk
RIE, KB EICE TP —F 4772 bAFEL L8,
HRBEOFPMEZ LIV AZ ENNTET, F— sy RBECE
BHELEDET, W% 3D F—F Ly MR TE T
BIEG pE R T ALENH L. B, A EREORE
Bl s s & L7 3D full volume mode THB L 3D F— &0
B %> Tw b,

ARFIRIT 31T B limitation & LT, T4 TER BB R
BTHY, BUHREE TIAOERFICFI CLEEL
<, MBI BY 280N RENAO TEE OEI I35
BRERES LAANIS OB L HBE LTEY, $TI0
YDA O FEAH S 2R A RN EEE LTES
T, F S REOBRGEMIRET LI wzo, HRER
TR, 7APELTWATEEAD L. KT, $HEE
Wrooarg & L 7z 3D zoom mode W IFH MRS R w2012,
LAA DPBR & e ABMARECHLIZZLFTETCYEY
WHEED S B, B 510, S P-AF BIZ S RHOER I RS
Tholdt, BHBOEOERE BT LI Eh5, MER
IR TH - E & AF Th o EROB TR 17
AL TWBIREEH 5.

RTAD-TEE 2 & 2 LAA O 3D FHIc B VT, SN EER
PRI I 45 B 42003 AR OFFFEDS LAA R, AR o
oK%, LAA AL B/ ELOKT EHET L 2 &4t
RN

AR CICBEL TR, BRTE COLIREILH b 03,
AR BEZCTRASFELZV.

O
ARG A AT B A AR RHR LS O BRI R B R o)
B (24591084) B Z T TIT» /2.
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Abstract

Evaluation of the left atrial appendage by real-time three-dimensional transesophageal
echocardiography for acute stroke patients

Koji Tanaka, M.D.," Masatoshi Koga, M.D.,” Satoshi Ohyama, M.D.,"” Keisuke Tokunaga, M.D.,”
Kazuaki Sato, M.D.,"” Rieko Suzuki, M.D.."” Kazuo Minematsu, M.D.." and Kazunori Toyoda, M.D.”

UDepartment of Cerebrovascular Medicine, National Cerebral and Cardiovascular Center
23Departmem of Stroke Care Unit, National Cerebral and Cardiovascular Center

Background and Purpose: Atrial fibrillation (AF) causes remodeling of the left atrium and the left atrial append-
age (LAA) that can lead to cardioembolic stroke. We investigated the association between the LAA parameters, mea-
sured using real-time three-dimensional transesophageal echocardiography (RT 3D-TEE), and the presence of AF in

patients with acute ischemic stroke.

Methods: We performed RT 3D-TEE for patients with acute cerebral infarction or transient ischemic atfack,
measuring L.LAA orifice area, depth, and volume offline. Patients were classified as having chronic AF (C-AF group)
or paroxysmal AF (P-AF group) or not having AF (non-AF group).

Results: Of 127 patients (mean age 7411 years, 88 men), 33 were assigned to the C-AF group, 22 to the P-AF
group, and 72 to the non-AF group. LAA orifice area (5.73%£1.95 cm?, 4.45£2.42 cm’, and 3.23+1.47 cm’, respec-
tively; p<0.001), eccentricity index (1.5440.29, 1.4340.27, and 1.37+0.13, respectively; p=0.008), depth (3.42£0.71
cm, 2.95+0.89 cm, and 2.6120.70 cm, respectively; p<0.001), and volume (11.3746.33 cm’, 7.5945.03 cm’, and
4.9042.92 cnt’, respectively; p<0.001) were significantly different between groups. Post-hoc analysis revealed that
only LAA orifice area and volume were useful in discriminating the three groups and that both were largest in C-AF
group and smallest in non-AF group. After adjustment for sex, age, and congestive heart failure, LAA orifice area and
volume were independently associated with the presence of AF.

Conclusion: Paroxysmal and chronic AF may contribute to the enlargement of both LAA orifice area and volume

in patients with acute ischemic stroke,

Key words: real-time three-dimensional transesophageal echocardiography, left atrial appendage,

ischemic stroke, atrial fibrillation
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For safe and efficient sonothrombolysis therapies, accurate estimation of ultrasound transmittance
through the human skull is essential. The present study clarifies uncertainty surrounding this transmit-
tance and experimentally verifies the equalization of transmittance through the modulation of ultra-
sound frequency. By changing three factors {ultrasound frequency, the thickness of a bone-phantom
plate, and the distance between a transducer and a bone-phantom plate), we measured the intensity
of ultrasound passing through the plate. Two activating methods, sinuscidal waves at 500 kHz and

ify‘::’i’g:‘;mmic croke modulated waves, were compared. When we changed {1) the distance between a transducer and a
[\,;iiulm'on ’ bone-phantom plate and {2) the thickness of the bone-phantom plate, uitrasound transmittance through

the plates substantially Huctuated. The substantial fluctuation in transmittance was observed also for a
cut piece of human temporal skull bone. This fluctuation significantly declined for the modulated wave,
in conclusion, modulation of ultrasound frequency can equalize the transmittance with an approximately
30-65% fluctuation drop and an approximately 40% fluctuation drop for a bone-phantom plate and for a
cut piece of skull bone, respectively. By using modulated waves, we can develop safer and more effective
sonothrombolysis therapies.

Sonothrombolysis
Thrombolysis
Transcranial transmittance

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Advancements in therapies for acute ischemic strokes are criti-
cal in present-day medicine. Among the available therapies,
administration of a recombinant tissue plasminogen activator (rt-
PA) is the first choice; and its effectiveness has been proven [1].
However, high ratios of symptomatic intracerebral hemorrhages
(4~7%) in the rt-PA-injected patients constitute the treatment’s
most serious adverse effects [1-3]. Reduction of this hemorrhage
ratio is strongly desirable. Furthermore, higher therapeutic effi-
ciency resulting in improved prognosis is no less desirable. For the-
se aims of reduction and improvement, one of the most feasible
methods is sonothrombolysis in which irradiation with ultrasound
enhances the thrombolytic activity of rt-PA specifically at the irra-
diation site [4-6]. When the enhancement is successfully obtained,

* Corresponding author,
E-muil address: masajun2093ryo@jikei.acjp (M. Yokoyama),

hitp:/fdx.doiorg/ 10,1016/ .ultras.2015.01.017
D041-624%f 2015 Elsevier BV, All rights reserved.

a reduction in rt-PA doses is possible, thus helping decrease the
hemorrhage ratio.

Sonothrombolysis has been actively studied, and several clinical
trials have been conducted. In a CLOTBUST (Combined Lysis of
Thrombus in Brain Ischemia Using Transcranial Ultrasound and
Systemnic t-PA) clinical test {4] with 2 MHz ultrasound, the recanal-
ization rate was improved. In the prognosis after 3 months, howev-
er, a statistically significant improvement was not obtained. One of
the possible reasons for the 3-month - prognosis result is appar-
ently a problem of low transmittance of 2 MHz ultrasound through
the skull. Consequently, a technology to obtain high ultrasound
transmittance is favored in sonothrombolysis, not only for 2 MHz
but also for other frequencies of uitrasound. A TRUMBI (Transcra-
nial Low-Frequency Ultrasound-Mediated Thrombolysis in Brain
Ischemia) trial with 300 kHz ultrasound was stopped prematurely
because of an unexpectedly high ratio of cerebral hemorrhages [71].
The reason was not elucidated; however, it was speculated that
locally intense spots arose owing to standing waves, which result
from the multi-reflection of ultrasound at the inner surface of
skulls {7,8].
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To improve the effectiveness and safety [9] of sonothrom-
bolysis, several groups have developed therapeutic devices such
as an array transducer composed of both therapeutic and diagnos-
tic ultrasound elements [10]. a high-intensity-focused ultrasound
probe navigated by MRIs {11~13], and a computer-aided multiple
transcranial head frame {14]. For all sonothrombolysis-equipment
developments including the above-mentioned examples, estima-
tion of transmittance through human skulls is the most fundamen-
tal and important factor for equipment-system designs. For clinical
applications, uncertainty of the transmittance is undesirable. if the
transmittance is unexpectedly high, the acoustic intensity in the
brain will be higher than the anticipated intensity, consequently
increasing the risk of cerebral hemorrhages. Likewise, if the trans-
mittance is unexpectedly low, the enhancement effect of throm-
bolysis will be that much smaller. We believe that the correct
estimation of transmittance is one of the most important factors
for the effective development of sonothrombolysis therapies.
Transmittance varies depending on many factors such as frequency
of ultrasound and thickness of bone [15-19]. In particular, White
et al. reported interesting frequency-dependent fluctuation behav-
iors of ultrasound transmittance through the human skull both in
calculations and measurements {19]. However, the human skull
is not an appropriate measurement sample with which effects of
various skull parameters (e.g., thickness, density, sound speed)
on ultrasound transmittance are systematically analyzed, because
the skull possesses considerably complex structures and various
bone thicknesses at different points. In this paper, we use a
bone-model plate possessing a representative density of human
bone. With this bone plate, we try to systematically analyze trans-
mittance behaviors of ultrasound by varying both the plate para-
meters and the irradiated ultrasound parameters. In our model,
the derivation of which is described later, the transmission of
ultrasound fluctuates cyclically according to changes of frequency
and plate thickness.

in the past, fluctuations in ultrasound transmittance have not
been considered large enough to influence sonothrombolytic ther-
apy’s safety or effectiveness. Some previous works reported phase
shift of uvltrasound with frequency change through a phantom
plate [20] or humnan skull [21] {model calculation). We hypothesize
that fluctuations are, in fact, much larger than previously consid-
ered, and that the fluctuations significantly affect sonothrom-
bolysis effectiveness and safety. Therefore, we have performed
relevant calculations by using a simple model of a bone-phantom
plate, and experimentally measured ultrasound transmittance by
changing the ultrasound frequency and thickness of the hone-
phantom plate.

Many previous studies concerning ultrasound transmission
have not investigated the distance between a transducer surface
and bone. Clement et al. [22] observed a phase shift of ultrasound
through human skull when they moved a transducer. In this case,
the authors simultaneously changed both the transducer’s location
and the distance between the skull surface and the transducer. No
published study has conducted a systematic analysis regarding the
distance between a transducer surface and bone has not been
done, Because water shows similar properties as tissue in terms
of density and sound speed, the aforementioned distance can be
treated as the thickness of human skull’s surrounding skin. Ultra-
sound reflected at the bone-surface travels back to the transducer
and is reflected at the transducer surface, and then, propagates
toward the bone again. Owing to interference between the reflect-
ed ultrasound and the non-reflected one, transmittance may fluc-
tuate. Therefore, we varied the distance between the transducer
surface and the bone-phantom plate in addition to the ultrasound
frequency and the plate thickness.

Furthermore, because this undesirable fluctuation results from
ultrasound-related reflection and interference, we expect that

modulation of ultrasound frequency, which disrupts ultrasound
regularity, equalizes the fluctuating transmittance. We have, more-
over, experimentally verified this hypothesis. Previously, we used
ultrasound modulation {23-25] to reduce standing waves, which
constituted a possible cause of cerebral hemorrhages in the
TRUMBI trial [22,26,27]. In the current study, we expect that
modulation of ultrasound not only can reduce standing waves
but also can equalize the fluctuating transmittance of ultrasound
through human skulls.

2. Materials and methods
2.1. Experimental setup

We used a transducer (a special-order product; Ueda Japan
Radio Corporation, Ueda, Nagano, [apan; Fig. 1A presents a photo
of the transducer) possessing a nominal frequency of 500 kHz
and a broad bandwidth from 357 kHz to 665 kHz (6-dB down). This
transducer was made of 5-mm-thick porous piezoelectric material,
and its matching layer was made of SA16 (an epoxy resin). No
backing was added. The surface of the transducer formed a flat disk
shape whose diameter was 24 mm. A signal from a generator
(AFG3102; Tektronix, Beaverton, OR, USA} was amplified with an
amplifier (HSA4101; NF Corporation, Yokohama, Kanagawa, Japan)
and introduced to the transducer. When we activated the trans-
ducer at 500 kHz in water, the wavelength of the ultrasound was
approximately 3 mm, and the focused point was 47 mm away from
the transducer’s surface. {The value of this focused point was calcu-
lated according to Eq. (A).)

Dt . .
T3 (D : transducer diameter, 4 : wavelength), (A)

For a model of human temporal skull bone, we used a bone-
phantom plate (a special order product; Ueda Japan Radio Corpora-
tion, Ueda, Nagano, Japan). The plate size was 50 mm x 70 mm,
and the plate thicknesses ranged from 0.6 mm to 44 mm at
0.2 mm intervals. Photos of a 2-mm-thick plate are shown in
Fig. 1B and C. The plate’s surface was placed parallel to the flat disk
surface of the transducer. Although thickness of human temporal
bone varies from one person to the next, the thicknesses of bone
plates lie within a range related to the human temporal bone
(3.1 £09 mm (the average +S.D.) reported by Wijnhoud et al
{28]. The sound speed of the bone-phantom plates was 2884 m/s
(measured according to the ultrasonic pulse method), and its den-
sity was 1664 kgim® (measured according to the Archimedes’
method). These values are comparable to the human skull bone
{16]. The absorption rate of the plate was 0.402 dB/mm/MHz (the
average value measured according to the transmission method at
2, 3, 4, and 5 MHz), which was approximately half of a value
(0.7 dB/mmJMHz) of human skull bone at 0.56 MHz [29].

A cut piece of human temporal skull bone {3.5cm x 8.0 ¢m,
Fig. 1D} was purchased through the General Science Corporation
import Company (Tokyo, Japan) from Ets du Docteur Auzoux (Paris,
France) on March 2006.

We measured ultrasound intensity passing through the bone-
phantom plate with an acoustic intensity measurement system
(AIMS) (Onda Corporation, Sunnyvale, CA, USA) equipped with a
needle hydrophone having an active tip of 0.4 mm in diameter
{HNC-0400; Onda Corporation, Sunnyvale, CA, USA). Special-order
calibration was made in a wavelength range from 250 kHz to
1 MHz with 50 kHz intervals in addition to the standard calibration
from 1 MHz to 10 MHz. The measurement was conducted with an
average acoustic intensity of 200 pusec measurement period. By
changing three factors (the frequencies of ultrasound, the thick-
nesses of the bone-phantom plate, and the distances between the
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Fig. 1. Experimental samples and device. (A} transducer. (B} surface of a 2-mm-thick bone-phantom plate. (€} close view of the bone-phantom plate for observation of

thickness, and {D} cut piece of human tempora!l skull bone.

transducer surface and the plate), we measured the acoustic inten-
sity of ultrasound passing through the plate.

We used a periodic selection of random frequency (PSRF}
method [22] as an ultrasound-modulation method. in this method,
various frequencies are chosen randomly, and the selected
frequency is irradiated for a certain period Tpsrp: The frequency
ranged from (fo — Dy) to (fo + D), where f; is the carrier frequency
and Dris the frequency deviation (e.g., fo= 500 kHz and Dy= 50 kHz).
In our experiments, the signal generator read the frequency values
from a USB (Universal Serial Bus) drive, in which we stored random
value data.

2.2. A calculation based on a multi-layer model

A multi-layer model was used for prediction of the transmit-
tance behaviors {16]. In this model, plane waves are injected into
layers, each of which has its own sound speed, density, thickness,
and absorption ratio. The waves are reflected or transmitted at
each boundary between layers. In this study, we divided the acous-
tic intensity of the waves passing through all the layers by harness-
ing the intact waves’ acoustic intensity without any plate, and

consequently, we obtained a transmittance ratio {z) in the follow-
ing formula. Sound speed in water was 1483 m/s, and water densi-
ty was 998 kg/m®.

47,7
T o= - e ’ b e . (1}
(Zw ‘f"Zb) e‘kﬁd — (ZW — Zh} e""kbd

{Z,. is acoustic impedance of water, Z, i acoustic impedance of
bone, k; is wave number in bone, and d is thickness of bone.)

We have taken into account attenuation by complexification of
wave numbers, k — k — iz, where « is the attenuation ratio. We
used this model to estimate transmission behaviors. In spite of
its simplicity {we takes into account neither diffraction nor distri-
bution in the near-field}, this model helped clarify basic features of
transmission and identify peaks of transmitted intensity. In the
model, it can be shown that, in a case of transmission through bone
whose absorption is proportional to frequency, the peak frequen-
cies are different for different thicknesses of bone; however, the
values of transmittance at peak frequencies are the same for all
thicknesses (Fig. 2A).

This formula (1) is derived from ordinal mathematical calcula-
tions described below. In this multi-layer model, plane waves
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Fig. 2. Calculated transmittance as a function of frequency. (A} The transmittance
was calculated with a 3-layer {skin-bone-brain} model. {8} Ultrasound transmit-
tance was calculated with a 4-layer {matching layer~skin-bone-brain} model. The
acoustic impedance was 4.8 MRayls. The transmittance is a ratio of the intensity in
the brain to the intensity in the matching layer.

propagate in one direction. The pressure of an injected wave can be
expressed by Agel@-%% where A, is pressure amplitude, w is
angular frequency, t is time, kg is wave number, and x is a coordi-
nate in the direction of the propagation. Suppose the wave passes
through n layers (n=1,2,...}). At boundaries of layers, a part of a
wave is reflected, and another part is transmitted. The reflection-
to-transmission ratio at the boundary can be determined by the
continuity of pressure and particle velocity. In the m-th layer, the
wave can be expressed by A, el fnd 4 B ellontkeX) where k,, is a
wave number of the m-th layer, The first term represents a wave
propagating in the +x direction while the second term represents
a wave propagating in the -x direction. A wave passing through
all the layers can be expressed by Are™ %% We define 2-by-2
matrices Tpq m and Dy, as follows.

ikt |
Dy = (e 0 ewigm)% (m=0,...,n), (3)

where Z,, is acoustic impedance, and d,, is the thickness of the m-th
layer. In the above, n + 1 is identified as f. The following formula can
be satisfied:

As (AU' ' R

< 0 ) Bo ) @
where

M M, .

M = (M: Mzi) = ’I'annTnvan-v-‘; Ve D2T21 DZ TTO- (5)

Pressure reflection ratio R, pressure transmission ratio 7, energy
reflection ratio r, and energy transmission ratio t can be calculated
as follows:

R = (6)

rofy_detmy

B e omm 7

Ao My “

[ ;

= i ®)
Zy [det(M)[*

= 9

‘ Z | M ®)

In the case of transmission through bone in water, the transmis-
sion ratio is expressed in Formula (1).

3. Results
3.1. Fluctuation due to frequency

Fig. 3 shows the frequency dependence of ultrasound transmit-
tance. As shown in Fig. 3A, a 2-mm-thick bone-phantom plate was
located at a distance of 1.3 mm from the transducer surface. This
1.3-mm distance is comparable to the thickness of skin on the
bone’s surface because the acoustic properties of water are almost
the same as those of skin. Acoustic intensity was measured at
60 mm from the transducer surface. The transmittance plotted in
Fig. 3A is a ratio of the acoustic intensity transmitted through
the bone-phantom plate to the acoustic intensity without the
bone-phantom plate. A peak was seen near 500 kHz. We predicted
the presence of this peak by calculating the multi-layer model for a
water layer having a 1.3-mm thickness. The transmittance values
near the peak were larger than 1.0. These results indicate that
ultrasound intensity rose after transmission through the plate. A
possible reason for these larger values is resonance inside the
transducer. The reflected wave at the bone-phantom plate entered
the transducer, and the oscillation of piezoelectric material was
resonantly enhanced. Two additional peaks were present at
340 kHz and 630 kHz. These peaks—corresponding to neither the
peaks of the water layer nor the peaks of the bone-phantom
plate—seem to have resulted from reflection inside the transducer,
which was composed of 5 mm-thick piezoelectric material. Fig. 3B

2
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Fig. 3. Measured frequency dependence of ultrasound transmittance. Transmit-
tance is a ratio of acoustic intensity through the bone~phantom to intensity without
the bone-phantom. Bone-phantom thickness was 2 mm, and distance between the
transducer surface and the bone-phantom was 1.3 mm for (A) and 12 mm for (B). A
hydrophone was located 60 mim from the transducer surface.
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presents plots that we obtained involving a water-layer thickness
of 12 mm, which is close to the average skin-thickness of older
Japanese at the temporal region recently measured on MRI images
{data not shown. A reference {30} reported 9.5+ 26 mm as the
average value for 5 young healthy volunteers of 29-36 years old.)
Again, the transmittance significantly fluctuated depending on fre-
quency, and the transmittance value exceeded 1.0 at several peaks.
In this case, the interval between peaks was approximately 50 kHz,
which was shorter than Fig. 3A’s 2-mm-thick case. This finding is
consistent with our calculation that the interval is inversely
proportional to the water-layer thickness. Differences between
the local maximums and the local minimums were significantly
large, and the ratio between the maximum and the minimum
was 14 {maximum: 1.57 at 480 kHz, minimum: 0.113 ar 410 kHz).

3.2. Fluctuation due to skin-thickness

By changing water-layer thickness, which corresponds to skin
thickness, we measured transmittance. First, we calculated trans-
mittance using a multi-layer model, and the results are shown in
Fig. 4. The model consisted of a transducer’s matching layer {infi-
nite medium model of 4.8 MRayls acoustic impedance), a water
layer, a bone layer, and another water layer. In the boundary con-
dition, we assume continuous pressure and particle velocity at the

Transmittance

T v ¥ y
o 0.5 1 1.5 2 25 3 3.5 4 4.5
Distance [mm]

Fig. 4. Calculated ultrasound transmittance as a function of distance between the
transducer and the bone-phantom plate. Acoustic impedance is normalized in the
matching layer. Ultrasound frequency was 500kHz. Acoustic impedance of the
matching layer was 4.8 = 10° Rayls.
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Fig. 5. Measured change of ultrasound transmittance as a function of distance
between mransducer and bone-phantom plate. Frequency was 500 kHz. Bone-
phantomn thickness was 2 mm for (A} and (B}, In {A) and {B)}, a hydrophone was
located 60 mm frorm the bone-phantom plate. In {C), intensity distribution is shown
at various hydrophone distances from the transducer. Voltage was 133 vpp.

boundaries between two layers. Transmittance increment and
decrement were repeated with a cycle of 1.5 mm. This cyclic
behavior results from reflection at the transducer surface.

Then, we measured transmittance by changing the distance
between the transducer surface and the bone-phantom plate.
Results are shown in Fig. 5A and B. The distance ranges from 0 to
4.0 mm in Fig. 5A, while it ranges from 11.0 mm to 12.8 mm in
Fig. 5B. As the distance increased, the transmittance underwent a
cyclic change. For these figures, we conducted measurements at
60 mm from the bone-phantom plate. We found that these results
agreed well with the calculated results shown in Fig. 4. The cycle
was approximately 1.5 mm in the two cases. The ratio of the local
maximum to the focal minimum in the region within a 4-mm dis-
tance differed from the ratio in the region whose distance was
greater than 11 mm. The possible reason for this difference is that
plane-wave approximation is not valid when distances are large.

The above-described results (Figs. 3A and B, and 5A and B) were
obtained in measurements with a hydrophone placed at a distance
of 60 mm from the transducer surface. Fig. 5C represents the trans-
mittance measured at various hydrophone distances in cases
where water-layer thickness was 0.64 mm, 1.3 mm, and 1.6 mm.
For all the cases, the intensity change was very small {about
60 mm). This finding is inconsistent with the assertion that the
cyclic behaviors described in Fig. 5A and B come from significant
distance-dependent fluctuations in ultrasound intensity.

3.3. Fluctuation due to bone-thickness

Next, we examined the dependence of ultrasound transmittance
on bone-phantom plate thickness. Results are showr in Fig. 6. The
calculations in our multi-layer model predicted a local maximum
intensity at around 3 mm and an approximately 3-mm cycle. in
Fig. 6, a maximum peak at 2.8 mm and an approximate 3-mm peri-
odical cycle were observed. These facts indicate good consistency
between the calculations and the measurements. On the other
hand, this finding is inconsistent with the assertion that ultrasound
transmittance is higher for thinner bones. Many researchers and
clinicians seem to believe that this assertion is true in all clinical
practices of sonothrombolysis, ultrasound diagnosis, and other
ultrasound-utilized therapies. We also observed small shoulders
at 1.6 mm and 3.2 mm, indicating 1.6-mm-cyclic behavior. These
shouiders are not predicted in the model calculation. We repeated
measurements several times and found that the dip was repro-
ducible. The reason for these shoulders’ appearance is unknown.
We considered several possibilities: material differences, gen-
eration of such high-frequencies as 1 MHz {double the frequency
of 500 kHz), and non-linear absorption; however, we experimental-
ly disproved these possibilities. A change in hydrophone-position
did not eliminate the dip. We used 650-kHz sinusoidal waves and
observed a smooth transition of transmittance at a thickness of
about 3.2-mm (data not shown). We also disproved the possibility
that ultrasounds at such high frequencies as 1 MHz arising from
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Fig. 6. Measured dependence of ultrasound transmittance on bone-phantom
thickness. Frequency: 500 kHz; voltage: 20 Vpp; distance between transducer and
surface: 12 mm. A hydrophone was placed 60 mm from the transducer.
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waveform distortion contributed to the dip at 3.2 mm. We observed
the Fourier component of transmitted waves by oscilloscope
(TDS3012; Tektronix, OR, USA) and found that the 1-MHz compo-
nent was 37 dB smaller than the 500-kHz component. Such a small
1-MHz component is negligible for consideration of the prominent
dip at 3.2 mm. We further disproved the non-linear effect: When
we activated the transducer using different voltages (Fig. 7A), the
acoustic intensity of ultrasound passing through the bone-phantom
plate (normalized by the acoustic intensity of freely propagating
waves) was the same in spite of different voltages (Fig. 7B). We can-
not clarify the reason for the dip. However, we can infer that the dip
position is relevant to ultrasound wavelength because the dip was
produced at a 4.0-mm thickness when we used 400 kHz ultrasound
(Fig. 8). Unknown phenomena seemed to occur in the bone-phan-
tom plate for certain wavelengths and for certain bone-phantom
plate thicknesses. Although the reason for the appearance of the
shoulders is presently unclear, they did not influence our finding
that intensity fluctuated up to a 3-mm maximum range and in a
3-mm cycle, as the calculation predicted. The ratio of the highest
transmittance to the lowest was 6.0. This ratio is considered unfa-
vorably large for clinical applications, since acoustic intensity in
the brain fluctuates significantly.

3.4. Fluctuation due to multiple factors

Fig. 2 shows our calculation of ultrasound transmittance as a
function of frequency. And as shown in Fig. 2A, we evaluated the
transmittance by using a 3-layer model composed of water (skin),
bone, and water (brain) layers. In this 3-layer model, the incident
ultrasound wave propagates through skin of infinite thickness.
We focus on the effect of bone-thickness. Peak frequency was
observed to fluctuate with bone thickness. When we used a 500-
kHz sinusoidal wave, ultrasound easily passed through a 3.0-
mm-thick bone plate because this thickness (3.0 mm)} was
approximately half the wavelength (6 mm) of the 500 kHz
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Fig. 7. Influence of activating voltage change. The frequency was 500 kHz. The
distance between a transducer surface and 2 bone-phantom plate was 6 mm. A
hydrophone was located 60 mm from the transducer surface. In (A} acoustic
intensity is plotted. In (B), transmittance is plotted. The transmittance is a
transmitted intensity value divided by intensity without a plate. The values
without a plate were 11,6 mWjem? for 10 Vpp, 44.9 mWjcm? for 20 Vpp, and
102.1 mwicm® for 30 Vpp.
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Fig. 8. Acoustic intensity in the 400-kHz case, The voltage was 20 Vpp, Distance
between a transducer and a bone-phantom plate was 6 mm. A hydrophone was
placed at 60 mm from the transducer surface,

sinusoidal wave (on the assumption of a sound speed at 3000 m/
s in the bone-phantom plate). By contrast, when the bone thick-
ness was slightly changed to 2.5 mm or 4 mm, the peak position
changed. As shown in Fig. 2B, we took into account both bone
thickness and skin thickness. The transmittance was calculated in
a 4-layer model (matching layer-skin-bone-brain). We observed
that transmittance fluctuated depending on skin thickness and
bone thickness. Consequently, suitable frequency differs indi-
vidually, and it is impossible to choose one frequency suited for
every individual. Additionally, when ultrasound is used at one fre-
quency in clinical practices, slight differences in skin- and bone-
thickness will result in big differences in transmittance. Too strong
an ultrasound intensity in the brain can cause adverse effects such
as hemorrhages, while thrombolytic efficacy is not obtained in too
weak a transmitted ultrasound intensity.

3.5. Equalization by modulation of ultrasound frequency

As shown in Fig. 9, we experimentally compared the transmit-
tance of a sinusoidal wave with that of a wave modulated by the
PSRF method, which changes frequency randomly at certain time
intervals. We changed the distance between the transducer and
the 2-mm-thick bone-phantom plate (see Fig. 9A). We set
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Fig. 9. Equalization {measured} of ultrasound transmittance by means of PSRF. (A}
We changed the distance between the transducer surface and the bone-phantom
plate. Thickness of bone-phantom: 2 mm; voltage: 20Vpp; frequency: 500 kiHz
(sinusoidal wave) and 500 * 100 kHz (PSRF}, We changed the PSRF frequency every
1 us. A hydrophone was placed 60 mm from the bone-phantom plate. {B) We
changed the thickness of the bone-phantom plate. The distance between the
transducer surface and the bone-phantom plare was 12 mm. A hydrophone was
located 60 mm from the transducer. Applied voltage was 20 Vpp.
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Fig. 10, Eqgualization (measured) of ultrasound transmittance by means of PSRF for
a cut piece of human temporal skull bone. We changed the distance between the
transducer surface and the surface of the bone piece. Voltage: 20 Vpp; frequency:
500 kHz {sinusoidal wave) and 500 £ 100 kHz (PSRF). We changed the PSRF
frequency every 1 ps. A hydrophone was placed 60 mm from the piece bone.

Tpsrr = 1 ps and Dy= 100 kHz for the PSRF method. The distance-re-
lated transmittance fluctuation was smaller in the PSRF case than
in the sinusoidal-wave case. The ratio of the highest transmittance
to the lowest one was 7.0 in the sinusoidal case and 2.5 in the PSRF
case. The transmittance was substantially equalized in the PSRF
case. By changing plate thickness, we compared transmittance
(see Fig. 8B). We observed that the thickness-related transmittance
fluctuation was smaller for the modulated waves than for the sinu-
soidal waves, and was smallest for the modulated waves possess-
ing a broad frequency bandwidth. The ratio of maximum to
minimum transmittance was 6.0 for sinusoidal waves (500 kHz),
4.1 for a PSRF scenario {500 + 50 kHz), and 3.3 for another PSRF
scenario (500 £ 100 kHz).

In the next step, we measured ultrasound transmittance
through a cut piece of human temporal skull bone by changing
the distance between the transducer and the surface of the bone
piece. Fig. 10 plots the transmittance values of the 500 kHz sinu-
soidal wave (sin}) and the PSRF modulated wave (PSRF,
500 £ 100 kHz) are plotted. Although changes to the transmittance
values were more complex than the changes in the phantom-plate
case {Fig. 4A and B), we observed a considerably large fluctuation
with the sinusoidal wave for this bone piece. In this measured dis-
tance range, the ratio of the highest transmittance to the lowest
one was 2.3. This ratio was significantly reduced to 1.4 when the
modulated wave was irradiated. These results indicate thatconsid-
erably large fluctuations in ultrasound transmittance can happen
in the human skull. In future research, we would like to perform
detailed measurements of the human skull's fluctuation behaviors
to identify, with exactitude, two important factors: first, the fluc-
tuation’s significance for sonothrombolysis, and second, whether
the modulation technique is effective in reducing the fluctuation
in clinical applications.

4, Discussion

We found that ultrasound transmittance through a bone-phan-
tom plate significantly fluctuated with changes in ultrasound fre-
quency, bone-thickness, and skin-thickness. Additionally, we
clarified that skin-thickness played an important role in transmit-
tance. Previous research did not address skin-thickness effects on
ultrasound therapies. By comparing Fig. 1A and B, we can observe
the effects of skin-thickness. The significant fluctuations in trans-
mittance may impede the development of safe and effective tran-
scranial therapeutic devices.

Fry et al. reported [16] that reflections of ultrasound through
the human skull fluctuated but that transmitted ultrasound inten-
sity did not fluctuate. In the field of sonothrombolysis, a general
assumption has been that transmittance through the human skull

is lower both for thicker skull bone and at higher ultrasound fre-
quencies. White et al. [18] reported transmission behaviors
through a human skull on the basis of ultrasound-frequency
changes. They calculated and measured the transmittance at 17
points along a human skull in a frequency range extending from
600 kHz to 1.4 MHz. The average bone thickness was 6.1 mm. Their
calculated result for the average 6.1-mm thickness is shown as a
dotted line in Fig. 11A. They observed cyclic fluctuation behavior.
However, this cyclic fluctuation was buried in the more dominant
trend of decreases in frequency-related transmittance. Our calcu-
lated results are plotted as a solid line in this figure. The solid line
exhibits only the cyclic fluctuation without the decreasing fre-
quency-related trend. Differences between the two plots result
from two factors: one is a difference in the absorption rate of bone,
as our calculation involves 0.402 dB/mm/MHz, whereas
~123 +3.559 x 10~ f Np/m is involved in reference [18]; the sec-
ond difference concerns thickness, as our calculation involves
2.0 mm, whereas 6.1 mm is involved in reference [18)]. Our calcula-
tion using a thinner bone model is suitable for sonothrombolysis
through a temporal window, while White's reference involved
transcranial ultrasound therapy through all the surface points on
the skull. Fig. 11B compares measured transmittance plots. Our
results (solid line) reveal only cyclic fluctuation, while White's
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Fig. 11. Comparisons between our results and reference [ 18] in calculations (A} and
in measurements (B). (A} Frequency dependence of transmittance {model calcula-
tion). The solid line derives from our 4-layer mode! consisting of a matching layer
(4.8 MRayls), a water layer {998 kg/m®. 1483 m/s}, a bone-phantom plate (1664 kg/
m’, 2884 mfs, 0.402 dB/mm/MHz), and a water layer. The thickness of the bone-
phantom plate was 2 mm, and the distance between the transducer surface and the
bene-phantom plate was 1.3 mm. The broken line derives from a result in the
propagation model used in reference 13. The maodel ultrasound transmitied through
a 7.1-mm homegeneous layer {2132 kgim®, 2800 m/s, 2 = =123 +3.559 » 10~9 f) in
water (1000 kg/m®, 1300 m/s). (B) Measurements of ultrasound transmittance
behaviors. The solid line represents our results shown in Fig. 3(B}, while the dotted
line represents results from reference {19]. In this figure, the transmittance is
normalized by a value of 0.6 MHz.



