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High-Frame-Rate Echocardiography
With Reduced Sidelobe Level

Hideyuki Hasegawa and Hiroshi Kanai

Abstract—Echocardiography has become an indispensable
modality for diagnosis of the heart. It enables observation of
the shape of the heart and estimation of global heart function
based on B-mode and M-mode imaging. Methods for echocar-
diographic estimation of myocardial strain and strain rate have
also been developed to evaluate regional heart function. Fur-
thermore, it has been recently shown that echocardiographic
measurements of transmural transition of myocardial contrac-
tion/relaxation and propagation of vibration caused by closure
of the heart valve would be useful for evaluation of myocardial
function and viscoelasticity. However, such measurements re-
quire a frame rate (typically >200 Hz) much higher than that
achieved by conventional ultrasonic diagnostic equipment. We
have recently realized a high frame rate of about 300 Hz with
a full field of view of 90° using diverging transmit beams and
parallel receive beamforming. Although high-frame-rate imag-
ing was made possible by this method, the side lobe level was
slightly larger than that of the conventional method. To re-
duce the side lobe level, phase coherence imaging has recently
been developed. Using this method, the spatial resolution is
improved and the side lobe level is also reduced. However,
speckle-like echoes, for example, echoes from the inside of the
heart wall, are also suppressed. In the present study, a method
for reducing the side lobe level while preserving speckle-like
echoes was developed. The side lobe level was evaluated us-
ing a wire phantom. The side lobe level of the high-frame-rate
imaging using unfocused diverging beams was improved by
13.3 dB by the proposed method. In in vivo measurements, a
B-mode image of the heart of a 23-year-old healthy male could
be obtained while preserving the speckle pattern in the heart
wall at a frame rate of 316 Hz with a full field of view of 90°.

I. INTRODUCTION

CHOCARDIOGRAPHY is a predominant modality for

diagnosis of the heart because it provides a cross-
sectional image of the heart noninvasively in real time.
Because of the high temporal resolution of ultrasonic di-
agnostic equipment, global heart function, such as ejec-
tion fraction (EF), can be estimated based on B-mode
and M-mode imaging much more easily than with other
diagnostic modalities, siich as magnetic resonance imaging
(MRI) and computed tomography (CT). It has recently
been shown that ultrasonic measurements of transmural
transition of myocardial contraction/relaxation and its
propagation [1], [2] and propagation of vibration caused
by closure of a heart valve would be useful for evaluation
of myocardial function and viscoelasticity [3], [4]. How-
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ever, such measurements require a frame rate much higher
than that achieved by conventional ultrasonic diagnostic
equipment. For example, electrical excitation propagates
in Purkinje fibers and ventricular muscle at typical veloci-
ties of 0.3 to 4 m/s [5], and the corresponding propagation
velocities of myocardial contraction of 0.5 to 7 m/s have
been measured by ultrasound [4], [6]. In these studies,
a high frame rate (typically higher than 400 Hz with a
slightly reduced lateral field of view, which is much higher
than that realized by conventional ultrasonic diagnostic
equipment, usually several tens of hertz) is required to
measure the propagation of this electromechanical wave
and the resulting transient small motion of the heart wall.

Konofagou et al. [7] and D’hooge et al. [8] increased the
frame rate to above 200 Hz in the ultrasonic measurement
of the heart function. However, the size of the field of view
and the total number of scan lines in an ultrasonic image
were significantly reduced.

To achieve a high frame rate, we used sparse sector
scanning, in which the number of scan lines was decreased
to about 10 [9], and applied it to various applications [1]-
[4]. In this method, the angle intervals between scan lines
are increased to obtain a large lateral field of view with a
small number of scan lines. Therefore, the lateral image
resolution is significantly degraded.

The aforementioned methods are based on conventional
beamforming; therefore, the density of scan lines or field
of view must be sacrificed to achieve a high frame rate.
To overcome this problem, parallel receive beamforming
[10] with a wide transmit beam has been developed to
illuminate a wider region by one transmission to reduce
the number of transmissions. Lu and colleagues proposed
an imaging method using an unfocused but nondiverging
transmit beam, namely, a limited diffraction beam [11}-
[14]. Unfocused beams achieved a wider beam width, and
nondiverging beams used in these cited studies prevented
the insonified energy from being spread to ensure that
the required penetration depth was achieved. However,
the width of a nondiverging beam is limited by the size of
the aperture, which would limit the number of receiving
beams created by one transmission.

High-frame-rate echocardiography at about 300 Hz
with a full field of view of 90° using steered diverging
transmit beams and parallel receive beamforming has re-
cently been realized [15]. Diverging waves were produced
using all transducer elements in an ultrasonic array probe
to obtain ultrasonic echoes with a better SNR [16], [17]
than the spherical wave produced by a single element [18].
Although just the idea of a diverging beam produced from
multiple elements was shown in [17], the feasibility of the
diverging beam had not been examined. The diverging
beam from multiple elements was shown to be feasible
in high-frame-rate echocardiography [15]. Although high-
frame-rate imaging is possible by our method, the side lobe
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level is slightly larger than that of conventional beamform-
ing. To reduce the side lobe level, phase coherence imaging
has recently been developed [19]. This method sensitively
suppresses echoes influenced by the diversity of phases of
echoes received by transducer elements because of various
factors, such as focusing error, etc. Therefore, the spatial
resolution is improved and the side lobe level is suppressed
by this method, but weak speckle-like echoes, which are
generated by interference of scattered echoes, are also sig-
nificantly suppressed because the phases of echioes would
be influenced by the interference. In the present study,
a method to reduce the side lobe level while preserving
speckle-like echoes was developed. The side lobe level was
evalnated using a wire phantom, and a B-mode image of
a heart of a 23-year-old healthy male was obtained in vivo
by the proposed method.

II. PRINCIPLES

Using an unfocused wide transmit beam increases the
side lobe level compared with conventional beamforming
(focusing both in transmit and receive). Therefore, meth-
ods for reduction of the side lobe level are required.

When receive focusing is performed with respect to a
spatial point p, the position of the source of an echo does
not always exactly coincide with p. Let us consider the
difference between the time delay applied by a receive
beamformer and the propagation time delay of the echo.
As shown in Fig. 1(a), the locations of focus and the
source of the echo are defined by (z,2) and (z + Az, z +
Az), respectively. Under such conditions, distance »/ from
the th element to the source and distance r; from the ith
element to the focal point are expressed as

l',l = \/(”IJ - z; + A«";)z + (Z + Az)2> (1)
‘}”i = \mf (2)

where x; is the lateral position of the ith element.

Residual time delay Ar; (focusing error) of the echo
from the source received by the ith element after receive
beamforming (applying time delay Trpr;) depends on the
difference between r; and r/.

(r)? - r? = Ar(2r, + Ar)
=(z—2; + A2)? + (z + A2)? ~ (z — z,)? — 2%,
3)
where Ar;is 7/ — 7.
By assuming that the focal depth z is sufficiently large,
squares of Az and Az can be neglected:
Ar2r, + Ar) = 2Az(x — z)) + 20z - 2, (4)
2z — ;) + 2022
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where 2r; + Ar; is approximated by 2r; because Ar; is as-
sumed to be sufficiently smaller than 27,

For large 2, distance r; can be approximated to be (22
+ 22)1/2 because 7; is limited by the aperture size (z; was
less than 10 mm in the present study). Therefore, residual
time delay Ar; is expressed as

_An

A7, =
! Co (6)
= ail}/,; + b,

where ¢ is the speed of sound. Constants a and b are
given by

Az
E——
(:Ox/:tz+zl
Ar-z+ Az-2z

00\/.’1:2 + 22

(7)

a =

b= (8)

Residual time delay A7; is also expressed as the residual
phase delay Af;:
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Fig. 1. Illustration of mismatch between the location of a focal point
and that of the source of an echo (a) in receive and (b) in transmission.
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Af; = 2m foAT,, (9)
where f; is the center frequency of ultrasound. In the pres-
ent study, a method was proposed for reduction of the
side lobe level while keeping the shape of the point spread
function similar to those in conventional beamforming and
our proposed method using diverging beams. As shown
in (6), there is a linear relationship between the residual
phase delay A#; and the lateral position z; of an element
when the location of a focal point is close to that of a
scatterer. This means that the difference between residual
phase delays of two neighboring elements is consistent
across the array when the focusing is done near the source
of an echo (when Az and Az are small). This consistency
can be evaluated by the magnitude-squared coherence
function (MSCF) « [20], defined as:

2

-2 P ) 2
zmo Sii z«,fzmu Siw‘-ll

where L is the number of elements. The numerator in (10)
corresponds to the cross-spectrum between S; and S;q
averaged across the array. Therefore, the MSCF becomes
1 when the transfer function from S; to Si. is constant
across the array. On the other hand, the maguitude of the
numerator decreases because of the incoherent averaging
of the transfer function when the transfer function is not
constant. The phase of the transfer function corresponds
to the phase difference between two neighboring elements.
Therefore, the MSCF would decrease when the phase dif-
ference between two neighboring elements is not constant
[= nonlinear according to the element number (position)].

To obtain the MSCF -, the complex Fourier coefficient
S at fy (= 3.75 MHz) of the RF echo signal s;(t — Trpr.)
received by the ith transducer element must be estimated.
To obtain the complex Fourier coefficient 57, in the pres-
ent study, the discrete Fourier transform at f; was applied
to st — Trpr,) with a Hann window whose length was
0.53 ps. Under this condition, the first nulls of the power
spectrum of the Hann window were located at 0 and
7.5 MHz, providing the available maximum bandwidth of
the resultant complex signal S; sampled at 30 MHz.

The Fourier transform was applied to the RF echo st
— Trpr,;) received by the ith transducer element after the
time shift by the receiving beamformer to account for the
differences among propagation time delays of echoes re-
ceived by transducer elements. However, the time delay
Trpr,; is an integral multiple of the sampling interval of
the RF echo. To remove the residual time delay resulting
from the difference between the actual time delay A7, and
TreF i, S; is multiplied by exp{2m fy(A7; — Trpr )} to ob-
tain the corrected Fourier coefficient. S; in (10). Therefore,
there are no phase differences among corrected Fourier
coefficients {S} when the location of the source of the echo
exactly coincides with the focal point p [the relationship
between residual time delay and an element’s lateral posi-
tion is linear, but both a and b in (6) are zero]. In this

(10)

¥ o=
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case, the MSCF ~ is 1. In addition, according to (6) and
(9), there is a linear relationship between the phase delay
Af; = £8; and the lateral position z; of the transducer
element when the focal point is located very near the
source of the echoes (small Az and Az). In such cases, the
MSCF + is also close to 1 because the phase difference
between the spectra of the signals received by 4th and (7 +
1)th elements is consistent across the array. On the other
hand, the MSCF +« decreases when there is a mismatch
between the locations of the source of an echo and the fo-
cal point, (e.g., echoes caused by side lobes) because the
assumption of (4) is not applicable. Therefore, such unde-
sirable echoes can be suppressed by weighting the beam-
formed RF signal at p using the MSCF .

Furthermore, the difference between transmit beams in
conventional and proposed beamforming is considered to
affect the side lobe reduction. In conventional beamform-
ing, the geometrical center (center of the aperture) is same
in both transmit and receive, as illustrated in Fig. 1(b).
Therefore, the time required for the propagation of ultra-
sound from the aperture to a scatterer (in transmit) and
that from the scatterer to the aperture (in receive) are
same, and an echo from a scatterer, which is located at
the range distance along the side lobe that is same as the
range distance of the focal point, would contribute to the
calculation of the MSCF at the spatial point p = (z, 2).

On the other hand, the time required for the propaga-
tion from the aperture to the scatterer and that from the
scatterer to the aperture are different in our beamforming
using diverging beams because the geometrical center of
the transmit beam is the position of a virtual source of a
diverging beam. The time required for the propagation of
a diverging beam from the aperture to a scatterer can be
estimated correctly when the scatterer is located at the
focal point. However, there is an arrival-time estimation
error Ary, which reduces the contribution of the echo from
the scatterer to the calculation of the MSCF at the spatial
point p (there is no echo signal in beamforming at p when
Ary is larger than the pulse duration of ultrasound) when
the scatterer is not at the focal point. Such arrival-time
estimation error would also reduce the coherence of the
received signals.

II1. EVALUATION OF SPATIAL RESOLUTION
AND SIDE LOBE LEVEL USING A WIRE PHANTOM

In the present study, a commercial diagnostic ultra-
sonic system {a-10, Aloka, Tokyo, Japan) was used with
a 3.75-MHz phased array probe. The phased array was
composed of I = 96 elements at intervals of 0.2 mm. The
elevation focal distance was fixed to be 70 mm. This sys-
tem was modified so that all of the 96 elements can be
excited simultaneously and RF echoes received by L =
96 individual elements could be acquired at a sampling
frequency of 30 MHz and a 16-bit resolution for off-line
processing (receive beamforming, compounding, etc.). In
conventional beamforming, receive focusing was done with
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respect to each discrete spatial point. The beamforming
procedure in our high-frame-rate immaging is described in
[15]. The Hann apodization was used for both conven-
tional beamforming and our high-frame-rate imaging. In
the beamforming procedure, a constant speed of sound of
1540 m/s was assumed.

In the basic experiment, fine nylon wires (diameter
~100 pm) placed in water were used for evaluation of
the spatial resolution. Figs. 2(a)-2(d) show B-mode im-
ages of the wires obtained by conventional beamforming
and parallel beamforming with diverging beams at nr =
100 mm without weighting, with weighting by the MSCF,
and with weighting by the phase coherence factor [19],
respectively, where 7y is the distance between the front
surface of the array and the virtual point source behind
the array for producing a diverging beam. The dynamic
ranges of Figs. 2(a)-2(d) are 60 dB. For diverging beams,
distance ry was set at 100 mm. In Fig. 2, there is not much
difference between the B-mode image obtained by conven-
tional beamforming [Fig. 2(a)] and those obtained using
diverging beams with [Fig. 2(b)] and without [Fig. 2(c)]
weighting by the MSCF. The B-mode image obtained us-
ing diverging beams with weighting by the phase coher-
ence factor [Fig. 2(d)] shows a significantly improved spa-
tial resolution compared with the other images. In Fig.
2(d), the phase coherence factor is obtained as max[0,1
— o/og] [19], where o is the standard deviation of phases
of echoes received by individual elements and o = 7 /305,
The standard deviation ¢ was evaluated after applying
time delays by the receiving beamformer.

Fig. 3 shows the lateral profiles of the images [corre-
sponding to point spread functions (PSF)] at the shallow-
est wire. The half-full-widths at half-maxima of the point
spread functions shown in Fig. 3 are provided in Table I.
From the data shown in Fig. 3, the average side lobe levels
were evaluated in the lateral angular ranges, —45° < (lat-
eral angle) < —15° and 15° < (lateral angle} < 45° The
side lobe level obtained using diverging beams increased
by 8.5 dB compared with conventional beamforming. By
weighting with the MSCF, the side lobe level in the high-
frame-rate imaging using diverging beams was reduced by
13.3 dB. Weighting by the phase coherence factor showed
the best spatial resolution and the lowest side lobe level in
the phantom experiment.

IV. IN VIvo IMAGING OF A HUMAN HEART

23-year-old healthy male obtained by conventional beam-
forming and parallel beamforming with diverging waves
at 7v = 100 without weighting, with weighting by the
MSCF, and with weighting by the phase coherence fac-
tor, respectively. Fig. 5 shows the intensity profiles along
the scan lines indicated by the white lines in Fig. 4. Note
that the position of the posterior wall in the measure-
ment with conventional beamforming was slightly shal-
lower than that in the measurement with diverging beams.
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Fig. 2. B-mode images of fine wires obtained (a) by conventional sector
scanning, (b) using a diverging beam, (c) using a diverging beam with
weighting by the magnitude-squared coherence function (MSCF), and
(d) using a diverging beam with phase coherence factor weighting [19].

Using diverging waves [Fig. 4(b)], a B-mode image of the
heart could be obtained at a high frame rate of 316 Hz
with a full lateral field of view of 90°. By weighting with
the MSCF [Fig. 4(c)], the image contrast was improved,
and speckle-like echoes, for example, echoes in the heart
wall, were well preserved. It can be also observed in Fig.
5 that the proposed method using the MSCF suppresses
the undesirable echoes in the cardiac lumen while keep-
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TABLE 1. HALP-FULL-WIDTHS AT HALF-MAXIMA OF POINT SPREAD FUNCTIONS SHOWN N FIG. 3.

Diverging
Conventional Diverging with phase
heamforming Diverging MSCF coherence
Widsth of lateral PSF [mm] 0.66 0.82 0.81 0.43

ing the echoes inside the heart walls. On the other hand,
by weighting with the phase coherence factor [Fig. 4(d)],
speckle-like echoes inside the heart walls were significantly
suppressed, although echoes resulting from specular reflec-
tion, such as an echo from the epicardium, were signifi-
cantly enhanced. As shown in Fig. 3, although the spatial
resolution is significantly improved by weighting with the
phase coherence factor, this characteristic, i.e., significant
suppression of speckle-like echoes, may not be preferable
for analyzing the heart wall, such as estimation of velocity
and strain rate of the heart wall.

V. DISCUSSION

Recently, we have developed a method based on paral-
lel beamforming with diverging transmit beams for high-
frame-rate echocardiography. To realize B-mode imaging
in a sector format based on parallel beamforming, spheri-
cally diverging waves were used in transmission. However,
in this method, the side lobe level slightly increased com-
pared with that of conventional beamforming because of
the use of unfocused transmit beams. In the present study,
a method for reduction of side lobe level was developed to
realize a side lobe level lower than that of conventional
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---+ diverging with phase coherence factor
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Fig. 3. Point spread functions in the lateral direction obtained by con-
ventional sector scanuing, diverging beam, diverging beam with weight-
ing by the magnitude-squared coherence function (MSCF), and diverging
beam with phase coherence factor weighting [19].

beamforming with a frame rate of over 300 Hz, which is
much higher than that of conventional beamforming.

To consider small residual time delays of echoes, the
phases of the echoes were used in the present study. To
obtain the phase information, the Hilbert transform is
used in general. IHowever, the Hilbert transform requires
the Fourier transform of the echo signal and the inverse
Fourier transform of the estimated frequency spectrum.
To increase the computational efficiency, in the present
study, the Fourier coefficient of the echo at only the center
frequency of ultrasound was calculated. This center fre-
quency should be the center frequency of the received RF
echo. However, in the present study, the center frequency
of the ultrasound emitted was used because the estima-
tion of the center frequency of the received echo required
an additional computation. Before calculating the MSCF,
time delays based on conventional focusing were applied
to signals received by individual elements. In this proce-
dure, sub-sample time delays were applied by consider-
ing the phase of the echo signal, as described in Section
II. As expressed in (9), the phase delay coinciding with
the corresponding time delay is expressed using the center
frequency of the received echo. Therefore; there would be
errors in application of time delays. However, such errors
are negligible because the errors are smaller than the sam-
pling interval of 25 ns.

In the results of imaging of wires, it was found that the
side lobe reduction by the proposed method was depth-de-
pendent, i.e., the side lobe reduction is smaller in a deeper
region than a shallower region, because the change in the
distance from a scatterer to an element caused by the lat-
eral position of the element is smaller in a deeper region.
As suggested for the phase coherence factor [19], the side
lobe reduction can be controlled by taking v* (v MSCF),
where « is a variable coefficient. Therefore, in our future
work, it may be effective to control the weights by consid-
ering the depth-dependent characteristic of the MSCF ~.

To suppress the side lobe level, the phase coherence fac-
tor [19] was recently introduced. This method suppresses
a beamformed echo signal whose standard deviation of
phases of echoes received by transducer elements is large.
Using this method, weak speckle-like echoes are also sup-
pressed because the standard deviation of phases of echoes
received by individual elements would be increased by in-
terference of echoes, which is the source of speckle-like
echoes. In some cases, it is important to observe speckle
patterns of tissues. Therefore, a method for reduction of
the side lobe level with preservation of speckle-like echoes
was developed in the present study. On the other hand,
the phase coherence factor improves spatial resolution and
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Fig. 5. Intensity profiles along the scan lines indicated by the white lines
in Fig. 4.

of transmit beams, estimation of wavefronts of transmit
beams, etc., are necessary to further improve the frame
rate, such methods for reducing the side lobe level would
be necessary for high-frame-rate imaging to obtain an im-
age contrast comparable to or better than that obtained
by conventional beamforming.

VI. CONCLUSIONS

In this study, a method of suppressing the side lobe
level was developed for high-frame-rate echocardiography
based on parallel beamforming with diverging transmit
beams. To realize suppression of the side lobe level while
preserving speckle-like echoes, the MSCF between echioes
received by individual transducer elements was used for
weighting a beamformed RF echo. Using the proposed
method, it was confirmed by basic experiments using fine
wires that the side lobe level could be reduced by 4.8 dB
compared with conventional beamforming. Furthermore,
in 4n vivo measurements, an ultrasonic image of a heart
with a full field of view of 90° at a frame rate of 316 Hz
could be obtained with an improved image coutrast and
preservation of speckle-like echoes.

Fig. 4. B-mode images of the heart of a 23-year-old healthy male ob-
tained (a) by conventional sector scanning, (b) using a diverging beam,
(¢) using a diverging beam with weighting by the magnitude-squared
coherence function (MSCF), and (d) using a diverging beam with phase
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Abstract

Summary This study aims to determine the relationship
between advanced glycation end-product (AGE) accumula-
tion in skin tissue and bone strength, assessed by quantitative
ultrasound, among healthy adult Japanese men. The results of
the study suggest that men with higher AGE accumulation in
skin tissue have a lower osteo-sono assessment index.
Introduction AGE accumulate in bone collagen with age and
diabetes and decrease the mechanical properties of bone.
Although increased AGE levels are associated with fractures
among diabetic patients and elderly women, it is unclear
whether a relationship between increased AGE levels and
bone strength is present in apparently healthy adult males. The
aim of this study was to determine the relationship between
AGE accumulation in tissue and the mechanical properties of
bone among adult Japanese men, using quantitative ultra-
sound as a surrogate measure of the latter.
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Methods Skin autofluorescence (AF), which is a noninvasive
method for measuring tissue AGEs, and osteo-sono
assessment index (OSI), which is determined by quantitative
ultrasound, were measured in 193 adult Japanese men
{median age 43 years; interquartile range 37.0~55.0 years).
Results Adjusted for age, BMI, calcium intake, physical
activity, smoking status, and education level, log-transformed
skin AF had a negative association with log-transformed OSI
{(5=—0.218, P<0.01). Adjusted geometric means (95% CI)
for OSI across the tertiles of skin AF were 2.81 (2.75-2.87)
for the lowest tertile, 2.81 (2.74-2.87) for the middle tertile,
and 2.66 (2.61-2.73) for the highest tertile; thus, OSI for the
highest skin AF appeared to be 5.0% lower than that for the
lowest and middle skin AF tertiles (P<0.01).

Conclusion Among apparently healthy adult Japanese men,
those with higher skin AF had a lower OSI, indicating a
relationship between AGE accumulation and bone strength.
A long-term prospective study is required to clarify the
causality.

Keywerds Advanced glycation end-products - Bone
quality - Bone strength - Carbonyl stress - Oxidative stress -
Quantitative ultrasound

Introduction

Osteoporosis is a critical public health problem due to its
association with bone fragility and susceptibility to fracture
[1]. According to the U.S. National Institutes of Health,
osteoporosis is defined as a systemic skeletal disorder
characterized. by compromised bone strength [2]. Bone
strength is not only determined by measures of bone density,
such as mass and mineral density, but also by bone quality,
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including microarchitecture, turnover, accumulation of
microdamage, mineralization, and quality of collagens [2,
3]. Interestingly, patients with type 2 diabetes have an
increased risk of fracture despite normal or high bone
mineral density (BMD) compared with non-diabetic
controls, suggesting poorer bone quality in diabetic
patients [4].

Accumulation of advanced glycation end-products
(AGESs), which are often found in diabetic patients, in bone
collagen has been proposed as a factor responsible for
reducing bone strength with aging [5], diabetes [6, 7], and
osteoporosis [8-10]. AGEs are a diverse class of com-
pounds resulting from non-enzymatic reactions between
glucose and proteins. A common consequence of AGE
formation is covalent cross-linking, mostly to proteins
including collagen. Accumulation of AGEs in bone
collagen decreases the mechanical properties of bone
collagen [11, 12]. In rats, an increase of AGE content in
bone decreases the mechanical properties of bone despite
normal BMD [6]. In humans, the AGE concentration of
cortical bone shows a significant increase with age and is
negatively correlated with osteoporotic index (Singh
score) [5]. Moreover, the AGE content in bone is higher
in patients with hip fracture than in subjects without
fractures [10].

In a population study, Shiraki ¢t al. demonstrated that a
high level of urinary pentosidine, a major AGE in vivo, was
an independent risk factor for osteoporotic vertebral
fractures in elderly women [13]. Schwartz et al. reported
that urinary pentosidine content was associated with
increased fracture incidence in older adults with diabetes
[14]. The subjects of these studies were older adults who
had an increased risk of life-related diseases, such as
diabetes and osteoporosis. However, AGEs may accumulate
before the onset of diabetes and even at a younger age. In
non-diabetic Japanese subjects, serum AGE levels were
independently correlated with insulin resistance, which may
gradually cause diabetes [15]. Pentosidine content in bone
or serum increased with advancing age [5]. Given that bone
strength commonly peaks when a person is in his/her 20s
and then gradually declines with advancing age, AGE
accumulation may be associated with bone strength, if not
with fractures, preclinically. Moreover, in men, the lifetime
risk of any osteoporotic fracture has been assessed as being
within the range 13-22% [1], so osteoporosis is no longer a
problem only for women and the elderly. Greater AGE
accumulation may potentially be related to poorer bone
strength in apparently healthy adult men.

Thus, in this study, we examined the association between
skin autofluorescence (AF), which is associated with skin
accumulation of AGEs, including pentosidine [16], and
quantitative ultrasound examination of calcancal bone,
which correlates with mechanical properties of the bone
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and may have a predictive value for hip fractures in men
[17], among apparently healthy adult men. We hypothesized
that skin AF would have a negative association with
quantitative ultrasound among adult men.

Methods
Study participants

The study participants consisted of adult male employees
enrolled in a prospective study of risk factors for lifestyle-
related illnesses or health status in Japan. Participants
received annual health examinations including anthropo-
metric measutrements, hematological examinations, and,
in 2009, an additional assessment including the accumu-
lation of AGEs in skin and quantitative ultrasound
examination of calcaneal bone. This study was carried
out during the first week (from Monday to Friday) of
August. The details of this study have been described
clsewhere [18, 19].

The sample selection process is described in Fig. 1. In
2009, 1,263 participants had undergone health examina-
tions for lifestyle-related illnesses. Of these, 1,215 (933
men) participated in our survey and provided their informed
consent for data analysis (response rate, 96.2%). Those who
underwent skin AF measurement were randomly selected
(n=518). Two hundred seventy-two (272) participants who
had a low skin reflection (<10%) were excluded (details are
provided in the Skin autofluorescence section below).
Furthermore, we excluded 52 men who had and/or were
receiving treatment for a disease that could influence bone
metabolism (osteoporosis, rheumatoid arthritis, hyper- or
hypothyroidism, hyper- or hypoparathyroidism, diabetes
mellitus, renal dysfunction, or corticosteroid use); one man
was excluded because of incomplete data. As a result, 193
men were included in the present study. None had a history
of vertebral fractures. The protocol of this study was
approved by the Institutional Review Board of the Tohoku
University Graduate School of Medicine.

Skin autofluorescence

AGE accumulation in skin tissue was assessed on the basis of
skin AF, using an AF reader (AGE Reader; DiagnOptics,
Groningen, The Netherlands), as described previously [16].
The AGE Reader consists of a tabletop box equipped with an
excitation light source. Each measurement took approxi-
mately 30 s to complete and was performed by an
independent observer. Excitation light of 300-420-nm
wavelength was projected onto the skin surface through a
1-cm? hole. The intensity of light emitted from the skin at
wavelengths between 420 and 600 nm was measured with a
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Fig. 1 Flow chart of the sample
selection process AGEs, ad-

Subjects who participated in health examinations in 2009
(n=1,841; male, 1318; female, 523)

vanced glycation end-products

Subjects who underwent B health examinations (not
including blood examinations) were excluded
{n=578)

Subjects who underwent lifestyle-related ilinesses and A
health examinations (including blood examinations)
(n=1,263; male, 973; female, 290)

Subjects who did not give informed consent to this
study were excluded {(n = 48)

Subjects who gave informed consent for this study and
who underwent added physical function, lifestyle,
depressive status, and blood assessments
(n=1,215; male, 933; female, 282)

L}] Females excluded {n = 282) |

s
s

AGEs data not available {(n = 415) f

Subjects who had under 10% skin reflection
were excluded (n =272)

Subjects who have the presence of treatment or
disease which could influence bone metabolism
N (osteoporosis, rheumatoid arthritis, hyper- or

hypothyraidism, hyper- or hypoparathyroidism,
diabetes mellitus, renal dysfunction or
corticosteroids) (n = 52)

>

v

Other data not available (n = 1) |

Subjects included in analysis

(n=193)

spectrometer via a glass fiber. Skin AF was calculated by
dividing the mean value of the emitted light intensity per
nanometer between 420 and 600 nm by the mean value of
the excitation light intensity per nm between 300 and
420 nm; the result was expressed in arbitrary unit (AU)
and multiplied by 100 for easier evaluation. The intra- and
inter-assay coefficients of variation for AGE reader measure-
ment were 2.9-1.8%, respectively.

All AF measurements were performed at room temper-
ature on the volar side of the lower right arm, approximately
10-15 cm below the elbow fold, with the participants in a
seated position. Care was taken to perform the measure-
ment at a normal skin site without visible vessels, scars,
lichenification, or other skin abnormalities. The arm of
cach subject was covered with a black cloth to avoid any
influence of external light during the measurement.
Because creams and sunscreens can affect skin AF
measurement [20], we asked each participant whether
they applied creams or sunscreens on their arms when skin
AF was measured. No participants applied any creams or
sunscreens. Since skin pigmentation influences AF meas-
urements, particularly when skin reflection is below 10%,
AF values were not used if the skin reflection was below
10% [21].

Quantitative ultrasound assessment of the calcancus

Quantitative ultrasound assessment of the calcaneus was
performed using an ultrasound system (AOS-100; Aloka
Co. Ltd., Tokyo, Japan). The AOS-100 measured the speed
of sound (SOS) as an index of bone density and the
transmission index (TT) as an index of bone structure. The
osteo-sono assessment index (OST) was calculated using the
following formula: OSI=TIxSOS2 OSI provides informa-
tion on bone stiffness in a radiation-free, convenient, and
portable manner. Because this study was conducted along
with annual health examinations, a rapid and simple
measurement was prerequisite. The intra- and inter-assay
coefficients of variation for the OSI were 1.1-0.8%,
respectively.

Assessment of other variables

Blood samples were drawn from the antecubital vein, with
minimal tourniquet use, while the subjects were seated.
Specimens were collected in siliconized vacuum glass tubes
containing sodium fluoride for fasting blood glucose and no
additives for lipid analyses. Fasting blood glucose concen-
tration was measured by enzymatic methods (Eerotee,
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Tokyo, Japan). The triglyceride (TG), low-density lipopro-
tein cholesterol (LDL-C), and high-density lipoprotein
cholesterol (HDL-C) concentrations were measured by
enzymatic methods using appropriate kits (Sekisui Medical,
Tokyo, Japan).

Depressive symptoms were assessed according to the
Japanese version [22] of the Self-Rating Depression Scale
(SDS). Participants were considered as depressive when the
SDS score was 45 or more [23].

Blood pressure (BP) in the left upper arm was measured
twice using an automatic device (YAMASU®605P; Kenzmedico
Co. Ltd., Saitama, Japan) following a 5-min rest in a scated
position. The mean value was used as the BP value.

Anthropometric parameters (height and body weight)
were recorded using a standard protocol. Body mass index
(BMI) was calculated as weight (kilogram) divided by
height in meters squared. Sociodemographic variables,
including age and educational level, were also assessed.
Educational level was assessed by determining the final
grade level and was divided into two categories: lower than
college level and college level and above. History of
physical illness and current medication use were evaluated
on the basis of “yes” or “no” responses to questions.
History of fractures was obtained from a questionnaire
owing to the unavailability of clinical data and was divided
into two categories: those who had a history of lower
extremity fractures and those who did not. Information on
smoking status (never, former, or currently smoking and
Brinkman index), alcohol-drinking status (never, =1 day/
week, or 7 days/week), and occupation (desk based or not),
was obtained from a questionnaire survey. Levels of daily
physical activity (PA) were estimated using the International
Physical Activity Questionnaire (Japanese version) [24],
and categorized into tertiles (low, middle, and high).
Calcium, vitamin D, and alcohol intake were estimated
using a brief self-administered dietary history questionnaire
[25]. A diagnosis of metabolic syndrome (MS) was defined
according to the modified Japanese criteria (defined by the
Japanese Society for the Study of Obesity) [26].

Statistical analysis

All statistical analyses were performed using SPSS 17.0 for
Windows (SPSS, Inc., Chicago, IL, USA).

In this study, because the distribution of all continuous
variables except for systolic BP was not normal, the natural
logarithm was applied to normalize the data before
statistical analysis (analysis of variance [ANOVA], analysis
of covariance [ANCOVA], and linear regression analysis).
Descriptive statistics were computed for each variable by
using logistic regression analysis and ANOVA. Descriptive
data are represented as the median (interquartile range) for
non-adjusted continuous variables, geometric means (95%
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confidence interval [CI]) for adjusted continuous variables,
and percentages for categorical variables. Linear regression
analysis was used to examine the relationship between log-
transformed skin AF and other factors with log-transformed
OSI. All variables included in Table 1 were analyzed by
univariable linear regression. Variables that were at a level
of significance of P<0.10 in univariate analyses were
included in the multivariate models. Multiple linear
regression analysis was performed to determine the inde-
pendent relationship of variables with log-transformed OSI.
ANCOVA using log-transformed OSI as the dependent
variable and the tertiles of skin AF as independent variables
was performed with adjustment for the same variables as in
the multiple linear regression models. Bonferroni-corrected
P values were used for comparisons between groups
differing in skin AF. All tests for statistical significance
were two-sided, and P<0.05 was defined as statistically
significant.

Results

Characteristics of the 193 study participants are shown in
Table 1. Overall, median (interquartile range) OSI was 2.75
(2.59-2.93), and skin AF was 1.96 (1.78-2.14) AU.
Median age was 45.0 years.

In the univariate analyses (Table 2), log-transformed OSI
was significantly associated with age, BMI, calcium intake,
high PA, former smoker, and skin AF. The association of log-
transformed OS] with waist circumference, education level
(college level and above), and MS were borderline signifi-
cance, and there was no association of log-transformed OSI
with fasting blood glucose, TG, LDL-C, HDL-C, BP, vitamin
D intake, middle PA, current smoker, drinking status,
depressive symptoms (SDS>45), desk work, and leg
fracture. Among current smokers, Brinkman index was
associated with OSI (»=—0.16, P=0.04, data not shown).

To determine whether skin AF was independently
associated with OSI, we performed a multiple linear
regression analysis using skin AF and other variables
associated with OSI in the univariate analyses (Table 3).
Although waist circumference had a tendency to associate
with OSI in the univariate model, waist circumference was
not included in the multivariate model since it was strongly
correlated with BMI. After adjustment for age, BMI,
calcium intake, PA level, smoking status, education level,
and MS, log-transformed skin AF had a negative associa-
tion with log-transformed OSI (8=-0.218, SE=0.069, P<
0.01). Table 4 shows the relationship of the tertiles of skin
AF with log-transformed OSI using ANCOVA. The
adjusted geometric mean (95% CI) of log-transformed
OSI across the tertiles of skin AF was 2.81 (2.75-2.87)
for the lowest tertile, 2.81 (2.74-2.87) for the middle tertile,
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Table 1 Characteristics of
participants (n=193)

Characteristic

Median (interquartile range) or percentage, %

Age (years)

BMI (kg/m?)

Waist circumference (cm)
SBP (mm Hg)

DBP (mm Hg

Fasting blood glucose (mg/dL)
TG (mg/dl)

LDL-C (mg/dL)

HDL-C (mg/dL)

Calcium intake (mg/day-2,000 keal)

45.0 (37.0-55.0)
23.7 (21.9-25.8)
85.0 (79.0-91.0)

128.0 (118.0-138.0)
80.0 (74.0-90.0)
93.0 (88.0-100.0)

128.0 (77.0-183.0)

121.0 (103.0-140.0)
52.0 (43.0-58.0)

460.1 (349.1-606.8)

Vitamin D intake (mg/day-2,000 keal) 10.8 (7.1-16.0)
High PA (median values, 48.0 METs h/week) 332
Middle PA (median values, 12.0 METs h/week) 332
Smoking status
Current 403
Former 13.7
Drinking status
BMT body mass index, SBP 7 drinks/week 28.0
systolic blood pressure, DBP >1 drink(s)/week 559
diastolic blood pressure, 7G D_ e s (SDS>45 29,9
triglyceride, LDL-C low-density p rcsjswc symptoms (SDS245) i
lipoprotein cholesterol, HDL-C Education (zcollege) 384
high-density lipoprotein choles- Desk work 79.6
terol, P4 physical activity, SDS Leo fract 16.6
Self-rating Depression Scale, ~c Tracture ’
MS metabolic syndrome, JASSO MS (JASSO) 227
Japanese Society for the Study Skin AF 1.96 (1.78-2.14)

of Obesity, AF autofluorescence, 0OSI
OST osteo-sono assessment index

2.75 (2.59-2.93)

and 2.66 (2.61-2.73) for the highest tertile; thus, partic-
ipants in the highest tertile had 5.0% lower OSI than those
in the lowest and middle tertiles (Bonferroni-corrected P
value<0.01).

Discussion

The present study examined the relationship between skin
AF associated with AGE accumulation and OSI, a
quantitative ultrasound measure, among non-diabetic adult
Japanese men. Consistent with our hypothesis, our results
showed that levels of skin AF were independently
associated with OSI, suggesting that participants with
higher skin AF had lower OSL

In previous population studies, the relationship between
AGE accumulation and fracture risk has been controversial.
Some studies reported that there was no association
between urinary pentosidine and fracture risk after adjust-
ment in non-diabetic older Caucasian [14] and among
postmenopausal Caucasian women [27]. On the other hand,
in elderly Japanese women, a high level of urinary

pentosidine was an independent risk factor for osteoporotic
vertebral fractures [13]. Possibly in line with these findings,
we found a negative association between skin AF with OSI
among adult Japanese men after adjustment for potential
confounders, given that lower OSI may lead to higher
fracture risk. Although the reasons for this discrepancy are
unknown, racial differences may potentially explain the
inconsistent results of the studies. While Japanese have
twice the incidence of the methylenetetrahydrofolate reduc-
tase polymorphism (C677T) compared with Caucasians,
Japanese subjects are predisposed to mild hyperhomocys-
teinemia [28-30]. Indeed, hyperhomocysteinemia caused a
reduction in bone toughness through the accumulation of
pentosidine in bone in rabbit models [31]. Other explana-
tion could be diet, which is a major source of exogenous
AGEs [32]. AGE:s are especially high in Western diet, since
heat-treated process enhances the formation of AGEs [32],
and the concentration of urinary pentosidine in Caucasian
women [27] was more than twofold greater than that in
Japanese women [13]. Therefore, Japanese who may be
ingesting less dietary AGE might be more susceptible to the
adverse effect of AGE accumulation.
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Table 2 Univariate linear
regression models of skin AF
and other factors with OSI

OST osteo-sono assessment in-
dex, BMI body mass index, SBP
systolic blood pressure, DBP
diastolic blood pressure, 7G
triglyceride, LDL-C low-density
lipoprotein cholesterol, HDL-C
high-density lipoprotein choles-
terol, PA physical activity, SDS
Self-rating Depression Scale,
MS metabolic syndrome, JASSO
Japanese Society for the Study
of Obesity, AF autofluorescence

*Reference category is low PA
"Reference category is never

“Reference category is <I

Characteristic B P value
Age (years) -0.26 <0.01
BMI (kg/m®) 0.20 <0.01
‘Waist circumference (cm) 0.13 0.06
SBP (mm Hg) 0.03 0.67
DBP (mm Hg) 0.01 0.91
Fasting blood glucose (mg/dl) ~0.10 0.16
TG (mg/dL) -0.10 0.92
LDL-C (mg/dL) 0.03 0.72
HDL-C (mg/dL) —-0.01 0.85
Calcium intake (mg/day-2,000 kcal) 0.15 0.03
Vitamin D intake (mg/day-2,000 keal) 0.03 0.64
High PA (median values, 48.0 METs h/week)® 0.15 0.03
Middle PA (median values, 12.0 METs h/week)" -0.07 0.30
Smoking status®

Current —-0.03 0.69

Former -0.15 . 0.03
Drinking status®

7 drinks/week —-0.06 0.42

>1 drinks/week 0.09 0.18

Depressive symptoms (SDS>45) ~0.05 0.49
Education (>college) 0.12 i 0.07
Desk work 0.06 0.42
Leg fracture 0.08 0.22
MS (JASSO) 0.13 0.05
Skin AF —-0.25 <0.01

drink/week

Skin AF measurement is a noninvasive, rapid, and
highly reproducible method, which effectively measures
tissue AGE accumulation. This method has been validated
to correspond to specific AGE skin levels, including
pentosidine [16]. As for the clinical significance of skin
AF measurement, however, we still have a limited number
of prospective studies in which Skin AF was shown to
predict developments of diabetic complications [33], and
was associated with all-cause mortality [34] in type 2
diabetes in a prospective study with a follow-up period of
3.1 years. Therefore, more prospective studies with larger

Table 3 Multiple linear regression models of log-transformed skin AF
with log-transformed OSI

Characteristic 8 SE P value
Participants (n=193)
Log-skin AF -0.218 0.069 <0.01

Adjusted for age, body mass index, calcium intake, physical activity
level, smoking status, education level, and metabolic syndrome

AF autofluorescence, OST osteo-sono assessment index, SE standard
error

@ Springer

sample size and longer follow-up period are necessary to
establish its clinical significance.

Table 4 Relationship of the tertile of skin autofluorescence (AF) with
log-transformed OSI among adult Japanese men

Tertiles of skin AF

Range Low Middle High
(unit, AU) (1,28-1.82) (1.82-2.05) {2.05-2.8%)
Number of 65 64 64
participants
Crude 2.83 (2.76-2.90) 278 (2.71-2.85) 2.68 (2.61-2.74)"
Adjusted® 281 (2.75-2.87) 2.81 (2.74-2.87)  2.66(2.61-2.73)"""

Data are geometric means (95% confidence interval). Unit of leg
extension power is watts per kilogram

Analysis of variance or analysis of covariance

* P<0.01; significantly different from lowest skin autofluorescence
tertile (Bonferroni correction)

** P<0.01; significantly different from middle skin autofluorescence
tertile (Bonferroni correction)

* Adjusted for age, body mass index, calcium intake, physical
activity level, smoking status, education level, and metabolic
syndrome
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Sell et al. have shown an exponential increase in
pentosidine accumulation across the age in skin collagen
[35]. In a separate study, Odetti et al. have shown a similar
exponential increase in pentosidine accumulation across the
age in bone collagen [5]. Interestingly, the level of
pentosidine per unit collagen is higher in the bone as
compared to the skin. This difference well corresponds to
the result obtained in a cadaver study in which post-
mottem bodies of human were analyzed [36]. They showed
that pentosidine level per milligram of collagen was more
than 60% higher in the bone tissue as compared to the skin
tissue. Taken together, skin and bone pentosidine levels are
likely to have a positive correlation. Further study is
necessary to establish this relationship, but we believe that
skin AF may not only correspond to skin pentosidine
accumulation, but also bone pentosidine accumulation. In
rats, the accumulation of pentosidine in bone was signif-
icantly associated with the reduction of bone stiffness [7].
Although the causc—effect relationship cannot be estab-
lished in this cross-sectional design, we believe that skin
AF may be associated with bone strength. Further
prospective study is, therefore, required to establish the
prospective value of skin AF on bone strength.

In the present study, we used OSI as an index of bone
strength. Although OSI is not widely used to assess bone
strength, quantitative ultrasound (QUS) parameters includ-
ing OSI may reflect not only bone mass but also bone
quality. A previous study found that impaired bone
mechanical properties in diabetic rats coincided with
impaired enzymatic cross-link formation and increases in
glycation-induced pentosidine, despite the lack of reduction
in BMD [7], therefore, it is possible that AGE accumulation
may more clearly be associated with OSI rather than BMD
which measures bone density. In this study, OST was 5.0%
lower for the highest skin AF compared with the lowest and
middle skin AFs after adjustment for confounders. Njeh et
al. showed that patients with hip fractures had 8.0% lower
OSI compared with conirol subjects [37]. Therefore, the
influence of preclinical AGE accumulation in bone tissue
may not be negligible.

Our finding is consistent with the observation in in
vitro studies that increased AGE level in bone collagen
reduces bone mechanical properties [11, 12]. AGE
accumulation significantly alters the quantity and mor-
phology of microdamage and results in reduced fracture
resistance [38]. Moreover, in spontancously diabetic rats,
decreased mechanical properties of femoral bone are
accompanied by increased accumulation of pentosidine,
and the pentosidine content is significantly associated with
the mechanical properties of bone [6]. Indeed, in several
studies, patients with hip fractures had higher bone
pentosidine content [9, 10] or serum AGEs [8] compared
with subjects without fractures.

In addition to the adverse effects of AGEs on the material
properties of bone collagen, AGE accumulation may
potentially influence bone cells. AGE-modified bone colla-
gen has detrimental effects on osteoblastic function [7, 39].
The effects of AGEs on osteoclastic bone resorption are
controversial. Receptor-of-AGE (RAGE) knockout mice
have significantly higher bone mechanical strength, proba-
bly due to decreased number of osteoclasts compared with
wild-type mice [40]. Furthermore, Miyata et al. showed that
AGE:s increased the number of resorption pits in cultured
mouse bone cells as well as when AGE-accumulated bone
particles were implanted subcutaneously in rats [41]. In
contrast, Valcourt et al. reported that bone resorption was
inhibited in an in vitro study using rabbit and human mature
osteoclasts seeded on AGE-modified slices [42]. AGEs also
inhibited the proliferation of human mesenchymal stem cells
and cognate differentiation into bone [43].

Although there was no association between smoking
status. and OSI in this study, Brinkman index was
negatively associated with OSI among current smokers.
Therefore, smoking may have harmful effect on bone
strength among healthy adult men. As for drinking status,
we found no association with OSI. A previous study
reported that, among Korean men, four to seven cups of
soju (the most popular liquor in Korea) is associated with
the risk of reduced QUS parameters [44]. When the
amount of alcohol intake in our population was converted
to alcohol amount per a cup of soju, only less than 20% of
our participants drank the amount of alcohol corresponded
to four or more cups of soju (data not shown). Thus, it is
possible that the alcohol intake in our study was small in
the previous study [44].

This study has some limitations. First, although we
adjusted for confounders such as lifestyle factors and
disease, we could not exclude the possibility that bone
strength was affected by other factors associated with
lifestyle or disease. Moreover, because this study was a
cross-sectional study, we could not conclude whether AGE
accumulation in skin tissue reduced bone strength. A larger
population-based prospective study should be performed to
further confirm the causal relationship between skin AGE
accumulation and bone strength.

In conclusion, in apparently healthy adult Japanese men,
skin AF was independently associated with OSI, suggesting
that the participants with higher skin AF had a lower OSL
Further studies are needed to confirm the causal relationship
between skin AGE accumulation and bone strength.
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On March 11, 2011, disaster struck the east
coast of Japan (1-7) named of the Great
East Japan Earthquake or Sendai Quake (8)
(Wikipedia).

Japan had been expecting a large earthquake for
a long time. The Sendai Quake involved three epi-
centers at various distances out to sea. The force
of the magnitude 9.0 quake caused an enormous
tsunami that deluged the cities on the eastern sea-
shore in the Tohoku area (northeast coast of Japan).
In Minamisanriku City, for example, almost all
buildings were lost after the earthquake and
tsunami struck (Fig. 1).

To add to the disaster, fires broke out after the
earthquake and tsunami. Large portions of the cities
near the eastern seashore were completely lost. In
addition to these disasters, a meltdown occurred at
the Fukushima nuclear power plant. Radioactive
contamination occurred not only throughout Japan
but also all over the world.

Unfortunately, detailed medical data about the
aftermath of the Sendai Quake are not available
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because all medical records were lost with the hospi-
tal buildings, especially in the tsunami areas near
the eastern seashore. Detailed information of the
number of dead has not yet been summarized,
even by the Japanese government. As many as 20 000
people have been reported lost as a result of this
complex emergency. The medical response following
the earthquake and tsunami in eastern Japan has not
been clearly described. This short report is intended
to provide details of this response.

FIG. 1. Minamisanriku City after the tsunami (photo by the
Miyagi Medical Support team).
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MEDICAL RESPONSE TO THE
SENDAI QUAKE

The Tohoku University Hospital is located in
Sendai City in the area that sustained the most
damage from the tsunami and earthquake. Despite
the sadness that flooded the nation after the disaster,
one consolation was that no fatalities occurred
among patients, doctors, nurses, or other staff at the
University Hospital. The response to the disaster at
this hospital can be examined in four stages.

The first stage involved initial recovery and prepa-
ration for dealing with the aftereffects of the disaster.
First, the safety of all patients and staff members was
secured. Then, medical resources were mobilized
according to the hospital’s triage tag system. Every-
thing in the University Hospital was rearranged to
accommodate disaster victims. All routine surgeries
and medical examinations were postponed, and the
outpatient clinic was closed. When disaster victims
arrived at the University Hospital, they received
green, yellow, red, or black tags, according to the
methodology of the triage tag system. Patients with
green tags were treated in the outpatient clinic,
those with yellow tags went to the intensive care unit,
those with red tags went to the operating room,
and those with black tags went to the building of
basic science. Appropriate treatment was delivered in
these various locations.

In the second stage, normal hospital functions were
restored. Planning began for the acceptance of
patients being transferred from damaged hospitals
on the eastern coast. Shortages of all medical
resources had been anticipated, so messages were
sent to all university hospitals in Japan to gather
drugs and food and to prepare disaster medical assis-
tance teams.

FIG. 2. Cardiac catheterization room after the Sendai Quake.

FIG. 3. Shelter after the tsunami (photo by Miyagi Medical
Support Team).

In the third stage, teams of doctors and nurses,
along with medical resources, food, and drugs, were
sent to the afflicted hospitals. Thousands of medical
support teams were sent to the cities on the eastern
coast affected by the tsunami. The fourth stage, which
involves reconstruction of medical support buildings
in the damaged area, is still ongoing.

THE STATE OF MEDICAL CARE AFTER
THE TSUNAMI

Challenges were many throughout the region. Cre-
ative solutions to various problems had to be sought.
For example, in the Miyagi Cardiovascular Respira-
tory Center, electric power and water supplies were
down. Patients in stable condition were therefore dis-
charged, and emergency patients were treated using
equipment powered by in-house power generation
units.

Despite all the efforts to meet people’s needs,
medical resources were inadequate because of the
magnitude of the disaster. Medical equipment was
damaged and debris was everywhere (Fig.2).
Medical teams visited shelters after the tsunami
(Fig. 3). The Miyagi Medical Support team diagnosed
and treated in a temporary shelter.

An emergency care unit is present at Sendai City
Hospital. Although ambulances had been salvaged
{from the disaster area, destroyed roads and traffic
jams prevented them from transporting patients to
the hospital. Many patients came to Tohoku Rosai
Hospital, located in the city center, on foot. The
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volume of patients was large, and the hospital was so
busy that medical staff were unable to return to their
homes.

Miyagi Shakaihoken Hospital is located near the
coast. Many tsunami victims went to that hospital,
but the surgery department’s systems were down.
Patients could not be adequately treated without
functional operating rooms.

Some of the most severe damage was observed at
Kesennuma City near the seashore. All buildings in
that area were destroyed by the earthquake, tsunami,
and fire; therefore, people were required to go to
refuge centers. Control of hypertension, diabetes,
and many other health disorders was difficult in
these makeshift conditions, and newly developed
electronic doctor’s bags were used to control these
conditions.

Furthermore, the Sendai Airport was also com-
pletely destroyed by the tsunami, but it was restored
soon after by the TOMODACHI operation carried
out by the US Army.

FUKUSHIMA NUCLEAR POWER
PLANT MELTDOWN

The Fukushima nuclear power plant accident exac-
crbated the already difficult situation in hospitals.
On March 11, a meltdown at the power plant was
reported, and hydrogen explosions followed on
March 12 and 14. Radioactive materials were scat-
tered as a result of these accidents. The plant was
shut down.

In Japan, discussion is ongoing concerning the
future consequences of the radiation leaks resulting
from the accident at Fukushima (9-12). In the early
1960s, Japan experienced a large amount of stron-
tium, cesium, and plutonium fallout caused by atomic
bomb experiments conducted by several countries,
including the USA, France, the Soviet Union, and
China. Plutonium levels in Japan were estimated to
be 100 000 times higher in the 1960s compared with
recent levels. But the life span of Japanese people is
the longest in advanced countries. No one can show
the risk of radiation fallout in early 1960s. No
increase in cancer incidence was observed in Japan in
the early 1960s. Thus, the true risk of radiation fallout
is also unclear, because double-blind tests of radia-
tion poisoning cannot be performed.

Sendai City is located north of Fukushima. All
roads from Tokyo (south of Fukushima) and other
areas of Japan had been blocked between Fukushima
and Tokyo, because antinuclear power activists
announced a non-scientific propaganda concerning
the risk of radiation material fallout. Relief supplies

Artif Organs, Vol. 36, No. 8, 2012

could not be transported into the Fukushima area
because of demonstrations by the antinuclear
activists. So, the relief goods could not go north to
Sendai. Many patients did not survive due to a short-
age of drugs and food caused by the propaganda of
the antinuclear activists.

USE OF ARTIFICIAL ORGANS DURING
THE DISASTER

At the time of the disaster, more than 50 patients
were on respirators, whereas 11 were dependent on
hemodialysis (HD) at Tohoku University Hospital.
Emergency power units ensured the safety of these
patients. However, all coastal hospitals had sustained
devastating damage. Therefore, all patients who were
dependent on HD were transported to Tohoku Uni-
versity Hospital. Medical resources were inadequate
to meet their needs, and helicopters transferred these
HD patients to other hospitals. Around 100 HD
patients were transferred to the other hospitals. In
particular, large numbers of HD patients were trans-
ferred to Hokkaido.

Three patients required the Nipro ventricular
assistance system (VAS) support at Tohoku Univer-
sity Hospital during the Sendai Quake. Because
emergency power started smoothly, no disruption of
VAS treatment occurred.

However, certain lifelines, such as electric power,
water, and gas supplies, had all been shut down in
Sendai City. Therefore, patients requiring rotary
blood pumps were transported to the ambulance
center and subsequently moved to the University
Hospital after the roads became passable. Pneumatic
VAS remained useful during the disaster, which was
surprising because they were situated in the hospital

‘with the emergency power unit.

Patient care had to be performed, although medical
resources were limited. For VAS and HD, the pro-
thrombin time and international normalized ratio
must be measured. These parameters had to be
checked in shelters. For example, the Miyagi Medical
Support Team, who visited various shelters, brought
electronic medical equipment. This equipment was a
lifeline for patients taking refuge in shelters, especially
for those requiring life support using artificial organs.

TELEMEDICINE USING THE ELECTRONIC
DOCTOR’S BAG

Medical resources were inadequate to respond to
the disaster. Medical treatment was limited because
all lifelines bad been compromised. Doctors and
nurses took it upon themselves to visit people in shel-
ters, travelling destroyed roads on foot to do so.
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Shelter

University

Electric déctara Bag

FIG. 4. Above: Clinical application of the electronic doctor’s bag
in a shelter in Kesennuma City. Below: The bag being tested at
Tohoku University.

The electronic doctor’s bag, which was invented at
Tohoku University, was useful in responding to
victims’ needs in these emergency conditions (Fig. 4).

The electronic doctor’s bag was first used in the
shelter in Kesennuma City, one of the most severely
damaged areas, after approval from the ethics com-
mittee of Tohoku University Graduate School of
Medicine. Use of the electronic doctor’s bag facili-
tated evaluation of the condition of patients at the
shelter by doctors located at the University. At the
time of the disaster, the personnel shortage preclud-
ed on-site evaluation. Therefore, telemedicine and
remote medicine were thought to be useful. The elec-
tronic doctor’s bag enabled electrocardiography,
blood pressure measurement, and ultrasonic diagno-
sis to be performed at the disaster shelters. Using this
newly developed system, medical personnel in the
shelters were also able to confer with doctors at
Tohoku University via Skype. Using this device,
control of anticoagulation, blood sugar levels, and
blood pressure are able to be achieved, thereby
preventing adverse cardiovascular events from
occurring.

SUMMARY

After the Sendai Quake, all medical resources
were mobilized to respond to the disaster. However,
shortages of everything caused seemingly insur-
mountable problems, especially in areas affected by
the tsunami. Maintenance of lifelines was vital to
patients requiring artificial organs.

Medical equipment preparation and planning are
now under way to enable adequate response to future
large disasters. Discussion is ongoing about the con-

tinued risk of radiation after the Fukushima nuclear
power plant meltdown. In previous reports, no risk
of increased cancer due to exposure to radiation
<100 mSv was reported. In Japan, all radioactive
fallout in every area has been reported daily on the
governmental website since the disaster. Information
about radiation levels is publicly available in Japan.

In conclusion, a detailed statistical analysis of the
disaster is now under way, the results of which will be
reported in the near future. The most important thing
during times of disaster is the rapid recovery of
lifelines.
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