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after the ﬁnal R-wave, which enabled skipping of the
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QRS complex and T-wave. Accordingly, images recor-
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ded during 30% to 40% of the cardiac cycle (a single late
diastolic phase) were presumed to be cardiac motion
free. For intracoronary imaging in vivo, a male Yorkshire pig (weight 30 kg) was anesthetized and mechanically ventilated. A drug-eluting stent (2.5  14
mm) was implanted within the left anterior descending
artery. ECG-triggered high-speed imaging (500 frames/
s, 100 mm/s) was performed repeatedly (n ¼ 5). To
mimic conventional OCT operation, low-speed imaging (100 frames/s, 20 mm/s) was also performed (n ¼ 3).
For clearance of intracoronary blood, iodinated
contrast was automatically injected at 3 ml/s during
imaging.
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cross-sectional OCT images obtained using the highprotocol

showed

comparable

resolution,

contrast, and depth of penetration compared with
conventional-speed imaging. Cutaway longitudinal
and ﬂy-through views of the 3D volume rendering
revealed the advantage of high-speed OCT more

ECG-Triggered, Single Cardiac Cycle,

clearly. The 3D architecture of the coronary artery,

High-Speed, 3D, Intracoronary OCT

stent, and guidewire were smoother and more realistic

in

the

ECG-triggered

high-speed

imaging

(Figure 1C), whereas the 3D vessel contour appeared
Recent advances in high-speed intracoronary optical

inaccurate in conventional imaging (Figure 1D).

coherence tomography (OCT) have enabled visuali-

The stent and guidewire looked severely distorted by

zation of 3-dimensional (3D) microstructure of long

cardiac motion. Furthermore, the amount of contrast

coronary artery segments in vivo (1); however, imaging

dye delivered by automatic injector during pullback

speed remains insufﬁcient to avoid detrimental car-

was much smaller in high-speed imaging than in con-

diac motion artifacts in imaging that spans several

ventional imaging (14  1 ml vs. 21  2 ml, p ¼ 0.01).

cardiac cycles during a pullback, limiting the clinical

The combination of the high-speed OCT system,

utility of OCT (2). In addition, the large amount of

high-speed rotary coupler, optimized high-speed im-

radiocontrast media used for blood ﬂushing conveys a

aging catheter, and prospective ECG triggering has

risk of acute kidney injury. In this study, we report the

facilitated coronary artery imaging at a rate of 500

early experience of high-speed OCT for cardiac motion-

frames/s and a pullback speed of 100 mm/s, enabling

free intracoronary imaging in a beating swine heart.

imaging of a long coronary artery segment during the

The

laboratory-built,

high-speed

intracoronary

period of minimal motion artifact within a single

OCT comprises an imaging system with an A-line rate

cardiac cycle (70 mm pullback in 0.7 s). In addition,

of 243 kHz (3), a ﬁber-optic rotary coupler that sustains

the short imaging time decreased the amount of

rotational speeds up to w500 revolution/s, and an

contrast dye required for blood clearing, which would

imaging catheter with a rigid distal length of 3 mm and

reduce the risk of contrast-induced nephropathy.

an outer diameter of 0.87 mm. To avoid bulk cardiac

Our study has several limitations. First, this was a

motion during imaging, we implemented prospective

proof-of-principle study with a limited number of ex-

triggering using the electrocardiography (ECG) signal.

periments. Second, the system was not tested for
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F I G U R E 1 ECG-Triggered High-Speed OCT vs. Conventional-Speed OCT

(A) Electrocardiography (ECG)-triggered high-speed optical coherence tomography (OCT). Longitudinal section (A1) shows smooth vascular contour. (B) Conventionalspeed OCT. Longitudinal section (B1) shows severe cardiac motion artifacts induced from multiple systolic (red arrows) and diastolic (blue arrows) motions during a
pullback. Cross-sectional images acquired with the ECG-triggered high-speed protocol (A2-A4 at yellow dashed lines) showed comparable quality compared with
conventional-speed imaging (B2-B4). (C) Three-dimensional (3D) reconstructed images of ECG-triggered high-speed OCT. Both longitudinal and ﬂy-through views show
smooth and realistic 3D architecture of the coronary artery, stent, and guidewire. (D) 3D reconstructed images of conventional-speed OCT. The cutaway longitudinal view
(D1) shows distorted 3D vessel contour, stent structure, and guidewire. The ﬂy-through views show disconnected (D2) and elongated (D4) 3D stent structure,
respectively. Scale bars, 5 mm (A1, B1, C1, D1) and 500 mm (A2-A4, B2-B4). fps ¼ frames per second.
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motion-free time windows. Third, the image acquisition
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not

automatically
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In a cross-section of the resected plaques from
7 patients who underwent CEA, we identiﬁed 10
sites in each plaque where the histology showed
calciﬁcation,

dense

ﬁbrosis,

ﬁbrosis,

or

lipid.

Calciﬁcation was identiﬁed as purple cellular crystals by hematoxylin and eosin staining and brown
crystals by Von Kossa staining. Dense ﬁbrosis was
identiﬁed as intense green staining by Masson tri-
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O staining.
The IB values of the corresponding locations in the
same cross-sectional ultrasound image were calcu-

Noninvasive Quantitative Tissue

lated. The histological specimen that corresponded to

Characterization of Carotid Plaques

the ultrasonic image was carefully selected by

Using Color-Coded Mapping Based on

matching the diameter of the vessel and the thickness

Ultrasound Integrated Backscatter

and shape of the plaque. The IB value was calculated
as (tissue value  255)/255  dynamic range. The
dynamic range was ﬁxed as 40 dB throughout this

Ultrasound imaging of carotid artery plaques not

study. To compensate for the effect of ultrasound

only identiﬁes the existence and size of the plaques

attenuation, the IB data in the image were adjusted

but also provides information on the histological

by 2.0 dB/mm. Each IB value was normalized to the

features of the plaques such as lipid pools and

calibrated value by setting the IB value of blood near

ﬁbrous or calciﬁed tissue. We attempted to develop

the plaque at 70 dB. The plaque in the image was

a novel system to obtain the characteristics of

manually traced, and then the program calculated the

carotid plaques using noninvasive ultrasound and

plaque area, area of each tissue component catego-

high-resolution color-coded display maps based on

rized by the IB threshold, and the amount of each

integrated backscatter (IB) values (the “iPlaque”

component as a percent of the entire plaque area.

system).

The average normalized IB value in 70 sampling

We prospectively enrolled 17 patients for this

points from 7 patients was 37.99  4.93 dB

study. Seven patients (n ¼ 7 men, 71  5 years old)

(range 30.14 to 46.00 dB) in dense ﬁbrosis

who underwent carotid artery endarterectomy (CEA)

tissue, 52.34  3.99 dB (range 44.73 to 61.23 dB)

from September 14, 2010 to October 25, 2011 were the

in ﬁbrosis tissue, and 69.55  5.16 dB (range 60.08

group in which we determined the IB thresholds. For

to 79.33 dB) in lipid pool. With a cutoff value

validation of the imaging software in our iPlaque

of 46.18 dB, dense ﬁbrosis and ﬁbrosis could be

system, data were obtained from the following

discriminated with 97.1% sensitivity and 100% spec-

10 patients (mean age 70  7 years, n ¼ 7 men) who

iﬁcity. With a cutoff value of 61.23 dB, ﬁbrosis and

underwent CEA from July 6, 2012 to May 17, 2013. This

lipid pool could be identiﬁed with 97.1% sensitivity

study was approved by the institutional review board

and 100% speciﬁcity. Because the maximum IB value

of the University of Tokushima, and each patient gave

of dense ﬁbrosis was 30.14 dB, a tissue with IB

written informed consent.

> 30.14 dB was considered to be calciﬁcation. Thus,

Ofﬂine imaging analytical software was designed

we assigned the following IB thresholds for tissue

to extract IB values from each pixel of the ultrasound

characterization: calciﬁcation 30.14 dB # IB; dense

images, which were obtained with commercially

ﬁbrosis 46.18 dB # IB < 30.14 dB; ﬁbrosis 61.23

available ultrasound diagnostic equipment (Logiq 7,

dB # IB < 46.18 dB; and lipid pool IB < 61.23 dB.

General Electric Medical Systems, Milwaukee, Wis-

With our iPlaque software, calciﬁcation is displayed

consin). Cross-sectional scanning of the carotid lesion

in red, dense ﬁbrosis in yellow, ﬁbrosis in green, and

was performed before surgery, and >20 images/cm

lipid pool in blue. Figure 1 shows the color-coded
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