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Abstract
Optical coherence tomography (OCT) is a coronary artery imaging technique with high resolution. Second-generation 
frequency-domain OCT (FD-OCT) technology allows safer and faster clinical application compared with first-generation 
time-domain OCT (TD-OCT). Only limited validation studies compare FD-OCT with other modes of analysis: histology, 
which is the current gold standard, and intravascular ultrasound (IVUS). This study therefore aims to demonstrate the accu-
racy of FD-OCT images compared with IVUS and histology. FD-OCT and IVUS images were acquired from 203 segments 
from 31 coronary arteries obtained at autopsy from 20 cadavers. Of these, 30 randomly-selected pairs were used to create 
three classifications of plaque type based on morphological features in FD-OCT and IVUS compared with corresponding 
histopathology. The remaining 173 pairs were used to demonstrate the diagnostic accuracy for classification of coronary 
plaques by FD-OCT. Plaque type distributions were 27% fibroatheroma, 22% fibrocalcific plaque and 51% fibrous plaque. 
The diagnostic accuracies of FD-OCT for fibroatheroma, fibrocalcific plaque and fibrous plaque were 90, 95 and 93%, 
respectively. Those of IVUS were 81, 89 and 84%, respectively. FD-OCT achieved high diagnostic accuracy for the clas-
sification of coronary plaques comparable to TD-OCT. Physicians should consider the differences in the ability to classify 
plaque morphology of OCT of imaging devices when applying their use.
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Introduction

Optical coherence tomography (OCT) generates unprec-
edented intracoronary images with high resolution [1]. 
Time-domain OCT (TD-OCT) was the first-generation 
implementation of the modality developed for intravascular 
imaging, and, compared to other conventional devices, it 
provided extremely high resolution, in vivo images of super-
ficial histological findings [2]. However, the probe was not 
a monorail-type rapid exchange catheter, but a low-profile 
Imagewire that was advanced through an over-the-wire 

occlusion balloon catheter after exchanging it with the guide-
wire. To perform imaging, blood clearance was achieved 
with proximal balloon occlusion and distal low-volume 
Ringer’s lactate solution injection, and a 0.5–1.5 mm/s 
pullback was performed over 30 s, resulting in transient 
ischemia that could cause complications. A non-occlusive 
method of continuous low-molecular weight dextran infu-
sion was later developed to simplify the imaging procedure, 
but acquisition remained slow and limited [3]. Second gener-
ation frequency-domain OCT (FD-OCT) technology allows 
safer and faster clinical application than first-generation TD-
OCT [4]. There are also structural improvements in FD-OCT 
over TD-OCT, such as use of a tunable light source and the 
fixation of mechanically rotated mirrors. These changes in 
technology result in a better signal-to-noise ratio and faster 
sweeps, allowing a dramatically faster image acquisition and 
pullback speed than TD-OCT [5]. Much research has been 
performed to validate the accuracy of TD-OCT compared 
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with histology, which is the gold standard, and compared 
with intravascular ultrasound (IVUS). Meanwhile, only lim-
ited validation studies which compare FD-OCT to TD-OCT 
and to histology are available [5, 6]. A lack of correlation 
between FD-OCT images of neointima after stenting and 
corresponding histological tissue characteristics was sug-
gested in a previous study [6]. FD-OCT images generated 
by newer technology therefore require reevaluation. This 
study aims to demonstrate the accuracy of FD-OCT images 
compared with IVUS and histology.

Methods

Autopsy specimens

This study complies with the Declaration of Helsinki and the 
protocol was approved by the Wakayama Medical University 
Institutional Review Board. Written informed consent was 
obtained from relatives. Thirty-one coronary arteries were 
obtained between September 2011 and June 2014 from 20 
cadavers. The major coronary arteries were examined by 
both FD-OCT and IVUS imaging immediately after removal 
of the heart from cadavers, within 72 h after death. Fol-
lowing FD-OCT and IVUS image acquisition as described 
below, the coronary arteries were pressure-fixed in formalin 
and decalcified if necessary using ethylenediaminetetraacetic 
acid to maintain its orientation and size for comparison with 
FD-OCT and IVUS images, as previously described [7]. The 
proximal and middle portions of the three coronary arteries 
were examined, but the left main coronary artery, distal por-
tion, and all branches were not.

Histological processing

The segments were serially sectioned to the longitudinal 
axis of the vessel at 3-mm intervals. From the distal side 
of each 3-mm block, 4-µm histopathology slides were pre-
pared and stained with hematoxylin and eosin (HE). Each 
histopathology slide was digitized using a microscope at low 
magnification (×1.25). The measurements of external elastic 
membrane area and luminal area were determined by Image 
J software (National Institutes of Health, Bethesda, MD).

The histopathological cross sections were reviewed by a 
histology observer (A.S.) blinded to clinical, FD-OCT and 
IVUS data.

FD‑OCT and IVUS image acquisition

At FD-OCT image acquisition, the Dragonfly OCT imag-
ing catheter (Abbott Vascular, Santa Clara, CA) was intro-
duced into the coronary artery with a guide wire. When 
possible, the guide wire was removed for image acquisition. 

Sequential FD-OCT images were obtained at a pullback 
rate of 20 mm per second during continuous infusion of 
phosphate-buffered saline perfused at 100 mmHg using 
a pressure infusor. For offline analysis, FD-OCT images 
were acquired at 100 frames per second and were digitally 
archived in the frequency-domain OCT C7XR imaging sys-
tem (Abbott Vascular). Likewise, IVUS imaging was per-
formed using IVUS system (iLab™ Boston Scientific. Fre-
mont, CA) and a 40-MHz Atlantis SR Pro 2/OptiCross IVUS 
catheter (Boston Scientific) at 0.5 mm per second pullback. 
All images were stored digitally for subsequent analysis.

OCT and IVUS image interpretation and analysis

Offline FD-OCT analysis was performed using the propri-
etary OCT console software (Abbott Vascular) by two expe-
rienced independent observers (Y.M. and T.N.) blinded to 
both histopathology and IVUS. In the case of discordance 
between the observers, a consensus reading was obtained. 
FD-OCT images were analyzed using previously validated 
criteria for plaque characterization and classified into the 
following three plaque types: fibroatheroma (lipid plaque), 
fibrocalcific plaque, or fibrous plaque [8]. Briefly, fibroath-
eroma were defined as signal-poor regions with diffusely 
delineated borders, calcium was defined as a signal-poor 
region with sharply delineated border and fibrous plaques 
were defined as homogenous and signal-rich regions [9]. 
All IVUS images were analyzed by study-blinded, experi-
enced observers (Y.K. and A.T.) using QIvus (iMAP Basic 
Viewer version 3.0.12.0; Medis Medical Imaging, Leiden, 
the Netherlands).

Correlation between histopathology 
and intracoronary images

Out of 1463 cross sections from 31 arteries (13 left ante-
rior descending, 7 left circumflex and 11 right coronary 
arteries) in 20 cadavers, 231 cross sections were analyz-
able by all three modes of analysis. The histopathologi-
cal cross sections and corresponding FD-OCT and IVUS 
images were matched using luminal configuration and 
anatomical landmarks, such as side branches, perivascular 
structures and distances from side branches or distal end 
[10]. From the 203 pairs of histopathological cross sec-
tions and corresponding images after excluding adaptive 
intimal thickening (n = 28) to focus on plaque classifica-
tion, 30 pairs in 16 arteries (6 left anterior descending, 6 
left circumflex and 4 right coronary arteries) were ran-
domly selected for a training data set and used to create 
three plaque type classifications on the basis of morpho-
logical features in FD-OCT and IVUS as compared with 
corresponding histopathology. Subsequently, the remain-
ing 173 pairs in 31 arteries (13 left anterior descending, 7 
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left circumflex and 11 right coronary arteries) were used 
as a validation data set. The FD-OCT and IVUS definitions 
for plaque morphology established from the training data 
set were prospectively applied for the validation data set.

Coronary artery branches containing microvessels were 
measured in histology stained by HE, FD-OCT and IVUS 
images, and categorized into three ranges: medium to large 
branch (> 300 µm), microvessel (50 to 300 µm) and small 
microvessel (< 50 µm). Vessel was defined as a no-signal 
tubuloluminal structure and recognized on at least three 
consecutive cross-sectional FD-OCT or IVUS images.

Statistical analysis

Data analyses were performed using JMP pro 13.0 (SAS 
Institute, Cary, NC, USA). Continuous values were 
expressed as mean ± standard deviation and compared by 
Student’s t test. Categorical data were reported as abso-
lute values and percentages and analyzed by Pearson’s 
Chi square test, or Fisher’s exact test if an expected cell 
count was < 5. P < 0.05 was considered to be statistically 
significant.

Results

Clinical demographics

Mean age at death of the 20 autopsied subjects was 
69 ± 14 years and 17 (85%) were men. The cause of death 
was ischemic heart disease in two cases (10%), six (30%) 
had a prior history of coronary artery disease. Hyperten-
sion, type 2 diabetes mellitus and smoking were docu-
mented in seven (35%), six (30%) and three (15%) patients, 
respectively (Table 1).

Plaque classification

A total of 203 sections were analyzed. Adaptive intimal 
thickening (n = 28) was excluded from plaque classifica-
tion. The histological lesion characteristics and the repre-
sentative images are shown in Table 2 and Fig. 1, respec-
tively. Of these, thirty sections were classified into three 
types as the training set. Plaque type distributions were 13% 
fibroatheroma, 27% fibrocalcific plaque and 60% fibrous 
plaque. In the validation data set, plaque type distributions 
were 27% fibroatheroma, 22% fibrocalcific plaque and 51% 
fibrous plaque and the diagnostic accuracies of FD-OCT for 
fibroatheroma, fibrocalcific plaque and fibrous were 90, 95 
and 93%. Those of IVUS were 81, 89 and 84% (Table 3).

Detection of branches or microvessels 
by intracoronary imaging devices

Histology detected 25 vessels. Both FD-OCT and IVUS 
identified most of the medium in large vessels (16/17, 15/17, 
respectively). FD-OCT identified 67% of microvessels, but 
IVUS could not detect any. Small microvessels were unde-
tected by both FD-OCT and IVUS (Table 4).

Discussion

We demonstrated that FD-OCT was superior to IVUS in 
terms of accuracy for assessment of plaque type and detec-
tion of microvessels. Moreover, we demonstrated that FD-
OCT achieved high diagnostic accuracy for the classification 
of coronary plaques, similar to that of TD-OCT.

In the current study, the sensitivity and specificity of 
FD-OCT for plaque classification were similar or better to 
those of TD-OCT. Ranges of sensitivity and specificity of 
TD-OCT compared with histology have been reported as 
69 to 94% and 88 to 94% for lipid-rich plaque, 67 to 95% 
and 92 to 97% for fibrocalcific plaque, and 64 to 88% and 
88 to 98% for fibrous plaque [1, 11, 12]. In the current Table 1   Clinical characteristics of donors for autopsy studies

PCI percutaneous cardiovascular intervention, CABG coronary artery 
bypass graft surgery

Patients, n 20
Age, years (SD) 69 (14)
Male, n (%) 17 (85)
Cardiac death, n (%) 2 (10)
Prior PCI, n (%) 5 (25)
Prior CABG, n (%) 1 (5)
Coronary risk factor
 Hypertension, n (%) 7 (35)
 Diabetes mellitus, n (%) 6 (30)
 Dyslipidemia, n (%) 4 (20)

Smoking, n (%) 3 (15)

Table 2   Histological lesion characteristics

LAD left anterior descending artery, LCx left circumflex artery, RCA​ 
right coronary artery

n 173
RCA/LAD/LCx, n 59/74/40
Proximal/mid/distal, n 82/81/10
Vessel area, mm2 (SD) 9.1 (3.7)
%stenosis, % (SD) 64.1 (9.6)
Plaque classification
 Fibroatheroma, n (%) 47 (27)
 Fibrocalcium, n (%) 38 (22)
 Fibrous, n (%) 88 (51)
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study, FD-OCT had a sensitivity and specificity of 89 and 
91% for lipid plaque, 83 and 99% for fibrocalcific plaque, 
and 92 and 94% for fibrous plaque.

On the other hand, the sensitivity and specificity ranges of 
IVUS compared with histology have been reported as 10 to 
70% and 81 to 96% for lipid-rich plaque, 37 to 98% and 94 

Fig. 1   Representative histol-
ogy, OCT and IVUS images 
for each plaque classification. a 
Histological image of fibroath-
eroma. b and c Corresponding 
FD-OCT and IVUS images 
in A. d Histological image of 
fibrocalcific plaque. e and f 
Corresponding FD-OCT and 
IVUS images in d. g Histologi-
cal image of fibrous plaque. h 
and i Corresponding FD-OCT 
and IVUS images in G. FA 
fibroatheroma, FC fibrocalcific 
plaque, Fib fibrous plaque, 
IVUS intravascular ultrasound, 
FD-OCT frequency-domain 
optical coherence tomography

Table 3   (A) Assessment 
of FD-OCT criteria for 
characterization. (B) 
Assessment of IVUS criteria for 
characterization

FA fibroatheroma, FC fibrocalcific plaque, FD-OCT frequency-domain optical coherence tomography, 
Fib fibrous plaque, IVUS intravascular ultrasound, NPV negative predictive value, PPV positive predictive 
value

Histology Total Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

FA FC Fib

(A)
 FD-OCT
  FA 39 6 6 51 89 91 77 96 90
  FC 0 33 1 34 83 99 97 95 95
  Fib 5 1 82 88 92 94 93 93 93
  Total 44 40 89 173

(B)
 IVUS
  FA 14 2 1 17 32 98 82 81 81
  FC 10 35 4 49 88 90 71 96 89
  Fib 20 3 84 107 94 77 79 97 84
  Total 44 40 89 173
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to 98% for fibrocalcific plaque, and 63 to 89% and 59 to 90% 
for fibrous plaque [11–15]. In our study, sensitivity and spec-
ificity of IVUS compared with histology were 32 and 98% 
for lipid plaque, 88 and 90% for fibrocalcific plaque and 94 
and 77% for fibrous plaque. Aside from the inferior specific-
ity for fibrocalcific plaque, this is accuracy concordant with 
that of previous reports. We attributed the low sensitivity for 
lipid plaque to the difficulty in distinguishing it from fibrous 
plaque. One reason for this is that extracellular lipid deposit 
plaque that did not have lipid core was common. Other rea-
sons are the imaging problems of non-uniform rotational 
distortion (NURD) and comparatively low resolution. For 
this study, we utilized 40 MHz IVUS. If recently developed 
60 MHz IVUS was utilized instead, the accuracy of IVUS 
plaque identification may have improved [16]. Finally, there 
were also misclassified calcific plaques. Calcium closer to 
the lumen than target plaque influences the diagnosis. FD-
OCT was also shown to be superior to IVUS for the identi-
fication of both vessels and macrophages.

Our present study has some limitations including the 
small sample size and it being a single-center study. In per-
forming intracoronary imaging and histology validation, 
there might be a fundamental difficulty in aligning OCT 
and IVUS images with their histologic counterparts, leading 
to the potential error despite meticulous attention. We did 
not perform comparisons between TD-OCT and FD-OCT. 
Further work is needed to overcome these limitations, but 
we believe the results of this study, using autopsy hearts 
and over a relatively long period of time, are important to 
fundamental understanding of the potential of FD-OCT. In 
the current study, we focused on assessment of autopsy tis-
sue. Based on the ideas raised by Bezerra et al., future study 
will focus on application of FD-OCT for detection of native 
coronary disease compared with detection by IVUS and his-
tology. FD-OCT reportedly depicts severe native coronary 
artery disease better than IVUS owing to clearer depiction 
of vessel lumen.

FD-OCT has high diagnostic ability in classification of 
coronary plaques comparable to TD-OCT. Physicians should 
consider the potential of modality-based measurement dif-
ferences of imaging devices when applying their use.
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