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Background: The optical coherence tomography (OCT)-deep learning (DL)
emerged as a promising tool for automated plaque characterization. However,
its findings have not been compared with optical and ultrasound signals.

Objectives: The objective was to cross-validate the calcified plaque detected by
OCT-DL, using comprehensive tissue characterization technologies including
OCT-derived optical properties, intravascular ultrasound (IVUS)-virtual
histology (VH) and echogenicity.

Methods: Five years after bioresorbable scaffold (BRS) implantation, 15 patients
underwent OCT and IVUS imaging. The unique platinum markers in BRS
facilitated precise OCT-IVUS co-registration. Calcified plaque detected by
OCT-DL were corroborated by/with optical properties, greyscale (GS)-IVUS,
IVUS-VH and echogenicity. The concordance between OCT-DL and other
modalities was assessed by kappa statistics. The calcium arc measured by
different modalities were compared by orthogonal linear regression.

Results: Forty-three calcified plaques were detected by DL in 72 matched
anatomic slices, 41 (95%) were confirmed as pure (n = 29) or hybrid calcified
plaque (n = 12) by optical properties. Weighted kappa between OCT-DL and
GS-IVUS, IVUS-VH and echogenicity were 0.69, 0.60 and 0.60, respectively.
After having excluded artifactual optical shadowing (n = 5) generated by
guidewire or platinum marker, kappa increased to 0.77, 0.68 and 0.69, with
agreement ranging between 90% and 93%. Calcium arc derived from OCT-DL
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showed moderate correlation and agreement with GS-IVUS (ICCa = 0.81,
difference = 1.73 + 15.25°), IVUS-VH (ICCa = 0.69, difference = -5.60 +
21.19%) and echogenicity (ICCa = 0.65, difference = 10.28 + 18.70°).

Conclusion: OCT empowered by deep learning showed substantial agreement
with optical and ultrasound signals. The comprehensive assessment provided
by OCT and IVUS heralds the potential diagnostic value of combined IVUS-OCT

catheters.

KEYWORDS

optical coherence tomogaphy, intravascular ultrasound, deep learning, calcified
plaque, bioresorbable scaffold

1 Introduction

Coronary calcification has long been recognized as a
predictor for future cardiac events. Its accumulation occurs
concomitantly with the progression of atherosclerosis (Otsuka
et al, 2014; Jinnouchi et al, 2020). The identification and
quantification of calcified plaque can be well achieved in-vivo
with intravascular ultrasound (IVUS) and optical coherence
tomography (OCT).

IVUS enables the visualization of the entire vessel structure,
making this imaging modality suitable for detecting both
superficial and deep calcified plaque. Compared to IVUS,
OCT has a higher resolution enabling detailed calcified plaque
delineation and quantification. However, the limited tissue
penetration of infrared light might preclude the accurate
detection of deep calcified plaque.

Several technologies have been developed and validated with
histology to make better interpretations of intracoronary images
(Garcia-Garcia et al, 2011). IVUS-virtual histology (VH) performs
spectral analysis of radio-frequency signals and classifies tissue into
four major components (Nair et al., 2002). IVUS-based echogenicity
refers to the mean grey-level of adventitia to discriminate hypo- and
hyperechogenic tissues (Bruining et al., 2007). For OCT images, the
optical properties such as attenuation and backscattering have been
proven by histology to have the potential for differentiating different
tissue types (Xu et al., 2008; van Soest et al., 2010; Liu et al., 2017; Teo
et al,, 2017). Multiple algorithms have also been proposed for an
enhanced interpretation of OCT images (Athanasiou et al,, 2014;
Villiger et al,, 2018; Prabhu et al,, 2019; Lee et al,, 2020), most of
which have been restricted to differentiable tissue types, with the
exception of cholesterol and foam cells. A fully automated plaque
characterization algorithm based on deep convolutional network
was recently developed and validated using the annotations by an
expert panel, and OCT-DL showed an accuracy of 88.5% for
delineating calcified plaque in OCT images (Chu et al, 2021).
However, it has not been comprehensively cross-validated using
optical and ultrasound signals.

The objective of the present study was to cross-validate the
calcified plaque detected on OCT with deep learning (DL), using
comprehensive tissue characterization technologies including
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OCT-derived optical properties, IVUS-VH and echogenicity
on accurately aligned in-vivo imaging of human coronary
scaffolded with bioresorbable
5 years earlier.

arteries devices implanted

2 Materials and methods
2.1 Study design and materials

In ABSORB Cohort B trial (NCT00856856), baseline and 5-
year follow-up frequency-domain OCT, greyscale (GS)-IVUS
and IVUS-VH were acquired in 15 patients who have been
implanted at baseline with the second generation of Absorb
bioresorbable vascular scaffold (BRS) (Abbott Vascular, Santa
Clara, CA, United States), where two pairs of 244 um platinum
markers were embedded in the struts at the proximal and distal
ends to aid in deployment and visualization (Serruys et al., 2010).

In current study, we analyzed the 5-year follow-up imaging
data. The scaffolds have been fully absorbed and the struts no
longer hamper the visualization of calcified plaques. DL-based
OCT plaque OCT
backscattering analysis, and GS-IVUS echogenicity analysis
with the IVUS-VH
providing a comprehensive assessment of calcified plaques.

characterization, attenuation and

were performed, together results,
The study protocol conforms to the ethical guidelines of the
1975 Declaration of Helsinki as reflected in a prior approval by
The ethics

committee at each participating institution approved the

the institution’s human research committee.

protocol, and each patient gave written informed consent
before inclusion.

2.2 OCT and IVUS acquisition

IVUS and OCT images were obtained using 20-MHz,
phased-array IVUS catheters with an electronic rotation of
30 frames/second and C7/C8 frequency domain systems with
a mechanic rotation of either 100 or 180 frames/second,
respectively (Zeng et al., 2017; Zeng et al., 2018). IVUS-VH
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was assessed at the gated end-diastolic phase, and its
corresponding  GS-IVUS
echogenicity.

images were analyzed for

2.3 Co-localization of OCT and IVUS
cross-sections

The co-registration between OCT, GS-IVUS and IVUS-
VH was achieved manually (Zeng et al., 2017; Zeng et al,,
2018) utilizing the presence of endoluminal platinum markers
located at the proximal and distal ends of the BRS, and
common anatomic landmarks such as side branch, vein,
pericardium, position and configuration of calcified plaque,
characteristic lumen shape and circumferential profile of
plaque thickness, and/or positional or directional
relationship among all these landmarks. The matched OCT
and IVUS were reviewed by an expert panel of five experienced
cardiologists (Zeng et al., 2017; Zeng et al., 2018). IVUS-VH
was regarded as the limiting factor for the number of matched
cross-sectional images since it was only acquired at end-
diastole. Nevertheless, the reproducible and precise co-
by

cardiologists remains the main asset of the present material.

registration  performed multiple  experienced

2.4 Longitudinal window for OCT and
IVUS

The pitch between consecutive OCT cross-sections was
0.l mm or 0.2 mm. The pitch between consecutive IVUS
cross-sections was around 0.5 mm, depending on patient’s
heart rate. In addition, the potential impact of oblique
imaging, i.e., the imaging catheter positioned obliquely
inside the lumen, during separate pullbacks is also not
negligible. Thus, a longitudinal window of 0.4 mm was
found reasonable for OCT images. More specifically, one or
two cross-sections proximal and distal to the index cross-
section were also investigated in OCT pullbacks with slice
thickness of 0.2 mm or 0.1 mm, respectively.

2.5 OCT and IVUS analyses

The analyses of all matched OCT and IVUS cross-sections
were performed at an academic core laboratory (Corrib Core
Lab, University of Galway, Ireland). OCT images were
analyzed by two experienced analysts (J.H. and K.N.), using
the DL-based method and optical properties-based method,
respectively. Echogenicity analysis was performed by another
experienced analyst (S.M.), who was blind to the results of
OCT analyses.
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2.5.1 DL-based OCT analysis

The lumen contour, plaque compositions and media contour
of each OCT pullback were automatically delineated using a
recently developed software package (OctPlus, Pulse Medical
Imaging Technology, Shanghai, China) (Chu et al,, 2021). The
plaque composition was characterized as fibrotic, lipidic or
calcified, and biomarkers such as macrophage and cholesterol
crystals were identified. Additional details about the DL
algorithm could be found in Supplementary Methods. After
DL analysis, the results of the selected cross-sections were
recorded for further comparison.

2.5.2 Optical properties-based OCT analysis

The optical properties were analyzed using a customized and
dedicated offline software (QCU-CMS, Leiden University
Medical Center, Leiden, Netherlands). The lumen and external
elastic membrane contour were detected semi-automatically,
followed by the automatic computation of attenuation and
backscattering coefficients.

In the initial study of Liu et al. (2017), the gold standard for
OCT images was derived from ex-vivo glutaraldehyde fixed
human coronary specimen. The various histological plaques
were delineated and categorized by pathologists, who were
unaware of the imaging results (Liu et al, 2017). Therefore
the in-vivo calcified plaque identified by DL was considered as
the new modality of imaging that was not validated directly
against human coronary histology, but could indirectly be
validated with other in-vivo imaging relying either on
ultrasound or optical derived parameters that had been
previously corroborated by histomorphometry (Nair et al.,
2002; Bruining et al., 2007; Liu et al., 2017).

The delineation of the calcified plaques derived from DL
served as regions of interest (ROI) for the optical properties-
based analysis. More specifically, the OCT images with calcified
plaque delineation from DL were superimposed to the QCU-
CMS software with a transparency of 30%-50% for ROI
delineation, thus ensuring the identical ROI between two
different After ROI the
properties including light attenuation and backscattering
within each ROI were exported from QCU-CMS using the
DataCollector software (Leiden University Medical Center,

software. delineation, optical

Leiden, the Netherlands) for further analyses.

2.5.3 IVUS analyses

IVUS-VH has been previously analyzed (Zeng et al., 2017)
and revisited using QCU-CMS 32-bit version. The echogenicity
analysis was performed using QCU-CMS 64-bit version. Five
tissue types in vessel wall were automatically classified: calcified,
hyperechogenic, upper-echogenic, hypoechogenic, and unknown
(Bruining et al., 2007; Zeng et al., 2017). The subsets of upper-
echogenic and unknown were created to exclude all matters in
the dataset that do not account for regular tissue.
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2.6 Cross-validation of calcified plaque

Considering the complexity of coronary calcification, instead
of treating it as a binary “all-or-none” variable, we subdivided the
OCT ROIs as pure, when calcification was the only tissue inside
the ROI, hybrid calcified plaque, when there were additional
tissue components inside the ROL or non-calcified plaque when
there was no calcification inside the ROI, depending on the
numerical distribution of the optical properties (Liu et al., 2017).
Details about the optical properties-based ROI validation are
described in Supplementary Methods and Supplementary
Figure S1.

For GS-IVUS, IVUS-VH and echogenicity, the binary
identification of calcified plaque was retained (Zeng et al,
2017; Zeng et al, 2018). For GS-IVUS, the calcified plaque
was identified as an echo-dense area with acoustic shadow
behind (Mintz et al, 2001; Zeng et al, 2017; Zeng et al,
2018). Calcified plaque in IVUS-VH was detected as the
confluent white-color area exceeding 0.0625 mm’. For
echogenicity, the area with grey-level intensity higher than
adventitia and accompanied by an acoustic shadow was

recognized as calcified plaque (Zeng et al., 2017).

2.7 Calcified plaque quantifications

The calcified plaque detected in different image modalities
was automatically or semi-automatically quantified according to
consensus (Mintz et al., 2001).

In OCT images, the calcified plaque was automatically
quantified in OctPlus software. The arc of each plaque was
obtained by positioning a protractor centered on the
gravitational center of the lumen (Supplementary Figure S2A).
In case the lateral part of the plaque was shadowed by guidewire
artifact, it was excluded from calcium arc comparison with
ultrasonic modalities.

For GS-IVUS, IVUS-VH and echogenicity, the calcium arc
was manually measured using the same method as for OCT. The
acoustic shadow in GS-IVUS, the area color-coded in white in
IVUS-VH, and the calcium leading edge accompanied by an
acoustic shadow in echogenicity were measured (Supplementary
Figure S2B-D) and compared with OCT-derived calcium arc.

2.8 Statistical analysis

Continuous variables are reported as mean + standard

deviation or median (quartiles) as appropriate, while
categorical variables are presented as counts (percentages).
The difference between groups was tested using independent
sample t-test, Mann-Whitney test or One-way Analysis of
Variance (ANOVA), as appropriate. Paired t¢-test, Wilcoxon

signed-rank test or repeated measures ANOVA were used for
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pair-wise comparison, as appropriate. The agreements between
different imaging modalities were calculated using linear
weighted kappa. Given the clustered nature of the current
the
500 replications, using the patient as cluster (Efron and
Tibshirani, 1994). The bias-corrected 95% confidence interval
(CI) was reported for the above-mentioned statistical results.

dataset, bootstrap approach was applied with

Statistical assessments were performed with SPSS version
27.0.1.0 (SPSS Inc., Chicago, Illinois) and Stata SE version
15.0 (College Station, Texas). A 2-sided value of p < 0.05 was
considered to be statistically significant.

3 Results
3.1 Study population

Seventy-two co-registered OCT and IVUS cross-sections
from 15 patients were included in the present study.
S1 the baseline clinical

Supplementary Table presents

characteristics.

3.2 Detection of calcified plaque

Figure 1 and Supplementary Figure S3 show two
representative examples of the calcified plaque detected by
optical and ultrasound signals. The DL delineated calcified
plaques were further identified and classified as pure (Figures
1F-T) or hybrid calcified plaque (Supplementary Figure S3F-I) by
optical properties.

The detection of calcified plaque by the five different
modalities is presented in Figure 2. A total of 43 calcified
plaques from 72 anatomical slices were detected by OCT-DL,
among which 41 (95%) calcified plaques were further validated
by optical properties. Twenty-nine (71%) of these validated ROIs
were classified as pure calcified plaque, and 12 (29%) as hybrid
calcified plaque. In GS-IVUS, 46 calcified plaques were identified,
37 (80%) of which were also identified by OCT-DL. Fifty and
42 calcified plaques were detected in IVUS-VH and echogenicity,
respectively.

Discordances between optical and ultrasound signals were
observed in 13 instances. Four calcified plaques were identified by
OCT-DL algorithm and corroborated by optical properties, but
not by ultrasound signals. Nine calcified plaques were detected by
all the three ultrasonic modalities, but not identified by OCT-DL.
The potential explanations for the discordances are presented in
Figure 3. For five ultrasound signal-detected calcified plaques,
their corresponding area in OCT were not imaged by optical
signal due to the impact of guidewire artifact (Figures 3B1-B4) or
the shadow created by the previously implanted endoluminal
platinum marker (Figure 3C). Three IVUS-detected calcified
plaques were “missed” by OCT possibly due to the limited
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A representative example showing the calcified plaque detected in OCT and IVUS, and further classified as pure calcified plaque by the optical
properties OCT (A) and IVUS (B) images were co-registered based on the presence of the previously implanted endoluminal platinum marker (blue
arrows). Calcified plaque at 7-9 o'clock was detected by VH (C), echogenicity (D) and OCT-DL algorithm (E). The contour of DL detected calcified
plaque were set as the region of interest (ROI) for the analysis of OCT attenuation (F) and backscattering (G). By comparing the median values of

the optical properties within ROl with the numerical results from histological studies (H-1), the plaque was further classified as pure calcified plaque.
DL: deep learning; IVUS: intravascular ultrasound; OCT: optical coherence tomography; VH: virtual histology.

penetration depth of infrared (Figures 3E1-E3). No specific
reason could be found for one discordance (Figure 3D). An
agreement among all modalities for the absence of calcified
plaque was observed in 24 matched anatomic slices.

3.3 Concordance between OCT-DL and
ultrasound signal

The concordance between OCT-DL and ultrasound signal
in calcified plaque identification is presented in Table 1. For
the whole series of 72 anatomic slices, the agreement between
OCT-DL and GS-IVUS, IVUS-VH and echogenicity for
calcified plaque detection were 90%, 87% and 87%, with
weighted kappa being 0.69, 0.60 and 0.60 (Supplementary
Table S2), respectively. After excluding the five cases where
the corresponding areas of IVUS-detected calcified plaques in
OCT were not imaged by the light beam, the agreement
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improved to 93%, 90% and 90%, with weighted kappa
being 0.77, 0.68 and 0.69 (Supplementary Table S3),
respectively.

3.4 Calcium arc comparison

The concordance between the calcium arc measured by
OCT-DL the three
ultrasound imaging modalities are presented in Supplementary

and measurement obtained from
Table S4 and Figure 4. Eight calcified plaques were excluded from
calcium arc comparison since part of the plaque were hidden
behind the OCT guidewire shadowing, resulting in 29 calcified
plaques appropriately imaged for paired comparison with GS-
IVUS and IVUS-VH. For calcium arc measured in echogenicity,
25 calcified plaques were included for paired comparison.
Good correlation and agreement were observed between the
calcium arc measured by OCT-DL and GS-IVUS [ICCa = 0.81
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Calcified Plaque Detected by OCT-Deep Learning (n=43)
Calcified Plaque Detected in IVUS-VH (n=50)
=4
Calcified Plaque Detected in IVUS-Echogenicity (n=42) | .
—
—| n=4 —
n=2 Iﬁli Perfect Concordance (n=33) —— n=9
I
| . Partial Concordance Discordance Between Optical and Ultrasonic signal |
FIGURE 2

The detection of calcified plaques by OCT-DL, optical properties and ultrasound signals. * In present study, the optical properties-based OCT
analysis was only performed when OCT-DL detected a calcified plaque. GS: greyscale. Other abbreviations as in Figure 1.

(95% CI: 0.68-0.91), difference = 1.73 + 15.25°], while the
concordance rates were moderate when comparing the
calcium arc derived from OCT-DL with that measured in
IVUS-VH [ICCa = 0.69 (95% CI: 0.54-0.81), difference =
-5.60 + 21.19°] and echogenicity [ICCa = 0.65 (95% CIL:
0.46-0.83), difference = 10.28 + 18.70°].

4 Discussions

The main findings of the present study can be summarized as
follows: 1. OCT empowered by DL showed substantial agreement
with IVUS for calcified plaque detection; 2. The integration of
optical properties enabled a refined classification of calcified
plaque subtypes and also underscores the reliability of the DL
algorithm; 3. The complementary nature of OCT and IVUS was
once more demonstrated, setting the preamble for combined
IVUS-OCT catheter.

One of the novelties in current study is the precise and
comprehensive cross-validation for OCT-DL. Though plaque
detection by OCT and IVUS had been previously compared
(Wang et al,, 2017; Shimokado et al,, 2019), the calcifications
were still manually identified without implementing any
quantitative tissue characterization technologies. To the best
of our knowledge, this is the first study attempting to
establish a quantitative, objective and comprehensive cross-
validation between precisely co-registered OCT and IVUS.
The finding of the present study improved our understanding
of reality from converging (often) and diverging (sometimes)
information sources.

In previous studies, OCT was validated on ex-vivo human
specimens that have been histologically fixed using conventional
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methods (Li et al., 2013; Di Vito et al., 2015). After sequences of
desiccation, sectioning and alteration by glutaraldehyde, the
histomorphometry of specimens tends to be altered, causing
that
interpretation. Some attempts have been made to validate
OCT on fresh tissue (Brezinski et al., 1996; Yabushita et al.,
2002; Teo et al.,, 2017). By matching the histology section with
OCT images, descriptive definitions for different plaques were

significant  dimensional changes might influence

proposed and subsequently applied for future analyses (Jang
et al., 2002). Using similar methodology, comparisons between
OCT and IVUS were performed, and their complementary
nature has been repeatedly validated (Jang et al, 2002;
Kawasaki et al., 2006; Li et al., 2013; Brown et al., 2015;
Nakano et al., 2016).

However, most of these studies were still confined to manual
and qualitative interpretations, where calcified plaques were
treated as an “all-or-none” variable (Mintz et al, 2001;
Tearney et al, 2012; Zeng et al, 2017; Zeng et al, 2018),
irrespective of the various patterns of coronary calcification
and their progressive nature (Otsuka et al., 2014; Ijichi et al,
2015; Jinnouchi et al., 2020). How to accurately identify and
quantify plaques in a more automated and objective way remains
an unmet need for interventional cardiologists and biomedical
engineers. Several technologies have been developed over the last
15 years (Komiyama et al., 2000; Nair et al., 2002; Bruining et al.,
2007; Xu et al.,, 2008; van Soest et al., 2010; Garcia-Garcia et al.,
2011; Athanasiou et al., 2014; Liu et al., 2017; Teo et al., 2017;
Villiger et al., 2018; Prabhu et al., 2019; Lee et al., 2020). With the
emergence of artificial intelligence, deep learning algorithm
provides us with another promising solution. In the present
study, by referring to the numerical distribution of optical
properties, 95% of the DL-detected calcified plaques were
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Calcified plaque behind guidewire artifact
Unknown
Calcified plaque in depth

[ calcified plaque behind the implanted
endoluminal radiopaque marker

A

FIGURE 3

Potential explanations for the discordance between OCT and IVUS for calcified plaque identification. Nine calcified plaques were detected by
ultrasound signals but not by OCT-DL (A). The discordance between OCT and IVUS for calcified plaque identification might be caused due to
calcified plaque behind guidewire artifact (B1-B4), calcified plaque behind the implanted endoluminal platinum marker (C), or calcified plaque in
depth (E1-E3). There is one case in which we could not explain the discordance (D). Notably, the calcified plaque at 7-9 o-clock in B4 has been
identified by both optical and ultrasound signals (green arrow). C and E1 are of same anatomical slices, where the reasons for discordance are
different. Abbreviations as in Figure 1.

TABLE 1 Concordance between OCT-DL and ultrasound signals in calcified plaque identification.

Whole population After exclusion®

Kappa Agreement Kappa Agreement
OCT-DL- GS-IVUS 0.69 (95% CI: 0.48-0.86) 90% (95% CI: 82-95%) 0.77 (95% CIL: 93% (95% CI: 88-97%)
0.58-0.91)
OCT-DL- IVUS-VH 0.60 (95% CI: 0.39-0.77) 87% (95% CI: 80-92%) 0.68 (95% CI: 90% (95% CI: 85-95%)
0.49-0.87)
OCT-DL- Echogenicity 0.60 (95% CI: 0.34-0.78) 87% (95% CI: 78-92%) 0.69 (95% CI: 90% (95% CI: 85-95%)
0.49-0.87)

“Five calcified plaques were excluded since the corresponding areas of IVUS-detected calcified plaques in OCT, were not imaged by the light beam due to the impact of guidewire artifact
(n = 4) and implanted endoluminal platinum marker (n = 1).
The bias-corrected 95% Cls, from a bootstrap analysis are reported in brackets, with the patient as cluster and performed 500 replications.

CI: confidence interval; DL: deep learning; GS: greyscale; IVUS: intravascular ultrasound; OCT: optical coherence tomography; VH: virtual histology.

corroborated, underscoring the reliability of this novel method. observed

Meanwhile, refined classification for DL-detected calcified plaque
subtypes was also proposed. More pure calcified plaques were
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the group with perfect

optical-ultrasound

concordance compared to the ones with partial concordance
(76% versus 50%), indicating the potential association between
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calcification patterns and the optical/ultrasound concordance.
Future studies are warranted to further investigate the valuable
information contained within optical properties, and their
potential application in screening out the “false positive”
plaques detected by DL.

Although OCT-DL provides an accurate identification for
calcified plaques, it will be inevitably impacted by the inherent
limitations of OCT including the signal void due to implanted
platinum marker or guidewire artifact (Figure 3,
Supplementary Figure S4), the latter of which could
actually be avoided by withdrawing the guidewire out of
the sheath ahead of pullback (Choi et al., 2019; Liu et al,
2020). Of note, the calcium hidden behind the platinum
of

importance regarding their relatively small size. After

marker and guidewire artifact are less  clinical
excluding the five cases where calcified plaques failed to be
imaged due to the above OCT artifactual confounding factors,
substantial increase in concordance between optical and
ultrasound signals was observed (kappa: 0.69-0.77).

Similar to previous studies, distinctive features of calcified
plaque hidden behind areas with significant light attenuation
become less apparent on OCT, making it impossible to
identify such plaques without prior knowledge (Figure 3,
Supplementary Figure S5, Supplementary Table S5). As to
IVUS, it was acquired with 20 MHz probes, providing
adequate tissue penetration. Though its resolution was not
as high as the newly developed high-definition IVUS catheters
(Chin et al., 2016), it is still sufficient for calcium detection. In
addition, in absence of speckle noise (20 MHz) from blood,
the luminal area could be easily delineated, further ensuring
the accurate detection of superficial and deep calcified
plaques. Of note, the calcium located deeper in the arterial
wall or at the interface of media/adventitia is somehow less
the

superficially (Virmani et al., 1994; Sugiyama et al., 2019).

clinically relevant compared to one positioned
Thus, the prognostic value of OCT-DL is maintained,
regardless of its inferior ability in detecting deep calcium.
Interestingly, we also observed that there were 6 calcified
plaques identified by OCT-DL, but not by ultrasound signals
(Supplementary Figure S6). Four of these calcified plaques
further by optical properties

(Supplementary Figure S6A,B,C,F). For this reason, we

were corroborated
suspected that these 4 DL-detected calcium were not
“identified by mistake” but were possibly in early stages of
coronary calcification, when the subtle changes in tissue
composition were captured by optical signals and observed
in OCT images with the features of relatively dense texture
and higher than normal backscattering, but not to an extent
that could create detectable difference in ultrasound signals.
the DL-detected
(Supplementary Figure S6D.,E), we did not find any

For resting 2 calcified  plaques

supporting findings from other sources. Of note, these two
calcified plaques were generally small and whether ultrasound
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signals were capable of detecting such small calcification
remained unknown without histopathologic reference
standard. Nevertheless, the presence of such calcifications
would be of limited clinical relevance considering their
relatively small size and the fact that they only occurred in
separated cross-sections.

In addition, there were some discordances within
ultrasound signals, among GS-IVUS, IVUS-VH and IVUS-
echogenicity for the identification of calcified plaques. A total
of 8 anatomic slices showed controversial results. Half of the
discordance had calcified plaques identified by both GS-IVUS
and IVUS-VH, but not by IVUS-echogenicity (Supplementary
Figure S7). In fact, IVUS-echogenicity classifies these
4 calcified plaques as hyperechogenic tissue. A possible
explanation for this could be as follows: the signal intensity
of these four calcification areas have not reached the
numerical threshold in echogenicity algorithm, possibility
due to the presence of fibrotic or lipidic components inside
the calcification, which lowered the signal intensity of these
areas. The resting four anatomic slices have calcified plaques
identified by IVUS-VH, but not by GS-IVUS or IVUS-
echogenicity (Supplementary Figure S8). These detected
calcified plaques were indeed “brighter” than other tissues,
which was mainly caused by BRS platinum marker. However,
we did not observe any acoustic shadow behind the bright
tissue. For this reason, we suspect that IVUS-VH mis-
identified these calcified plaques.

In spite of the superb ability of IVUS in identifying deep
calcified plaques, the unique interaction between calcium and
ultrasound signals, i.e., the acoustic shadow, in turn becomes an
obstacle for visualization of tissue hidden behind calcium and
prevents precise morphological assessments of calcium area,
depth, thickness and volume (Supplementary Table S5).
Compared to IVUS, OCT has the valuable capability to “see
through the calcium” and to characterize the tissue behind
(Kawasaki et al, 2006), provided that the infrared signal
reaches the deeper layers of the plaque. Besides, OCT
empowered by DL also provides unique value for automated
and comprehensive calcium quantification (Supplementary
Table S5).

Although the concordance between OCT and IVUS was
substantial, we observed a moderate correlation between
OCT-derived and IVUS-derived calcium arc. This imperfect
concordance was expected since different physical signals
providing different spatial resolutions were used. For GS-
IVUS, the calcium arc was measured as the arc of the
acoustic shadow. In case the calcification is non-confluent
with gaps of approximately 100 mm (as is common), part of
the ultrasound signal might be able to “pass through” the
calcium (Mintz, 2015), leading to the underestimation of the
GS-IVUS-derived calcium arc. As a result, the calcium arc
measured by OCT-DL was found to be numerically larger than
GS-IVUS in current dataset, but statistically insignificant. In
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addition, for the purpose of comparability, we measured the
calcium arc from the gravitational center of the lumen.
However, the location and arc of the acoustic shadow cast
by calcified plaques in IVUS tends to be impacted by the
catheter location, which emerged as another confounding
factor for calcium arc assessment. Nevertheless, due to the
lack of “gold standard” and the relatively small sample size in
the present study, our current findings may not be sufficient to
come up with the conclusion that IVUS underestimates the
calcium arc. Future studies with larger dataset, possibly
obtained from combined IVUS-OCT catheters, might be
able to unravel the numerical concordance between the
calcium arcs measured by these two modalities.

4.1 Combined IVUS-OCT catheter

The the
complementary nature of OCT and IVUS. Combined use of

current study once more illustrates

these two synergistic, multiparametric imaging modalities
demonstrated considerable benefits (Brown et al., 2015).
the
advantage of incorporating both OCT and IVUS might be

Although providing a comprehensive evaluation,
partly cancelled by the different cardiac phases during which
two pullbacks were performed and the impact of oblique
imaging (Supplementary Figure S9). In addition, the length
measurement for the same segment also tend to differ between
OCT and IVUS pullbacks (Gutierrez-Chico et al., 2012). Most
importantly, precise co-registration between OCT and IVUS
is usually tedious and time-consuming. Of note, all the above
drawbacks could be easily circumvented using combined
IVUS-OCT imaging. Up to now, multiple studies have been
carried out regarding the development and testing of
combined catheters (Li et al., 2013; Alfonso et al., 2021;
Leng et al.,, 2021; Takahashi et al., 2021). The precisely co-
registered images and tissue characterization achieved in the
present study, on the other hand, provide an example of what
would be easily obtainable using combined IVUS-OCT
catheters (Supplementary Video S1).

4.2 Clinical perspectives

OCT-DL could be applied to any OCT pullbacks without
being restricted by the imaging systems. In the near future, the
application of combined catheters, once empowered by OCT-
DL and image-derived physiological assessment (Huang et al.,
2020; Chu et al., 2021; Yu et al., 2021), has the potential to
provide precise “3G”, namely triple guidance by combining
histomorphometry, anatomy and physiological information
from single pullback. The comprehensive information
provided by combined catheter facilitates a more precise
treatment, especially when plaque burden and detailed
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morphological assessment, such as calcium thickness, failed
to be achieved using single modality due to the trade-off
between image resolution and signal penetration. The
averaged time of OCT-DL analysis was within 30 s for each
pullback (Chu et al., 2021), further ensuring its application for
assessment in  catheterization
the

quantification provided by DL has the potential for guiding

real-time laboratory.

Meanwhile, precise and  automated  plaque
and evaluating the effect of plaque modification techniques
and PCI procedural strategies.

In addition, the findings in the present study also provide
some new insights on future research directions, including
the development of a light transparent guidewire eliminating
the presence of guidewire artifact in OCT, and the AI-
IVUS

automated real-time tissue characterization. Besides, the

empowered  high-frequency images enabling
methodology established in the current study for plaque
characterization and cross-validation might be further
implemented to larger dataset from combined IVUS-OCT
catheters for more tissue types including areas infiltrated with
foam cells and cholesterol crystals, the latter being closely

associated with adverse clinical events (Usui et al., 2021).

4.3 Limitations

The current study is limited to 15 patients, which results in
wider than desired confidence intervals for some estimations
in order to make reliable inferences and a relatively small
dataset, the latter is mainly due to the incorporation of
electrocardiogram-gated IVUS-VH(Zeng et al., 2017; Zeng
etal, 2018). Nevertheless, the precise co-registration utilizing
unique BRS platinum markers ensured the quality of current
dataset. In addition, the different slice thicknesses of OCT and
IVUS might hamper the co-registration accuracy. Therefore, a
fixed longitudinal OCT window was applied as a reasonable
compromise. Although the calcium classification is refined
using optical properties, current trinary interpretation still
seems insufficient (Virmani et al., 1994; Otsuka et al., 2014;
Jinnouchi et al., 2020). In addition, only calcified plaques were
considered for analysis. The findings from the present study
may not apply to the identification of calcified nodule, since
calcified nodules were not observed in current dataset. Future
ex-vivo studies are warranted to validate findings derived from
these techniques using gold standard, i.e., the histology
results. With the development of combined catheters, larger
sample sizes could be easily achieved for investigating the
interplay between plaque composition and morphology
detected by DL on OCT and IVUS corroborated by
sophisticated analyses of purely optical and ultrasonic
tell the
combination of light, sound and spectroscopy. Though the

parameters  will us more about winning

presence of calcification after BRS implantation has been
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confirmed by previous histological findings (Von Kossa
staining) (Onuma et al., 2010), the potential impact of BRS
in optical properties warrant further investigation.

5 Conclusion

OCT empowered by deep learning showed substantial
agreement with optical and ultrasound signals in detecting
coronary calcification. The comprehensive assessment
provided by OCT and IVUS heralds the enhanced diagnostic
power of combined IVUS-OCT catheters.
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