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Abstract
Objectives―To explore the potential signi�cance of the reverberation of calci�cation by comparing both
intravascular ultrasound (IVUS) and optical coherence tomography (OCT) measurement post manual
coregistration.

Background―The reverberation phenomenon is often detected by IVUS for severe calci�ed lesions post
rotational atherectomy (RA), which is thought to be due to the glassy and smooth inner surfaces of
calci�cations. Because of the poor penetration of IVUS, it is impossible to measure the thickness of
calci�cations, and the relationship between multiple reverberations and the thickness of calci�cation
lesions has not been reported before.

Methods―A total of forty-nine patients with severe calci�ed coronary lesions that were detected by IVUS
and OCT simultaneously were enrolled in our retrospective study. If reverberation phenomena were
detected by IVUS, intravascular imaging (IVI) data (including distance between the IVUS catheter center
and the inner surface of the reverberation signal, the intervals between all adjacent reverberation signals,
the number of layers of reverberation in IVUS, and the thickness of the calci�cation in OCT) were
measured at the same position and same direction (each cross-section had 4 mutually perpendicular
directions) at 1-mm intervals. If the observational point (direction) had a reverberation signal, it was an
effective observational point that would be enrolled in our study; otherwise, it would be regarded as an
invalid observational point and excluded from this study. The correlation between each reverberation
observational value and OCT data was the primary target in this retrospective study.

Results―Four hundred twenty-eight valid observational points were analyzed simultaneously by IVUS
and OCT; among them, 300 points had a single layer of reverberation, 83 had double layers of
reverberation and 42 had multiple layers (≥3 layers) of reverberation by IVUS detection post-RA.
Multivariate logistic regression analysis showed that the number of layers of reverberation by IVUS was
signi�cantly related to the thickness of calci�cations by OCT at the same point and in the same direction
(p<0.001). Single, double, and multiple layers of reverberation in IVUS correspond to median calci�cation
thicknesses (interquartile ranges (IQRs)) of 0.620 mm (0.520–0.720), 0.950 mm (0.840–1.040) and
1.185 mm (1.068–1.373), respectively, by OCT detection. No correlation was found between the distance
between the IVI catheter center and the inner surface of the reverberation signal or the interval between
every adjacent reverberation signal and the thickness of the calci�cation.

Conclusions―The number of layers of reverberation signal detected by IVUS is positively correlated with
the thickness of calci�cations measured by OCT post-RA.

Condensed Abstract
We investigated the relationship between reverberation and the thickness of calci�cation by comparing
both intravascular ultrasound (IVUS) and optical coherence tomography (OCT) measurement post
manual coregistration by �duciary side branch. The number of layers of reverberation by IVUS detection
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was signi�cantly related to the thickness of calci�cation by OCT measurement by multivariate logistic
regression analysis (p,0.001). Single, double, and multiple layers of reverberation in IVUS correspond to
median calci�cation thicknesses (interquartile ranges (IQRs)) of 0.620 mm (0.520–0.720), 0.950 mm
(0.840–1.040) and 1.185 mm (1.068–1.373), respectively, by OCT detection.

Introduction
Although we have known for a long time that coronary calci�cation lesions are signi�cantly related to the
rate of future cardiac events, especially moderate to severe calci�cation lesions, which also signi�cantly
affect the outcome of percutaneous coronary intervention (PCI), with the development of intravascular
imaging (IVI) technology in the �eld of PCI, (1–3) the cognition and treatment effects of calci�ed lesions
are becoming increasingly optimized compared with the previous application of angiography only.(4–6)
Even IVI techniques, such as intravascular ultrasound (IVUS) and optical coherence tomography (OCT),
have signi�cant advantages over coronary angiography in the diagnosis and guidance of PCI of
calci�cation. Not every IVI imaging sign of calci�cation is well known, among which the reverberation of
calci�cation detected by IVUS is one.(7, 8) Reverberation is regarded as a unique imaging sign of
calci�cation that presents as multiple re�ections from the oscillation of ultrasound between the
transducer and calcium, which causes concentric arcs at reproducible distances and is often detected
post rotational atherectomy (RA) treatment or orbital atherectomy but cannot be detected by angiography
and OCT.(7, 9) Currently, its clinical meaning is only considered to be a manifestation of the smooth
(glassy) inner surface of the calci�cation, and its further signi�cance has not been deeply explored.(5, 7,
9) The goal of our retrospective study was to investigate the deep signi�cance of reverberation signals by
comparing imaging data point-by-point between IVUS and OCT.

Methods
Study design―This was a retrospective, single-center and observational study to compare the cross-
sectional data measured by IVUS and OCT at the same observational point of the reverberation signal for
patients with calci�cation in Nanjing First Hospital. From Apr 2014 to Oct 2020, reverberation phenomena
were found by IVUS imaging detection in a total of �fty lesions in forty-nine patients with severe
calci�cations, and OCT detection in the corresponding segment was also performed at the same time.
Patients were excluded if they did not receive both IVUS and OCT detection at the same time, IVUS did not
�nd a reverberation phenomenon, or the OCT imaging quality was not high enough for measurement of
the calci�cation thickness at the corresponding segment. If both IVUS and OCT imaging met the
requirements simultaneously (IVUS found reverberation and OCT could measure the thickness of the
calci�cation precisely), reverberation measurements were repeated every 1 mm, and the calci�cation
thickness at the same level and direction was measured at the same site. Ultimately, 428 valid points with
reverberation in 49 patients met the criteria of our study and were enrolled in the analysis. The study was
approved by the institutional review board, and written informed consent was obtained from all patients.
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IVUS and OCT images acquisition―Both IVUS and OCT images were acquired after nitroglycerin
intracoronary injection for the same target vessel. IVUS (iLAB, Boston Scienti�c Corporation, Marlborough,
Massachusetts) detection was performed by pulling back automatically at a speed of 0.5 mm/sec with a
40-MHz, 2.6F imaging catheter (Atlantis™ SR Pro, Galaxy®, Boston Scienti�c, Natick, MA). For OCT image
checking, both ILUMIEN OPTIS and C7-XR (Lightlab Imaging Incorporated, Westford, MA) could be
applied by a 2.7F (Dragon�y OPTIS or Dragon�y Duo imaging catheter, Westford, MA) catheter automatic
pullback at a speed of 36 mm/sec with continuous contrast injection (3–4 ml/s).

IVUS and OCT images analysis―Off-line IVUS image data were analyzed by planimetry EchoPlaque 4.0
software (Index Medical Systems, Santa Clara, CA). Coronary calci�cation in IVUS was de�ned as a
region with a hyperechoic leading edge compared to the adventitia with acoustic shadowing, which was
categorized as super�cial calci�cation when the leading edge appeared near the intima of the lumen or
deep calci�cation appeared near the adventitia or mixed calci�cation, which included super�cial and
deep calci�cations.(5, 10) Reverberation in IVUS imaging is considered one type of artifact represented by
secondary, false echoes of the same structure and caused by a smooth leading edge of calci�cation,(5,
10, 11) which is usually found post RA. Off-line OCT images were analyzed using Lightlab OPTIS, E. 4
software (Lightlab Imaging Incorporated, Westford, MA). Calci�cation in OCT was de�ned as a signal-
poor and heterogeneous region with sharply delineated near and far boundaries. (4, 7, 12, 13) The
calci�cation thickness of each observational point was measured in the case of consistent OCT and IVUS
observational points.

IVUS and OCT images were analyzed after manual coregistration by �duciary side branch (position and
direction as the marker of calibration) and known pullback speeds (the observational point was
calculated by counting the slice number by the frame interval to the marker of calibration).(5, 7) Valid
observational points were de�ned as follows: Radial positioning of observation points: in accordance
with the direction indicated by the marker of calibration (referring to the direction of the side branch
emission), the other three observation points in the same plane (i.e., there might be four observation
points in each plane) were de�ned in the clockwise direction of the cross every 90 degrees. If there was a
reverberation signal at this point, the observational point was enrolled in the study; otherwise, the point
was excluded. Longitudinal positioning of the observation point was performed according to the
calibration indicator point (with the center point of the side branch ostium as reference), accurately
positioning the observation point of IVUS and OCT by the frame-counting method (Fig. 1).

The measurement indices of IVUS for each enrolled point were de�ned as follows: the number of layers
of reverberation signal at each observational point: counting the number of layers of the radial
reverberation signal; the interval between two adjacent reverberation signals in the radial direction
(interval1: the distance between the inner reverberation signal and the second reverberation signal;
interval2: the distance between the second reverberation signal and the third reverberation signal;
interval3: the distance between the third reverberation signal and the fourth reverberation signal; and
interval4, interval5 and so on in a similar fashion, Fig. 1); and Di: the distance between the IVUS catheter
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center and the inner surface of the calci�cation (inner reverberation signal, Fig. 1). The measurement
index of OCT for each enrolled point was the thickness of the calci�cation in the corresponding site.

All imaging data (IVUS and OCT measurement indices post manual coregistration) that met the
requirements were analyzed o�ine by two independent professional technicians who were blinded to the
clinical information. If these two technicians’ judgments diverged, another experienced technician worked
with them until a consensus was reached. Intra- and interobserver variabilities of the image analysis were
assessed by measuring 40 enrolled points randomly for both IVUS and OCT data. The intra- and
interobserver reproducibilities of image analyses were assessed by Kappa statistics for categorical
variables or intraclass correlation coe�cients (ICCs) for continuous variables. There was very good intra-
and interobserver consistency for the number of layers of reverberation by IVUS detection (Kappa: 0.992,
0.996), the distance between two layers of reverberation signals (ICC: 0.993, 0.998), the distance between
the IVUS catheter center and the inner reverberation signal (ICC: 0.924, 0.997) and the calci�cation
thickness by OCT measurement at the same point and the direction relative to the IVUS data (ICC: 0.990,
0.927). Finally, IVUS and OCT data were compared point-by-point to con�rm the correlation between the
reverberation signal and the calci�cation thickness.

Statistical analysis―Categorical variables are expressed as frequencies and counts, whereas continuous
variables are expressed as means ± standard deviations or as medians with interquartile ranges (IQR), as
appropriate. Categorical variables were compared by the chi-square test, and the normality of continuous
variables was analyzed by the Shapiro–Wilk test. Nonnormally distributed continuous variables are
shown as medians and �rst and third quartiles and were compared by the Mann–Whitney U or Kruskal–
Wallis test with post hoc analysis by the Dunn-Bonferroni test. To study the correlation between
reverberation and calci�cation thickness, a univariable Cox regression was performed for all variables,
including the number of layers of reverberation signal, the interval between two adjacent reverberation
signals and Di. The independent association of several variables with reverberation was evaluated using
forward stepwise Cox regression analysis if possible. All statistical tests were 2-tailed, and a p value < 
0.05 was considered to indicate statistical signi�cance. Statistical analysis was performed with SPSS
software, version 18.0 (SPSS 18, Inc., Chicago, Illinois) and Windows version R 4.0.5 software
(https://www.r-project.org/).

Results
Patients’ clinical characteristics and basic coronary disease description―The baseline clinical
characteristics, such as clinical risk factors, clinical diagnosis and angiographic data, are summarized in
Table 1. The patients’ average age was 66±10.59 years old, and 75.5% were men. The prevalence of
diabetes mellitus was 24.5% and that of chronic kidney disease (estimated glomerular �ltration rate < 60
ml/min/1.73 m2) was 2.0%. A total of 1440 observational points in 360 layers of IVUS and OCT were
initially analyzed at 1-mm intervals in 49 patients with 50 severe coronary calci�ed lesions post-RA.
Ultimately, 428 effective observational points with high-quality OCT images and reverberation signals of
IVUS images simultaneously were entered into the next step of measurement, with statistical analysis
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post radial and longitudinal manual coregistration by the �duciary side branch. The study �ow chart is
shown in Fig. 2.
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Table 1
Baseline clinical characteristics of the patients

Characteristics n = 49

Age, years 66±10.59

Male, n (%) 37,(74)

Body mass index, kg/m2 24.86±3.28

Diabetes mellitus, n (%) 12,(24.5)

Hypertension, n (%) 37,(75.5)

Hyperlipidemia, n (%) 39,(79.6)

Current smoking, n (%) 13,(26.5)

Chronic kidney disease, n (%) 1,(2)

Previous myocardial infarction, n (%) 6,(12.2)

Clinical presentation  

STEMI, n (%) 2,(4.1)

Non-STEMI, n (%) 2,(4.1)

Unstable angina, n (%) 34,(69.4)

Clinical examination  

Left ventricular ejection fraction, % 61.86±7.61

Total cholesterol, mmol/L 3.67±0.83

Low-density lipoprotein, mmol/L 2.06±0.67

High-density lipoprotein, mmol/L 0.94±0.25

eGFR, ml/min/1.73 m2 85.90±36.56

Target vessel  

LAD (%) 37,(75.5)

RCA (%) 10,(20.4)

LCx (%) 2,(4.1)

Categorical variables are shown as number (%) and continuous variables are shown as mean ± 
standard deviation after con�rming that the distribution is normal. CSA, cross section area; eGFR,
estimated glomerular �ltration rate; EI, expansion index; IVUS, intravascular ultrasound; LAD, left
anterior descending artery; LCx, left circum�ex; LM, left main; STEMI, ST-segment elevation
myocardial infarction.
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Characteristics n = 49

Lesion location  

Proximal 28

Mid 19

Distal 2

Reference vessel diameter, mm 3.67±0.34

Categorical variables are shown as number (%) and continuous variables are shown as mean ± 
standard deviation after con�rming that the distribution is normal. CSA, cross section area; eGFR,
estimated glomerular �ltration rate; EI, expansion index; IVUS, intravascular ultrasound; LAD, left
anterior descending artery; LCx, left circum�ex; LM, left main; STEMI, ST-segment elevation
myocardial infarction.

Reverberation signal analysis in IVUS―A total of 300 effective observational points showed a single
layer of reverberation, 83 with double layers and 42 with multiple layers (≥ 3 layers of reverberation
signals) of reverberation by IVUS detection post-RA. Because the data were not normally distributed when
analyzed by the Shapiro–Wilk test (p < 0.001), the median for interval1 of reverberation was 0.633 mm
(IQR: 0.478–0.795), that of interval2 of reverberation was 0.630 mm (IQR: 0.480–0.790) and that of
interval3 of reverberation was 0.630 mm (IQR: 0.470–0.790). There was no signi�cant difference in the
distance between interval1, interval2 and interval3 of reverberation using the paired Kruskal–Wallis rank
sum test (χ2 = 40.76, P = 0.138), and the three sets of data were equal in further analysis by the “rgl”
package (Fig. 3). Interval1 was positively correlated with Di by the Spearman test (r = 0.899, p < 0.001) and
was markedly linearly correlated with Di, with a linearity of 0.92 (95% con�dence intervals (CI): 0.90–
0.93) by “ggstatsplot” package analysis (Fig. 4).

Reverberation signal analysis in both IVUS and OCT―For the �rst time, we studied the calci�cation
characteristics of the reverberation signal in IVUS post-RA point-to-point at the same position post
manual coregistration. By univariate Cox regression analysis, only the number of layers of reverberation
by IVUS was positively correlated with the thickness of the corresponding point calci�cation by OCT (r = 
0.663, p < 0.001), but not for interval1 and Di. After regrouping depending on the number of layers of
reverberation signal, single, double, and multiple layers (≥ 3) of reverberation (named corrected grouping
in this study) by IVUS corresponded to calci�cation thicknesses of 0.620 mm (IQR: 0.520–720), 0.950
mm (IQR: 0.840–1.040) and 1.185 mm (IQR: 1.068–1.373), respectively, by OCT detection. Moreover, a
signi�cant difference was found between groups, which showed that the thickness in the single-layer
group was thinner than that in the double-layer group (p < 0.001), and the thickness in the double-layer
group was thinner than that in the multiple-layer group (p < 0.001) by the Kruskal–Wallis test with post
hoc analysis by the Dunn-Bonferroni test. These �ndings are summarized in Fig. 5, which was drawn
using the “ggplot2” package along with “ggpubr”.
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Discussion
The main �ndings in our retrospective study were as follows: ( ) the number of layers of reverberation
signal in IVUS indicated the relative thickness of calci�cation in OCT post RA; ( ) every interval between
adjacent reverberation signals was equal for multiple reverberations in the same plane and in the same
direction, and ( ) the intervals between reverberation signals were positive relative to the distance
between the IVUS catheter center and the inner calci�cation surface.

Reverberation artifact formation mechanisms arise when acoustic waves encounter highly re�ective
smooth interfaces of different densities in parallel. Instead of the beam re�ecting off a single interface
and producing a strong echo that returns to the transducer, the acoustic wave is re�ected between the
interfaces back and forth multiple times.(14, 15) Initially, we considered that the ultrasound signal could
not penetrate calci�ed lesions,(5, 7, 9) so reverberation only represented smooth interfaces of
calci�cation, which was commonly seen post RA treatment for patients with severe coronary calci�ed
lesion.(5, 7–9) However, we found that reverberation phenomena manifested differently in different
patients or in different positions of the same patients, appearing as single-, double- or multilayer (≥ 3
layers) re�ectivity. This manifestation could not be explained by the smooth interface alone. We designed
this retrospective study to explore the correlation between the reverberation signal and the calci�cation
thickness by combining IVUS and OCT post manual coregistration. A novel �nding in our study was that
the number of layers of reverberation was positively correlated with the thickness of calci�cation in the
corresponding sites, and the larger the number of layers, the thicker the calci�cation in the same direction.
Further statistics show that the reverberation signals of single-, double- and multilayers represent
calci�cation thicknesses of 0.620 mm (0.520–0.720), 0.950 mm (0.840–1.040) and 1.185 mm (1.068–
1.373), respectively. Although a previous study suggested that IVUS smooth surfaces with reverberation
were more common in lesions with OCT calci�cation thicknesses < 0.5 mm than in those with IVUS
irregular surfaces without reverberation,(5) and these signals were often considered to represent RA-
related calci�cation modi�cation with a concave-shaped lumen,(16) another view is that reverberation is
an indication for RA treatment if IVUS detects a de novo lesion without treatment.(17) With so many
different views, it is not clear what this type of reverberation truly indicates. Both IVUS and OCT have
similar sensitivity and speci�city for calci�cation detection,(5) and the main difference between the two
lies in the measurement of calci�cation thickness. Our initial hypothesis was that this special
calci�cation manifestation of reverberation might be related to the corresponding calci�cation thickness,
which can only be measured by OCT. Therefore, we designed this retrospective study by point-to-point
analysis after multiaspect manual coregistration of IVUS and OCT �rst found that only the number of
layers of reverberation was positively correlated with the corresponding site calci�cation thickness but
not for intervals between adjacent reverberation signals and the distance between the IVUS center and
inner calci�cation surface. The potential clinical implications are not only the reverberation phenomena
itself post-RA, which show calci�cation modi�cation, but also the number of layers of reverberation,
which indirectly re�ects the thickness of the calci�cation by optimized lesion preparation.
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It has been reported that the mechanism of reverberation formation is that the ultrasonic signal oscillates
back and forth between the transducer and the calci�ed smooth surface. On imaging, this is seen as
multiple equidistantly spaced linear re�ections and is referred to as a reverberation artifact.(14, 15) A
similar �nding was obtained in our study, which showed that every interval between adjacent
reverberation signals was equal for multiple reverberations in the same observational plane and direction
in IVUS images. However, the intervals between the adjacent reverberation signals (including the corrected
interval) in different planes (direction) and in different patients were different. We speculate that this may
be related to the different calci�cation densities (different attenuation coe�cients) in different sites and
different patients, which affect the attenuation degree of the ultrasonic signal.

Another interesting �nding in our study was that the intervals between adjacent reverberation signals
were positive relative to the distance of the IVUS center to the inner calci�cation surface at the same level.
This is consistent with the results of previous studies, which showed that ultrasound returned to the
transducer after a single re�ection and that the depth of an object is related to the time for this round trip.
(14, 15)

LIMITATIONS
This was a retrospective observational study with a relatively small sample size. Every study point was
carefully selected post manual coregistration of IVUS and OCT at the same segment and following
calibration by two independent technicians. However, slight differences in measurement points are
unavoidable unless an IVUS/OCT all-in-one machine is used. The number of reverberation signals in IVUS
is only an indirect sign of calci�cation thickness, but a smooth calci�cation surface is the premise, which
means that calci�cation thickness with an irregular surface without a reverberation signal cannot be
measured by IVUS, and measurement by OCT can be more accurate. Therefore, multimodal intravascular
imaging will be a promising tool for future coronary intervention.

Conclusions
The number of layers of reverberation by IVUS is positively associated with the thickness of calci�cation
by OCT post-RA. Single-, double- and multilayers of reverberation represent calci�cation thicknesses of
0.620 mm (0.520–0.720), 0.950 mm (0.840–1.040) and 1.185 mm (1.068–1.373), respectively.

Abbreviation
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CI con�dence interval

ICC intraclass correlation coe�cient

IQR interquartile range

IVI intravascular imaging

IVUS intravascular ultrasound

OCT optical coherence tomography

PCI percutaneous coronary intervention

RA rotational atherectomy

Declarations
Acknowledgment

The authors thank Xiaoyu Huang and Ruolan Gao, MBBS, for their assistance in the determination of the
corrected intracoronary images.

Sources of funding

None.

Disclosures

None of the authors have anything to disclose.

References
1. Mahesh V Madhavan, Madhusudhan Tarigopula, Gary S Mintz, Akiko Maehara, Gregg W Stone,

Philippe Généreux. Coronary artery calci�cation: pathogenesis and prognostic implications. J Am
Coll Cardiol. 2014 May 6;63(17):1703-14. doi: 10.1016/j.jacc.2014.01.017. Epub 2014 Feb 12.

2. Christos V Bourantas, Yao-Jun Zhang, Scot Garg, Javaid Iqbal, Marco Valgimigli, Stephan Windecker,
Friedrich W Mohr, Sigmund Silber, Ton de Vries, Yoshinobu Onuma, Hector M Garcia-Garcia, Marie-
Angele Morel, Patrick W Serruys. Prognostic implications of coronary calci�cation in patients with
obstructive coronary artery disease treated by percutaneous coronary intervention: a patient-level
pooled analysis of 7 contemporary stent trials. Heart. 2014 Aug;100(15):1158-64. doi:
10.1136/heartjnl-2013-305180. Epub 2014 May 20.

3. Philippe Généreux, Björn Redfors, Bernhard Witzenbichler, Marie-Pier Arsenault, Giora Weisz, Thomas
D Stuckey, Michael J Rinaldi, Franz-Josef Neumann, D Christopher Metzger, Timothy D Henry, David
A Cox, Peter L Duffy, Ernest L Mazzaferri Jr, Dominic P Francese, Guillaume Marquis-Gravel, Gary S
Mintz, Ajay J Kirtane, Akiko Maehara, Roxana Mehran, Gregg W Stone. Two-year outcomes after



Page 13/19

percutaneous coronary intervention of calci�ed lesions with drug-eluting stents. Int J Cardiol. 2017
Mar 15;231:61-67. doi: 10.1016/j.ijcard.2016.12.150. Epub 2016 Dec 26.

4. Lorenz Räber, Gary S Mintz, Konstantinos C Koskinas, Thomas W Johnson, Niels R Holm, Yoshinubo
Onuma, Maria D Radu, Michael Joner, Bo Yu, Haibo Jia, Nicolas Meneveau, Jose M de la Torre
Hernandez, Javier Escaned, Jonathan Hill, Francesco Prati, Antonio Colombo, Carlo di Mario, Evelyn
Regar, Davide Capodanno, William Wijns, Robert A Byrne, Giulio Guagliumi, ESC Scienti�c Document
Group. Clinical use of intracoronary imaging. Part 1: guidance and optimization of coronary
interventions. An expert consensus document of the European Association of Percutaneous
Cardiovascular Interventions. Eur Heart J. 2018 Sep 14;39(35):3281-3300. doi:
10.1093/eurheartj/ehy285.

5. Wang X, Matsumura M, Mintz GS, Lee T, Zhang W, Cao Y, Fujino A, Lin Y, Usui E, Kanaji Y, Murai T,
Yonetsu T, Kakuta T, Maehara A. In Vivo Calcium Detection by Comparing Optical Coherence
Tomography, Intravascular Ultrasound, and Angiography. JACC Cardiovasc Imaging. 2017
Aug;10(8):869-879. doi: 10.1016/j.jcmg.2017.05.014.

�. Zeng Y, Tateishi H, Cavalcante R, Tenekecioglu E, Suwannasom P, Sotomi Y, Collet C, Nie S, Jonker H,
Dijkstra J, Radu MD, Räber L, McClean DR, van Geuns RJ, Christiansen EH, Fahrni T, Koolen J, Onuma
Y, Bruining N, Serruys PW. Serial Assessment of Tissue Precursors and Progression of Coronary
Calci�cation Analyzed by Fusion of IVUS and OCT: 5-Year Follow-Up of Scaffolded and
Nonscaffolded Arteries. JACC Cardiovasc Imaging. 2017 Oct;10(10 Pt A):1151-1161. doi:
10.1016/j.jcmg.2016.11.016. Epub 2017 Mar 15.

7. Gary S Mintz. Intravascular imaging of coronary calci�cation and its clinical implications. JACC
Cardiovasc Imaging. 2015 Apr;8(4):461-471. doi: 10.1016/j.jcmg.2015.02.003.

�. Giancarla Scalone, Giampaolo Niccoli, Omar Gomez Monterrosas, Pierfrancesco Grossi, Alessandro
Aimi, Luca Mariani, Luca Di Vito, Kayode Kuku, Filippo Crea, Hector M Garcia-Garcia. Intracoronary
imaging to guide percutaneous coronary intervention: Clinical implications. Int J Cardiol. 2019 Jan
1;274:394-401. doi: 10.1016/j.ijcard.2018.09.017. Epub 2018 Sep 6.

9. Gary S Mintz, S E Nissen, W D Anderson, S R Bailey, R Erbel, P J Fitzgerald, F J Pinto, K Rosen�eld, R
J Siegel, E M Tuzcu, P G Yock. American College of Cardiology Clinical Expert Consensus Document
on Standards for Acquisition, Measurement and Reporting of Intravascular Ultrasound Studies
(IVUS). A report of the American College of Cardiology Task Force on Clinical Expert Consensus
Documents. J Am Coll Cardiol. 2001 Apr;37(5):1478-92. doi: 10.1016/s0735-1097(01)01175-5.

10. Sharma SK, Vengrenyuk Y, Kini AS. IVUS, OCT, and Coronary Artery Calci�cation: Is There a Bone of
Contention? JACC Cardiovasc Imaging. 2017 Aug;10(8):880-882. doi: 10.1016/j.jcmg.2017.06.008.

11. Mintz GS, Ali Z, Maehara A. Use of intracoronary imaging to guide optimal percutaneous coronary
intervention procedures and outcomes. Heart. 2021 May ;107(9):755-764. doi: 10.1136/heartjnl-
2020-316745. Epub 2020 Nov 30.

12. Guillermo J Tearney, Evelyn Regar, Takashi Akasaka, Tom Adriaenssens, Peter Barlis, Hiram G
Bezerra, Brett Bouma, Nico Bruining, Jin-man Cho, Saqib Chowdhary, Marco A Costa, Ranil de Silva,



Page 14/19

Jouke Dijkstra, Carlo Di Mario, Darius Dudek, Erling Falk, Marc D Feldman, Peter Fitzgerald, Hector M
Garcia-Garcia, Nieves Gonzalo, Juan F Granada, Giulio Guagliumi, Niels R Holm, Yasuhiro Honda,
Fumiaki Ikeno, Masanori Kawasaki, Janusz Kochman, Lukasz Koltowski, Takashi Kubo, Teruyoshi
Kume, Hiroyuki Kyono, Cheung Chi Simon Lam, Guy Lamouche, David P Lee, Martin B Leon, Akiko
Maehara, Olivia Manfrini, Gary S Mintz, Kyiouchi Mizuno, Marie-angéle Morel, Seemantini Nadkarni,
Hiroyuki Okura, Hiromasa Otake, Arkadiusz Pietrasik, Francesco Prati, Lorenz Räber, Maria D Radu,
Johannes Rieber, Maria Riga, Andrew Rollins, Mireille Rosenberg, Vasile Sirbu, Patrick W J C Serruys,
Kenei Shimada, Toshiro Shinke, Junya Shite, Eliot Siegel, Shinjo Sonoda, Melissa Suter, Shigeho
Takarada, Atsushi Tanaka, Mitsuyasu Terashima, Troels Thim, Shiro Uemura, Giovanni J Ughi,
Heleen M M van Beusekom, Antonius F W van der Steen, Gerrit-Anne van Es, Gijs van Soest, Renu
Virmani, Sergio Waxman, Neil J Weissman, Giora Weisz, International Working Group for
Intravascular Optical Coherence Tomography (IWG-IVOCT). Consensus standards for acquisition,
measurement, and reporting of intravascular optical coherence tomography studies: a report from
the International Working Group for Intravascular Optical Coherence Tomography Standardization
and Validation. J Am Coll Cardiol. 2012 Mar 20;59(12):1058-72. doi: 10.1016/j.jacc.2011.09.079.

13. Akiko Maehara, Mitsuaki Matsumura, Ziad A Ali, Gary S Mintz, Gregg W Stone. IVUS-Guided Versus
OCT-Guided Coronary Stent Implantation: A Critical Appraisal. JACC Cardiovasc Imaging. 2017
Dec;10(12):1487-1503. doi: 10.1016/j.jcmg.2017.09.008.

14. Feldman MK, Katyal S, Blackwood MS. US artifacts. Radiographics. 2009 Jul-Aug;29(4):1179-89. doi:
10.1148/rg.294085199.

15. Baad M, Lu ZF, Reiser I, Paushter D. Clinical Signi�cance of US Artifacts. Radiographics. 2017 Sep-
Oct;37(5):1408-1423. doi: 10.1148/rg.2017160175. Epub 2017 Aug 4.

1�. Sung Sik Kim, Myong Hwa Yamamoto, Akiko Maehara, Novalia Sidik, Kohei Koyama, Colin Berry,
Keith G Oldroyd, Gary S Mintz, Margaret McEntegart. Intravascular ultrasound assessment of the
effects of rotational atherectomy in calci�ed coronary artery lesions. Int J Cardiovasc Imaging. 2018
Sep;34(9):1365-1371. doi: 10.1007/s10554-018-1352-y. Epub 2018 Apr 16.

17. Kenichi Sakakura, Yoshiaki Ito, Yoshisato Shibata, Atsunori Okamura, Yoshifumi Kashima, Shigeru
Nakamura, Yuji Hamazaki, Junya Ako, Hiroyoshi Yokoi, Yoshio Kobayashi, Yuji Ikari. Clinical expert
consensus document on rotational atherectomy from the Japanese association of cardiovascular
intervention and therapeutics. Cardiovasc Interv Ther. 2021 Jan;36(1):1-18. doi: 10.1007/s12928-
020-00715-w. Epub 2020 Oct 20.

Figures



Page 15/19

Figure 1

Number counting of layers of reverberation in IVUS and thickness of calci�cation measurement by OCT
post manual coregistration Reverberation was found (A and B) with 1mm interval by IVUS detection and
different thickness of calci�cation showed by OCT (A’ and B’) in corresponding segment after rotational
atherectomy post coregistration by �duciary side branch (C and C’, white asterisk as the marker of
calibration of radial and longitudinal positioning). Reverberation was measured at 0º, 90º, 180º and 270º
respectively for the number of layers of reverberation (the number of layers of reverberation was 4 at
0º(a1-e1), 2 at 90º(a2-c2), and 1 at 270º(a4-b4) in IVUS, which corresponded to the calci�cation thickness
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of 1.13mm, 0.61mm and 0.31mm respectively in OCT), Di: distance between IVUS catheter center (point
“O” in the �gure) and inner surface of corresponding calci�cation and interval between jacent
reverberation signals (interval1: distance between a and b, interval2: distance between b and c, interval3:
distance between c and d, the rest can be done in interval4, interval5, interval6…).

Figure 2

Study �ow chart IVUS: intravascular ultrasound; OCT: optical coherence tomography
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Figure 3

Comparation between distance of different interval between two adjacent reverberation signals at radial
direction. A graph of three-dimensional scatters (drawn by “rgl” package) was plotted the describe the
correlation between interval1, interval2 and interval3 of reverberation. The points inside are evenly
distributed along the diagonal of the cube, the points are equidistant from all three axes, which means
that the distance among interval1, interval2 and interval3 are almost equal in pairwise.
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Figure 4

Correlation between interval of reverberation and distance of IVUS catheter center to inner calci�cation
surface. By “ggstatsplot” package analysis, the interval1 of reverberation was remarkably correlated
linearly with distance between the center of IVUS catheter and inner surface of calci�cation at same
direction.
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Figure 5

Correlation between the number of layers of reverberation of calci�cation by IVUS and thickness of
calci�cation by OCT. The difference between groups divided by the corrected number of layers of
reverberation of calci�cation by IVUS was analyzed by Krushal-Wallis analysis with post hoc analysis by
Dunn-Bonferroni test (group 1: single layer of reverberation; group 2: double layers of reverberation; group
3: ≥3 layers of reverberation) and was drawn by “ggplot2” package along with “ggpubr”.


