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Abstract

Purpose
While optical frequency domain imaging (OFDI) can delineate calcium modification and fracture, the
capability of high-definition intravascular ultrasound (HD-IVUS) for detecting these remains unclear. This
study evaluated the diagnostic accuracy of HD-IVUS for assessing calcium modification and fracture as
compared to OFDI.

Methods
HD-IVUS and OFDI were used during orbital or rotational atherectomy procedures conducted for 21
heavily calcified coronary lesions in 19 patients. With OFDI assessment used as the gold standard,
diagnostic accuracies of HD-IVUS for calcium modification and fracture were compared every 1 mm to
the matched pre-stenting images (n=1,129). Calcium modification, as assessed by OFDI, was defined as
polished and concave-shaped calcium. For HD-IVUS, calcium modification was defined as the presence
of reverberation with concave-shaped calcium. In both assessments, the definition of calcium fracture
was defined as a slit or complete break in the calcium plate.

Results
Calcified plaque was found in 86.4% of analyzed OFDI images. Calcium modification and fracture were
detected in 20.6% and 11.0% of detected calcified plaques. Sensitivity, specificity, positive and negative
predictive values of HD-IVUS detection for calcium modification and fracture were 54.4%, 97.8%, 86.7%,
89.1% and 86.0%, 94.5%, 58.2%, 96.8%, respectively. Discordance cases between both assessments
demonstrated that heterogeneous calcium visualized by OFDI, separated calcium and guide wire artifact
can be misdiagnosed.

Conclusion
Diagnostic accuracies of HD-IVUS for assessing calcium modification and fracture were modest as
compared to OFDI. These results suggest that OFDI guidance is more feasible during treatment of heavily
calcified coronary lesions versus HD-IVUS guidance.

Introduction
Even when using current-generation drug-eluting stents, a calcified coronary lesion remains a risk factor
for poor clinical outcome of percutaneous coronary intervention (PCI) [1, 2], which is primarily caused by
stent underexpansion due to thick and circumferential coronary calcium [3, 4]. Therefore, before
implanting a stent in a heavily calcified lesion, the PCI operator needs to confirm whether or not the target
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lesion is expandable. Optical frequency domain imaging (OFDI) and optical coherence tomography
(OCT), which can delineate calcium modification by atherectomy devices and calcium fracture caused by
angioplasty, are considered to be an appropriate imaging modality for evaluating the expandability before
stent implantation in heavily calcified coronary lesions [5].

Recently, 60 MHz high-definition intravascular ultrasound (HD-IVUS), which has a relatively high-
resolution image as compared to conventional IVUS, has been widely used to assess the presence of a
favorable lesion preparation after atherectomy or ballooning, in addition to helping to confirm stent
optimization [6–8]. Since HD-IVUS does not require performing contrast flush during imaging, HD-IVUS
can be used to perform OFDI in more difficult situations such as the tight stenotic or ostial lesions and for
the patient with renal insufficiency [8]. Although HD-IVUS can be used in many of these difficult
situations, the capability of HD-IVUS in detecting calcium modification and fracture has yet to be
assessed. To evaluate the diagnostic accuracy of HD-IVUS for heavily calcified lesions, we compared HD-
IVUS and OFDI with regard to the detection of calcium modification and fracture.

Materials And Methods
Study design and population

This observational study evaluated patients with coronary artery disease (CAD) who were admitted to
Iwate Medical University Hospital or Nakadori General Hospital from March 2019 to October 2020. This
study complies with the guidelines of the Declaration of Helsinki, and the Ethics Committee of each of the
participating institutions approved the study protocol (MH2019-125). Patients who underwent orbital
atherectomy (OA) or rotational atherectomy (RA) for treatment of heavily calcified coronary lesions and
who underwent both HD-IVUS imaging and OFDI during PCI were included in this study. A total of 19 CAD
patients with 21 heavily calcified coronary lesions were enrolled in this study that compared evaluations
between HD-IVUS and OFDI of the calcium modification and fracture.

PCI procedure and intravascular image acquisition

In this study, all of the target lesions included the heavily calcified segment, which was defined by the
angiographic presence of radio-opacities noted without cardiac motion prior to contrast injection
involving both sides of the arterial wall in at least one location, the total length of the calcified segment
was at least 15 mm and partially extended into the target lesion, or there was a presence of ≥270° of
calcium at 1 cross section that was observed via OFDI or HD-IVUS [9]. All PCI procedures were primarily
performed under OFDI guidance. Both OFDI and HD-IVUS imaging were performed just before (pre-)
stenting and immediately after the PCI. Either the Lunawave® OFDI system with the FastView® imaging
catheter (Terumo Corporation, Tokyo, Japan) or the Visicube® 60 MHz HD-IVUS system with the
AltaView® imaging catheter (Terumo Corporation, Tokyo, Japan) were used for image acquisition. The
OFDI images were obtained at a rate of 158 frames/s with a 40 mm/s pullback speed (4 images/mm),
while the HD-IVUS imaging was obtained at a rate of 90 images/s with a 9 mm/s pullback speed (10



Page 5/18

images/mm). To facilitate stent delivery and expansion, OA or RA were performed prior to the first
ballooning. The choice of using OA or RA was determined by each physician based on the pre-PCI
angiography or intravascular imaging. After performing the pre-stenting intravascular imaging following
the plaque modification using cutting, scoring or a non-compliant balloon, the biodegradable-polymer
drug-eluting stents were implanted in the culprit lesion. Finally, the post-stent intravascular imaging was
performed, with the implanted stents then optimized based on the expert consensus document of the
European Association of PCIs [6]. Minimum stent area (MSA), either the distal or proximal edge stent
dissection, and large stent malapposition were assessed using post-PCI intravascular images. To avoid
coronary vasospasm, patients were administered an intracoronary injection of nicorandil, isosorbide
dinitrate or nitroglycerin prior to each intravascular imaging.

OFDI and HD-IVUS image analysis

Using an off-line viewer system, all images were independently assessed by two experienced reviewers
(M.I. and T.K.). To perform a head-to-head comparison between both imaging modalities, every 1 mm of
the HD-IVUS images were linked to the OFDI images through the use of landmarks such as branches and
calcium appearance. Coronary calcium was defined as a signal-poor or heterogeneous region with a
sharply delineated border by OFDI [10]. It was further defined as bright dense echoes with acoustic
shadowing of underlying tissue by HD-IVUS [11]. The presence of layered calcium on the OFDI images
was defined as having ≥1 layer with different coronary calcium. The calcium nodule assessed by OFDI
was defined as an accumulation of nodular calcification (small calcium deposits) exhibiting disruption of
the fibrous cap on the calcium plate [12]. The calcium nodule assessed by HD-IVUS was defined as a
protruded calcium with a convex or irregular luminal surface [13]. For the analysis of the pre-stenting
OFDI images, calcium modification was defined as the presence of polished and concave-shaped
calcium [14]. For the analysis of the pre-stenting HD-IVUS images, calcium modification was defined as
the presence of reverberation with the presence of concave-shaped calcium [15]. Calcium fracture was
defined as a slit or complete break in the calcium plate that was identified in the pre-stenting OFDI or HD-
IVUS [5] (Figure 1). With regard to the post-stenting OFDI and IVUS findings, reference lumen area, MSA,
stent expansion (MSA / reference lumen area), particular findings including major stent edge dissection
and major acute stent malapposition were all assessed based on the previously reported consensus
document [6]. Notably, major stent edge dissection was defined as ≥60 degrees of the circumference of
the vessel at the site of dissection and / or ≥2 mm in length. Major acute stent malapposition was
defined as <0.4 mm with longitudinal extension <1 mm. In-stent tissue protrusion was defined as a ≥0.2
mm mass with an attachment to the luminal surface or floating within the lumen [16]. In the case of
ambiguous findings, final diagnosis was determined by consensus of two reviewers. The inter-observer κ
coefficient for calcium modification and fracture determined by these reviewers were 0.72 and 0.95,
respectively. The intra-observer κ coefficients for calcium modification and fracture were 0.94 and 0.90,
respectively.

Statistical analysis
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Continuous values are presented as the mean ± standard deviation with comparisons between the
lesions examined by OA and RA evaluated by Mann–Whitney U tests. Categorical variables are presented
as a number or frequency, with comparisons performed by the chi-square or Fisher exact test, as
appropriate. Cohen’s κ was calculated for the intra- and interobserver variability of identification of the
calcium modification and fracture by HD-IVUS. With calcium modification and fracture identified by OFDI
used as the gold standard, sensitivity, specificity, positive predictive value (PPV) and negative predictive
value (NPV) of HD-IVUS were calculated for the purpose of identifying the two findings. P values < 0.05
were considered statistically significant. All statistical analyses were performed using SPSS 27.0 (SPSS,
Inc., Chicago, IL, USA).

Results
Baseline angiographic and procedural characteristics

Table 1 presents baseline angiographic and procedural characteristics. Among the 21 heavily calcified
coronary lesions in 19 patients (mean age 71.6 ± 8.2 years old, male 74%), OA and RA were performed in
10 and 11 lesions, respectively. The majority of the target vessels were the left anterior descending artery
(67%), with 86% of the lesions classified as AHA/ACC type B2/C. For additional plaque modification
before stent implantation, cutting or a scoring balloon were used in 16 lesions (76%). Subsequently, an
Ultimaster stent was used in 20 lesions, while an Orsiro stent was implanted in 1 lesion. The mean
implanted stent number was 1.5 ± 0.5. The mean implanted stent diameter and total implanted stent
length were 3.2 ± 0.4 mm and 28.0 ± 6.3 mm, respectively.

Pre-stent and post-PCI OFDI findings

Table 2 presents the pre-stenting and post-PCI OFDI findings. When focusing on the coronary calcium, the
maximum calcium angle was over 270 degrees in most lesions, with a mean % length of the calcified
segment of 85%. Five lesions had a calcified nodule within the stented segment. As a result of the
aggressive plaque modification by the atherectomy device along with the pre-dilatation procedures of
cutting, scoring or non-compliant balloon, calcium modification and fracture were observed in 15 (71%)
and 20 (95%) lesions, respectively. In addition, medial dissection was observed in 14 (67%) lesions. With
regard to the post-PCI OFDI findings, the average MSA was 5.49 ± 1.75 mm2 while the average stent
expansion was 0.71. Only 1 lesion had a medial stent edge dissection at the proximal edge. However, this
dissection was untreated, as the dissection was located at the ostium of the left descending artery and its
flap was short (<2 mm) and had a narrow-angle (<60 degrees). While all implanted stents were optimized,
major acute stent malapposition and in-stent tissue protrusion were observed in 11 lesions (52%),
respectively.

Side-by-side comparison between HD-IVUS and OFDI images

A total of 1,166 HD-IVUS images were co-registrated with the OFDI images at every 1-mm interval. After
exclusion of poor-quality images (n=37), 1,129 OFDI-matched HD-IVUS images were assessed for the
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presence of coronary calcification. A total of 976 (86.4%) OFDI-matched HD-IVUS images showed
coronary calcium. Of these, calcium modification and fracture were found in 201 (20.6%) and 107
(11.0%) images, respectively. With OFDI assessment used as the gold standard, sensitivity, specificity,
PPV and NPV of HD-IVUS detection for calcium modification and fracture were 54.4%, 97.8%, 86.7%,
89.1% and 86.0%, 94.5%, 58.2%, 96.8%, respectively (Figure 2A). When the focus was then placed on the
segment with large (>180 degrees) calcium (n=326), these values were still similar, with the exception of
NPV for the detection of calcium modification and PPV for the detection of calcium fracture (Figure 2B).
Figures 3 and 4 show the representative paired images of concordance and discordance cases of
calcium modification and fracture. When using HD-IVUS, there were some undetectable calcium
modifications observed. These were due to OFDI-derived layered calcium (18.4%), guide wire artifact
(14.9%) and calcified nodule (4.5%). In addition, mimicking calcium fracture (pseudo calcium fracture)
due to separate calcium was observed in 24.3% of all of the HD-IVUS-derived calcium fractures. Due to
the careful assessment by well-experienced reviewers, all of the guide wire artifacts crossing the coronary
calcium, which can mimic calcium fracture, were accurately diagnosed when the HD-IVUS images were
reviewed.

Discussion
Discussion

This observational study evaluated the diagnostic performance of HD-IVUS of OFDI-derived calcium
modification and fracture. The main findings were as follows: 1) As a result of aggressive plaque
modification by atherectomy and ballooning, calcium modification and fracture were frequently observed
by both OFDI and HD-IVUS. 2) Regarding the detection of calcium modification, HD-IVUS had high
specificity, PPV and NPV, while having modest sensitivity. 3) Diagnostic performance of HD-IVUS for the
detection of calcium fracture, sensitivity, specificity and NPV was high, although it was only modest for
PPV. 4) For the assessment of HD-IVUS images, lesion morphologies and guide wire artifact were
potentially related to the misdiagnosis of calcium modification and fracture. These results demonstrate
both the capabilities and limitations of HD-IVUS for the treatment of heavily calcified lesions requiring
atherectomy.

While IVUS has an excellent detection performance for coronary calcium, it is impossible for IVUS to
quantify calcium thickness due to the acoustic shadow [8, 17]. Therefore, a newly developed
reverberation behind post-atherectomy calcium has been considered to be a useful marker of calcium
modification [15]. However, our study revealed that more than 40% of the calcium modifications were
undetectable by HD-IVUS. One of the potential reasons for this might be that when using IVUS, the
calcified plaque sometimes has signal attenuation behind the coronary calcium. According to
pathological reports, when using IVUS, some of the calcified plaques, which include the necrotic core or
calcified nodule, potentially have strong signal attenuation [13, 18, 19]. In addition, our study
demonstrated that the echo-lucent area behind the layered calcium or calcified nodule did not always
have a reverberation echo, despite OFDI confirmation of the calcium modification. Thus, this suggests
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that signal attenuation behind heterogeneous calcium decreases the diagnostic accuracy of HD-IVUS
when assessing calcium modification. In other words, HD-IVUS assessment of calcium modification
might be useful only for the calcified fibrous plaque. As shown by the representative images, another
reason for the discordance of the calcium modification detection is that the guide wire artifact can
sometimes hide the narrow-angle reverberation caused by atherectomy. Therefore, when using HD-IVUS
to confirm the occurrence of calcium modification, careful reviews around the guide wire artifact will need
to be performed.

The present study also showed that the separate calcium determined by HD-IVUS sometimes mimicked a
calcium fracture. With regard to the detection of coronary calcium, both IVUS and OFDI had a similar
diagnostic performance [8, 20]. However, when using IVUS, the calcium border is sometimes found to be
non-continuous due to non-fibro-dense calcium [19]. Furthermore, since axial resolution of HD-IVUS as
compared to OFDI is relatively low (15-20 μm versus 20-40 μm) [8]. the originally separated calcium and
calcium fracture with the small piece of calcium might be difficult to differentiate when using HD-IVUS.
Indeed, the PPV of the calcified segments without small (≤180 degrees) calcium in the present study was
relatively high as compared to the overall calcified segments. Considering the difference in the image
reconstruction method and resolution between HD-IVUS and OFDI, it might be unavoidable with regard to
making an over- and under-diagnosis of the calcium fracture by HD-IVUS. When performing a quick
review of HD-IVUS images in the catheter laboratory, it is potentially easy to make a misdiagnosis for the
calcium fracture due to the guide wire artifact that crosses the coronary calcium. If an operator implants
a stent in the lesion with thick and large coronary calcium based on this misdiagnosis by the HD-IVUS,
this may subsequently be associated with stent underexpansion. In fact, a recent single-center
retrospective observational study demonstrated that OFDI-guided RA for calcified coronary lesions
resulted in larger stent expansions as compared to the IVUS-guided RA [21]. During HD-IVUS guided PCI
for a heavily calcified lesion, it might be important to perform an additive confirmation of full balloon
expansion via fluoroscopy to avoid stent underexpansion. In contrast, this study demonstrated that the
negative predictive value for detecting the calcium fracture was about 95%, regardless of the size of the
coronary calcium. This indicates that HD-IVUS can be used to evaluate ineffective calcified plaque
modification.

During the atherectomy procedure, intravascular imaging is helpful for determining the need for
additional atherectomy and completion of atherectomy [7]. In particular, as the rotating speed is never
displayed during an OA procedure, evaluation of the presence or absence of calcium modification is
important for evaluating the efficacy of OA [22]. Therefore, during the OA procedure, OFDI could
potentially be very useful for determining the calcium modification. For a heavily calcified lesion, calcium
fracture is required to avoid stent underexpansion, and thus, confirmation of the fracture by intravascular
imaging could warrant favorable stent expansion [4, 5]. Recently, intravascular lithotripsy (IVL) has been
developed for the treatment of a heavily calcified lesion, thereby making it possible to cause a calcium
fracture through the use of shock waves [23]. If IVL becomes the first therapeutic option for the treatment
of a heavily calcified lesion, then it is likely that OFDI (or OCT) will be used to a greater extent than HD-
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IVUS due to the high diagnostic accuracy for assessing calcium fracture, as was shown in the present
study.

OFDI has an excellent diagnostic performance for calcium modification and fracture. However, it is often
unable to obtain an image for severe stenotic lesions due to blood clearance difficulties [8]. Although it is
impossible to evaluate the thickness of calcium, IVUS as well as OFDI can determine the degree of the
calcium angle [17]. Thus, HD-IVUS is an appropriate imaging modality that can be used to evaluate the
need for atherectomy [7, 8]. Depending on both the situation and the procedural steps, either HD-IVUS or
OFDI might be needed for the treatment of a heavily calcified lesion in a single case. To address this,
novel hybrid IVUS and OFDI catheter systems have recently been developed by several companies [24].
When these hybrid imaging systems are widely available in daily practice, results of our study will be
helpful in determining the effective utilization of these hybrid systems.

Study limitations

There were several limitations for the present study. First, although more than 1,000 OFDI-matched HD-
IVUS images were analyzed, the number of enrolled subjects was relatively small. Second, because both
the indication and the atherectomy procedure technique vary between physicians or institutes, selection
bias could not be avoided. Third, since there was no head-to-head comparison between OFDI and the
other HD-IVUS systems, our findings might not be generalizable for the other HD-IVUS systems. Fourth,
the clinical impact of the misdiagnosis of calcium modification and fracture on stent expansion and
clinical outcomes has yet to be established. A larger clinical study using multi-modalities will need to be
conducted to establish the capability of HD-IVUS.

Conclusion
For a heavily calcified coronary lesion requiring atherectomy, HD-IVUS exhibits a modest diagnostic
accuracy for assessing calcium modification and fracture as compared to OFDI. Our study suggests that
the use of an OFDI-guided procedure is feasible and recommended in cases with a heavily calcified
coronary lesion when these images are available.
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Table 1: Baseline patient, angiographic and procedural characteristics
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Patient number n = 19

Age (years) 71.6 ± 8.2

Male 14 (74)

Coronary risk factor  

Hypertension 18 (95)

Dyslipidemia 13 (68)

Diabetes mellitus 7 (37)

Current smoking 4 (21)

Hemodialysis 1 (5)

Clinical presentation  

Recent myocardial infarction  2 (10)

Chronic coronary syndrome 19 (90)

Lesion number n = 21

Angiographic findings  

Culprit vessel  

    LAD 14 (67)

    LCX 1 (5)

    RCA 6 (29)

Minimum lumen diameter, mm 0.59 ± 0.34

% diameter stenosis 76.3 ± 14.3

AHA/ACC type B2/C lesion 18 (86)

Bifurcation 9 (43)

Procedural characteristics  

Obtained pre-PCI intravascular imaging 13 (62)

Atherectomy device  

    OA 10 (48)

    RA 11 (52)

Cutting or scoring balloon usage 16 (76)

  Implanted stent number 1.5 ± 0.5
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Implanted stent diameter 3.2 ± 0.4

  Total implanted stent length 28.0 ± 6.3

Values are n (%) or mean ± standard deviation.

LAD = left anterior descending artery, LCX = left circumflex artery, OA = orbital atherectomy, OFDI = optical
frequency domain imaging, PCI = percutaneous coronary intervention, RA = rotational atherectomy. RCA =
right coronary artery

Table 2: Pre-stenting and post-PCI OFDI findings

  Overall

(n = 21)

OA

(n = 10)

RA

(n = 11)

p
value

Pre-stenting OFDI characteristics        

 Maximum calcium angle 314 ± 69 335 ± 55 332 ± 76 0.18

  % length of calcified segment 85.0 ±
12.2

84.3 ±
11.2

85.6 ±
13.6

0.61

  Presence of calcified nodule  5 (24) 1 (10) 4 (36) 0.16

  Calcium fracture 15 (71) 9 (90) 6 (55) 0.07

  Calcium modification 20 (95) 10 (100) 10 (91) 0.33

  Medial dissection 14 (67) 8 (80) 6 (55) 0.22

Post-PCI OFDI characteristics        

  Reference lumen area 7.81 ±
2.50

7.65 ±
1.76

7.96 ±
3.11

0.61

  Minimum stent area 5.49 ±
1.75

5.16 ±
1.54

5.78 ±
1.94

0.51

  Stent expansion (minimum stent area / reference
lumen area)

0.71 ±
0.11

0.74 ±
0.14

0.69 ±
0.09

0.25

  Major stent edge dissection 1 (5) 0 (0) 1 (9) 0.33

  Major acute stent malapposition 11 (52) 7 (70) 4 (36) 0.12

  In-stent tissue protrusion 11 (52) 7 (70) 4 (36) 0.12

Values are n (%) or mean ± standard deviation.
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OA = orbital atherectomy, OFDI = optical frequency domain imaging, PCI = percutaneous coronary
intervention, RA = rotational atherectomy.

Figures

Figure 1

Definition of calcium modification and fracture.
(A) Pre-stenting HD-IVUS image, (B) Pre-stenting OFDI
image.
OFDI = optical frequency domain imaging, HD-IVUS = 60 MHz high-definition intravascular
ultrasound.
Dotted lines = calcium modification, White arrow = reverberation echo, White arrowhead =
calcium fracture.
Calcium modification was defined as polished and concave-shaped calcium by OFDI
and the presence of reverberation with concave-shaped calcium by HD-IVUS. Calcium fracture was
defined as the presence of reverberation with concave-shaped calcium.
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Figure 2

Diagnostic accuracy of HD-IVUS for the detection of calcium modification and fracture.
(A) Overall
calcified plaque, (B) Large (>180 degrees) calcified plaque.
HD-IVUS = 60 MHz high-definition
intravascular ultrasound, NPV = negative predictive value, PPV = positive predictive value.
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Figure 3

Assessment of calcium modification by HD-IVUS and OFDI.
Br = branch of coronary artery, GW = guide
wire, OFDI = optical frequency domain imaging, HD-IVUS = 60 MHz high-definition intravascular
ultrasound.
Dotted lines = calcium modification, White arrow = reverberation echo, † = GW artifact.
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Figure 4

Assessment of calcium fracture by HD-IVUS and OFDI.
GW = guide wire, OFDI = optical frequency domain
imaging, HD-IVUS = 60 MHz high-definition intravascular ultrasound.
White arrow = calcium fracture,
White arrowhead = separate calcium mimicking fracture, † = GW artifact.


