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Abstract

Background: The amount of data comparing intravascular ultrasound (IVUS) and optical coherence tomography (OCT) for
the detection of stent coverage in clinical settings is limited.

Aim: To make a qualitative and quantitative assessment of the vascular healing patterns in patients after stent implantations
visualised by both IVUS and OCT.

Methods: Images were obtained in patients with clinical symptoms of angina, who had had a bare metal stent implanted
in the previous 12 months. Angiography, IVUS and OCT were performed in 14 coronary arteries. Measurements of stent,
lumen and neo-intima areas and dimensions were performed in stented regions and in both 10 mm references. IVUS, OCT,
and angiographic data were compared in matched regions. Off-line analyses were performed by an independent core lab.

Results: 14 stents were imaged without any procedural complications. The nominal stent length was 28 = 4.5 mm. OCT
was the most accurate technique for assessing stent length (28.12 = 6.8 mm), while QCA underestimated length due to
foreshortening (22.16 + 6.39 mm) and IVUS was vulnerable to random error due to discontinuous pullbacks and vessel
movements (24.21 = 7.90 mm). Minimum lumen area (MLA) and minimum lumen diameter (MLD) in reference sites
were comparable in IVUS and OCT, whereas there were significant differences between these two modalities for MLA
(3.30 = 1.49 vs. 2.19 = 1.30 mm?, p = 0.0046) and for MLD (2.42 = 0.51 vs. 1.58 £ 0.56 mm?, p = 0.0023) in stented
segments. There was a slight overestimation of lumen volume (130.18 = 70.61 vs. 117.82 + 67.02 mm?, p = 0.7256),
a marked overestimation of stent volume (179.29 + 97.58 vs. 226.46 + 108.76 mm?, p = 0.0544) and a statistically sig-
nificant difference in the neointima volume (49.11 = 39.70 vs. 108.64 = 43.77 mm?, p = 0.0060) by IVUS compared to
OCT. Mean neointima burden in IVUS was much smaller than in OCT (20.79 + 14.27% vs. 58.16 = 18.25%, p = 0.0033).

Conclusions: OCT can precisely quantify struts coverage and is more accurate than IVUS in the assessment of vascular heal-
ing in patients after stent implantation.
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INTRODUCTION However, it has many limitations that hamper accurate and
Coronary angiography remains a gold standard in determining  appropriate vessel assessment [1-3]. Therefore intravascular
the mode of treatment in patients with coronary artery disease.  ultrasound (IVUS) — a more accurate method of intralumi-
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nal imaging — for many years has played an important role
in understanding failure and optimising outcome of stent
implantation. A key insight from IVUS includes the signifi-
cance of complete expansion and apposition of the stent, its
influence on late lumen loss and the occurrence of in-stent
restenosis. However, due to the relatively low resolution
(150-200 um) and high reflectivity of metallic stent struts,
IVUS cannot provide detailed information that could improve
understanding of the mechanisms of vascular healing [4, 5].
The newest intravascular invasive imaging modality — opti-
cal coherence tomography (OCT) — is a novel method that
employs near-infrared light to improve resolution (10-15 um)
of obtained images. Therefore OCT has emerged as a promis-
ing modality for the precise follow up quantification of tissue
growth and strut coverage [6, 7]. However the clinical data
concerning a direct comparison of IVUS and OCT in patients
after stent implantation is still lacking.

The aim of the present study was to evaluate the corre-
lation between OCT and IVUS measurements in this group
of patients.

METHODS
Study design and patient population
The study population comprised patients with symptoms
of progressive angina after previous bare metal stent im-
plantation. All patients had a bare metal stent implanted
8 = 3 months before IVUS and OCT examination. This study
was conducted in accordance with the Declaration of Helsinki
and protocol approval was obtained from the Local Ethics
Committee of the Medical University of Warsaw.

Intravascular imaging

Coronary angiography was performed in a standard manner
with 6 French guiding catheters. An automated (0.5 mm/s)
IVUS pullback was performed from the distal segment of an
artery to the proximal part — more than 10 mm from the
proximal edge of a stent, after intracoronary administration
of 200 ug of nitroglycerine. IVUS was performed using solid
state system with Eagle Eye Gold® phased array IVUS probes
(Volcano Corp, Rancho Cordova, CA, USA). Following IVUS
imaging, the OCT catheter was advanced over the guide wire
and placed at the distal part of a vessel (minimum 10 mm from
the distal edge of a stent). The OCT images were obtained
with the C7 OCT imaging system with Dragonfly® image
wires (LightLab Imaging Inc., Westford, MA, USA). To image
the vessel, the blood in coronary arteries was replaced with
a mixture of saline and angiographic contrast using a manual
syringe. OCT imaging was performed at a pullback speed
rate of 20 mm/s.

Data analysis
Off-line, qualitative and quantitative coronary angiography
(QCA), grey-scale IVUS, and OCT analyses were performed
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by an independent core laboratory (Krakow Cardiovascular
Research Institute [KCRI], Krakow, Poland). QCA analysis was
performed using Sanders Data Systems QCA Plus software
(Palo Alto, CA, USA) according to previously validated and
published protocols. The core laboratory was blinded to
the clinical and procedural information. Reference vessel
diameter, minimal lumen diameter (MLD), per cent diameter
stenosis and lesion length were collected for each vessel. The
grey-scale IVUS analysis was performed using echoPlaque
4 software (Indec Medical Systems, Santa Clara, CA, USA).
Contour detection of the lumen and media-adventitia inter-
face was performed. The IVUS analysis was performed accord-
ing to the guidelines of the American College of Cardiology
[8]. The OCT measurements were performed with LightLab
OCT imaging proprietary software by an analyst blinded to the
IVUS and angiographic results. The system was calibrated to
the reflection of the OCT imaging wire, which is the standard
calibration technique for this system. Then areas were manu-
ally traced. The OCT analysis was performed according to
previously described methods [9, 10]. The registered IVUS
and OCT datasets were evaluated to identify in-stent: MLD
[mm], minimum lumen area (MLA [mm?]), intima and lumen
volumes [mm?] and the presence of incomplete apposition of
stent to vessel wall. Additionally, MLA and MLD at reference
sites were measured.

Statistical analysis

Statistical analysis was performed using the JMP software,
version 9.0.0 (SAS Institute, Cary, NC, USA). All values are
expressed as means * standard deviations (continuous
variables) or as count and percentage (categorical variables).
Continuous variables were compared with a nonparametric
Mann-Whitney test. Categorical variables were compared
with x? test. Bland-Altman plots were performed to show
agreement between IVUS and OCT measurements. Then the
Bland-Altman plots were calculated using paired t-test and
paired Wilcoxon test to assess the differences between both
methods. A probability value < 0.05 was considered signifi-
cant. For the purposes of the Bland-Altman plots, all the IVUS
and OCT frames were taken into account of this particular
analysis. Due to the fact that in IVUS pullbacks there were
different numbers of analysed frames per one unit of length
than in OCT pullbacks, values from one OCT frame were
compared with mean results from several corresponding IVUS
frames. The number of corresponding frames depended on
the proportion of numbers of frames in both methods (IVUS
and OCT) and is different for each patient.

RESULTS
The study population comprised 14 prospectively enrolled
patients (11 [78.6%] men and three [21.4%] women, mean
age 69.1 [11.8] years, range 45-86 years]) with clinical symp-
toms of angina, who had had a bare metal stent implanted
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Table 1. Baseline characteristics of the patients

Age [years] 69.1 +11.8
Males 11 (78.6%)
Hypertension 9 (64.3%)
Dyslipidaemia 11 (78.6%)
Diabetes mellitus 3(21.4%)
Smoking 8 (57.1%)
Previous stroke 1(7.1%)
Chronic kidney disease 1(7.1%)
Ejection fraction [%] 58 + 5.6
Stable angina 14 (100%)

Table 2. Quantitative coronary angiography (n = 14) measure-
ments in analysed segments

Minimum reference diameter [mm] 3.01 = 0.50
Minimum lumen diameter [mm] 1.29 +0.23
Diameter stenosis [%)] 56.54 + 9.09
Stent length [mm] 22.16 + 6.39

in the previous 12 months because of single coronary artery
disease. In all 14 vessels, stents with references were imaged,
including left anterior descending coronary artery (n = 3),
circumflex coronary artery (n = 6), and right coronary artery
(n = 5). IVUS and OCT examinations were successfully per-
formed in all analysed segments. Clinical data and measure-
ments by angiography in analysed segments are shown in
Tables 1 and 2. The nominal stent length was 28 * 4.5 mm.
OCT was the most accurate technique to measure stent length
(28.12 = 6.83 mm). The measurements obtained with other
methods were less precise. QCA underestimated length due

to foreshortening (22.16 = 6.39 mm) and IVUS due to discon-
tinuous pullbacks (24.21 £ 7.90 mm). Volumetric calculations
by IVUS are therefore less reliable than those obtained with
OCT (Table 3). Minimum lumen area and minimum lumen
diameter in reference sites were comparable in IVUS and OCT
analysis. There was a tendency to overestimate lumen volume
(130.18 = 70.61 mm?, 117.82 = 67.02 mm?, respectively,
p = 0.7256) and underestimate stent (179.29 + 97.58 mm?,
226.46 = 108.76 mm?, respectively, p = 0.0544) and there
was a statistically significant difference in intima volume
measurements (49.11 = 39.70 mm?, 108.64 = 43.77 mm?,
respectively, p = 0.0060) by IVUS compared to OCT
(Tables 3, 4). Similar results were seen in stented segments
assessed by I[VUS and OCT for MLA (3.30 £ 1.49 mm?
2.19 = 1.30 mm?, respectively, p = 0.0046) and for
MLD (2.42 = 0.51 mm?, 1.58 = 0.56 mm?, respectively,
p = 0.0023). Bland-Altman plots (Fig. 1) revealed the differ-
ence between the measurements in OCT and IVUS — mainly
in dimension and area measurements. There is a systematic
disagreement between these two modalities, as IVUS over-
estimates lumen area/volume and underestimates stent and
intima area/volume compared to OCT (Figs. 1, 2). Malap-
positions were not observed in any patient. In IVUS, none of
the patients had a neointima burden of more than 40% and
in OCT five of them had a neointima burden of more than
50%. Mean neointima burden in IVUS was much smaller than
in OCT (20.79 = 14.27%, 58.16 = 18.25%, respectively,
p = 0.0033) (Table 4). Representative matched images of
OCT and IVUS are shown in Figure 3.

DISCUSSION
IVUS and OCT results
OCT, a novel method of intraluminal imaging, has been
found to be useful in the assessment of the healing process
post stent implantation. The aim of the present study was

Table 3. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) parameters in all stents and reference segments

IVUS (n = 14)
Reference segments
Distal Ref MLD [mm] 1.81 +=0.38
Distal Ref MLA [mm?] 3.70 = 1.67
Proximal Ref MLD [mm] 2.45 + 0.64
Proximal Ref MLA [mm?] 5.87 + 3.26
Stented segment
Stent length [mm] 24.21 +=7.90
Stent MLD [mm] 2.42 + 0.51
Stent MLA [mm?] 3.30 = 1.49
Lumen volume [mm?3] 130.18 = 70.61
Stent volume [mm?3] 179.29 = 97.58

OCT (n = 14) P
1.70 = 0.66 0.2665
3.69 + 2.68 0.4263
1.92 = 0.23 0.0244
4.36 = 1.53 0.0902
28.12 + 6.83 0.0321
1.58 = 0.56 0.0023
2.19 = 1.30 0.0046

117.82 = 67.02 0.7256

226.46 = 108.76 0.0544

MLA — minimum lumen area; MLD — minimum lumen diameter; Ref — reference
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Table 4. Intravascular ultrasound (IVUS) and optical coherence tomography (OCT) parameters in all stents. Analysis of IVUS pul-
Iback was performed with the step 0.5 mm and OCT with the step 0.2 mm

IVUS (n = 14) OCT (n = 14) P
Mean number of cross sections included 58.0 = 7.0 150.2 + 25.2 0.0313
to the analysis per patient
Mean number of analysed struts per patient 4925+ 111.0 1,489.7 = 452.5 0.0313
Mean number of apposed struts per patient 4925+ 111.0 1,489.7 = 452.5 0.0313
Mean number of malapposed struts per patient 0 0 NA
Maximal neointimal thickness [mm] 0.71 £ 0.36 1.03 £ 0.41 0.0313
Intima volume [mm?] 49.11 = 39.70 108.64 + 43.77 0.0060
Intima burden [%] 20.79 = 14.27 58.16 + 18.25 0.0033

1 corr=0.8174
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Figure 1. Comparison of the lumen area evaluated by optical coherence tomography (OCT) and intravascular ultrasound (IVUS)
(A) and Bland-Altman plot for OCT vs. IVUS in the measurement of lumen area (B)
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Figure 2. Comparison of the lumen area evaluated by optical coherence tomography (OCT) and intravascular ultrasound (IVUS)
(A) and Bland-Altman plot for OCT vs. IVUS in the measurement of stent area (B)
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Figure 3. Matched images of optical coherence tomography (OCT) and intravascular ultrasound (IVUS); A, B. Small intimal hy-
perplasia seen in IVUS and OCT; C, D. Region with normal stent apposition; intimal coverage in intravascular pullback is not seen
due to lower resolution of this method; E, F. In OCT intimal burden is more pronounced than in IVUS; G, H. Longitudinal view of

IVUS and OCT pullbacks

to compare OCT findings with IVUS examination, which is
still considered to be the gold standard of post percutaneous
coronary intervention evaluation.

The major findings of this study are: 1) IVUS overestimat-
ed lumen area/volume and underestimated stent and intima
area/volume compared to OCT; 2) IVUS and OCT modalities
proved to be complementary rather than competitive in the
assessment of vessel healing after stent implantation.

Higher resolution of images obtained with OCT al-
lows precise differentiation between elements of the
lumen-stent/vessel border, and therefore the measurements
are more accurate compared to IVUS. A growing body of
evidence suggests that IVUS tends to overestimate the lumen
area compared to OCT. Our results confirmed that IVUS
overestimates lumen area and underestimates neointima
volume and neointima burden. Although IVUS is thought to
be a reliable modality for the assessment of the mechanism
of in stent restenosis, due to relatively low resolution it is not
able to detect small amounts of tissue covering stent strut and
is not capable of exact visualisation of the border between
soft structures and blood. OCT, due to its more precise assess-
ment of the neointima-stent borders, provides more accurate
images. Although IVUS showed higher values of lumen area
and lower values of stent area, a correlation between OCT
and IVUS measurements could be observed

The major limitations of OCT examination include limited
penetration and the need to replace blood in the examined
vessel with optically translucent fluid. This can be performed
using both occlusive [5, 11] and non-occlusive techniques
[6, 7, 12]. Our study utilised a non-occlusive OCT catheter
system, which has a smaller profile and moves inside a sheath,
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allowing more homogenous pullback than the one acquired
with an IVUS probe. Therefore the length measurements ob-
tained with OCT are more reliable. Our findings are consistent
with previous findings reported by Gonzalo et al. [12] and
Capodanno et al. [7], who also observed overestimation of
lumen measurements in IVUS compared to OCT and found
a correlation between the two studied methods.

Due to the excellent resolution of obtained images, OCT
allows also more accurate evaluation of neointimal thickness
and distribution. Moreover, tissue coverage and apposition
of each stent strut might be detected and precisely quanti-
fied. Contradicting previously published data, in our study
no late stent malapposition was detected. This finding can be
partially explained due to the small sample size. Furthermore,
all examined patients had had a bare metal stent implanted
8 = 3 months before OCT examination, which might have
been sufficient time for the healing of any possible malap-
position to occur.

In current clinical practice, IVUS examination remains
the gold standard in periprocedural vessel assessment and
guiding of percutaneous procedures. IVUS has also been
considered to be the method of choice in the evaluation of
long term outcomes after stent implantation and contributed
to the understanding of in-stent restenosis pathology. Since
OCT provides additional information on plaque composition
stent appearance and strut coverage, in the future it might
replace IVUS in the assessment of implanted stent. However,
low penetration of currently available systems, which remains
the major drawback of this novel technique, limits its utility
in the comprehensive assessment of entire coronary vessels
[13, 14].
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Limitations of the study

Technical limitations included the difficulty in exactly match-
ing regions from angiography, OCT, and IVUS. The study
was also limited by the small sample size. In OCT modality,
delivery of the mixture of saline and contrast through the
guide catheter in order to displace blood was sometimes in-
efficient, especially in the case of distal vessel segments with
occlusive lesions and prominent side branches. Movement
during the heart cycle or non-continuous pullbacks tend to
produce non-corresponding IVUS and OCT cross-sectional
measurements.

CONCLUSIONS

OCT examination provides more detailed structural informa-
tion than IVUS. Also, the better resolution of OCT enables
more accurate outline of the stent struts. IVUS, the current
gold standard method of post percutaneous coronary inter-
vention evaluation, has insufficient resolution to detect the
exact lumen-neointima border, which seems to be the main
reason for the discrepancies in area measurements between
studied modalities.
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Streszczenie

Wstep: Niewiele jest doniesiefi na temat poréwnania optycznej koherentnej tomografii (OCT) i wewnatrznaczyniowej ultra-
sonografii (IVUS) w ocenie stopnia endotelizacji po zabiegach implantacji stentu.

Cel: Celem badania byta ilosciowa i jakosciowa ocena procesu endotelizacji z wykorzystaniem OCT i IVUS u chorych pod-
dawanych angioplastyce wiericowej z implantacja stentu.

Metody: Ocenie obrazowej poddano chorych z wszczepionym w ciagu ostatnich 12 miesiecy stentem konwencjonalnym.
Koronarografie, OCT i IVUS wykonano tacznie w 14 tetnicach wieficowych. Pomiary pola stentu, $wiatta naczynia, grubosci
i objetosci neointimy przeprowadzono w obrebie implantowanych stentéw i w przylegajacych 10-mm odcinkach referen-
cyjnych. Poréwnywano dane uzyskane z badania angiograficznego, OCT i IVUS, obejmujacych te same segmenty naczynia.
Wszystkie analizy zostaty wykonane w niezaleznym o$rodku badawczym.

Wyniki: Wizualizacje 14 stentowanych segmentéw przeprowadzono bez powikfai. Nominalna, érednia dtugos¢ stentu
wyniosta 28 + 4,5 mm. OCT byta najdokfadniejsza metoda w ocenie dtugosci stentu (28,12 = 6,8 mm), podczas gdy
pomiary z wykorzystaniem ilosciowej analizy angiograficznej (QCA) charakteryzowaty sie niedoszacowaniem dtugosci
stentu (22,16 = 6,39 mm). Pomiary IVUS zawieraly z kolei bfedy losowe zwiazane z niejednostajnym przesuwaniem
sondy i ruchami naczynia (24,21 = 7,90 mm). Minimalne pole powierzchni (MLA) i minimalna $rednica $wiatfa na-
czynia (MLD) w odcinkach referencyjnych byty poréwnywalne w IVUS i OCT, podczas gdy w obrebie implantowa-
nych stentéw odnotowano istotne réznice w pomiarach MLA (3,30 £ 1,49 vs. 2,19 = 1,30 mm?, p = 0,0046) i MLD
(2,42 £0,51vs. 1,58 = 0,56 mm?; p = 0,0023). Obydwie wewnatrznaczyniowe techniki obrazowania wykazywaty niewielka
réznice w ocenie objetosci $wiatfa naczynia (130,18 = 70,61 vs. 117,82 = 67,02 mm?; p = 0,7256), nieco wieksza w obje-
tosci stentu (179,29 + 97,58 vs. 226,46 + 108,76 mm?; p = 0,0544) i statystycznie istotna w przypadku objetosci neointimy
(49,11 = 39,70 vs. 108,64 + 43,77 mm?; p = 0,0060), odpowiednio dla IVUS i OCT. Sredni 'neointima burden' w ocenie
za pomoca IVUS byt znaczaco mniejszy niz wyliczony na podstawie pomiaréw OCT (20,79 + 14,27% vs. 58,16 = 18,25%;
p = 0.0033).

Whioski: OCT pozwala precyzyjnie okresli¢ pokrycie elementéw konstrukcyjnych stentu i jest metoda doktadniejsza w po-
réwnaniu z IVUS w ocenie procesu endotelizacji u chorych poddawanych implantacji stentu.

Stowa kluczowe: optyczna koherentna tomografia, wewnatrznaczyniowa ultrasonografia, angiografia, restenoza
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