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Abstract

Aims: The aim of this study was to evaluate the accuracy of minimum lumen area (MLA) by coronary
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o fractional flow computed tomography angiography (cCTA) and its impact on fractional flow reserve (FFR ).
reserve

* MSCT

* non-invasive
imaging

¢ optical coherence
tomography

Methods and results: Fifty-seven patients (118 lesions, 72 vessels) who underwent cCTA and optical
coherence tomography (OCT) were enrolled. OCT and cCTA were co-registered and MLAs were measured
with both modalities. FFR .. was calculated using OCT-updated models with cCTA-based lumen geo-
metry replaced by OCT-derived geometry. Lesions were grouped by Agatston score (AS) and minimum
lumen diameter (MLD) using the OCT catheter and guidewire size (1.0 mm) as a threshold. For all lesions,
the average absolute difference between cCTA and OCT MLA was 0.621+0.571 mm?. Pearson correlation
coefficients between cCTA and OCT MLAs in lesions with low-intermediate and high AS were 0.873 and
0.787, respectively (both p<0.0001). Irrespective of AS score, excellent correlations were observed for
MLA (r=0.839, p<0.0001) and FFR comparisons (r=0.918, p<0.0001) in lesions with MLD >1.0 mm but
not for lesions with MLD <1.0 mm.

Conclusions: The spatial resolution of cCTA or calcification does not practically limit the accuracy of
lumen boundary identification by cCTA or FFR_; calculations for MLD >1.0 mm. The accuracy of cCTA
MLA could not be adequately assessed for lesions with MLD <1.0 mm.
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Abbreviations

AS Agatston score

cCTA coronary computed tomography angiography
FFR  fractional flow reserve

FFR,, fractional flow reserve derived from coronary computed
tomography angiography
FFR ., re-computed FFR ., value in a model updated using

optical coherence tomography data
MLA  minimum lumen area
MLD  minimum lumen diameter

OCT  optical coherence tomography

Introduction

Recently, application of computational fluid dynamics technology
to coronary computed tomographic angiography (cCTA) images
has enabled computation of coronary artery blood flow and pres-
sure, and calculation of fractional flow reserve (FFR), without an
invasive procedure'. This method, fractional flow reserve derived
from coronary computed tomography angiography (FFR_,), has
demonstrated a high diagnostic accuracy for detection of ischae-
mia using invasive FFR as the reference standard*?, substanti-
ating its potential as a reliable gatekeeper to invasive coronary
angiography.

Despite clinical data, it has been hypothesised that the limited
spatial resolution of cCTA may impose significant limitations on
the accuracy of FFR . *. Additionally, coronary calcification might
hamper accurate estimation of FFR by cCTA, given potential
difficulties in lumen border detection due to calcium blooming.
Therefore, in this study, we prospectively evaluated the accu-
racy of the semi-automated lumen boundary extracted from cCTA
(HeartFlow FFR ., software version 1.8; HeartFlow, Redwood City,
CA, USA) and its impact on FFR . along the vessel using optical
coherence tomography (OCT) data as the reference standard.

Methods

STUDY POPULATION

At two centres in Japan (Kobe University Hospital and Akashi
Medical Center), 100 patients with available preprocedural cCTA
and OCT data within six months between examinations were
enrolled (Supplementary Appendix 1). Patients who underwent
clinically indicated coronary angiography and OCT with prepro-
cedural cCTA were eligible for inclusion. Among such patients,
lesions with a percentage diameter stenosis between 25% and
75% by angiography were considered for quantitative cCTA and
OCT analysis. Each vessel was divided into several lesions based
on the side branches (>1.5 mm) to compare lumen areas. We
measured the cross-sectional area from CT and OCT lesions, and
identified the minimum lumen area (MLA) over the lesion for
comparison. To ensure that the vessel diameter was larger than
the catheter size, we also measured the linear minimum lumen
diameter (MLD) in OCT using a proprietary OCT workstation
(St. Jude Medical, St. Paul, MN, USA). MLD was directly com-
puted from the points on the cross-sectional contour instead of

being derived from the cross-sectional area that requires a cir-
cular cross-sectional assumption. The linear MLD was used to
divide the MLA measurement data for a subgroup analysis
in OCT and CT MLA comparison. The study endpoints are
described in Supplementary Appendix 2.

The study protocol was approved by the institutional review
boards of each participating centre, and all patients gave written
informed consent.

CORONARY CT ANGIOGRAPHY IMAGE ACQUISITION AND
ANALYSIS
cCTA images were obtained in accordance with the Society
of Cardiovascular Computed Tomography (SCCT) guide-
lines on cCTAS. Detailed CT acquisition protocol, parameters
and image quality analysis are described in Supplementary
Appendix 3-Supplementary Appendix 5. To assess the impact of
image quality on the MLA comparison, the signal-to-noise ratio
(SNR), contrast-to-noise ratio (CNR), and five-point Likert scale
score were calculated, as previously described®.

Quantitative cCTA analysis was performed by HeartFlow, Inc., in
a blinded fashion as previously described"’. The coronary calcium
scores for each coronary artery were independently assessed by
a CT core laboratory in Kobe University according to the Agatston
method®. Agatston score (AS) was evaluated in each vessel.

OCT EXAMINATION AND ANALYSIS

OCT (C7 Dragonfly™; St. Jude Medical, St. Paul, MN, USA) was
performed as previously reported’. Off-line OCT analysis was per-
formed to measure cross-sectional area and MLD using a dedi-
cated workstation in the Kobe University OCT core laboratory
blinded to the cCTA results. Lumen contours were automatically
delineated every 0.2 mm, followed by a manual modification if
necessary. Since the size of guidewire and catheter (0.014-inch
and 0.9 mm in diameter, respectively’) limits MLD quantifica-
tion in OCT (Supplementary Figure 1), we divided the vessels
(lesions) according to MLD >1.0 mm (above the catheter size) and
MLD <1.0 mm (below the catheter size) by OCT to isolate poten-

tial errors in OCT measurements.

CO-REGISTRATION OF CT WITH OCT DATA AND
COMPARISON OF MLA

After unblinding the ¢cCTA and OCT case numbers, the OCT
image was co-registered to cCTA data. Briefly, a 3D-OCT model
was first constructed by stacking OCT lumen contours along the
vessel length. Next, cCTA-derived lumen geometry was straight-
ened along the centreline using a cylindrical coordinate transfor-
mation'’, and the 3D-OCT model was aligned to the straightened
cCTA lumen geometry (Figure 1A). Then, the 3D-OCT model was
stretched and twisted to match the straightened cCTA-derived
model based on branch ostia (Figure 1B). The co-registered OCT
model was bent to the original curved-cCTA space (Figure 1C).
Finally, MLAs from OCT and cCTA were detected and compared
(Figure 1D).



OCT vs. CT in FFR,,
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Figure 1. Co-registration of cCTA and OCT images. A) OCT 3D model constructed by stacking 2D slices and straightened cCTA model.
B) OCT 3D model re-centred to centroid of each cross-section and illustration of translation and rotation of model. C) OCT 3D model
co-registered to cCTA model. D) Cross-sectional contourimages and area of co-registered OCT data with cCTA data. E) FFR ., evaluation in

OCT-merged model.

COMPARISON OF FFR_, WITH COMPUTED FFR DERIVED
FROM OCT-MERGED CORONARY MODEL

To assess the impact of lumen boundary accuracy extracted from
cCTA on FFR_,
puted FFR_ values in a model updated using OCT data, i.e.,

we compared the original FFR . with re-com-

FFR ... Specifically, the OCT-derived lumen model was used to
replace the cCTA-derived coronary model on corresponding ves-
sel segments using the co-registration method described above
(Figure 1E). To evaluate the true effect of segments updated by
OCT on FFR,
unchanged. Consequently, all boundary conditions remained the

- all the other arteries and side branches were

same in the evaluation of FFR .,

putation"’. The comparison of FFR . with FFR

as in the original FFR_. com-
ocr Was performed
on a per-vessel basis at the location immediately distal to the OCT
segment; a computed FFR <0.8 was considered diagnostic of

lesion-specific ischaemia.

STATISTICAL ANALYSIS
The sample size calculation is described in Supplementary
Appendix 6. Normally distributed continuous variables were

expressed as meantSD and were compared with two-tailed
unpaired t-tests, whereas non-normally distributed continu-
ous variables were expressed as median (interquartile ranges)
and compared using the Mann-Whitney U test. Correlation was
assessed by linear correlation; mean differences and limits of
agreement were assessed by Bland-Altman analysis. The agree-
ment between the two methods was also assessed by the Passing-
Bablok method. The Fisher z-transformation statistic was applied
for comparing two correlations and the F-test was used to com-
pare variation. A p-value of 0.05 or less was considered statis-
tically significant. All statistical analyses were performed using
a commercial software package (SPSS, Version 24.0; IBM Corp.,
Armonk, NY, USA, and XLSTAT version 2017; Addinsoft, New
York, NY, USA).

Results

BASELINE PATIENT AND LESION CHARACTERISTICS

From 100 patients, 137 vessels were considered for inclusion in
the present study. After excluding 65 vessels, 72 vessels (118
lesions) in 57 patients were included for MLA comparisons. Also,
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eight vessels were excluded from FFR computation due to the lack
of side branches; therefore, we assessed the difference between
cCTA and OCT-based FFR in 64 vessels representing 52 patients
(Figure 2, Supplementary Appendix 7). Baseline patient and
lesion characteristics are summarised in Table 1.

Table 1. Baseline patient and lesion characteristics.

Patient characteristics (n=57)

Age, years 69.4+10.4
Female, n (%) 17 (29.8)
BMI, kg/m? 25.4+5.2
cCTA acquisition heart rate, beats/min 60.7+6.6
Interval between cCTA and OCT, days 47.0+48.8
Hypertension, n (%) 42 (73.7)
Dyslipidaemia, n (%) 42 (73.7)
Diabetes mellitus, n (%) 24 (42.1)
Current smoking, n (%) 7 (12.3)
Familial history of coronary artery disease, n (%) 6 (10.5)

Lesion characteristics (n=72)

Studied Left anterior descending, n (%) 34 (47.2)
e Left circumflex, n (%) 15 (20.8)
Right coronary artery, n (%) 23 (31.9)

Per-vessel Agatston score 192.9+226.9
Low (0-31.2), n (%) 24 (33.3)
Intermediate (31.2-192.2), n (%) 24 (33.3)
High (192.2-966.4), n (%) 24 (33.3)

Values are median+SD or n (%). BMI: body mass index; cCTA: coronary
computed tomography angiography; OCT: optical coherence tomography

COMPARISONS OF MLA AND COMPUTED FFR BETWEEN
cCTA AND OCT

Overall, there was no significant difference in the average
c¢CTA and OCT MLAs (Table 2). The average absolute dif-
ference in MLA measurements between cCTA and OCT was
0.621+0.571 mm?, with an excellent correlation between the
two imaging modalities (r=0.851, p<0.0001) (Figure 3A). Bland-
Altman plots of cCTA MLA in relation to OCT MLA showed
a mean bias of —0.018+1.652 mm? with 95% limits of agreement
of —1.671 to 1.633 mm? (Figure 3B).

For computed FFR, FFR_, tended to be lower than FFR,.
(Table 2). There was a significant positive correlation between FFR .,
and FFR ., (=0.778, p<0.0001) (Figure 3C). Bland-Altman plots of
FFR_., in relation to FFR .. showed a mean bias of ~0.047+0.185
with 95% limits of agreement of —0.231 to 0.138 (Figure 3D).

No difference was observed in the MLA, MLD, and FFR val-
ues between cCTA and OCT in 64-slice, 128-slice, and 320-slice
cCTA (Supplementary Table 1). Additionally, image quality meas-
ured on the basis of the SNR, CNR, and five-point Likert scale
score did not impact on the accuracy of cCTA measurements
compared with OCT (Supplementary Table 2-Supplementary
Tahle 4). Significant positive correlations were observed between
c¢CTA and OCT MLAs in lesions with low and intermediate-high
image qualities (Supplementary Figure 2).

COMPARISONS OF MLA AND COMPUTED FFR BETWEEN cCTA
AND OCT IN LESIONS WITH MLD >1.0 mm AND <1.0 mm

When all lesions were divided according to OCT MLD measure-
ments, there was no significant difference in the cCTA and OCT
MLAs in lesions with both MLD >1.0 mm and MLD <1.0 mm

Patients who underwent cCTA prior to CAG/OCT
within 6 months (137 vessels, 100 patients)

|

Assessed for study eligibility
72 vessels (118 lesions) in 57 patients

8 vessels: FFR ., was not
calculated due to a limited

—) )
number of side branches

A

cCTA MLA vs. OCT MLA
118 lesions (72 vessels) in 57 patients

FFR.; vs. FFR
64 vessels in 52 patients

I
v v

v v

Low-intermediate High AS
AS 39 lesions
79 lesions

Low-intermediate High AS
AS 21 vessels
43 vessels

Figure 2. Study population flow chart. AS: Agatston score; CAG: coronary angiography, cCTA: coronary computed tomography

angiography; FFR: fractional flow reserve; MLA: minimum lumen area; OCT: optical coherence tomography



Table 2. Comparisons of cCTA and OCT measurements.

All (118 lesions, 72 vessels)

OCT vs. CT in FFR,,

MLD >1.0 mm (93 lesions, 60 vessels) | MLD <1.0 mm (25 lesions, 23 vessels)

MLA (mm?) 2.37+1.59 2.39+1.51 0.926 2.72+1.57 2.80+1.45 0.732 1.05+0.79 0.86+0.14 0.238
MLD (mm) 0.82+0.28 | 0.83+0.26 0.783 1.79+0.50 1.83+0.46 0.606 1.09+0.41 1.04+0.09 0.608
FFR value 0.743+0.151 | 0.790+0.113 | 0.051 |0.792+0.108|0.823+0.098 | 0.166 |0.644+0.179|0.722+0.116| 0.101

Values are median+SD. cCTA: coronary computed tomography angiography; FFR: fractional flow reserve; MLA: minimum lumen area; MLD: minimum

lumen diameter; OCT: optical coherence tomography
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Figure 3. cCTA vs. OCT measurement in the overall population. A) Correlation between MLA from cCTA and OCT. B) Bland-Altman plots of

c¢CTA MLA versus OCT MLA. C) Correlation between FFR from cCTA and OCT. D) Bland-Altman plots of FFR .. vs. FFR

(Table 2). There was a significant positive correlation between the
c¢CTA and OCT MLAs in lesions with MLD >1.0 mm (r=0.839,
p<0.0001) (Figure 4A.a), whilst the positive correlation was weaker
and biased downward in lesions with MLD <1.0 mm (=0.282,
p=0.172) (Figure 4B.a), which was statistically different (p<0.0001).
Bland-Altman plots of the cCTA MLA in relation to the OCT
MLA showed a mean bias of —0.076+1.683 for lesions with MLD
>1.0 mm and of 0.193+1.458 for those with MLD <1.0 mm (Figure
4A.b, Figure 4B.h). There was no significant difference in variation
between the two groups (F=2.006, p=0.159). For computed FFR,
there was no significant difference in the average value of FFR ..
and FFR ..
and MLD <1.0 mm (Table 2). There were significant positive cor-
relations between FFR .. and FFR . in vessels with MLD >1.0 mm
(r=0.918, p<0.0001) (Figure 4A.c) and MLD <1.0 mm (r=0.543,
p=0.011) (Figure 4B.c). In the Bland-Altman plots, 95% limits
of agreement for vessels with MLD <1.0 mm tended to be wider
than for vessels with MLD >1.0 mm (-0.368 to 0.211 vs. —0.114 to
0.052; F=3.702, p=0.059) (Figure 4B.d, Figure 4A.d). The Passing-
Bablok method showed the same trend (Supplementary Table 5).

between vessels in both groups with MLD >1.0 mm

ocTr

COMPARISONS OF MLA AND FFR BETWEEN cCTA AND OCT
ACCORDING TO THE SEVERITY OF CALCIFICATION
AS distribution is shown in Supplementary Figure 3. There was no
significant difference between the average cCTA and OCT MLAs
in lesions with both low-intermediate and high AS (Table 3). The
average absolute difference of MLA between cCTA and OCT meas-
urements was comparable in lesions with both low-intermediate and
high AS (0.609+0.587 mm? vs. 0.681+0.570 mm?; p=0.422, respec-
tively). There was a significant positive correlation between cCTA
and OCT MLAs in lesions with low-intermediate AS (=0.873,
p<0.0001) (Figure 5A.a) and high AS (r=0.787, p<0.0001) (Figure
5B.a). There was no significant difference in the strength of cor-
relation between the two groups (p=0.163). Bland-Altman plots
of the cCTA MLA in relation to the OCT MLA showed a mean
bias of —0.047+1.604 for lesions with low-intermediate AS and of
0.039+1.740 for lesions with high AS (Figure 5A.b, Figure 5B.h).
No significant difference was observed in variation between the two
groups (F=0.268, p=0.606).

There was no significant difference between the mean FFR_,
and FFR .. values in vessels with low-intermediate and high AS
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Table 3. Comparisons of cCTA and OCT measurements in lesions with low-intermediate and high AS.

Low-intermediate AS (79 lesions, 48 vessels) High AS (39 lesions, 24 vessels)
MLA (mm?) 2.48+1.67 2.53+1.59 0.855 2.14+1.42 2.11+1.31 0.901
MLD (mm) 0.84+0.29 0.86+0.27 0.716 0.79+0.25 0.78+0.24 0.945
FFR value 0.737+0.160 0.793+0.115 0.070 0.755+0.134 0.784+0.112 0.140

AS: per-vessel Agatston score; cCTA: coronary computed tomography angiography; FFR: fractional flow reserve; MLA: minimum lumen area;
MLD: minimum lumen diameter; OCT: optical coherence tomography
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(Table 3). There were strong correlations between FFR_, and  no significant difference in the strength of correlation between the
FFR ., in vessels with low-intermediate (1=0.791, p<0.0001)  two groups (p=0.823). Bland-Altman plots of FFR in relation

OCT

(Figure 5A.c) and high AS (r=0.766, p<0.0001) (Figure 5B.c), and  to FFR ., showed mean biases of —0.055+0.191 and 0.058+0.134
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Figure 4. cCTA vs. OCT measurement. A) Lesions with MLD above the catheter size (MLD >1.0 mm) and B) MLD below the catheter size
(MLD <1.0 mm). a) Correlation between MLA from cCTA and OCT.; b) Bland-Altman plots of cCTA MLA vs. OCT MLA; c) correlation
between FFR from cCTA and OCT; d) Bland-Altman plots of FFR ., vs. FFR
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Figure 5. cCTA vs. OCT measurement. A) Lesions with low-intermediate AS and B) lesions with severe AS. a) Correlation between MLA from
c¢CTA and OCT; b) Bland-Altman plots of cCTA MLA vs. OCT MLA; c) correlation between FFR from cCTA and OCT; d) Bland-Altman plots

of FFR ., versus FFR

ocr

for vessels with low-intermediate and high AS, respectively
(Figure 5A.d, Figure 5B.d). There was no significant difference in
variation between the two groups (F=1.061, p=0.307).

CONCORDANCE RATE OF DETECTING ISCHAEMIA BETWEEN
FFR; AND FFR,;

The overall concordance rate between FFR. and FFR ..
was 82.8% (Supplementary Figure 4). Representative con-
cordant and discordant cases are shown in Supplementary
Figure 5-Supplementary Figure 7.

Discussion

IMPACT OF IMAGE QUALITY ON GEOMETRIC ACCURACY

The pressure loss along the coronary artery is affected by the coro-
nary artery anatomy and blood flow. Among various geometric
features of coronary lesions, MLA and lesion length are two of
the most critical parameters affecting coronary flow and pressure.
Thus, accurate computation of FFR by cCTA necessitates an accu-
rate representation of coronary lumen geometry. A recent substudy
of the DeFACTO trial demonstrated the importance of adminis-
tering beta-blocker and adequate nitrate dosage recommended
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by SCCT guidelines to ensure high image quality®. Specifically,
cases with appropriate imaging protocol exhibited improved speci-
ficity of FFR_, (66.0% vs. 51.0%; p=0.03) and significantly lower
bias (-0.048 vs. —0.084; p=0.008)!'. Additionally, cases without
misaligned artefacts demonstrated improved sensitivity (86.0%
vs. 43.0%; p=0.001) and overall diagnostic accuracy (71.0% vs.
56.0%; p=0.03). These data suggest the importance of image
quality, which can potentially impact on the creation of accurate
patient-specific geometric models, leading to accurate FFR com-
putation by cCTA.

In the present study, a high agreement between cCTA- and
OCT-based MLA measurements was observed over a broad spec-
trum of cCTA image qualities measured by SNR (6.7-41.3), CNR
(12.8-73.7), and five-point Likert scale (2-5). Johnson et al stated
that limits in the spatial resolution of cCTA could introduce large
errors in stenosis diameter and even greater errors in stenosis resist-
ance, pressure drop, and calculated FFR . based on a simple ideal-
ised coronary resistance model approximated from the MLD of the
vessel®. In the present study, however, the average absolute differ-
ence of effective MLD between cCTA and OCT measurements was
0.239+0.200 mm, which is much smaller than the typical image res-
olution of cCTA (e.g., 0.6 mm). Furthermore, instead of amplified
errors, a strong correlation (r=0.778) was observed between FFR ..
and FFR , ., with only a small difference between the average FFR ..
and FFR ., in the overall population. In lesions with MLD above
the catheter size (MLD >1.0 mm), an excellent correlation (r=0.918)
was observed with no difference in the average values.

Possible explanations for the smaller MLA errors observed in
the present study other than the typical cCTA image resolution are
as follows. First, the impact of image resolution on MLA estima-
tion can be reduced because cCTA produces greyscale — not binary
(black and white) — images. Second, in greyscale images, it would
be extremely unlikely to underestimate or overestimate the lumen
size with one pixel consistently over the entire circumference
of the cross-sectional lumen boundary. Third, image processing
algorithms can utilise prior information on the shape of the ves-
sel in all three-dimensional directions, which can be augmented
with image intensity information in the lumen extraction process.
Therefore, despite the limited resolution of inherent cCTA data,
sub-pixel (or sub-voxel) resolution can be attained with computer-
automated image segmentation methods.

POTENTIAL ISSUES WITH COMPARING cCTA-DERIVED MLA

AND FFR_, WITH OCT MEASUREMENTS IN TIGHT LESIONS

In lesions larger than the catheter size (MLD >1.0 mm), a strong
positive correlation was observed between cCTA and OCT MLAs.
However, in lesions smaller than the catheter size (MLD <1.0 mm),
a weak correlation was observed. One possible explanation could
be the inaccurate lumen quantification by OCT in lesions with
MLD <1.0 mm. The diameter of the OCT imaging catheter was
approximately 0.9 mm?; therefore, when evaluated by OCT, lumen
dimensions can become enlarged or reduced, especially in tight
lesions. Another possibility is that lumen measurement by cCTA

is inaccurate in lesions with severe stenosis. /n vitro validation of
c¢CTA showed that cCTA underestimated the lumen size in lesions
with MLD <1.0 mm'. Although both studies used the same cut-
off value of 1.0 mm for subgroup analyses, the motivation of
using 1.0 mm MLD as the cut-off value to divide data was differ-
ent. We chose 1.0 mm based on the invasive catheter size to col-
lect reliable OCT MLA measurements (Supplementary Figure 1).
Moreover, there exist fundamental differences in methods between
the two studies, including imaging objects (phantom vs. patient),
physiologic conditions (steady vs. pulsatile), plaques (none vs. pre-
sent), imaging artefacts (none vs. present), and segmentation algo-
rithm. Although it is possible that the spatial resolution of cCTA
affected the underestimation of the lumen size in lesions with
MLD <1.0 mm, we think that the lumen accuracy for lesions with
MLD <1.0 mm is not evaluable using OCT because of the size of
the invasive catheter. However, the concordance of FFR . with
FFR .. was not degraded in lesions with MLD <1.0 mm (over-
all: 82.8%, lesions with MLD <1.0 mm: 90.5%). Among lesions
with MLD <1.0 mm, only one case showed a negative FFR., but
positive FFR .,
appeared to be due to the error in OCT measurements caused by
the accordion phenomenon (Supplementary Figure 5). Although
the accuracy of cCTA MLA for lesions with MLD <1.0 mm
could not be evaluated in the present study, these results sug-

result. Even in this case, the discordant diagnosis

gest that FFR .. may provide high diagnostic performance even
in vessels with MLD <1.0 mm since the lesion is extremely tight.

POTENTIAL IMPACT OF CORONARY ARTERY CALCIFICATION
ON FFR;

Several studies have shown that coronary calcification is assoc-
iated with lower cCTA specificity*'*. However, Nergaard et al
showed that FFR .. provides superior diagnostic performance over
cCTA alone, even in patients with a high AS (per vessel AS range:
121 to 1,703)". In addition, even at the site of metallic markers of
a bioresorbable scaffold, Collet et al reported the adequate accu-
racy of cCTA to assess the luminal dimension by including the
centre of the marker in the luminal area'®. In the present study,
even in the highest AS tertile, there was an excellent correlation
between FFR simulation by cCTA and OCT, especially in ves-
sels with MLD >1.0 mm (Supplementary Table 6, Supplementary
Table 7, Supplementary Figure 8). Vessels in the highest AS ter-
tile accounted for only 27.3% of those with a discordant diagnosis.
This result suggests that the severity of calcification was not the
critical factor affecting the diagnostic accuracy of FFR . In ves-
sels with MLD >1.0 mm, the correlation coefficient of FFR value
between cCTA and OCT was higher than that of MLA in vessels
with a high AS (Supplementary Figure 8). This result suggests that
FFR.., might be less influenced by coronary calcification in lumen
quantification by ¢cCTA. Moreover, the correlation between FFR ..
and FFR . was higher than that of the MLAs. This phenomenon
can be explained by the fact that pressure drop across lesions is
determined by total resistance of the lesion integrated over the entire
segment of the vessel, rather than a single cross-section.



Study limitations

Several limitations should be noted. First, this study was a non-
randomised and retrospective study with a relatively limited sam-
ple size. Second, nitroglycerine protocols were not consistent for
image acquisitions during cCTA, ICA, and OCT. The difference in
nitroglycerine protocol could affect the dimensions of the coronary
lumen and potentially influence the comparison results. Third, inva-

sive FFR was not performed. Instead, FFR_ .. was used to evaluate

OCT

the direct impact of geometric accuracy on the computation of FFR
resulting from the difference in ¢cCTA and OCT models including
resolution and artefacts. Finally, MLAs by OCT and cCTA can orig-
inate from different sites. The approach we chose, however, was not
based on the exact slice-by-slice comparison. Instead, we defined
the lesion of interest using side branches as landmarks to co-register
lesions and compared detected minimum areas for the segment. The
rationale behind this approach is based on the fact that pressure drop
over the lesion is unlikely to be affected by the misaligned MLA
locations with a couple of millimetres, but rather the critical para-
meter is the discrepancy of MLA over the same segment.

Conclusions

The spatial resolution of cCTA does not practically limit the accu-
racy of lumen boundary identification or affect FFR_. Small
lumen diameters, such as those less than 1.0 mm, result in greater
discordance between cCTA and OCT MLA values. However, this
discordance may be due to the limitation of using the invasive
OCT catheter and, nonetheless, has a limited impact on FFR
diagnostic accuracy. In addition, lumen quantification by cCTA
showed high accuracy as compared to OCT data over a wide
range of coronary calcification scores. Finally, if the image quality

is adequate to calculate FFR ., the image quality does not signi-

cT
ficantly influence the accuracy of the lumen measurements.

Impact on daily practice
cCTA lumen detection is reliable for FFR .. computations even
in severely calcified lesions provided the image quality is

acceptable.
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Supplementary data

Supplementary Appendix 1. Study population

At 2 centres in Japan (Kobe University Hospital and Akashi Medical Center), 100
patients with available preprocedural cCCTA and OCT data were enrolled. Patients >20
years old who underwent clinically indicated invasive coronary angiography and OCT
with preprocedural cCTA were eligible for inclusion. Among such patients, lesions with
a percentage diameter stenosis between 25% and 75% by angiography were considered
for quantitative cCTA and OCT analysis. Patient-based exclusion criteria included non-
cardiac illness with life expectancy <2 years; pregnancy; allergy to iodinated contrast;
estimated glomerular filtration rate <30 mL/min/1.73 m?; significant arrhythmia; heart
rate >100 beats/min; systolic blood pressure <90 mmHg; contraindication to beta-
blockers or nitroglycerine; prior coronary artery bypass surgery; or poor cCTA/OCT
image quality. Lesion-based exclusion criteria included ruptured plaque, ectasia, small

vessels (reference lumen diameter <2.0 mm), and stented vessels.

Supplementary Appendix 2. Study endpoints

The pre-specified primary endpoint of the study was the correlation between cCTA and
OCT for MLA measurements. Secondary endpoints included the correlation between
FFRcT and FFRocrT, and the effect of calcification on the agreement between MLA and

FFR values derived from CT and OCT.



Supplementary Appendix 3. CT acquisition protocol

cCTA images were obtained in accordance with the Society of Cardiovascular
Computed Tomography (SCCT) guidelines on cCTA. Oral beta-blockers were
administered in subjects with heart rates >65 beats/min. Immediately before cCTA

acquisition, 0.3 mg sublingual nitroglycerine was administered to all patients.

Supplementary Appendix 4. CT acquisition parameters

All examinations were performed with Aquilion one (320%0.5 mm section collimation),
Aquilion 64 (64x0.6 mm section collimation; Toshiba, Otawara, Japan), Somatom
Definition Flash (128%0.6 mm section collimation; Siemens, Forchheim, Germany), and
Ingenuity Core (128x0.5 mm section collimation; Philips, Surrey, United Kingdom).
The scan parameters included 100-120 kVp tube voltage, and 260-1,150 mA tube
current (depending on body habitus). All images were reconstructed using thin slices

(0.5-0.75 mm) and medium smooth reconstruction filters in different phases.

Supplementary Appendix 5. Objective image quality analysis

For objective image analysis, dedicated post-processing and evaluation software
(Ziostation 2, Ziosoft) was used. Attenuation measurements were obtained by the same
observer by drawing ROIs in the proximal reference of the lesion, scaled as large as
possible whilst carefully avoiding vessel walls or plaques. Image noise was defined as
the standard deviation of CT measurements in an ROl in the aortic root. To determine
vessel contrast, the CT attenuation of the chest subcutaneous fat tissue, adjacent to the
vessel contour, was measured. Signal-to-noise ratios (SNRs) and contrast-to-noise ratios

(CNRs) were calculated for each measurement, as follows:



SNR = Attenuationiesion/Noise

CNR = Attenuationiesion — fat/NOiSe

Image quality of the lesion was assessed on a 5-point Likert scale: 5 = excellent with no
granularity, no or minimal artefacts and clear vessel display; 4 = between 5 and 3; 3 =
acceptable for diagnosis, but small amounts of radiation and high density or irregular
low density artefacts and fuzzy boundaries were present; 2 = suboptimal with some
artefacts, but acceptable; and 1 = diagnostic decision cannot be made due to blurry
boundaries and large amounts of radiation, high density or irregular low density

artefacts as previously reported.

Supplementary Appendix 6. Sample size

The sample size of 71 lesions was determined on the basis of a previously reported
correlation of 0.53 between intravascular ultrasound and cCTA, assuming that the
correlation coefficient of the lumen area of cCTA and OCT was at least r=0.4 or higher,

and a 95% power with a 2-sided alternative hypothesis and a type | error of 5% [17].

Supplementary Appendix 7. Patient flow

From 100 patients, 137 vessels were considered for inclusion in the present study.
Sixty-five vessels were excluded due to ruptured plaque or ectasia (n=6), poor cCTA
image quality (n=17), poor OCT image quality (motion/misregistration, high image
noise, or low contrast to noise) (n=9), reference diameter <2.0 mm (n=16), or stents
(n=17). Finally, 72 vessels (118 lesions) in 57 patients were included for MLA
evaluation by cCTA and OCT. Eight vessels were excluded from FFR computation by

cCTA and OCT due to the lack of side branches, which precluded the merging process



that required at least 2 branches to match lesion locations precisely. Accordingly, we
assessed the difference between cCTA and OCT-based FFR in 64 vessels representing

52 patients (Figure 2).



Supplementary Table 1. Comparison of MLA, MLD, and computed FFR values between cCTA and OCT in various kinds of CT scanner.

64-slice CT (n=53)

128-slice CT (n=61)

320-slice CT (n=4)

cCTA OCT p-value cCTA OCT p-value cCTA OCT p-value
MLA (mmz) 2.08+1.40 2.13+1.48 0.889 2.01£1.31 2.04+1.24 0.924 3.10£0.96  3.09+1.50  0.997
MLD (mm) 0.77£0.26  0.78+0.27 0.913 0.76+0.26  0.77+0.24 0.793 0.99+0.16  0.98+0.24 0.966
Computed FFR | 0.74+0.15  0.78+0.11 0.287 0.74+0.16  0.80+0.12 0.110 0.81+0.03  0.84+0.05 0.612
Absolute MLA 0.442%
0.71+0.54 NA 0.57+0.52 NA 0.38+0.08
error 0.237%
Absolute FFR 0.760%
0.07+0.10 NA 0.06+0.07 NA 0.06+0.08
error 0.676™

Values are median + SD. Abbreviations as in Tables 1 and 2. # p-value for 64-slice vs. 128-slice vs. 320-slice CT.

## p-value for 64-slice vs. others.




Supplementary Table 2. Comparison of MLA, MLD, and FFR values between cCTA and OCT in the lesions with low signal-to-noise ratio and

intermediate-high signal-to-noise ratio.

Low signal-to-noise ratio Intermediate-high signal-to-noise ratio
(39 lesions, 24 vessels) (79 lesions, 48 vessels)
cCTA OCT p-value cCTA OCT p-value
MLA (mmz) 2.29+1.33 2.49+1.30 0.610 1.97£1.31 1.93+1.32 0.878
MLD (mm) 0.81+0.26 0.86+0.24 0.555 0.75%0.25 0.75+0.24 0.923
FFR value 0.794£0.112 0.821+0.114 0.462 0.720+0.159 0.765+0.109 0.92

Values are median = SD. Abbreviations as in Tables 1 and 2.




Supplementary Table 3. Comparison of MLA, MLD, and FFR values between cCTA and OCT in the lesions with low contrast-to-noise ratio and

intermediate-high contrast-to-noise ratio.

Low contrast-to-noise ratio Intermediate-high contrast-to-noise ratio
(39 lesions, 24 vessels) (79 lesions, 48 vessels)
cCTA OCT p-value cCTA OCT p-value
MLA (mm®) 1.93+1.30 1.81+1.06 0.759 2.14+1.33 2.24+1.43 0.707
MLD (mm) 0.7440.25 0.73+0.21 0.891 0.78+0.26 0.80+£0.26 0.696
FFR value 0.800+0.124 0.837+0.087 0.295 0.718+0.154 0.769+0.116 0.086

Values are median + SD. Abbreviations as in Tables 1 and 2.




Supplementary Table 4. Comparison of MLA, MLD, and FFR values between cCTA and OCT in the lesions with image quality scale 2, 3 and image

guality scale 4, 5.

Image quality scale 2, 3 Image quality scale 4, 5
(28 lesions, 18 vessels) (90 lesions, 54 vessels)
cCTA OCT p-value cCTA OCT p-value
MLA (mmz) 2.01+1.43 2.00+£1.43 0.976 2.48+1.61 2.51+£1.51 0.903
MLD (mm) 0.76%0.26 0.76+0.26 0.987 0.84+0.28 0.86+0.26 0.746
FFR value 0.719+0.131 0.768+0.112 0.300 0.751+0.154 0.797+0.112 0.100

Values are median = SD. Abbreviations as in Tables 1 and 2.




Supplementary Table 5. Passing and Bablok regression analysis.

cCTA MLA vs. OCT MLA

FFRcT vs. FFRocT

Intercept (95% CI)

Slope (95% CI)

Intercept (95% CI)

Slope (95% CI)

All lesions
(n=118)

Low-
intermediate AS
(n=79)

High AS

(n=39)

MLD >1.0 mm
(n=93)

MLD <1.0 mm

(n=25)

0.084 (-0.116 to 0.330)

0.145 (-0.092 to 0.396)

0.036 (-0.606 to 0.448)

0.154 (-0.162 to 0.432)

0.733(0.628 10 0.788)

0.970 (0.870 to 1.095)

0.959 (0.859 to 1.074)

0.948 (0.708 to 1.442)

0.970 (0.851 to 1.122)

0.086 (0.003 to 0.199)

0.119 (-0.020 to 0.234)

0.129 (-0.013 to 0.282)

0.138 (-0.048 to 0.286)

0.122 (0.020 to 0.222)

0.295 (-0.098 to 0.513)

0.889 (0.750 to 1.000)

0.882 (0.692 to 1.059)

0.863 (0.680 to 1.083)

0.886 (0.769 to 1.000)

0.657 (0.333 t0 1.167)

95% CI: 95% confidence interval. Other abbreviations as in Table 1.




Supplementary Table 6. Comparison of MLA, MLD, and FFR values between cCTA and OCT in the lesions with a combination of MLD >1.0

mm/low-intermediate and high AS.

MLD >1.0 mm MLD >1.0 mm/low-intermediate AS MLD >1.0 mm/high AS
(93 lesions, 60 vessels) (62 lesions, 38 vessels) (31 lesions, 21 vessels)
cCTA OCT p-value cCTA OCT p-value cCTA OCT p-value
MLA
2.72+1.57 2.80+1.45 0.732 2.87+1.62 2.98+1.50 0.697 2.43+1.44 2.44+1.27 0.981
(mm’)
MLD
1.79+0.50 1.83+0.46 0.606 1.84+0.51 1.89+0.47 0.592 1.70+0.47 1.71+0.43 0.899
(mm)
FFR
0.792+0.108  0.823+0.098  0.166 0.791£0.106 0.828+0.097 0.211  0.794+0.113 0.813+£0.101  0.546
value

Values are median = SD. Abbreviations as in Tables 1-3.




Supplementary Table 7. Comparison of MLA, MLD, and FFR values between cCTA and OCT in the lesions with a combination of MLD <1.0

mm/low-intermediate and high AS.

MLD <1.0 mm MLD <1.0 mm/low-intermediate AS MLD <1.0 mm/high AS
(25 lesions, 23 vessels) (17 lesions, 14 vessels) (8 lesions, 7 vessels)
cCTA OCT p-value cCTA OCT p-value cCTA OCT p-value
MLA
1.05+0.79 0.86+0.14. 0.238 1.06+0.89 0.88+0.15 0.421 1.04+0.57 0.82+0.13 0.317
(mm?)
MLD
1.09+0.41 1.04+0.09 0.608 1.07+0.45 1.05+0.88 0.863 1.11£0.32 1.02+0.08 0.439
(mm)
FFR
0.644+0.179 0.722+0.116  0.101  0.625+0.197 0.731+£0.126  0.105 0.681+£0.144 0.706+0.985 0.719
value

Values are median = SD. Abbreviations as in Tables 1-3.




Supplementary Figure 1. The size of OCT catheter and guidewire.
A) Size chart of the devices, B) schematic illustration of OCT catheter and guidewire
with lumen, C) size of circumscribed ellipse (i.e., simulated lumen) that contains OCT

catheter and guidewire.
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Supplementary Figure 2. Impact of image quality on the relation between cCTA MLA
and OCT MLA.

A) Impact of signal-to-noise ratio.

a) Low signal-to-noise ratio, b) intermediate-high signal-to-noise ratio.

B) Impact of contrast-to-noise ratio.

a) Low contrast-to-noise ratio, b) intermediate-high contrast-to-noise ratio.

C) Impact of five-point Likert scale.

a) Likert scale 2, 3, b) Likert scale 4, 5.
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Supplementary Figure 2 (B) Impact of contrast-to-noise ratio
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Supplementary Figure 2 (C) Impact of five-point Likert scale
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Supplementary Figure 3. Distribution of AS.
A) Per-lesion distribution of AS, B) per-vessel distribution of AS.
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Supplementary Figure 4. Concordance rate for diagnosis of ischaemia between FFRct
and FFRocT.
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Supplementary Figure 5. A case with discordant diagnosis between FFRcT and
FFRocT.

a) With wire insertion; b) without wire insertion; ¢) FFRct; d) FFRocT; €) co-registered
cCTA/OCT image. 1, 2): Cross-sectional images from cCTA and OCT. There was a
focal stenosis in the position 1) with wire insertion (a); however, there was no stenosis
without wire insertion in the same position (b). Cross-sectional OCT image of 1)
showed smaller lumen diameter than that of 2). These images suggest the accordion

phenomenon induced by wire insertion in this case.




Supplementary Figure 6. Cases with concordance between FFRct and FFRocr.

The case with severe calcification (per-vessel AS: 549); FFRcT: 0.58, FFRocT: 0.64, 1)-
4) cross-sectional images from cCTA and OCT; asterisk indicates calcification. a)
FFRcr, b) FFRocT, and c) co-registered cCTA/OCT image.




Supplementary Figure 7. Cases with discordance between FFRct and FFRocr.

The case with focal calcification (per-vessel AS: 31); FFRcT: 0.71, FFRocT: 0.82, 1)-4)
cross-sectional images from cCTA and OCT; asterisk indicates calcification. a) FFRcr,
b) FFRocT, and c) co-registered cCTA/OCT image.




Supplementary Figure 8. cCTA vs. OCT measurement.
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A) Lesions with MLD >1.0 mm and a low-intermediate AS, B) lesions with MLD >1.0
mm and a severe AS. a) Correlation between MLA from cCTA and OCT; b) Bland-
Altman plots of cCTA MLA vs. OCT MLA,; c) correlation between FFR from cCTA
and OCT; d) Bland-Altman plots of FFRcT versus FFRocT.



Supplementary Figure 8 C)
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C) Lesions with MLD <1.0 mm and a low-intermediate AS, D) lesions with MLD <1.0
mm and a severe AS. a) Correlation between MLA from cCTA and OCT,; b) Bland-
Altman plots of cCTA MLA vs. OCT MLA,; c) correlation between FFR from cCTA
and OCT; d) Bland-Altman plots of FFRcT versus FFRocT.



