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Background: Optical coherence tomography (OCT) is used widely to guide stent placement, identify higher-risk

plaques, and assess mechanisms of drug efficacy. However, a range of common artifacts can prevent accurate plaque
classification and measurements, and limit usable frames in research studies. We determined whether pre-processing
OCT images corrects artifacts and improves plaque classification.
Methods:We examined both ex-vivo and clinical trial OCT pullbacks for artifacts that prevented accurate tissue identi-
fication and/or plaque measurements. We developed Fourier transform-based software that reconstructed images free
of common OCT artifacts, and compared corrected and uncorrected images.
Results: 48 % of OCT frames contained image artifacts, with 62 % of artifacts over or within lesions, preventing accu-
rate measurement in 12 % frames. Pre-processing corrected >70 % of all artifacts, including thrombus, macrophage
shadows, inadequate flushing, and gas bubbles. True tissue reconstruction was achieved in 63 % frames that would
otherwise prevent accurate clinical measurements. Artifact correction was non-destructive and retained anatomical
lumen and plaque parameters. Correction improved accuracy of plaque classification compared against histology
and retained accurate assessment of higher-risk features. Correction also changed plaque classification and prevented
artifact-related measurement errors in a clinical study, and reduced unmeasurable frames to <5 % ex-vivo and ~1 %
in-vivo.
Conclusions: Fourier transform-based pre-processing corrects a wide range of common OCT artifacts, improving iden-
tification of higher-risk features and plaque classification, and allowing more of the whole dataset to be used for clin-
ical decision-making and in research. Pre-processing can augment OCT image analysis systems both for stent
optimization and in natural history or drug studies.
1. Introduction

Optical coherence tomography (OCT) is a high-resolution intravascular
imaging modality that can help guide percutaneous coronary intervention
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(PCI) [1], monitor efficacy of anti-atherosclerosis drugs, and identify
higher-risk features that predict major adverse cardiovascular events
(MACE) [2–5]. However, real-world OCT frames frequently contain arti-
facts that limit their usefulness for stent optimization, cause
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misclassification of both tissues and plaques, and prevent measurement of
higher-risk features [6,7]. Published consensus standards recommendmea-
suring only good-quality images without artifacts [8], but this potentially
excludes a large amount of clinical data. Artifacts may require additional
pullbacks, analysis, and interpretation, introducing inter- and intra-
observer variability, particularly by novice users [9].

We examined the range, frequency, and impact of artifacts fromOCT ac-
quisition and caused by different tissue types, and whether pre-processing
images improves plaque characterization and number of frames analyzable
frames.

2. Methods

2.1. Ex-vivo imaging and clinical trial datasets

A post-mortem ex-vivo dataset described previously ([10] and Supple-
mental Methods) along with consecutive DECODE study (NCT02335086)
Fig. 1. Image processing software and study outline. (A) Schematic of ex-vivo study outli
the artifact removal software, and both corrected and uncorrected frames subsequently c
was loaded, and vessel lumen and guidewire shadowdetected utilizing a deep convolutio
splitting into its RGB (red, green, blue) color channels. After Fourier transform filtering
image, resulting in an artifact-free output image. 2.0× magnification images sampled f
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[11] patients that underwent OCT prior to culprit lesion PCI, and ASET-
JAPAN [12] patients that underwent OCT as part of stent deployment in
a study assessing prasugrel in chronic coronary syndromes was used to ex-
amine the range, frequency, and impact of OCT artifacts (Fig. 1A).

2.2. Artifact correction algorithm

After acquisition, OCT images were exported in Digital Imaging and
Communications in Medicine (DICOM) format, before undergoing Fourier
transform. The Fourier transform decomposes a spatial domain image
into its sine and cosine components, with its output representing the
image in the frequency domain, and number of frequencies corresponds
to the number of pixels in the spatial domain image. In the Fourier domain,
each point represents a particular frequency contained in the spatial do-
main image and is obtained by multiplying the spatial image with the cor-
responding base function (sine and cosine waves with increasing
frequencies) and summing the result. In most implementations the Fourier
ne. 6916 OCT frames from 13 donors were assessed for artifacts, processed through
o-registered with histology. (B) Artifact removal. The original Cartesian OCT image
nal neural network. The Cartesian imagewas then converted to a polar image, before
, and inverse transform, the image was reconstructed and merged with the original
rom outlined areas.
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image is shifted such that the image mean is displayed in the center of the
image, with higher frequencies further from the center. Because Fourier do-
main images are decomposed into sinusoidal components, certain frequen-
cies of the image may be processed, thus asserting an influence on the
image when it is re-transformed to the spatial domain by the inverse Fou-
rier transform.

Cartesian images were converted to polar orientation and split into
component color channels before Fourier transform. In polar orientation,
OCT artifacts appear at consistent points in the frequency domain. Fre-
quency filtering was utilized to alter magnitude of artifact pixels such that
image re-transformation resulted in artifact removal (Fig. 1B). Fourier
transform of OCT images resulted in lumen and guidewire shadow process-
ing artifacts, so these areas were detected via a Deep Convolutional Neural
Network (Deeplabv3+) trained from manually segmented OCT pullbacks.
Corrected OCT images displayed a smoothed appearance that could affect
plaque characterization. The final artifact-free output image was therefore
a blended filtered Fourier-transformed image with the original OCT
image. Python 3.8 was used as the primary programming language with
PyTorch 2.0 for the deep learning framework.

2.3. Plaque and tissue definitions and measurements

Exported OCT frames were processed and uncorrected and artifact-
corrected OCT images compared offline using a LightLab Imaging worksta-
tion (St. Jude Medical) by an independent observer blinded to histology.
Lumen contours and plaque composition were assessed. Plaques were clas-
sified following standard definitions ([6] and Supplemental Methods), lipid
and calcium arc measurements recorded within each frame, and minimum
FCT (fibrous cap thickness) measured at its thinnest part 3 times and mean
value used. Histological sections and imaging data were measured in a ran-
dom order.

2.4. Measurements & Statistical Analysis

Vessel lumen sizes are expressed in millimeters, tissue measure-
ments in microns and arcs in degrees. Agreement between imaging or
with histology was compared using the intraclass correlation coefficient
(ICC) for absolute agreement, Bland–Altman plots to compare mean
against difference in measurements, and Pearson's correlation coeffi-
cient with linear regression (r2). Statistical significance threshold was
set at 0.05. Statistical analyses were performed in SPSS 28.0.0 (SPSS
Inc., IBM Computing).

3. Results

3.1. Frequency, range, and correction of ex-vivo artifacts

Wefirst analyzed ex-vivoOCT pullbacks for artifacts, and then processed
images for artifact correction before comparison with co-registered histol-
ogy (Fig. 1). Fourteen post-mortem left anterior descending arteries were
harvested and underwent OCT imaging under physiological pressures.
Demographics are presented in Table S1. 6916 frames representing
1383 mm of coronary artery were analyzed up to the guide catheter and
the most dominant artifact recorded. 48.0 % frames contained an artifact.
An artifact was over or within a lesion in 62.7 % frames and prevented ac-
curate clinical measurements in 853/6916 (12.3 %) frames (Fig. 2, upper
panel).

All frames underwent processing, with corrected deemed if the artifact
was no longer visible or affected clinical measurements (Fig. 2, lower
panel). 70.4 % artifacts were corrected, with tissue reconstruction in
63% frames that would otherwise prevent accurate clinical measurements,
reducing overall unmeasurable frames to 4.6 %. Tissue reconstruction was
achieved in all thrombus, macrophage shadow, superficial signal dropout,
inadequate flushing, and gas bubble artifacts. Tangential signal dropout,
seam and fold-over artifacts could not be corrected adequately by this
method alone.
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3.2. Artifact correction does not alter vessel size or shape and is non-detrimental
to higher-risk plaque measurements

We next examined whether correction adversely affected important
measurements for PCI and identification of higher-risk plaque features
[8,13–16](Fig. 3). Corrected and uncorrected minimum (Fig. 3A) andmax-
imum lumen diameters and lumen areas showed excellent agreement (ICC
0.98, p < 0.01; 0.97, p < 0.01; ICC 0.99 p < 0.01 respectively). Artifact
corrected OCT-derived FCT measurements correlated better with
histology-derived measurements (ICC 0.54, p = 0.005, vs. ICC 0.30, p =
0.195)(Fig. 3B). Uncorrected lipid arc measurements showed moderate
correlation (ICC 0.55) but with proportional bias (p = 0.02), with larger
measurements compared to histology (mean difference 22.65 vs. 8.86).
Corrected lipid arcs also showedmoderate correlation, but without propor-
tional bias (ICC 0.52, p = 0.009), indicating that artifact correction does
not adversely alter lipid arc measurements (Fig. 3C). Both uncorrected
and corrected OCT-derived calcium arc correlated well with histology
(ICC 0.87, p = 0.002 and 0.88, p = 0.001 respectively)(Fig. 3D).

3.3. Artifact correction improves classification of intimal thickening and
fibroatheromas

We examined the effect of pre-processing on plaque classification in
OCT frames containing artifacts co-registeredwith 108 histological sections
(Table 1). Uncorrected-OCT plaque classification agreed with histological
classification in only 56.5 % frames containing artifacts. Agreement was
only 52.5 % for fibrous tissue (AIT or PIT) and 49.1 % for fibroatheroma
frames, which improved to 75 % and 56.6 % respectively with correction
(Table 1). Incorrectly identified fibroatheroma frames had more artifacts
(27 vs. 4) and typically a thick fibrous cap or large fibrous tissue area
(Fig. 4). Fibrocalcific lesions were accurately identified throughout.

The reported positive (PPV) and negative predictive (NPV) values and
diagnostic accuracy of OCT for plaque classification against histology are
variable [10,17–19] and potentially worse with artifacts. Artifact correc-
tion improved PPV, NPV and diagnostic accuracy for fibrous plaque,
fibroatheroma and fibrocalcific plaque (Table 1). Correction also improved
sensitivity and specificity of thin-cap fibroatheroma (TCFA, defined as FCT
<65 μm) identification against histology whilst also improving PPV. Al-
though correction reduced sensitivity to detect lipid arc>180 degrees, it in-
creased specificity (Table 1).

3.4. Artifact correction reconstructs tissue in clinical OCT pullbacks

We next tested the effect of pre-processing in clinical trials using 2919
frames from 12 full OCT pullbacks from patients from the DECODE study
(demographics are shown in Table S2). 69.3 % contained artifacts. Com-
pared to ex-vivo, the clinical pullbacks contained proportionally more inad-
equate flushing and superficial signal dropout artifacts but fewer gas
bubble, seam, tangential signal dropout, and thrombus artifacts. An artifact
was over or within a lesion in 40.5 % frames, preventing accurate clinical
measurements in 10.0 % frames (Table S3).

3.5. Artifact correction allows more clinical measurements and does not alter
clinically important measurements in high-risk plaques

Pre-processing corrected 90.4 % artifacts in DECODE images. 291 arti-
facts prevented accurate clinical measurements, but tissue reconstruction
was achieved in 244 frames. In contrast to ex-vivo pullbacks, only 72.9 %
of thrombus artifacts were corrected, most likely as thrombus was larger
in-vivo than ex-vivo and cast a large, dense shadow.

Artifact correction is particularly relevant to clinical trials, as TCFA
and large lipid arcs predict MACE [8,13,14]. 11 TCFA comprising 116
frames were examined, of which 37.1 % contained an artifact, all of
which prevented accurate measurements (Table S3). Reconstruction
was achieved for all macrophage shadows, increasing measurable
frames in TCFA by 74.4 %. Corrected FCT and lipid arc measurements
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Fig. 2. Pre-processing corrects a wide range of OCT artifacts. Upper panel: The proportion and types of artifacts present ex-vivo. 3318/6916 frames (48.0 %) contained an
artifact. 853/6916 frames contained artifacts which prevented accurate clinical measurements. Lower panel: uncorrected OCT image (left), corrected image (right)
showing artifacts due to (A) Gas Bubbles, (B) Inadequate Flushing, (C) Macrophage shadow, (D) Seam Artifact, (E) Tangential Signal Drop Out, (F) Thrombus. 2.0×
magnification images are sampled from outlined areas.
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correlated well with uncorrected measurements in TCFAs (ICC 0.75,
p≤0.001 and ICC 0.99, p≤0.001 respectively), indicating that artifact
correction in TCFAs does not adversely alter clinically important mea-
surements (Fig. 5).

3.6. Imaging artifacts in modern OCT-systems

To exclude the possibility that newer OCT catheters and technology ne-
gate need for artifact correction, we also analyzed 10 pullbacks represent-
ing 659 mm of coronary artery from randomly selected patients from the
ASET-JAPAN study [12]. Although ASET-JAPAN pullbacks contained
fewer artifacts that prevented accurate clinical measurements, the inci-
dence and range of artifacts was similar with newer C8-XRTM or
OPTISTM compared to older C7 catheters (Abbott Vascular, Santa Clara,
CA, USA) (Table S4).
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4. Discussion

We find that (a) Post-mortem and clinical OCT pullbacks contain a
similar and wide range of artifacts; (b) Artifacts were present in
~50 % of frames at post-mortem, 62.7 % over or within a plaque, and
12.3 % prevented accurate measurement of plaque features; (c) Arti-
facts were present in 69.3 % of clinical OCT pullbacks, over or within
a lesion in 40.5 %, and prevented accurate clinical measurements in
10.0%; (d) Image pre-processing corrected >70% of artifacts, including
all macrophage shadow, inadequate flushing, and gas bubble artifacts,
and most thrombus artifacts; (e) Pre-processing reduced unmeasurable
frames to <5 % ex-vivo and ~ 1 % in-vivo; (f) Pre-processing improved
accuracy of fibrous plaque and fibroatheroma detection vs. histology,
and did not affect lumen measurements or higher risk features such as
FCT or lipid arcs; (g) Correction changed plaque classification and



Fig. 3.Artifact correction does not alter vessel size or shape and is non-detrimental tomeasurement of higher-risk plaque features. Comparison ofmeasurements taken on (left
to right) uncorrected-OCT, artifact-corrected OCT, and co-registered histology section; with both correlation plot and Bland-Altman (B-A) showing agreement between
measurements. Intraclass correlation coefficient (ICC) and R2 are shown. (A) Comparison of minimum lumen diameter measurements; with agreement between minimum
lumen diameter measurements taken on uncorrected and artifact-corrected OCT images shown. (B) FCT measured. Correlation plot and B-A plot showing agreement
between FCT measured on artifact-corrected OCT images and histology. (C) Lipid arc measured; with correlation plot and B-A analysis showing agreement between
corrected OCT images and histology. (D) Calcium arc measured; with correlation plot and B-A analysis showing agreement between corrected OCT images and histology.
Upper and lower 95 % confidence intervals (green) and average difference (red) are shown for all Bland-Altman plots.

Table 1
Accuracy of uncorrected-OCT and artifact-correctedOCT plaque classification, TCFA classification, and identification of higher-risk plaque features comparedwith histology.

Uncorrected-OCT Histological classification

Normal (n = 3) Fibrous (AIT/PIT) (n = 40) FA (n = 53) Fibrocalcific (n = 12) TCFA (n = 21) Lipid Arc > 180ο (n = 14)

Uncorrected-OCT
Correctly Identified (n) 2/3 21/40 26/53 12/12 7/21 10/14
Sensitivity (%) 66.7 70.0 49.1 100.0 33.3 71.4
Specificity (%) 93.3 86.8 81.8 78.1 86.2 81.4
PPV (%) 22.2 69.0 72.2 36.4 45.4 36.4
NPV (%) 99.0 75.5 62.5 100 79.0 95.0
Diagnostic Accuracy (%) 92.6 73.3 65.7 80.6 75.9 79.0

Artifact-corrected OCT
Correctly Identified (n) 3/3 30/40 30/53 12/12 10/21 7/14
Sensitivity (%) 100.0 75.0 56.6 100.0 52.4 53.9
Specificity (%) 95.2 86.8 92.7 84.4 89.8 88.1
PPV (%) 37.5 76.9 88.2 44.4 63.9 40.2
NPV (%) 100 85.5 68.9 100.0 84.6 92.8
Diagnostic Accuracy (%) 95.4 82.4 75.0 86.1 80.0 80.0

Estimates of diagnostic performance. Fibrous includes AIT and PIT; FA, fibroatheroma; TCFA, Thin-cap fibroatheroma; NPV, negative predictive value; PPV, positive predic-
tive value.
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prevented artifact-related measurement errors in clinical OCT
pullbacks, including for TCFAs.

Consensus standards recommend using only good-quality OCT images
without artifacts for measurements [8]. However, the true OCT artifact bur-
den is unknownwith reports up to 11.2 % unusable frames [20], or studies
have strict eligibility criteria that include a continuous arc of at least 270
degrees around the lumen center and qualitative definition of superficial
plaque components [14], both of which limit analyzable frames. Similarly,
we find artifacts prevented accurate clinical assessment in 10.0 % of OCT
frames. Artifacts also cause clinical misinterpretation, with tangential sig-
nal dropout and signal attenuation leading to signal-poor areas being mis-
taken for lipid-rich regions [6]. While inter- and intra-observer variability
is low for OCT in highly experienced, high-volume operators [21], inexpe-
rienced users have significantly worse plaque assessment via OCT [9], and
variability may be higher in real-time analysis where artifacts may not be
recognized.

We demonstrate that ex-vivo OCT pullbacks demonstrate a large range
of artifacts affecting accurate measurement of plaque features. Published
studies report high accuracy of ex-vivo OCT to identify plaque tissues
[22,23] and classification [24,25].Wefind that although accuracy to detect
normal tissue was high, the ability of uncorrected-OCT to identify fibrous
plaques andfibroatheromawas lower (73.3% and 65.7% respectively). Ar-
tifacts preventing accurate classification were commonly due to shadows
on surrounding tissue or light absorption. For example, macrophages caus-
ing superficial shadowing that resembles lipid-rich plaque or thin-cap
fibroatheromas. In contrast, pre-processing improved sensitivity and diag-
nostic accuracy to detect fibrous plaques and fibroatheroma.

Thin fibrous caps and large lipid arcs are prognostic features for future
MACE. However, while FCT detected by OCT and histology show good cor-
relation and diagnostic accuracy [25], the reported positive predictive
value of OCT for TCFA identification against histology varies between 37
and 41 % [17,26] which may partly explain the very different incidence
of TCFA in OCT studies vs. histology (1.6 % vs. 6.9 % in non-ACS and
44.4 % in ACS plaques) [17–19]. Reasons for this include strong scattering
and attenuation of near infra-red light and attenuation by large lipid cores
[17] and artifacts that affectmeasurement accuracy. FCT and lipid arcmea-
surements require high accuracies, as thin caps are defined in microns, and
whilst the reported changes are greater with drugs such as Evolocumab
[27], drugs that reduce MACE such as high-intensity statins increase FCT
by only~20 μmand decrease lipid arc by only 12.4 degrees in some studies
[28,29].

In addition to plaque classification, a minimal lumen area (MLA)
<3.5mm2, high plaque burden, small FCT, and large lipid arc are associated
with increased MACE [13,30]. As well as providing accurate vessel sizing,
OCT also helps identify suitable landing zones for PCI that avoid calcium-
rich areas, or assessing calcification thatmay require adjunctive treatments.
Image pre-processing did not alter lumen area, and maximum and mini-
mum lumen diameters ex-vivo or in clinical studies, or the accuracy of
FCT or lipid arc measurements vs. histology, indicating that artifact correc-
tion does not alter clinically important plaque or coronary lumen measure-
ments.

Our work has some limitations. First, the post-mortem study examined
13 OCT pullbacks and findings should be validated in larger data sets; how-
ever, 108 OCT frames with 108 ROI were co-registered with histology from
the entire pullback rather than just specific plaque types, suggesting a ro-
bust applicability to clinical OCT. Second, the range and frequency of arti-
facts may vary in different clinical studies vs. ex-vivo. However,
prevalence of artifacts that affect tissue type identification, plaque
Fig. 4. Correctly and incorrectly OCT-classified fibroatheroma and fibrous tissue exampl
with corresponding co-registered histology section. (D\\F) Example of an incorrectly id
with dense fibrous tissue is seen (F). (G-I) Adaptive intimal thickening correctly identifi
tissue and intimal thickening. (J-L) Example of incorrectly identified section of patholo
defined borders and fast OCT signal drop-off classified as a fibroatheroma (J). Corr
classified as fibrous plaque (K). 2.0× magnification images sampled from outlined area
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classification, and measurements was similar between ex-vivo and in-vivo
datasets, even with newer catheters. Third, the clinical OCT analysis does
not define the true incidence of TCFA, and artifacts from tangential signal
dropout or macrophage shadows may mimic TCFAs on OCT. However, al-
though our pre-processing could not restore fold-over, seam and tangential
signal dropout artifacts, it significantly improved sensitivity and accuracy
of tissue type detection and plaque classification. Finally, co-registration be-
tween OCT and histology is challenging and small longitudinal mismatches
may influence correlations of measurements. However, an experienced im-
aging specialist performed all co-registration blinded to plaque classifica-
tion, and there was a good correlation between both corrected and
uncorrected FCT and lipid arc between OCT and histology.

5. Conclusion

We find a high frequency of artifacts in OCT images from clinical
datasets, including over or within lesions that prevent accurate mea-
surements. Fourier transform-based pre-processing corrects a wide
range of common OCT artifacts, improving identification of higher-
risk features and plaque classification, and allowing more of the whole
dataset to be used for clinical decision-making and in research. We con-
clude that image preprocessing may be a useful adjunct to OCT image
analysis.
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Fig. 5. Artifact correction does not alter measurements of FCT or lipid arc at sites of TCFA. (A-B) Fibrous cap thickness and lipid arc measured on artifact-corrected OCT
images (A) and uncorrected images (B). (C) Bland-Altman plot of FCT measurements on corrected vs. uncorrected-OCT images. (D) Bland-Altman plot of lipid arc
measurements on corrected-OCT images compared with uncorrected-OCT images. Statistically similar correlations are seen with both clinical parameters. 95 %
confidence intervals (CI) are shown.
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