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ORIGINAL RESEARCH

Gut Microbiota and Coronary Plaque 
Characteristics
Akihiro Nakajima, MD; Satoru Mitomo, MD; Haruhito Yuki , MD; Makoto Araki , MD, PhD; 
Lena Marie Seegers, MD; Iris McNulty, RN; Hang Lee, PhD; David Kuter, MD, DPhil; Midori Ishibashi, MT; 
Kazuna Kobayashi; Jouke Dijkstra , PhD; Hirokazu Onishi , MD; Hiroto Yabushita, MD; 
Satoshi Matsuoka , MD, PhD; Hiroyoshi Kawamoto, MD; Yusuke Watanabe, MD; Kentaro Tanaka, MD; 
Shengpu Chou, MD, PhD; Toru Naganuma, MD; Masaaki Okutsu, MD; Satoko Tahara, MD, PhD; 
Naoyuki Kurita, MD; Shotaro Nakamura, MD; Suman Das , PhD; Sunao Nakamura , MD, PhD, 
FAHA; Ik- Kyung Jang , MD, PhD, FAHA

BACKGROUND: The relationship between gut microbiota and in vivo coronary plaque characteristics has not been reported. This 
study was conducted to investigate the relationship between gut microbiota and coronary plaque characteristics in patients 
with coronary artery disease.

METHODS AND RESULTS: Patients who underwent both optical coherence tomography and intravascular ultrasound imaging 
and provided stool and blood specimens were included. The composition of gut microbiota was evaluated using 16S rRNA 
sequencing. A total of 55 patients were included. At the genus level, 2 bacteria were associated with the presence of thin- cap 
fibroatheroma, and 9 bacteria were associated with smaller fibrous cap thickness. Among them, some bacteria had signifi-
cant associations with inflammatory/prothrombotic biomarkers. Dysgonomonas had a positive correlation with interleukin- 6, 
Paraprevotella had a positive correlation with fibrinogen and negative correlation with high- density lipoprotein cholesterol, 
Succinatimonas had positive correlations with fibrinogen and homocysteine, and Bacillus had positive correlations with fi-
brinogen and high- sensitivity C- reactive protein. In addition, Paraprevotella, Succinatimonas, and Bacillus were also associ-
ated with greater plaque volume. Ten bacteria were associated with larger fibrous cap thickness. Some were associated with 
protective biomarker changes; Anaerostipes had negative correlations with trimethylamine N- oxide, tumor necrosis factor α, 
and interleukin- 6, and Dielma had negative correlations with trimethylamine N- oxide, white blood cells, plasminogen activator 
inhibitor- 1, and homocysteine, and a positive correlation with high- density lipoprotein cholesterol.

CONCLUSIONS: Bacteria that were associated with vulnerable coronary plaque phenotype and greater plaque burden were 
identified. These bacteria were also associated with elevated inflammatory or prothrombotic biomarkers.

REGISTRATION: URL: https://www.umin.ac.jp/ctr/; Unique identifier: UMIN000041692.

Key Words: 16S rRNA ■ biomarkers ■ coronary artery disease ■ gut microbiota ■ intravascular ultrasound ■ optical coherence 
tomography ■ vulnerable plaque

Recently, the role of gut microbiota in various health 
conditions has been gaining attention.1– 3 Dysbiosis 
of gut microbiota and microbial metabolites, such 

as trimethylamine N- oxide (TMAO) and short- chain 

fatty acid, were reported to have strong associations 
with cardiovascular diseases such as atherosclero-
sis, heart failure, and hypertension.1,2,4– 6 However, the 
link between changes in gut microbiota and coronary 
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plaque destabilization is missing. Detection of vulnera-
ble plaque features including thin fibrous cap, macro-
phages, and coronary atheroma volume have become 
possible with optical coherence tomography (OCT) 
and intravascular ultrasound (IVUS).7,8 However, the 
relationship between gut microbiota and coronary 
plaque phenotype has not been systematically stud-
ied. In the current pilot proof- of- concept study, we 
evaluated the detailed relationship between gut micro-
biota composition and structure and coronary plaque 
characteristics using intravascular imaging modalities 
in patients with coronary artery disease. We also cor-
related these findings with traditional inflammatory and 
prothrombotic biomarkers.

METHODS
The data that support the findings of this study are 
available from the corresponding author upon reason-
able requestion.

Study Population
Patients with stable angina pectoris (SAP) or acute cor-
onary syndromes (ACS) undergoing cardiac catheteri-
zation were prospectively enrolled (UMIN000041692) 
at New Tokyo Hospital in Japan from October 2020 
until April 2021. In the microbiome substudy, patients 
who provided both fecal and blood specimens were 
included (Figure  S1). Detailed descriptions of study 
population and definitions are provided in Data S1. The 
study protocol was approved by the institutional ethics 
committees at New Tokyo Hospital and Massachusetts 
General Hospital. Written informed consent was pro-
vided by all participants.

Coronary Angiography Analysis
Methods for coronary angiographic analysis are de-
scribed in Data S1.

OCT and IVUS Image Acquisition and 
Analysis
OCT imaging was performed using the frequency- 
domain OPTIS imaging system (Abbott). IVUS imag-
ing was performed using iLab (Boston Scientific) or 
VISICUBE (Terumo). Aspiration thrombectomy was 
allowed before intravascular imaging in patients with 
thrombolysis in myocardial infarction flow grade <2 
and/or occlusive thrombus. All OCT and IVUS im-
ages were submitted to the Massachusetts General 
Hospital core laboratory. OCT and IVUS image anal-
ysis was performed using offline review worksta-
tions (Ilumien Optis) (QCU- CMS- RESEARCH version 
4.69; Leiden University Medical Center, Leiden, the 
Netherlands) by investigators who were blinded to 
the clinical, angiographic, and laboratory data. On 
OCT, lipid was defined as a low- signal region with dif-
fuse border.8,9 The degree of lipid arc was measured 
at 1- mm intervals. Lipid length was measured on the 
longitudinal view, and lipid index was obtained as the 
product of mean lipid arc and lipid length.10 Lipid- rich 
plaque was defined as a plaque with a maximal lipid 
arc >90°.11 In lipid plaques, fibrous cap thickness (FCT) 
was measured 3 times at the thinnest part, and the 
average value was calculated. Thin- cap fibroatheroma 
(TCFA) was defined as a plaque with a maximal lipid 
arc >90° and FCT  ≤65 μm (Figure  S2).12 Additional 
OCT analysis was performed according to the previ-
ously established criteria as described in Data  S1.8,9 
Good intraobserver and interobserver agreement was 
noted in the identification of TCFA (κ, 0.89 and 0.88, 

CLINICAL PERSPECTIVE

What Is New?
• In the current study, we investigated the de-

tailed relationship between gut microbiota and 
coronary plaque characteristics using both op-
tical coherence tomography and intravascular 
ultrasound.

• Bacteria associated with favorable and unfa-
vorable plaque characteristics were identified.

• Some bacteria associated with vulnerable 
plaque features also had significant associations 
with inflammatory/prothrombotic biomarkers.

What Are the Clinical Implications?
• Gut microbiota may play an important role in 

vulnerable plaque formation. Large- scale stud-
ies with long- term follow- up are required to con-
firm the findings of this pilot study.

• Once the current findings are confirmed, the 
microbiome may be used not only for risk strati-
fication but also for identification of potential 
therapeutic targets.

Nonstandard Abbreviations and Acronyms

EEM external elastic membrane
FCT fibrous cap thickness
LDA linear discriminant analysis
PAV percent atheroma volume
PB plaque burden
SAP stable angina pectoris
SCFA short- chain fatty acid
TAVnormalized normalized total atheroma 

volume
TCFA thin- cap fibroatheroma
TMAO trimethylamine N- oxide
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respectively). In IVUS analysis, cross- sectional area of 
the external elastic membrane (EEM) and lumen area 
were measured at 1- mm intervals. Percent atheroma 
volume (PAV), plaque burden (PB), and normalized 
total atheroma volume (TAVnormalized) were calculated 
as follows: PAV=Σ (EEM area– lumen area)/Σ EEM 
area×100.13 PB=(EEM area at minimal lumen area site– 
minimal lumen area)/EEM area at minimal lumen area 
site.14 TAVnormalized=Σ (EEM area– lumen area)/number of 
images in pullback×median number of images.13

Fecal Sampling, DNA Extraction, and 
Sequencing
Fecal samples were collected using Mykinso fecal 
collection kits containing guanidine thiocyanate solu-
tion (Cykinso, Tokyo, Japan) and stored at 4°C. DNA 
extraction from the fecal samples was performed 
using an automated DNA extractor (GENE PREP 
STAR PI- 480; Kurabo Industries, Osaka, Japan) ac-
cording to the manufacturer’s protocol. The V1 to V2 
region of the 16S rRNA gene was amplified using for-
ward primer (16S_27Fmod: TCG TCG GCA GCG TCA 
GAT GTG TAT AAG AGA CAG AGR GTT TGA TYM 
TGG CTC AG) and reverse primer (16S_338R: GTC 
TCG TGG GCT CGG AGA TGT GTA TAA GAG ACA 
GTG CTG CCT CCC GTA GGA GT) with KAPA HiFi 
Hot Start Ready Mix (Roche). To sequence 16S ampli-
cons by Illumina MiSeq platform, dual index adapters 
were attached using the Nextera XT Index kit. Each 
library was diluted to 5 ng/μL, and equal volumes of 
the libraries were mixed to 4 nM. The DNA concen-
tration of the mixed libraries was quantified by quan-
titative polymerase chain reaction with KAPA SYBR 
FAST quantitative polymerase chain reaction master 
mix (KK4601; KAPA Biosystems) using primer 1 (AAT 
GAT ACG GCG ACC ACC) and primer 2 (CAA GCA 
GAA GAC GGC ATA CGA). The library preparations 
were performed according to 16S library preparation 
protocol of Illumina (Illumina, San Diego, CA). Libraries 
were sequenced using the MiSeq Reagent Kit v2 (500 
cycles), 250 bp paired- end. The median interval be-
tween catheterization and the collection of fecal sam-
ples was 23.0 (17.0– 43.0) hours.

Taxonomy Assignment Based on 16S 
rRNA Gene Sequences
The paired- end reads of the partial 16S rRNA gene 
sequences were analyzed by using QIIME 2 (version 
2020.8).15 The steps for data processing and assign-
ment based on the QIIME 2 pipeline were as follows: 
(1) DADA2 for joining paired- end reads, filtering, and 
denoising; (2) assigning taxonomic information to each 
Amplicon sequence variant using naive Bayes classi-
fier in QIIME 2 classifier with the 16S gene of V1 to 
V2 region data of SILVA (version 138) to determine the 

identity and composition of the bacterial genera.16 The 
minimum number of reads before including analysis 
was 10 000.

Blood Biomarker Analysis
The blood samples for biomarker analysis were col-
lected from the patients within 12 hours before the pro-
cedure. Details of biomarker analysis are described in 
Data S1.

Statistical Analysis
Categorical data are presented as counts and per-
centages, and are compared using the χ2 test or 
Fisher exact test, as appropriate. Continuous data 
are presented as mean±standard deviation or median 
(25th– 75th percentile), as appropriate, depending on 
the normality of distribution. Between- group differ-
ences in continuous variables were compared using 
the Student t test or Mann- Whitney U test, as appro-
priate. The q values were false discovery corrected 
using the Benjamin- Hochberg method for multiple 
testing. α- diversity was measured using the Shannon 
index. Principal coordinate analysis was performed 
using QIIME based on the unweighted UniFrac dis-
tances. Linear discriminant analysis (LDA) effect size 
was used to identify specific bacterial features that 
were different between groups. The threshold of the 
logarithmic LDA score for discriminative features was 
set to 2.0. LDA and cladogram analysis were per-
formed using data from phyla to genus level. The cor-
relation analysis of bacterial features and quantitative 
OCT/IVUS analysis, and bacterial features and labo-
ratory biomarkers were performed using Spearman 
rank- order correlation (adjustment for multiple test-
ing was not performed). Analyses were performed 
with SPSS (version 25 for Windows; IBM, Armonk, 
NY) and R 3.51 software (R Foundation for Statistical 
Computing, Vienna, Austria).

RESULTS
Patient Characteristics and OCT/IVUS 
Findings
Patient characteristics are shown in Table 1. Among 
55 patients, 42 patients (76.4%) were men and the 
majority of patients presented with SAP. OCT and 
IVUS findings are shown in Table  2. Among 55 
patients, 51 (92.7%) had lipid rich plaque and 17 
(30.9%) had TCFA at the culprit lesion. Out of the 9 
patients presenting with ACS, 7 (77.8%) had plaque 
rupture, and 2 (22.2%) had plaque erosion at the cul-
prit lesion. The results of biomarker analysis and an-
giographic analysis are shown in Tables S1 and S2, 
respectively.
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Gut Microbiota Composition in Patients 
With ACS Versus SAP

Differences in gut microbial composition between 
patients who presented with ACS and SAP are shown 
in Figure  1 and Figure  S3. The Shannon index was 
higher in patients presenting with ACS than in those 
with SAP, although the difference did not reach 
statistical significance (P=0.060) (Figure  1A). The 
Firmicutes/Bacteroidetes ratio was not significantly 
different between the 2 groups (Figure  1B). A clear 
trend was not observed in principal coordinate analy-
sis (Figure 1C). Clear trends were not observed in the 
Firmicutes/Bacteroidetes ratio and principal coordinate 
 analysis. LDA shows that 5 bacteria at the family level 
(Christensenellaceae, Synergistaceae, Marinifilaceae, 
Desulfovibrionaceae, and Pseudomonadaceae) and 
5 bacteria at the genus level (Christensenellaceae R7 
group, Cloacibacillus, Paraprevotella, Butyricimonas, 
and Bilophila) (excluding unidentified bacteria and am-
biguous taxa) were associated with ACS (Figure 1D). 
Two bacteria at the genus level (Lachnospira and Fusi
catenibacter) were associated with SAP (Figure  1D). 
Cladogram revealed the following lineages were asso-
ciated with ACS: Desulfobacterota– Desulfovibrionia- 
Desulfovibrionales– Desulfovibrionaceae- Bilophila, 
Synergistota– Synergistia –  Synergistales– Synergi staceae–  
 Cloacibacillus, Christensenellales– Christensenellaceae- 
Christensenellaceae R7 group, and Marinifilaceae- 
Butyricimonas (Figure 1E).

Gut Microbiota Composition and OCT 
Features
Differences in gut microbial composition in patients with 
and without specific qualitative OCT features are shown 
in Figure 2 and Figures S4 through S9. LDA shows that 
Enterobacteriaceae and Christensenellaceae at the fam-
ily level, and Eubacterium eligensgroup at the genus level 
were associated with the presence of lipid rich plaque 

Table 1. Patient Characteristics (N=55)

Characteristic Value

Age, y 71.1±11.8

BMI 25.3±3.6

Men, n (%) 42 (76.4)

Clinical presentation

Stable angina pectoris, n (%) 46 (83.6)

STEMI, n (%) 3 (5.5)

NSTE- ACS, n (%) 6 (10.9)

Prior MI, n (%) 5 (9.1)

Prior PCI, n (%) 17 (30.9)

Prior CABG, n (%) 0 (0.0)

Hypertension, n (%) 46 (83.6)

Dyslipidemia, n (%) 46 (83.6)

Diabetes, n (%) 19 (34.5)

Treatment of diabetes, n (% in patients with diabetes)

Diet 8 (42.1)

Oral medication 10 (52.6)

Oral medication and insulin 1 (5.3)

Renal insufficiency, n (%) 15 (27.3)

Family history of CAD, n (%) 2 (3.6)

Smoking

Current smoker, n (%) 8 (14.5)

Past smoker, n (%) 28 (50.9)

Never smoker, n (%) 19 (34.5)

Creatinine, mg/dL 0.93±0.26

Total cholesterol, mg/dL 182.3±34.8

Low- density lipoprotein 
cholesterol, mg/dL

104.6±27.0

High- density lipoprotein 
cholesterol, mg/dL

52.2±14.6

Triglycerides, mg/dL 125.0 (84.0– 163.0)

HbA1c, % 6.1 (5.7– 6.6)

WBC, count/μL 6771±1997

Hemoglobin, g/dL 13.8±1.6

Hematocrit, % 40.5±4.2

Platelets, 103/μL 215.2±66.1

hs- CRP, mg/dL 0.09 (0.05– 0.12)

BNP, pg/mL 16.2 (9.6– 53.9)

LVEF, % 63.4 (58.0– 66.0)

Medication at admission

Aspirin, n (%) 37 (67.3)

P2Y12 inhibitor, n (%) 33 (60.0)

Warfarin, n (%) 0 (0.0)

DOAC, n (%) 6 (10.9)

Statin, n (%) 36 (65.5)

PCSK9 inhibitor, n (%) 0 (0.0)

β- Blocker, n (%) 12 (21.8)

ACEI/ARB, n (%) 28 (50.9)

Antibiotic, n (%) 0 (0.0)

 (Continued)

Characteristic Value

Culprit vessel

LAD, n (%) 39 (70.9)

LCX, n (%) 8 (14.5)

RCA, n (%) 8 (14.5)

Values are mean±SD, n (%), or median (interquartile range). ACEI/ARB 
indicates angiotensin- converting enzyme inhibitor/angiotensin II receptor 
blocker; BMI, body mass index; CABG, coronary artery bypass graft; BNP, 
B- type natriuretic peptide; CAD, coronary artery disease; DOAC, direct oral 
anticoagulant; HbA1c, glycosylated hemoglobin; hs- CRP, high- sensitivity C- 
reactive protein; LAD, left anterior descending artery; LCX, left circumflex 
artery; LVEF, left ventricular ejection fraction; MI, myocardial infarction, 
NSTE- ACS, non– ST- segment– elevation acute coronary syndrome; PCI, 
percutaneous coronary intervention; PCSK9, proprotein convertase 
subtilisin/kexin type 9; RCA, right coronary artery; STEMI, ST- segment– 
elevation myocardial infarction; and WBC, white blood cell.

Table 1. Continued
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(Figure 2A), and Dysgonomonadaceae at the family level 
and Dysgonomonas and Paraprevotella at the genus level 
were associated with the presence of TCFA (Figure 2B), 
and UCG010 (belonging to the Oscillospirales order) at 
the family level and an unidentified bacterium (belonging 
to the Oscillospiraceae family) at the genus level were as-
sociated with the presence of macrophages (Figure 2C). 
In addition, 1 bacterium, 5 bacteria, and 2 bacteria at the 
genus level were associated with presence of microves-
sels, cholesterol crystal, and layered phenotype, respec-
tively (Figure 2D, 2E, and 2G). Four bacteria at the family 
level and 8 bacteria at the genus level were associated 
with the presence of calcification (Figure 2F).

The correlations between gut bacteria at the genus 
level and quantitative OCT features are shown in Figure 3 

(correlations between gut microbiota at the family level 
and quantitative OCT features are shown in Figure S10). At 
the genus level, 9 bacteria (7 bacteria excluding unidenti-
fied bacteria) had an association with unfavorable plaque 
phenotypes and an inverse correlation with FCT, and 10 
bacteria (6 bacteria excluding unidentified bacteria) were 
associated with favorable plaque phenotypes with posi-
tive correlations with FCT. In addition, the following bacte-
ria had a strong correlation (P<0.01) with quantitative OCT 
features of plaque vulnerability; Faecalibacterium had a 
positive correlation with area stenosis, an uncultured 
bacterium (belonging to the Peptococcaceae family) had 
a negative correlation with FCT, and Desulfovibrio had a 
positive correlation with lipid index.

Gut Microbiota and IVUS Features
The correlations between gut bacteria at the genus 
level and quantitative IVUS features are shown in 
Figure  3 (correlations between gut microbiota at the 
family level and quantitative IVUS features are shown 
in Figure  S10). Eighteen bacteria, 7 bacteria, and 12 
bacteria (14 bacteria, 3 bacteria, and 10 bacteria ex-
cluding unidentified bacteria and ambiguous taxa) 
were associated with positive correlations with PAV, 
PB, and TAVnormalized, respectively. At the genus level, 
the following bacteria had a strong correlation (P<0.01) 
with quantitative IVUS features of greater plaque bur-
den: Sutterella had positive correlations with PAV, and 
TAVnormalized, and Bilophila had positive correlations 
with PAV and PB.

Bacteria That Are Associated With Both 
OCT/IVUS Key Vulnerable Features (Both 
Thin of Fibrous Cap by OCT and Greater 
Plaque Burden by IVUS)
At the genus level, Bacillus, Paraprevotella, and 
Succinatimonas were associated with both key OCT/
IVUS vulnerable features, namely thin fibrous cap (pres-
ence of TCFA and/or negative correlation with FCT) by 
OCT and greater plaque burden (positive correlation 
with PAV, PB, and/or TAVnormalized) by IVUS. In contrast, 
Anaerostipes and Lachnospiraceae UCG 003 had sig-
nificant associations with both key favorable features, 
namely thick fibrous cap (positive correlation with FCT) 
and less plaque burden (negative correlation with PAV, 
PB, and/or TAVnormalized).

Blood Biomarkers and Gut Bacteria That 
Are Associated With Specific OCT/IVUS 
Features

Figure 4 shows the relationships between blood bio-
markers and gut bacteria that are associated with spe-
cific OCT/IVUS features at the genus level (the results at 
the family level are shown in Figure S11). Some bacteria 

Table 2. OCT and IVUS Analysis (N=55)

Analysis Value

OCT analysis

Qualitative analysis

Lipid- rich plaque, n (%) 51 (92.7)

TCFA, n (%) 17 (30.9)

Macrophage, n (%) 47 (85.5)

Microvessels, n (%) 27 (49.1)

Cholesterol crystal, n (%) 17 (30.9)

Calcification, n (%) 40 (72.7)

Layered plaque, n (%) 38 (69.1)

Culprit cause in ACS cases, n=9

Plaque rupture, n (%) 7 (77.8)

Plaque erosion, n (%) 2 (22.2)

Quantitative analysis

Minimal flow area, mm2 1.19 (0.88– 1.90)

Reference lumen area, mm2 7.31±2.93

Area stenosis, % 78.1±11.2

Lipid analysis

Thinnest FCT, μm 87 (60– 130)

Max lipid arc, degree 246 (148– 360)

Mean lipid arc, degree 154±59

Lipid length, mm 10.3 (6.4– 13.3)

Lipid index 1407.6 (878.8– 2419.2)

Calcium analysis

No. of calcium in the culprit 
plaque, n

1.0 (0.0– 2.0)

Total calcium index in the culprit 
plaque

265.5 (0.0– 1074.4)

IVUS analysis

Normalized total atheroma volume, 
mm3

172.9±78.7

Percent atheroma volume, % 62.1 (53.1– 65.2)

Plaque burden, % 79.5±10.1

Values are n (%), median (interquartile range), or mean±SD. ACS indicates 
acute coronary syndrome; FCT, fibrous cap thickness; IVUS, intravascular 
ultrasound; OCT, optical coherence tomography; and TCFA, thin- cap 
fibroatheroma.
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that are associated with some OCT/IVUS features also 
have significant correlations with blood biomarkers. In 
particular, among bacteria that are associated with vul-
nerable plaque features, Dysgonomonas (associated 
with the presence of TCFA) had a significant positive 
correlation with interleukin- 6, Paraprevotella (associ-
ated with the presence of TCFA, decrease in FCT, and 
increase in PAV) had significant positive correlations with 
fibrinogen and B- type natriuretic peptide and a nega-
tive correlation with high- density lipoprotein cholesterol, 
Succinatimonas (associated with a decrease in FCT and 
increase in PAV) had significant positive correlations with 
fibrinogen and homocysteine, and Bacillus (associated 
with a decrease in FCT and increase in TAVnormalized) 

had significant positive correlations with fibrinogen 
and high- sensitivity C- reactive protein. Some bacteria 
that were associated with favorable OCT/IVUS features 
were found to be associated with lower levels of inflam-
matory and prothrombotic biomarkers. Anaerostipes 
(associated with an increase in FCT and decrease in 
lipid index, PAV, and TAVnormalized) had significant nega-
tive correlations with B- type natriuretic peptide, TMAO, 
tumor necrosis factor α, and interleukin- 6; Dielma (as-
sociated with an increase in FCT) had negative cor-
relations with TMAO, white blood cells, plasminogen 
activator inhibitor- 1, and homocysteine and a positive 
correlation with high- density lipoprotein cholesterol; and 
both Alistipes (associated with the absence of lipid rich 

Figure 1. Difference in gut microbiota between patients presenting with ACS and those with SAP.
A, Shannon index. B, Firmicutes/Bacteroidetes ratio. C, Principal coordinate analysis did not show a clear tread. D, LDA showed that 
5 bacteria at the family level (Christensenellaceae, Synergistaceae, Marinifilaceae, Desulfovibrionaceae, and Pseudomonadaceae) 
and 5 bacteria at the genus level (Christensenellaceae R7 group, Cloacibacillus, Paraprevotella, Butyricimonas, and Bilophila) 
(excluding unidentified bacteria and ambiguous taxa) were associated with ACS. Two bacteria at the genus level (Lachnospira and 
Fusicatenibacter) were associated with SAP. E, Cladogram showed the following lineages were associated with ACS: Desulfobacterota– 
Desulfovibrionia- Desulfovibrionales– Desulfovibrionaceae-  Bilophila, Synergistota– Synergistia– Synergistales– Synergistaceae– 
Cloacibacillus, Christensenellales– Christensenellaceae- Christensenellaceae R7 group, and Marinifilaceae– Butyricimonas. ACS 
indicates acute coronary syndrome; c_, class level; f_, family level; g_, genus level; LDA, linear discriminant analysis; o_, order level; 
p_, phylum level; and SAP, stable angina pectoris.
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plaque) and Fusicatenibacter (associated with decrease 
in TAVnormalized) had positive correlations with short- chain 
fatty acid.

DISCUSSION
In the current study, we have identified (1) bacteria in-
cluding some lineages that are associated with ACS 
presentation; (2) bacteria that have significant as-
sociations with the vulnerable coronary plaque phe-
notype, greater plaque burden, and inflammatory/
prothrombotic biomarkers; and (3) bacteria that also 
had significant correlations with favorable plaque phe-
notype, less plaque burden, and biomarkers. To our 
knowledge, this is the first proof- of- concept study that 
investigated the relationship among gut microbiota, 
coronary plaque characteristics, and biomarkers.

Role of Gut Microbiota on Atherosclerosis
Recently, some studies have reported on the close 
relationship between gut microbiota and various 
diseases.1– 3 Alterations of gut microbial composition 
have been observed in patients with atherosclero-
sis and coronary artery disease; Lactobacillales and 
Collinsella were increased, whereas Bacteroides and 
Prevotella were decreased.17,18 One study reported 
that patients with diabetes have lower concentrations 
of Roseburia intestinalis and Faecalibacterium praus
nitzii, and higher concentrations of Lactobacillus gas
seri, Streptococcus mutans, and some Clostridiales, 
Desulfovibrio, and Proteobacteria species, compared 
with those without diabetes.19 An association between 
obesity and a higher ratio of Firmicutes to Bacteroidetes 
was observed in animal and human studies.20,21 Some 
of them are consistent (or reasonable) with our current 

Figure 2. Gut bacteria that are associated with specific qualitative OCT features in linear discrimination analysis.
The figure shows the gut bacteria that are associated with lipid rich plaque (A), TCFA (B), macrophages (C), microvessels (D), cholesterol 
crystal (E), calcification (F), and layered phenotype (G) in LDA. c_ indicates class level; f_, family level; g_, genus level; LDA, linear 
discrimination analysis; o_, order level; OCT, optical coherence tomography; p_, phylum level; and TCFA, thin- cap fibroatheroma.
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results; Collinsella was associated with the presence 
of calcification and Desulfovibrio had positive correla-
tions with lipid index, PAV, and TAVnormalized in our cur-
rent study. However, not all the results were consistent; 
in our current study, Prevotella had positive correlation 

with TAVnormalized and no clear differences were ob-
served in Firmicutes/Bacteroidetes ratio. These dis-
crepancies may be explained by the fact that our current 
study was not a comparison with healthy controls, 
but a more detailed analysis of plaque characteristics 

Figure 3. Correlations between gut bacteria and quantitative OCT/IVUS features at the genus level.
The figure shows the correlations between gut bacteria quantitative OCT/IVUS features at the genus level. Eight bacteria, 5 bacteria, 
and 5 bacteria (6 bacteria, 5 bacteria, and 4 bacteria excluding unidentified bacteria and ambiguous taxa) were associated with positive 
correlations with area stenosis, lipid index, and calcification index, respectively. Nine bacteria (7 bacteria excluding unidentified 
bacteria) were associated with negative correlations with FCT measured. Eighteen bacteria, 7 bacteria, and 12 bacteria (14 bacteria, 
3 bacteria, and 10 bacteria excluding unidentified bacteria and ambiguous taxa) were associated with positive correlations with PAV, 
PB, and TAVnormalized measured by IVUS, respectively. c_ indicates class level; f_, family level; FCT, fibrous cap thickness; g_, genus 
level; IVUS, intravascular ultrasound; o_, order level; OCT, optical coherence tomography; p_, phylum level; PAV, percent atheroma 
volume; PB, plaque burden; and TAVnormalized, normalized total atheroma volume.
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in patients with coronary artery disease. Microbial 
metabolites are also associated with cardiovascu-
lar disease. TMAO, an intestinal- dependent product 
of dietary choline and phosphatidylcholine, inhibits 
reverse cholesterol transportation, augments mac-
rophage and foam cell activation resulting in vascular 
inflammation, and enhances platelet activation.2,22,23 
Previous large studies reported TMAO is associated 
with major adverse cardiovascular events.4,24 Short- 
chain fatty acids, which are produced by anaerobic 
fermentation of dietary fiber, are associated with blood 
pressure homeostasis and maintaining insulin sen-
sitivity.2,25 Although the number of studies that have 
investigated the relationship between gut microbiota 
and cardiovascular disease is increasing, studies on 
the relationship between microbiota and plaque phe-
notype are lacking. Understanding this link will help us 
to understand the underlying biologic mechanisms of 
previous observational studies.

Vulnerable Plaque
Vulnerable plaque is a plaque that is prone to rup-
ture leading to ACS or sudden cardiac death.7 The 
features of vulnerable plaque include TCFA, lipid rich 
plaque with necrotic core, macrophages, microves-
sels, cholesterol crystal, and large plaque burden.7 
TCFA, lipid rich plaque, macrophages, microvessels, 
and cholesterol crystal can be visualized by OCT, and 
plaque volume can be measured by IVUS.7– 9,13,14,26 
Xing et al have reported that large lipid pool (maxi-
mal lipid arc >192.8° or lipid length >5.9 mm) and 
advanced stenosis (>68.5%) detected by OCT were 
associated with major adverse cardiac events.27 
Another study reported that advanced stenosis 
(minimal lumen area <3.5 mm2), thin fibrous cap (FCT 
<75 μm), large lipid pool (maximal lipid arc >180°), 
and macrophages were associated with a composite 
of cardiac death and myocardial infarction.28 In the 
Providing Regional Observations to Study Predictors 
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of Events in the Coronary Tree study, large plaque 
burden (≥70%), small minimal lumen area (≤4.0 mm2), 
and TCFA detected by IVUS were associated with 
major adverse cardiac events (cardiac death, cardiac 
arrest, myocardial infarction, and rehospitalization).29 
Lipid- rich plaque and TCFA were reported to be pre-
dictors for rapid plaque progression.30, 31 Thus, de-
tection of vulnerable plaque will help us to risk stratify 
future cardiovascular events and to possibly develop 
individualized therapy. Currently, vulnerable plaque 
can only be detected by intracoronary imaging, which 
is invasive and expensive. Thus, it cannot be used for 
screening even in a high- risk population.

Gut Microbiota and Vulnerable Plaque
In the current study, we found gut bacteria that were 
associated with vulnerable plaque features. In addition, 
some of them also had significant correlations with 
inflammatory/prothrombotic biomarkers (Figure  5). 
At the genus level, Dysgonomonas, Paraprevotella, 
Succinatimonas, and Bacillus, which were associated 
with vulnerable features (such as a decrease in FCT, 
presence of TCFA, and increase in plaque volume [PAV 
and TAVnormalized]), had significant associations with in-
creases in inflammatory/prothrombotic markers (such 
as high- sensitivity C- reactive protein, interleukin- 6, fi-
brinogen) and homocysteine. Paraprevotella was also 
associated with ACS presentation. Inflammation has 
been broadly recognized as a key factor in develop-
ment of atherosclerosis and cardiovascular events.32 
Inflammation stimulates a local immune reaction and 
activates macrophages, mast cells, and T cells to re-
lease cytokines that inhibit collagen synthesis, and 
proteases that digest fibrous cap components, and 
eventually results in vulnerable plaque formation and 
ACS.33 Thus, these bacteria might be associated with 
atherogenesis and plaque vulnerability through an in-
flammatory pathway. Homocysteine has also been con-
sidered one of the risk factors of atherosclerosis.34 On 
the other hand, some bacteria (Alistipes, Anaerofustis, 
Anaerostipes, Butyricicoccus, Christensenella, Dielma, 
and Fusicatenibacter), which were associated with fa-
vorable plaque features (such as absence of lipid rich 
plaque, decrease in lipid index and plaque volume, 

and increase in FCT), had significant associations with 
decreases in inflammatory markers (such as tumor 
necrosis factor α and interleuin- 6) and TMAO, and an 
increase in short- chain fatty acids. These bacteria may 
have a protective role from atherosclerosis through 
anti- inflammatory pathways and/or microbial metabo-
lites. Anaerostipes and Dielma were also associated 
with decreases in prothrombotic markers (such as 
TAMO and plasminogen activator inhibitor- 1). These 
bacteria may play an important protective role also in 
antithrombotic pathway.

Recently, several studies have reported a thera-
peutic approach to coronary atherosclerotic diseases 
targeting an inflammatory pathway and using bio-
markers.35,36 However, the results were conflicting. 
Information on gut microbiota can be helpful to under-
stand the primary pathway for atherosclerosis related 
complications and to identify potential target bacteria 
for prevention of ACS or sudden cardiac death.

Limitations
Several limitations need to be noted. First, our study 
is cross- sectional in nature, and we lacked longitu-
dinal samples. Thus, there is a possibility of reverse 
causation. Longitudinal assessment of microbiome, 
biomarkers, and plaque characteristics in large- 
scale studies would provide invaluable data. Second, 
the number of patients was small because our cur-
rent study was a pilot proof- of- concept study. Large 
scale studies, particularly with patients with ACS, are 
needed for validation of our findings. Third, only pa-
tients with coronary artery disease who underwent 
intravascular imaging have been enrolled in this study. 
Fourth, because it is inherent to 16S rRNA sequenc-
ing, we were unable to accurately classify some taxa 
at the species level. Thus, we do not have functional 
profiles of the gut microbiota that whole metagen-
omic or metatranscriptomic sequencing can provide. 
In addition, the number of unidentified bacteria was 
large at the species level; thus, we primarily investi-
gated the phylum to genus level in the current study. 
Fifth, because multiple other factors are involved in 
coronary artery disease, it is difficult to establish a 
causal relationship. Sixth, although no patient was on 

Figure 4. Correlations between blood biomarkers and gut bacteria that are associated with specific OCT/IVUS features at 
the genus level.
The figure shows the correlations between blood biomarkers and gut bacteria that associate with specific OCT/IVUS features at 
the genus level. Notable bacteria are summarized in Figure 5. AT3 indicates antithrombin III; BNP, B- type natriuretic peptide; F1+2, 
prothrombin fragment F1+2; HbA1c, glycosylated hemoglobin; Hct, hematocrit; HDL- C, high- density lipoprotein cholesterol; hs- CRP, 
high- sensitivity C- reactive protein; IGF 1, insulin- like growth factor 1; IL, interleukin; IVUS, intravascular ultrasound; LDL- C, low- density 
lipoprotein cholesterol; Lp(a), lipoprotein (a); OCT, optical coherence tomography; PAI- 1, plasminogen activator inhibitor- 1; PAV, percent 
atheroma volume; Plt, platelet; SCFA, short- chain fatty acid; TAT, thrombin– anti- thrombin complex; TAV, total atheroma volume; TCFA, 
thin- cap fibroatheroma; T- chol, total cholesterol; TG, triglyceride; TGFβ, transforming growth factor β; TMAO, trimethylamine N- oxide; 
TNFα, tumor necrosis factor α; and WBC, white blood cell.
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antibiotics at the time of admission, history of antibi-
otic use before admission was not recorded. Seventh, 
only the culprit vessel was evaluated using 2 intravas-
cular imaging modalities in the current study. Eighth, 
results may differ depending on the timing of fecal 
sampling. Because of the small sample size, the rela-
tionship between the microbiome results and the time 
of fecal sampling could not be analyzed in this study. 
Finally, we could not get detailed diet data. However, 
all patients were enrolled from the same local area in 
Japan. Therefore, diet custom is not expected to be 
different among enrolled patients. On the other hand, 
the current results may not be generalizable to other 

populations with different ethnic backgrounds. Large- 
scale multicenter study is required. In spite of these 
limitations, our study is a stepping- stone in examin-
ing the role of the gut microbiota in coronary plaque 
characteristics.

CONCLUSIONS
In summary, we found bacteria that are associated with 
ACS, and favorable and unfavorable coronary plaque 
characteristics. Overall, our findings show gut micro-
biota may play an important role in vulnerable plaque 
formation.

Figure 5. Notable gut bacteria that are associated with vulnerable features and inflammatory/
prothrombotic blood biomarkers.
Dysgonomonas (associated with the presence of TCFA) had a significant positive correlation with IL- 
6, Paraprevotella (associated with the presence of TCFA, decrease in FCT, and increase in PAV) had 
a significant positive correlation with fibrinogen and negative correlation with HDL- C, Succinatimonas 
(associated with a decrease in FCT and increase in PAV) had significant positive correlations with fibrinogen 
and homocysteine, and Bacillus (associated with a decrease in FCT and increase in TAVnormalized) had 
significant positive correlations with fibrinogen and hs- CRP. Anaerostipes (associated with an increase in 
FCT and decrease in lipid index, PAV, and TAVnormalized) had significant negative correlations with TMAO, 
TNFα, and IL- 6, and Dielma (associated with an increase in FCT) had negative correlations with white 
blood cells, TMAO, PAI- 1, and homocysteine and a positive correlation with HDL- C. FCT indicates fibrous 
cap thickness; HDL- C, high- density lipoprotein cholesterol; hs- CRP, high- sensitivity C- reactive protein; 
IL, interleukin; PAI- 1, plasminogen activator inhibitor- 1; PAV, percent atheroma volume; TAVnormalized, 
normalized total atheroma volume; TCFA, thin- cap fibroatheroma; TMAO, trimethylamine N- oxide; TNFα, 
tumor necrosis factor α; and WBC, white blood cell.
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Data S1. Supplemental Methods 

Study population and definitions of clinical presentation 

Patients with stable angina pectoris (SAP) or acute coronary syndromes (ACS) who 

underwent cardiac catheterization were enrolled. Patients underwent both optical coherence 

tomography (OCT) and intravascular ultrasound (IVUS) prior to intervention. SAP was defined as 

chest pain on exertion without changes in frequency, intensity, and duration of symptoms in the 

previous 4 weeks and was judged to require coronary intervention by physicians 10, 37. ACS included 

ST elevation myocardial infarction (STEMI) and non-ST-segment elevation acute coronary 

syndromes (NSTE-ACS) 38, 39. STEMI was defined as continuous chest pain lasting >30 min, arrival 

at the hospital within 12 h from the onset of symptoms, ST-segment elevation >0.1 mV in ≥2 

contiguous leads or new left bundle-branch block on 12-lead electrocardiography, and elevated 

cardiac marker levels (creatine kinase-MB or troponin). NSTE-ACS included non-ST-segment 

elevation myocardial infarction (NSTEMI) and unstable angina pectoris (UAP). NSTEMI was 

defined as ischemic symptoms in the absence of ST-segment elevation on electrocardiogram with 

elevated cardiac marker levels. UAP was defined as the presence of newly developed/accelerating 

chest symptoms on exertion or rest angina within 2 weeks of presentation without biomarker release 

38, 39. Culprit lesions were identified based on coronary angiographic findings, electrocardiographic 

changes, or wall motion abnormalities on ventriculogram or echocardiogram 40. In patients with SAP 

with multiple lesions, the lesion with the most severe stenosis was selected as the culprit lesion 10, 37. 
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Patients with clinical manifestation caused by instent restenosis, with tortuous or heavily calcified 

vessel, with severe chronic kidney disease (estimated glomerular filtration rate < 30 mL/min per 1.73 

m2), or with cardiogenic shock were excluded. 

 

Coronary angiography analysis 

Quantitative coronary angiogram analysis was performed using Cardiovascular Angiography 

Analysis System 5.10.1 software (Pie Medical Imaging BV, Maastricht, the Netherlands). The culprit 

lesion length, minimal lumen diameter, reference lumen diameter, and percentage diameter stenosis 

were measured. Lesion complexity was evaluated according to the AHA/ACC classification 41. 

 

OCT analysis 

Macrophages were identified as signal-rich, distinct, or confluent punctuate regions with 

heterogeneous back shadow 8. Microvessels were identified as the presence of signal-poor structures 

with vesicular or tubular shapes 8, 10. Calcification was identified as heterogeneous areas of high and 

low reflectivity, with low signal attenuation and sharply demarcated border. Calcification index was 

calculated as the product of mean calcification arc and calcification length 40. Plaque rupture was 

identified by the presence of fibrous cap discontinuity with a communication between the lumen and 

the inner core of plaque, or with a cavity formation within the plaque 11, 42. Plaque erosion was 

identified by the presence of attached thrombus overlying an intact plaque or luminal surface 
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irregularity at the culprit lesion 43. Minimal lumen area was the smallest lumen area within the length 

of the entire lesion. Reference lumen area was defined as the mean of the largest lumen area proximal 

and distal to the stenosis within 10 mm from the edge. Area stenosis was calculated as: (mean reference 

lumen area − minimal lumen area) /mean reference lumen area × 100. Representative OCT images are 

shown in Figure S2. 

 

Blood biomarker analysis 

The blood samples for biomarker analysis were collected from patients who participated in 

the biomarker sub-study during the pre-procedural period (within 12 hours prior to procedure, but only 

after informed consent was obtained). All patients who participated in the microbiome sub-study also 

participated in the biomarker sub-study. Biomarker analyses other than trimethylamine-N-oxide 

(TMAO) and short-chain fatty acids (SCFAs) were performed at an independent laboratory (SRL Inc, 

Tokyo, Japan). Plasminogen activator inhibitor-1 (PAI-1), fibrin monomer, amyloid A, von Willebrand 

factor, and lipoprotein (a) were analyzed using the latex agglutination method. Thrombin – anti-

thrombin complex (TAT), interleukin-4 (IL-4), and interleukin-6 (IL-6) were analyzed using the 

chemiluminescent enzyme immunoassay (CLEIA) method. Prothrombin fragment F1+2 (F1+2), 

tumor necrosis factor α (TNFα), and transforming growth factor β (TGFβ) were analyzed using the 

enzyme-linked immunosorbent assay (ELISA) method. Plasminogen and Antithrombin Ⅲ were 

analyzed using chromogenic substrate assay. Factor Ⅱ was analyzed using the coagulation time method. 
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Total homocysteine was analyzed using liquid chromatography tandem mass spectrometry 

(LC/MS/MS). Renin, angiotensin Ⅱ, aldosterone, and insulin like growth factor 1 (IGF-1) were 

analyzed using the radio immunoassay method. Bile acid was analyzed using the enzyme method. 

TMAO and SCFAs analyses were performed using validated LC-MS/MS methods by LSI Medience 

Corporation (Tokyo, Japan), a contract laboratory for biological analysis. Briefly, SCFAs were 

analyzed with the Shimadzu HPLC system (Nexera X2 LC0AD) and 8050 triple stage quadrupole 

mass spectrometry (Shimadzu, Kyoto, Japan) equipped with ACQUITY UPLC HSS T3 (50mm×2.1 

mm I.D., 1.8 µm, Waters, Tokyo, Japan). TMAO was analyzed by LC-Q-TOF mass spectrometry (1260 

Infinity and 6545 Q-TOF system, Agilent Technologies, Palo Alto, CA). The HPLC column, Atlantis 

HILIC Silica 2.1 mm ×100 mm, 3.0 μm (Waters, Milford MA) was used for the analysis. 
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Table S1. Biomarker analysis 
 

Biomarker N = 55 

TMAO, μg/ml 0.411 (0.196 – 0.699) 

SCFA  

Acetate, μg/ml 2.33 (1.57 – 3.81) 

 3-hydroxybutyric acid, μg/ml 2.74 (1.46 – 7.32) 

 Propionate, μg/ml 0.104 (0.067 – 0.138) 

 Butyrate, μg/ml 0.053 (0.036 – 0.089) 

PAI-1, ng/ml 14.0 (11.0 – 20.0) 

TAT, ng/ml 1.90 (1.30 – 2.70) 

D-dimer, μg/ml 0.60 (0.39 – 1.30) 

Fibrin monomer, μg/ml 3.0 (3.0 – 3.2) 

Fibrinogen, mg/dl 290 ± 56 

F1+2, pmol/l 257 (171 – 331) 

Plasminogen, % 101 (94 – 110) 

Factor Ⅱ, % 84.3 ± 11.4 

AT3, % 89.5 ± 14.4 

TNFα, pg/ml 0.70 (0.57 – 0.92) 

TGFβ, ng/ml 13.1 (7.1 – 18.3) 

IL-4, pg/ml 5.1 (2.0 – 12.0) 

IL-6, pg/ml 2.1 (1.7 – 3.2) 

Homocysteine, nmol/ml 11.3 ± 3.3 

Amyloid A, μg/ml 6.1 (3.6 – 9.2) 

Renin, pg/ml 7.5 (4.4 – 17.0) 

Angiotensin Ⅱ, pg/ml 3.0 (2.9 – 6.0) 

Aldosterone, pg/ml 73.2 (56.2 – 99.5) 

IGF 1, ng/ml 78.0 (64.0 – 107.0) 

Von Willebrand factor, % 155 ± 56 

Lp(a), mg/dl 11.0 (7.0 – 28.0) 

Bile acid, μmol/l 4.4 (2.9 – 7.4) 

 
Values are median (interquartile range) or mean ± SD. 
AT3 = Antithrombin Ⅲ; F1+2 = prothrombin fragment F1+2; Lp(a) = lipoprotein (a); IGF 1 = insulin like 
growth factor 1; IL = interleukin; PAI-1 = plasminogen activator inhibitor-1; SCFA = short-chain fatty acid; 
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TAT = thrombin – anti-thrombin complex; TGFβ = transforming growth factor β; TMAO = trimethylamine 
N-oxide; TNFα = tumor necrosis factor α. 
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Table S2. Angiographic findings 
 

Characteristic N = 55 

B2/C lesion, n (%) 36 (65.5) 

Multivessel disease, n (%) 22 (40.0) 

Quantitative coronary angiography analysis 

  Minimal lumen diameter, mm 0.90 ± 0.44 

  Reference vessel diameter, mm 2.71 ± 0.63 

  Diameter stenosis, % 65.6 ± 15.6 

  Lesion length, mm 15.6 ± 7.2 

 
Values are n (%) or mean ± SD. 
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Figure S1. Study flowchart 

 
Patients who underwent both OCT and IVUS prior to intervention were included in this study (n = 80). Among 
them, 4 patients without images at culprit lesion and 1 patient diagnosed Takotsubo cardiomyopathy were 
excluded. Out of 75 patients, 55 subjects whose stool specimens were successfully collected were included in 
the final analysis. All these 55 patients also participated in the biomarker sub-study. 
  

Patients who underwent OCT and 
IVUS prior to intervention (n = 80)

Eligible study population (n = 75)

Culprit lesion not imaged (n = 4)
Takotsubo cardiomyopathy (n = 1)

Microbiome study (n = 55)
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Figure S2. Representative OCT images 

 
Representative OCT images. (A) lipid rich plaque (asterisk) and TCFA (red arrowhead). (B) macrophages 
(white arrows) and cholesterol crystal (yellow arrow). (C) microvessels (white arrowheads) and calcification 
(red arrows). (D) plaque with layered phenotype (double dotted arrow).   

(A) (B)

(C) (D)

*

*
*

*
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Figure S3. Differences in gut microbial composition between patients with ACS versus SAP at the family 
level and at the genus level  

 

 
The differences in gut microbial composition between patients with ACS and those with SAP at the family 
level (A) and at the genus level (B) are shown. Mann–Whitney U test and Benjamin-Hochberg multiple testing 
were applied to obtain p-values and q-value, respectively.   

(A) ACS vs. SAP at the family level

p = 0.011
(q = 0.409)

p = 0.033
(q = 0.676)

p = 0.047
(q = 0.676)

p = 0.001
(q = 0.071)

p = 0.041
(q = 0.676)

p = 0.001
(q = 0.074)

p = 0.024
(q = 0.672)

ACS
SAP

p = 0.007
(q = 0.248)

p = 0.038
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Figure S4. Differences in Shannon index between patients with and without specific OCT features 

 

Patients with TCFA and calcification had higher Shannon index, whereas those with other qualitative OCT 
features did not show difference in Shannon index.  
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Figure S5. Differences in Firmicutes / Bacteroidetes ratio between patients with and without specific 
OCT features 

 

Differences in Firmicutes / Bacteroidetes ratio between patients with and without specific OCT features. None 
of the features shows statistically significant difference.  
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Figure S6. Principal coordinate analyses in patients with and without specific OCT features 

 
Principal coordinate analyses in patients with and without specific OCT features. None of the features show a 
clear trend. 
Red dot: present, blue dot: absent. 
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Figure S7. Difference in gut microbial composition between patients with and without specific OCT 
features at the family level 
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The results of difference in gut microbial composition between patients with and without specific OCT 
features at the family level. All the bacteria with significant differences by Mann–Whitney U test in specific 
OCT features are shown.  
Mann–Whitney U test and Benjamin-Hochberg multiple testing were applied to obtain p-values and q-value, 
respectively.  
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Figure S8. Difference in gut microbial composition between patients with and without specific OCT 
features at the genus level 
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Difference in gut microbial composition between patients with and without specific OCT features at the genus 
level. All the bacteria with significant differences by Mann–Whitney U test in specific OCT features are shown.  
Mann–Whitney U test and Benjamin-Hochberg multiple testing were applied to obtain p-values and q-value, 
respectively.  
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Figure S9. Cladogram that shows the bacteria which are associated with specific OCT features 

 

 
Cladograms show the lineages of bacteria which are associated with specific OCT features. Two lineages 
(Chirstensenellales – Chirstensenellaceae, and Enterobacterales - Enterobacteriacea) were associated with 
the presence of lipid rich plaque (A). One lineage (Dysgonomonadacea - Dysgonomonas) was associated with 
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the presence of TCFA (B). No lineage was associated with macrophages (C). One lineage (Monoglobales – 
Monoglobaceae - Monoglobus) was associated with the absence of Microvessels (D). One lineage 
(Cyanobacteria – Vampirivibrionia - Gastranaerophilales) was associated with the presence cholesterol 
crystal (E). Four lineages (Lentisphaeria – Victivallales – Victivallaceae, Coriobacteriacea – Collinsella, 
Rikenellaceae – Alistipes, and Oscillospirales - Oscillospiraceae) were associated with the presence of 
calcification (F). One lineage (Eubacteriales – Eubacteriaceae - Eubacterium) was associated with the 
absence of layered phenotype (G).  
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Figure S10. The correlations between gut bacteria and quantitative OCT/IVUS features at the family 
level 

 
The figure shows the correlations between gut bacteria and quantitative OCT/IVUS features at the family level. 
Two bacteria and 2 bacteria were associated with positive correlations with area stenosis and lipid index, 
respectively, and 5 bacteria were associated with negative correlations with FCT measured by OCT. Four 
bacteria, 3 bacteria, and 7 bacteria were associated with positive correlations with PAV, PB, and TAVnormalized 
measured by IVUS, respectively.  
IVUS = intravascular ultrasound; OCT = optical coherence tomography.  
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Figure S11. Relationships between blood biomarkers and gut bacteria which associate with specific 
OCT/IVUS features at the family level 

 
Relationships between gut bacteria and laboratory biomarkers which are associated with specific OCT/IVUS 
features at the family level.  
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