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Background—Low endothelial shear stress (ESS) is associated with plaque progression and vulnerability. To date, changes
in plaque phenotype over time in relation to ESS have not been studied in humans. The aim of this study was to investigate
whether local ESS can predict subsequent changes to plaque phenotype using optical coherence tomography.
Methods and Results—A total of 25 coronary arteries from 20 patients who underwent baseline and 6-month follow-up
optical coherence tomography were included. Arteries were divided into serial 3-mm segments, and plaque characteristics
were evaluated in each segment. A total of 145 segments were divided into low-ESS group (ESS <1 Pa) and higherESS group (ESS ≥1 Pa) based on baseline computational flow dynamics analyses. At baseline, low-ESS segments had
significantly thinner fibrous cap thickness compared with higher-ESS segments (128.2±12.3 versus 165.0±12.0 μm;
P=0.03), although lipid arc was similar. At follow-up, fibrous cap thickness remained thin in low-ESS segments, whereas
it significantly increased in higher-ESS segments (165.0±12.0 to 182.2±14.1 μm; P=0.04). Lipid arc widened only in
plaques with low ESS (126.4±15.2° to 141.1±14.0°; P=0.01). After adjustment, baseline ESS was associated with fibrous
cap thickness (β, 9.089; 95% confidence interval, 2.539–15.640; P=0.007) and lipid arc (β, −4.381; 95% confidence
interval, −6.946 to −1.815; P=0.001) at follow-up.
Conclusions—Low ESS is significantly associated with baseline high-risk plaque phenotype and progression to higher-risk
phenotype at 6 months.
Clinical Trial Registration—URL: http://www.clinicaltrials.gov. Unique identifier: NCT01110538.  
(Circ Cardiovasc Interv. 2017;10:e005455. DOI: 10.1161/CIRCINTERVENTIONS.117.005455.)
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ndothelial shear stress (ESS), which is the biomechanical
tangential force generated by the friction of blood flow
on the endoluminal surface of an artery, heavily influences
endothelial function and affects plaque development and progression. The proatherogenic effect of low ESS in subsequent
plaque progression has been previously reported in animal
and human studies.1–9 In the PREDICTION study (Prediction
of Progression of Coronary Artery Disease and Clinical
Outcome Using Vascular Profiling of Shear Stress and Wall
Morphology), Stone et al10 showed the association between
baseline ESS and plaque progression in humans with coronary
artery disease using intravascular ultrasound. In addition, they
demonstrated that low ESS and high plaque burden were independent predictors of future revascularization. Our group previously reported the association between local ESS and plaque

characteristics in humans using optical coherence tomography
(OCT) at a single time point.11 Plaques with low ESS showed
greater vulnerability compared with those with high ESS. The
association between baseline ESS and subsequent changes of
plaque characteristics and the influence of serial changes of
ESS on plaque characteristics over time, however, has not been
studied. Therefore, we assessed the influence of ESS on subsequent changes in microscopic plaque morphology in humans at
baseline and follow-up using frequency-domain OCT.

Methods
Study Population
Study subjects were selected from the Massachusetts General Hospital
OCT Registry, which is an international multicenter registry of
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OCT Image Analysis

WHAT IS KNOWN

•

Low endothelial shear stress is associated with a
high-risk plaque phenotype.

WHAT THE STUDY ADDS

•

Low endothelial shear stress is significantly associated with progression to higher-risk phenotype in 6
months, despite cholesterol-lowering therapy.
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patients who have undergone OCT. The registry was approved by the
institutional review board at each participating site. Written informed
consent was obtained from all patients before enrollment. Inclusion
criteria were (1) nonculprit lesions imaged by OCT at 2 time points,
(2) frequency-domain OCT pullback length ≥20 mm between corresponding proximal and distal anatomic landmarks to be used for
3-dimensional (3D) reconstruction identified at both baseline and
follow-up OCT studies, (3) ≥2 different angiographic projections of
the examined coronary artery, (4) no history of previous stent implantation in the artery of interest, and (5) time interval from baseline to
follow-up ≥3 months. Among 363 patients who had OCT images at
both time points, 104 were excluded because they had only TD-OCT
images, 195 because only the culprit lesion was imaged, 30 because of
insufficient image length and suboptimal quality of OCT imaging for
3D reconstruction, 13 because of inability of matching images because
of lack of anatomic landmarks, and 1 because of early follow-up <3
months. Finally, 20 patients (25 arteries) were included in the analysis.

Data Acquisition
A frequency-domain OCT system (St. Jude Medical, St. Paul, MN)
was used in this study. The technique of intracoronary OCT imaging
has been previously described.12 All images were digitally stored, deidentified, relabeled, and submitted to Massachusetts General Hospital
for analysis. After Z-offset calibration and lumen segmentation, OCT
images were transferred as DICOM files (digital imaging and communications in medicine) to the Vascular Profiling Laboratory at
Brigham and Women’s Hospital for ESS computation.

Computational Fluid Dynamics and ESS Analysis
Vascular profiling used a methodology previously described and validated in vivo.13,14 3D coronary artery reconstruction was performed
using coronary angiograms and frequency-domain OCT images. To
locate the segments in this OCT investigation at 2 time points, 2 to
3 readily visible side branches were identified and used as reference
markers for accurate comparison of the same segments over time. The
3D coronary reconstructions were further processed with computational fluid dynamics techniques to provide detailed characteristics
of intracoronary blood flow and local ESS distribution. ESS at the
lumen surface of the 3D reconstructed artery was calculated as the
product of blood viscosity and the gradient of blood velocity at the
wall. Detailed methods were described previously11 and are provided
in Methods in the Data Supplement.
Previous studies have shown 3-mm segments accurately reflect the
local hemodynamic and vascular characteristics and are also appropriate for serial comparisons.10 The entire reconstructed artery was divided into consecutive 3-mm segments starting at the inlet, and each
3-mm segment was characterized by a local predominant ESS value
(defined as the minimum averaged ESS value over a 90° arc in each
3-mm segment). Previous studies have shown the proatherogenic role
of local low ESS in human atherosclerosis in a similar demographic population using a threshold of 1.0 Pa.10,11 Based on these studies, each segment was categorized as constituting a low-ESS group
(baseline ESS <1 Pa) or a higher-ESS group (baseline ESS ≥1 Pa;
Figure 1).

For serial comparison, regions at baseline were matched to those
at follow-up using anatomic landmarks, such as side branches or
calcium deposits. Cross-sectional OCT images were analyzed at
every 1-mm interval for qualitative and quantitative parameters.
Lipid-rich plaque was defined as plaque with lipid arc >90° in any
cross-sectional image within the segment.12,15,16 Fibrous cap thickness (FCT) of a lipid plaque was measured 3× at its thinnest part
and averaged. Thin-cap fibroatheroma (TCFA) was defined as a lipid-rich plaque with FCT ≤65 µm.15,17 A quantitative and qualitative
assessment was performed using OCT offline analysis software (St.
Jude Medical, St. Paul, MN) at the OCT Core Laboratory. All OCT
images were analyzed by 2 independent investigators blinded to
patient information. In the event of discordance between the readers, a consensus reading was obtained from a third independent
investigator.

Statistical Analysis
Categorical variables are presented as counts (%), and continuous
variables are expressed as mean±SE or median and interquartile
range. For the comparison of the OCT parameters between low and
higher ESS, as well as the baseline and follow-up within ESS subgroups, the generalized estimating equations approach was used to
account for within-subject correlation because of the clustering of
multiple segments within patients. The relationships between continuous baseline ESS and continuous outcome variables were also tested
using generalized estimating equations approach. FCT and lipid arc
values at follow-up were adjusted by corresponding values at baseline
to account for any baseline differences. All tests were 2 tailed with an
α level of 0.05. All statistical analyses were performed using SPSS
18.0 (SPSS, Inc, Chicago, IL).

Results
Baseline Characteristics
A total of 145 segments from 25 coronary arteries, which
included 9 left anterior descending arteries, 8 left circumflex arteries, and 8 right coronary arteries, were analyzed.
Baseline patient characteristics are shown in Table 1. The
median interval from first to second OCT study was 205
(190–280) days. Half of the patients presented with an acute
coronary syndrome, and a majority of patients were on statin
treatment.

Baseline ESS and Follow-Up ESS
The median ESS value was 1.51 (1.08–2.09) Pa. Among 145
segments, 29 (20%) segments at baseline were classified as
low ESS and 116 (80%) as higher ESS. In the majority (91.4%)
of segments with higher ESS at baseline, ESS remained high
at follow-up. Among the segments with low ESS at baseline,
ESS remained low in half (48.3%) and became higher in the
remainder (51.7%; Table 2).

ESS and Plaque Characteristics at Baseline
Table 3 shows the baseline and follow-up OCT parameters in
each group. At baseline, the prevalence of lipid-rich plaque
was not statistically different between segments with low
and higher ESS (37.9% versus 23.3%; P=0.11). However,
low-ESS segments had higher prevalence of TCFA (17.2%
versus 3.4%; P=0.001) and thinner FCT (128.2±12.3 versus 165.0±12.0 µm; P=0.03). Lipid arc was not significantly different between these 2 groups (126.4±15.2° versus
131.7±5.6°; P=0.73).
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Figure 1. Representative image of 3D reconstruction with color-coded endothelial shear stress (ESS) values. Scale of ESS values is displayed on the vertical bar. OCT indicates optical coherence tomography.

Baseline ESS and Changes of Plaque Phenotype
In the overall population, FCT tended to increase (baseline,
154.3±9.6 µm versus follow-up, 166.8±11.3 µm; P=0.047),
whereas lipid arc remained unchanged (baseline, 130.1±5.9°
versus follow-up, 132.4±5.6°; P=0.59) during follow-up.
Table 3 shows OCT parameters per segment at baseline and
follow-up. The decrease of lumen area was significant only
in segments with low ESS (baseline, 10.9±3.2 mm2; followup, 10.4±3.1 mm2; P=0.04). In segments with higher ESS at
baseline, FCT significantly increased at follow-up (baseline,
165.0±12.0 µm versus follow-up, 182.2±14.1 µm; P=0.04),
whereas it remained unchanged in segments with low ESS
(128.2±12.3 versus 129.1±10.9 µm; P=0.90). Lipid arc significantly widened at follow-up only in segments with low
ESS at baseline (baseline, 126.4±15.2° versus follow-up,
141.1±14.0°; P=0.01).
Although the changes of FCT from baseline to follow-up
were not statistically different between the 2 groups (low ESS,
0.9±7.2 μm versus higher ESS, 17.2±7.2 μm; P=0.16), the
changes in lipid arc were significantly different between the
groups: lipid arc widened in segments with low ESS, whereas
it became smaller in segments with higher ESS (low ESS,
14.7±6.3° versus higher ESS, −3.1±5.2°; P=0.02; Figure 2).
When OCT parameters were predicted by continuous
measure of ESS, baseline ESS was predictive of both FCT
(in a direct manner; β, 9.089; 95% confidence interval,

2.539–15.640; P=0.007) and lipid arc (in an inverse manner; β, −4.381; 95% confidence interval, −6.946 to −1.815;
P=0.001) at follow-up after adjustment for baseline values
(Table 4).

Longitudinal ESS and Plaque Characteristics
To evaluate the influence of ESS over time, segments with persistently low ESS (ESS <1 Pa both at baseline and at followup; N=14) were compared with other segments with higher
ESS at least at one time point. The prevalence of lipid-rich
plaque in segments with persistently low ESS was numerically higher, but not statistically different, than other segments at follow-up (42.9% versus 25.2%; P=0.15; Figure 3A).
However, the prevalence of TCFA was significantly higher in
segments with persistently low ESS than in others (14.3%
versus 1.5%; P=0.007) at follow-up (Figure 3B). FCT was
significantly thinner in segments with persistently low ESS
compared with other segments at baseline (112.3±13.7 versus
164.4±10.6 μm; P=0.001) and did not significantly change at
follow-up from baseline (baseline, 112.3±13.7 μm; followup, 117.5±11.4 μm; P=0.62), whereas among other segments
with higher ESS for at least one time point, FCT significantly
increased at follow-up from baseline, (baseline, 164.4±10.6
μm; follow-up, 178.6±12.7 μm; P=0.04). As a result, FCT
at follow-up was significantly thinner in segments with persistently low ESS than in other segments (117.5±11.4 versus
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Patient Characteristics

Table 3. Qualitative and Quantitative Optical Coherence
Tomography Parameters at Baseline and Follow-Up

All Patients (N=20)
Clinical variables

Qualitative

 Age, y

58 (53–66)

Lipid-rich plaque

Low ESS

Higher ESS

P Value*

 Men

15 (75.0)

 Baseline

11 (37.9)

27 (23.3)

0.11

 Hypertension

12 (60.0)

 Follow-up

9 (31.0)

30 (25.9)

0.54

3 (15.0)

 
P Value†

0.10

0.36

 Baseline

5 (17.2)

4 (3.4)

0.001

Laboratory data

 Follow-up

3 (10.3)

1 (0.9)

0.03

 Total cholesterol, mg/dL

193 (155–193)

 
P Value†

0.15

0.11

 LDL-cholesterol, mg/dL

112 (66–116)

Quantitative

Low ESS

Higher ESS

P Value*

 HDL-cholesterol, mg/dL

39 (38–46)

Lumen area

 Diabetes mellitus
 Dyslipidemia

TCFA

14 (70.0)

 Current smoker

6 (30.0)
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 Triglyceride, mg/dL
 Creatinine, mg/dL

154 (83–168)

 Baseline, mm2

10.9±3.2

6.4±2.5

<0.001

0.88 (0.77–0.98)

 Follow-up, mm2

10.4±3.1

6.2±2.7

<0.001

0.04

0.46

 Baseline, μm

128.2±12.3

165.0±12.0

0.03

 Follow-up, μm

129.1±10.9

182.2±14.1

0.003

0.90

0.04

 Baseline, °

126.4±15.2

131.7±5.6

0.73

 Follow-up, °

141.1±14.0

128.7±5.2

0.37

0.01

0.54

 
P Value†

Medication
 ACE-I/ARB

FCT

5 (25.0)

 Statin

18 (90.0)

Presentation
 STEMI

4 (20.0)

 
P Value†

 NSTE-ACS

6 (30.0)

Lipid arc

 Stable angina

10 (50.0)

Time from baseline to follow-up, d

205 (190–280)

Values are presented as N (%) or median (25th and 75th percentiles). ACE-I
indicates angiotensin-converting enzyme inhibitor; ARB, angiotensin II reseptor
blocker; HDL, high-density lipoprotein; LDL, low-density lipoprotein; NSTE-ACS,
non-ST-segment elevation acute coronary syndrome; and STEMI, ST-segment–
elevation myocardial infarction.

178.6±12.7 μm; P<0.001; Figure 3C). For lipid arc, there
was no statistically significant difference between segments
with persistently low ESS and other segments at follow-up
(139.5±20.3° versus 130.5±4.8°; P=0.63; Figure 3D).
Segments with higher ESS were further classified into 2
groups: segments with persistently higher ESS (N=106) and
segments with low ESS at one time point either at baseline or
at follow-up (low→higher [N=15] and higher→low [N=10]).
Segments that were exposed to low ESS at least at one time
point had thinner FCT than those with persistently higher ESS
(140.0±10.7 versus 190.8±15.4 μm; P=0.01; Figure 4).
Table 2. Association Between ESS at Baseline and ESS at
Follow-Up
Follow-Up

Baseline

Total

Higher
(ESS ≥1.0 Pa)

Low
(ESS <1.0 Pa)

Higher
(ESS ≥1.0 Pa)

106
(91.4)

10
(8.6)

116

Low
(ESS <1.0 Pa)

15
(51.7)

14
(48.3)

29

Total

121

24

145

Values are presented as N (%) of segments. ESS indicates endothelial shear
stress.

 
P Value†

Values are presented as N (%) or median (25th and 75th percentiles). Low
ESS, ESS at baseline <1.0 Pa and higher ESS, ESS at baseline ≥1.0 Pa. ESS
indicates endothelial shear stress; FCT, fibrous cap thickness; and TCFA, thincap fibroatheroma.
*P value for low ESS vs higher ESS.
†P value for baseline vs follow-up.

Discussion
To the best of our knowledge, this is the first report that
studied the association between local ESS and subsequent
changes of plaque phenotype assessed by OCT in humans.
The main findings of this study are (1) >90% of segments
with higher ESS at baseline remained with higher ESS at
follow-up, whereas about a half of segments with low ESS
at baseline evolved to higher ESS at follow-up; (2) in segments with low ESS at baseline, FCT was thinner than in
those with higher ESS at baseline and did not increase at
follow-up. However, in segments with higher ESS at baseline, FCT was thicker at baseline and became even thicker at
follow-up. Although baseline lipid arc was not significantly
different between the 2 groups, only segments with low ESS
exhibited significantly widened lipid arc at follow-up; (3)
Baseline ESS, as a continuous variable, was directly associated with FCT and inversely associated with lipid arc at
follow-up after adjustment for each baseline value; (4) In
segments with persistently low ESS, prevalence of TCFA
was significantly higher, and FCT was significantly thinner
than other segments at follow-up.
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Figure 2. The change of fibrous cap thickness (FCT) and lipid arc. Although the
change of FCT from baseline to follow-up
was not different between the 2 groups,
the change in lipid arc was significantly
different between the groups. Error bars
represent standard error of the mean. ESS
indicates endothelial shear stress.
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Dynamic Nature of ESS
In the current study, half of the segments with low ESS at baseline evolved to the higher ESS range at follow-up. This finding
is consistent with a previous swine study, which demonstrated
the dynamic nature of local ESS changes with 5 consecutive
measurements.2 Local ESS in lesions with low ESS frequently
changed into higher ESS category at the next time point, likely
related to changes in plaque progression and luminal obstruction or arterial remodeling. In our study, lumen area significantly decreased only in segments with low ESS, indicating
that plaques with low ESS are prone to rapid progression of
atherosclerosis resulting in higher ESS. This finding is consistent with the results of the PREDICTION study. We showed
that segments with persistently low ESS had significantly
thinner FCT than other segments. In addition, we found that
segments that were exposed to low ESS at least at one time
point either at baseline or at follow-up also had thinner FCT
than those with persistently higher ESS. These results suggest
a diagnostic value of ESS measurement at a single time point
for future development of high-risk plaque.

Low ESS and Subsequent Plaque Progression,
Transition to High-Risk Plaque Phenotype
Previous ex vivo and animal studies reported that lesions
exposed to low ESS were associated with endothelial discontinuity, accumulation of inflammatory cells, increased
expression of elastases and collagenases in the intima,2,4 and
migration and apoptosis of vascular smooth muscle cell,18,19
leading to the thinning of FCT.2,6 Low ESS has also been
reported to be associated with inflammation6 and lipid accumulation in the mouse carotid artery model,7 as well as the
swine coronary model.1,6 Human studies using intravascular
ultrasound have reported the association between local ESS

and plaque progression.8,10,20 Stone et al reported low ESS at
baseline is an independent predictor of subsequent progression of plaque burden and luminal obstruction. However,
intravascular ultrasound is limited by its insufficient resolution
to visualize microscopic plaque architecture, such as TCFA,
which has been reported to be responsible for two thirds of
acute coronary syndromes.21 Our group previously reported
that TCFA was more frequent and FCT was thinner in lesions
with low ESS.11 However, our previous study only had a single
time point for OCT imaging and ESS data. Therefore, the role
of local ESS in longitudinal changes plaque vulnerability in
humans was not previously known.
In the current study, we demonstrated the expansion of
lipid arc at follow-up in plaques with low ESS at baseline.
In this study, 90% of patients were on statin therapy with a
significant reduction of low-density lipoprotein cholesterol
level from 112 (66–116) mg/dL baseline to 77 (63–107) mg/
dL at follow-up. In contrast, FCT became thicker at followup only in plaques with higher ESS. This finding indicates
that the beneficial effect of statin on plaque stabilization is
heterogeneous and mitigated in lesions with low ESS. This
has potentially important clinical implications with respect
to local preventive treatment of high-risk plaque with
stenting.

ESS as Continuous Variables
ESS was associated with FCT and lipid arc at follow-up, when
analyzed as a continuous variable. Previous animal studies
have reported inflammatory cell infiltration and lipid deposition are closely and inversely associated with the magnitude of
ESS.6 This dose–response effect of ESS underscores that low
ESS is likely one of the major underlying mechanisms for the
heterogeneity of the coronary plaque within the same patient,

Table 4. Baseline ESS and Optical Coherence Tomography Parameters at Follow-Up (Continuous
Variables)
Baseline Variables (Continuous)

Outcome (Continuous Various)

β (95% CI)

P Value

Baseline ESS (per 1 Pa increase)

Follow-up FCT, μm

9.089 (2.539–15.640)

0.007*

Follow-up lipid arc, °

−4.381 (−6.946 to −1.815)

0.001†

CI indicates confidence interval; ESS, endothelial shear stress; and FCT, fibrous cap thickness.
*Adjusted baseline FCT.
†Adjusted baseline lipid arc.
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Figure 3. Optical coherence tomography parameters at follow-up
in segments with persistently low endothelial shear stress (ESS)
and others. The prevalence of lipid-rich plaque (LRP) in segments
with persistently low ESS was numerically higher but not statistically different than other segments at follow-up (A). However, the
prevalence of thin-cap fibroatheroma (TCFA) was significantly
higher in segments with persistently low ESS than in other segments at follow-up (B). Although lipid arc was not significantly
different between the 2 groups (D), fibrous cap thickness (FCT) at
follow-up was significantly thinner in segments with persistently
low ESS than in other segments (C). Black dots indicate mean
value; persistently low, low ESS at baseline and follow-up; and
others, higher ESS at least at one time point.

same vessel, and uneven distribution of plaque rupture in the
coronary tree.6

Persistent Low-ESS Environment and High-Risk
Plaque
Local ESS is dependent on anatomic configuration and geometric irregularities. The vascular response to plaque formation induces arterial remodeling and a change of geometry,5
which subsequently results in changes of local ESS over time.2
Previous studies suggest that low ESS leads to plaque progression and excessive expansive remodeling, which in turn,
lead to an ongoing low-ESS environment.5,6 However, arterial
remodeling responses are complex, particularly in atherosclerotic vessels in humans. Stone et al9 reported both constrictive
and expansive remodeling patterns in lesions exposed to low
ESS. Another study reported low ESS was associated with
constrictive remodeling,8 which may reflect intraplaque hemorrhage within a high-risk plaque and a fibrotic, constrictive
vascular response22 or a physiological response within a normal artery segment to a low-ESS environment.23 Factors other
than local ESS are also involved in the determination of vascular responses. According to a natural history study, only 20%
of plaques with initially low ESS develop excessive expansive

Figure 4. Follow-up fibrous cap thickness (FCT) and the changes
of endothelial shear stress (ESS). Segments that were exposed
to low ESS at least at one time point had thinner FCT than those
with persistently higher ESS. Black dots indicate mean value;
persistently low, low ESS at baseline and follow-up; low→higher,
low ESS at baseline and higher ESS at follow-up; higher→low,
higher ESS at baseline and low ESS at follow-up; and persistently higher, higher ESS at baseline and follow-up.

remodeling and remain in a low-ESS environment.24 In the
current study, we analyzed the association between ESS at 2
time points and OCT parameters. Although the numbers were
small, in the lesions with persistently low ESS at both baseline and follow-up, the prevalence of TCFA was significantly
higher, and FCT was thinner at follow-up compared with
other segments which were at least once exposed to high-ESS
environment. This result demonstrates that persistent low ESS
is a crucial factor for the development of high-risk plaques.

Limitations
First, the study was limited by a small sample size of patients.
Despite the small sample size, we were able to clearly demonstrate the relationship between ESS and plaque phenotype.
Second, we used OCT imaging only and not intravascular
ultrasound, and, therefore, we were not able to assess the vascular remodeling pattern. Third, the presence of macrophage
and superficial calcification may affect the detection of lipid
components by OCT.25 Fourth, because of small number of
subjects, surrogate end points of plaque vulnerability were
used instead of clinical outcome.

Conclusions
Low ESS is significantly associated with baseline high-risk
plaque phenotype and progression to higher-risk phenotype
within 6 months.
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Supplemental material
Supplemental methods
Three-dimensional coronary artery reconstruction
Three-dimensional coronary artery reconstruction was performed using coronary
angiograms and FD-OCT images. Two images were selected from the angiographic projections that
portrayed the most distal and proximal anatomic landmarks detected also in the FD-OCT images. The
portion of the artery defined from the distal and proximal anatomic landmarks was reconstructed using
the FD-OCT data. FD-OCT image sequences were reviewed to identify the most common distal and
proximal fiduciary marks (i.e., side branches) that were visible in both FD-OCT and coronary
angiograms. The reconstruction methodology used the 3D luminal centerline derived from the
angiographic projections as a backbone to reconstruct the coronary artery, thereby incorporating the
3D curved course of the artery with any local curvature on the epicardial surface into the 3D coronary
model.1 The borders of the lumen were detected in the FD-OCT images. The selected end-diastolic
angiograms were processed for edge detection of the lumen borders and then estimation of the luminal
centerline.1 The 2 centerlines assessed in the angiograms were used to define 2 B-splines which were
extruded normal to their plane, each one forming a surface.1 The intersection of the 2 surfaces was a
3D curve, which corresponded to the 3D luminal centerline. The center of the lumen area from the

FD-OCT images was determined and the OCT-derived lumen borders were placed perpendicularly
onto the 3D lumen centerline in equidistant locations, matching center of lumen in the OCT image to
the 3D centerline. The relative rotational orientation of the FD-OCT frames was estimated using 3D
geometry algorithms, whereas the absolute rotational orientation of the first FD-OCT frame was
estimated using the orientation of side branches. The lumen 3D boundary points derived from the
abovementioned methodology were connected to build the FD-OCT–based lumen geometry in 3D
space.
Blood Flow simulation and ESS calculation
The obtained 3D coronary geometry, reconstructions were further processed with CFD
techniques, which can provide detailed characteristics of intravascular blood flow and local ESS
distribution. These techniques involve the generation of a finite volume mesh to perform blood flow
simulation by solving the 3D transport equations governing the conservation of mass and momentum
(PHOENICS, CHAM, London, UK).2 Coronary blood flow for the reconstructed arterial segment was
calculated directly from the time required for the volume of blood contained within the segment to be
displaced by radio-opaque material during a contrast injection. The true 3D volume of the segment was
first computed from the 3D lumen reconstruction. The number of cine-frames required for the contrast
medium to pass from the inlet to the outlet of the studied segment was calculated. The flow rate (mL/s)

was calculated as (frame rate [frames/sec]×volume [mL])/frame count.1 Blood rheological behavior
was approximated by a homogeneous and Newtonian fluid with a viscosity estimated from Hematocrit
and average shear rate in the artery and a density of 1050 kg/m.2-5 Blood flow was considered to be
laminar and incompressible and the no-slip condition assuming rigid walls was applied. ESS at the
endothelial surface of the artery was calculated as the product of blood viscosity and the gradient of
blood velocity at the wall.
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