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Coronary CT angiography (CCTA) is a widely used non-
invasive imaging modality for the assessment of coro-

nary anatomy. Rapid technology improvements make the 
evaluation of phenotype and burden of coronary athero-
sclerotic plaques feasible and can improve the identification 

of flow-limiting lesions by providing information over and 
above that obtained by luminal stenosis severity alone 
(1,2). Parallel to those developments, advances in com-
putational fluid dynamics and three-dimensional recon-
struction techniques allowed assessment of functional 

Background: Advances in three-dimensional reconstruction techniques and computational fluid dynamics of coronary CT angiogra-
phy (CCTA) data sets make feasible evaluation of endothelial shear stress (ESS) in the vessel wall.

Purpose: To investigate the relationship between CCTA-derived computational fluid dynamics metrics, anatomic and morphologic 
characteristics of coronary lesions, and their comparative performance in predicting impaired coronary vasodilating capability as-
sessed by using PET myocardial perfusion imaging (MPI).

Materials and Methods: In this retrospective study, conducted between October 2019 and September 2020, coronary vessels in pa-
tients with stable chest pain and with intermediate probability of coronary artery disease who underwent both CCTA and PET 
MPI with oxygen 15–labeled water or nitrogen 13 ammonia and quantification of myocardial blood flow were analyzed. CCTA 
images were used in assessing stenosis severity, lesion-specific total plaque volume (PV), noncalcified PV, calcified PV, and plaque 
phenotype. PET MPI was used in assessing significant coronary stenosis. The predictive performance of the CCTA-derived param-
eters was evaluated by using area under the receiver operating characteristic curve (AUC) analysis.

Results: There were 92 coronary vessels evaluated in 53 patients (mean age, 65 years  7; 31 men). ESS was higher in lesions with 
greater than 50% stenosis versus those without significant stenosis (mean, 15.1 Pa  30 vs 4.6 Pa  4 vs 3.3 Pa  3; P = .004). 
ESS was higher in functionally significant versus nonsignificant lesions (median, 7 Pa [interquartile range, 5–23 Pa] vs 2.6 Pa [in-
terquartile range, 1.8–5 Pa], respectively; P  .001). Adding ESS to stenosis severity improved prediction (change in AUC, 0.10; 
95% CI: 0.04, 0.17; P = .002) for functionally significant lesions.

Conclusion: The combination of endothelial shear stress with coronary CT angiography (CCTA) stenosis severity improved predic-
tion of an abnormal PET myocardial perfusion imaging result versus CCTA stenosis severity alone.
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The association of ESS to CCTA-derived plaque phenotype 
and coronary ischemia in the form of fractional flow reserve was 
previously explored (8). However, to our knowledge, no prior 
study has investigated the complex relationship between ana-
tomic, morphologic, and biomechanical data with myocardial 
blood flow. The latter can be assessed accurately by using PET, 
which is the reference standard for such assessment. We hypoth-
esized that ESS, which is sensitive to geometrical changes in the 
vessel wall, could be a possible predictor of impaired myocardial 
blood flow. The purpose of our study was therefore to assess the 
relationship between computational fluid dynamics metrics, an-
atomic and morphologic characteristics of coronary lesions, and 
their comparative performance in predicting impaired coronary 
vasodilating capability assessed by using PET myocardial perfu-
sion imaging (MPI).

Materials and Methods

Study Sample
The Evaluation of Integrated Cardiac Imaging in Ischemic 
Heart Disease (EVINCI) was a prospective clinical European 
multicenter trial designed to assess the relative accuracy of 
commonly used imaging techniques in identifying patients 
with functionally significant coronary artery disease. It enrolled 
475 patients who underwent a study of coronary anatomy by 
CCTA and at least one functional imaging test between March 
23, 2009, and June 15, 2012 (9). An EVINCI and Simulation 
Modeling of Coronary Artery disease, or SMARTool, substudy 
has been subsequently performed to test the value of a CCTA-
based fractional flow reserve surrogate index in detecting im-
paired coronary vasodilating capability (10). Our subanalysis 
was performed to assess the comparative performance of ESS, 
plaque volume (PV), and stenosis severity to predict abnormal 

significance of coronary lesions by assessing CT fractional flow 
reserve or similar indexes (3).

The evaluation of biomechanical forces in the vessel wall at 
CCTA is another possibility less well explored. Of particular 
interest is the assessment of endothelial shear stress (ESS), the 
product of dynamic viscosity and gradient of blood velocity near 
the arterial wall. ESS holds a key role in coronary plaque forma-
tion and progression because it disturbs the physiologic balance 
of the lumen wall (4–6). Also, increased blood flow at peak coro-
nary vasodilation produces increases in local ESS, which is more 
pronounced in atherosclerotic lesions compared with normal 
vessels. This suggests an interplay between coronary atheroscle-
rosis, vasodilating capability, and biomechanical forces (7).

Abbreviations
AUC = area under the receiver operating characteristic curve, CCTA = 
coronary CT angiography, ESS = endothelial shear stress, EVINCI = 
Evaluation of Integrated Cardiac Imaging in Ischemic Heart Disease, 
MPI = myocardial perfusion imaging, PV = plaque volume

Summary
Coronary CT angiography–derived endothelial shear stress provided 
useful information for predicting impaired vasodilating capacity as-
sessed by using PET myocardial perfusion imaging.

Key Results
 n In a retrospective study of 92 coronary vessels in 53 patients with 

intermediate probability of coronary artery disease, coronary CT 
angiography–derived endothelial shear stress (ESS) was higher in 
lesions with greater than 50% stenosis (P = .004) and in lesions 
associated with impaired myocardial blood flow measurements as-
sessed by using PET (6.7 Pa vs 2.5 Pa, respectively; P  .001).

 n Adding ESS to stenosis severity improved prediction (improve-
ment in area under the receiver operating characteristic curve, 
0.10; P = .002) for flow-limiting lesions.

Figure 1: Study flow diagram of patients and vessels. CAD = coronary artery disease, CCTA = coronary CT angiography, EVINCI = Evaluation of Integrated Cardiac 
Imaging in Ischemic Heart Disease, LCx = left circumflex, MPI = myocardial perfusion imaging, SMARTool = Simulation Modeling of Coronary Artery Disease.
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PET MPI. Patients with stable chest pain and intermediate 
pretest likelihood were enrolled in the study. Exclusion criteria 
were recent acute coronary syndrome, known coronary artery 
disease, left ventricular ejection fraction less than 35%, more-
than-moderate valve disease, and cardiomyopathy. Details of 
inclusion and exclusion criteria are shown in Figure 1.

CCTA Imaging and Data Analysis
The CCTA images were obtained by using CT scanners that 
were 64 sections or more on the basis of the protocol of the 
EVINCI study by using an iodine-based contrast agent. Axial 
images were reconstructed with a section width less than 1.0 mm 
for most CCTA studies with a minimum section thickness of 
0.5–0.6 mm to require maximum spatial resolution. Optimized 
reconstruction for the most suitable cardiac cycle was performed 

at diastole at 70%–80% of the R-R interval (Appendix E1 [on-
line]) (9). The three-dimensional CCTA reconstruction proto-
col was described in detail previously (11). Computational fluid 
dynamics were performed in the three main epicardial coronary 
arteries by using steady-state flow simulations for all vessels, as-
suming blood as Newtonian fluid, laminar flow, and rigid non-
slip wall (12–14) (Appendix E1 [online]).

Assessment of ESS
The coordinates of the start and end of the lesion area on the 
basis of CCTA were identified by an independent reader 
(A.S.A., with 5 years of experience in cardiac CT) with the  
SMARTool software (version 0.9.17) and with access only to 
CCTA images (15). The interval between readout sessions was 
3 months, and the intraobserver coefficient of variation in a 

Figure 2: Endothelial shear stress (ESS) stenotic segments, plaque analysis, and stenosis severity. (A) Section of a right coronary artery of a 64-year-old male patient 
with the calculated mean ESS segments (0.5-mm intervals) over the vessel length. Minimum lumen area (MLA) shows higher mean ESS values compared with the proximal 
and distal segments (mean, 10 Pa vs 3.6 Pa vs 1.8 Pa, respectively). (B) Left anterior descending artery plaque identification at coronary CT angiography (left panel) and 
curved planar reformatting (right upper panel); close-up at the volume of interest and color overlay for the plaque components (right middle panel; blue, necrotic core [30 
to 30 HU]; red, fibrofatty [31–130 HU]; yellow, fibrous [131–350 HU]; and green, dense calcium [350 HU]). Cross-sectional view (right lower panel) shows the lumen 
boundaries with color overlay for individual plaque components. (C) Distribution of mean ESS values in the segmented lesions. ESS in proximal segments is higher com-
pared with the distal ones. Minimum lumen area (MLA) displays the highest ESS values of the three calculated stenotic segments. **P  .05 from proximal and distal. (D) 
Correlation matrix presents correlations between the ESS in total lesion (ESSTL), proximal (ESSPROX), minimum lumen area (ESSMLA), and distal segments (ESSDIST). (E) Mean 
minimum lumen area ESS distribution over stenosis severity. PANOVA = P value of the analysis of variance. * P  .05 versus stenosis severity 30%,  # P  .05 versus stenosis 
severity 31%–50%.
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total of 40 of 92 (43%) randomly selected vessels was 6.5%. 
Total lesion length was divided into three segments of interest: 
proximal, minimum lumen area (3-mm segment in total), 
and distal segment. The total lesion length and its three separate 
segments were individually analyzed for ESS assessment. It was 
averaged every 0.5-mm interval along the total lesion length as 
well as the proximal, minimum lumen area, and distal segments 
of the stenosis, following the coronary centerline path (Fig 2A).

Plaque Analysis
Plaque analysis was performed on multiplanar reformatted 
images (average section thickness, 0.6; 0.6-mm increment) by 
an independent reader (A.S.A.) who had prior knowledge of 
the starting and ending lesion point and who was blinded to 
PET MPI results. The interval between readout sessions was 3 
months, and the intraobserver coefficients of variation for total 
PV and noncalcified PV were 8.6% and 9.4%, respectively. To-
tal PV and the individual components were assessed at the total 
lesion length. Analysis was performed by using semiautomated 
software (Aquarius Workstation, version 4.4.13; TeraRecon) 
(Fig 2B) with manual corrections for wall and vessel territories 
where necessary. Quantified lesion-specific total PV was classi-
fied according to Hounsfield units into noncalcified PV (30 
to 350 HU) and calcified PV (350 HU) (16,17).

PET Imaging and Data Analysis
PET/CT imaging was performed in agreement with interna-
tional guidelines and the EVINCI study protocol (18) by using 
oxygen 15–labeled water or nitrogen 13 ammonia. Details of 
PET imaging protocols and hybrid imaging analysis are in Ap-
pendix E1 (online) (19). PET was considered abnormal when 
more than one contiguous segment showed both stress myocar-
dial blood flow of 2.3 mL/g/min or less and myocardial flow 
reserve of 2.5 or less for oxygen 15–labeled water water, or less 
than 1.79 mL/g/min and 2.0 or less for nitrogen 13 ammonia, 
respectively (18,20).

Statistical Analysis
Continuous variables are presented as means  standard de-
viations or median and interquartile range, whereas qualitative 
variables are presented as absolute and relative frequencies. Nor-
mality was tested by using the Kolmogorov-Smirnov test. Proba-
bility values are two sided from the t test and the Mann-Whitney 
U test for continuous variables. Analysis of variance or Kruskal-
Wallis test was selected for multiple group comparisons.  P  .05 
was considered to indicate statistical significance. The Spearman 
rank-correlation coefficient was selected to evaluate the relation-
ship between ESS and plaque characteristics. The percentage 
composition of the individual plaque characteristics was defined 
as plaque component volume/total PV. An ESS threshold of 
3.67 Pa, the median value of the total study sample at minimum 
lumen area, which is within the range of normal values quoted 
in the literature (21), was selected to classify low versus high ESS 
subgroups. The combined value of ESS, stenosis severity, and 
total PV (or noncalcified PV) for predicting an abnormal PET 
MPI result was evaluated by logistic regression models (clustered 
by patient) and calculation of the respective area under the re-

ceiver operating characteristic curve (AUC). Statistical analysis 
was performed by using MedCalc Statistical Software (version 
13; MedCalc Software) and Stata (version 13.0; StataCorp).

Results

Patient and Vessel Characteristics
Ninety-eight individuals from the EVINCI and SMARTool 
projects underwent PET MPI. Demographic, clinical, and 
coronary lesion characteristics of the total study sample are 
given in Tables 1 and 2. Thirty patients were excluded because 
of suboptimal image quality or reconstruction artifacts, and 15 
patients were excluded because of normal CCTA. The remain-
ing 53 patients (mean age, 65 years  7 [standard deviation]; 
age range, 42–75 years; 31 male patients [mean age, 64 years 
 8]; 22 female patients [mean age, 66 years  5]; P = .21) 
were evaluated for stenosis severity, plaque characteristics, and 
ESS. From a total of 159 coronary arteries, reasons for exclusion 
were as follows: 28 (two left anterior descending, 13 left circum-
flex, 13 right coronary arteries) did not have coronary lesions 
at CCTA, 10 demonstrated diffused disease (one left anterior 

Table 1: Demographic and Clinical Study Sample 
Characteristics

Characteristic Patients (n = 53)
Mean age (y) 65  7 [42–75]
No. of men 31 (58)
 Mean age (y) 64  8 [42–75]
No. of women 22 (42)
 Mean age (y) 66  5 [59–73]
Symptom
 Typical angina 8 (15)
 Atypical angina 29 (55)
 Nonanginal chest pain 16 (30)
Risk factor
 Arterial hypertension 28 (53)
 Diabetes mellitus 9 (17)
 Obesity 9 (17)
 Mean BMI (kg/m2) 26.7  4
Medication
 Oral antidiabetics 7 (13)
 Insulin 3 (6)
 Statins 37 (70)
 ACEi 20 (38)
 Diuretics 8 (15)
 ARBs 8 (15)
  blockers 30 (57)
 Calcium antagonists 8 (15)
 ASA 43 (81)
 Nitrates 9 (17)

Note.—Except where indicated, data are numbers of participants, 
with percentages in parentheses. Mean data are  standard 
deviation; data in brackets are range. ACEi = angiotensin-
converting enzyme inhibitors, ARB = angiotensin II receptor 
blockers, ASA = acetylsalicylic acid, BMI = body mass index.
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descending, two left circumflex, seven right coronary arteries), 
22 had suboptimal image quality (six left anterior descending, 
10 left circumflex, six right coronary arteries), PET MPI and 
CCTA analysis from fused images in four (right coronary arter-
ies) demonstrated that inferior wall perfusion was assigned to a 
posterior descending artery from the left circumflex, and three 
(two left anterior descending, one right coronary artery) had a 
stenosis severity greater than 90%. Subsequently, stenosis sever-
ity, plaque characteristics, and ESS were assessed in the remain-

ing 92 coronary arteries (72 vessels with one stenosis per vessel). 
In terms of patients, 22 of 53 (42%) had single-vessel disease, 23 
of 53 (43%) had two-vessel disease, and eight of 53 (15%) had 
three-vessel disease.

ESS Distribution across Coronary Lesions and Relationship 
with Stenosis Severity
We used the ESS at minimum lumen area as the surrogate 
marker for lesion-related ESS in all the analyses because ESS 
indexes were highly intercorrelated (r  0.78 for all compari-
sons) (Fig 2D). ESS at minimum lumen area was higher com-
pared with proximal ESS (mean, 8.6 Pa  20 vs 3.4 Pa  5.6, 
respectively; P  .001) and distal ESS (8.6 Pa  20 vs 2.9 Pa 
 5.2, respectively; P  .001) (Fig 2C). ESS was higher in le-
sions with greater than 50% stenosis compared with segments 
with lesions with less than 50% stenosis (mean, 15.1 Pa  30 
vs 4.6 Pa  4 vs 3.3 Pa  3, respectively; P = .004) (Fig 2E, 
Table E1 [online]). The mean total time for ESS calculation 
was 20 minutes  10.

Relationship between ESS, PV, and Plaque Composition
There was a weak positive correlation between ESS and total 
PV (r = 0.28; P = .007) and between ESS and noncalcified PV 
(r = 0.27; P = .10) (Fig 3A, 3B). In examining the relationship 
between ESS with plaque phenotype, we observed a weak posi-
tive correlation between ESS and the individual components 
of noncalcified PV (ie, necrotic core and fibrous and fibrofatty 
plaque volume; r = 0.22–0.25; P  .05) (Fig 3C). Noncal-
cified PV was higher in vessels with high ESS (median, 0.17 
cm3 [interquartile range, 0.12–0.29 cm3] vs 0.11 cm3 [inter-
quartile range, 0.07–0.17 cm3], respectively; P = .002) (Table 
E2 [online]), but there was no difference in plaque composi-
tion (necrotic core, fibrous, fibrofatty, and calcified plaque,  
P = .12–.64) (Fig E1 [online]).

Relationship between ESS, Stenosis Severity, PV, and 
Quantitative PET Perfusion
Of the total 92 vessels analyzed, 46 of 92 (50%) had both nor-
mal stress myocardial blood flow and myocardial flow reserve, 
whereas both parameters were abnormal in 23 of 92 (25%) ves-
sels. ESS was higher in vessels with abnormal myocardial blood 

Table 2: Lesion Characteristics

Characteristic Vessel (n = 92)
 LAD 44 (48)
 LCx 26 (28)
 RCA 22 (24)
Focal lesion vessels 72 (78)
Stenosis severity
 30% 17 (18)
 31%–50% 38 (41)
 51%–90% 37 (40)
Mean lesion length (mm) 14.1  9.7
Mean plaque characteristics
 Total plaque volume (cm3) 0.22  0.20
 Necrotic core (cm3) 0.04  0.04
 Fibrofatty tissue (cm3) 0.08  0.07
 Fibrous tissue (cm3) 0.08  0.07
 Calcified plaque (cm3) 0.03  0.05
 Noncalcified plaque (cm3) 0.19  0.17
 Outer wall volume (cm3) 0.37  0.33
 Lumen volume (cm3) 0.11  0.10
Mean ESS segment
 ESS TL (Pa) 4.1  7.8
 ESS proximal (Pa) 3.3  5.6
 ESS MLA (Pa) 8.6  19.7
 ESS distal (Pa) 2.9  5.2

Note.—Except where indicated, data are numbers of vessels, with 
percentages in parentheses. Mean data are  standard deviation. 
ESS = endothelial shear stress, LAD = left anterior descending, 
LCx = left circumflex, MLA = minimum lumen area, RCA = 
right coronary artery, TL = total lesion.

Figure 3: (A–C) Correlations between endothelial shear stress (ESS) and plaque characteristics. (A, B) Scatterplots show Spearman r correlation between ESS and 
plaque volume (A) and noncalcified plaque volume (B). (C) Correlation matrix shows the correlations between ESS and plaque characteristics. *P  .05. ESSDIST = distal 
ESS, ESSMLA = ESS minimum lumen area, ESSPROX = proximal ESS, ESSTL = ESS total lesion.
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flow and myocardial flow reserve (Fig 4A) (Table E3 [online]). 
When the analyzed vessels were stratified according to subgroups 
of stenosis severity (below or above 50%) and ESS (high vs low), 
five of 23 (22%) of vessels with stenosis severity less than 50% 
and high ESS showed an abnormal PET MPI result (Fig 4B, Fig 
E2 [online]). Lesion-specific PV; noncalcified PV; and plaque 
characteristics such as calcium, fibrotic content, necrotic core, 
and fibrofatty plaque volume were not predictors of an abnor-
mal PET MPI examination (AUC, 0.59–0.63; P = .08–.63). 
The combination of those parameters with stenosis severity did 
not add incremental value to the model (AUC, 0.74–0.77; P 
= .22–.68) (Table E4 [online]). However, both stenosis sever-

ity and ESS were predictors of impaired vasodilating capability 
(AUC, 0.73–0.79; P  .001 for both) (Fig E3A, E3B [online]). 
The optimal threshold of ESS as a predictor was 5.4 Pa, with sen-
sitivity of 17 of 23 (74%; 95% CI: 52, 90) and specificity of 37 
of 46 (80%; 95% CI: 66, 91), respectively. Importantly, addition 
of ESS to CCTA stenosis severity provided incremental value in 
predicting an abnormal PET MPI result (change in AUC, 0.10; 
95% CI: 0.04, 0.17; P = .002) (Table 3) (Fig E3C [online]).

Discussion
Advances in three-dimensional reconstruction techniques and 
computational fluid dynamics of cardiac CT angiography 
(CCTA) data sets make feasible the evaluation of endothelial 
shear stress (ESS) in the coronary artery wall. Our study was 
designed to investigate the relationship between ESS, stenosis 
severity, lesion-specific plaque volume (PV), and phenotype and 
their comparative performance in predicting impaired coronary 
vasodilating capability assessed by using PET myocardial perfu-
sion imaging (MPI). Our main findings are as follows: CCTA-
derived ESS is higher in the proximal and minimum lumen area 
segments of a coronary lesion (mean proximal ESS, 3.4 Pa  
5.6; mean ESS minimum lumen area, 8.6 Pa  19.7; mean 
distal ESS, 2.9 Pa  5.2; P  .001), there is a weak positive 
correlation between ESS and the individual components of non-
calcified PV (r = 0.22–0.25; P  .05), and ESS has incremental 
value when combined with stenosis severity in classifying flow-
limiting lesions assessed by using PET MPI (change in area un-
der the receiver operating characteristic curve, 0.10; 95% CI: 
0.04, 0.17; P = .002).

The highest ESS values were observed at the minimum lu-
men area of a coronary lesion, whereas the lowest ESS values 
were observed at the distal plaque segment (P  .001). This is an 
expected finding because plaque anatomy alters the blood flow 
and creates downstream flow recirculation zones that result in 
low ESS regions (13,22–24). ESS is increased in segments with 
stenosis severity greater than 50% (mean, 15.1 Pa  29.8 vs 
4.6 Pa   4 vs 3.3 Pa  3, respectively; P = .004), which also 
agrees with previous work (8).

Low ESS was previously associated with a more vulnerable 
plaque phenotype (25,26) and a higher percentage of necrotic 
core (26). Evidence (22,27) also suggests that high ESS is linked 
to high-risk plaques in coronary arteries. These findings may 
be explained by numerous factors: the different values used in 

Figure 4: Distribution of endothelial shear stress (ESS) in vessels with normal 
and abnormal PET myocardial perfusion imaging (MPI) result. (A) Median ESS 
for total lesion (TL) and for each individual stenotic segment in vessels with normal 
versus abnormal PET MPI. * P  .05. MBF = myocardial blood flow, MFR = myo-
cardial flow reserve, MLA = minimum lumen area. (B) Percentage of vessels with 
normal or abnormal PET MPI across strata of ESS and stenosis severity (SS). 

Table 3: Diagnostic Value of ESS when Combined with Cardiac CT Angiography Anatomic Information for an Abnormal PET 
Myocardial Perfusion Imaging Result

Variable AUC Change in AUC P Value

Stenosis severity 50% 0.73 (0.61, 0.83) .001
ESS 0.79 (0.68, 0.88) .001
 Stenosis severity 50% with ESS 0.83 (0.72, 0.91) 0.10* (0.04, 0.17) .002*
 Stenosis severity 50% with TPV 0.76 (0.64, 0.86) 0.03* (0.04, 0.11) .38*
 Stenosis severity 50% with TPV and ESS 0.83 (0.72, 0.91) 0.07† (0.001, 0.14) .054†

Note.—Data in parentheses are 95% CIs. AUC = area under the curve, ESS = endothelial shear stress, TPV = total plaque volume.
* Difference from stenosis severity greater than 50%.
† Difference from stenosis severity greater than 50% combined with total plaque volume.
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the various studies to define high ESS (22,26), the possibility 
of a U-shaped association between ESS and plaque vulner-
ability (22), the uncertainty over the physiologic ESS values in 
human coronary circulation (5,28–31), and the study sample 
(ie, healthy vessels or vessels with established atherosclerosis). 
In our study, ESS was positively correlated with total PV and 
noncalcified PV (r = 0.27–0.28; P  .01). Alterations in ESS 
may relate to changes in endothelial mechanical transduction, 
known as mechanotransduction, and subsequent endothelium 
and plaque biology changes associated with plaque vulnerability. 
These would manifest as an increase in the volume of noncalci-
fied plaque. ESS was higher in vessels with an abnormal stress 
myocardial blood flow and myocardial flow reserve (median, 
6.9 Pa [interquartile range, 5–22.6 Pa] vs 2.5 Pa [interquartile 
range, 1.8–4.9 Pa], respectively; P  .001). In addition, stenosis 
severity and lesion-specific ESS were both predictors of impaired 
vasodilating capability (P  .001 for both). There is a potential 
explanation for the predictive ability of ESS. ESS may increase in 
endothelial dysfunction with noncalcific plaques as the level of 
stenosis increases because of impaired mechanical transduction. 
This condition would translate into reduced capability of dilata-
tion. An additional explanation could be that chronic increase in 
ESS and, therefore, of vasodilating stimulus could exhaust the al-
ready impaired endothelial mediated flow reserve (32). However, 
total PV, noncalcified PV, and the individual plaque components 
such as calcium and fibrotic content were not associated with 
impaired vasodilation. Our results are similar to those previously 
reported (33) but also differ from results in other studies (2,34). 
There are two possible explanations for the discrepant observa-
tions in the literature: methodologic differences in the extent 
of the arterial segment analyzed and reference standards used 
(fractional flow reserve or PET/SPECT). Our findings suggest 
that ESS is hemodynamically relevant and may partly explain 
the functional consequences of coronary plaque anatomy and 
geometry within a lumen. For example, nonobstructive coronary 
lesions may be functionally significant depending on plaque ge-
ometry and anatomy, of which ESS is a sensitive marker.

Our study had limitations. We did not assess the impact of 
side branches on ESS and we did not study ESS in hyperemic 
conditions, which could provide additional information regard-
ing the relationship of ESS with PET MPI. In agreement with 
previous studies, in vessels with multiple stenoses only the most 
important lesion was selected for analysis (23,35). A number of 
patients and vessels had to be excluded from our analysis because 
ESS, unlike other fluid dynamic parameters (ie, pressure), can 
be affected by image motion and quality of segmentation. Fi-
nally, in agreement with previous studies (26), we selected for 
analysis only the plaque phenotype without assessing other vessel 
characteristics (eg, positive remodeling, napkin ring, and spotty 
calcification) because this was beyond the aims of our study. ESS 
has incremental value when combined with stenosis severity in 
classifying flow-limiting lesions as assessed by using PET MPI, 
although these findings do not necessarily support the value of 
hybrid imaging in every patient.

In conclusion, endothelial shear stress (ESS) was positively 
correlated with the volume of coronary plaques and luminal 
stenosis severity. In addition, plaque anatomy and the resulting 

changes in fluid dynamics captured by ESS seem to be important 
informants of the functional significance of a coronary lesion. 
Moreover, ESS can add incremental value to stenosis severity by 
improving prediction of impaired vasodilating capacity assessed 
by using PET myocardial perfusion imaging.
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