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Abstract

Discordance between angiography-based anatomical assessment of coronary stenosis

severity and fractional flow reserve (FFR) has been attributed to several factors including

lesion length and irregularity, and the myocardial territory supplied by the target vessel. We

sought to examine if coronary arterial distensibility is an independent contributor to this dis-

cordance. There were two parts to this study. The first consisted of “in silico” models of 26

human coronary arteries. Computational fluid dynamics-derived FFR was calculated for fully

rigid, partially distensible and fully distensible models of the 26 arteries. The second part of

the study consisted of 104 patients who underwent coronary angiography and FFR mea-

surement. Distensibility at the lesion site (DistensibilityMLA) and for the reference vessel (Dis-

tensibilityRef) was determined by analysing three-dimensional angiography images during

end-systole and end-diastole. Computational fluid dynamics-derived FFR was 0.67±0.19,

0.70±0.18 and 0.75±0.17 (P<0.001) in the fully rigid, partially distensible and fully distensible

models respectively. FFR correlated with both DistensibilityMLA (r = 0.36, P<0.001) and Dis-

tensibilityRef (r = 0.44, P<0.001). Two-way ANCOVA analysis revealed that DistensibilityMLA

(F (1, 100) = 4.17, p = 0.031) and percentage diameter stenosis (F (1, 100) = 60.30,

p < 0.01) were both independent predictors of FFR. Coronary arterial distensibility is a novel,

independent determinant of FFR, and an important factor contributing to the discordance

between anatomical and functional assessment of stenosis severity.

Introduction

Fractional flow reserve (FFR) is a well-accepted method to assess the functional significance of

coronary stenosis in the cardiac catheterization laboratory. Use of FFR to guide revasculariza-

tion decisions leads to improved outcomes [1, 2]. Several studies have shown reasons for the
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discordance between FFR and anatomical methods to assess lesion severity, which include

lesion irregularity, lesion length, the presence of diffuse coronary artery disease as well as the

size and status of the microcirculation supplied by the target vessel [3, 4]. Vessel wall disten-

sibility could be another factor that affects FFR. Increased distensibility will likely lead to

decreased resistance to flow and lower pressure gradient across a particular stenosis. There-

fore, assuming two vessels with identical geometry and stenosis severity, the vessel with greater

distensibility will likely have a higher FFR value. There is a lack of studies that examine

whether vessel wall distensibility contributes to this discordance. We hypothesize that

increased vessel wall distensibility will be associated with higher FFR values. In the current

study, we aim to investigate whether coronary arterial distensibility will affect the discordance

between angiography-based anatomical assessment of stenosis severity and FFR.

Lower FFR, when unrevascularized, is associated with adverse outcomes [5–6]. Factors that

may cause stiffness or low distensibility such as calcification have been associated with poor

prognosis [7]. The association between distensibility and FFR may therefore also provide a

mechanistic link to explain the ability of FFR to predict adverse outcome.

Several new techniques have emerged to indirectly calculate FFR. Computational fluid

dynamics (CFD) is the use of applied mathematics and physics incorporated in computer soft-

ware to characterise how a gas or liquid flows. The use of CFD-based techniques has led to less

invasive, and potentially clinically applicable methods to derive FFR. Computed tomography

(CT) coronary angiography and three-dimensional coronary angiography can both render

accurate anatomic reconstruction of coronary artery geometry. Using CFD, coronary angiog-

raphy-derived FFR, which does not require the pressure-sensor wire, and CT-derived FFR,

which is a non-invasive method have been developed [8–14]. These CFD-based techniques

have incorporated known factors that cause the discordance between anatomical and func-

tional methods to assess lesion severity including lesion irregularity, lesion length, the presence

of diffuse coronary artery disease as well as the size and status of the microcirculation supplied

by the target vessel [11, 14], but remain prone to inaccurate calculation of FFR [14, 15]. All

CFD-derived FFR methods to date have used static vessel geometry. Incorporating distensibil-

ity may improve the accuracy of CFD methods to predict FFR.

Methods

There were two parts to this study. The first consisted of a CFD simulation study in a group of

coronary artery geometries with different grades of stenosis severity to determine whether ves-

sel wall distensibility directly affects FFR in an “in silico” model. The second part consisted of

a clinical study of patients who underwent FFR measurements. The relationship between ves-

sel wall distensibility and FFR was investigated in these patients. This study was approved by

the Sydney Local Health District Human Research Ethics Committee-Concord Repatriation

General Hospital with additional site specific approval by the Research Ethics and Governance

Office of the Royal Prince Alfred Hospital. Written informed consent was obtained from

patients who participated in this study and the study protocol conforms to the ethical guide-

lines of the 1975 Declaration of Helsinki as reflected in a priori approval by the institution’s

human research committee. All angiographic and CFD analyses were performed at the coro-

nary CFD core laboratory at the ANZAC Research Institute.

Simulation study

Coronary geometries. We selectively identified 30 consecutive coronary angiograms of

patients who had FFR measurement in a single vessel at our institution. We consecutively

identified 10 vessels with low grade stenoses (<40%DS), 10 vessels with intermediate grade

Coronary distensibility and FFR
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stenoses (40–70%DS) and 10 vessels with high-grade stenoses (>70%DS). Of these 30 vessels,

26 were found to have adequate image quality for three-dimensional reconstruction.

Three-dimensional coronary vessel reconstruction. Three-dimensional quantitative cor-

onary angiography (3D-QCA) was employed to reconstruct the coronary luminal geometry

using previously described methods [16]. In brief, angiographic cine images were acquired at

15 frames per second, consistent with the protocol at our institution (Axiom Artis, Siemens,

Forchheim, Germany). After inspection of images, locations of narrowing as well as proximal

and distal segments of each coronary artery were manually identified. Subsequently the centre

line of the arterial lumen was manually identified (Fig 1a and 1b). Finally, the vessels were

reconstructed offline using 3DR software on the Leonardo workstation (IC3D, Siemens, For-

chheim, Germany) (Fig 1c). The contrast-filled non-tapered part of the guiding catheter was

used to calibrate pixel size. The two best orthogonal angiographic views of the vessel in the

end-diastolic frame were used for reconstruction.

CFD computed FFR in models with different vessel distensibility. ANSYS 14.5

(ANSYS, Inc., Canonsburg, PA, USA) was used for CFD simulations. Flow for modelling was

assumed to be three-dimensional and Newtonian. It has previously been shown that flow in

stenosed coronary arteries may transit to turbulence [17]. In this study, shear stress transport

turbulent model was used to capture the transition, if any, to a turbulent state [18, 19].

First, steady state simulations were conducted with rigid wall assumption as previously pub-

lished [20], to calculate the patient-specific hyperemic flow rate. In brief, the measured proxi-

mal and distal pressures during hyperemia were used respectively as inlet and outlet boundary

Fig 1. CFD model. (a) Coronary angiogram of LAD artery with initial definition of lesion, and non-stenotic

segments proximal and distal to the lesion, (b) Two-dimensional representation of vessel lumen, (c) Three-

dimensional reconstruction of vessel lumen showing lesion length (L) and percentage cross sectional area

stenosis (CS). Yellow cross defines lesion site, cross denoted by “P” defines proximal site and cross denoted

by “D” defines distal site, (d) Defined inlet and outlet with the corresponding boundary condition, (e) contours

of CFD-based FFR.

https://doi.org/10.1371/journal.pone.0181824.g001
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conditions (Fig 1d) and patient-specific CFD-based hyperemic flow rate was derived.

Then, semi-transient fluid—structure interaction (FSI) simulations [21] (Fig 1e) were con-

ducted with elastic wall assumption with three grades of distensibility; perfectly distensible

(ARTdistensible), partially distensible (ARTpartial) and non-distensible (ARTrigid). In the perfectly

distensible model, the vessel walls were allowed to dilate freely and gradually from end diastole

to end systole, based upon the measured patient-specific distensibility, over a number of simu-

lation time steps. To simulate semi-transient flow, repeated simulations were performed to

include up to 100 steady state iterations. In the partially distensible model, the vessel walls

were constrained such that the distensibility was brought down to half of the measured

patient-specific distensibility. In the non-distensible model, the vessel walls were fully con-

strained to prevent dilation.

For the FSI simulations, the inlet boundary condition was set to measured aortic pressure

during angiography and the outlet boundary condition was initially set to the computed

patient-specific hyperemic flow rate. During the simulation, proximal pressure was kept con-

stant. The flow rate and outlet pressure were allowed to vary in order to keep microcirculation

resistance constant.

Blood was modelled as an incompressible Newtonian fluid with dynamic viscosity of 0.0035

Pa.s and density of 1050 kg/m3 [16, 20]. To incorporate the elastic nature of coronary arterial

walls, the conventional Mooney-Rivlin hyperelastic model was used [22].

CFD-based FFR (FFRCFD) was calculated by the ratio of hyperemic distal pressure to proxi-

mal pressure for the 3 distensibility models using all 26 vessels. The differences in FFRCFD

among the 3 different models were determined.

Clinical study

Patient population. The study population consisted of 104 consecutive patients who pre-

sented to the cardiac catheterization laboratory and required FFR measurement of a single tar-

get lesion at two tertiary referral institutions. All patients underwent coronary angiography

and physiological measurements.

Pressure and FFR measurements. FFR was measured using a pressure-sensor guidewire

(Aeris or Certus pressure wire, St. Jude, MN, USA) as previously described [16]. The pressure-

sensor wire was first calibrated and then equalized with the pressure measurement obtained

from the guiding catheter. The wire was then advanced distal to the target lesion. Intracoron-

ary nitroglycerin (100–200μg) was administered. Hyperemia was achieved using intravenous

adenosine infusion at a rate of 140 μg/kg/min. Adenosine was infused for at least 2 minutes to

obtain a stable hyperemic signal. FFR was calculated as the mean distal pressure divided by the

mean proximal pressure during hyperemia. The pressure-sensor was pulled back after FFR

measurement to check for pressure drift. Pressure equalization and FFR measurement was

repeated if significant pressure drift was found.

Coronary vessel distensibility measurement. Coronary artery geometries were obtained

as described for the first part of the study. 3D-QCA was used to determine reference vessel

size, %DS and lesion length. Coronary vessel distensibility calculations were performed by ana-

lysing 3D angiography images of coronary lesions during end-systole and end-diastole. We

ensured that all selected images had adequate quality for calculating the distensibility and the

frames at which the vessel was fully filled by contrast were selected for analysis. All measure-

ments were performed thrice and averaged by a single-experienced operator blinded to the

FFR results. Inter-observer error was determined by a second operator for a random selection

of 20 vessels. Fig 2 illustrates 2D angiographic images and 3D reconstructed geometry of a rep-

resentative left anterior descending artery at end-systole and end-diastole. The following

Coronary distensibility and FFR
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formulae were used to quantify vessel distensibility at the site of minimum luminal area and

for the proximal reference vessel as previously described [23, 24]:

DistensibilityMLA ¼
1000ðDAÞMLA = ðAdÞMLA

Dp

DistensibilityRef ¼
1000ðDAÞRef = ðAdÞRef

Dp

(ΔA)MLA and (ΔA)Ref represent the difference between end-systolic and end-diastolic area

at the site of minimum luminal area and proximal reference vessel respectively. (Ad)MLA and

(Ad)Ref represent end-diastolic area at the site of minimum luminal area and proximal refer-

ence vessel respectively. Δp represents the difference between mean systolic and diastolic intra-

coronary pressure [25]. In order to validate the use of 3D-QCA to measure distensibility, we

carried out a comparison of distensibility measured by intravascular ultrasound (IVUS) and

distensibility measured by 3D-QCA in 20 patients who underwent IVUS in a single vessel.

Statistical analysis

As this was a novel pilot study without prior clinical data for reference, we aimed to include

100 patients for the clinical study. Graphpad Prism v. 5.01 (Graphpad, La Jolla, California) and

SPSS v. 15 (SPSS, Chicago, Illinois) software were used to perform statistical analyses. All the

values were expressed as mean ± SD unless otherwise specified. Normality of the data was

Fig 2. Representative three-dimensional reconstruction of vessel geometry. (a) End-diastolic two-

dimensional representation of lesion, (b) End-diastolic three-dimensional reconstruction of vessel lumen with

corresponding measurements, (c) End-systolic two-dimensional representation of lesion, (d) End-systolic

three-dimensional reconstruction of vessel lumen with corresponding measurements. DS, MLD, and L

represent diameter stenosis, minimum luminal diameter and lesion length.

https://doi.org/10.1371/journal.pone.0181824.g002
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determined using the D0Agostino Pearson test and verified using histogram plots. Parametric

and non-parametric statistical analyses were performed accordingly. T-tests were used to com-

pare means between two groups, and one-way ANOVA analysis was used to compare means

between greater than two groups of variables. Non-linear regression analysis was used to deter-

mine the relationship between %DS and change in FFR in different arterial stiffness models.

Pearson correlation analyses were used to compare the association between two continuous

variables. Two-way ANCOVA was used to determine whether distensibility was an indepen-

dent predictor of FFR. Two-sided P value of< 0.05 was considered significant.

Results

Simulation study

Fig 3 shows the contour plots of FFRCFD in 4 representative coronary geometries with varying

distensibility (ARTrigid, ARTpartial and ARTdistensible) and diameter stenosis. As shown, FFRCFD

was lower in the ARTrigid models when compared with the ARTpartial and ARTdistensible models.

Fig 3. Effect of vessel rigidity on FFRCFD. FFRCFD for representative arteries with percentage diameter

stenosis of (a) 40, (b) 50.5, (c) 62.5, and (d) 73 are shown.

https://doi.org/10.1371/journal.pone.0181824.g003
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The difference in FFRCFD between rigid and distensible models became greater with increasing

stenosis severity.

When all 26 coronary geometries were analyzed, FFR was 0.67±0.19, 0.70±0.18 and 0.75

±0.17 (P<0.001) in the ARTrigid, ARTpartial and ARTdistensible models respectively (Fig 4a). The

difference in FFRCFD between ARTrigid and ARTdistensible models increased in an exponential

manner with increasing stenosis severity (Fig 4b).

In 5 out of the 26 (19.2%, shown by blue triangles) of the patient geometries, FFR was origi-

nally�0.8 when using a rigid model but became>0.8 when a fully distensible model was

used. When considering patient geometries with rigid model FFR between 0.6–0.8 (shown by

dashed lines), 5 out of the 7 (71.4%) had FFR>0.8 when a distensible model was used (Fig 5).

Clinical study

Demographic, clinical and angiographic characteristics of the 104 patients in this study are

shown in Table 1. Mean DistensibilityMLA was 2.95 ± 1.27 mmHg-1 and mean DistensibilityRef

was 3.83 ±1.45 mmHg-1. Absolute mean intra-observer error for DistensibilityMLA and Disten-

sibilityRef were 0.25 ± 0.26 mmHg-1 and 0.38 ± 0.35 mmHg-1 respectively. Absolute mean

inter-observer error for DistensibilityMLA and DistensibilityRef were 0.37 ± 0.27 mmHg-1 and

0.49 ± 0.13 mmHg-1 respectively.

In a subgroup of 20 CAD patients, the luminal area as well as distensibility measurements

between IVUS and 3D-QCA were compared. The reference luminal area during end diastole

was 8.2 ± 0.6 using 3D-QCA and 9.2 ± 0.7 using IVUS (P = 0.31). The reference luminal area

during end systole was 9.5 ± 0.7 using 3D-QCA and 10.9 ± 0.7 using IVUS (P = 0.22). There

was no significant difference between IVUS and 3D-QCA derived distensibility (3.81 ± 1.04

mmHg-1 versus 3.55 ± 1.05 mmHg-1, P = 0.44), and there was good agreement between the

two methods (Fig 6).

Fig 4. FFRCFD decreases with increasing vessel rigidity. (a) FFRCFD in ARTrigid, ARTpartial and ARTdistensible

models (P value was derived from one-way ANOVA analysis), (b) Non-linear regression curve showing

relationship between percentage diameter stenosis and percentage difference in FFRCFD between ARTdistensible

and ARTrigid models.

%Difference of FFRCFD ¼ 100� ðFFRCFDÞARTdistensible
� ðFFRCFDÞARTrigid

h i
=ðFFRCFDÞARTdistensible

https://doi.org/10.1371/journal.pone.0181824.g004
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Both DistensibilityMLA and DistensibilityRef correlated inversely with age, and there was a

non-significant trend for patients with hypertension to have lower DistensibilityMLA compared

to patients without hypertension (S1 Table). There was no significant relationship between dis-

tensibility and other clinical variables including medication usage (S1 Table). There was no

Fig 5. FFRCFD in ARTrigid and ARTdistensible models for 26 coronary arteries. Blue triangles represent the

coronary arteries with FFR < 0.8 when modeled as rigid vessels and had FFR > 0.8 when modeled as

distensible vessels.

https://doi.org/10.1371/journal.pone.0181824.g005

Table 1. Baseline clinical and lesion characteristics.

Variable n = 104

Age (years) 63 ± 9.9

Male sex, n (%) 82 (78.8)

Clinical history, n (%)

Hypertension 66 (63.4)

Dyslipidaemia 76 (73.1)

Diabetes 37 (35.6)

History of smoking 43 (41.3)

Medications, n (%)

Aspirin 101 (97.0)

Clopidogrel 77 (74.0)

Beta-blocker 62 (59.6)

ACE-I/ARB 57 (54.8)

Statin 87 (83.6)

Lesion characteristics

Left anterior descending artery, n (%) 72 (69.5)

Left circumflex artery, n (%) 10 (9.5)

Right coronary artery, n (%) 22 (21)

Myocardial bridging, n (%) 2 (1.9)

Reference vessel size (mm) 2.8 ± 0.5

Values represent mean ± SD.

ACE-I, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker.

https://doi.org/10.1371/journal.pone.0181824.t001
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significant relationship between FFR and any of the clinical variables including medication

usage (S2 Table).

Fig 7 shows two representative coronary arteries with very similar lesion and reference ves-

sel characteristics (%DS, minimum luminal diameter and reference vessel size). As shown,

despite matched stenosis severity, the coronary vessel with higher distensibility had FFR of

0.89 whereas the less distensible vessel had FFR of 0.75.

Mean %DS was 53.4 ± 13.6% and mean lesion length was 12.2 ± 6.4 mm. Both Distensibili-

tyMLA and DistensibilityRef were significantly higher in coronary arteries with %DS� 53.4 com-

pared to arteries with %DS> 53.4 (Fig 8). As expected, FFR correlated with %DS (r = -0.66,

P< 0.001) and lesion length (r = -0.24, P = 0.01). Lesion length correlated with DistensibilityRef

(r = -0.23, P = 0.02) but not DistensibilityMLA (r = -0.17, P = 0.09).

Fig 6. Bland-Altman analysis of the comparison between IVUS and 3D-QCA derived distensibility.

https://doi.org/10.1371/journal.pone.0181824.g006

Fig 7. Representative comparison of two coronary arteries with similar lesion characteristics but

different distensibility. (a) vessel with high distensibility, (b) vessel with low distensibility.

https://doi.org/10.1371/journal.pone.0181824.g007
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FFR correlated with both DistensibilityMLA (r = 0.36, P< 0.001) and DistensibilityRef

(r = 0.44, P < 0.001) (Fig 9). Fig 10 demonstrates the inter-relationship between FFR and dis-

tensibility, and FFR and stenosis severity. When considering only patients with FFR >0.75,

FFR correlated with DistensibilityMLA (r = 0.39, P<0.01) but not DistensibilityRef (r = 0.23,

P = 0.09). When DistensibilityRef, %DS and lesion length were included in a two-way

ANCOVA analysis, there was significant interaction between DistensibilityRef and %DS, and

DistensibilityRef was not an independent predictor of FFR (F (1, 99) = 3.09, p = 0.119). In con-

trast, when DistensibilityMLA, %DS and lesion length were included in a two-way ANCOVA

analysis, DistensibilityMLA (F (1, 100) = 4.17, p = 0.031) and %DS (F (1, 100) = 60.30, p< 0.01)

were both shown to be independent predictors of FFR, and there was no interaction between

DistensibilityMLA and %DS.

Fig 8. Relationship between stenosis severity and distensibility. (a) DistensibilityMLA and (b)

DistensibilityRef.

https://doi.org/10.1371/journal.pone.0181824.g008

Fig 9. Scatterplots showing relationship between FFR and distensibility. (a) DistensibilityMLA and (b)

DistensibilityRef.

https://doi.org/10.1371/journal.pone.0181824.g009
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Discussion

The results of this study demonstrate that FFR increases with increasing coronary artery dis-

tensibility at the lesion site. The effect of distensibility on FFR increases with increasing steno-

sis severity.

Aside from limitations in image quality, the discordance between anatomical and func-

tional assessment of stenosis severity has been attributed to several known factors including

Fig 10. Relationship between FFR, percentage diameter stenosis and distensibility. (a)

DistensibilityMLA and (b) DistensibilityRef.

https://doi.org/10.1371/journal.pone.0181824.g010
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the amount of myocardium supplied by the target vessel, lesion irregularity and length, the

presence of diffuse coronary artery disease and microcirculatory impairment [3, 4]. In addi-

tion, atherosclerotic plaques are complex in shape, and plaque characteristics such as length,

shape, irregularity and eccentricity will all contribute to altering the resistance to flow across a

coronary lesion, and affect FFR. One previous computational study showed that increased ves-

sel compliance, and therefore by extension distensibility, is a significant contributor to this dis-

cordance [26]. However, this study used idealized vessel geometries with area stenosis values

of 70%, 80% and 90%, and did not examine the relationship of FFR and distensibility in a

patient cohort. The results of our study agree with the general findings of this previous study.

Moreover, we show in the clinical cohort that distensibility at the lesion site is an independent

determinant of FFR whereas distensibility of the vessel distant to the lesion site was not.

The results of our study could be explained by considering the principles of fluid flow

dynamics. Translesional pressure would increase in rigid vessels due to the increase in

momentum change, and distensibility at the site of maximum stenosis would result in lower

resistance across the lesion throughout the whole cardiac cycle. Distensibility at the site of

maximum stenosis severity would therefore be more important in determining the amount of

resistance to flow compared to distensibility at the non-stenosed reference vessel site. The

effect of vessel distensibility on flow resistance would therefore be expected to increase with

increasing stenosis severity. The range of vessel distensibility seen in our clinical cohort is very

similar to that of several previously published studies [23, 24, 27–30].

FFR is an important determinant of prognosis. In patients who do not undergo revasculari-

zation, lower FFR is associated with increased adverse cardiovascular events [5, 6]. Lesions

with low FFR are more likely to cause subsequent myocardial infarction [2]. The results of this

study suggest that distensibility or compliance at the site of coronary lesions may contribute to

the functional significance of coronary stenosis. Understanding and quantifying this process

may help us understand the variations in FFR between similar angiographic stenoses.

In a large study involving patients who had CT coronary angiography, lesion calcification

was found to be an independent predictor of poor prognosis [7]. This result was thought to be

surprising as the conventional paradigm was that soft plaques were thought to be more “vulner-

able” [31, 32]. The authors of this previous study suggested that this is due to the fact that identi-

fication of soft plaques can be difficult because of movement artifact. Our results suggest that

decreased compliance at the site of coronary lesions could lead to pathogenic rheological states.

It is likely that stenosis severity and other anatomical features of the lesion interact with dis-

tensibility to determine local blood flow patterns, which in turn interact with plaque character-

istics to determine plaque vulnerability. In fact, coronary distensibility was previously found to

be associated with vulnerable plaque characteristics such as the presence of a necrotic core on

IVUS as well as endothelial dysfunction of the epicardial vessel and microcirculation [33].

Our results also show that increased stenosis severity was associated with decreased disten-

sibility. It is possible that vessels that are more distensible allows for greater compensatory ves-

sel expansion in positive remodelling, leading to less severe stenosis. However, it is equally

likely the decrease in distensibility in severe stenosis is due to increased plaque burden. There-

fore, it remains unknown whether decreased distensibility is the cause or consequence of ste-

nosis severity.

It was previously reported that high dose atorvastatin tends to reduce vessel stiffness [34, 35].

In our study, no correlation was found between distensibility and clinical variables. This is most

likely because of the relatively small number of patients, where only highly significant variables

would prove significant.

Our findings showed that lesion length correlated with DistensibilityRef but not with Dis-

tensibilityMLA. Long lesions mean that there is diffuse disease well away from the site of
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maximal stenosis thus decreasing DistensibilityRef. However, lesion length should not affect

DistensibilityMLA because this is at the lesion site of maximal stenosis which is a single point

for all arteries.

Distensibility is not easily assessed by visual interpretation of the coronary angiogram and

requires specific analysis using QCA or IVUS. The results of our study support the use of FFR

for lesion assessment as FFR measurement incorporates all relevant factors that determine the

extent of ischaemia in relation to the epicardial stenosis such as stenosis severity, lesion length,

lesion irregularity and distensibility. In considering the physiological consequence of coronary

stenosis, our results demonstrate that a lesion with greater distensibility, that can now be mea-

sured with 3D-QCA, will be less functionally significant. It remains unknown whether mea-

suring distensibility adds value to FFR in predicting adverse outcomes and will be the focus of

future studies.

FFR reflects flow in the microcirculation supplied by the arterial segment being interro-

gated. Therefore, impaired microcirculatory flow would cause higher FFR values. However, in

theory, the FFR should still reflect the functional significance of epicardial stenosis in that set-

ting. For example, a severe stenosis in a left anterior descending artery may have FFR>0.8 in

the presence of previous infarction in the anterior territory. This is because FFR takes into

account myocardial viability and will provide an indication of the amount of increase in flow

to the myocardium if the stenosis was stented. The FFR is only unreliable when there is an

unstable microcirculation. For example, during acute ST-elevation myocardial infarction,

there is a transient impairment of microcirculatory function that may recover over a period of

days or weeks. The FFR therefore can potentially underestimate the significance of stenosis

severity in the culprit artery in this setting. It is unknown whether vessel distensibility affects

microcirculatory function, and this was not evaluated in our current study.

Several new CFD-based methods to calculate FFR without direct measurement have been

developed including CT-derived FFR and 3D angiography “virtual” FFR [8–14]. Using CFD,

these methods have incorporated known factors that cause anatomical-physiological discor-

dance. However, recent studies show continued inaccuracy of these methods when compared

to invasive FFR [14, 15], and these methods currently do not incorporate vessel distensibility

into their simulations. The current study demonstrates that FFR may be underestimated when

performing CFD analysis using rigid models, and suggests that incorporating distensibility

may improve the accuracy of CFD-based methods to calculate FFR.

Study limitations

This study has several limitations. Firstly, only patients who underwent FFR interrogation for

clinical reasons were included in this study. Therefore, the relationship between vessel disten-

sibility and FFR was only evaluated in arteries with intermediate stenosis. However, the clinical

application of FFR to guide revascularization decisions is most relevant in the setting of inter-

mediate coronary stenosis. Secondly, although vessel distensibility was directly measured, the

underlying mechanism for the variation in vessel compliance could not be determined in this

study and requires other types of analysis such as virtual histology IVUS. Thirdly, we have not

measured flow. Although the effect of distensibility on FFR is likely due to the dynamic change

in stenosis severity leading to change in resistance across the lesion site, we are uncertain

whether vessel distensibility causes a change in overall flow in the target territory. Fourthly, the

instantaneous wave-free ratio (iFR), which is a newer index to assess stenosis severity was not

measured in this study, and it would have been of interest to investigate the relationship

between iFR and distensibility. Lastly, results from the in silico component of this study dem-

onstrate that distensibility is a significant determinant of FFR when microcirculatory function
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is kept constant. However, this condition doesn’t necessarily match the clinical situation

where hyperaemia is induced in a pulsatile circulation.

Conclusions

Coronary arterial distensibility, especially at the site of coronary stenosis, is an independent

determinant of FFR, and another important contributor to the discordance between anatomi-

cal and functional assessments of stenosis severity. Techniques to indirectly calculate FFR may

be improved by incorporating vessel distensibility. The value of measuring distensibility to add

prognostic value to FFR warrants further investigation.
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12. Tu S, Barbato E, Köszegi Z, Yang J, Sun Z, Holm NR, et al. Fractional flow reserve calculation from 3-

dimensional quantitative coronary angiography and TIMI frame count: a fast computer model to quantify

the functional significance of moderately obstructed coronary arteries. JACC Cardiovasc Interv 2014;

7:768–77. https://doi.org/10.1016/j.jcin.2014.03.004 PMID: 25060020

13. Zarins CK, Taylor CA, Min JK. Computed fractional flow reserve (FFTCT) derived from coronary CT

angiography. J of Cardiovasc Trans Res 2013; 6:708–14.

14. Papafaklis MI, Muramatsu T, Ishibashi Y, Lakkas LS, Nakatani S, Bourantas CV, et al. Fast virtual func-

tional assessment of intermediate coronary lesions using routine angiographic data and blood flow sim-

ulation in humans: comparison with pressure wire—fractional flow reserve. EuroIntervention 2014;

10:574–83. https://doi.org/10.4244/EIJY14M07_01 PMID: 24988003

15. Nørgaard BL, Leipsic J, Gaur S, Seneviratne S, Ko BS, Ito H, et al. Diagnostic performance of noninva-

sive fractional flow reserve derived from coronary computed tomography angiography in suspected cor-

onary artery disease: the NXT trial (Analysis of Coronary Blood Flow Using CT Angiography: Next

Steps). J Am Coll Cardiol 2014; 63:1145–55. https://doi.org/10.1016/j.jacc.2013.11.043 PMID:

24486266

16. Yong ASC, Ng AC, Brieger D, Lowe HC, Ng MK, Kritharides L. Three-dimensional and two-dimensional

quantitative coronary angiography, and their prediction of reduced fractional flow reserve. Eur Heart J

2011; 32:345–53. https://doi.org/10.1093/eurheartj/ehq259 PMID: 20705695

17. Ferrari M, Werner GS, Bahrmann P, Richartz BM, Figulla HR. Turbulent flow as a cause for underesti-

mating coronary flow reserve measured by doppler guide wire. Cardiovasc Ultrasound 2006; 4:14.

https://doi.org/10.1186/1476-7120-4-14 PMID: 16553954

18. Menter FR. Two-equation eddy-viscosity turbulence models for engineering applications. AIAA Journal

1994; 32:1598–605.

19. Menter FR, Langtry R, Völker S. Transition modelling for general purpose CFD codes. Flow, Turbulence

and Combustion 2006; 77:277–303.

20. Javadzadegan A, Yong AS, Chang M, Ng AC, Yiannikas J, Ng MK, et al. Flow recirculation zone length

and shear rate are differentially affected by stenosis severity in human coronary arteries. Am J Physiol

Heart Circ Physiol 2013; 304:559–66.

Coronary distensibility and FFR

PLOS ONE | https://doi.org/10.1371/journal.pone.0181824 July 25, 2017 15 / 16

https://doi.org/10.1016/j.jacc.2013.07.076
http://www.ncbi.nlm.nih.gov/pubmed/23954338
https://doi.org/10.1161/CIRCINTERVENTIONS.113.001049
http://www.ncbi.nlm.nih.gov/pubmed/24782198
https://doi.org/10.1016/j.jacc.2014.07.973
https://doi.org/10.1016/j.jacc.2014.07.973
http://www.ncbi.nlm.nih.gov/pubmed/25323250
https://doi.org/10.1016/j.ijcard.2015.03.325
http://www.ncbi.nlm.nih.gov/pubmed/25839637
https://doi.org/10.1016/j.jacc.2013.04.064
http://www.ncbi.nlm.nih.gov/pubmed/23727215
https://doi.org/10.1148/radiol.14140992
https://doi.org/10.1148/radiol.14140992
http://www.ncbi.nlm.nih.gov/pubmed/25322342
https://doi.org/10.1016/j.jacc.2011.06.066
http://www.ncbi.nlm.nih.gov/pubmed/22032711
https://doi.org/10.1016/j.jacc.2012.11.083
https://doi.org/10.1016/j.jacc.2012.11.083
http://www.ncbi.nlm.nih.gov/pubmed/23562923
https://doi.org/10.1016/j.jcin.2014.03.004
http://www.ncbi.nlm.nih.gov/pubmed/25060020
https://doi.org/10.4244/EIJY14M07_01
http://www.ncbi.nlm.nih.gov/pubmed/24988003
https://doi.org/10.1016/j.jacc.2013.11.043
http://www.ncbi.nlm.nih.gov/pubmed/24486266
https://doi.org/10.1093/eurheartj/ehq259
http://www.ncbi.nlm.nih.gov/pubmed/20705695
https://doi.org/10.1186/1476-7120-4-14
http://www.ncbi.nlm.nih.gov/pubmed/16553954
https://doi.org/10.1371/journal.pone.0181824


21. Tang D, Yang C, Kobayashi S, Ku DN. Steady flow and wall compression in stenotic arteries: a three-

dimensional thick-wall model with fluid-wall interactions. J Biomech Eng 2001; 123(6):548–57. PMID:

11783725

22. Koshiba N, Ando J, Chen X, Hisada T. Multiphysics simulation of blood fow and LDL transport in a poro-

hyperelastic arterial wall model. J Biomech Eng 2007; 129:374–85. https://doi.org/10.1115/1.2720914

PMID: 17536904

23. Kelle S, Hays AG, Hirsch GA, Gerstenblith G, Miller JM, Steinberg AM, et al. Coronary artery distensibil-

ity assessed by 3.0 tesla coronary magnetic resonance imaging in subjects with and without coronary

artery disease. Am J Cardiol 2011; 108:491–7. https://doi.org/10.1016/j.amjcard.2011.03.078 PMID:

21624552

24. Jeremias A, Spies C, Herity NA, Pomerantsev E, Yock PG, Fitzgerald PJ, et al. Coronary artery compli-

ance and adaptive vessel remodelling in patients with stable and unstable coronary artery disease.

Heart 2000; 84:314–9. https://doi.org/10.1136/heart.84.3.314 PMID: 10956298

25. Nakatani S, Yamagishi M, Tamai J, Goto Y, Umeno T, Kawaguchi A, et al. Assessment of coronary

artery distensibility by intravascular ultrasound. Circulation 1995; 91:2904–10. PMID: 7796499

26. Konala BC, Das A, Banerjee RK. Influence of arterial wall-stenosis compliance on the coronary diag-

nostic parameters. J Biomech 2011; 44(5):842–7. https://doi.org/10.1016/j.jbiomech.2010.12.011

PMID: 21215971

27. Sasaki O, Nishioka T, Inoue Y, Isshiki A, Akima T, Toyama K, et al. Longitudinal heterogeneity of coro-

nary artery distensibility in plaques related to acute coronary syndrome. Clin Res Cardiol 2012; 101(7):

545–51. https://doi.org/10.1007/s00392-012-0424-6 PMID: 22322568

28. Vavuranakis M, Stefanadis C, Triandaphyllidi E, Toutouzas K, Toutouzas P. Coronary artery distensibil-

ity in diabetic patients with simultaneous measurements of luminal area and intracoronary pressure. J

Am Coll Cardiol 1999; 34(4):1075–81. PMID: 10520793

29. Lin K, Lloyd-Jones DM, Liu Y, Li D, Carr JC. Noninvasive evaluation of coronary distensibility in older

adults: A feasibility study with mr angiography. Radiology 2011; 261(3):771–8. https://doi.org/10.1148/

radiol.11110573 PMID: 21875853

30. Ahmadi N, Nabavi V, Ram RJ, Hajsadeghi F, Baskett M, Flores F, et al. Coronary vascular dysfunction

is associated with increased epicardial adipose tissue and major adverse cardiovascular events. J Am

Coll Cardiol 2012; 59:E2101–E2101.

31. Naghavi M, Libby P, Falk E, Casscells SW, Litovsky S, Rumberger J, et al. From vulnerable plaque to

vulnerable patient: A call for new definitions and risk assessment strategies: Part I. Circulation 2003;

108:1664–72. https://doi.org/10.1161/01.CIR.0000087480.94275.97 PMID: 14530185

32. Virmani R, Kolodgie FD, Burke AP, Farb A, Schwartz SM. Lessons from sudden coronary death: a com-

prehensive morphological classification scheme for atherosclerotic lesions. Arterioscler Thromb Vasc

Biol 2000; 20:1262–75. PMID: 10807742

33. Ahmadi N, Ruiz-Garcia J, Hajsadeghi F, Azen S, Mack W, Hodis H, et al. Impaired coronary artery dis-

tensibility is an endothelium-dependent process and is associated with vulnerable plaque composition.

Clin Physiol Funct Imaging 2016; 36(4):261–8 https://doi.org/10.1111/cpf.12220 PMID: 25524149

34. Sadat U, Howarth SP, Usman A, Taviani V, Tang TY, Graves MJ, et al. Effect of low- and high-dose

atorvastatin on carotid artery distensibility using carotid magnetic resonance imaging—a post-hoc sub-

group analysis of ATHEROMA (Atorvastatin Therapy: Effects on Reduction of Macrophage Activity)

Study. J Atheroscler Thromb 2013; 20:46–56. PMID: 22972399

35. Lee JM, Wiesmann F, Shirodaria C, Leeson P, Petersen SE, Francis JM, et al. Early changes in arterial

structure and function following statin initiation: quantification by magnetic resonance imaging. Athero-

sclerosis 2008; 197:951–8 https://doi.org/10.1016/j.atherosclerosis.2007.09.001 PMID: 17977546

Coronary distensibility and FFR

PLOS ONE | https://doi.org/10.1371/journal.pone.0181824 July 25, 2017 16 / 16

http://www.ncbi.nlm.nih.gov/pubmed/11783725
https://doi.org/10.1115/1.2720914
http://www.ncbi.nlm.nih.gov/pubmed/17536904
https://doi.org/10.1016/j.amjcard.2011.03.078
http://www.ncbi.nlm.nih.gov/pubmed/21624552
https://doi.org/10.1136/heart.84.3.314
http://www.ncbi.nlm.nih.gov/pubmed/10956298
http://www.ncbi.nlm.nih.gov/pubmed/7796499
https://doi.org/10.1016/j.jbiomech.2010.12.011
http://www.ncbi.nlm.nih.gov/pubmed/21215971
https://doi.org/10.1007/s00392-012-0424-6
http://www.ncbi.nlm.nih.gov/pubmed/22322568
http://www.ncbi.nlm.nih.gov/pubmed/10520793
https://doi.org/10.1148/radiol.11110573
https://doi.org/10.1148/radiol.11110573
http://www.ncbi.nlm.nih.gov/pubmed/21875853
https://doi.org/10.1161/01.CIR.0000087480.94275.97
http://www.ncbi.nlm.nih.gov/pubmed/14530185
http://www.ncbi.nlm.nih.gov/pubmed/10807742
https://doi.org/10.1111/cpf.12220
http://www.ncbi.nlm.nih.gov/pubmed/25524149
http://www.ncbi.nlm.nih.gov/pubmed/22972399
https://doi.org/10.1016/j.atherosclerosis.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17977546
https://doi.org/10.1371/journal.pone.0181824

