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Invasive and non-invasive fractional flow reserve index
in validation of hemodynamic severity of intracoronary
lesions
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A b s t r a c t

This review discusses visual and functional evaluation of the hemodynamic significance of the degree of stenosis in coronary angio -
graphy, with respect to the indications for revascularization. The concept of the coronary flow reserve is defined, and the theoretical
assumptions of the invasive measurement of the fractional flow reserve (FFR) are presented. In the following part, the publication
describes the basic steps of numerical stimulations in terms of computational fluid dynamics (CFD) in calculating the fractional flow
reserve based on computed tomography (CT) coronary angiography (FFRCT). The numerical FFRCT estimation in correlation with inva-
sive measurements, as well as benefits deriving from FFRCT in the diagnosis of coronary artery disease, is presented in the example
of the multicentre prospective DISCOVER-FLOW trial and the DeFACTO project. The CDF method enables to obtain hemodynamic sig-
nificance of stenosis solely from the coronary anatomy vizualized by CT angiography. The calculation of FFRCT increases the diagnostic
reliability of coronary flow reserve estimations. It contributes to the improvement in patients’ qualification for contrast coronarog-
raphy. If the accuracy of FFRCT is confirmed in clinical practice, and the time required for computational processing is shortened, it
may turn out that the algorithms of coronary heart disease diagnosis will be verified and it will be to a greater extent based on the
CT results.
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Problems with assessment 
of the hemodynamic significance 
of atherosclerotic lesions

Coronary angiography remains the “gold standard” of
assessment of atherosclerotic lesions. However, this study
has some limits. One of them is visualization of the opaci-
fication of vessel lumen only without any information about
the vessel wall. Besides, depiction of the three-dimensional
course of the vessel in two dimensions makes eccentric
plaques appear as lesions of variable de grees of stenosis
in various projections. Visual assessment is not reliable not
only because of its subjective nature, but also because of
the fact that the degree of stenosis varies in successive 
projections. An additional obstacle consists of overlaping
coronary artery contours, which may require customized pro-
jections. Another source of errors consists of inhomogeneous

distribution of contrast agent, particularly at sites of arte-
rial bifurcations, which are particularly prone to the devel-
opment of atherosclerotic plaques. Even if a particular steno-
sis can be adequately assessed by the coronarography, it
is still impossible to estimate whether the atherosclerotic
plaque really limits coronary reserve [1-7]. The degree of
stenosis does not necessarily express the functional sig-
nificance of the lesion [8]. As demonstrated by the analy-
sis of the subgroup of pa tients from the COURAGE trial (Clin-
ical Outcomes Utilizing Revascularization and Aggressive
Drug Evaluation), in ap proximately 40% of subjects with sig-
nificant stenosis visible on coronary angiography there is
no inducible ischemia or there are only small perfusion
deficits on SPECT (Single Photon Emission Computed To -
mography) [9]. It is believed that the greater the degree 
of stenosis the greater the likelihood that the lesion is he -
modynamically significant. It is generally true and it is as -
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sumed that stenosis of more than 70% is functionally sig-
nificant. In fact, some of these lesions do not limit the coro-
nary reserve. Revascularization of non-significant lesions
does not bring clinical benefits and generates costs not only
for the healthcare system, but also for the patient. The use
of drug-eluting stents, for example, creates the need for
a few months of antiplatelet therapy [3, 5]. Particular con-
troversies are related to revascularization of intermediate
lesions (with reduction of the vessel diameter between 50%
and 70%). It has been estimated that around half of them
are hemodynamically significant, but they are sometimes
disregarded during revascularization [5, 8, 10]. Rarely, in
approximately 10% of cases, even stenosis between 40%
and 50% may cause a decrease of coronary reserve [10]. In
the case of borderline lesions visual as sessment and even
quantitative angiography or intravascular ultrasound
(IVUS), which additionally shows the vessel wall, do not per-
mit one to differentiate lesions which require intervention
from those which may be treated conservatively [11]. Its use-
fulness is limited to the description of plaque morpholo-
gy and degree of stenosis. Whether the lesion is respon-
sible for exertional limitation of blood flow also depends on
factors other than the degree of stenosis itself. These include:
the length and shape of the plaque, its location (on the curve,
on the bifurcation), the presence of other lesions, the sta-
tus of collateral circulation, the rheological properties of the
blood and mostly the amount of viable myocardium sup-
plied by the stenosed artery. If the artery supplies a large
area of myocardium, a larger increase of blood flow should
be expected during pharmacologically provoked hyperemia,
which should translate into a higher gradient of pressure
loss across the lesion. This means that if lesions with a sim-
ilar degree of stenosis are located in the proximal part of
the anterior descending artery and in the diagonal branch,
the first one will have a higher clinical significance [12]. To
justify the necessity of revascularization it is necessary to
document that the stenosis limits the flow under conditions
of increased oxygen demand. It is believed that prognosis
improves only after revascularization aimed at removal of
ischemia [9]. The annual risk that a functionally insignifi-
cant plaque will cause death or myocardial infarction is low
– approximately 1% [13]. In that situation an intervention
on coronary arteries does not improve the prognosis and
puts a patient at risk of early and long-term complications
related to the intervention [3, 13, 14]. On the other hand,
if a patient with a functionally significant stenosis and in -
ducible ischemia is treated conservatively, the annual risk
of cardiovascular events is between 5% and 10% [15]. For
these reasons qualification for revascularization should be
preceded by examinations assessing coronary reserve. Even
if these studies confirm the exertional or pharmacologically
provoked ischemia, they often fail to detect a particular
ischemia-related lesion [16, 17]. These examinations are char-
acterized by good sensitivity and specificity in detection of
reversible ischemia per se, but often do not permit one to

identify a particular artery or a particular lesion. That is
a problem especially in relation to multilevel or diffused
lesions. One of the methods used to assess hemodynam-
ically significant stenosis is the measurement of fraction-
al flow reserve during coronary angiography. The diagnos-
tic accuracy of fractional flow reserve (FFR) ≤ 0.8 to detect
ischemia on stress testing is 90% and FFR > 0.8 practical-
ly excludes ischemia [18-20]. There is a good correlation
between the FFR measurement and hemodynamic signif-
icance of the lesion. A detailed analysis of the subgroup of
patients from the COURAGE trial showed that FFR meas-
urement in subjects with multi-vessel coronary artery dis-
ease reduced the percentage of three-vessel coronary artery
disease detection from 27% to 9% and two-vessel disease
from 43% to 17%. This has an important significance for deci-
sion making on treatment modality [21]. Exclusion of
insignificant lesions makes revascularization less aggres-
sive and some patients initially qualified after coronary
angiography for coronary artery bypass grafting may be treat-
ed with angioplasty following verification by means of FFR
or some lesions qualified for percutaneous intervention may
be treated with optimal medical therapy. The DEFER study
(FFR to Determine the Appropriateness of Angioplasty in
Moderate Coronary Stenose) regarding single-vessel coro-
nary artery disease [13, 22] and the FAME study (FFR ver-
sus Angiography for Multi-vessel Evaluation) [3] in patients
with many lesions, the strategy of coronary angioplasty or
bypass grafting based on the FFR showed an advantage over
revascularization of all lesions qualified as significant on visu-
al assessment. Deferring of percutaneous revascularization
[3, 13] or coronary artery by pass grafting [2] in patients with
FFR value above 0.8 is safe and long-term consequences
of such decision are very good [23-27].

Another project, the FAME2 study, was dedicated to as -
sess to what extent percutaneous coronary intervention
combined with optimal medical therapy shows an advan-
tage over optimal medical therapy alone in patients with
significant lesions determined by FFR. Recruitment to the
study was prematurely terminated after randomization of
888 patients with significant stenosis on FFR. The reason
for that were significant differences between the study 
groups in terms of the percentage of patients who required
emergency revascularization in the group of patients
treated with angioplasty [28]. The results of that study
opened a discussion on the issue that studies comparing
the efficacy of revascularization, in spite of optimal med-
ical therapy, did not demonstrate the superiority of coro-
nary intervention over conservative treatment, when the
decision about revascularization was based solely on the
morphological assessment of degree of stenosis on coro-
nary angiography [29-32]. The assessment of functional sig-
nificance of the lesion is particularly important when revas-
cularization of the left main stem is decided [1, 25, 27, 33].
In that case a significant reduction of the vessel lumen diam-
eter is considered as 50%. Reliable assessment of the left
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main stenosis is crucial as surgical revascularization of
insignificant stenosis is related to high risk of functional clo-
sure of the bypass made of the internal mammary artery
or degeneration of venous bypasses or bypasses made of
the radial artery [34]. Competitive flow in the native artery
decreases shear stress in the bypasses, which leads to their
atherosclerotic injury and functional closure [35-37]. The
prognosis also depends on the accelerated progression of
atherosclerosis in the bypassed native artery segments [38].
The left main disease exemplifies the case in which docu-
mentation of hemodynamic significance of the lesion is par-
ticularly important and the FFR measurement is crucial. 

In conclusion, there is a unified opinion regarding ben-
efits of functional testing and FFR assessment before deci-
sions on revascularization:
• visual assessment of lesions on coronary angiography is

unreliable,
• lesions considered as hemodynamically significant on coro-

nary angiography may not limit coronary blood flow,
• some of the intermediate lesions considered as hemo-

dynamically insignificant cause reduction of the coronary
reserve and should not be omitted when deciding about
coronary intervention. 

The concept and significance of coronary
flow reserve

Coronary blood flow is determined by the myocardial oxy-
gen demand [39]. The arterio-venous difference of blood oxy-
gen saturation in coronary circulation is maximal. Therefore
an increased oxygen demand caused by exercise may be met
only by the increase of volumetric flow and not by the increase
of oxygen uptake by myocardial cells as occurs in the case
of skeletal muscles. Therefore an increase of coronary blood
flow is the main response to increased myocardial oxygen
demand [40, 41]. Coronary circulation is able to transport sev-
eral-fold higher blood volume during exercise or in the sit-
uation of pharmacologically provoked maximal vasodilata-
tion of the resistance arteries (hyperemia) in comparison to
the resting conditions. This property is called a coronary flow
reserve. Cardiac output at rest is around 5.5 l, of which approx-
imately 5% (255 ml/min, 0.8 ml/min/g of the myocardium)
is directed to the coronary arteries (around three fourths to
the left and one fourth to the right). It is estimated that max-
imal exercise leads to a five- to six-fold increase of oxygen
demand. Cardiac output and coronary flow increase ade-
quately. An increase of volumetric flow causes vasodilatation
of the resistance arterioles of the coronary circulation. This
is a result of increased nitrate oxide release by the endothe-
lium provoked by increased shear stress (so-called shear stress
dependent dilation) [42]. Deficit of blood flow at rest appears
only in case of critical stenosis, when auto-regulatory mech-
anisms are depleted. For that reason, blood flow through an
up to 90% stenosis may be sufficient for the needs in rest-
ing conditions. If it is inadequate, regional contraction ab nor-
malities known as hibernation of the myocardium appear.

Commonly used noninvasive methods of coronary reserve
assessment are: electrocardiographic exercise test, stress
echocardiography and SPECT. These methods, although
sensitive in ischemia detection at the patient level, often do
not permit one to determine the ischemia-related lesion [16,
17]. These studies are most frequently performed during qual-
ification for invasive diagnostics. In situations when coronary
angiography reveals changes in a patient who did not
undergo functional assessment before or in the presence of
multi-vessel coronary artery disease or serial stenoses with-
in the same coronary artery, it is possible to use an invasive
FFR measurements [16, 43].

To sum up, coronary reserve is the ability of the coro-
nary circulation to transport a several-fold higher volume
of blood during exercise, which is necessary to meet the
increased oxygen demands of the myocardium. Although
stress tests are characterized by good sensitivity and
specificity in detection of ischemia, they often fail to iden-
tify an ischemia-related lesion. Many coronary interventions
and surgical revascularizations are based on the visual
assessment of the lesions. It may be assumed that if there
was an effective noninvasive method for assessing func-
tional significance of the particular lesions, many patients
could avoid invasive coronary angiography and revascu-
larization.

Invasive measurement of fractional flow
reserve

Due to the fact that visual assessment of stenosis on coro-
nary angiography is related to errors and does not express
the functional significance of the lesion, decision making before
revascularization depends more and more often on FFR assess-
ment. The method is characterized by high repeatability and
is particularly useful in assessment of borderline lesions, mul-
ti-vessel coronary artery disease, serial stenoses and left main
stem disease [44]. The theoretical background for FFR as -
sessment was formulated and introduced to clinical practice
in the 1990s by Nico Pijls and Bernard de Bruyne. Despite the
initial skepticism and resistance of invasive cardiologists, 
the method has gained widespread recognition and is cur-
rently used in many catheterization laboratories. The study 
provides information on the degree of reduction of coronary
flow reserve by a particular lesion. In terms of principle, 
the value of FFR determines the maximal relation of flow
through the stenosed coronary artery to maximal flow in the
situation of an unstenosed artery [18]. In that sense FFR would
be a parameter of relatively limited clinical utility as it is dif-
ficult to use it routinely. However, the idea of Pijls and de
Bruyne goes further – it is known because of the physics of
flow that a Q flow in a part of the vessel is accompanied by
a difference of pressures (pin – pout) between the input (in)
and output (out). The mutual relationship is always in the form
of:

(pin – pout) = R • Q (1),
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where the proportionality coefficient R is the vascular resist-
ance. In that case taking the signs from Figure 1, the frac-
tional flow reserve may be described as:

(pd – pv)/R
FFR = –––––––––––––––––––––––––––––––––––––––––––––– , (2),

(pa – pv)/R

where pa is the pressure in the aorta, pv is the central venous
pressure and pd is the pressure below the stenosis. As pv

is close to zero or at least significantly lower than pd and
pa and the assessment is made at hyperemia, the FFR may
be described as:

pdFFR =  ––––––––––––––––––––– .  (3)pa

Definitional scheme of fractional flow reserve related to
the pressure is presented in Figure 1.

From the practical point of view, the test is based on
simultaneous measurement of proximal to the stenosis
(equivalent to mean aortic pressure) (pa) and distal to the
stenosis (pd) under conditions of pharmacological hyperemia,
which is equivalent to coronary blood flow at maximal exer-
cise. Comercial guidewires used for that purpose (Pres-
sureWire (St. Jude Medical, Inc.) and PrimeWire (Volcano, Inc.))
have a tip with a piezoelectric sensor used to assess pres-
sure distal the lesion. Hyperemia is most often provoked by
an intravenous infusion of adenosine. Interestingly, the result
of the FFR measurement is not influenced from hemodynamic
conditions during the study such as the heart rate, variation
in blood pressure or contractility [45, 46]. Functional sig-
nificance of the lesion depends on the degree of stenosis
and on the size of the viable myocardium supplied by the
vessel. Interpretation of the FFR should take into account
collateral downstream flow [47] and the presence of
myocardial scar [19, 48]. In both of these situations the FFR
is overestimated. When performing the FFR measurement
in patients with multi-vessel coronary artery disease, one
should keep in mind the influence of concomitant lesions.
For example, in case of left main disease a tight stenosis in
the proximal segment of the anterior descending artery or
circumflex artery may underestimate the FFR measured with-
in the left main stem [48]. Practical interpretation of the FFR
is direct, and therefore FFR of 0.6 means that maximal vol-
umetric flow through the stenosed artery at maximal
exertion equals 60% of that observed in a situation with-
out stenosis. The increase of FFR from 0.6 to 0.9 after coro-
nary angioplasty means that the maximal flow increased by
half in comparison to the situation before the intervention
(improvement of the coronary flow reserve). The cut-off val-
ue for the FFR determined in the DEFER study was 0.75.
Results below 0.75 indicated a decrease of the coronary
reserve. In most cases, if the FFR exceeds 0.8 there are no
inducible ischemia. In the case of the “grey zone”, which is
FFR between 0.75 and 0.8, a decision about revasculariza-
tion should be based on the history of angina or results of
stress testing [48-50]. To increase the sensitivity of FFR in

detection of lesions which are responsible for ischemia, an
FFR cut-off value of 0.8 should be used [3]. The presence of
angina in patients with normal FFR may be caused by the
decrease of the coronary flow reserve due to reasons other
than coronary artery disease. These include impairment of
endothelium-dependent dilation of the arterioles (X syn-
drome), an increase of the microcirculation resistance in the
course of small vessel disease or syndromes of high blood
viscosity [51, 52]. In all of these situations a deficit of blood
supply is caused by impaired transport of blood at levels oth-
er than epicardial arteries. In these situations it is helpful
to assess the coronary flow reserve (CFR). A normal FFR and
a low value of CFR indicate that the limitation of CFR is local-
ized at the level of the resistance arteries or in the micro-
circulation [53]. The FFR measurement after coronary
angioplasty with stenting is used to assess the efficacy of
the procedure. The FFR < 0.9 after the intervention indicates
a suboptimal effect, which is related to the risk of adverse
events in long-term observation, including restenosis [13, 54,
55]. On the other hand, FFR > 0.9 indicates a successful pro-
cedure and good long-term prognosis [56]. The main limi-
tation of FFR measurement is its direct cost, which is com-
parable to IVUS. However, avoidance of unnecessary
interventions lowers the total costs of treatment, which addi-
tionally justifies the use of this method not only for clinical,
but also for economic reasons [5]. There are two sources of
errors related to FFR measurement. They can result from the
pathology of the coronary circulation or technical drawbacks
of the procedure. The first group includes inability to
achieve maximal hyperemia due to abnormal reactivity of
resistance arteries and impaired flow in the microcirculation
(diabetes, early phase of myocardial infarction). The second
group consists of technical errors related to the procedure
itself and includes the use of a guiding catheter with side
holes, improper calibration of the system or flow distur -
bance caused by a catheter. In conclusion, FFR mea surement
is a reliable way to assess whether the lesion (borderline
lesion in particular) is functionally significant to increase the
objectivity of indications for revascularization. The test may
be used in patients with stable and unstable coronary artery
disease and for multi-vessel coronary artery disease, 
multi-level lesions, in-stent restenosis, left main stem dis-
ease or after myocardial infarction. According to European

FFiigg..  11..  Definitional scheme of fractional flow reserve
related to the pressure
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Society of Cardiology guidelines, FFR measurement is rec-
ommended for functional assessment of moderate
lesions if there is no objective evidence of ischemia relat-
ed to their presence (class of recommendation IA) [57].
The FFR measurement is an invasive study. Therefore,
there is a search for reliable noninvasive methods of
assessment of functional significance of the lesions in
coronary arteries. One such solution is a computational
calculation of FFR based on noninvasive tomographic
imaging of the coronary arteries. 

Computational fluid dynamics 
Because measurement of FFR is based on the assess-

ment of pressures, the idea of virtual FFR calculation was
born in response to progress in computational methods of
fluid dynamics. As such the CFD technique offers a poten-
tially wide range of possibilities to obtain information on
the variable parameters of flow, such as decrease of pres-
sure across the stenosed artery under pre-defined condi-
tions of increased volumetric flow. Increase of the pressure
gradient through the hemodynamically significant lesion
occurs during exercise or may be provoked pharmacolog-
ically (hyperemia). Significant changes of pressure gradient
occur only if the lesion is functionally significant. Therefore
CFD technique may be used for the assessment of hemo-
dynamic significance of the lesions on angio-CT under pre-
defined flow conditions. 

The process of flow analysis by means of CFD is per-
formed in three successive steps [58]:
• pre-processing, which consists of preparation of the mod-

el geometry and determination of the flow properties of
the medium and the boundary conditions for the solution;

• processing, which is the solution of the flow task for the
defined conditions set at an earlier stage obtained by suc-
cessive approximations until achievement of a permissible
error;

• post-processing, which is the analysis and preparation of
the results of the calculations. 

Schematic presentation of the whole cycle of CFD analy-
sis is presented in Figure 2.

Computational methods such as CFD have a general-
ly good efficacy and adequacy. They have numerous appli-
cations and are slowly becoming a routinely used tool in
the engineer’s practice. Many specific applications could
be mentioned, such as hydro- and aero-dynamics in
mechanical engineering, pollutant dispersion, construction
and urban planning. Translation and effective application
of this me thodology in fairly remote computing disciplines
is easy, because it is bound by a universal mathematical
model. It is common for all issues of fluid dynamics includ-
ing those observed in coronary flow. The quality and ade-
quacy of a particular practical application is determined
by the choice of the geometric model of the flow area, rhe-
ology of the medium and adopted set of boundary con-
ditions. 

Formulation and conditions 
of the simulation task 

A starting point for the development of the flow mod-
el to determine the FFRCT reserve factor must include
a detailed geometric shape of the flow area. The most prom-
ising basis for its creation is an image of coronary arteries
obtained by means of computed tomography. It is charac-
terized by sufficient spatial resolution and atherosclerotic
lesions are usually located in the proximal coronary artery
segments. An angio-CT study has a very high negative pre-
dictive value, which means that it is a good method to
exclude the presence of coronary artery disease [59, 60].
Angio-CT as such is used to estimate the degree of steno-
sis, but does not give any information about the hemody-
namic significance of detected lesions. A high percentage
of tight stenoses described in tomography turn out to be
nonsignificant on angiographic or FFR verification [59, 61-
63]. This is caused by limitations of the tomography, which
overestimates the degree of stenosis of highly calcified
plaques or in patients with high coronary calcium score (CCS)
[59, 61]. Assessment of distal plaques on angio-CT is also
challenging. Another source of errors in tomographic as sess-
ment or exclusion of some vascular segments from the
analysis includes artifacts generated by patient movement,
arrhythmia, tachycardia or inadequate opacification of the
arteries with the contrast medium [63, 64]. Assessment of
the degree of stenosis on coronary angiography alone may
also be unreliable, which further impacts the correlation
between the description of tomographic study and coronary
angiography. A series of digital imaging and communica-
tions in medicine (DICOM) images obtained in angio-CT may
be used for reconstruction of the shape of a particular artery
or arteries in order to perform computational flow analy-
sis. At the same time it is not necessary to modify the angio-
CT protocol and to expose a patient to additional doses of
radiation or contrast agent [10, 65-68]. The only condition
necessary to calculate FFRCT based on computational me -
thods is images of artery geometry and location of ather-
osclerotic plaques. 

The process of computational analysis is multistep and
includes:
• initial reconstruction of a 3D model of discrete peripher-

al surface by segmentation of DICOM images obtained with
angio-CT; 

• segmentation rarely provides a fully valuable model of dis-
crete peripheral surface and therefore additional post-pro-
cessing is needed;

• reconstruction of the central line of the peripheral surface
serving to optimize the quality of the computational grid
in the next step;

• representation of the discrete peripheral surface on the
inside to obtain a final computational grid for the future
CFD simulation;

• optionally, if appropriate, a computational grid may be fur-
ther reconstructed to improve its quality.
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This is not the only possible strategy of computation-
al grid construction, but it was successfully used in exist-
ing studies published by the authors [58, 69]. A result of
the central line reconstruction and a final computational
grid constructed with the use of computed tomography
images performed in the Computed Tomography Department
of the Silesian Center for Heart Diseases are presented in
Figure 3.

The resulting discrete model geometry must be sup-
plemented by a model of the material itself, which is blood
as a flowing medium. Although this is not an easy task,
knowledge about the hematocrit may allow an effective
empiric approximation of the interpersonal variables. It is
far more difficult, but necessary, to complete the structure
of a computational model of flow to introduce fully adequate
boundary conditions of the inlet section of the artery. The
easiest and most effective solution of this problem would
be direct in vivo measurement, which is, however, in oppo-
sition to the idea of FFRCT itself. As part of the work under-
taken by the authors a definition based on measurement
taken from the literature has been proposed [70]. Howev-
er, the world-leading team of HeartFlow Inc. [10, 65-68] tries
to use an estimation based on the discrete parameters mod-
el with the following assumptions [71-73]:
• resting coronary flow is sufficient in relation to myocar-

dial oxygen demand;

• it is proportional to the myocardial mass, which is cal-
culated from the tomographic image;

• resting microcirculation resistance is inversely proportional
to the vessel diameter, but this relationship is not linear.

This problem requires more detailed studies, as well as
assessment of the impact and significance of many vari-
ables on the quality of FFRCT prediction. The recognition of
this problem is important in terms of practical CFD appli-
cations in assessment of the hemodynamic importance of
lesions in coronary angio-CT. 

Virtual assessment of fractional flow
reserve

For possible applications of the CFD technique in non-
invasive assessment of the FFRCT it is important to note that
to obtain computational solutions it is possible to use 
any of the commercially available packages. Besides, with
a similar effect, it is possible to use any of the available open
source packages. As mentioned earlier, specifics of these
problems are not related to the mathematical model or the
way it is solved or the type of data pre-processing and post-
processing. Because of the nonlinearity of the computational
model and complex character of the flow, to achieve of the
final solution requires a lot of computational power and time.
The problem is even more important and serious as these
calculations are supposed to be performed routinely (if we

FFiigg..  22..  Schematic realization of the computational flow problem by means of CFD
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think about introduction of postulated methods to diag-
nostics). Although the use of open source CFD software pack-
ages for simulation of coronary flow is convenient, the results
obtained that way have very limited application in medical
diagnostics. The main focus and purpose of these calculation
tools are engineering applications and therefore none of
them has the ability to calculate parameters such as FFRCT.
It may be calculated only in the post-processing phase after
independent analysis of results outside of the CFD pack-
age. For that reason every research team working on non-
invasive FFRCT assessment uses dedicated self-made soft-
ware. An example of our own results of FFRCT based on the
database of angio-CT studies performed in the Computed
Tomography Department of the Silesian Center for Heart
Diseases is presented in Figure 4.

Diagnostic reliability of noninvasive
fractional flow reserve evaluation 

The assessment of the quality of noninvasive coronary
reserve measurement in the form of the FFRCT to identify
hemodynamically significant lesions is an issue of great
importance, although its practical implementation is diffi-
cult. One way to accomplish this is to directly compare the
results to the FFR, which is obtained invasively. So far only

one research team in the world has accomplished this task
(HeartFlow Inc., http://heartflow.com) and published the
results of the two clinical studies. The first study was pub-
lished in 2011. These are the results of the DISCOVER-FLOW
project (Diagnosis of Ischemia-Causing Stenoses Obtained
Via Noninvasive Fractional Flow Reserve) [65]. The study
included 103 patients with suspected or known coronary
artery disease who underwent coronary angio-CT and coro-
nary angiography and invasive FFR measurement. It is as -
sumed that the reaction of microcirculation to adenosine is
normal and leads to maximal hyperemia [74]. Inclusion criteria
for the study consisted of: age ≥ 18 years, the presence of
≥ 50% stenosis in a vessel of ≥ 2.0 mm and indications for
coronary angiography with FFR measurement. The study
looked at the correlation between the virtually calculated
FFRCT and invasive measurement of the lesion significance
(FFR) as a reference. The FFRCT was calculated for 159 arter-
ies with at least 50% stenosis. The FFRCT ≤ 0.80 was con-
sidered significant. Per-vessel analysis of the quality of pre-
diction demonstrated a good correlation between FFRCT and
classic FFR (R = 0.717; p < 0.0001 in the Spearman test and
R = 0.678 and p < 0.0001 in the Pearson test). Per-patient
analysis revealed similarly good correlation coefficients and
lack of systematic error. Calculation of the FFRCT permitted
additional information to be obtained on hemodynamic sig-
nificance of the lesions found on angio-CT and increased
the discriminative ability of tomography through the
reduction of false positive results (overestimation of the
degree of stenosis). The method was also useful in relation
to intermediate lesions (between 40% and 69%) [65-67].
The result of FFRCT depends on the quality of imaging of
the arteries on computed tomography but, as demonstrated
by the post hoc analysis of the DISCOVER-FLOW project, in
the case of suboptimal studies or severe calcifications (CCS
> 400), the computational fractional flow reserve assess-
ment was superior to visual assessment of the lesions [10].
It should be noted that only 1/4 of the lesions reported as
60% to 69% on angio-CT in patients from the DISCOVER-
FLOW study remained functionally significant after FFR ver-
ification (which is FFR < 0.8) [65]. The DeFACTO study was
a much broader project planned to assess the diagnostic
accuracy of the FFRCT [67]. Similarly to DISCOVER-FLOW, the
studied group consisted of patients with suspected or known
coronary artery disease who underwent coronary angio-CT
and coronary angiography with invasive FFR measurement.
A comparative analysis was performed in 252 patients and
significant stenosis assessed by means of the invasive FFR
method was confirmed in 137 of them (54.4%). A per-patient
analysis showed diagnostic accuracy of FFRCT of 73%
(95% CI: 67-78%), with sensitivity of 90% (95% CI: 84-95%)
and specificity of 54% (95% CI: 46-83%). Despite the fact
that the diagnostic accuracy level did not meet the prede-
fined primary end-point (the lower limit of one-sided 95%
confidence interval greater than 70%) the diagnostic accu-
racy of angio-CT alone to detect lesions above 50% was low-

FFiigg..  33.. Reconstruction of the central line and a final
computational grid based on over 2 million finite 
elements

FFiigg..  44.. FFRCT result based on coronary angio-CT
images obtained by means of computational meth-
ods. For the circumflex artery the measured FFRCT
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er and reached 64% (95% CI: 58-70%), with sensitivity and
specificity of respectively 84% (95% CI: 77-90%) and 42%
(95% CI: 34-51%). This means that FFRCT calculation impro -
ves diagnostic accuracy of tomography in comparison to visu-
al assessment of coronary arteries on computed tomography.
The advantage of FFRCT was particularly evident in the case
of intermediate lesions. In that case, calculation of FFRCT
caused an over two-fold increase of the test sensitivity, from
37% to 82%, without any influence on specificity. The neg-
ative predictive value of FFRCT was 84% (95% CI: 74-90%),
which means that there is low probability that significant
stenosis will not be detected by FFRCT. In the absence of sig-
nificant stenosis defined by means of FFRCT there is no need
to perform coronary angiography, because the risk of the pres-
ence of a lesion requiring revascularization is low [67].

Conclusions
If the method of computational calculation of FFRCT is

verified in clinical practice and the CFD calculation process
is shortened, computed tomography of the coronary arter-
ies supplemented by the per-vessel assessment of the steno-
sis significance will become a unique, noninvasive method
able to determine with a probability which lesions require
revascularization. The FFRCT measurement will result in
reduction of the percentage of patients unnecessarily re -
ferred for coronary angiography and will increase the per-
centage of patients in whom revascularization will lead to
clinical benefits. The use of appropriate models of blood rhe-
ology and refined methods of artery segmentation, creation
of computational grids and definitions of boundary condi-
tions are expected to improve diagnostic accuracy of
FFRCT. Each of these three components must express
interpersonal variability and properties. There is no easy solu-
tion of this problem, as it requires the work of interdisci-
plinary research teams. However, it creates new perspec-
tives for improvement of accuracy of non-invasive diagnostic
methods of atherosclerosis imaging in coronary arteries. 
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