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The learning objectives of this program are to utilize physiologic measurement to 
evaluate disease severity and improve patient outcomes in the cardiac cath lab. 

In addition, we would like you to identify available technologies for fractional flow 
reserve and pressure management and their mechanisms of action. 

Lastly, we hope that you will identify potential challenges of obtaining and evaluating 
fractional flow reserve measurement and, of course, resting measurements and how 
to overcome them in your cardiac cath lab.



The discussion today will cover the seven major areas that we wish to talk to you 
about regarding coronary physiology in the cath lab.

These include fundamentals of coronary flow regulation, pressure and flow 
relationships, derivation of coronary flow reserve and FFR, the rationale for the 
clinical use of FFR and non-hyperemic pressure managements as well, pitfalls of FFR 
and other pressure measurements, clinical studies of FFR and PCI outcomes and, of 
course, guidelines applying coronary physiology to patient care.



The current assessment of coronary artery disease is divided into two major areas. On the left, we see 
an anatomic collection of images depicting coronary artery disease. And on the right, is the physiologic 
measurements we plan to employ to assess the clinical impact of the coronary artery narrowing.

If we begin with the pathologic specimen shown in the upper left corner, we can identify disease in the 
mid-vessel as it leaves the sinus of Valsalva and courses over the front of the heart. This 
atherosclerotic narrowing is depicted in the coronary angiogram just to the right of that in a 
quantitative coronary anatomic fashion with identification of the stenosis of narrowing of the artery 
lumen by those yellow-shaded areas.

Below on the lower left, the coronary artery ring segments show the three types of openings. At the 
far left is a normal opening with the disease behind in the vessel wall. In the middle, a partially 
narrowed lumen showing intraplaque hemorrhage below it with an elliptically shaped opening. And on 
the far right of those three ring segments, you see the very narrowed, compressed lumen in a 
concentric fashion.

Now, just to the right of those three rings are two images. One with the gray tone is the intravascular 
ultrasound image depicting a lumen and portions of the vascular wall. And to the right of that is the 
optical coherence tomographic image of an artery segment showing improved resolution but at some 
limited depth of penetration. The image resolution is 10 microns compared to 150 microns of IVUS.

Now, as we move from the anatomic world into the physiologic world, we have several different 
mechanisms. And if we start on the far upper right, we see two pressure tracings depicting in this case 
fractional flow reserve. But, before hyperemia, we can measure resting indices of translesional
pressure.

Below that is a Doppler flow wire tracing of blow flow at rest and during hyperemia to measure 
coronary flow reserve and assess the microcirculation. Below that I’ve indicated where you can pick 
your best stress test. And this is for the physiologic assessment of coronary disease done everywhere 
in the world in every cardiac center on the planet.

Now, in the lower panel left of the stress test box, we see a computerized depiction of the coronary 
tree obtained from CTA. The analysis of those images can derive a fractional flow reserve or pressure 
assessment of stenosis from computational fluid dynamics. That will be something beyond the scope 
of today’s talk. But, in the future, this might be worthwhile reviewing.



We’ll now discuss the fundamentals of pressure and flow.



The coronary artery shown here has been divided into three areas or resistance 
circuits. The first large epicardial resistance called R1 should have negligible 
resistance in the absence of any coronary artery disease. And as epicardial lesions 
start to impair the lumen, resistance is generated. To assess an epicardial lesion, we 
use FFR.

Flow continues down the epicardial artery into the microvasculature and through the 
precapillary arterials. And we use coronary flow reserve to assess the second 
resistance, the R2, in which both the epicardial artery and the microvasculature must 
be normal to get a normal coronary flow reserve. We’ll talk more about the impact of 
having an abnormal flow reserve in just a few slides.

And, lastly, the intramyocardial resistance, R3. We use a pressure and flow 
measurement called index of microvascular resistance to determine what happens to 
the function of that vascular bed, say, after myocardial infarction and determine its 
viability. There will be more about that in the future.



The control of myocardial flow depends on several different mechanisms all mediated 
through the endothelial cells. In the center of this cartoon, we see the green 
endothelial cells lining the lumen. And they underlie the vascular smooth muscle cells 
surrounding the artery. Outside the vascular smooth muscle cells are the adventitia.

The endothelial cells are the modulators of the chemical mediators signaling the 
vascular smooth muscle to either relax or contract. These mediators can be broken 
into four major groups–the neurohumoral factors, the metabolic factors, endocrine 
and periendocrine factors, and physical factors. And they are listed here below those.

When the endothelial cells are damaged or dysfunctional in some way, they do not 
transmit the valuable information from these mediators to produce vasodilatation, 
but instead, paradoxically may result in vasoconstrictor responses.

So, control of blood flow has a major mechanism through an intact endothelium. 
When the endothelium is damaged, these mediators cannot signal the vasculature to 
do the thing needed for its demand.



The impact of vasodilatation in a normal artery and in a stenosis artery is illustrated 
here. The top artery cartoon shows the epicardial artery at rest with a normal 
microvascular system. And during exercise, both the epicardial R1 and microvascular 
R2 dilate.

This increase in size as a result of increased demand and volume produces an 
increase of basal flow up to a maximum flow of three or four times that level, as 
shown by the arrow on the right, with the curve of coronary vasodilatory reserve 
increasing from one to three or greater.

The same response is impaired in patients who have coronary artery disease, shown 
by the lower two artery cartoons. At rest in an atherosclerotic artery, there may be a 
resting gradient across a narrowing of pressure loss of 30 millimeters of mercury or 
more.

This results in partial dilatation of the R2 arterial system. And at exercise, shown on 
the right of that, flow increases to a limited amount. The gradient falls across the 
stenosis and the vascular bed is maximally dilated having already increased partially 
at rest due to this pre-existing stenosis.

You can see the impact of this impaired flow on the coronary flow reserve signal on 
the right increasing from 1 to about 1.5 or perhaps 2 at most. So, the impaired 
coronary flow reserve is a function of both the epicardial and microvascular beds 
being compromised by the atherosclerosis.



The rationale for using coronary physiology is the limitations or failing of the coronary 
angiogram to depict a true lumen and flow response. Let’s take a look at that in more 
detail.



The limitations of angiography are illustrated here. At the top left, we see a coronary 
angiogram sitting frame in which we have an intermediately severe lesion in the LAD.

The flow through that stenosis depicted angiographically is impacted, not just by the 
diameter of stenosis, but by a number of other factors. These are the factors shown in the 
cartoon below and include entrance angle, length of the stenosis, length of the disease 
segment, shape of the stenosis and, importantly and often neglected, the size of the 
reference diameter vessel in which the stenosis resides. We will see that illustrated when we 
get to the comparison between IVUS and FFR.

These factors impair flow and increase resistance through the vessel. The resistance produces 
heat, and the heat is taken out and register as pressure loss. Thus, the pressure-flow 
relationships change depending on the severity of the stenosis. These pressure-flow 
relationships are illustrated in the upper right corner, in which you have a family of curves 
increasing in steepness as the degree of ischemia or pressure loss increases.

In the lower right corner, is the formula for pressure loss across the stenosis. And it has two 
major factors. The first factor of pressure loss is that of viscous friction that is on entrance 
into the stenosis, the length of the stenosis, and the shape of the stenosis have an impact on 
resistance in a linear fashion with flow. So, it’s viscous friction resistance times flow.

The second factor is the coefficient of separation, that is, energy is lost as the flow starts to 
reacquire its laminar characteristics. And this process of converting from separated turbulent 
flow to laminar flow required energy. This factor is also a function of the area of stenosis but 
also includes the area of the normal vessel, and it’s multiplied by the square of the flow.

This part of the equation gives the curvilinear shape to the pressure-flow relationship. And it’s 
important that we appreciate that each of these forces will come in to talk about the diffuse 
or focal nature of disease, which is one of the factors that separate resting from hyperemic 
flow measurements. We will talk more about that later.



The relationship between the angiogram and ischemia is not always very precise. If 
we look at the angiogram shown on the left, initially we see a severe lesion in the 
circumflex and an intermediate lesion that was just illustrated to us in the LAD.

It’s difficult to identify the true size of some of the lumen going from the two-
dimensional image to a three-dimensional structure. And the reason for that is 
illustrated by the cartoon on the right, where an eccentric lesion has two axes or two 
openings– a narrow opening in the shortest axis and a wide opening in the 
orthogonal axis. And it’s impossible to know how much flow is transmitted through 
such an eccentric stenosis.

And that failure of the angiogram accounts for the very wide spread of data between 
FFR and percent diameter stenosis or QCA or any measurement of the angiogram 
that we pick– any single measurement. Here is study from Toth and colleagues in 
2014 comparing 4,000 FFR measurements and plotting them against the percent 
diameter stenosis.

And you can see although there is a rough correlation, there is terrible precision with 
regard to the intermediate values between 40-80 to 40-70 percent stenosis 
narrowing in which you can have a normal or abnormal FFR and it’s almost to up to us 
to determine what it is. It’s for this reason that we use coronary physiology to 
alleviate the uncertainty of depending on an angiogram in which we do not know 
whether ischemia is present or not.

We look at the net result of such ambiguity and remind ourselves of what happens in 
vagueness stays in vagueness.



We’re often asked the question, “Why do we need functional assessment of the 
coronary stenosis when we have an angiogram or angiographic information, as shown 
in the upper left?” And we just discussed a moment ago that the factors of resistance 
shown by the cartoon on the far left and the eccentric nature of the stenosis limit our 
ability to depend on the angiogram to produce an ischemic result. We often need 
stress testing of other ancillary tests like FFR.

And we know that the anatomic factors do not easily translate into our estimate of 
ischemia. Only the pressure-flow relationship can be depended on to determine 
whether an intermediate stenosis is ischemic or not. We do not depend on 
angiography for this reason because it cannot predict ischemia. 

There have been many studies that demonstrate that operator estimates of diameter 
stenosis consistently overestimate the severity of a stenosis as compared to QCA or 
quantitative coronary angiography. And quantitative coronary angiography tends to 
overrate echo or estimate severity as compared to physiologic measures such as FFR.



But, what about IVUS? In this slide from Park SJ et. al., they took over 1,100 lesions 
and they compared diameter stenosis by QCA, the most accurate and objective form 
of angiography.

They determined that even when you had a very objective measure of angiography, 
there is a 57-percent mismatch overall across all coronary territories. There is a 16-
percent reverse mismatch, which was considered the FFR-negative angio-positive. 
But, more often, FFR was negative when angiography was positive.

There is overall a 66-percent accuracy of angiogram, consistent with the FFR less than 
six, less than or equal to 0.80. So basically, there is a correlation, but it is not very 
good.

If you break it down by each individual artery, it actually tells you something. It tells 
you that artery territories and the territory that the artery serves matters. The larger 
the territory, the better correlation between FRR and angiography, to some extent.

In particular, the circumflex artery has the highest degrees of mismatch and reverse 
mismatch because it tends to serve the smallest amount of territory. And then, 
finally, in particular, the left main artery, the most critical of coronary territories, has 
about a 50-percent mismatch rate, which could lead to a very severe outcome either 
for a sudden arrest if you don’t revascularize them, or non-necessary CABG, if you 
revascularize them unnecessarily. So, even if you have the best QCA, you tend to have 
mismatch.



For IVUS, a single diameter of stenosis measurement, the minimal luminal diameter 
or minimal luminal area, is not a valid measure of physiology because it depends on 
what the distal reference vessel is, the length of the stenosis.

And it really doesn’t make sense. If you think about it, why would a single cutoff 
value, for example, less than 4 millimeter squared, which is historically one of the 
cutoffs–why would that apply throughout the entire LAD artery and why would it 
apply to other arteries?

It turns out that in the first study, another study that was published, even if you tried 
to reference it to the distal artery and had different cutoffs for different sizes, you still 
had only a moderate correlation, about 70 percent with FFR.

Even in its best form, single cross-sectional area or multiple cross-sectional areas is 
inadequate to predict accurately the FFR. Once again, anatomy is not physiology and 
you still need to measure physiology.

This is another study from SJ Kang. They found that a single cutoff of 4 millimeter 
squared may not apply for most vessels. And they found a different cutoff of 2.4 
millimeter squared especially in their smaller Korean population with smaller arteries, 
a different cutoff may apply.



This is another study from SJ Kang. They found that a single cutoff of 4 millimeter 
squared may not apply for most vessels. And they found a different cutoff of 2.4 
millimeter squared especially in their smaller Korean population with smaller arteries, 
a different cutoff may apply.



How did we come up with the idea that a 50-percent stenosis was potentially the 
marker for impaired flow? This goes back to Lance Gould’s several studies in dogs 
which demonstrate that with a fixed circumferential artificial stenosis applied to a 
dog’s coronary artery, that only after 50 percent, did you begin to have a reduction in 
coronary flow reserve–that is, the maximum capacity of the artery to conduct flow.

Anything less than 50 percent, even at high levels of hyperemia, you could maintain 
coronary flow. However, anything beyond 50 percent is where you start to have 
impaired flow. 

Unfortunately, a follow-up study from Marcus, White, and Wilson, found that CFR did 
not predict stenosis in human patients for the exact reasons as discussed–which is 
that the diameter stenosis is only one component of the physiology and tends to 
have a wider spread compared to the very controlled setting of a circumscribed 
artificial circumferential stenosis on a dog. Therefore, the correlation between 
coronary flow reserve and diameter stenosis is quite poor in humans with actual 
physiologic stenosis. 



One other factor that we consider is that the concept of ischemia is based on 
coronary flow reserve, impaired flow at maximal hyperemia and thus, the basis of 
nuclear stress testing. For example, coronary flow reserve measures both the 
coronary artery stenosis and potentially any microvascular disease. It takes the sum 
of both factors and their impact on coronary flow.   

If you have microvascular disease and epicardial disease, you cannot differentiate 
between the components with CFR. Only a coronary-specific measure, such as FFR 
can isolate the epicardial stenosis’ contribution to reductions in flow, and only 
microvascular-specific measures, such as IMR can measure the microvasculancies. 
CFR as a tool is somewhat less useful because it tends to measure both components.



The  measurement technique of translesion pressure involves comparing a guidewire 
pressure to the pressure in the aorta.  For fractional flow reserve, FFR the Pd/Pa ratio 
is measured during hyperemia induced by adenosine.  Hyperemia is unnecessary for 
resting non-hyperemic pressure ratios using either the whole cycle Pd/Pa or the 
diastolic subcycle ratio of the wave free period, the iFR.



The derivation of fractional flow reserve comes to us from Dr. Nico Pijl. He told us that the 
percent of normal flow across the stenosis divided by flow across the same artery without 
the stenosis–the theoretic same artery at maximum hyperemia–will yield a percent of normal 
flow.

How do we convert pressures into flow? If we take first principle and look at the cartoon 
below that top line, we see that the pressure in the aorta represents a normal coronary 
artery. That is pressure everywhere throughout the coronary circuit in the absence of a 
stenosis is represented by aortic pressure. 

The measured pressure beyond a stenosis, Pd, is used as the specific stenosis flow. And we 
will compare that to the theoretic normal flow using the following equations. 

First, resistance is equal pressure divided by flow. That’s number two. Then, flipping that 
equation over, flow is equal to pressure divided by resistance, Q = P / R.

And if we want stenotic flow over normal flow, the ratio of those two numbers, we simply 
take pressure distal divided by its resistance bed divided by aortic pressure– that’s 
representing the normal artery divided by its resistance bed.

And since this resistance bed is one and the same and fixed and minimal during hyperemia, 
the resistance is then canceled out. That leaves us with QS / QN = PD / PA. And, hence, this 
number is the fraction of flow reserve in its simplest form. It’s measured only at maximal 
hyperemia and any resting value does not get to be called fractional flow reserve.

The full derivation of the formula includes venous pressure, which at this point we can ignore 
in almost all of our cases. We will talk more about some of the pitfalls again in just a moment.



If you are Nico Pijls and you are introducing this new index of ischemia, how would 
you compare it against an existing standard? However, as we now know, there is no 
gold standard for ischemia.

We already discussed the limitation of the diameter stenosis from angiography and it 
turns out that all stress tests–the treadmill stress test EKG, the stress 
echocardiogram, the nuclear stress test have false positive and negative results 
ranging anywhere from 60- to 90-percent accurate against the angiogram.

Dr. Pijls elected to compare a group of patients who all had all three of the stress 
testing modalities–exercise stress test, valium, perfusion stress testing and stress 
echocardiography to FFR. He compared the results of these tests which were positive 
for ischemia before the PCI with the presumption that the PCI would relieve the 
ischemia and therefore convert to a normal test thereafter.

By doing this before and after comparison against the battery of tests, they derived 
the value of FFR of less than 0.75 as having the highest accuracy of 93 percent against 
the battery of three traditional stress tests. No one else has yet to establish an index 
with such battery of tests. From this study, we consider that FFR was reliable when 
compared against stress testing.

The new non-hyperemic pressure ratios have generally been compared against FFR as 
an estimate. These have generally ranged in the order of 80- to 85-percent 
correlation with FFR. They have not been compared against stress testing except in 
early studies.



The proof of concept of the FFR, wherein pressure is linearly related to flow at 
hyperemia, was demonstrated by Fournier and colleagues, in a patient in whom they 
had measured absolute flow with a special thermodilution catheter and translesional
pressure.

On the left, are the raw tracings of this study. The PA is in red, PD in green, and 
absolute flow is the blue line labeled “QS.” As they created a slow balloon inflation and 
made the lesion more and more severe, the flow fell off as FFR went down.

The correlation between absolute flow and PD/PA is shown on the right graph with a 
near-identical value along the increasing flow ratio axis on the bottom, and the PD/PA 
or FFR on the top vertical axis. This is proof of concept that FFR actually is a function of 
flow changes.

FFR: Proof of Concept –

Fournier S, et al. J Am Coll Cardiol. 2019;73(10):1229-1230.

Pressure is linearly related to flow at hyperemia



This graph by Dr. Bernard de Bruyne and colleagues from 1996 shows the 
influence of hemodynamics on the reproducibility of FFR and CFR.

The graph on the left is two FFR measurements–changing heart rate, blood 
pressure, and contractility. And the graph on the right shows the spread of 
data when you measure two coronary flow reserves changing. Again, heart 
rate, blood pressure, and contractility.

You can see that the FFR is little affected by the changes in these 
hemodynamic variables–where, as expected, coronary flow reserve should 
change and does change with changing heart rate, contractility, and blood 
pressure as basal flow increases or maximal hyperemia is impaired. Proof 
again that the concept of hemodynamics does not impact FFR as much as CFR. 



Finally, let’s sum up the characteristics of FFR, CFR, and the non-hyperemic pressure 
ratios. Plotted on this graph are the pressure and flow axes. Pressure along the 
horizontal axis and flow along the vertical axis with basal flow represented at the line 
of one of the diagonal lines show the lines of maximal hyperemia.

When we look at coronary flow reserve–the ratio of maximal flow to basal flow–we 
know that anything that changes basal flow can impact the coronary flow reserve 
ratio. Anything that alters the line of maximal hyperemia, can also alter the coronary 
flow reserve. This explains its susceptibility to hemodynamic parameters changing 
the values even over the same measurement period in the cath lab.

In contrast, fractional flow reserve is the ratio of only the maximal flow measured in 
the stenosis to the theoretic maximal flow that could be obtained in the absence of 
that stenosis in the same artery. That means that between the line of maximal 
hyperemia for that patient and his theoretic normal, the variance of FFR is very small 
and unaffected by basal flow changes, heart rate, and blood pressure, as we saw 
demonstrated.

Now, the non-hyperemic pressure ratio shown in the blue box at the bottom, a period 
during diastole, is marketed affected by changing basal flow rates. It is more 
susceptible to some of the variances than the fractional flow reserve. CFR is 
somewhere in the middle. Keep this in mind when we start to use these ratios for 
clinical studies.



In the flow diagrams on the lower on the left-hand side, you can see that the highest 
coronary flow rates occur during diastole, whereas in the right coronary artery–
perhaps because of the right ventricle having a different physiology–the peak flow 
occurs during systole. 

Although many have been taught that diastolic flow is predominant, that’s really only 
the case in the left coronary artery, whereas in the right coronary artery potentially 
the flow is maximal at systolic times.

The IFR uses a sub-cycle period of the diastolic flow. Van't Veer was able to 
demonstrate that sub-cycle division of diastole had an extremely high correlation of 
98 to 99 percent with the iFR.



This graph shows the hyperemic, submax hyperemic and the resting or non-
hyperemic pressure ratios and their thresholds used for decision making.  On  the  left 
side the FFR, currently the  standard for comparison has a cut-point of 0.80.  Contrast 
(submaximal hyperemic) FFR has a cut point of 0.83.  

On the right-hand side, we have the non-hyperemic pressure ratios, which are 
predominantly the diastolic or sub-cycle ratios, including the IFR from Philips Volcano, 
more recently the DFR from Boston Scientific, the resting flow ratio from Abbott, the 
DPR from Opsens. 

There is also the whole-cycle PD/PA, which has a cutoff of less than or equal to 0.91. 

There is a concept of potentially using a sub-maximal hyperemia with contrast FFR. 
This cutoff is less than or equal to 0.83. This is another alternative to using adenosine.



Next, I’m going to go over the nuts and bolts for physiologic assessments. Now that 
we’ve have introduction to the background and the various options for physiology, 
there’s some certain common steps to measuring FFR or any of the non-hyperemic 
pressure ratios.



We always need to heparinize the patient because coronary guide wire is going into the 
coronary arteries and it could certainly contribute towards a coronary thrombosis if 
heparinization does not occur.

You administer nitroglycerin to minimize the risk of vasospasm in response to the wire being 
advanced down the coronary artery. Vasospasm of the large coronary arteries and 
artefactually create a coronary stenosis.

You equalize and measure the pressure sensor after flushing with normal saline having the 
introducer closed, the needle introducer pulled out, and the sensor positioned right outside 
of the guide catheter. Then, and only then, do you have an appropriate point to equalize the 
pressure sensor of the wire with the pressure as measured from the guide.

The guide should generally be disengaged, where possible, to maximize the coronary flow in 
the artery and to prevent any guide dampening, which may cause ventricularization of the 
aortic waveform and inappropriate measurement of the ratio.

In general, you should measure a greater-than-three-beat average. Most of the commercial 
systems come with a one-beat measurement as the default. And, really, all the clinical studies 
suggest that a three-beat average is superior in reducing variations from PBCs, patient 
breathing and the like.

Then, for best clinical care, is to check for drift after every pressure measurement to make 
sure that the wire or catheter has not had a pressure drift, thus threatening the quality of 
your study.



In 2019, we have multiple new pressure sensor wires and microcatheters to measure 
physiology. On the left-hand side, we have the traditional piezoelectric pressure 
wires, which have been improved over time to become less stiff and more flexible.

Even then, they have a certain construction of having three electrical cables running 
down the length of these 0.014-inch coronary guide wires and an eccentrically place 
guide wire core, which when rotated results in an eccentric rotation and potentially 
worse torque control.

The piezo resistive sensor and its electrical connections may be affected by moisture 
or blood.  It is also more sensitive to temperature changes than the optical sensors 
shown on the right.

Newer catheters and wires include the optical fibre microcatheter, which has an 
optical fibre connected to a microcatheter. This allows you to advance the sensor 
along any guide wire of your choice, thus taking away any problems with guide wire 
management.

On the right-side, the second-generation fibre optic wire from Opsens, has a second-
generation fibre optic sensor which minimizes drift and has an optical fibre built 
around the center of guide wire core giving one-to-one torque characteristics to this 
wire.

There have been developments and advances in technology which have made 
physiologic measurements easier. All of these are perfectly acceptable, but have 
different performance characteristics.



As somebody who uses both FFR and IFR, I think it’s important to recognize in this 
next slide, the limitations to both FFR and IFR. On the FFR mode, there are certainly 
limitations where you have to give adenosine and there are some side effects to the 
patient in terms of shortness of breath, chest pain, and the like.

You can also have variable responses to adenosine. If somebody is taking caffeine on 
a chronic basis or they have microvascular disease, they won’t have true maximal 
hyperemia. And thus, you may have an underestimate of what their ischemic 
potential is at their lesions.

If someone has serial lesions, you tend to have more crosstalk during hyperemia and, 
therefore, a little more difficulty in establishing which lesion to fix first. Then, 
increasingly and in development, there is a question of whether in the ACS or STEMI 
population or in severe AS where the microvasculature may be changing over the 
next few weeks or months whether FFR is consistent in these patients or not. And 
there are some questions about that.

The resting indices have similar but opposite problems, whereby if somebody has 
anxiety, resting tachycardia, or stress, their resting flow may already be elevated 
producing a falsely low iFR or NHPR. 

In addition, the resting indices–although traditionally faster than the hyperemic ratios 
if done correctly–requires waiting 30 to 45 seconds to exclude contrast saline or 
nitroglycerin induced hyperemia. Acquiring a good signal needs to be done very 
patiently, waiting for 30 to 45 seconds. 



Other confounding factors for intracoronary pressure measurements include 
equipment, procedural, and physiological factors. 

Equipment factors including FFR and non-hyperemic pressure ratios could have an 
erroneous zero, connector leaks, faulty electrical wire connection, pressure signal 
drift, or miscalibration of the EKG.

Procedural factors can include guide catheter dampening, incorrect sensor position, 
inadequate hyperemia, or changing basal flow. 

Physiologic factors include serial lesions, left main STEMI, LVH, elevated LVEDP, or 
rotational atherectomy.



Here is what happens when the wire introducer is left in the Y connector during 
pressure measurements. The leak of blood is associated with loss of pressure and the 
aortic pressure falls below the distal pressure, which, of course, is not physiologic. If 
you leave it in, then clearly your FFR or IFR or non-hyperemic pressure ratio will be 
erroneously measured. Make you measure with the needle introducers out.



This slide demonstrates what happens with guide catheter dampening and 
disengagement. The image on the left shows the absence of a dicrotic notch and a 
flat or ventricularized diastolic waveform, which would artefactually make the FFR 
look relatively normal.

Disengagement of the guide demonstrates the re-establishment of the dicrotic notch 
and then the full diastolic waveform shows the full FFR difference. This is an example 
of severe guide catheter dampening.

In turns out that guide catheter dampening and drift can occur quite frequently with 
one study suggesting 17 percent of even expert labs having problems with guide 
catheter dampening or drift.



There are the available hyperemic pharmacologic agents. The gold is adenosine 
administered either intravenously or intracoronary. 

The intravenous dose is 140 mcg/min, and the intracoronary is 100-200 in the left 
coronary artery, or 50-100 in the right coronary artery. IC adenosine has a shorter 
half-life but make produce transient (<20s) AV block.

Papaverine tends to cause torsades in rare cases and is not FDA-approved in the U.S. 
Nitroprusside can cause hypotension. Regadenoson is a reasonable agent, but has a 
higher cost compared with adenosine and also tends to have persistent hyperemia, 
which can be irritating to the patients.



FFR is best measured at its lowest value. In this example, the pressure ratio varies 
across the timing of the intravenous adenosine infusions, such that if you measured 
the value at 0.68–at the biggest separation that will be the most reproducible value 
representing ishemia. It is known as the 'smart minimum' FFR as reported by Johnson 
N et al. Whereas, if you measured it at the very end of the tracing with continued IV 
adenosine, the FFR is 0.85, which would not be considered ischemic. Intravenous 
adenosine infusions have fluctuations in hyperemia and produce different values over 
time. Use the lowest ratio over the infusion period.



In the next slide, Johnson et. al. demonstrated in 190 pair Pd/Pa tracings from their 
verified study that IV adenosine produce stable hyperemia in only 50 percent of 
cases– with other cases with continued intravenous infusions still causing some 
decrease or intermittent cycling of the hyperemic effect.

Now, there is really a consensus amongst the experts in contrast to prior 
recommendations that rather than waiting for a stable hyperemic phase, within 
reason, they should always take the minimum FFR value, which conveniently is 
measured by most computerized systems.



My tip is to use intracoronary adenosine. Intravenous adenosine tends to cause more 
time spent, more symptoms, delay, and repeated measurements for serials lesions 
and potentially more susceptibility to caffeine levels.  Whereas, an intracoronary dose 
seems to overcome caffeine’s effect because it lasts only 15-20 seconds, you can 
easily make duplicate measurements to confirm the  FFR. 



We’re now going to review clinical outcome studies and the use of physiology in 
clinical practice.



We are looking at the relationship between fractional flow reserve and clinical events. 
On the left, is a slide summarizing Dr. Barbato’s work. On the right, is a theoretic 
construct for the relationship between fractional flow reserve and events.

Let’s look at Barbato’s curves. If we start to see that fractional flow reserve marker of 
ischemia becomes more and more severe, the lower and lower the number, the 
event rates become higher and higher as the FFR falls. There is an area in which the 
curve is very steep at around 0.8 threshold for ischemia or no ischemia.

If we look on Johnson’s graph on the right, we see that at a threshold–and we are 
going to assume our FFR threshold of 0.8–there is benefit imparted by 
revascularization, whereas there are more events associated with medically treated 
individuals having ischemia. We can see that as well in the FAME 2 study.

Furthermore, if we look to the right of the threshold where the FFR now would be 
greater than 0.8, we see there is probably no benefit or even some harm with 
performing revascularization as opposed to medical therapy. That too is shown to us 
by the first study and the FAME 1 trial. Those are the fundamental concepts–FFR is a 
marker of ischemia and the more ischemia there is, the more events appear to arise. 



This slide summarizes the three major FFR outcome studies, the DEFER 15-year outcome, 
FAME 1 five-year, and FAME 2 five-year studies. Each of these studies ask the question and 
answer it using the FFR as a marker of ischemia.

The first study asked the question “Is it safe to defer interventions on arteries that have a 
normal FFR?” Over the 15-year outcome of the randomized groups to the deferred FFR-
negative intermediate lesion compared to the FFR-negative intermediate lesion that was 
treated with a stent and compared to the FFR positive lesions–those would be the black, red 
and blue curves, respectively–it was found that it is safe to medically treat those patients 
having a negative FFR and deferring therapy all the way out to 15 years.

FAME 2 study asked the question, “Which is better– angiographic-guided stenting or 
ischemia-guided stenting–ischemia by FFR?” The answer was that ischemia-guided stenting 
produced few events, less MACE, less MI, and death than angiographic stenting of all lesions 
seen. That’s over five years. You can see the middle curves demonstrate that separation and 
benefit to ischemia-guided approach.

Finally, on the far right, you see the results of the FAME 2 study. The FAME 2 study asked the 
question, “Is a positive FFR lesion better treated with medical therapy– maximal medical 
therapy than it is with revascularization and blood?” This was a study in response to the 
COURAGE trial, which demonstrated no difference between MI and death in medical or PCI-
treated patients. This study differed in that all the patients had at least one artery that was 
ischemic.

The red line shows patients referred to medical therapy and maintained for a year that had a 
6- to 10-fold increase in events over the end of that first year, half of which were myocardial 
infarction. The other half were unstable angina with or without EKG changes.

The blue and green lines are the five-year outcomes of those patients who were 
revascularized with positive FFRs or had negative FFRs, but still had coronary artery disease 
and were treated medically. This study demonstrated that blood was better than drugs if you 
have ischemia, and this forms the basis for using FFR in clinical practice.



Proportions of Functionally Diseased Coronary Arteries
in Patients with Angiographic 3- or 2-Vessel Disease

Tonino PA, et al. J Am Coll Cardiol. 2010;55(25):2816-2821.
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One offshoot of the FAME 1 study was the conversion of patients who had 
angiographic multi-vessel disease to physiologic disease. On the left, is the pie chart 
of those patients having one, two, or three vessel disease. 

I’d just emphasize three vessel disease here was identified as 14 percent or about one 
in six patients of this group. 

When FFR was measured, these numbers changed significantly such that the two-
vessel disease group now increased, three-vessel disease went away, and that one-
vessel disease increased as well, so that you can shift the burden of disease now 
when measured physiologically toward lower numbers of diseased arteries. This also 
has to do with the SYNTAX score and the functional SYNTAX score to be presented at 
a later date.

It is important tåo note that the FAME study also demonstrated a reduction in cost 
between FFR-guided interventions and angiographically guided interventions.



Moving on to the non-hyperemic pressure ratios, it’s one thing to demonstrate that 
there is a correlation of 80 to 85 percent between the non-hyperemic pressure ratio 
like IFR and FFR. However, without a clinical study, it’s difficult to demonstrate non-
inferiority or equivalence between the two measures.

And this the goal of the DEFINE-FLAIR and iFR-SWEDEHEART studies which collective 
enrolled 4,500 patients who had intermediate disease and it was found that the 
major adverse cardiovascular rate between the two was similar and non-inferior 
between IRF and FFR. Therefore, IFR-guided revascularization was considered non-
inferior. 

The event rates are a little lower than what is seen in the FAME and FAME 2 studies, 
however, because it’s a lower-risk population and the average SYNTAX score was 
lower, so there was a lower burden of disease. Whether the non-hyperemic pressure 
ratios are generalizable to the higher-risk group is potentially unclear.

However, this are the studies that demonstrate non-inferiority between the non-
hyperemic pressure ratio IFR with FFR. Therefore, the bottom line is that IFR is almost 
FFR, but a limited spectrum of studied patients.



We talked about the 80- to 85-percent agreement between non-hyperemic pressure 
ratios and FFR. It turns out that almost any test of ischemia compared with any NHPR 
is correlated to each other and to stress tests roughly 80% of the time. This is 
involving both stress testing, IFR, and FRR–they all tend to all correlate 80 percent.



If you take a combination of pressure and flow measurements such as the hyperemic 
stenosis resistance, the HSR, intravascular CFR, or PET-derived CFR–which is one of 
the gold standards for ischemia–they all tend to correlate with each other with 
roughly 80 percent accuracy.

It turns out that IFR and FFR are probably equivalent when compared against an 
external third standard. Again, there is no clear guidance as to which standard is 
better than the other.



Any of the non-hyperemic pressure ratio as described by van't Veer tends to correlate 
well with IFR. This is demonstrated more recently by Lee, et al. in 1,102 lesions in 926 
patients which demonstrated a very high area into the curve where correlation 
between any of the newer diastolic pressure ratios, dFR, IFR, DFR for predicting IFR 
0.89. Numerically, these values are all equivalent and therefore any of the non-
hyperemic pressure ratios, with the exception of Pd/Pa, are likely to be substitutable 
for IFR.



This case is going to illustrate the effects and differences between FFR and IFR. We 
made measurements in a 63-year-old man with prior right coronary artery stenting 
and atypical chest pain.

In the shallow RAO projection on the left panel, the arrow points to a diffusely 
narrowed segment of the LAD intermediate in its percent diameter stenosis. In the 
RAO coronary projection on the right, you can see the white arrow pointing to the 
LAD lesion clearly intermediate in severity.



The angiograms demonstrate the right coronary artery with modest in-stent 
restenosis over a fairly long distance–the LAO projection on the left and the RAO 
projection on the right. This already visually looks diseased a fair bit but, the precise 
ischemic burden of this lesion is unknown at this time. The next step is to perform an 
FFR and IFR.



On the left is the angiographic frame with pressure wire beyond the LAD stenosis. 
The IFR on the right was 0.92 of normal value. The corresponding FFR at maximal 
hyperemia was 0.82. Also, a non-ischemic value as far as we can tell.



Turning our attention to the right coronary artery, we then see that for the segment 
highlighted by the yellow bracket, the wire is placed distally to the red arrow 
demonstrating the location. The FFR in this individual is 0.93, a normal value. The FFR 
of 0.81 is also above the ischemic.

We’re going to talk about the reasons why we think there is such a large disparity 
between the FFR and the IFR which is most likely due to flow.



In another case, we measured the resting ratio in this individual of 0.94. This was the 
Pd/Pa. The FFR in this patient also had a value of 0.80, a very marginal value for FFR. 
So, which of these two values should we believe has confused many operators?

At this point in time, we still have high confidence in FFR and the fact that the Pd/Pa 
dropped so far during hyperemia is a marker of the flow changes that can occur. The 
clinical significance of this finding is yet to be determined.



The discordance between the non-hyperemic pressure ratio and the FFR can be 
explained in two ways–and this would explain in part the finding from the previous 
case. If we look at these two pressure flow curves, we can see that for a very severe 
lesion, as coronary flow increase of 1.7, baseline moves the resting ratio to its 
hyperemic ratio from 0.83 to 0.73.

Now, if we look on the lower/less or intermediately severe curve, the resting ratio of 
0.93 IFR goes down to a maximal FFR or 0.73 due to the fact that the flow increased 
to 3.2-fold increase over baseline. 

So, two ways to get there. Either it’s a very severe lesion with a small change in flow 
or it’s a very intermediate lesion with a very, very large change in flow reducing the 
FFR. When in doubt at this point, I am still recommending we look at FFR.



Recently, Warisawa and colleagues reported on the causes of differences between FFR and 
iFR. The major differences appeared to reside in the focality of the lesion–as shown on the 
right–producing a large separation coefficient. This favor positive FFR when the IFR is 
negative.

In patients with diffuse disease, the friction coefficient–shown on the left–is larger and 
over a longer area, the FFR is negative when IFR might be positive. Twenty percent of our 
cases are going to have this conundrum, and we have to be able to use clinical judgment 
to sort out the factors responsible for this discordance. 



Derimay and others also identified predictors of discordance between IFR and FFR. 
These predictors included stenosis location, usually proximal LAD, severity of the 
lesions–the more severe, the more the discordance in some cases–heart rate, age, 
and beta blockers.

You can see in the graphic, the frequency of the discordance occurred in about 11 
percent of patients in both groups and focused most often around the gray zone of 
0.89. The two graphs on the right–the top one shows the differences between left 
main and other lesions for the discordant values. On the lower right, the graph shows 
the discordance between patients taking beta blocks and those not taking beta 
blockers to contribute to the discordance between our variables.



One of the additional applications for coronary physiology is to measure post-PCI FFR. 
It’s been shown that patients with a higher FFR value following PCI tend to do better. 
On the right the KM curves show that patients with post PCI FFR>0.86 have better 
event free survival than those with FFR<0.86 at the end of their procedure.

In this study by Agarwal et. al., they were able to determine that a large proportion of 
their post-PCI patients still had an ischemic FFR–in this case, an average of 0.78. This 
drove them to give an additional intervention such as additional post-dilatation or 
additional stenting to a final higher FFR of 0.87.

This data is also supported by the DEFINE PCI trial recently, which demonstrated that 
a post-PCI, IFR also tend to frequently be ischemic still after a successful 
angiographically-based intervention. This means that we may be missing disease or 
under-expanding our stents and post-PCI physiology may potentially help us with 
that.



We know that flow affects the FFR, so myocardium flow, hence, influences FFR. In 
patients with acute coronary syndromes, we are taught not to use the FFR in the 
target vessel because the myocardial bed is of a dynamic nature and changes its flow 
capacity over several days.

If we look at the top section of this cartoon where it says “scar and normal 
myocardium” fed by a vessel that has a 75-percent stenosis with an initial FFR of 0.84 
and go forward in time four or five days–that scar resolves and myocardial flow 
increases. When we look again at the 75-percent stenosis, the FFR can be measured 
at 0.50.

This mechanism applies to both left main acute coronary syndrome and collaterally 
supplied beds. These are small topics, but the concept is that the larger the bed, the 
higher the flow; and the higher the flow, the lower the FFR.



The left main coronary artery assessment in the absence of other disease can be a simple FFR 
down, either the LAD or circumflex. However, when there is additional disease in the LAD, we 
then have to take into account what this means in terms of diverting flow into the circumflex 
territory or reducing flow down the LAD territory.

We know that the left main is responsible for two large territories–the two blue circles 
representing the LAD and circumflex beds. When we have a LAD stenosis in place–as 
illustrated in this cartoon–the LAD bed now becomes smaller in size, flow down the LAD is 
reduced, and flow across the left main is reduced. Thus, the apparent FFR in the circumflex in 
this setting–when the LAD is very severe–would be higher. Now that’s the theory.  

Proof of concept was provided by Bill Fearon and colleagues who created a model where 
they put a balloon in the left main, and another balloon inside of stent in the LAD to create 
variable stenoses in both locations. What they found is illustrated on the right.

On the top panel is the FFR of the LAD wire during progressive balloon inflation. If you follow 
the yellow line of the FFR, as the balloon inflates, the FFR decreases. In this case, all the way 
down to a very severe lesion of 0.35.

Simultaneously with this, if you look at the lower panel, you see the FFR from the circumflex 
wire–the yellow line–beginning at 0.77. As the LAD lesion becomes more and more severe, 
the FFR of the left main increases to 0.82, fulfilling the concept in theory and in practice.

In real life when we apply this concept, we only need to worry about very, very severe LAD 
stenosis less than 0.6 to assess a correct left main in the circumflex. When we have that very 
severe lesion, we have to resort to intravascular ultrasound to assess an intermediate left 
main–one of the few times where ultrasound has value in that circumstance.



This is a summary of the patient outcome studies in specific subgroups. If we look 
across these patients, we have clinical studies supporting FFR in green checks and 
HPR in those green checks, as well for stable coronary artery disease of low risk.

For non-STEMI and STEMI, we have little data by IFR. SVG assessment, osteo lesion/ 
left main, and bypass graph failure–we have that for FFR, but not yet for IFR or an 
HPR. Then, serial lesions and aortic stenosis/TAVR are still under study for both 
variables. It’s quite an advanced field we are in now using physiology.



That brings us to what are the barriers to use of coronary physiology in the cath lab? 
We hear about these and we’ve been hearing about these for over 20 years. There 
are a number of them.



It turns out that in 2014 from Philips Volcano, we found that on average, the percent 
of diagnostic catheterization procedures that had FFR use, was ranging less than 10 
percent–about 7 percent in the U.S. and 6 percent in Japan. This was relatively low. 



So, why don’t people do that? Well, there are many reasons. We’ve heard them all. “We hate to set 
and zero and check for drift. We set up the wire, zero it and drift. It’s takes us time. We are in a rush. 
We have patients in the clinic.”

The solution is to have an automatic zero. Most of the wires automatically zero at this point, the so-
called plug and play. They have increased single stability. The drift is decreased, especially with the 
modern wires, especially the Opsens wire.

Well, some people say, “We hate using adenosine. It causes symptoms. It’s expensive. It takes some 
time.” If you really hate adenosine, then you consider using the contrast FFR, resting Pd/Pa, or the 
non-hyperemic pressure ratios now that they are widely available on all systems.

What else? “We also hate–we are using the poor pressure wire handling–multiple exchanges.” Well, 
you have options now. You have improved wire construction and monorail catheters that can measure 
catheter pressure.

“We hate measuring pullback.” Well, in this case, increasingly, you have angiographic co-registration 
especially from certain manufacturers.

“We hate not knowing if microvascular disease is really a problem.” It depends is the answer. Most 
often, it’s less of an issue than you expect. And it’s really not as well treated and there is not solidified 
treatment for microvascular disease.

We should really address what we can treat, which is the epicardial disease. It’s not really a good 
reason not to measure physiology. It rather is a reason to measure physiology to determine the 
contribution of the epicardial stenosis to the patient’s symptoms.

“We hate to use pressure wires to do complex lesions and bifurcations.” But, now, these newer wires 
are one and you can potentially use one wire from start to finish. In particular, the Opsens wire really 
has workhorse capability.

“We hate that we don’t get paid to FFR but you do for stenting.” Well, the solution to that is doing the 
right thing for the right patient–for the patient anyway. It shouldn’t matter whether we get paid or not 
but, rather, it should be done for the right thing for the right patient.



Clinical guidelines from various societies have all come out strongly in support of 
coronary physiology. The Society for Cardiovascular Angiography and Interventions 
have designated both FFR and IFR as definitely beneficial.

The European Society of Cardiology in the PCI guidelines from 2018, gave them both 
a class 1A recommendation. 

The most recent American College of Cardiology guidelines in the appropriate use 
criteria and the MCDR have included FFR and non-hyperemic pressure ratio as 
options for demonstrating ischemia prior to PCI.



These are the appropriate use criteria from 2017 agreed upon by all the societies. 
They state that the use of additional invasive measurement such as FFR or IVUS, at 
the time of diagnostic angiography, can be helpful in defining the need for 
revascularization and may substitute for stress test findings. Frequently, patients 
come to the cath lab without stress tests done in anticipation. Now, in the cath lab, 
with FFR and non-hyperemic pressure ratios, we can move ahead.



This is the chart from the appropriate use score. Basically, when you don’t have stress 
test findings–number three–then you often will need to demonstrate a higher-risk 
patient and your PCI will rarely be appropriate.

However, if you add in the FFR less than 0.80 or an equivalent non-hyperemic 
pressure ratio, then you can get to maybe appropriate, or definitely appropriate for 
more of your patients. This is regardless of location of the lesion or how many vessels 
are involved.

We have concluded pretty much the wire-based fractional flow reserve discussion. 
There is more detail, but in this hour, we can only address so much. I want to turn our 
attention now to methodologies briefly for angiographically derived FFR. That’s the 
future of our business.



At the moment, we are able to obtain FFR angiographically using CTA and 
computational fluid dynamics to derive an FFR. That’s the heart flow model shown on 
the left. Now, inside the cath lab, there are at least four companies now competing 
for our attention using both computational fluid dynamic angio-based software or 
flow-mediated algorithm attached to the three-dimensional reconstructions of the 
images and yield, again, an in-lab angiographically derived FFR.



Now, this is going to be something for future discussion, but, where do we fall within 
the universe of coronary physiology and imaging at this moment? Thanks to Dr. Seto’s
wonderful graphic capabilities, we are looking at what we believe is the existing 
universe.

The big planet orbiting in blue, the fractional flow reserve, is circled by hyperemic 
indices. In the upper portion of this universe, it’s also involved with the resting flow and 
non-hyperemic pressure ratios. In the bottom part of the universe, now encompassing 
several new satellites of RFR, DFR, DPR, and so on. These were derived basically from 
the IFR orbit.

If we move a little further toward the far left, the imaging world consists of ultrasound 
imagine, OCT, and NIRS, near-infrared spectroscopy. These have also advanced our 
anatomic assessment of disease but have little impact on the physiology. Whereas, in 
the middle we see the angiographic derived names given to those companies starting 
to use angiographically FFR in the lab and produce a wireless physiologic value.
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In conclusion, invasive hemodynamic assessment of coronary stenoses requires an 
appreciation of the fundamentals of pressure and flow. Translesional hyperemic 
distal/aortic pressure, the FFR is considered the standard for ischemia.
Resting translesional, non-hyperemic pressure ratios (e.g. iFR, RFR, DPR) are equivalent 
and correlate with FFR about 80%. Finally, clinical outcomes of interventions are 
improved when guided by translesional physiology.

I know we’re covered a lot of ground. I hope we have been able to provide you with 
some valuable information for the understanding of coronary physiology in the lab 
today. 

Conclusions

• Invasive hemodynamic assessment of coronary stenoses requires an 
appreciation of the fundamentals of pressure and flow.

• Translesional hyperemic distal/aortic pressure, the FFR is considered the 
standard for ischemia.

• Resting translesional, non-hyperemic pressure ratios (e.g. iFR, RFR, DPR) 
are equivalent and correlate with FFR about 80%.

• Clinical outcomes of interventions are improved when guided by 
translesional physiology.


