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Is Discordance of Coronary Flow Reserve and
Fractional Flow Reserve Due to Methodology
or Clinically Relevant Coronary Pathophysiology?

O B J E C T I V E S The purpose of this study was to determine whether observed discordance between

coronary flow reserve (CFR) and fractional flow reserve (FFR) is due to methodology or reflects basic

coronary pathophysiology.

B A C K G R O U N D Despite the clinical importance of coronary physiological assessment, relation-

hips between its 2 most common tools, CFR and FFR, remain poorly defined.

M E T H O D S The worst CFR and stress relative uptake were recorded from 1,500 sequential cardiac

ositron emission tomography cases from our center. From the literature, we assembled all combined,

nvasive CFR-FFR measurements, including a subset before and after angioplasty. Both datasets were

ompared with a fluid dynamic model of the coronary circulation predicting relationships between CFR

nd FFR for variable diffuse and focal narrowing.

R E S U L T S A modest but significant linear relationship exists between CFR and FFR both invasively

r � 0.34, p � 0.001) and using positron emission tomography (r � 0.36, p � 0.001). Most clinical

atients undergoing CFR or FFR measurements have diffusely reduced CFR consistent with diffuse

therosclerosis or small-vessel disease. The theoretical model predicts linear relationships between CFR

nd FFR for progressive stenosis with slopes dependent on diffuse narrowing, matching observed data.

eported changes in CFR and FFR with angioplasty agree with model predictions of removing focal

tenosis but leaving diffuse disease. Although CFR-FFR concordance is common, discordance is due to

ominant or absent diffuse versus focal disease, reflecting basic pathophysiology.

C O N C L U S I O N S CFR is linearly related to FFR for progressive stenosis superimposed on diffuse

arrowing. The relative contributions of focal and diffuse disease define the slope and values along the

inear CFR and FFR relationship. Discordant CFR and FFR values reflect divergent extremes of focal and

iffuse disease, not failure of either tool. With such discordance observed by invasive and noninvasive

echniques and also fitting fluid dynamic predictions, it reflects clinically relevant basic coronary

athophysiology, not methodology. (J Am Coll Cardiol Img 2012;5:193–202) © 2012 by the American
ollege of Cardiology Foundation
oronary physiology plays an increasingly
clinical role in cardiology. Multiple imaging
techniques provide routine quantification of
absolute flow and myocardial or coronary

ow reserve (CFR), from positron emission tomogra-
hy (PET) to cardiac magnetic resonance, myocardial

See page 203

contrast echocardiography, and contrast computed to-
mography. Based on randomized clinical trials and
strong national/international guidelines, fractional flow
reserve (FFR) procedures are growing even as percuta-

neous coronary intervention (PCI) volume decreases (1).
However, 2 different measurements quantify coro-
nary physiology: flow, summarized by CFR, and
pressure, summarized by FFR. Although the qua-
dratic relationship between absolute flow and the
pressure decrease across a stenosis has been demon-
strated in theoretical, animal, and human studies
spanning almost 25 years (2–4), the relationship
between the common clinical tools of CFR and FFR
is not well defined. This void produces clinical uncer-
tainty when an imaging study suggests low CFR but
invasive measurement determines normal FFR or vice
versa. Additionally, recent publications have sought to
determine noninvasive CFR cutoffs using FFR as a

reference. However, the gold-standard FFR cutoffs
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themselves were originally based on concordance with
noninvasive studies (5), thereby revealing logical in-
consistency.

The essential question for clinical practice asks
whether CFR-FFR discordance occurs because of
method or reflects basic coronary pathophysiology
useful for making decisions. To answer this ques-
tion, we made a 3-way comparison of: 1) all reports
of combined invasive CFR and FFR measurements
in the literature; 2) PET-measured CFR and rela-
tive stress defects in 1,500 sequential cases from our
center; and 3) results of a theoretical fluid dynamic
model of the coronary circulation predicting CFR-
FFR relationships with varying focal stenosis and
diffuse or small-vessel disease.

M E T H O D S

PET scan acquisition and processing. Scans were done
etween April 2007 and June 2011 at the Weath-
rhead PET Center for Preventing and Reversing
therosclerosis of the University of Texas Medical
chool at Houston and Memorial Hermann Hos-
ital after receiving written informed consent from
he subject and study approval by the institutional
eview board. Subjects included both young,
symptomatic normal volunteers and clinical pa-
ients representing the entire spectrum of cardiac
therosclerotic disease.

Our cardiac PET acquisition and processing
rotocol with absolute flow quantification is de-
cribed in previous publications (6,7). In brief, rest
nd stress perfusion images were acquired using
b-82 on a hybrid 16-slice PET-computed tomog-

aphy scanner for attenuation correction, shifted as
eed for coregistration. Intravenous dipyridamole
roduced hyperemia before stress imaging. Image
rocessing converted raw, unrotated 3-dimensional
ata into 2-dimensional topographic maps reflect-

ng left ventricular anatomy.
Peak integrated activity over an approximate 2 �

-mm circular area in the left atrium or thoracic
orta was determined from transaxial images ac-
uired during the first 2 min after each radiotracer
njection. Integrated myocardial activity during the
ext 5 min was determined from topographic maps
f the left ventricle. For each of 64 radial segments
t each of 21 short-axis slices, integrated arterial
nput and integrated myocardial uptake were used
o compute absolute myocardial flow using an
stablished model (8) implemented by custom soft-
are. The 21 � 64-pixel topographic flow map was
moothed using a 5 � 5-pixel average to suppress m
oise introduced by the flow model. CFR was
omputed as the stress-to-rest ratio on a pixel-by-
ixel basis.
The worst CFR was recorded, excluding 4 basal

lices (due to low counts in the membranous septum)
nd 2 apical slices (due to potential partial volume
rrors caused by partial-thickness slices through left
entricular and apical motion). Relative stress uptake
t the identical location as the worst CFR was re-
orded as a noninvasive surrogate for FFR.

Additionally, clinical patients undergoing cardiac
ET followed by invasive FFR were identified from

eview of our clinical records. Invasive FFR was
erformed using standard equipment and either intra-
enous or intracoronary adenosine according to oper-
tor preference. Selected cases were chosen to illus-
rate CFR and FFR concordance and discordance.
Literature search for combined invasive CFR-FFR
measurements. PubMed was searched for articles

easuring combined CFR and FFR invasively.
heir references were examined systematically as
ere review articles, guidelines, and consensus

tatements on flow reserve for additional
elevant citations. Included studies had to
easure and report both CFR (typically

sing intracoronary Doppler but rarely
sing thermodilution) and FFR simulta-
eously or sequentially. Those studies that
eported CFR and FFR both before and
fter PCI were noted, as were articles that
ncluded scatterplots or tabular values of
FR and FFR. For each study, the mean and
D of both indexes were recorded. Individual values were
anually extracted from tables and graphs.

Theoretical model. A basic version of the model, its
heoretical and experimental bases, and animal val-
dation was published previously (9). Full details
egarding its parameters and calculations can be
ound in the Online Appendix.

The model consists of a branching network of
rterial segments terminating in myocardial beds.
ach arterial segment has a given length, variable
iffuse narrowing, and a superimposed focal per-
entage of diameter stenosis. Each myocardial bed
onsists of a summed vascular length (representing
ombined arterial and arteriolar vessels) and mass.

odel inputs based on the literature include normal
esting flow, normal CFR, arterial lengths, and
yocardial mass. Normal vessel area and diameter

n each segment are determined from its distal
yocardial mass using experimental data in hu-
ans. Summed distal vessel length and myocardial

A B B

A N D

CFR �

FFR �

PCI �

interv

PET �

tomog
ass adhere to the observed linear relationsh
R E V I A T I O N S

A C R O N YM S
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The Poiseuille equation calculates viscous pres-
sure loss along each segment. A quadratic relation-
ship determines the pressure decrease across a focal
stenosis based on its flow. In the absence of diffuse
or focal disease, each myocardial bed lowers its
resistance until normal CFR has been achieved.
Flow to each myocardial bed is altered iteratively in
the presence of diffuse and/or focal disease until all
beds reach their minimum resistance. Flow in each
arterial segment preserves conservation of mass
through the model network.
Statistical methods. Statistical analyses were per-
formed using R version 2.13.1 (10). Summary
values for the literature used number of patients as
a weighting factor. Continuous variables are sum-
marized as mean � SD. The association between

aired, continuous variables is summarized using
oth the Pearson (r) and Spearman (�) correlation
oefficients, although 95% confidence intervals (CI)
ould not be computed for Spearman correlation
oefficients due to ties. Applicable tests were
-tailed, and p � 0.05 was considered statistically
ignificant.

R E S U L T S

Combined CFR-FFR Measurements. Figure 1A dis-
lays all available combined invasive CFR and FFR
alues in the literature, constituting 438 cases (11–17).
igure 1B displays the worst CFR by PET with
orresponding stress relative uptake for 1,500 se-
uential cases from our center. A significant but
odest correlation exists between invasive CFR and
FR as a whole (r � 0.34 [95% CI: 0.26 to 0.42],
� 0.001; � � 0.28, p � 0.001). Similarly, a

significant but modest correlation exists between
CFR by PET and stress relative uptake as a whole
(r � 0.36 [95% CI: 0.32 to 0.40], p � 0.001; � �
0.30, p � 0.001).
Literature and clinical FFR-CFR measurements. Table 1
ummarizes all the invasive literature for combined
FR and FFR measurements, both in the vessel of

linical interest and in reference or nonischemic
essels (11,12,17–36). As the normal range for
oninvasive CFR is �4 in young, asymptomatic
olunteers (6), the lower portion of Table 1 dem-
nstrates that all studies examined subjects who had
ither small-vessel disease or at least mild diffuse
isease, even in normal reference vessels.
Table 2 summarizes studies reporting invasive
FR and FFR before and after PCI, which are
iagrammed in Figure 2 (18,19,21–24,26,27,32).

he slope between paired measurements and move- d
ent toward an FFR of 1 after PCI supports the
heoretical model prediction that PCI abolishes the
ocal stenosis but not the background diffuse and
mall-vessel disease, indicated by the different
lopes of the CFR-FFR relationships.
Theoretical model. As detailed in the Online Ap-

endix, the theoretical model examined varying
egrees of diffuse disease and a single, superim-
osed, focal stenosis in the proximal left anterior

Figure 1. Scatterplot of All CFR and Fractional Flow
Reserve Values

(A) Invasive measurements of individual coronary flow reserve
(CFR) and fractional flow reserve values in 438 patients from the
literature. Data extracted from Figure 3 of Tron (11), Table 2 of
Baumgart (12), Figure 1A of Meuwissen et al. (13), Figure 3 of
Werner et al. (14), Figure 2 of Fearon (15), Figure 1 of Werner
(16), and Table 3 of Meuwissen et al. (17). (B) Positron emission
tomography (PET) measurements of individual worst CFR and
corresponding stress relative uptake in 1,500 sequential cases
from our center.
escending artery. A direct linear relationship
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existed between the 2 metrics as the focal stenosis
varied. The slope of the CFR-FFR line related
inversely to diffuse disease. The maximum CFR
in the model was set at 4.2 based on previous
studies (6), so that there were no CFR values
above the CFR-FFR regression line without
diffuse disease. As pressure decreases directly
with flow due to viscous loss, a small but nonzero
pressure gradient existed along any conductance
vessel, even without any diffuse or segmental
narrowing. Values below the CFR-FFR line
could be observed in any CFR-FFR combination
and reflected the simultaneous effects of focal,
diffuse, and small-vessel disease.

The model results divide the CFR-FFR scatter-
plot into 6 regions, as conceptualized in Figure 3.
The upper left half of the scatterplot (in white)
could only contain data from patients with reference
CFR above the average normal value. The lower
right wedge (in gray) contains points with reduced
CFR but minimal pressure loss along the epicardial
conduit vessels, identifying cases with isolated
small-vessel disease. For conceptual purposes, the
remaining region can be divided into 4 quadrants by
typical cutoff values of an FFR of 0.8 and a CFR of
2, while recognizing that these thresholds are not
physiologically abrupt in practice. The 2 quadrants
with discordant CFR and FFR represent contrast-
ing contributions of focal disease (dominant when
FFR decreases more than CFR) and diffuse or
small-vessel disease (dominant when CFR de-
creases more than FFR). Myocardial or coronary
steal occurs when CFR is �1, which is rarely
measured invasively because the majority of these
cases occur with total or subtotal occlusions that
render wire placement difficult.

Figure 4 shows representative clinical examples
from each CFR-FFR combination of concordant or
discordant, adequate or reduced flow capacity. Ap-
plying typical binary cutoffs of a CFR of 2.0 and an
FFR of 0.8 (5) to the invasive data in Figure 1A,
165 of cases (38%) are concordant and adequate, 98
(22%) are concordant but reduced, 85 (19%) are
discordant with dominant focal disease, and 90
(21%) are discordant with dominant diffuse disease.
Similarly, applying binary cutoffs of a CFR of 2.0
and stress relative uptake of 80% to the PET data in
Figure 1B, 388 of cases (26%) are concordant and
adequate, 476 (32%) are concordant but reduced,
386 (26%) are discordant with dominant focal
disease, and 250 (17%) are discordant with domi-

nant diffuse disease.
D I S C U S S I O N

Our results demonstrate that the discordance be-
tween CFR and FFR arises from basic coronary
pathophysiology. Such discordance occurs with
both invasive and noninvasive techniques consistent
with theoretical fluid dynamic predictions and,
therefore, is not due to methodology. The relative
contributions of focal, diffuse, and small-vessel
disease define the relationship between CFR and
FFR for a specific case. For observed simultaneous
CFR and FFR measurements, Figure 3 enables
qualitative physiological categorization into each of
the concordant, discordant, and dominant stenosis

Table 1. Summary of Literature With Combined Invasive CFR
and FFR Measurements

First Author (Ref. #) n FFR

Vessel of clinical interest

Pijls et al. (18) 50 0.53 � 0.16

Kolyva et al. (19) 11 0.53 � 0.14

Seiler et al. (20) 50 0.53 � 0.28

Beleslin et al. (21) 33 0.56 � 0.14

Leung et al. (22) 18 0.57 � 0.19

Verhoeff et al. (23) 24 0.59 � 0.16

Ogawa et al. (24) 34 0.61 � 0.06

Meuwissen et al. (25) 151 0.62 � 0.18

Siebes et al. (26) 14 0.62 � 0.16

Roy et al. (27) 32 0.62

Barbato et al. (28) 59 0.66 � 0.16

Tron et al. (11) 62 0.67 � 0.20

Abe et al. (29) 24 0.68 � 0.13

de Bruyne et al. (30) 13 0.70 � 0.17

Chamuleau et al. (31) 127 0.75 � 0.18

Kini et al. (32) 72 0.77 � 0.03

Wexberg et al. (33) 26 0.79 � 0.12

Kirschbaum et al. (34) 50 0.80 � 0.14

Baumgart et al. (12) 21 0.81 � 0.15

Meuwissen et al. (17) 170 0.84 � 0.07

Marques et al. (35) 77 0.85 � 0.12

Weighted average 1,118 0.70 � 0.11

Reference or nonischemic vessel

Meuwissen et al. (25) 151 0.82 � 0.11

Pijls et al. (18) 50 0.87 � 0.08

Abe et al. (29) 22 0.87 � 0.05

Ng et al. (36) 15 0.88 � 0.06

Barbato et al. (28) 59 0.89 � 0.08

Ogawa et al. (24) 164 0.92 � 0.08

Verhoeff et al. (23) 24 0.96 � 0.04

Siebes et al. (26) 14 0.97 � 0.03

Weighted average 495 0.88 � 0.08

Values are n or mean � SD.
CFR � coronary flow reserve; FFR � fractional flow reserve.
Invasive CFR

1.47 � 0.52

1.48 � 0.46

1.7 � 0.7

1.4 � 0.3

1.8 � 0.6

1.70 � 0.57

1.13 � 0.27

1.76 � 0.68

1.80 � 0.64

2.3 � 0.1

1.7 � 0.6

1.9 � 0.6

1.83 � 0.78

1.76 � 0.54

2.21 � 0.76

1.43 � 0.28

2.48 � 1.40

2.1 � 0.8

2.1 � 0.5

2.56 � 0.55

2.6 � 0.8

1.98 � 0.61

2.50 � 0.72

2.64 � 0.59

3.14 � 0.85

2.8 � 1.0

2.4 � 1.0

2.55 � 0.29

2.76 � 0.73

2.8 � 0.74

2.57 � 0.61
or dominant diffuse disease groups. Our theoretical



vessel dise

J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 5 , N O . 2 , 2 0 1 2

F E B R U A R Y 2 0 1 2 : 1 9 3 – 2 0 2

Johnson et al.

Relationship Between CFR and FFR

198
fluid dynamic model makes predictions consistent
with clinical data shown in Figures 1 and 2. As PCI
changes only the focal stenosis, the comparable
slopes in Figure 2 for pre- and post-PCI measure-
ments also fit predictions of the theoretical model
for residual diffuse disease.

Interestingly, Table 1 shows that FFR has only
been applied clinically in populations with reduced
CFR. This “disease-enriched” population prese-

Fractional Flow Reserve (FFR)

0.4 0.6 0.8 1.0

Before After

PCI

Model with varying diffuse disease

None
Mild
Moderate
Severe

Literature Data of Invasive CFR and FFR Before and After PCI

ronary flow reserve (CFR) and fractional flow reserve (FFR) values
after percutaneous coronary intervention (PCI), as reported in
ckground lines represent the theoretical model predictions for
grees of diffuse disease. Experimental slopes and movement
ractional flow reserve of 1 after treatment agree with the model
r. PCI reduces focal disease but does not alter diffuse or small-

Table 2. Summary of Literature With Both Invasive CFR and FFR

First Author (Ref. #) n Before

Pijls et al. (18) 33 0.53 � 0.16

Kolyva et al. (19) 11 0.53 � 0.14

Beleslin et al. (21) 33 0.56 � 0.14

Leung et al. (22) 18 0.57 � 0.19

Verhoeff et al. (23) 24 0.59 � 0.16

Ogawa et al. (24) 7 0.62 � 0.04

Siebes et al. (26) 15 0.62 � 0.16

Roy et al. (27) 31 0.62

Kini et al. (32) 36* 0.76 � 0.02

Kini et al. (32) 36† 0.77 � 0.03

Values are n or mean � SD. *Without diabetes. †With diabetes.
Abbreviations as in Table 1.
ase.
lected by clinical evidence of significant coronary
artery disease explains the success of the FFR cutoff
of 0.75 to 0.8 for guiding PCI, but also warns
against its indicating ischemia in patients without
diffuse disease, explained as follows. Relative CFR
(dividing the observed CFR in the diseased artery
by the CFR in a normal reference artery) approxi-
mates FFR because their relationship is linear (37),
as seen in our model. Assuming CFR in a normal
artery to be approximately 4.0 (6), an FFR or
relative CFR of 0.8 would imply an observed CFR
of 4.0 � 0.8 � 3.2 in the diseased artery. However,
a CFR of 3.2 is sufficient to avoid ischemia (5).
Why, then, does an FFR cutoff of 0.8 identify
ischemia? Table 1 gives the answer: CFR in the
reference artery is not 4.0 but rather 2.5 due to
diffuse disease present in most patients with clini-
cally significant segmental disease. Therefore, 2.5 �
0.8 � 2.0, which is approximately the CFR thresh-
old for ischemia (5). FFR thresholds of 0.7 to 0.8
“work” because they have been applied in popula-
tions with sufficient diffuse disease to lower the
reference CFR. Conversely, measuring FFR in a
population with a higher reference CFR would
require lower FFR cutoffs for ischemia compared
with functional tests and/or imaging, as in the
earliest FFR reports described subsequently.

In the absence of significant diffuse disease,
normal CFR matches normal FFR. However,
FFR may be reduced with preserved CFR when
diffuse disease is minimal. FFR may be adequate
(nonischemic) with reduced CFR when diffuse
disease is severe. Therefore, “mismatch” or “dis-
cordance” between CFR and FFR does not imply
a failure of either tool clinically. Instead, it

fore and After Angioplasty

R Invasive CFR

After Before After

0.89 � 0.07 1.47 � 0.52 2.40 � 0.44

0.93 � 0.05 1.48 � 0.46 2.84 � 0.69

0.91 � 0.06 1.4 � 0.3 2.6 � 0.7

0.92 � 0.06 1.8 � 0.6 3.0 � 0.8

0.89 � 0.10 1.70 � 0.57 2.84 � 0.64

0.91 � 0.08 1.09 � 0.21 2.41 � 0.24

0.85 � 0.11 1.80 � 0.64 2.86 � 0.59

0.89 2.3 � 0.1 3.6 � 0.3

0.99 � 0.01 1.49 � 0.25 2.44 � 0.67

0.97 � 0.03 1.36 � 0.31 1.89 � 0.30
4
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balance of diffuse versus focal atherosclerotic
disease or small-vessel disease.

Our results highlight the key role of diffuse
disease in causing discordant CFR-FFR, as seen in
Table 1. A single measurement of FFR cannot
determine whether pressure has decreased due to a
localized stenosis or the cumulative effects of diffuse
atherosclerosis. Only performing a distal-to-
proximal pull-back along the entire length of the
artery can distinguish diffuse narrowing from local
stenosis. However, reduction in CFR with near
unity FFR in the distal artery (approximately �5
mm Hg pressure loss) signals pure small-vessel
disease. Therefore, small-vessel disease offers a
coexisting or alternative explanation to diffuse dis-
ease for the reduced CFR in Table 1. In our fluid
dynamic model, decreasing the normal reference
CFR limit (Online Appendix) also predicts the
effects of small-vessel disease separately from diffuse
disease that matches clinical observations.

The FFR thresholds of 0.75 to 0.8 were derived
originally by comparison with noninvasive func-
tional tests (5). These earliest reports selected pa-
tients with greater focal than diffuse disease in an
attempt to avoid the known complexities of quan-
tifying diffuse disease. In these settings, the optimal
cutoffs were lower, averaging an FFR of 0.66
(38,39), suggesting that the optimal threshold var-
ies given the relative balance of diffuse and focal
atherosclerosis. Indeed, the theoretical model con-
firms this observation with an FFR near 0.65 for a
focal 65% diameter stenosis and no diffuse disease
(Online Appendix).
Comparison with existing literature. Several studies
xamined combined invasive CFR and FFR, as
etailed in Tables 1 and 2 and Figure 1A. To our
nowledge, only 1 study has graphed combined
oninvasive CFR with invasive FFR values (40),
hich found 12% discordance using myocardial

ontrast echocardiography to measure flow in the
eft anterior descending artery in 50 patients. The
revalence of concordance and discordance between
FR and FFR appears similar between the invasive

iterature and our PET data, but vary somewhat
ith the mix of focal, diffuse, and small-vessel
isease as detailed earlier.
Our results clarify a disagreement in the literature

n the correlation coefficient between CFR and
FR. For example, 1 paper reported no significant
orrelation (r � 0.03, p � 0.87) (14), whereas
nother found a significant moderate correlation
r � 0.60, p � 0.001) (13). When all the data are

ggregated, as in Figure 1, a significant but modest
orrelation exists. However, individual studies may
ample small cohorts with different extents of dif-
use and/or small-vessel disease. The scatter in
igure 1 near the intersection of an FFR of 0.8 and
FR of 2 may incorrectly suggest a lack of associ-

tion between the variables. However, over their
ntire range for all the data in the aggregate, CFR
nd FFR are physiologically related to each other,
s detailed in Figure 3.

C O N C L U S I O N S

Our cumulative results explain CFR-FFR concor-
dance and discordance as being due to basic patho-
physiology with key clinical implications for under-
standing and interpreting these physiological
measures of coronary artery disease, regardless of
method. CFR is linearly related to FFR for pro-
gressive stenosis superimposed on diffuse narrow-

Figure 3. Conceptual Plot of CFR and Fractional Flow Reserve R

Six regions can be identified by combined measurement of CFR an
First, the white area at the upper left labeled “above average refer
CFR” contains patients whose CFR without focal disease is greater t
mean in young healthy volunteers. Second, the gray area at the lo
labeled “only small vessel disease” contains patients with reduced C
an FFR near 1. Third, the red quadrant at the upper right labeled “
and concordant” contains patients with an FFR �0.8 and a CFR �2
the blue quadrant at the lower left labeled “reduced and concorda
tains patients with an FFR �0.8 and a CFR �2. Fifth, the orange qu
at the upper left labeled “discordant FOCAL � diffuse” contains pa
with a dominant focal stenosis with an FFR �0.8 but relatively pre
CFR �2. Sixth, the yellow quadrant at the lower right labeled “d
dant DIFFUSE � focal” contains patients with dominant diffuse d
which reduces CFR �2 but at most mild focal disease which lea
FFR �0.8. Patients with myocardial or coronary steal fall below t
dashed line at CFR � 1.
egions

d FFR.
ence
han the
wer right
FR but
adequate
. Fourth,
nt” con-
adrant
tients
served
iscor-
isease
ves
he
ing. The relative contributions of focal and diffuse
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disease define the slope and values along the linear
CFR and FFR relationship. Discordant CFR and
FFR values reflect divergent extremes of focal and
diffuse disease, not failure of either tool. With such
discordance observed by invasive and noninvasive
techniques and also fitting fluid dynamic predictions,
it reflects clinically relevant basic coronary pathophys-
iology, not methodology.
Study limitations. Although a large amount of
iterature reports event rates based on either CFR
r FFR (5), much less is known about prognosis

Figure 4. Clinical Cases of Invasive FFR and Noninvasive CFR by

As all cases measured FFR in the left anterior descending artery (LA
sion tomography (PET) are shown for publication efficiency along w
without previous manifest atherosclerosis but numerous risk factors
had a CFR of 1.7 with a concordant FFR of 0.58. (B) A 52-year-old m
who presented after a myocardial infarction. Relative uptake imagin
but a decreased FFR of 0.72. (C) A 63-year-old woman with a previo
with exertional dyspnea. A moderate relative uptake defect had a d
37-year-old man undergoing evaluation for a coronary fistula using
preserved. LCx � left circumflex artery; other abbreviations as in Fi
ased on combined measurements that provide i
ore precise physiological assessment of severity
nd causes of ischemia than either separately.
ne study suggests that discordant measure-
ents in either direction predict an adverse event

ate of approximately 20% over 1 year following
eferral of mechanical revascularization (17).
owever, our pathophysiologic analysis suggests

hat dominant focal disease optimal for PCI
ight be distinguished from dominant diffuse

isease requiring either aggressive medical ther-
py or conceivably coronary artery bypass graft-

T

only septal and anterior quadrant maps of CFR by positron emis-
superimposed, idealized arterial maps. (A) A 64-year-old man
no symptoms but was sedentary. A mild relative uptake defect

with extensive atherosclerosis and previous multivessel stenting
as stable from 7 months previously with a preserved CFR of 2.6
myocardial infarction and multivessel stenting who presented
ased CFR of 1.4 but a preserved FFR of 0.80 at its nadir. (D) A
utamine stress testing. Both a CFR of 4.5 and an FFR of 0.91 were
1.
PE

D),
ith
had
an
g w
us
ecre
dob
ng. Although small-vessel disease clearly can
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impart a worsened prognosis in some cases, its
treatment remains medical (41). Thus, combined
CFR-FFR assessment has the potential for opti-
mizing individual patient treatment, thereby de-
serving additional study as a guide to the man-
interacting stenosis in branching cor-
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