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OBJECTIVES The aim of this study was to compare Doppler flow velocity and thermodilution-derived indexes and to

determine the optimal thermodilution-based diagnostic thresholds for coronary flow reserve (CFR).

BACKGROUND The majority of clinical data and diagnostic thresholds for flow-based indexes are derived from Doppler

measurements, and correspondence with thermodilution-derived indices remain unclear.

METHODS An international multicenter registry was conducted among patients who had coronary flow measurements

using both Doppler and thermodilution techniques in the same vessel and during the same procedure.

RESULTS Physiological data from 250 vessels (in 149 patients) were included in the study. A modest correlation was

found between thermodilution-derived CFR (CFRthermo) and Doppler-derived CFR (CFRDoppler) (r
2 ¼ 0.36; P < 0.0001).

CFRthermo overestimated CFRDoppler (mean 2.59 � 1.46 vs 2.05 � 0.89; P < 0.0001; mean bias 0.59 � 1.24 by Bland-

Altman analysis), the relationship being described by the equation CFRthermo ¼ 1.04 � CFRDoppler þ 0.50. The commonly

used dichotomous CFRthermo threshold of 2.0 had poor sensitivity at predicting a CFRDoppler value <2.5. The optimal

CFRthermo threshold was 2.5 (sensitivity 75.54%, specificity 81.25%). There was only a weak correlation between hy-

peremic microvascular resistance and index of microvascular resistance (r2 ¼ 0.19; P < 0.0001), due largely to variation

in the measurement of flow by each modality. Forty-four percent of patients were discordantly classified as having

abnormal microvascular resistance by hyperemic microvascular resistance ($2.5 mm Hg $ cm�1 $ s) and index of

microvascular resistance ($25).

CONCLUSIONS CFR calculated by thermodilution overestimates Doppler-derived CFR, while both parameters show

modest correlation. The commonly used CFRthermo threshold of 2.0 has poor sensitivity for identifying vessels with

diminished CFR, but using the same binary diagnostic threshold as for Doppler (<2.5) yields reasonable diagnostic

accuracy. There was only a weak correlation between microvascular resistance indexes assessed by the 2 modalities.
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AB BR E V I A T I O N S

AND ACRONYM S

ACS = acute coronary

syndrome

APV = average peak velocity

CCS = chronic coronary

syndrome

CFR = coronary flow reserve

CFRDoppler = Doppler-derived

coronary flow reserve

CFRthermo = thermodilution-

derived coronary flow reserve

FFR = fractional flow reserve

hMR = hyperemic

microvascular resistance

IMR = index of microvascular

resistance

PET = positron emission

tomography

ROC = receiver-operating

characteristic

Tmn = mean transit time
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M anagement guided by hemodynamic eval-
uation of the coronary circulation has
been shown to improve clinical outcomes

in patients with both chronic coronary syndrome
(CCS) and acute coronary syndrome (ACS) compared
with management based on angiography alone.1,2 At
present, the majority of coronary physiological
assessment is limited to pressure-based indexes,
although measurement of both coronary flow and
pressure is indicated in several clinical scenarios3-5

and is supported by international guidelines.6 In cur-
rent practice, direct coronary flow can be invasively
estimated using 1 of 2 techniques: from flow velocity
using a Doppler transducer or by thermodilution on
the basis of transit time of a cold bolus between 2
thermistors.7,8 Because of ease of use, a shorter
learning curve, and wider availability, there is a trend
toward increasing use of thermodilution-based evalu-
ation of the coronary circulation. However, it should
be noted the vast majority of clinical data and diag-
nostic thresholds for flow-based indexes are derived
from Doppler measurements, and the exact corre-
spondence with thermodilution-derived indexes is
unclear. The aim of this study was to compare
Doppler flow velocity and thermodilution-derived in-
dexes of coronary physiology head to head, in indi-
vidual arteries, and to determine the optimal
thermodilution-based binary diagnostic thresholds
for coronary flow reserve (CFR).
SEE PAGE 1071
METHODS

STUDY POPULATION. This international multicenter
registry included patients with paired Doppler and
thermodilution flow measurements from 4 centers in
Europe. All patients had coronary flow measurements
with both Doppler and thermodilution techniques in
the same vessel and during the same procedure.9-12

Patients with CCS and those with ACS were eligible.
CCS includes patients with angina in the context of
obstructive or nonobstructive coronary disease. ACS
was defined as a cardiac biomarker elevation in asso-
ciation with characteristic electrocardiographic
changes and/or typical symptoms. Patient-level pro-
spective data were collected at local institutions using
an anonymized dedicated database and sent to study
coordinators for analysis. The study was conducted in
accordance with the Declaration of Helsinki, and
ethical approval was gained at each center. All patients
provided written informed consent.

INVASIVE MEASUREMENTS. After diagnostic coro-
nary angiography, a 5- or 6-F guiding catheter was
advanced to the coronary ostium and an intracoronary
bolus of 200 to 300 mg nitrates administered.
Both pressure/Doppler (ComboWire XT, Phil-
lips Volcano) and pressure/thermodilution
(PressureWire X, Abbott) coronary guidewires
were calibrated to fluid-filled aortic pressure,
with the pressure sensor positioned between
the tip of the guiding catheter and the coro-
nary ostium, then advanced to the distal third
of the vessel (>5 cm from the coronary ostia)
and/or distal to stented segment in vessels
that had percutaneous coronary intervention
prior to physiological assessment. In the case
of the ComboWire, the tip was manipulated
until an optimal and stable high-quality
Doppler flow signal was obtained, and
Doppler flow velocity, electrocardiographic
signals, aortic pressure, and distal coronary
pressure were simultaneously recorded using
the ComboMap system (Philips Volcano), at
rest and during hyperemia. The PressureWire
X was connected to a RadiAnalyzer interface
(Abbott) and thermodilution performed as

follows: 3 to 5 mL saline at room temperature was
rapidly injected through the guiding catheter, and this
process was repeated twice, yielding 3 baseline ther-
modilution curves. Repeat injections were performed
for outlying values.Measurementswere repeated after
hyperemia was induced by intravenous infusion of
140 mg/kg/min adenosine or intracoronary bolus in-
jection of 15 to 20 mg papaverine.

DATA ANALYSIS. Coronary hemodynamic data were
extracted from the ComboMap and RadiAnalyzer
systems for off-line analysis. Data quality was adju-
dicated at each center by systematic review of
Doppler flow velocity traces and thermodilution
curves; poor quality data were excluded from the
analysis (Figure 1). Fractional flow reserve (FFR) was
defined as the ratio of distal coronary to aortic pres-
sure during maximal hyperemia.13 Doppler peak flow
velocities were averaged over $3 consecutive heart-
beats, to derive average peak velocity (APV). Doppler-
derived CFR (CFRDoppler) was defined as the ratio of
hyperemic to resting APV.7 Hyperemic microvascular
resistance (hMR) was defined as the ratio between
hyperemic mean distal pressure and hyperemic
APV.14 Transit times were calculated from the ther-
modilution curves and mean transit time (Tmn) was
computed at rest and during hyperemia by averaging
3 transit times.8 Subsequently, thermodilution-
derived CFR (CFRthermo) was calculated by dividing
resting Tmn by hyperemic Tmn.15 Index of microvas-
cular resistance (IMR) was defined as the hyperemic
mean distal pressure multiplied by hyperemic Tmn.15



FIGURE 1 Consolidated Standards of Reporting Trials Diagram

*Post–percutaneous coronary intervention measurements. ACS ¼ acute coronary syndrome; CCS ¼ chronic coronary syndrome; IRA ¼ infarct-

related artery; NSTEMI ¼ non–ST-segment elevation myocardial infarction; STEMI ¼ ST-segment elevation myocardial infarction.
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STATISTICAL ANALYSIS. Continuous variables are
presented as mean � SD or as median (IQR). Categor-
ical variables are presented as frequency (percentage).
Comparisons were analyzed using the 2-tailed paired
Student’s t-test (for parametric measurements) and
the Mann-Whitney U test (nonparametric measure-
ments). The correlation between indexes was
analyzed by calculating the Pearson correlation coef-
ficient (r), and agreement between indexes was
assessed using Bland-Altman plots of the relative dif-
ferences. Variance was assessed using the Levene test
(parametric) or Brown-Forsythe test (nonparametric).
Receiver-operating characteristic (ROC) analysis of
indexes was performed using CFRDoppler <2.50 as a
reference standard. Diagnostic accuracy was defined
as the proportion of correctly classified patients (true
positive and true negative) among all subjects (true
positive, true negative, false positive, and false
negative), with CFRDoppler <2.50 as the reference
standard.16 A P value of 0.05 was considered to indi-
cate statistical significance. All analyses were per-
formed using SPSS version 27.0 (IBM) and Prism
version 9.1.2 (GraphPad Software).

RESULTS

A total of 170 patients were included in the study
(Figure 1). Of these, 21 patients (12%) were excluded
because of poor quality data acquisition, 17 (10%) in
the Doppler group and 4 (2%) in the thermodilution
group. The remaining 149 patients (88%) formed the
study population (mean age 60.7 � 9.7 years, 81%
men, 22% with diabetes mellitus, 50% with hyper-
tension, 54% with hypercholesterolemia) (Table 1).
Mean left ventricular ejection fraction was 47.7% �
10.9%. In these 149 patients, 250 vessels underwent



TABLE 1 Patient Characteristics and Angiographic and

Hemodynamic Data

Clinical characteristics (n ¼ 149)

Age, y 60.7 � 9.7

Male 120 (81)

Body mass index, kg/m2 27.3 � 3.7

Diabetes mellitus 32 (22)

Hypertension 75 (50)

Hypercholesterolemia 81 (54)

Smoking history 83 (56)

Left ventricular ejection fraction, % 47.7 � 10.9

Vessel characteristics (n ¼ 250)

Vessels per patient 1.68 � 0.63
Number of vessel(s) per patient

1 61 (41)
2 75 (50)
3 13 (9)

Target vessel
Left anterior descending coronary artery 119 (48)
Left circumflex coronary artery 55 (22)
Right coronary artery 76 (30)

Pd/Pa 0.94 � 0.09
Fractional flow reserve 0.89 � 0.11

Values are mean � SD or n (%).
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physiological evaluation. The target vessel was the
left anterior descending coronary artery in 48%, the
left circumflex coronary artery in 22%, and the right
coronary artery in 30%. Mean FFR was 0.89 � 0.11,
and 36 vessels (14%) had hemodynamically signifi-
cant stenosis (FFR #0.80; note that physiology was
performed post-PCI in patients with coronary dis-
ease). Patients with CCS had lower FFR values
compared with those with ACS (0.87 � 0.14 vs 0.92
� 0.06, respectively; P < 0.001). Figure 2 displays
individual hyperemic responses as measured
with Doppler flow velocity, thermodilution flow,
Doppler-derived microvascular resistance, and
thermodilution-derived IMR.
AGREEMENT BETWEEN CFRthermo AND CFRDoppler.

There was wider distribution of CFRthermo measure-
ments compared with CFRDoppler measurements
when assessing normality of distribution (Figures 3A
and 3B). Mean CFRthermo was significantly higher
than CFRDoppler (2.59 � 1.46 vs 2.05 � 0.89;
P < 0.0001). When measurements were trichotom-
ized by CFR values (<2.0, 2.0-2.5, and >2.5) there
was a significant difference between CFRDoppler and
CFRthermo across all groups (Figure 3C); the
greatest absolute difference was seen in the group
with CFR >2.5 (4.23 � 1.79 for CFRthermo vs 3.31 �
0.82 for CFRDoppler; P < 0.0001). A moderate corre-
lation was found between CFRthermo and CFRDoppler

(r ¼ 0.60; P < 0.0001) (Central Illustration), and
CFRthermo ¼ 1.04 � CFRDoppler þ 0.50 (Figure 4A). The
corresponding Bland-Altman plot demonstrated a
bias toward overestimation of CFR by CFRthermo

(0.59 � 1.24) (Figure 4B). There was significant het-
eroscedasticity between CFRthermo and CFRDoppler

measurements (Levene statistic [F] ¼ 2.99).
Furthermore, the mean bias was not constant
throughout the range of values, and thermodilution
provided higher CFR values than Doppler flow ve-
locity in the highest range of values, and vice versa
at lower values. CFR by either modality was lower in
patients with ACS than in those with CCS. Subgroup
analysis according to clinical status (CCS or ACS)
demonstrated that the average CFRthermo was
significantly higher than CFRDoppler in both the CCS
(3.12 � 1.61 vs 2.37 � 0.90; P < 0.0001) and ACS (2.07
� 1.26 vs 1.67 � 0.71; P < 0.0001) groups. In
addition, overestimation of coronary flow when
using CFRthermo was present irrespective of
vessel interrogated.

A CFRDoppler value of <2.5 was used as reference
standard for ROC analysis of CFR measurements to
identify clinically relevant composite dysfunction
of the epicardial and microcirculation (Figure 5).
The area under the ROC curve for CFRthermo was 0.85
(95% CI: 0.80-0.90; P < 0.0001). The commonly used
CFRthermo threshold of <2.0 had sensitivity of 57.61%
and specificity 92.19% at predicting a CFRDoppler

value <2.5. For CFRthermo thresholds of <2.5 and <3.0,
sensitivities and specificities were 75.54% and 81.25%
and 82.61% and 70.31%, respectively. The diagnostic
accuracy of CFRthermo at thresholds of <2.0, <2.5,
and <3.0 was 66% (95% CI: 62%-71%), 79% (95% CI:
73%-87%), and 81% (95% CI: 75%-88%), respectively.

CORRELATION BETWEEN MICROVASCULAR RESISTANCE

INDEXES. Median hMR was 2.51 mm Hg $ cm�1 $ s (IQR:
2.00-3.40 mm Hg $ cm�1 $ s), and median IMR was
22.04 U (IQR: 14.25-35.18 U). A modest correlation was
found between hMR and IMR (r ¼ 0.43; P < 0.0001)
(Figure 6). When dichotomously classified by the
commonly used thresholds (hMR $2.5 and IMR $25),
132 (53%) hMR and 106 (42%) IMR measurements
were abnormal; discordant results were observed in
110 vessels (44%) and concordant results in 140 ves-
sels (56%) (concordant 64 abnormal and 76 normal)
(Figure 6). When subgroup analysis was performed,
excluding patients with FFR <0.80 (to assess agree-
ment of microvascular resistance indexes in patients
without epicardial stenoses), only a weak correlation
between hMR and IMR remained (r ¼ 0.37; P <

0.0001) (Supplemental Figure 1). An exploratory post
hoc analysis, dichotomously classifying the group by
a lower hMR threshold (>1.9), is detailed in
Supplemental Figure 2, with no difference to the
overall conclusions.

https://doi.org/10.1016/j.jcin.2022.03.015
https://doi.org/10.1016/j.jcin.2022.03.015


FIGURE 2 Hyperemic Responses of Individual Vessels

(A) Doppler flow velocity. (B) Thermodilution. (C)Microvascular resistance measured by Doppler flow velocity. (D) Resistance index measured

by thermodilution. Numbers and middle bars depict mean values, and error bars depict 95% confidence intervals. APV ¼ average peak

velocity; Tmn ¼ mean transit time.
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When considering the components of microvas-
cular resistance indexes, pressure and flow, the
following correlations were found between the 2
modalities: for hyperemic Pd, r ¼ 0.88, P < 0.0001,
and hyperemic Pdthermo ¼ 0.84 � hyperemic
PdDoppler þ 12.20; and for hyperemic flow (APV vs
Tmn), r ¼ 0.29, P < 0.0001, and hyperemic
Tmn ¼ �0.007 � hyperemic APV þ 0.58.
DISCUSSION

As far as we are aware, ours is the largest head-to-
head paired comparison of Doppler flow velocity
and thermodilution-based physiological indexes in
individual patients to date. The main findings of the
study are that there was a modest correlation be-
tween CFR measured by Doppler and thermodilution
(r ¼ 0.60; P < 0.0001) and that overestimation by
thermodilution was not uniform across the range; the
degree of bias increased with CFR values, the error
being most marked in patients with CFR >2.5. The
sensitivity of CFRthermo for detecting microvascular
dysfunction was low when applying the commonly
used threshold of 2.0 but improved if the same
numeric threshold was used as for CFRDoppler (<2.5).
In contrast, minimal microvascular resistance
measured by the 2 modalities correlated poorly,
largely because of differences in the measures of hy-
peremic flow, and as a consequence, 44% patients
were discordantly classified as having
abnormal microvascular resistance by hMR
($2.5 mmHg $ cm�1 $ s) and IMR ($25).

CORRELATION BETWEEN CFRDoppler AND CFRthermo

MEASUREMENTS. Since the original clinical study by
Pijls et al8 in 2002, which demonstrated a good corre-
lation between Doppler and thermodilution measure-
ments in 119 vessels (r ¼ 0.80; P < 0.001), there have
been few head-to-head comparative studies of
Doppler- and thermodilution-based measurements. In
that study, the relationship between the 2 indexes was
expressed as CFRthermo ¼ 0.84 � CFRDoppler þ 0.17,8

which translates to a small but progressive



FIGURE 3 Distribution of CFR

(A) Histogram of Doppler-derived coronary flow reserve (CFR) measurements. (B) Histogram of thermodilution-derived CFR measurements.

(C) Average CFR values for prespecified range of <2.0, 2.0 to 2.5, and >2.5. *Statistically significant difference between groups (P < 0.05).

Numbers and middle bars depict mean values, and error bars depict 95% confidence intervals.
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underestimation by thermodilution of CFRDoppler with
increasing CFR values. For instance, according to this
relationship, a CFRDoppler value of 2.5 would be ex-
pected to relate to a CFRthermo value of 2.27. Perhaps as
a consequence, a CFRthermo threshold of 2.0 has been
used by many to diagnose microvascular dysfunction
in clinical practice and in studies of this condi-
tion.4,17,18 Our results contrast with the 2002 study



CENTRAL ILLUSTRATION Study Summary and Main Findings

Main FindingsDoppler Derived CFR and hMR

Thermodilution Derived CFR and IMR

Paired Doppler and thermodilution derived
flow measurements in the same vessel

Comparison of Doppler Flow Velocity and Thermodilution
Derived Indices of Coronary Physiology

r2 There is a modest correlation
between CFRthermo and CFRDoppler

Thermodilution overestimates CFR
Optimal CFRthermo threshold is <2.5

IMR does not correlate with hMR
(as transit time �� flow)

Evaluation of Epicardial
and/or Microvascular CAD

Number of vessels = 250

Demir OM, et al. J Am Coll Cardiol Intv. 2022;15(10):1060–1070.

CFR ¼ coronary flow reserve; CFRDoppler ¼ Doppler-derived coronary flow reserve; CFRthermo ¼ thermodilution-derived coronary flow reserve;

hMR ¼ hyperemic microvascular resistance; IMR ¼ index of microvascular resistance.
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findings in 2 key respects. First, we found a more
modest correlation between CFRDoppler and CFRthermo

(r ¼ 0.60; P < 0.0001). One reason for this difference
may be related to the degree of epicardial coronary
disease in the 2 populations; ours was a group with
minimal or no coronary disease, whereas the studies
by Pijls et al8 and Barbato et al19 included cohorts with
much more significant coronary disease (FFR 0.53 �
0.16 [in target vessel n ¼ 45] and 0.75 � 0.2, respec-
tively). Hence, the CFR values encountered in the
previous studies were much lower than in our study,
which, given our finding of increased bias with pro-
gressively higher CFR values, would explain the
stronger correlation reported in those studies. How-
ever, as the primary contemporary indication for
measurement of CFR is in evaluating patients with
angina despite minimal epicardial disease or unob-
structed coronary arteries, the greatest need for diag-
nostic precision is around the CFR Doppler threshold
of 2.5, which is better reflected by the population
enrolled in the present registry.

Second, and with important clinical implications, we
have shown that CFRthermo overestimates CFRDoppler (as
opposed to underestimating the latter, as previously
thought).20,21 We found the relationship between the 2
indexes to be CFRthermo ¼ 1.04 � CFRDoppler þ 0.50;
accordingly, a CFRDoppler value of 2.5 would correspond to
a CFRthermo value of 3.10. Indeed, a CFRthermo threshold of
3.0 provides excellent diagnostic accuracy for detecting
microvascular dysfunction (CFRDoppler <2.5), although
this was at the cost of specificity. In contrast, a threshold
of 2.5 had similar sensitivity but much better specificity
and is the diagnostic threshold we would recommend,
which has the added advantage (for guidelines commit-
tees as well as catheterization laboratory teams) of being
identical to the diagnostic threshold for CFRDoppler. This
also means that the commonly used thermodilution
threshold of 2.0 has suboptimal accuracy because of poor
sensitivity (although this threshold is very specific). Cur-
rent European Society of Cardiology guidance suggests
that CFR <2.0 is diagnostic of abnormal microcirculatory
function,6 with no distinction made between the modal-
ity of measuring CFR measurements; on the basis of our
results, we believe that the recommended threshold for
diagnosing microvascular dysfunction in patients with
unobstructed epicardial arteries (where FFR >0.80 or
non-hyperemic pressure ratio >0.89) be increased to 2.5,
regardless of which modality is used. However, when
used as a continuous variable, CFRthermo values may need
to be adjusted down, as per the aforementioned rela-
tionship, to allow meaningful comparison with CFRDoppler

datasets. The underlying basis driving overestimation of



FIGURE 4 Scatterplot and Bland-Altman Plot of CFRDoppler and CFRthermo

(A) Scatterplot of coronary flow reserve (CFR) measurements. The black line represents the line of best fit between Doppler-derived CFR (CFRDoppler) and

thermodilution-derived CFR (CFRthermo). The dashed blue lines represent the 95% CI for the line of best fit (r ¼ 0.60; r2 ¼ 0.36; 95% CI: 0.51 to 0.67; P < 0.001). (B)

Bland-Altman plot of differences against the means for CFR (CFRthermo � CFRDoppler). The mean bias (0.59) is represented by the dotted blue line, and the 95% CI

(�1.84 to 3.01) is represented by the dotted black lines. The mean difference is represented by the red line and the 95% CI by the dashed red lines.
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thermodilution-derived CFR has not been elucidated. The
potential explanation of this discrepancy is the intrinsic
differences in coronary blood flow measurements be-
tween Doppler and thermodilution techniques. Findings
from this study suggest that the differences in hyperemic
blood flow measurements are the principal driver of this
discrepancy.

Although Doppler-based measurement of flow is
theoretically more robust and is widely regarded as
the reference standard against which other invasive
and noninvasive measures of flow are evaluated, it
must be acknowledged that ours is a comparison be-
tween 2 measurements without a truly independent
gold standard. However, others have assessed the
relationship of each modality compared with
myocardial perfusion. Everaars et al12 assessed the
correlation between CFR and myocardial perfusion
using [15O]H2O positron emission tomography (PET)
and reported a good correlation between CFRDoppler

and PET-derived CFR (r ¼ 0.82; P < 0.001) and that,
CFRthermo and PET-derived CFR correlated only
modestly (r ¼ 0.55; P < 0.001). In keeping with our
findings, Bland-Altman analysis in this PET study
showed that CFRthermo overestimated flow reserve at
higher values compared with PET- and Doppler-
derived measurements. It should also be noted that
the optimal diagnostic threshold for Doppler-based
CFR measurements may also vary with the popula-
tion studied; in a population with angina but unob-
structed epicardial arteries, a CFRDoppler threshold of
2.5 has been shown to be optimal at detecting
circumferential myocardial stress hypoperfusion by
3-T perfusion cardiac magnetic resonance imaging.22

AGREEMENT BETWEEN INDEXES OF MICROVASCULAR

RESISTANCE. There was only a weak correlation be-
tween hMR and IMR, driven largely by discrepancies
between flow velocity and cold bolus transit time,
with frequently discordant classification of patients,
when applying accepted binary thresholds. These
findings indicate the potential limitations of
thermodilution-based indexes using bolus injections
for evaluating coronary hemodynamic status, innate
flow being influenced by bolus injections, with theo-
retically greatest impact at slower flow rates (eg,
resting flow). This correlation did not improve when
patients without physiologically significant epicardial
disease (FFR >0.80) were excluded (Supplemental
Figure 1). As far as we are aware, there have been
no other direct head-to-head comparisons of hMR
and IMR published to date, apart from the individual
studies making up the present registry.9,12 Although
hMR is a theoretically more robust index of micro-
vascular resistance than IMR (as Doppler is widely
regarded to be a more accurate reflection of absolute
flow than transit time) and correlates better with
various noninvasive and invasive measures of
perfusion, the lack of a clinically applicable reference
measure of microvascular resistance limits the ability
to truly compare the diagnostic accuracy of these 2
indexes. The advent of absolute flow measurements,

https://doi.org/10.1016/j.jcin.2022.03.015
https://doi.org/10.1016/j.jcin.2022.03.015


FIGURE 5 Receiver-Operating Characteristic Curves for Thermodilution-Derived CFR

(A) Receiver-operating characteristic curves for thermodilution-derived coronary flow

reserve (CFRthermo) in predicting Doppler-derived coronary flow reserve at a value<2.5. (B)

Sensitivity and specificity of CFRthermo at various thresholds. AUC ¼ area under the curve.
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also based on the principle of thermodilution but
using continuous infusion of cold saline, which in
turn can be used to calculate “absolute” microvas-
cular resistance, may allow a more robust measure of
microvascular resistance than IMR, but robust vali-
dation is needed, with researchers once again
hampered by the lack of a clinical gold standard for
microvascular resistance.23

The reliance of both measures of microvascular
resistance on respective estimates of flow, coupled
with inherent inaccuracies of the latter, may also
explain why the correlation between hMR and IMR is
poorer than the correlation between CFRDoppler and
CFRthermo. Given that the theoretical assumptions
that underlie derivation of flow by either modality are
unlikely to be changed by the effects of adenosine on
the coronary circulation, they are expected to cancel
out when assessing the ratio of flow at rest and hy-
peremia, as applies to CFR.

How should the results of this study influence the
application of hMR or IMR in clinical practice and
research? First, caution should be exercised when
comparing or combining cohorts characterized by
either index, as they correlate poorly with each other.
Second, the inaccuracies of both measures of micro-
vascular resistance make them unsuitable to be
regarded as first line or stand-alone diagnostic tests
used to classify patients or stratify therapy. Further-
more, given the poor correlation between either hMR
or IMR and CFR (measured by the respective modal-
ity), the former should not be regarded as physio-
logically equivalent to the latter, as currently
enshrined in several practice guidelines.6,20 However,
regardless of the lack of correlation between these
Doppler- and thermodilution-based measures of
microvascular resistance, or indeed whether they
accurately reflect true microvascular resistance, the
utility of each index as a biomarker for prognostica-
tion (such as IMR following myocardial infarction),
disease classification (such as distinguishing struc-
tural from functional microvascular dysfunction, as
diagnosed by a diminished CFR) and stratification of
therapy warrants further evaluation in the future.
CONSIDERATIONS FOR THERMODILUTION MEASUREMENTS.

Thermodilution measurements can be rapidly per-
formed and are not associated with any extra costs
compared with the present physiological measure-
ment of FFR alone, and there is no need for extra
hardware. In our study, a greater number of pa-
tients were excluded because of poor Doppler signal
than thermodilution curve quality. Of note, exclu-
sion frequency may be greater in general practice,
as these data are from centers that are among those
with the greatest volume of expertise in these
measurements globally. From previous studies, Pijls
et al8 reported suboptimal CFRDoppler in 9% and
CFRthermo in 11% of vessels, and Barbato et al19 re-
ported suboptimal CFRDoppler in 31% of patients, and
among those with satisfactory CFRDoppler, 3% had
suboptimal CFRthermo measurements. Adhering to a
few practical steps when performing thermodilution
measurements should maximize accuracy. First,
guide catheter positioning needs careful consider-
ation; it must be sufficiently engaged in the coro-
nary artery to guarantee adequate delivery of the
indicator into the vessel, and easy backflow into the
aortic root is necessary to avoid mechanical influ-
ence of the injection on baseline blood flow,
resulting in underestimation of CFR. Second, the
guide catheter should be coaxial within the vessel
to ensure that the saline boluses are sufficiently
injected into the target vessel, preventing subopti-
mal and erroneous thermodilution curves with
resultant incorrect physiological measurements.
Third, the coronary guidewire sensor tip should be
advanced $15 mm from the most distal lesion to
minimize any potential interference with epicardial
stenosis–induced flow disturbance, or approximately



FIGURE 6 Scatterplot of hMR and IMR

The dashed red lines represent the line of best fit (r ¼ 0.43; r2 ¼ 0.19; 95% CI: 0.32-

0.52; P < 0.001). Quadrants shaded in green have concordant and red discordant

measurements, using thresholds of hyperemic microvascular resistance (hMR) $2.5 and

index of microvascular resistance (IMR) $25.
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5 cm from the ostium in patients with no epicardial
coronary artery disease. Fourth, injections of room-
temperature saline should be limited to 3 to 4 mL
per injection using a 5-mL syringe to ensure optimal
and uniform bolus.

STUDY LIMITATIONS. First, the centers participating
in this study did not use a uniform study protocol.
However, acquisition methodology for the invasive
data was similar, and all centers used contemporary
Doppler flow and pressure wires. Second, invasive
measurements had to be excluded in 12% of patients
because of poor data quality. Third, no core labora-
tory analysis of the invasive measurements was per-
formed, and data used were as reported by each
center. Fourth, our results may have been affected by
the reproducibility of Doppler and thermodilution
measurements. However, this is a recognized issue
with biological measurements. In fact, previous data
have demonstrated that the observed variation be-
tween repeated recordings of coronary blood flow
using Doppler measurements at rest was 10.5%
(95% CI: 7.7%-16.2%)24 and using thermodilution was
11.5% � 7% at rest and 14.6% � 9% during hyperemia,
with 18.8% � 11% variability of thermodilution-
derived CFR.12 Fifth, although this study is the
largest study to incorporate detailed physiological
characterization by combined Doppler flow velocity
and thermodilution measurement, sample size re-
mains limited. Sixth, intravenous adenosine is
accompanied by a decrease of blood pressure of
approximately 10% to 15%, and therefore CFR may be
underestimated by 10% to 15% if not corrected for
these pressure changes.8 In this study, such a
correction was not necessary, because CFRthermo and
CFRDoppler were both measured with intravenous
adenosine or intracoronary papaverine simulta-
neously and therefore were affected in the same way
by hemodynamic status. Seventh, the poor-quality
data acquisition with Doppler observed in approxi-
mately 10% of patients may not be extrapolated to all
flow wires. Eighth, not all measurements were truly
simultaneous; some were done sequentially imme-
diately after the first measurement. Although there
was a low likelihood of a change in hemodynamic
conditions between recordings, as the order of mea-
surements was not randomized, we cannot exclude
systematic bias. Finally, resting conditions were
awaited before repeat measurements were per-
formed. However, we did not prespecify a mandatory
time interval between measurements, which may
have resulted in interaction between initial and sub-
sequent physiological measurements. However, these
measurements were performed at recognized leading
centers in coronary physiology by experts in the field
of coronary physiology.

CONCLUSIONS

CFRthermo correlates with, but overestimates,
CFRDoppler. The commonly used CFRthermo threshold
of 2.0 has poor sensitivity for identifying vessels with
diminished CFR, but using the same binary diagnostic
threshold as for Doppler (<2.5) yields reasonable
diagnostic accuracy. Microvascular resistance indices
assessed by the 2 modalities correlate less well but
may still have utility when combined with CFR or as
prognostic biomarkers.
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PERSPECTIVES

WHAT IS KNOWN? Coronary bolus transit time, on the

basis of thermodilution theory, was proposed as an indi-

rect measure of coronary flow and is often used as an

alternative to the reference standard Doppler-based

techniques, as the latter are considered harder to use.

However, the exact correspondence between these

methods is unclear.

WHAT IS NEW? CFRthermo is a modest approximation of

CFRDoppler and tends to overestimate the latter. As a

result, the most widely used clinical threshold for

CFRthermo (<2.0) has poor sensitivity for identifying cor-

onary microvascular dysfunction. Furthermore, the

thermodilution-derived IMR does not correlate with

Doppler-derived microvascular resistance.

WHAT IS NEXT? A unitary CFR threshold of 2.5,

regardless of modality used, will offer better diagnostic

accuracy than current practice. Research into readily

applicable yet robust measures of coronary flow and

microvascular resistance is both needed and warranted.
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