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Abstract

Background
Although myocardial ischemia is a consequence of abnormalities throughout the 
coronary vasculature, clinical decision-making using the fractional flow reserve 
(FFR) is governed by the extent of epicardial disease. We documented the impact of 
hyperemic microvascular resistance (HMR) on FFR and on the presence of reversible 
myocardial ischemia in patients with stable coronary artery disease (CAD).

Methods
We evaluated 299 coronary stenoses by intracoronary pressure and flow 
measurements to determine FFR and HMR. Myocardial perfusion scintigraphy was 
performed to identify reversible myocardial ischemia. High HMR was defined as 
HMR>1.9 mmHg/cm/s. The association between HMR and reversible ischemia was 
evaluated according to the presence or absence of an FFR-positive stenosis, and the 
association between FFR and reversible ischemia was evaluated according to the 
presence of high or low HMR.

Results
The odds ratio of high versus low HMR for reversible ischemia was 2.6 (95% confidence 
interval (CI): 1.5–4.4). This was evident only in the presence of a positive FFR, and 
amounted to 7.6 (95% CI: 3.2–18.1) when FFR<0.75, and 5.0 (95% CI: 2.5–10.3) when 
FFR≤0.8. The odds ratio of positive versus negative FFR was significantly higher when 
HMR was high compared with when HMR was low (p=0.01, and p=0.03 for the 0.75 
and 0.8 FFR cut-off, respectively). Notably, the optimal FFR cut-off value was 0.65 
when HMR was low, compared with 0.76 when HMR was high.

Conclusion
HMR is an important determinant of the optimal FFR cut-off value and of myocardial 
ischemia induced by FFR-positive stenoses in patients with stable CAD.
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Introduction

In the absence of non-invasive functional testing results, contemporary clinical 
decision-making regarding coronary stenoses of equivocal angiographic severity is 
based upon assessment of the fractional flow reserve (FFR), defined as the mean 
distal coronary to mean aortic pressure ratio during coronary vasodilation (1, 2). 
The primary aim of physiological stenosis evaluation by means of FFR is to identify 
the epicardial contribution to the impairment of myocardial perfusion. However, 
the functional consequences of coronary artery disease are determined not only 
by the extent of epicardial coronary narrowing, since alterations in the functional 
and mechanical properties of the coronary microvasculature may contribute to, or 
may even exclusively determine, the development of reversible myocardial ischemia 
(3–5). Moreover, such alterations may partly obscure coronary pressure-based 
assessment of epicardial coronary artery disease, as they are likely associated with 
altered hyperemic microvascular resistance (HMR) (6, 7). However, the magnitude 
of HMR cannot be identified by means of coronary pressure measurements, and the 
impact of the unaccounted magnitude of HMR on coronary pressure-based decision-
making in the cardiac catheterization laboratory has not yet been established.

We sought to evaluate the impact of the magnitude of hyperemic microvascular 
resistance for the presence, and FFR-guided identification, of reversible myocardial 
ischemia on non-invasive stress testing in patients with stable coronary artery 
disease.

Methods

Data source
We evaluated patients with stable coronary artery disease referred for intracoronary 
evaluation of at least one intermediate coronary artery stenosis (40–70% diameter 
stenosis at visual assessment). These patients were enrolled in a series of study 
protocols (8–11), and patient and procedural characteristics were entered into a 
dedicated database. We excluded patients with ostial stenoses, two or more stenoses 
in the same coronary artery, severe renal function impairment (sMDRD calculated 
glomerular filtration rate <30 mL/min/1.73m2), significant left main coronary artery 
stenosis, atrial fibrillation, recent myocardial infarction (<6 weeks prior to screening), 
prior coronary artery bypass graft surgery, or visible collateral development to the 
perfusion territory of interest. The institutional ethics committee approved the study 
procedures, and all patients gave written informed consent.

Myocardial perfusion scintigraphy
Myocardial perfusion scintigraphy (MPS) was performed prior to coronary angiography 
to document the presence of reversible perfusion defects using 99mTechnetium-
sestamibi  (MIBI) or 99mTechnetium-tetrofosmin  (Myoview), according to a two-day 
stress/rest protocol. Data acquisition and reconstruction were performed according 
to the procedure guideline for myocardial perfusion imaging of the Society of 
Nuclear Medicine (12). An expert panel of nuclear medicine physicians, blinded to 
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the angiographic data, evaluated the scintigraphic images. Stress and rest images 
were semi-quantitatively scored as normal or abnormal. Perfusion defects were 
classified as dubious, mild, moderate or severe. Improvement at rest of more than 
one grade was considered to be a “reversible” perfusion defect. Improvement of just 
one grade or no improvement was considered to be a “persistent” perfusion defect. 
The result was considered positive when a reversible perfusion defect was allocated 
to the perfusion territory of the coronary artery of interest.

Cardiac catheterization and hemodynamic measurements
Cardiac catheterization was performed within one week after MPS, during which 
angiographic images were obtained in a manner suitable for quantitative coronary 
angiography analysis (QCA). QCA was performed offline to determine percent 
diameter stenosis with the use of a validated automated contour detection 
algorithm (QCA-CMS version 3.32, MEDIS, Leiden, The Netherlands). Distal coronary 
pressure and blood flow velocity were assessed with sensor-equipped guide wires 
during basal conditions and maximal hyperemia, induced by an intracoronary bolus 
of adenosine (20–40 µg). Intracoronary pressure was measured distal to the target 
stenosis with a 0.014 inch pressure-monitoring guide wire (Volcano Corp., San 
Diego, USA). Coronary blood flow velocity measurements were performed directly 
after pressure measurements, using a Doppler-tipped guide wire (Volcano Corp., San 
Diego, USA). From the recorded data, FFR was calculated as the ratio between mean 
distal coronary and mean aortic pressure during maximum hyperemia, and HMR was 
calculated as the mean distal coronary pressure to mean distal flow velocity ratio 
during maximum hyperemia. Doppler flow velocity measurements were additionally 
performed in a reference coronary artery, defined as a coronary artery with less than 
30% epicardial narrowing. In the absence of significant epicardial disease in these 
reference vessels, reference vessel HMR was calculated as the mean aortic pressure 
to mean distal flow velocity ratio during maximum hyperemia.

Statistical analysis
In the absence of an adopted cut-off value or unequivocal normal range for HMR, 
the median HMR within the reference coronary arteries was used to distinguish high 
versus low HMR. At this cut-off value, we evaluated the association between HMR 
and the presence of reversible ischemia on MPS by means of 2x2 contingency tables, 
and differences were compared by means of the Chi square test. Subsequently, we 
evaluated the association between HMR and the presence of myocardial ischemia on 
MPS after stratification by FFR at the 0.75 cut-off value (13), as well as at the 0.8 cut-
off value (14). Effect modification of the presence of an FFR-positive coronary stenosis 
on the association between HMR and the presence of reversible ischemia on MPS was 
tested by means of a logistic regression model. Similarly, we evaluated the association 
between FFR and the presence of reversible ischemia on MPS at both the 0.75, and 
the 0.8 FFR cut-off value by means of 2x2 contingency tables, and differences were 
compared by means of the Chi square test. Subsequently, we evaluated the association 
between FFR and the presence of myocardial ischemia on MPS after stratification by 
HMR at the previously identified cut-off value, and effect modification of the presence 
of a high HMR on the association between FFR and the presence of reversible ischemia 
on MPS was tested by means of a logistic regression model.
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Finally, receiver-operating-characteristics (ROC) curves were constructed for FFR 
within the full study cohort, as well as within the high and low HMR groups. From 
these ROC-curves, we determined sensitivity and specificity of the clinically adopted 
0.75 and 0.8 cut-off values, as well as the area under the ROC-curve, and optimal FFR 
cut-off values in the overall cohort, as well as in the high and low HMR groups. The 
optimal FFR cut-off value was defined as the cut-off value yielding the highest sum of 
sensitivity and specificity.

Continuous variables were expressed as mean±standard deviation (SD), or median 
(interquartile range (IQR)), and comparison was performed using the Student’s t-test 
or Mann-Whitney U Test where appropriate. Categorical variables were presented as 
frequencies (percentage) and compared with the Chi square test. A two-sided alpha-
level of 0.05 was considered statistically significant.

Results

Patient population
The study population consisted of 232 patients, with a mean age of 60±10 years. The 
baseline clinical characteristics are presented in Table 1. Within these patients, 299 
coronary stenoses with a mean diameter stenosis of 55±11% were evaluated. The 
median FFR amounted to 0.80 (0.70–0.88), and median target vessel HMR amounted 
to 2.1 mmHg/cm/s (1.6–2.8 mmHg/cm/s). The angiographic characteristics are 
presented in Table 2. MPS was positive in 30% of cases (89 out of 299).

A reference coronary artery was evaluated in 178 out of 232 patients. The median 
reference vessel HMR amounted to 1.9 (1.5–2.5) mmHg/cm/s (Table 2), which was 
subsequently used to stratify patients in a high and low target vessel HMR group. The 
baseline clinical characteristics were balanced between patients with a high or low 
target vessel HMR (>1.9 and ≤1.9, respectively) (Table 3). Across the angiographic 
characteristics, mean diameter stenosis was slightly higher in the high HMR group, 
although not clinically pertinent (56±11% in the high HMR group versus 53±9% in the 
low HMR group; p=0.03; Table 3). Physiological stenosis severity by FFR did not differ 
between groups (median FFR 0.79 (0.69–0.88) in the high HMR group versus median 
FFR 0.81 (0.70–0.89) in the low HMR group; p=0.46).

HMR magnitude and myocardial ischemia in the presence or absence 
of significant epicardial disease by FFR
Overall, the diagnostic odds ratio of high versus low HMR for reversible ischemia on 
MPS was 2.6 (95% confidence interval (CI): 1.5–4.4; p=0.001) (Table 4: top panel). 
When stratified by FFR at the 0.75 cut-off value, the diagnostic odds ratio of high 
versus low HMR for reversible ischemia on MPS was 1.6 (95% CI: 0.7–3.8; p=0.25) 
when FFR≥0.75, in contrast with 7.6 (95% CI: 3.2–18.1; p<0.001) when FFR<0.75, 
significantly different between groups (p for interaction=0.01) (Table 4: middle 
panel). Equivalent results were observed when HMR was stratified by FFR at the 0.8 
cut-off value (Table 4: lower panel; p for interaction=0.03).
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Target vessels N=299

   Left anterior descending coronary artery  147 (49)

   Left circumflex coronary artery    71 (24)

   Right coronary artery    81 (27)

   Diameter stenosis (%) 54±11

   Reference vessel diameter (mm) 2.9±0.7

  Fractional flow reserve  0.80 (0.70–0.88)

Reference vessels     N=178

   Left anterior descending coronary artery    61 (20)

   Left circumflex coronary artery    98 (33)

   Right coronary artery  19 (6)

   Hyperemic microvascular resistance (mmHg/cm/s) 1.9 (1.5–2.5)

Table 2: Baseline angiographic characteristics.

Data is presented as mean±SD, median (IQR) or frequency (%).

Age (yrs) 60 ±10

Male sex 160 (69)

Coronary risk factors

   Cigarette smoking    67 (29)

   Hypertension    87 (38)

   Positive family history  105 (45)

   Hyperlipidemia  138 (60)

   Diabetes mellitus    35 (15)

   Prior myocardial infarction    87 (38)

   Prior coronary intervention    47 (20)

Medication at hospital admission

   Beta-blockers  169 (73)

   Nitrates  137 (59)

   Calcium antagonists  143 (65)

   ACE-inhibitors    49 (21)

   Lipid-lowering drugs  135 (58)

   Aspirin  208 (90)

Table 1: Baseline clinical characteristics (n=232).

Data is presented as mean±SD or frequency (%).
ACE, angiotensin-converting enzyme.
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Table 3: Clinical and angiographic characteristics according to a high or low hyperemic microvascular 
resistance.

Data is presented as mean±SD, median (IQR) or frequency (%).
ACE, angiotensin-converting enzyme; HMR, hyperemic microvascular resistance.

Low HMR
(≤1.9 mmHg/cm/s)

High HMR
(>1.9 mmHg/cm/s) p-value

N=232 n=89 n= 143

Clinical Characteristics

Demographics

   Age (yrs) 58 ±11 61 ±10 0.08

   Male sex 67 (75) 93 (65) 0.40

Coronary risk factors

   Cigarette smoking 32 (36)    35 (24) 0.13

   Hypertension 32 (36)    55 (38) 0.41

   Positive family history 36 (40)    70 (49) 0.07

   Hyperlipidemia 53 (60)    85 (59) 0.48

   Diabetes mellitus 16 (18)    19 (13) 0.47

   Prior myocardial infarction 32 (36)    55 (38) 0.41

   Prior coronary intervention 18 (20)    29 (20) 0.80

Medication at hospital admission

   Beta-blockers 67 (75)  102 (71) 0.77

   Nitrates 60 (67)   77 (54) 0.16

   Calcium antagonists 61 (69)    82 (57) 0.31

   ACE-inhibitors 19 (21)    30 (21) 0.85

   Lipid-lowering drugs 53 (60)   82 (57) 0.72

   Aspirin 85 (96) 123 (86) 0.37

Angiographic characteristics

Target lesions n=122     n=177

   Diameter stenosis (%) 53 ±9 56 ±11 0.03

   Reference vessel diameter (mm) 2.9 ±0.7 2.9 ±0.7 0.75

   Fractional flow reserve    0.79 (0.69–0.88)      0.81 (0.70–0.89) 0.46
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FFR and myocardial ischemia in the presence of high or low HMR
Overall, the diagnostic odds ratio of positive versus negative FFR for reversible 
ischemia on MPS was 6.3 (95% CI: 3.7–10.9; p<0.001) at the 0.75 cut-off (Table 5: 
top panel), and 4.6 (95% CI: 2.6–8.0; p<0.001) at the 0.8 cut-off value (Table 5: lower 
panel). In the presence of a high HMR, the diagnostic odds ratio of positive versus 
negative FFR at the 0.75 cut-off for reversible ischemia on MPS was 13.9 (95% CI: 
6.5–29.6; p<0.001), in contrast with 3.0 (95% CI: 1.2–7.6; p=0.02) when HMR was low, 
which was significantly different between groups (p for interaction=0.01). Notably, 
while the diagnostic odds ratio of positive versus negative FFR at the 0.8 cut-off for 
reversible ischemia on MPS was 8.1 (95% CI: 4.0–16.5; p<0.001) in the presence of a 
high HMR, the diagnostic odds ratio of positive versus negative FFR was 2.1 (95% CI: 
0.5–3.6; p=0.14) when HMR was low (p for interaction=0.03).

Reversible myocardial 
ischemia on MPS

Diagnostic odds 
ratio

95% confidence 
interval p-value

All lesions (n=299)

HMR>1.9 mmHg/cm/s 37% (66/177) 2.6 1.5–4.4
<0.001

HMR≤1.9 mmHg/cm/s 19% (23/122) - -

FFR 0.75 cut-off

FFR≥0.75 (n=193)

HMR>1.9 mmHg/cm/s 18% (22/119) 1.6 0.7–3.8
0.25

HMR≤1.9 mmHg/cm/s 12% (9/74) - -

FFR<0.75 (n=106)

HMR>1.9 mmHg/cm/s 76% (44/58) 7.6  3.2–18.1
<0.001

HMR≤1.9 mmHg/cm/s 29% (14/48) - -

FFR 0.8 cut-off

FFR>0.8 (n=144)

HMR>1.9 mmHg/cm/s 16% (14/90) 1.2 0.5–3.3
0.67

HMR≤1.9 mmHg/cm/s 13% (7/54) - -

FFR≤0.8 (n=155)

HMR>1.9 mmHg/cm/s 60% (52/87) 4.8 2.4–9.8
<0.001

HMR≤1.9 mmHg/cm/s 24% (16/68) - -

Table 4: Diagnostic odds ratio of the hyperemic microvascular resistance for reversible myocardial ischemia 
on myocardial perfusion scintigraphy, stratified by physiological stenosis classification by the fractional flow 
reserve.

FFR, fractional flow reserve; HMR, hyperemic microvascular resistance; MPS, myocardial perfusion 
scintigraphy.
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Sensitivity and specificity of adopted FFR cut-offs in the presence of 
high or low HMR
Within the full study population, the 0.75 cut-off had a sensitivity and specificity of 
65%, and 77%, respectively, for the identification of reversible myocardial ischemia 
on MPS. The 0.8 cut-off had a sensitivity and specificity of 74%, and 61%, respectively. 
In the presence of a low HMR, the 0.75 cut-off had a sensitivity and specificity of 
61%, and 66%, which amounted to 70% and 50% at the 0.8 cut-off. In the presence 
of a high HMR, the 0.75 cut-off had a sensitivity of 67%, and a specificity of 87%, and 
the 0.8 cut-off value had a sensitivity of 76%, and a specificity of 72%.

Reversible myocardial 
ischemia on MPS

Diagnostic odds 
ratio

95% confidence 
interval p-value

FFR 0.75 cut-off

All lesions (n=299)

FFR<0.75   55% (58/106) 6.3 3.7–10.9
<0.001

FFR≥0.75   16% (31/193)

HMR≤1.9 mmHg/cm/s (n=122)

FFR<0.75  29% (14/48) 3.0 1.2–7.6
0.02

FFR≥0.75  12% (9/74)

HMR>1.9 mmHg/m/s (n=177)

FFR<0.75   76% (44/58) 13.9 6.5–29.6
<0.001

FFR≥0.75  18% (22/119)

FFR 0.80 cut-off

All lesions (n=299)

FFR≤0.8     44% (68/155) 4.6 2.6–8.0
<0.001

FFR>0.8     15% (21/144)

HMR≤1.9 mmHg/cm/s (n=122)

FFR≤0.8   24% (16/68) 2.1 0.5–3.6
0.14

FFR>0.8 13% (7/54)

HMR>1.9 mmHg/cm/s (n=177)

FFR≤0.8   60% (52/87) 8.1 4.0–16.5
<0.001

FFR>0.8   16% (14/90)

Table 5: Diagnostic odds ratio of the fractional flow reserve at the 0.75 and 0.8 cut-off value for reversible 
myocardial ischemia on myocardial perfusion scintigraphy, stratified by the hyperemic microvascular 
resistance.

FFR, fractional flow reserve; HMR, hyperemic microvascular resistance; MPS, myocardial perfusion 
scintigraphy.
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Optimal fractional flow reserve cut-off value by HMR magnitude
Overall, ROC curve analysis of FFR for reversible myocardial ischemia on MPS yielded 
an area-under-the-curve (AUC) for FFR of 0.77 (95% CI: 0.71–0.83), with an optimal 
cut-off value of 0.74 (sensitivity 64%, specificity 80%; Figure 1A). In the presence of 
a low HMR, ROC curve analysis of FFR for reversible ischemia yielded an AUC of 0.72 
(95% CI: 0.59–0.85), with an optimal cut-off value of 0.65 (sensitivity 52%, specificity 
90%; Figure 1B). In the presence of a high HMR, FFR yielded an AUC of 0.82 (95% 
CI: 0.75–0.89), with an optimal FFR cut-off value of 0.76 (sensitivity 70%, specificity 
86%; Figure 1C).

Discussion

The present study provides evidence for the complementary role of HMR in the 
identification of ischemia-inducing coronary stenoses, since a high HMR distal to a 
coronary stenosis deemed significant by FFR, either at its ischemic 0.75 or clinical 
0.8 cut-off value, contributed significantly to the occurrence of reversible myocardial 
ischemia. The diagnostic odds ratio of high versus low HMR for reversible ischemia on 
MPS was 7.6 (95% CI: 3.2–18.1; p<0.001) when FFR<0.75, and 5.0 (95% CI: 2.5–10.3; 
p<0.001) when FFR≤0.8. Finally, the discriminative value of FFR was higher when 
HMR was high (AUC 0.82), compared with when HMR was low (AUC 0.72), and the 
optimal FFR cut-off value to identify stenoses associated with reversible myocardial 
ischemia on MPS was distinctly lower when HMR was low (optimal FFR cut-off 0.65), 
compared with when HMR was high (optimal FFR cut-off 0.76).

The observations in the present study suggest that the magnitude of HMR is an 
important determinant of stenosis-related reversible myocardial ischemia, and that 
an unaccounted extent of microvascular involvement of coronary artery disease has 
pertinent consequences for clinical decision-making if based on coronary pressure 
measurements only.

Fractional flow reserve as a surrogate for non-invasively assessed 
reversible myocardial ischemia
Following the extensive validation against non-invasive stress testing for its potential 
to identify coronary stenoses responsible for reversible myocardial ischemia, FFR is 
now widely accepted as a surrogate for non-invasive stress testing (1, 2). In its relative 
short history, numerous validation studies have been performed, yielding optimal FFR 
cut-off values for non-invasively assessed reversible myocardial ischemia ranging from 
0.66 to 0.78 (15). The subsequent clinical adoption of a 0.8 FFR cut-off was governed 
by the finding that this cut-off value was associated with >90% specificity to exclude 
the presence of stenosis-induced myocardial ischemia, supposedly limiting the number 
of ischemia-inducing stenoses left untreated (16). Nonetheless, recent studies have 
indicated that a single FFR cut-off value may not provide optimal discrimination of 
functionally significant from non-significant coronary stenoses (17, 18), particularly at 
the contemporary 0.8 clinical cut-off (19). Remarkably, despite the fact that FFR-guided 
revascularization is well-known to improve clinical outcome compared with angiographic 
guidance (14), the pivotal FAME II study documented that 70% of FFR-positive stenoses 
(≤0.8), e.g. stenoses that are advocated to be revascularized in contemporary clinical 
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Figure 1: Plots for sensitivity and specificity of 
fractional flow reserve for reversible myocardial 
ischemia on myocardial perfusion scintigraphy, 
as calculated by means of receiver-operating-
characteristics analysis. (A) Within the full study 
cohort. (B) Within vessels with a low hyperemic 
microvascular resistance (≤1.9 mmHg/cm/s). 
(C) Within vessels with a high hyperemic 
microvascular resistance (>1.9 mmHg/cm/s).

A Full study cohort

B Hyperemic microvascular resistance ≤1.9 mmHg/cm/sec

C Hyperemic microvascular resistance >1.9 mmHg/cm/sec
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practice guidelines (1, 2), do not require revascularization in the first year after deferral 
of revascularization given optimal medical therapy is provided (20). Both the wide 
variety of optimal FFR cut-off values obtained in the FFR validation studies (15), as well 
as the limited predictive value of FFR-positivity for clinically indicated revascularization 
during the first year after deferral of revascularization (20) are important indications 
that there are additional factors besides FFR-identified physiological severity of the 
epicardial stenosis that contribute to the functional consequences of coronary artery 
disease.

Myocardial ischemia results not only from epicardial stenosis 
severity
Myocardial ischemia is a phenomenon that results from a combination of abnormalities 
throughout the coronary vasculature, which besides epicardial narrowing includes 
endothelial dysfunction, structural microcirculatory remodelling, and extravascular 
compression of the collapsible elements of the microcirculation (3, 5, 7). Intuitively, 
the impairment of myocardial perfusion results from accumulation of resistance 
to coronary blood flow from the coronary ostium to the distal microvasculature. 
Although the epicardial resistance constitutes the largest impairment to myocardial 
perfusion, it is the combination with abnormalities in the distal microvasculature 
that determines the occurrence of myocardial ischemia.

An important finding in the present study is that the optimal FFR cut-off value for the 
identification of stenosis-related reversible myocardial ischemia is distinctly lower 
when HMR is low compared with the situation where HMR is high (0.65 and 0.76, 
respectively). In other words, in the absence of microvascular abnormalities the 
coronary vasculature apparently has a larger vasodilator reserve capacity, resulting 
in lower FFR values before reversible myocardial ischemia occurs. Contrariwise, in 
the presence of microvascular abnormalities the vasodilator capacity of the coronary 
vasculature is already partly exhausted, and myocardial ischemia is already induced 
at higher FFR-values.

The existence of a wide variability of HMR between patients is well-recognized (6, 21), 
and both the optimal FFR cut-off value as well as the functional consequences of the 
coronary stenosis likely depend on the distribution of epicardial and microvascular 
resistance to coronary blood flow within a specific patient. Our observations 
therefore provide novel insight into the pertinence of microvascular disease for the 
functional consequences of obstructive coronary artery disease, and may at least 
indicate an important potential for improvement of physiologically-guided coronary 
revascularization in patients with stable coronary artery disease.

Implications for clinical practice
Although HMR-tailored FFR-guided revascularization may well advance stenosis 
selection for revascularization by more accurately depicting the ischemia-generating 
potential of the coronary vasculature under investigation, it must be borne in mind 
that FFR as an index is influenced by the magnitude of microvascular resistance 
(22). An increase in HMR leads to a relative increase in distal coronary pressure, and 
therefore leads to an increase in FFR. Hence, FFR directly depends on the magnitude 
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of HMR (23). As such, the optimal FFR cut-off value to determine the functional 
consequences of the coronary stenosis of interest is highly patient- and perfusion 
territory-dependent. This emphasizes the need for an index of stenosis severity that is 
more selective in the assessment of epicardial disease severity, with little interference 
of microvascular resistance. With such an index, more generally applicable cut-off 
values may be determined that are less dependent on the extent of microvascular 
disease within a particular patient and perfusion territory. Simultaneous assessment 
of pressure and flow velocity (24) may allow such selective interrogation of both 
epicardial and microvascular disease, and may thereby provide an even more 
accurate means for patient-tailored physiologically-guided revascularization.

Limitations
There is no adopted cut-off value or unequivocal normal range for HMR. Therefore, the 
median HMR within non-obstructed reference coronary arteries was used to define the 
high versus low HMR cut-point. This approach can be considered to provide an accurate 
estimation of normal HMR in a clinical population of patients with stable coronary 
artery disease.

The use of MPS as a gold standard for detection of reversible myocardial ischemia may 
be considered a limitation as to the detection of true myocardial ischemia. However, 
a true gold standard for myocardial ischemia is not available to date, and MPS is an 
adequate and well-validated non-invasive reference standard to identify reversible 
myocardial ischemia (22).

It is debated whether HMR should be corrected for the contribution of collateral flow 
to total myocardial blood flow, since its neglection may lead to an overestimation of 
true microvascular resistance by HMR (23). However, actual collateral flow cannot be 
measured in clinical practice, and a proposed correction by means of the coronary 
wedge pressure (25) is conceptually hampered since the magnitude of coronary wedge 
pressure is determined by the effects of venous pressure, heart rate and myocardial wall 
stress in addition to collateral flow (26). Moreover, collateral flow contribution is known 
to be negligible in the setting of stable coronary artery disease of intermediate severity 
(23), as applies to the present study, emphasizing the bias induced by coronary wedge-
pressure as an estimate of assumed collateral flow. Besides the conceptual plausibility 
of using HMR as a measure of actual microvascular resistance, our current observations 
that an increase in HMR is associated with an increment in myocardial ischemia on 
MPS, as well as that an increased HMR is associated with an increase in the optimal FFR 
cut-off value, invalidates the assumption that the observed increase in HMR reflects 
the neglection of collateral flow, and supports its interpretation as an increase in actual 
microvascular resistance (3, 5, 7, 23).

Finally, hyperemia was induced by means of an intracoronary bolus of adenosine in the 
present study. Although there is an on-going debate regarding the dose of adenosine 
needed to induce maximal hyperemia, the dose used in the present study has been 
extensively validated for its relationship with non-invasively assessed myocardial 
ischemia (22), is known to result in FFR-values equal to that induced by intravenous 
administration of adenosine (22), and has been shown to provide similar clinical benefits 
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of FFR in clinical populations compared with FFR derived from hyperemia induced by 
intravenous adenosine administration (27, 28).

Conclusion

Myocardial ischemia results not only from the extent of epicardial coronary 
narrowing, but from a combination with other abnormalities throughout the 
coronary vasculature. As such, not only the physiological epicardial lesion 
severity as assessed by FFR, but also the resistance introduced by the coronary 
microvasculature as assessed by HMR is of paramount importance for the functional 
consequences of coronary artery disease. As such, identification of the magnitude of 
HMR may improve stenosis selection for percutaneous coronary intervention, and 
has the potential to further improve outcomes of physiologically-guided coronary 
intervention. Therefore, combined pressure and flow assessment deserves further 
study to determine its role in clinical management of stable coronary artery disease.
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