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abstract

background

The assessment of functional coronary lesion severity using intracoronary physiological 

parameters such as coronary flow velocity reserve (CFVR), and the more widely used 

fractional flow reserve (FFR) relies critically on the establishment of maximal hyperemia. 

We evaluated the diagnostic accuracy of the stenosis resistance index (SR) during non-

hyperemic conditions, baseline SR, compared to established hyperemic intracoronary 

hemodynamic parameters, as achievement of hyperemia can be cumbersome in daily 

clinical practice.

methods and results

A total of 232 patients, including 299 lesions (mean stenosis diameter 55±11%) under-

went myocardial perfusion scintigraphy (MPS) for documentation of reversible perfusion 

defects. Distal coronary pressure and flow velocity were assessed with sensor-equipped 

guide wires during baseline and maximal hyperemia, induced by an intracoronary bolus 

of adenosine (20-40 µg). We determined SR during baseline (BSR) and hyperemic condi-

tions (HSR), as well as FFR and CFVR. The discriminative value for myocardial ischemia of 

all parameters was compared using receiver-operating-characteristics curves.

BSR showed a good agreement with MPS. The diagnostic performance of BSR (AUC 

0.77; 95% CI: 0.71 – 0.83) was as accurate as FFR, and CFVR (AUC 0.77; 95% CI: 0.71 – 

0.83, and AUC 0.75; 95% CI: 0.68 – 0.81 respectively. P>0.05 compared to BSR for both). 

However, HSR, combining both pressure and flow velocity information during hyperemia 

was superior to all other parameters (AUC 0.81; 95% CI: 0.76 -0.87; P<0.05 compared to 

all other parameters).

conclusion

Combined pressure and flow velocity measurements during baseline conditions may 

provide a useful tool for functional lesion severity assessment without the need for 

potent vasodilators.
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iNtroductioN

Adequate patient selection for percutaneous coronary intervention (PCI) is of utmost 

importance to avoid unnecessary complications. Consequently, objective evidence for 

myocardial ischemia is mandatory for optimal management of patients with coronary 

artery disease, in particular in patients with coronary lesions of intermediate severity 

(40-70% diameter stenosis on coronary angiography).1,2 The use of sensor-equipped 

guide wires for the assessment of functional coronary lesion severity has emerged as 

a standard diagnostic modality to provide objective evidence of myocardial ischemia 

during cardiac catheterization.3,4 The indices derived from pressure or flow velocity 

measurements, fractional flow reserve (FFR) and coronary flow velocity reserve (CFVR) 

respectively, show a high agreement with non-invasive stress testing. 5,6 Interpretation 

in individual cases may, however, be cumbersome. As these indices are based on either 

intracoronary pressure or flow velocity, they do not differentiate between hemodynamic 

properties of the epicardial stenosis and the distal microvasculature,7,8 potentially lead-

ing to unfounded treatment when a single parameter is determined, or to ambiguous ob-

servations when both are assessed.9,10 Combining pressure and flow velocity information, 

summarized by the hyperemic stenosis resistance index (HSR), was shown to improve 

diagnostic accuracy of intracoronary hemodynamic parameters, especially in these dis-

cordant lesions.11 Importantly, where FFR and CFVR rely critically on the establishment 

of a maximal hyperemic state, accurate assessment of HSR is less dependent on maximal 

hyperemia.11

The use of intracoronary hyperemic agents in the cardiac catheterization laboratory, per 

definition required for assessment of FFR, CFVR, or HSR, can however be cumbersome in 

daily clinical practice due to their unavailability, time-consumingness, contra-indications, 

or side-effects.12,13 Furthermore, there is an ongoing debate with respect to the dose 

of agent needed to achieve maximal hyperemia, and the site of administration to be 

used.14-21 Parameters requiring only baseline conditions could therefore be considered 

preferable to facilitate universal use of functional lesion severity assessment prior to 

coronary intervention.

Considering the previously documented high diagnostic accuracy of HSR for myocar-

dial ischemia, as well as the relative independence of HSR on maximal hyperemia, we 

hypothesized that the stenosis resistance index determined during baseline conditions 

has adequate diagnostic accuracy for functional coronary lesion severity assessment. 

Therefore, we compared the diagnostic accuracy of stenosis resistance index during 

baseline (BSR) and hyperemic conditions (HSR), as well as FFR, and CFVR for myocardial 

ischemia assessed by myocardial perfusion scintigraphy (MPS).
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methods

Between April 1997 and September 2006, a total of 232 consecutive patients undergo-

ing elective PCI for stable anginal complaints were included in the study. Patients were 

referred for single- or double-vessel coronary artery disease with at least one intermedi-

ate coronary lesion (40% to 70% diameter stenosis on visual assessment). Exclusion 

criteria consisted of: ostial lesions, two or more stenoses in the same coronary artery, 

severe renal function impairment (sMDRD calculated glomerular filtration rate less than 

30mL/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. The institutional ethics committee approved 

the study protocol and all patients gave written informed consent.

myocardial perfusion scintigraphy

MPS was performed in all patients with the use of either 99mTechnetium-labeled me-

thoxyisobutylisonitrile (MIBI) or Tetrofosmin (Myoview) according to a standard two-day 

stress-rest protocol. Defect reversibility and localisation were semi-quantitatively deter-

mined by a panel of experienced nuclear medicine physicians, who were blinded to the 

angiographic data. Improvement at rest of more than one grade was considered to be a 

reversible perfusion defect. The result was considered positive when a reversible defect 

was allocated to the perfusion territory of the coronary artery of interest.22

cardiac catheterization and hemodynamic measurements

All patients underwent cardiac catheterization within one week after MPS. Quantitative 

coronary angiography was performed offline to determine stenosis severity. Percent di-

ameter stenosis (DS) was obtained with the use of a validated automated contour detec-

tion 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 

baseline conditions and maximal hyperemia, which was induced by an intracoronary 

bolus of adenosine (20 µg for the right coronary artery, and 40 µg for the left coronary 

artery). Intracoronary pressure was measured distal to the target lesion 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). Pressure and flow velocity 

derived parameters of functional coronary lesion severity were: BSR, HSR, FFR, and CFVR. 

The definitions of the evaluated parameters are shown in Table 1.
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statistical analysis

Continuous variables were expressed as mean (±standard deviation), or median (25th – 75th 

percentile) 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. Receiver-operating-characteristic curves (ROC) 

were used to compare the discriminative value of FFR, CFVR, HSR, and BSR for the pres-

ence of reversible perfusion defects by the area under the curve (AUC). Agreement with 

MPS outcomes was determined for HSR, FFR and CFVR based on of their respective cut-off 

values: 0.75 for FFR, 2.0 for CFVR and 0.80 mmHg⋅cm-1⋅sec for HSR. In absence of a clini-

cally adopted cut-off value, the best cut-off value for BSR was defined as the highest sum 

of sensitivity and specificity. This value was subsequently used to determine agreement 

with MPS. False-positive and false-negative outcomes, positive and negative predictive 

value, and sensitivity and specificity for all parameters were defined according to the MPS 

outcomes, using the abovementioned cut-off values. Additionally, these were evaluated 

for the more recently adopted cut-off value for FFR of 0.80. Accuracy for agreement with 

MPS of all parameters was compared using mcNemar’s test. All analyses were performed at 

lesion-level. We additionally performed a patient-level analysis by randomly selecting one 

lesion per patient. A two-sided alpha-level of 0.05 was considered statistically significant.

results

patients

A total of 232 patients (mean age 60±10 years), including 299 coronary lesions, under-

went MPS to determine the presence of reversible perfusion defects. Results for HSR 

have been reported previously for 151 patients, including 181 lesions.11 Baseline char-

acteristics of all patients are shown in Table 2. Quantitative coronary angiography (QCA) 

of the 299 lesions involved yielded a mean diameter stenosis of 55±11%. MPS was 

considered positive in 30% of lesions. Angiographic and hemodynamic characteristics 

for lesions with and without reversible perfusion defects are listed in Table 3.

table 1 | Definitions of the parameters used

CFVR = hAPV / bAPV

FFR = mean Pdistal /mean Paorta (during hyperemia)

BSR= (Paorta-Pdistal)/ bAPV

HSR= (Paorta-Pdistal)/ hAPV

CFVR: coronary flow velocity reserve, APV: average peak flow velocity, FFR: fractional flow reserve, 
Pdistal: distal coronary pressure, Paorta: aortic pressure, BSR: baseline stenosis resistance index, 
HSR: hyperemic stenosis resistance index, b indicates baseline, h indicates hyperemia.
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discriminative value

The receiver-operator-characteristics curve (ROC) for FFR, CFVR, HSR and BSR are visual-

ized in Figure 1. ROC analysis yielded the highest diagnostic accuracy for myocardial 

ischemia for HSR, as shown by the AUC (Table 4), which proved to be significantly higher 

compared to all other parameters (Table 5). Notably, the ROC-curve of BSR yielded a 

similar AUC as FFR and CFVR.

diagnostic performance

The best cut-off value for BSR was defined as 0.66 mmHg⋅cm-1⋅sec (sensitivity 64%, 

specificity 80%). Diagnostic accuracy was highest with the use of HSR (p<0.005 com-

pared to all other parameters). Importantly, diagnostic accuracy of BSR was similar to 

both FFR with a cut-off value of 0.75 (p=0.58) and CFVR (p=0.28), and was significantly 

higher compared to FFR with a cut-off value of 0.80 (p=0.001) (Table 6).  Patient-level 

analyses yielded similar estimates and conclusions (Data not shown).

table 2 | Baseline patient characteristics

N=232

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

B-Blockers 169(73)

Nitrates 137(59)

Calcium antagonists 143(65)

ACE-inhibitors 49(21)

Lipid-lowering drugs 135(58)

Aspirin 208(95)

Data is presented as mean±SD or frequency(%)
ACE: Angiotensin-converting enzyme
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discussioN

The use of a parameter based on both intracoronary pressure and blood flow velocity 

measurements during baseline conditions, BSR, has a similar diagnostic accuracy for 

reversible perfusion defects on MPS as compared to the most frequently used method 

for coronary stenosis severity evaluation, FFR. Notably, accuracy of BSR was significantly 

higher compared to FFR with the use of 0.80 as cut-off value. This novel approach to 

intracoronary pressure and flow velocity measurements may provide a useful tool for 

vasodilator-free stenosis severity evaluation when the use of potent vasodilators is 

cumbersome or contra-indicated in daily clinical practice.

evaluation of functional lesion severity without hyperemia

Several intracoronary hemodynamic parameters for functional lesion severity assessment 

during baseline conditions have been investigated previously. Coronary flow-derived 

parameters include the diastolic to systolic velocity ratio, and proximal to distal veloc-

ity ratio.23 Both parameters were, however, shown to have a limited diagnostic accuracy 

table 3 | Angiographic and hemodynamic lesion characteristics

Reversible Defect 
(n=89)

No Reversible Defect (n=210) P-value

Diameter stenosis (%) 61±11 52±9 0.0001

Minimal lumen diameter (mm) 1.10±0.42 1.39±0.40 0.0001

Reference vessel diameter 
(mm)

2.90±0.64 2.92±0.67 0.96

CFVR 1.85±0.73 2.47±0.74 0.0001

bAPV (cm/sec) 15.5±8.9 18.1±7.6 0.0001

hAPV (cm/sec) 28.1±17.1 42.4±16.0 0.0001

FFR 0.65±0.19 0.81±0.12 0.0001

hPa (mm Hg) 96.6±12.6 95.0±12.3 0.24

hPd (mm Hg) 63.0±20.5 77.3±15.5 0.0001

HSR (mmHg⋅cm-1⋅sec) 2.07±2.44 0.60±1.26 0.0001

hdelP (mm Hg) 30.0 (18.5 – 46.5) 15.0 (10.0 – 23.0) 0.0001

BSR (mmHg⋅cm-1⋅sec) 1.84±2.43 0.54±1.10 0.0001

bPa (mm Hg) 99.2±12.8 98.8±12.0 0.75

bPd (mm Hg) 79.2±21.4 91.3±13.8 0.0001

bdelP (mm Hg) 13.0 (6.0 – 31.0) 5.0 (2.0 – 9.0) 0.0001

Data are presented as mean ± SD or median (interquartile range)
CFVR: coronary flow velocity reserve, APV: average peak flow velocity, h indicates hyperemia, b indi-
cates baseline, FFR: fractional flow reserve, Pa: mean aortic pressure, Pd: mean distal coronary pres-
sure, HSR: hyperemic stenosis resistance, delP: pressure gradient across the stenosis, BSR: baseline 
stenosis resistance index, and DS: diameter stenosis.
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for myocardial ischemia when compared to CFVR.24 Pressure-derived parameters that 

have been investigated previously include the trans-stenotic pressure gradient during 

baseline conditions,25 resting Pd/Pa,26 and the pulse transmission coefficient (PTC).27,28 

None of the previously investigated non-hyperemic parameters have been implemented 

in clinical practice so far because of limited diagnostic accuracy, or a lack of supportive 

data.

Most recently, Sen et al. introduced the instantaneous wave-free ratio (iFR) as a va-

sodilator-free pressure-derived parameter for evaluation of functional lesion severity.29 

This novel parameter is defined as the distal pressure to aortic pressure (Pd/Pa) ratio in 

mid-diastole during baseline conditions. The authors postulate that coronary resistance 

is stable and minimal during a specific time-window during mid-diastole, comparable 

to hyperemic microvascular resistance, and therefore the Pd/Pa ratio during this time-

window is expected to be similar to FFR. However, the concept of FFR is based upon an 

assumed linear relationship between pressure and flow when microvascular resistance is 

expected to be minimal; during maximal vasodilation. During baseline conditions, coro-

figure 1 | Receiver-operator-charac-
teristic curves of fractional flow re-
serve, coronary flow velocity reserve, 
hyperemic stenosis resistance index 
and baseline stenosis resistance index. 
The area under the curve for HSR was 
significantly larger than for all other pa-
rameters. The AUC of BSR was similar to 
that of FFR or CFVR.  FFR: fractional flow 
reserve, CFVR: coronary flow velocity re-
serve, BSR: baseline stenosis resistance 
index, HSR: hyperemic stenosis resis-
tance index

table 4 | Diagnostic accuracy by area under the receiver-operating-characteristic curves (AUC)

Parameter AUC 95% Confidence Interval

BSR 0.77 0.71 - 0.83

HSR 0.81 0.76 - 0.87

CFVR 0.75 0.68 - 0.81

FFR 0.77 0.71 - 0.83

BSR: baseline stenosis resistance index, HSR: hyperemic stenosis resistance index, CFVR: coronary 
flow velocity reserve, FFR: fractional flow reserve
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nary flow is autoregulated, i.e. vascular tone is present, and coronary flow is relatively 

pressure-independent within the physiological range of pressures.7 Additionally, it has 

been shown at several occasions that diastolic resistance is not stable.30,31 Hence, the 

finding that beat averaged hyperemic resistance equals diastolic resistance in the pres-

ence of tone lacks a theoretical basis, and one may wonder whether iFR has a solid physi-

ological fundament. The authors report that, overall, iFR correlated well with FFR, but the 

reported correlation is predominated by patients with a highly normal FFR, and correla-

tion within the diagnostically relevant range of FFR is notably less accurate. Although an 

interesting novel parameter, that may well facilitate universal use of coronary physiology 

in daily clinical practice, iFR is still under investigation, and further prospective studies 

are needed to define its accuracy for detection of myocardial ischemia.

table 5 | Differences in Area Under the Receiver-operating-characteristic curves

Contrast Difference in AUC P-value

HSR vs FFR 0.04 0.005

HSR vs CFVR 0.07 0.02

HSR vs BSR 0.05 0.007

FFR vs CFVR 0.02 0.44

BSR vs FFR 0.00 0.88

BSR vs CFVR 0.02 0.52

AUC: Area under the curve; HSR: hyperemic stenosis resistance index; FFR: fractional flow reserve; 
CFVR: coronary flow velocity reserve; BSR: baseline stenosis resistance index.

table 6 | Outcomes compared to myocardial perfusion scintigraphy

FFR
Cut-off 0.75

FFR
Cut-off 0.80

CFVR BSR HSR

Positive 58 (19) 66 (22) 54 (18) 55 (18) 60 (20)

False-positive 48 (16) 81 (27) 52 (17) 42 (14) 26 (9)

False-negative 31 (10) 23 (8) 35 (12) 32 (11) 29 (10)

Total inaccurate 79 (26)* 104 (35)* † 87 (29)* 74 (25)* 55 (18)

PPV 0.55 0.45 0.51 0.57 0.70

NPV 0.84 0.85 0.82 0.86 0.86

Sensitivity 0.65 0.74 0.61 0.64 0.67

Specificity 0.77 0.61 0.75 0.80 0.88

Data are presented as frequency (%). FFR; fractional flow reserve, CFVR: coronary flow velocity re-
serve, BSR; baseline stenosis resistance index, HSR: hyperemic stenosis resistance index, PPV: Posi-
tive predictive value, NPV: Negative predictive value.
* p<0.005 compared to HSR, † p=0.001 compared to BSR
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ambiguities in ffr and cfvr

As mentioned previously, assessment of both FFR and CFVR depends critically on the 

achievement of maximal hyperemia,8,32 which is, at times, not taken into account in daily 

clinical practice. Furthermore, FFR is per definition determined when microvascular resis-

tance is lowest and constant; during maximal vasodilatation. However, when microvascu-

lar disease is present or maximal hyperemia is not achieved, microvascular resistance is 

increased and consequently coronary flow may be reduced. This results in a decrease in 

maximal flow across the stenosis and an increase in distal pressure, which may result in a 

negative FFR even in the presence of a functionally significant stenosis.8,9,32,33 Conversely, 

a low microvascular resistance causing a high flow rate through an epicardial vessel 

may in the presence of a stenosis give rise to a positive FFR by increasing the stenosis 

pressure gradient although flow through the stenosis is normal.9,33,34 In assessment of 

CFVR, in addition to its sensitivity to alterations in microvascular resistance, the absolute 

value obtained is influenced to a large extent by variations in baseline and maximal flow 

velocity, which can be caused by factors not related to stenosis severity.8 Furthermore, 

assessment of an optimal flow velocity signal, necessary for an objective CFVR-value, 

is more difficult than pressure measurements. Both FFR and CFVR therefore have their 

ambiguities when representing the only physiological parameter assessed. Although 

previously assumed that the combination of FFR and CFVR would improve diagnostic and 

prognostic value,32 it has already been shown that discordance between FFR and CFVR is 

present in 27% of cases,9 hampering clinical decision making.

indices of stenosis resistance

The advantage of either index of SR is inherited by the simultaneous use of both pressure 

and flow velocity information, which results in the ability to assess the relative influence 

of microvascular and stenosis resistances. Although the previously introduced HSR11 also 

depends on the presence of maximal hyperemia, the pressure drop across the stenosis 

and flow velocity are affected similarly when the hyperemic state is suboptimal. There-

fore, the effect of submaximal hyperemic flow on HSR is rather limited. Obviously, the 

major advantage of BSR is that it does not require a hyperemic state at all.

Overall, the assessment of indices of SR inherits the same technical difficulties accom-

panying Doppler flow velocity measurements in the assessment of CFVR. Importantly, 

because of the low pressure-gradient and flow velocity during baseline conditions, small 

errors in pressure and flow velocity measurements may result in relatively large errors 

in stenosis resistance-values, and therefore the use of a hyperemic agent is expected to 

result in an improvement of diagnostic accuracy, as is supported by the findings in the 

present study.
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false-positive and false-negative results

False-positive or false-negative results for FFR have been reported to occur in 7%35 to 

25% of cases,11,32 and in 8% to 25% of cases11,32 for CFVR. In our study, false-positive or 

-negative outcomes for FFR or CFVR were present in 26% and 29% of cases respectively 

(Table 6). Importantly, the shift in the cut-off value for FFR from 0.75 to 0.80, which is 

implemented in recent revascularization guidelines,3 results in a significant increase in 

non-ischemic lesions that receive PCI from 16% to 27%, while the decrease in ischemic 

lesions left untreated is only minor from 10% to 8%. However, the cut-off value of 0.80 

is based on studies assessing the prognostic value of FFR, which explains the lower 

diagnostic accuracy.36 Notwithstanding the superior diagnostic accuracy of HSR, the use 

of BSR notably results in a similar amount of false-positive and false-negative outcomes 

when compared to both FFR and CFVR, and in a significant decrease in the number of in-

accurately treated lesions when compared to FFR with a cut-off value of 0.80 (p=0.001).

study limitations

Whereas developments in wire technology have resulted in the availability of a double 

sensor-equipped guide wire,37 pressure and flow velocity measurements were performed 

subsequently with separate sensor-equipped guide wires in the present study, which 

could inherit a bias due to a possible location shift between the measurements. Although 

the technique for simultaneous measurement of coronary pressure and flow velocity is 

readily available, the technique is currently only minimally adopted in daily clinical prac-

tice due to the perception of clinical cardiologists and industrial partners that coronary 

pressure alone is sufficient for diagnostic purposes in daily coronary interventional prac-

tice. As there is an important underdevelopment in comparison with systems measuring 

only intracoronary pressure, assessment of optimal intracoronary hemodynamic signals 

is dependent on operator experience with this specific armamentarium, and universal 

adoption will depend on currently ongoing technical improvements that are expected to 

improve the feasibility of simultaneous measurements of coronary pressure and flow in 

the near future.

Furthermore, as mentioned previously, there still exists a debate regarding the magni-

tude of the adenosine-dose to be used to induce maximal hyperemia. The dosage used 

in this study (20µg for the right coronary artery, and 40µg for the left coronary artery) is, 

however, considered adequate to induce maximal hyperemia.14,15,20 Importantly, an insuf-

ficient amount of adenosine induces limited maximal flow, but stenosis pressure drop 

and flow velocity are affected in the same direction, limiting the effect of insufficient 

hyperemia on HSR.

Additionally, it is important to note that the cut-off value for BSR was derived from the 

current dataset, which provides some advantage over the other parameters for which 

we used pre-specified cut-off values. However, the best cut-off values derived from this 
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dataset would have been 0.76 for FFR, 1.80 for CFVR , and 0.81 mmHg⋅cm-1⋅sec for HSR. 

The use of data-derived cut-off values would therefore not have influenced the conclu-

sions of the present manuscript.

Finally, the use of MPS as a gold standard for detection of myocardial ischemia has 

its limitations, as MPS is known to be limited in detecting true ischemia, especially in 

patients with multivessel disease or previous myocardial infarction, as were included in 

this study.

coNclusioN

The use of a parameter based on both intracoronary pressure and blood flow velocity 

measurements during baseline conditions, BSR, has an equal diagnostic accuracy for 

reversible perfusion defects on MPS as compared to the most frequently used method 

for coronary stenosis severity evaluation, FFR. When the use of hyperemic agents is cum-

bersome, BSR may therefore provide a novel tool for vasodilator-free functional stenosis 

severity assessment. Further prospective studies are however needed to confirm these 

findings in the setting of contemporary physiologically guided PCI.
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