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abstract

aims

Physiology-guided coronary revascularization has not been specifically studied in el-

derly patients, even though ageing likely interferes with the applicability of intracoronary 

physiology indices. We studied the effect of age on intracoronary physiology parameters.

methods and results

Intracoronary pressure and flow were measured with the Doppler-technique in 299 

vessels (228 patients), and thermodilution-technique in 120 vessels (99 patients). In 

172 patients, Doppler measurements were also performed in unobstructed vessels. 

Associations of coronary hemodynamics with ageing were studied in both the stenosed 

and unobstructed arteries.

Ageing was associated with a progressive increase in hyperaemic microvascular 

resistance and a progressive decrease in hyperaemic flow. Both in unobstructed (β-

0.016±0.005, p=0.001) and obstructed coronary arteries (β-0.015±0.004, p<0.001), age 

was the strongest independent determinant of coronary flow reserve (CFR), where CFR 

decreased with advancing age. In obstructed coronary arteries, age was an independent 

albeit modest determinant of FFR (β 0.002±0.001, p=0.007), where FFR increased with 

advancing age. Consequently, the adjusted-risk of an FFR/CFR pattern reflective of diffuse 

or microvascular disease (RR 1.6, 95% CI: 1.1 – 2.3; p=0.017) increased with advancing 

age, whilst the adjusted risk of a FFR/CFR pattern reflective of non-flow-limiting stenosis 

with a healthy microcirculation (RR: 0.7, 95% CI: 0.5 – 1.0; p=0.022) decreased.

conclusion

Ageing is associated with progressive pan-myocardial impairment of coronary vasodila-

tory capacity. Consequently, for a given stenosis, ageing is associated with a progressive 

increase in FFR and decrease in CFR, in contrast with any other physiological index of 

stenosis severity, which should be taken into consideration in clinical decision-making.
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iNtroductioN

Physiology-guided coronary revascularization using fractional flow reserve (FFR) has 

shown to improve clinical outcomes in stable ischaemic heart disease (IHD) compared 

with angiographic guidance.1 However, it should be born in mind that the applicability of 

these findings to specific patient subsets, such as advanced age, is less clear, as specific 

supportive data is scarce. This is particularly important for advanced age, because the 

(patho)physiological changes of the coronary vasculature and alterations in myocardial 

function commonly associated with the process of ageing may theoretically interfere 

with the reliability of invasive physiology parameters, like FFR.2,3 These considerations 

are essential in an era when, as a result of changing demographics, an increasing number 

of elderly patients is being referred for percutaneous coronary intervention (PCI),4 while 

our understanding of the influence of ageing on coronary indices used to guide coronary 

revascularization remains limited. Accordingly, in this study, we sought to document the 

changes in coronary physiology associated with ageing in a clinical cohort of patients 

with IHD undergoing coronary physiological assessment, both in stenosed coronary 

arteries and in a sub-cohort of angiographically normal reference coronary arteries, us-

ing a comprehensive physiological assessment with combined coronary pressure and 

coronary flow measurements.

methods

data source

We included patients with a clinical indication for physiological assessment of ≥1 steno-

sis of intermediate angiographic severity (40 – 70% diameter stenosis) at the Academic 

Medical Centre (AMC), Amsterdam, the Netherlands, and Hospital Clínico San Carlos 

(HUCSC), Madrid, Spain. Exclusion criteria were restricted to culprit vessels of acute 

coronary syndromes, serial stenoses, left main stenosis, significant valvular pathology, 

and prior coronary artery bypass graft surgery. The local ethical review boards approved 

the respective study protocols, and all subjects gave written informed consent.

cardiac catheterization and hemodynamic measurements

Cardiac catheterization was performed according to standard clinical practice. Angio-

graphic images were recorded in a manner suitable for quantitative coronary angiography 

(QCA) analysis. After diagnostic angiography, sensor-equipped guide wires were used 

to measure intracoronary pressure and flow. In AMC, coronary flow was assessed using 

the Doppler-technique,5 and baseline (bAPV) and hyperaemic average peak velocities 

(hAPV) were labelled baseline and hyperaemic flow, respectively. In HUCSC, coronary 
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flow was assessed with the coronary thermodilution-technique.6,7 Resting and hyperae-

mic thermodilution curves were obtained in triplicate, and the inverse of the average 

basal (Tmnbas) and hyperaemic mean transit times (Tmnhyp) was labelled baseline and 

hyperaemic flow, respectively.6,7 Coronary flow reserve (CFR) was calculated as the ratio 

of hyperaemic to baseline flow, where CFR≥2.0 was considered normal, and FFR as the 

ratio of mean hyperaemic distal pressure (Pd) to mean hyperemic aortic pressure (Pa), 

where FFR>0.80 was considered normal. Microvascular resistance was calculated from 

both Doppler and thermodilution-derived data as mean Pd divided by flow, and was de-

termined during both baseline and hyperaemia. Stenosis resistance was calculated from 

Doppler data only as the mean pressure drop across the stenosis (mean Pa- mean Pd) 

divided by Doppler flow velocity (at baseline and hyperemia). In AMC, coronary flow was 

additionally measured in a reference coronary artery, defined as a coronary artery with 

<30% diameter stenosis on visual assessment, if available. In the absence of obstruc-

tive coronary artery disease, reference vessel microvascular resistance was calculated 

as the ratio between mean aortic pressure and distal flow velocity (during baseline and 

hyperaemia). Hyperaemia was induced by either intracoronary bolus injection (20-40µg) 

of adenosine at AMC, or intravenous infusion (140µg/kg/min) at HUCSC.

statistical analysis

Categorical variables are presented as counts and percentages. Continuous variables 

are presented as mean ± standard deviation (SD) or median [1st and 3rd quartiles (Q1, 

Q3)]. Normality and homogeneity of the variances were tested using Shapiro-Wilk and 

Levene tests. Data was analysed on per-patient basis for clinical characteristics, and on 

per-vessel basis for the rest of calculations. For descriptive statistics, the study popula-

tion was stratified in three representative age categories, defined by the quartiles of age. 

table 1 | Baseline clinical characteristics of the study population

N=327

Age 61±11

Male gender 242 (75)

Hypertension 159 (49)

Diabetes 57 (17)

Family history 109 (33)

Dyslipidaemia 200 (61)

Smoking 94 (29)

Prior myocardial infarction 133 (41)

Prior percutaneus coronary  intervention 97 (30)

Multivessel disease 200 (61)

Data presented as frequency (%)
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Patients within the 1st quartile were considered “young”, patients across quartile 2 and 3 

“intermediate”, and patients within the 4th quartile “elderly”. For vessel-to-patient analy-

ses, robust regressions with Huber-White robust standard errors were used to adjust for 

clustering of vessels within patients, where appropriate. Overall differences between 

groups were compared with one-way analysis of variance (ANOVA), Kruskal-Wallis or Chi 

square test, followed by post-hoc t tests, Mann-Whitney U or Fisher´s exact tests, with 

Bonferroni-adjusted significance level. The association of age with physiological param-

eters was tested with robust linear regression analysis, where applicable. Linear mixed 

models were used to identify independent predictors of FFR and CFR, using Mallow’s 

Cp as criterion for selection of the optimal predictive model, with candidate variables 

including clinical characteristics (Table 2), clinical presentation, angiographic stenosis 

severity, and the interrogated vessel (left anterior descending (LAD), left circumflex (LCx), 

or right (RCA) coronary artery). These results are presented as beta ± robust standard er-

rors, and standardized coefficients to facilitate comparison. For reference vessel analysis, 

where all patients had stable symptoms, candidate variables included clinical character-

istics (Table 2), and the interrogated vessel. Differences were considered significant at 

p<0.05 (two-sided). The STATA 13.1 (StataCorp, College Station, Texas) statistical software 

package was used for all calculations.

results

patient population

In total, 327 patients with 419 stenosed vessels were investigated: 228 patients (299 

vessels) with Doppler-derived flow, and 99 patients (120 vessels) with thermodilution-

derived flow. Reference vessel measurements were performed in 172 out of 228 pa-

tients (75%) studied with Doppler-derived flow. Clinical characteristics of the complete 

study population are shown in Table 1. Overall, coronary stenoses were of intermediate 

severity, both angiographically (mean diameter stenosis: 52.7 ± 11.4%) and physiologi-

cally (median FFR: 0.81 (Q1-3, 0.72-0.88)). Moreover, as shown in the Supplementary 

Figure, the distribution of FFR values reflected a clinical population routinely referred for 

intracoronary physiological assessment.

clinical and angiographic characteristics according to age

Median age of the patient population was 62 years [Q1, Q3: 54, 69 years]. Accordingly, 

patients were stratified in young (<55 years; n=87 (27%)), intermediate (≥55 and <70 

years of age; n=166 (51%)), and elderly (≥70 years of age; n=74 (23%)). Clinical and 

angiographic characteristics across these age categories are shown in Table 2. Risk fac-

tors for IHD were generally less prevalent in elderly patients, whom were significantly 
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table 2 | Clinical, angiographic, and physiological characteristics stratified by age categories

Age
Overall 
P-value

<55 55 - 69 ≥70

(n=87) (n=166) (n=74)

Clinical Characteristics#

Male gender 69 (80)c 127 (77) 46 (63)a 0.03

Hypertension 37 (43) 86 (52) 36 (49) 0.37

Diabetes 13 (15) 35 (21) 9 (12) 0.19

Family history 35 (40)c 58 (35) 16 (22)a 0.04

Dyslipidaemia 61 (70) 97 (58) 42 (57) 0.13

Smoking 34 (39)b,c 47 (28)a 13 (18)a 0.01

Prior myocardial infarction 38 (44) 72 (43) 23 (31) 0.16

Prior PCI 25 (29) 51 (31) 21 (28) 0.91

Multivessel disease 55 (63) 98 (59) 47 (64) 0.64

Angiographic characteristics* n=117 n=207 n=95

Lesion location 0.58

LAD 45 (38 - 53) 45 (39 - 52) 54 (45 - 62)

LCX 21 (15 - 29) 25 (20 - 31) 20 (13 - 29)

RCA 33 (26 -42) 29 (24 - 36) 26 (19 - 36)

Reference vessel diameter, 
mm

2.9 (2.8 - 3.1) 2.9 (2.8 - 3.0) 3.3 (2.5 - 4.1) 0.53

Diameter stenosis, % 54 (52 - 56) 53 (52 - 55) 50 (48 - 53) 0.09

Intracoronary adenosine 85 (75 - 91)c 71 (63 - 77) 57 (44 - 69)a 0.002

Pressure measurements*

Pd/Pa 0.88 (0.86 - 0.91) 0.89 (0.88 - 0.91) 0.89 (0.87 - 0.91) 0.66

FFR 0.76 (0.73 - 0.78)c 0.78 (0.76 - 0.80) 0.80 (0.78 - 0.83)a 0.03

Delta Pd/Pa (Pd/Pa-FFR) 0.13 (0.11 - 0.14)c 0.12 (0.11 - 0.13)c 0.09 (0.08 - 0.10)a,b <0.001

Flow measurements*

CFR (combined) 2.4 (2.2 - 2.5)c 2.3 (2.1 - 2.4)c 1.9 (1.8 - 2.1)a,b <0.001

CFR (doppler) 2.4 (2.2 - 2.6)c 2.3 (2.2 - 2.4) 2.1 (1.9 - 2.2)a 0.02

CFR (thermodilution) 2.2 (1.7 - 2.7) 2.2 (1.9 - 2.4) 1.8 (1.5 - 2.1) 0.13

APV baseline, cm/s 17 (15 - 18) 18 (16 - 19) 18 (15 - 20) 0.72

APV hyperemia, cm/s 38 (35 - 42) 39 (36 - 42) 36 (31 - 40) 0.51

Tmn baseline, s 0.74 (0.51 -0.97) 0.78 (0.67 - 0.89) 0.61 (0.45 - 0.77) 0.25

Tmn hyperemia, s 0.33 (0.27 - 0.40) 0.37 (0.33 - 0.42) 0.34 (0.27 - 0.42) 0.62

Stenosis resistance measurements* (Doppler only)

BSR (doppler), mmHg/cm/s 0.92 (0.62 - 1.21) 0.89 (0.62 - 1.17) 1.02 (0.56 - 1.48) 0.90

HSR (doppler), mmHg/cm/s 1.02 (0.72 - 1.31) 1.02 (0.73 - 1.31) 1.14 (0.61 - 1.68) 0.91
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less likely to be male, to have family history of IHD, and to smoke (Table 2). Finally, across 

these age categories, there were no differences in stenosis location or stenosis severity 

by QCA.

influence of age on coronary physiology in reference vessels

In the 172 angiographically normal reference coronary arteries in patients evaluated 

with Doppler flow, mean CFR was 2.9±0.7. The distribution of reference vessel CFR across 

age is shown in Figure 1. Reference vessel CFR was negatively associated with age (rho=-

0.31, p<0.001; R2=0.07, p<0.001), with CFR decreasing with advancing age. (Table 2). 

Such progressive impairment of CFR occurred in the presence of an age –dependent 

table 2 | Clinical, angiographic, and physiological characteristics stratified by age categories (con-
tinued)

Age
Overall 
P-value

<55 55 - 69 ≥70

(n=87) (n=166) (n=74)

Microvascular resistance measurements*

BMR (doppler), mmHg/cm/s 6.10 (5.54 - 6.66) 5.99 (5.54 - 6.44) 6.27 (5.03 - 7.5) 0.89

BRI (thermo), U 56 (37 - 75) 63 (54 - 73) 51 (37 - 65) 0.36

HMR (doppler), mmHg/cm/s 2.18 (1.97 - 2.38) 2.27 (2.04 - 2.49) 2.73 (2.23 - 3.23) 0.14

IMR (thermo), U 19 (16 - 22) 23 (20 - 26) 23 (18 - 28) 0.17

Change MR (combined), % -60 (-63 - -57)c -60 (-62 - -58)c -52 (-56 - -49)a,b <0.001

Reference vessel 
measurements# (Doppler only 
n=172)

n=54 n=88 n=30

CFR (doppler) 3.2±0.6 b,c 2.8±0.7 a 2.6±0.7 a <0.001

APV baseline, cm/s 17 (13 - 21) 17 (13 - 22) 16 (13 - 23) 0.72

APV hyperemia, cm/s 53 (40 - 68)c 47 (39 - 60)c 39 (34 - 52)a,b 0.005

BMR (doppler), mmHg/cm/s 5.75 (4.72 - 7.69) 5.67 (4.5 - 7.47) 5.75 (4.42 - 8.29) 0.92

HMR (doppler), mmHg/cm/s 1.89 (1.30 - 2.25) c 1.93 (1.64 - 2.54)c 2.45 (1.95 - 3.08)a,b 0.002

#Data presented as mean±standard deviation or frequency (percentage); *Data presented as ad-
justed mean or adjusted frequency (95% confidence interval)
ap<0.05 versus young; bp<0.05 versus intermediate; cp<0.05 versus elderly
PCI: percutaneous coronary intervention; LAD: left anterior descending coronary artery; LCx: Left 
circumflex coronary artery; RCA: Right coronary artery; Pd/Pa: resting distal coronary to aortic pres-
sure ratio; FFR: fractional flow reserve; CFR: coronary flow reserve; APV: average peak flow velocity; 
Tmn: mean transit time; BSR: basal stenosis resistance index; HSR: hyperemic stenosis resistance 
index; SR: stenosis resistance index; BMR: basal microvascular resistance index; BRI: basal index of 
microvascular resistance; HMR: hyperemic microvascular resistance index; IMR: hyperemic index of 
microvascular resistance; MR: microvascular resistance
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increase in hyperemic microvascular resistance (rho=0.25, p=0.002; R2=0.06, p=0.002) 

and a concomitant decrease in hyperemic flow (rho=-0.22, p=0.006; R2=0.05, p=0.004: 

Figure 2); while no significant changes in basal microvascular resistance (rho=-0.01, 

p=0.93, R2=0.00, p=0.70) or baseline flow (rho=0.013, p=0.87, R2=0.00, p=0.98: Figure 2) 

were documented with advancing age (Table 2).

The best multivariable model for the prediction of CFR in reference vessels (R2=0.11, 

p<0.001) included age, history of dyslipidemia, and reference vessel (Table 3). Amongst 

these predictors, age was the strongest independent predictor of CFR in reference ves-

sels, where CFR decreased with advancing age.

influence of age on the physiological assessment of stenosed vessels

The distribution of FFR and CFR values across age in stenosed vessels is shown in 

Figure 3. FFR showed a significant positive association with age (R2=0.03, p<0.001) in-
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creasing with advancing age. Conversely, CFR showed a significant negative association 

with age (R2=0.03, p=0.001). This was also expressed in the overall percent change in 

microvascular resistance, where the decrease in microvascular resistance from resting to 

hyperaemia was attenuated with advancing age (R2=0.03, p=0.002). In contrast, neither 

resting Pd/Pa in the overall study population (R2=0.006, p=0.08) nor indices of stenosis 

resistance in patients studied with Doppler flow (BSR: R2<0.001, p=0.59; HSR: R2<0.001, 

p=0.72) were significantly associated with age. Accordingly, FFR increased significantly 

and CFR decreased significantly with advancing age (Table 2), while no other index of 

stenosis severity was significantly associated with age (Table 2).

Notably, hyperaemic microvascular resistance exhibited a significant albeit modest 

increase with advancing age in those patients studied with Doppler flow (HMR: R2=0.02, 

p=0.03), and although trends in microvascular resistance across the age categories were 

similar between Doppler-derived and thermodilution-derived flow, formal statistical 

significance was not met in the smaller subcohort of thermodilution measurements 

(Table 2).

independent association of age with cfr and ffr in stenosed vessels

The best multivariable model for the prediction of CFR in stenosed vessels (R2=0.11, 

p<0.001) included age, prior myocardial infarction, multi-vessel disease, the interrogated 

vessel, and percent diameter stenosis (Table 4). Amongst these predictors, age was the 

strongest independent predictor of CFR.

The best multivariable model for the prediction of FFR (R2=0.29, p<0.001) included 

age, diabetes mellitus, multivessel disease, the interrogated coronary vessel, and per-

cent diameter stenosis (Table 5). Amongst these, diameter stenosis was the strongest 

independent predictor for FFR. Nonetheless, age was independently associated with FFR, 

where FFR increased with increasing age.

table 3 | Best-fit multivariate linear regression model for the prediction of reference vessel CFR

Variable
Beta Standard error

Standardized 
coefficient

p-value

Age -0.016 0.005 -0.25 0.001

History of dyslipidaemia 0.22 0.105 0.16 0.04

Reference vessel (LAD reference)

LCx 0.0035 0.111 0.003 0.98

RCA 0.299 0.191 0.12 0.120

LAD: left anterior descending coronary artery; LCx: Left circumflex coronary artery;
RCA: Right coronary artery
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effect of age on the cfr and ffr relationship

Age was significantly different across the quadrants of the CFR and FFR relationship (Ta-

ble 6). Vessels with low FFR and high CFR were more likely observed in younger patients, 

whilst vessels with high FFR and low CFR were more likely observed in elderly patients.

Figure 4 shows the distribution of FFR and CFR accordance and discordance across 

decades. After adjustment for independent predictors of FFR and CFR (Table 4 and 

Table 5), there was an 1.6-fold increase in risk of an FFR/CFR pattern reflective of diffuse 

or microvascular disease (high FFR, low CFR) (95% CI: 1.1 – 2.3; p=0.017) with each de-

cade increase in age, while there was a decrease in risk of an FFR/CFR pattern reflective 

of non-flow-limiting stenosis with a healthy microcirculation (low FFR, high CFR)(RR: 0.7 

per decade increase in age; 95% CI: 0.5 – 1.0; p=0.022).

table 4 | Best-fit multivariate linear regression model for the prediction of CFR in stenosed vessels

Variable
Beta

Robust 
standard error

Standardized 
coefficient

p-value

Age -0.015 0.004 -0.20 <0.001

Prior myocardial infarction -0.216 0.078 -0.13 0.006

Multivessel disease 0.253 0.080 0.14 0.002

Diameter stenosis -0.014 0.003 -0.19 <0.001

Lesion location (LAD reference)

LCx -0.287 0.098 -0.14 0.003

RCA -0.097 0.093 -0.05 0.301

LAD: left anterior descending coronary artery; LCx: Left circumflex coronary artery; RCA: Right coro-
nary artery

table 5 | Best-fit multivariate linear regression model for the prediction of FFR

Variable
Beta

Robust 
standard error

Standardized 
coefficient

p-value

Age 0.002 0.001 0.11 0.007

Diabetes 0.033 0.015 0.08 0.029

Multivessel disease 0.034 0.014 0.11 0.018

Diameter stenosis -0.007 0.001 -0.50 <0.001

Lesion location (LAD reference)

LCx 0.046 0.017 0.12 0.006

RCA 0.029 0.015 0.09 0.056

LAD: left anterior descending coronary artery; LCx: Left circumflex coronary artery;
RCA: Right coronary artery
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discussioN

We documented that, in patients with IHD, ageing is associated with microvascular 

dysfunction, leading to an increased minimal microvascular resistance, and a reduced 

flow reserve throughout the myocardium. Both in unobstructed and obstructed coronary 

arteries, age was the strongest independent determinant of CFR, where CFR decreased 

with advancing age. Similarly, in obstructed coronary arteries, age was an independent 

determinant of FFR, where FFR increases with advancing age, despite no influence of 

ageing on stenosis severity as determined either by angiography or other physiologi-

cal indices of stenosis severity. Importantly, ageing was associated with an increased 

prevalence of and FFR/CFR pattern associated with microvascular dysfunction or diffuse 

coronary artery disease. These observations imply a potential impact of the patient´s 

age on intracoronary physiological indices routinely used to interrogate the coronary 

circulation and to guide coronary revascularization.

ageing, coronary flow reserve, and fractional flow reserve

In our study, advancing age was associated with a decrease in CFR, on the basis of a 

pathological impairment of microvascular vasodilator function leading to an increased 

minimal microvascular resistance. This finding is in agreement with previous studies 

documenting a decrease in CFR with advancing age in unobstructed coronary arteries.2 

The impairment in microvascular vasodilator function with advancing age was associated 

with a significant albeit modest increase in FFR, despite equivalent stenosis severity with 

advancing age by several standards, and despite a lower prevalence of cardiovascular 

table 6 | Accordance and Discordance of FFR and CFR across age categories

Age
Overall 
p-value

<55 55 - 69 ≥70

(n=87) (n=166) (n=74)

Pressure/Flow discordance

FFR>0.80 / CFR≥2.0
Concordantly normal

33 (26 - 42) 42 (35 - 48) 32 (23 - 42) 0.15

FFR≤0.80 / CFR≥2.0
Focal non-flow limiting

28 (20 - 38) 22 (17 - 28) 15 (9 - 23) 0.08

FFR>0.80 / CFR<2.0
Diffuse / microvascular 
disease

8 (4 - 14)c 12 (8 - 17)c 26 (18 - 36)a,b <0.001

FFR≤0.80 / CFR<2.0
Concordantly abnormal

31 (23 - 40) 24 (19 - 30) 27 (19 - 38) 0.42

Data presented as adjusted frequency, % (95% confidence interval)
ap<0.05 versus young; bp<0.05 versus intermediate; cp<0.05 versus old
FFR: fractional flow reserve, CFR: coronary flow reserve
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risk factors in elderly patients. From a clinical perspective, these findings suggest that the 

detection of inducible ischaemia with FFR decreases with ageing, whilst the overall bur-

den of ischaemia diagnosed with CFR increases with advancing age.  Our findings concur 

with previous data showing an increased prevalence of exercise related ischaemia on 

non-invasive testing associated with ageing despite equivalent extent of angiographic 

coronary artery disease.8 Hence, our observations confirm that for a given stenosis, FFR 

may unaccountedly be elevated, and CFR may unaccountedly be impaired, because 

of (patho)physiological ageing of the microcirculation that influences FFR and CFR in 

opposite directions. As a result, advancing age is associated with a higher prevalence 
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CFR pattern reflective 
of a normal circulation 
or focal stenosis super-
imposed on a healthy 
coronary microcircu-
lation tended to de-
crease.
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of vessels with normal FFR but reduced CFR, typically attributed to the presence of dif-

fuse disease or microcirculatory dysfunction, and to a lower prevalence of vessels with 

abnormal FFR and normal CFR, typically attributed to a focal non-flow limiting stenosis in 

the presence of a healthy coronary microcirculation.9-11

clinical implications

Our study is the third to report increased FFR values with advancing age, which has 

until now been attributed to the absence of functionally significant coronary artery 

disease.12,13 However, our study is the first to concomitantly assess FFR and physiologi-

cal stenosis severity derived from the combined assessment of coronary pressure and 

flow, and to describe the physiological basis of this finding. A higher prevalence of 

microvascular dysfunction and diffuse atherosclerosis with advancing age9,11,14 implies 

that ageing of the coronary vasculature might interfere with the conclusions of such FFR 

interrogation.15 With advancing age, FFR progressively underestimates the physiological 

severity of coronary stenoses due to an increase in minimal microvascular resistance and 

decrease in hyperaemic flow. This is important, since a normal FFR in an elderly patient 

might not imply a healthy vasculature, but may reflect the limitations of FFR to detect 

microcirculatory dysfunction or diffuse disease-related IHD, highly prevalent in such a 

population. Moreover, a normal FFR might not exclude the presence of coronary flow 

impairment well documented to be associated with myocardial ischemia, and unequivo-

cally related to impaired prognosis.16 Physicians should be aware that, despite the fact 

that revascularisation might not be indicated in theses vessels, these anomalies might 

be a cause of ischaemia and thereby justify the clinical presentation, and have important 

implications for patient prognosis.17,18 It may even be hypothesised that objective as-

sessment of physiological stenosis severity, with tools independent of microvascular 

vasodilator function, such as indices of stenosis resistance, might be indicated to iden-

tify patients that could benefit from stenosis alleviation despite relatively normal FFR 

values. The results of the present study substantiate the limitations of using coronary 

pressure measurements as a surrogate of coronary flow in the diagnosis of the spectrum 

of ischemic heart disease,19 should urge broadened clinical judgment to guide clinical 

decision-making in the individual patient, particularly in the elderly, and substantiate 

on-going efforts to re-introduce coronary flow-based parameters into routine decision-

making.

limitations

Our conclusions refer to patients with clinical indication for intracoronary interrogation 

of epicardial stenosis. Intracoronary flow was assessed with both the Doppler and ther-

modilution technique; the two available methods for this purpose. Nonetheless, most 

findings were consistent between technologies, which strengthens the extrapolation of 



132 Chapter 6

our findings to the clinical setting. Additionally, different administration routes and doses 

of adenosine were used to induce hyperemia. Although this limits the internal validity of 

our findings, it enhances their generalization, since this better reflects real-world use of 

hyperemic agents.

coNclusioNs

Advanced age is associated with an increased prevalence of coronary physiological 

characteristics associated with microvascular dysfunction and diffuse atherosclerosis. 

The resulting impairment of the vasodilatory capacity of the coronary circulation is 

associated with a relative increase in FFR and decrease in CFR for a given stenosis, in 

contrast with any other physiological index of stenosis severity. Moreover, many ves-

sels with normal FFR display abnormal vessel flow characteristics, which become more 

prevalent with advancing age. Hence, FFR is at risk of progressive underestimation of 

coronary flow impairment with advancing age, which should be taken into consideration 

as part of clinical decision-making.
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