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Abstract

Background: While it is broadly accepted that ageing is associated with impairment

of coronary microvascular function, little is known about the underlying mechanisms.

Aims: We investigated age‐related changes in coronary microvascular structure in

patients with stable angina without epicardial coronary stenoses.

Methods: In an analysis of the IDEAL registry, a total of 165 vessels without cor-

onary stenosis were interrogated with combined pressure/Doppler guidewires. We

calculated diastolic microvascular conductance (DMVC) and backward expansion

wave (BEW), and compared them between age tertiles. We calculated the preva-

lence of CMD, defined by reduced coronary flow reserve (CFR), and the prevalence

of low BEW and low DMVC in each group.

Results: The three study groups were defined as having 37–53, 54–66, and

67–77 years of age, respectively. Oldest (3rd tertile) patients showed lower

hyperemic flow velocity (46.7 ± 14.4 vs. 45.1 ± 12.4 vs. 38.4 ± 11.5 cm s−1,

p = 0.019), lower DMVC (1.90 ± 0.71 vs. 1.44 ± 0.56 vs. 1.37 ± 0.67 cm s−1 mmHg−1,

p < 0.001) and lower BEW intensity (5.9 [2.9–8.4] vs. 4.8 [2.9–6.8] vs. 4.4

[3.4–6.3] × 106 Wm−2 s−1, p = 0.094). Older age was independently associated with

lower BEW intensity (B: −0.10, 95% confidence interval [CI]: −0.17 to −0.09,

p = 0.021) and DMVC (B: −0.25 95% CI: −0.45 to −0.09, p = 0.027). In patients with
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CFR < 2.5, the prevalence of BEW intensity and DMVC below the 25th percentile

increased with age (25.0% vs. 52.0% vs. 72.7%, p = 0.010).

Conclusions: Ageing is independently associated with structural microcirculatory

remodeling that is reflected in BEW intensity and DMVC measurements, and with an

increased prevalence of structural CMD. These results are important to understand

non‐obstructive mechanisms of myocardial ischemia in the elderly.

K E YWORD S

coronary artery disease, coronary microcirculatory dysfunction

1 | INTRODUCTION

Emerging evidence suggests the presence of age‐related micro-

circulatory dysfunction. This phenomenon is characterized by dampened

myocardial blood flow increase in response to adenosine and increased

microvascular resistance on invasive coronary physiology studies1,2

Coronary microcirculatory dysfunction (CMD) is a complex pa-

thophysiological phenomena that can obey to functional or structural

derangements.3,4 Functional coronary CMD refers to an endotype

characterized by low CFR in the presence of normal microvascular

resistance. This can result from increased myocardial demand or dys-

functional coronary autoregulation, increasing resting myocardial

blood flow despite unchanged myocardial workload and normal

microcirculation during maximal hyperemia. Structural CMD can be

characterized by reduced capillary density (rarefaction), inward

hypertrophic arteriolar remodeling and periarteriolar fibrosis, which

can lead to decreased microcirculatory conductance and myocardial

ischemia. Despite the distinctive pathophysiology, both endotypes can

cause myocardial ischemia and confer worse long‐term prognosis.3–7

Several intracoronary physiology indices have been validated

against pathological evidence of structural microvascular remodeling.

Diastolic microvascular conductance (DMVC), reflected by the

instantaneous hyperemic diastolic velocity pressure slope, was first

proposed by Mancini et al. as an index to determine epicardial stenosis

severity that was independent from hemodynamics, unlike CFR.8 This

concept was later applied to the coronary microcirculation by our

group.9 DMVC is calculated as part of an intracoronary pressure‐flow

analysis using distal pressures and flow velocity during mid and end‐

diastole. It was first validated in post‐heart transplant patients, where

it showed good correlation with arteriolar obliteration and capillary

rarefaction in the context of allograft vasculopathy.10

Previous studies have shown that this index reflects better the

hemodynamic consequences of arteriolar obliteration and capillary rar-

efaction than coronary flow reserve (CFR) or whole‐cycle micro-

circulatory resistance.9 The backward expansion wave (BEW), an index

derived from wave intensity analysis (WIA), constitutes a surrogate for

increase in microvascular capacitance over early diastole, which is also

largely determined and negatively correlated with capillary density.10–13

As the fundamental pathological mechanisms of age‐induced

CMD remain largely unknown, in this study, we sought to

comprehensively assess the pathophysiology underlying age‐related

microcirculatory dysfunction using WIA, DMVC and invasive indices

of coronary physiology.

2 | METHODS

2.1 | Study population

This study is an analysis of the Iberian‐Dutch‐English (IDEAL) registry,

which is an international, multicenter registry that contains pro-

spective collected data from combined pressure and Doppler flow

velocity measurements from patients with stable angina who were

treated at three participating centers: Amsterdam Medical Center in

the Netherlands, Imperial College in the United Kingdom and Hos-

pital Clínico San Carlos in Spain.14 Patients were included if they had

symptoms of CAD and were eligible to undergo invasive coronary

angiography with physiological interrogation. The methodology for

acquiring physiological data was standardized across all participating

centers. Patients were excluded if they had: (1) recent acute coronary

syndrome (<6 weeks): (2) left ventricle systolic dysfunction; (3) sig-

nificant left main CAD; (4) patent coronary artery bypass grafts; (5)

significant diffuse CAD; (6) contra‐indication for contrast or adeno-

sine administration. Our study focused on patients without epicardial

coronary stenosis on angiography and without conditions that are

associated with both structural and functional derangements of the

microcirculation that might impede a clear outlining of the relation-

ship between age and structural microvascular remodeling such as

left ventricular hypertrophy, aortic stenosis, heart failure and diabe-

tes mellitus.15,16 Additional details regarding the inclusion and ex-

clusion criteria can be found in the supplementary appendix of the

original study and Figure S1.14

2.2 | Coronary angiography intracoronary
physiology

Coronary angiography and pressure‐flow assessments were conducted

according to standard protocols. Following the administration of in-

tracoronary nitrates (100mcg or 200mcg), angiographic views were
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obtained and quantitative coronary angiography was performed using

validated software (CAAS II, Pie Medical Imaging). Physiology mea-

surements were taken after coronary angiography. A ComboWire XT

guidewire (Philips Volcano) that combines pressure and Doppler flow

velocity measurements was advanced into the distal target coronary

artery after pressure equalization at the coronary ostium. Patients

underwent wire‐based recordings of mean aortic pressure (Pa), mean

distal intracoronary pressure (Pd) and Doppler‐flow velocities (resting

and hyperemic flow by average peak velocity in mL/min). Stable

hyperemia was achieved using intravenous adenosine perfusion at

140mcg/Kg/min for a minimum of 2min, or by intracoronary bolus

injection. A pressure drift check was performed and considered

acceptable if final Pd/Pa at the catheter tip was ≤0.02. All electro-

cardiogram, pressure and flow velocity data were extracted from the

device console (ComboMap, Volcano Corporation).

Several physiological indices were derived from the collected

data. CFR was calculated as the ratio of the hyperemic averaged peak

flow velocity (APV) to that during rest in mL/min.17 HMR was cal-

culated as the ratio between hyperemic Pd to hyperemic APV and

expressed as mmHg cm−1 s−1.18 DMVC was defined as the slope

(beta coefficient) of the relationship between hyperemic Pd and AVP

flow in mid to end diastole and was represented by a regression line

(y = a + bx), expressed in cm s−1 mmHg−1.9

Wave Intensity is a measure of energy per area carried by

arterial waves that travel through the cardiovascular system and is

obtained by analyzing the phasic changes in local pressure and flow

velocity.10 A dedicated software described elsewhere was used for

calculations.12 The recordings of pressure and Doppler flow velocity

were filtered using the Savitzky‐Golay method12,19 and analyzed for

30 cardiac cycles. The changes in pressure were separated into

wave components that originated from the proximal vessel or the

coronary microcirculation. The speed of the wave was estimated

using the sum of squares method, assuming a blood density of

1050 Kg m−3.20

We assessed a total of six intracoronary waves, including three

proximal (aortic or forward) waves and three distal (myocardial or

backward) originating waves (Figure 1). The first forward wave oc-

curring during ventricular systole, after the opening of the aortic

valve, was defined as the forward compression wave (FCW). The

slowing of ventricular contraction during end‐systole created the

forward expansion wave, which had a suction effect applied from

the proximal coronary tree. The FCW has an identifiable second

peak that originates when the aortic valve closes and creates a

small, but measurable compressing wave with an accelerating effect

on coronary blood flow. The early backward compression wave

(BCW) is created by ventricular isovolumetric contraction, while a

late BCW is created during early systole as the sum of sustained

compression of the microcirculation and as a reflection of the FCW

from distal reflecting sites in the coronary three. Finally, the BEW,

the most clinically relevant wave, originates at the end of the systole

F IGURE 1 Wave intensity profile in a coronary artery. Upper panel: waves originating from both the proximal (positive values—red) and
distal circulation (negative values—green). Six waves are present but the BEW is the main determinant of coronary flow. Lower panel: wave
intensity can explain the complex pressure‐flow relationship in the coronary artery throughout the cardiac cycle, showing reductions in pressure
in increments in coronary flow during diastole due to the decompression of the microcirculation (From Sen S, Petraco R, Mayet J and Davies J.
Wave intensity analysis in the human coronary circulation in health and disease. Current Cardiol Rev. 2014; 10:17‐23; with permission). [Color
figure can be viewed at wileyonlinelibrary.com]
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and during isovolumetric relaxation and is created by the re‐

expansion of the compressed intra‐myocardial arteries with a sud-

den drop in resistance in the coronary microcirculation. We calcu-

lated the energy (W ×m−2/s2 × 105) from cumulative (area under the

curve) BEW (C‐BEW) and compared them between groups. To

simplify interpretation, BEW values were presented as positive

numbers. We also calculated the BEW energy fraction (BEW‐EF),

defined as the cumulative wave intensity divided by its integral over

the cardiac period, which represents the fraction of the BEW energy

relative to the net wave energy generated throughout the cardiac

cycle.

2.3 | Age and physiology indices relationship

To assess the impact of age on intracoronary physiology indices, we

stratified our patient cohort into three groups based on age tertiles.

We then evaluated correlations between these indices and age.

Additionally, we calculated the C‐BEW and compared it between the

different age groups. Finally, we calculated the prevalence of CMD,

defined by reduced CFR (CFR < 2.5) in the absence of epicardial

lesions, and calculated the prevalence of low BEW and low DMVC (as

determined by values below the 25th percentile) in each group. As a

supplementary analysis, we also studied the relationship between

BEW and structural CMD endotype as defined according to Rahman

et al.,3 by using CFR and HMR groups, with functional CMD defined

as CFR < 2.5 and HMR < 2.5mmHg cm−1 s−1 and structural CMD

defined as CFR < 2.5 and HMR ≥ 2.5 mmHg cm−1 s−1.

2.4 | Statistical analysis

Continuous variables that followed a normal distribution were re-

ported as mean and standard deviation, while categorical variables

were presented as absolute counts an percentages. We calculated

95% confidence intervals (CIs) for means of continuous variables and

percentages of categorical variables were calculated using t‐tests and

Clopper‐Pearson (Exact) approaches, respectively. To adjust for

potential confounders, including interrogated target vessel with LAD

artery lesion, presence of coronary artery disease risk factors and

number of interrogated vessels per patient, we calculated adjusted

correlations between coronary physiology indices and age. For vari-

ables that followed a normal distribution, we used t‐tests, one‐way

analysis of variance test and Tukey's post hoc analysis were used to

compare means. Variable with non‐normal distribution were com-

pared using Mann–Whitney U‐tests. The Chi‐square test was used to

compare prevalences between different groups. We applied linear

regression analysis to predict BEW intensity based on a broad range

of admission parameters. To correct for possible unknown effects

between more than one vessel interrogated per patient, we used

generalized estimation equations (GEEs). All statistical analyzes were

performed using commercially available software (SPSS 28.0, IBM).

Statistical significance was defined as a bilateral p < 0.05.

3 | RESULTS

3.1 | Study population

Table 1 shows the clinical and angiographic characteristics of the

study population. We stratified the total population (99 patients and

165 vessels) into tertiles based on age resulting in the following

groups: 1st tertile: 37–53 years; 2nd tertile: 54–66 years; and 3rd

tertile: 67–77 years. We observed a higher proportion of male gender

and active smoking status in the younger age groups (p = 0.029 and

p = 0.008, respectively), while the prevalence of hypertension was

higher in the older age groups (p = 0.010).

3.2 | Hemodynamic parameters

Table 2 shows that in the interrogated vessel population (n = 165)

there were no significant differences between the groups in terms of

the interrogated coronary artery or the number of interrogated

arteries per patient. We found a positive linear correlation between

C‐BEW and BEW‐EF (r2 = 0.35, 95% CI: 0.11–0.48, p = 0.012).

C‐BEW also correlated positively with DMVC (r2 = 0.21, 95% CI:

0.07–0.37, p = 0.040) and negatively with HMR (r2 = −0.23, 95% CI:

−0.40 to −0.10, p = 0.023). These findings reinforce the intrinsic

direct relationship between capillary density, microcirculatory con-

ductance and resistance.

3.3 | Effect of age on pressure and flow based
functional indices

A significant reduction of hyperaemic flow velocity was noted in

older patients alongside with a trend to increased basal flow velocity

in the same tertiles (p = 0.019 and p = 0.118, respectively—Table 2).

Age correlated negatively with C‐BEW intensity (r2 = −0.13, 95% CI:

−0.27 to −0.05, p = 0.037—Figure 2A), DMVC (r2 = −0.35, 95%

CI: −0.48 to −0.17, p < 0.001—Figure 2B) and CFR (r2 = −0.16, 95%

CI: −0.35 to −0.07, p = 0.033—Figure 2C) and positively with HMR

(r2 = 0.31, 95% CI: 0.19–0.41, p < 0.001—Figure 2D). Furthermore,

older patients had a significant higher prevalence of increased

microvascular dysfunction as defined by HMR ≥ 2.5 (11.8% vs. 24.4%

vs. 39.3% for 1st, 2nd, and 3rd age tertiles, respectively, p = 0.019).

3.4 | Effect of age on BEW intensity

C‐BEW intensity was compared between the age tertiles, and lower

intensity values were observed in the older age groups (p = 0.044).

The same trend was observed regarding BEW‐EF, although statistical

significance in this case was not reached (p = 0.085)—Table 3. After

adjusting for demographic (gender, hypertension, smoking status,

body mass index, dyslipidemia) and angiography (target vessel and

number of interrogated vessels per patient) related factors, we found

4 | FARIA ET AL.
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TABLE 1 General characteristics of the study population (per patient analysis).

Overall
(n = 99)

[37–53] years
(n = 33)

[54–66] years
(n = 29)

[67–77] years
(n = 37) p‐value

Baseline demographics

Age (years) 57.7 ± 8.9 48.2 ± 3.8 56.7 ± 2.3 66.9 ± 5.0 –

Male (%) 60.6 78.8 48.3 54.1 0.029

BMI (Kg/m2) 26.9 ± 3.6 26.3 ± 3.8 28.7 ± 3.9 26.3 ± 3.0 0.064

Medical history

Prior MI (%) 4.0 9.1 3.4 0.0 0.153

Hypertension (%) 43.4 27.3 37.9 62.2 0.010

Dyslipidemia (%) 51.5 51.5 62.1 43.2 0.316

Smoker (%) 36.4 57.6 27.6 24.3 0.008

Current medication

Beta‐blocker (%) 50.5 51.5 51.7 48.6 0.960

Statin (%) 59.6 63.6 65.5 51.4 0.429

ACE inhibitor (%) 12.1 6.1 6.9 12.1 0.081

Calcium chanel
blocker (%)

16.2 12.1 24.1 13.5 0.377

Acetyl salicylic acid (%) 69.7 69.7 65.5 73.0 0.807

Abbreviations: ACE, angiotensin converting enzyme; BMI, body mass index; MI, myocardial infarction.

TABLE 2 Invasive physiological assessment (per vessel analysis).

Population (n = 99,
vessels = 165)

[37–53] years (n = 33,
vessels = 51)

[54–66] years (n = 29,
vessels = 66)

[67–77] years (n = 37,
vessels = 48) p‐value

Interrogated artery

Right coronary (%) 24.8 19.6 24.2 25.0 0.282

Left anterior
descending (%)

40.0 47.1 39.4 39.6 0.574

Left circumflex (%) 35.2 33.3 36.4 35.4 0.947

Vessels per patient 1 [1,2] 1 [1,2] 2 [1,2] 1 [1,2] 0.352

Physiological and angiographic indices

Basal Pd/Pa 0.98 ± 0.03 0.98 ± 0.02 0.98 ± 0.02 0.99 ± 0.03 0.069

Baseline flow
velocity (cm s−1)

17.2 ± 6.15 16.6 ± 4.4 17.0 ± 6.3 18.5 ± 6.6 0.118

Hyperemic flow

velocity (cm s−1)

44.6 ± 15.7 46.7 ± 14.4 45.1 ± 12.4 38.4 ± 11.5 0.019

CFR 2.71 ± 0.79 2.77 ± 0.80 2.70 ± 0.81 2.51 ± 0.73 0.048

HMR 2.21 ± 0.80 1.92 ± 0.49 2.60 ± 0.74 2.73 ± 0.81 0.002

BMR 6.24 ± 2.33 5.62 ± 1.83 6.41 ± 2.65 6.89 ± 1.88 0.040

DMVC

IHSVPS 1.57 ± 0.66 1.90 ± 0.71 1.44 ± 0.56 1.37 + 0.67 <0.001

Abbreviations: BEW, backward expansion wave; BMR, basal microvascular resistance; CFR, coronary flow reserve; FFR, fractional flow reserve; HMR,
hyperemic microvascular resistance; iFR, instantaneous wave‐free ratio; IHDVPS, instantaneous hyperemic diastolic velocity pressure slope; Pa, aortic
pressure; Pd, distal pressure.
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that age was a significant and independent predictor of lower

cumulative BEW intensity (p = 0.030)—Table 4.

3.5 | Age and CMD mechanisms

Figure 3A illustrates the underlying mechanisms of age‐related

CMD. In this population, the prevalence of CMD, as determined by

CFR < 2.5, was found in 52.5% of patients (n = 52). We also found a

higher proportion of patients with reduced CFR in older patients

(48.5% vs. 51.0% vs. 64.7%, for the 1st, 2nd, and 3rd age tertiles,

respectively, p = 0.039) and the proportion of patients with CMD

whose C‐BEW or DMVC values are below the 25th percentile also

increased significantly with age (25.0% vs. 52.0% vs. 72.7%, for the

1st, 2nd, and 3rd age tertiles, respectively, p = 0.010). This sug-

gests that CMD in the elderly is determined predominantly by

structural derangement of the coronary microcirculation in oppo-

sition to younger patients. In contrast, in the absence of CMD

(47.5%, n = 47), no differences were found in the proportion of

patient with low C‐BEW or DMVC values between age groups

(23.5% vs. 29.4% vs. 33.3%, for the 1st, 2nd, and 3rd age tertiles,

respectively, p = 0.961—Figure 3B).

F IGURE 2 Age correlation with microcirculatory physiology indices (per vessel analysis). (A) Age correlation with C‐BEW: (B) age correlation
with DMVC; (C) age correlation with CFR; (D) age correlation with HMR. C‐BEW, cumulative backward expansion wave; CFR, coronary flow
reserve; DMVC, diastolic microvascular conductance; HMR, hyperemic microvascular resistance. [Color figure can be viewed at
wileyonlinelibrary.com]
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3.6 | Age and CMD endotypes

Recently, a dichotomous classification of CMD as having a structural

or functional cause has been proposed by Rahman et al.3 based on

combined measurements of Doppler‐based CFR and whole‐cycle

microcirculatory resistance (HMR). These authors propose, based on

CFR and HMR values, the existence of either functional CMD

(CFR < 2.5 and HMR < 2.5mmHg cm−1 s−1) and structural (CFR < 2.5

and HMR ≥ 2.5 mmHg cm−1 s−1) CMD endotypes. We applied the

same dichotomous classification to our population and found that

patients with structural CMD were older (64.6 ± 7.1 vs. 56.7 ± 8.4 years,

p < 0.001) and that its increased progressively across age tertiles

(3.0% vs. 16.3% vs. 41.2% for the 1st, 2nd and 3rd age tertiles,

respectively, p = 0.002). At a difference, patients with functional

CMD were younger (53.4 ± 8.7 years vs. 59.4 ± 8.2 years, p = 0.049)

and its prevalence decreased across age tertiles (45.5% vs. 34.7%

vs. 23.5% for the 1st, 2nd and 3rd age tertiles, respectively,

p = 0.029)—Figure 4. In addition, we also constructed a GEE binary

logistic model to identify predictors of structural CMD and found an

independent association with older age (p < 0.001), lower C‐BEW

intensity (p < 0.001), lower BEW‐EF (p = 0.009) and lower DMVC

(p = 0.041)—Table 5.

TABLE 3 Wave intensity analysis for each wave component (per vessel analysis).

Population
(n = 99, vessels = 165)

[37–53] years
(n = 33, vessels = 51)

[54–66] years
(n = 29, vessels = 66)

[67–77] years
(n = 37, vessels = 48) p‐value

Wave intensity analysis

Cumulative FCW (×106 Wm−2 s−1) 4.5 [3.1–10.1] 6.7 [3.6–10.5] 4.7 [3.0–7.6] 3.9 [2.3–8.3] 0.995

Cumulative FCW 2nd peak (×106

Wm−2 s−1)

2.3 [1.0–4.9] 1.3 [0.7–4.5] 1.3 [0.8–3.1] 0.7 [0.3–1.8] 0.648

Cumulative FEW (×106 Wm−2 s−1) 2.4 [0.8–5.7] 1.5 [0.5–6.5] 2.1 [0.7–5.9] 2.8 [1.9–5.8] 0.778

Cumulative early BCW (×106 Wm−2 s−1) 0.5 [0.2–2.1] 1.1 [0.2–2.4] 1.6 [0.5–2.7] 0.9 [0.5–3.4] 0.622

Cumulative late BCW (×106 Wm−2 s−1) 2.4 [1.4–5.6] 1.7 [0.9–2.9] 2.3 [1.4–4.6] 2.0 [0.7–4.4] 0.534

Cumulative BEW (×106 Wm−2 s−1) 5.1 [3.4–7.6] 6.3 [2.9–8.4] 4.9 [2.9–6.8] 4.4 [3.4–6.3] 0.044

BEW energy fraction (%) 32.7 ± 6.8 35.9 ± 9.7 31.3 ± 11.2 29.2 ± 9.9 0.085

Abbreviations: BCW, backward compression wave; BEW, backward expansion wave; FCW, forward compression wave; FEW, forward compression wave.

TABLE 4 Generalized estimating equations linear model for BEW intensity and energy fraction prediction.

Cumulative BEW (×105 Wm−2 s−1) BEW energy fraction (%)
B (×106) 95% CI (×106) p‐value B 95% CI p‐value

Intercept 107.1 – – 19.2 – –

Age (years) −0.41 −0.71
to −0.20

0.030 −1.1 −2.8 to 0.1 0.117

Male gender 0.95 −19.5 to 21.4 0.927 2.1 −3.7 to 5.4 0.915

Hypertension 12.9 9.8 to 16.2 <0.001 4.5 −0.7 to 7.4 0.216

Dyslipidaemia 8.2 −5.5 to 7.1 0.800 1.7 −2.2 to 3.9 0.405

Smoker 8.9 −13.5 to 31.4 0.433 3.6 −1.2 to 6.9 0.377

BMI −0.12 −0.81 to 0.6 0.727 0.2 −0.5 to 1.6 0.518

Betablocker 8.8 3.4 to 14.3 0.002 7.4 4.2 to 16.0 0.003

ACE inhibitor 20.6 −10.8 to 51.3 0.187 5.3 −5.5 to 12.9 0.399

Calcium chanel blocker −6.7 −23.7 to 10.4 0.443 9.7 −10.1
to 21.7

0.894

Statin 6.9 −10.1 to 24.6 0.445 1.2 −7.1 to 5.6 0.603

Left coronary artery 11.9 5.1 to 18.7 <0.001 6.7 1.9 to 11.3 <0.001

Abbreviations: ACE, angiotensin conversion enzyme; BMI, body mass index.
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4 | DISCUSSION

In our study we hypothesized that structural remodeling is the main

pathophysiological mechanism for the development of age‐related

CMD. To test our hypothesis, we used WIA and DMVC as diagnostic

tools in a cohort of non‐diabetic patients with chronic coronary

syndromes without angiographic epicardial lesions. We examined

age‐related changes in C‐BEW intensity and DMVC, their influence

on invasive indices of coronary physiology and in the prevalence of

structural CMD.

F IGURE 3 Relationship between low BEW and low DMVC in age‐related CMD (per vessel analysis). (A) The prevalence of CMD as
determined by CFR < 2.5 increases with age. However, unlike younger patients, CMD in the elderly is associated with higher prevalence of
structural remodeling, as showed by higher proportion of patients with BEW and DMVC values below the 25th percentile. (B) In patients with
normal CFR, the proportion of patients with BEW and DMVC values below the 25th percentile does not vary significantly. C‐BEW, cumulative
backward expansion wave; CMD, coronary microcirculatory dysfunction; DMVC, diastolic microvascular conductance. [Color figure can be
viewed at wileyonlinelibrary.com]
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While there is growing awareness that myocardial ischemia in

chronic coronary syndromes may result from obstructive and

non‐obstructive causes,21,22 there is limited evidence on the

effect of age on microcirculatory function, a knowledge gap that

requires urgent attention due to the growing number of elderly

people worldwide. Our findings support that older age is inde-

pendently associated with significant reductions in C‐BEW

intensity and DMVC, supporting the existence of age‐induced

structural remodeling of the coronary microcirculation (Central

Illustration 1).

The pathophysiology of CMD is complex and multifactorial,

involving both functional and structural mechanisms.4 The BEW (also

known as backward decompression or “suction” wave), caused by the

rapid re‐expansion of the capillary bed during early‐diastole after

being compressed during systole, is the largest contributor to

coronary blood flow.9 Structural changes of the microcirculation,

such as perivascular fibrosis, arteriolar thickening and capillary rare-

faction can decrease BEW intensity, as previously shown in patients

with hypertrophic cardiomyopathy, aortic stenosis, myocardial

infarction, heart failure and cardiac allograft patients.11,23–25 Our

study demonstrates that ageing is also independently associated with

this structural remodeling phenomena.

Previous research by our group has demonstrated that ageing is

associated with a decrease in the microcirculatory vasodilatory

response to adenosine administration. This leads to an increase in

functional stenosis classification discrepancies between hyperaemic

and non‐hyperaemic indices, as reflected by an age‐dependent

increase in Fractional Flow Reserve (FFR) values.1,26 Other re-

searchers have also described the impact of other age‐related mod-

ifications in the coronary microcirculation, which can further explain

F IGURE 4 Prevalence and type of CMD across the age tertiles as classified by Rahman et al.3 (per patient analysis). Functional CMD is more
prevalent in younger patients and decreases along the age spectrum, while structural CMD has the opposite distribution. CMD, coronary
microcirculatory dysfunction. [Color figure can be viewed at wileyonlinelibrary.com]

TABLE 5 Generalized estimating equations binary logistic regression model for CMD endotype prediction according to Rahman et al.3

CMD endotype
Functional (CFR < 2.5 + HMR < 2.5) Structural (CFR < 2.5 + HMR ≥ 2.5)
OR 95% CI p‐value OR 95% CI p‐value

Older Age (3rd strata) 0.98 0.84–1.03 0.875 1.77 1.33–2.20 <0.001

Male sex 0.44 0.12–1.73 0.245 2.13 0.52–2.86 0.070

Hypertension 0.54 0.12–2.41 0.425 1.07 1.02–1.24 0.002

Dyslipidaemia 1.12 0.32–3.87 0.863 0.91 0.74–1.24 0.158

BMI (Kgm−2) 0.96 0.81–1.15 0.664 0.89 0.55–1.45 0.128

Smoking 3.98 1.24–15.9 0.046 1.15 0.05–26.5 0.721

MVC (cm s−1 mmHg−1) 3.04 0.87–10.9 0.080 0.77 0.23–2.52 0.041

Cumulative BEW (Wm−2 s−1) 1.01 0.97–1.04 0.783 0.95 0.91–0.98 <0.001

BEW energy fraction (%) 0.99 0.95–1.03 0.901 0.81 0.77–0.92 0.009

Abbreviations: BEW, backward expansion wave; BMI, body mass index; CI, confidence interval; MVC, microcirculatory conductance; OR, odds ratio.
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our findings27–29 Nevertheless, our current study provides invasive

physiology data that adds knowledge to the understanding of the

pathophysiology of age‐induced reduction hyperaemic blood flow,

particularly in patients older than 60 years.30

Our study also revealed that the prevalence of structural CMD, as

defined by CFR/HMR groups, increases with age, while the prevalence

of functional CMD is higher in younger patients. This finding adds evi-

dence to support the concept that functional CMD could represent an

early stage of the disease, as characterized by endothelial dysfunction,

microvascular spasm, and transient microcirculatory impairment. With

sustained chronic inflammation, microvascular injury and maladaptation,

it can evolve to a structural CMD endotype, hallmarked by perivascular

fibrosis, capillary rarefaction and irreversible tissue damage, and raising

awareness for the importance of early detection and management to

prevent disease progression.31 This hypothesis is further supported by a

recent published study by Jansen et al. showing the existence of an age‐

dependent physiological increase in minimal microvascular resistance

and microvascular function represented by decreased maximal coronary

blood flow microvascular resistance reserve that was present in patients

both with and without CMD.32

CENTRAL ILLUSTRATION 1 Age‐related microvascular remodeling and its impact on microvascular expansion and conductance. Upper
panel: From left to right—Schematic representation of progressive microvascular structural remodeling and rarefaction associated with age.
Middle panel: Boxplot graphic for cumulative BEW for each age strata (p‐value obtained from linear regression GEE). Lower panel: Boxplot
graphic for MVC for each age strata. C‐BEW, cumulative backward expansion wave, DMVC, diastolic microvascular conductance, GEE,
generalized estimation equation. [Color figure can be viewed at wileyonlinelibrary.com]
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Finally, our study also suggests that age‐related reductions in

BEW intensity and DMVC could be used as surrogates to predict the

development of structural CMD in ageing populations.

5 | STRENGTHS AND LIMITATIONS OF
THE STUDY

We believe that our study has several methodological strengths,

including (1) the use of combined intracoronary Doppler and pres-

sure, a powerful combo that allows analysis of specific segments of

the cardiac cycle such as DMVC and WIA; (2) using as a standard of

reference physiology indices that have been validated against histo-

logical changes in microcirculatory structure in endomyocardial

biopsies; (3) restricting the analyzes to patients without epicardial

stenosis which might modulate the status of the subtended micro-

circulation33; and (4) excluding patients with diabetes mellitus due to

its effect on microvascular structure.34 As limitations we must high-

light that this is a subgroup analysis of the IDEAL registry,13 and that

therefore, we cannot rule out the effect of selection bias and con-

founding variables. Of note, patients in the IDEAL registry did not

undergo coronary acetylcholine testing, and therefore, the status of

endothelium‐dependent pathway remains unknown. Furthermore,

there are limitations of using BEW and DMVC. Quality of flow

velocity tracings is crucial for calculating conductance and WIA.

However, perfect Doppler signals are difficult to obtain as previous

studies have shown that approximately 25% of measurements are

not possible due to suboptimal flow tracings.35 On the other hand,

BEW can be reduced in other conditions that compromise diastolic

myocardial perfusion such as left ventricle hypertrophy, aortic ste-

nosis, heart failure and diabetes mellitus.12 To account for this, we

purposefully excluded these patients from our analysis.

6 | CONCLUSIONS

Ageing is associated with structural remodeling of the coronary

microcirculation manifested by reductions in BEW intensity and

DMVC that are associated with higher prevalence of structural

CMD. These findings contribute to explain the lower hyperemic

flow found in older populations and the observed age‐related dif-

ferences between hyperaemic and non‐hyperaemic indices of

functional stenosis classification.

7 | IMPACT ON DAILY PRACTICE

Ageing is independently associated with structural remodeling of the

coronary microcirculation. This phenomena is reflected by decreased

hyperemic flow response to pharmacological hyperemia and can

explain the observed age‐related differences between hyperemic and

non‐hyperemic indices of functional stenosis classification.
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