
is poorly understood. In atherosclerosis, there is increasing
evidence suggesting that coronary-resistive vessel dilatation
may be impaired early before the development of signifi
cant epicardial coronary disease (8,9), probably due to
endothelial cell dysfunction (10). Given the increase in
systolic blood pressure with the time associated with reduc
tion in complianceof large systemicarteries(11), and
possible changes vascular endothelium integrity (12), it is
possible that coronary-resistive vessel function declines
alongwiththegeneralage-relateddeclineincardiovascular
performance. The age of onset and the time course of this
potential change are not clearly defined, which has impor
tant implications in subjectselection for studieson coro
naly flow and myocardial perfusion.

The aim of this study was to use dynamic PET to measure
myocardial blood flow in normal male and female subjects
of different ages to document any changes in coronary
resistive vessel function occurring as a function of aging.

METhODS

Subjects
Fifty-sixnormal subjects (21 women, 35 men; mean age 50 Â±20

yr, range 21â€”86yr) were studied.All subjectswere at lowriskfor
coronary artery disease (CAD) at the initial screening. None of the
subjects had a clinical history of CAD and all had a normal
physical examination. All subjects were nonsmokers with no evi
dence of valvularor primary myocardialdisease, no history of
diabetes, systemic hypertension or a family history of coronary
disease. Subjects were enrolled either by contact as relatives of
patients or, in the case of subjects over 60 yr, from a ballroom
dancingclass.None were on any cardiovascularmedication.All
subjects had a normal resting electrocardiogram, a negative tread
mill exercise test for ischemia at high workload and underwent
PETscanning.

The PET imagingprotocol was approved by the Research
EthicsCommitteeof HammersmithHospital,Londonand the
Hospital Ethics Committeeof the CliniquesUniversitairesSaint
Luc,Brussels.All subjectsgavewritten informedconsent.

S@dy P@c@
PET. Imaging was performed at two centers: University of

Louvain, Brussels, Belgium (10 subjects) using an ECAT 911/01
single-slice tomograph (CT! Inc., Knoxville, TN), which has been
previouslydescribed(13) and MRC Cyclotron Unit, Hammer
smith Hospital, London, UK (46 subjects) using an ECAT 931-
08/12 15 slice tomograph (CT!) giving a 10.5-cmaxial field of view
(14).Inbothscanners,emissionscanswerereconstructedwitha
Hanningfilterwitha cutofffrequencyof half maximum,resulting

Myocardial perfusion reserve (hyperemic Ã· basal myocard@
blood flow) describes vasodilator responsiveness of coronary
resistivevessels.The effect of aging and gender on myocardial
perfusion reserveremainscontroversial.Methods We studied
56 normal volunteers (21 women, 35 men; aged 50 Â±20 yr,
range 21-86 yr) with 150-water PEF to measure myocardial
blood flow during basal and hyperemicstates with intravenous
dipyridamole(0.56 mgikg, n = 46) or adenosine(140
n = 10). Forcomparativeanalysis,patientswere groupedac
cording to age: <30 yr (n = 11),30â€”49yr (n = 18),50â€”69yr
(n = 15)and 70 yr (n = 12).Results Overall,basalflowwas
1.00 Â±0.26 mVmin/gand hyperemicflow was 3.31 Â±1.38
mVmiri/g, resulting in a myocardial perfusion reserve of 3.38 Â±
1.35.Therewasan increasein basalflowwithage (r = 0.45, p
< 0.025),althoughhyperemicflowwas only lowerin pafients

70 yr, causinga signfficantreductionin myocardialperfusion
reserve:3.54 Â±0.96 in <30 yr, 4.23 Â±1.35 in 30â€”49yr, 3.51 Â±
1.21in5Oâ€”69yrand1.94Â±0.46in @70yr(p<0.O5versusall
groups <70 yr). Conclusion: MyOCardiaIblood flow during
basal and hyperemia conditions are roughly comparable up to
60 yr of age. Above this age, there is significant increase in basal
flow associated with an increase in systolic blood pressure.
Above 70 yr, there is a significant reduc@on in hyperemic flow,
and thus myocardialperfusionreserveindependentof hemody
namic response to vasodilator stress.

Key Words myocardial perfusion reserve;dipyridam@e;oxy
gen-15-water posftron emission tomography

J Nuci Med 1995;362032â€”2036

deally, coronaryvasodilatorreserve,defined asthe ratio
of maximal to basal coronary blood flow, for a given per
fusion pressure (1) may be used as an objective measure
ment of vasodilatory capacity of coronary circulation (2,3).
Thus, it has been used extensively to document functional
severity of epicardial coronary stenoses (4â€”7).Given that
coronary blood flow is determined predominantly by vaso
dilatationin coronary-resistivevessels in the absenceof
flow-limiting epicardial disease coronary vasodilator re
serve is also a measure of resistive-vessel function (1â€”6).

The effect of aging on coronary-resistive vessel function
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BaselineHyperemiaSystofic

bloodRate-PressureSystolk@bloodRate-PressureAge
band nHeart ratepressureproductHeartratepressureproduct20-29

1066Â±12120Â±67990Â±163095Â±18120Â±11411,200Â±192030-39
962Â±8111Â±106870Â±98089Â±10115Â±1310,250Â±158040-49
1060Â±11123Â±277310Â±122086Â±15131Â±2111,360Â±348050-59

868Â±6128Â±208629Â±176388Â±3131Â±2311,760Â±244060-69
764 Â±8144 Â±l3@@974@ Â±l34O@@88 Â±9150 Â±lO'@13,260 Â±1820t70-79
764 Â±6140 Â±l8@@9070 Â±l9SO@79 Â±9@148 Â±l8@@1 1,730Â±221080-89
558 Â±4139 Â±29@8150 Â±212070 Â±lO@@145 Â±20@@10,180 Â±2460MeanÂ±s.d.64Â±9129Â±218180Â±172587Â±14133Â±2111,500Â±2495*p

< 0.05vs.20â€”29yr.tp
< 0.05 vs. 30â€”39yr.*p
< 0.05vs.40â€”49yr.0.05

vs.50-59 yr.

TABLEI
Hemodynamic Parametersat Baselineand Hyperemia

in a transaxialresolutionof 8 mmFWHMfor the emissiondata at
the center of the field of view (13,14).

Regional myocardialblood flow (millilitersper minute per
gram) was measured on transaxial images using 150-water as a
flowtracer givenas an intravenousinfusion(Universityof Lou
vain) or the â€˜50-carbondioxide inhalation technique (MRC Cy
clotron Unit). Both techniquesgive comparableresults (15,16)
and have been validated in the respective centers (15,17). Mea
surements were made at rest and 2 mm after the end of intrave
nous administration of dipyridamole (0.56 mg/kg over 4 mm in 46
subjects) to cover the peak vasodilator effect or during intravenous
adenosine infusion (140 @g/k@minin 10 subjects) according to
standardpractice(15â€”17).In both centers,heart rate and systemic
blood pressuremeasurementswereobtainedeveryminute during
the infusion and acquisition protocol. Patient characteristics were
similar at both study sites, with no significant differences identified
in the hemodynamic response to either vasodilator in the subjects
studied. Data analysis was performed as previously reported
(15,17). Myocardial perfusion reserve was defined as hyperemic
myocardial blood flow divided by basal myocardial blood flow.

Because basal myocardial blood flow is closely related to the
rate-pressure product (18), an index of myocardial oxygen con
sumption, basal flow data were also corrected in each patient for
the respective rate-pressure product by the following equation:

rate-pressure product â€”corrected basal flow

= basal flow . [mean of group rate-pressure product]

individual rate-pressure product.

This correction assumes that there is homogenous myocardial
perfusion in the subjects.

In additiontostudyingtheeffectof ageonbasalandhyperemic
myocardial blood flow, a direct comparison was also made be
tween men and women within a 40â€”70yr age range to study any
relationship between gender and blood flow.

Statistical Malysis
All data are expressed as mean Â±s.d. Two-tailed paired and

unpaired Student's t-tests were used to compare mean group
values.Simultaneouscomparisonof more than two meanvalues
was performed using one-way analysis of variance, and Fisher's

least significant difference method was subsequentlyapplied to
localize the source of the difference (19). Regression analysis was
performed according to standard techniques on the myocardial
blood flow data to achieve the best fit. A p value <0.05 was
considered statistically significant.

RESULTS

Hemodynamic Variables during PET
Overall, there was an increase in heart rate from baseline

to hyperemia, 64 Â±9 to 87 Â±14 bpm (p < 0.001) but no
significant change in systolic blood pressure from baseline
to hyperemia,129Â±21to 133Â±21mmHg,in thesubjects
studied. The rate-pressure product, however, increased
from 8180 Â±1725mmHg/min at baselineto 11,500 Â±2495
mmHg/min at hyperemia (p < 0.001), a mean increase of
41.9% Â±28.8% (Table 1). Diastolic blood pressure and
mean arterial pressure were not significantly different at
baseline and hyperemia. A weak relationship was demon
strated between the basal rate-pressure product and in
creasing age, which was due to an increase in systolic blood
pressure at rest with increasing age (Fig. 1). A direct rela
tionship was also seen between the rate-pressure product
and basal myocardialblood flow (Fig. 1).

A comparisonwas made between male and female study
subjects aged 40 to 70 yr. The mean age in the 13 men was
52 Â±9 yr (range41â€”70yr) and57 Â±8 yr (range47â€”70yr,
p = ns) in the 14women. At baseline,the heart rate was63
Â±8 and 65 Â±9 bpm, systolic pressure was 130 Â±17 and 138
Â±26 mmHg and the rate-pressure product was 8204 Â±
1566 and 8867 Â±1676 mmHg/min (all p = ns). At hypere
mia, the heart rate was 83 Â±12 and 90 Â±11 bpm, systolic
pressure was 138 Â±19 and 142 Â±22 mmHg and the
rate-pressure product was 11,677 Â±3037 and 12,784 Â±2491
mmHg/min (all p = ns).

Myocarcfial Blood Flow by Age
Myocardial blood flow and myocardial perfusion reserve

according to age bands are shown in Table 2. Basal flowwas
higher with increasing age, which occurred because of the
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S S

CorrectedAge

band MBF@Corrected MBF@MBF@@Myocardial
perfusion
reservemyocardial

perfusion
reserve20-29

0.86 Â±0.130.91 Â±0.192.95 Â±1.043.41 Â±0.923.42 Â±1.4430-39
0.88 Â±0.101.07 Â±0.183.66 Â±0.894.20 Â±0.803.51 Â±0.9540-49
1.03 Â±0.271 .19Â±0.393.72 Â±1.403.88 Â±1.873.58 Â±1.9650-59
1.05Â±0.230.95 Â±0.244.12 Â±1.363.96 Â±1.094.63 Â±1.7460-69
1.24 Â±O.28'@@c@g Â±0.163.83 Â±1.843.07 Â±l.l5@3.42 Â±1.3270-79
1.15Â±O.27@t1.07 Â±0.302.16 Â±0.84@1.84 Â±0A0@2.02 Â±0.53@80-89
1.00 Â±0.421 .02Â±0.421 .97Â±0.64@2.09 Â±0.54@2.02 Â±0.48@*p

< 0.05vs.20-29 yr.
tp < 0.05vs.30-39 yr.
@p< 0.05vs.40-49 yr.

Â§p< 0.05vs.50-59 yr.
lip < 0.05 vs. 60-69 yr.

5?
SS

2). Thus,myocardialperfusionreservewaspreservedin
patients up to the age of 70 years but reduced progressively
in older subjects (Fig. 2), irrespective of the basal flow
correctionsby the rate-pressureproduct (Table 2).

Myocardlal Blood Flow by Gender
A significantdifferencewas noted in basal myocardial

blood flow (0.98 Â±0.28 and 1.19 Â±0.21 ml/min/g, p =
0.039) in men and women, respectively. This apparent dif
ference was no longer significant after basal flow correction
for the rate-pressure product (0.99 Â±0.25 and 1.14 Â±0.34
ml/min/g,p = ns) in men and women,respectively.Fur
thermore, no differenceswere found between hyperemic
flow (3.73 Â±1.47 and 3.69 Â±1.66 ml/min/g), myocardial
perfusion reserve (3.88 Â±1.54 and 3.18 Â±1.48) or cor
rected myocardial perfusion reserve (3.88 Â±1.59 and 3.55
Â±1.98) in men and women. These findings are consistent
with those in previous studies (18).

DISCUSSION

In this study, systemic hemodynamic response at hypere
mia was demonstrated mainly as an increase in heart rate,
with a lesser heart rate response in older subjects. Myocar
dial blood flow at baseline, when corrected for workload, at
hyperemia and, thus, myocardial perfusion reserve, were
not significantly different in patients under age 70 yr.
Above age 70, after correctingfor rate-pressureproducts,
there was no change in myocardial blood flow at baseline
compared to younger subjects. In subjects older than 70 yr,
however, there was still progressive reduction in hyperemic
flow response, independent of hemodynamicresponse to
vasodilatation. Thus, the myocardial perfusion reserve re
mained unchanged up to this age threshold and was subse
quently reduced, independent of the increased systolic
pressure at rest in older subjects.

Senneff et al. used â€˜50-waterPET and demonstrated
similar basal myocardial blood flows in two groups of sub
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FiGUREI. Scatterpk@tshowstherela@onshipbetween(top)age
and basal rate-pressure product @y= 6756 + 28.4x; r = 0.32, p =
0.016)and (bottom)basalmyocardialbkod flow and rate-pressure
product(y = 5260 + 2881x;r = 0.44,p < 0.001).

increase in systolic blood pressure and, thus, the rate-pres
sure product. This increase was abolished when basal flow
was corrected for the rate-pressure product. A reduced
hyperemic response was seen in subjects over age 70 yr (Fig.

TABLE 2
Myocardial Bk,od Row and Myocardial PerfualonReserve
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studies may be because we studied a larger number of
subjects older than 70 yr (12 of 56 compared to 5 of 40),
which allows greater discrimination of the extreme effects
of age on hyperemic flow.

Although no gender difference was seen in hyperemic
flowwhenage-matchedmen and womenare compared,the
women had a higher basal myocardial blood flow than the
men, although this was no longer present after rate-pres
sure product correction. In our study, the majority of
women were postmenopausal and we cannot address
whether different hormonal states affect myocardial blood
flowin normal controls.

Experimental studies show that there is a reduction in
coronary flow per unit mass in different rat models of
senescencebut that, in the absence of macroscopicstruc
tural alterations in all sizes of coronary vessels, a change
in vascular reactivity is the likely cause (21 ). In elderly
subjects with risk factors for CAD, impaired vasomotor
response to intracoronary administration of the endotheli
um-dependent vasodilator, acetylcholine, has been demon
strated in epicardial coronary arteries (23). Excluding such
risk factors in patients with atypical chest pain, an age
relateddecreasein absolutecoronaryvasodilatorreserve
and dose response to acetyicholine still exist but with little
reduction in flow reserve to endothelium-independent va
sodilatation with papaverine. This suggests an intact vascu
lar smooth muscle cell response (24). The fact that an
attentuated response to dipyridamole occurs in patients
over age 70 may be due to an inability of larger resistive
vessels to respond to increased flow in the smaller arte
rioles,althoughthisis onlyindirectresultof@ impaired
endothelial response to increased shear stress.

The effect of aging on the cardiovascular system is sim
ilar to that which occurs with hypertension. There is a
tendency to develop cardiac hypertrophy, a reduction in left
ventricular early diastolic filling rate, a reduction in arterial
compliance and a diminished response to catecholamines
(25). Irrespective of cardiac hypertrophy, there is also a
reduction in basal and acetylcholine-induced release of
endothelium-derived relaxing factors in resistive vessels in
hypertension (26). Similarly, endothelial cells do become
increasingly dysfunctional with age and, although there is
frequent turnover in the vascular endothelium, the func
tional integrity of these cells is progressively weakened with
increasing years (12,24).

Another explanation for the reduced vasodilator re
sponse may occur independent of the vascular endothe
hum. Dipyridamole is an adenosine deaminase inhibitor
and by blocking local uptake of adenosine (27) potentiates
the direct activity of adenosine on the P1-purinergic recep
tor in vascular smooth muscle which is coupled to the
adenylate cyclase enzyme. Given that systemic effects in
dude a fall in arterial blood pressure and an increase in
heart rate, the lesser increase in heart rate in the older
subjects in this study may reflect an age-related decrease in
response to the baroreceptor reflex (28).

There is also evidence of deficient neuroendocrine reg
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FIGURE 2@ Scatterplotshowstherelationshipbetween(top)age
and myocardialblood flow at baseline(y = 0.33 + 0.025x â€”
0.00019x2;r = 0.45,p = 0.025)andhyperemia(y= 0.22+ 0.16xâ€”
0.002x@;r = 0.49, p < 0.001)and (bottom)age and myocardial
perfusionreserve(y= 2.41+ 0.08xâ€”0.001x@;r = 0.55,p < 0.001).

jects aged 25 and 55 yr), but a reduced flow response to
dipyridamole in the older subjects, which they ascribed to
reduced responsiveness to dipyridamole in the systemic and
coronary vasculature (20). The latter finding agrees with
our report finding, although no significant difference in
hyperemic flow was seen between these two particular
mean age groups. This may be because Seneff et a!. found
that a much lower mean heart rate response to dipyridam
ole was achieved in the older subjects. In addition, 4 of 11
older subjects had flow reserves @1.6,suggesting significant
flow impairment (20).

In another study Czernin et al. used â€˜3N-ammoniaand
demonstrated increased basal flow with age that was di
rectly related to higher systolic blood pressure (and thus
rate-pressure product) in older subjects (mean age 25 and
55 yr) (18). Their finding is consistent with ours. In contrast
to our study, however, no significant difference in hypere
mic flow was seen in older subjects, implying that progres
sive reduction of coronary reserve was due predominately
to the increase in basal flow alone. The reason for the
differences in age-related hyperemic flow between the two

2035Myocardial Perfusion Reserve and Age â€¢Uren at al.



ulation of the cardiovascular system with advancing age
(29). With beta-adrenergic receptor stimulation, older sub
jects have reduced heart rate response (30), lesser increase
in left ventricular ejection fraction (independent of training
(31))andreducedrelaxationofsystemicvascularresistance
compared to younger subjects (32). This appears to occur
through multiple changes in molecular and biochemical
beta-adrenergic receptor coupling (resulting in decreased
affinity for agonists) and through postreceptor mechanisms
such as altered activity of G-proteins and the adenylate
cyclase catalytic unit (29). Adenosine may modulate the
effect of beta-adrenergic receptor stimulation on cardiac
contraction by reducing the receptor-mediated increase in
intracellular cAMP, cAMP-dependent protein kinase and
contractility (33). Given that in experimental models, there
is greater local release of adenosine in the coronary micro
circulation of older animals (34), it is possible that exoge
nous adenosine delivery has a lesser effect on vascular
smooth muscle due to a process of desensitization. This is
manifested in reduced myocardial perfusion reserve with
extreme age.

CONCLUSION

Coronary-resistive vessel function and myocardial perfu
sion, as reflected in myocardial blood flow response to
vasodilatation, is preserved to the end of the seventh de
cade. Thereafter, progressive reduction in vasodilatation
occurs. These data have important implications for the
selection of control subjects in coronary flow and myocar
dial perfusion studies.
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