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Abstract. Purpose: We investigated whether a myocardial
perfusion gradient during pharmacologically induced
hyperemia also occurred during sympathetic stimulation
with cold pressor testing (CPT), which commonly induces
a paradoxical coronary vasoconstriction in individuals
with coronary risk factors.
Methods: Myocardial blood flow (MBF) was measured in
absolute units (ml/g/min) with 13N-ammonia and PET at
rest, during CPT, and during pharmacologic vasodilation
in 59 participants with coronary risk factors (“at risk”) and
in 43 healthy individuals (controls). MBF was assessed
globally as mean MBF, and in the mid and mid-distal
myocardium of the left ventricle (LV). A decrease in MBF
from mid to mid-distal LV myocardium was defined as
MBF difference indicative of a perfusion gradient.
Results: The change in mean MBF to CPT (ΔMBF) in the
at-risk group was significantly reduced compared with
controls (0.05±0.19 vs 0.31±0.20 ml/g/min, p<0.0001),
whereas mean MBF during pharmacologic vasodilation in
the at-risk group tended to be lower than in controls (1.72±
0.71 vs 2.00±0.64 ml/g/min, p=NS). Absolute MBFs
during CPT and pharmacologic vasodilation were sig-
nificantly lower in the mid-distal than in the mid LV
myocardium, resulting in a significant MBF difference in
the at-risk group (0.15±0.06 and 0.27±0.12 ml/g/min,
p<0.0001) that was not observed in controls (0.007±0.05
and 0.014±0.10 ml/g/min, p=NS). In the at-risk group
there was a significant correlation between the difference
of mid to mid-distal MBF during CPT and that during

pharmacologic vasodilation (r=0.43, p<0.004), suggesting
functional alterations of epicardial vessels as the pre-
dominant cause for the observed MBF difference.
Conclusion: The relative decrease in MBF from the mid to
the mid-distal left-ventricular myocardium suggests an
intracoronary pressure decline during CPT and pharmaco-
logic vasodilation, which is likely to reflect an impairment
of flow-mediated epicardial vasomotor function.
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Introduction

A longitudinal, base-to-apex myocardial perfusion gradient
has previously been observed during pharmacologically
stimulated hyperemia in patients with coronary artery
disease (CAD) or with coronary risk factors [1–3]. This
perfusion gradient has been attributed to fluid dynamic
consequences of CAD-induced diffuse luminal narrowing
or to functional alterations of the epicardial coronary
conduit vessels [1, 2, 4]. Resistance to flow, as defined by
the Hagen-Poiseuille equation for a simple rigid tube, is
predominantly related to the velocity of flow and, import-
antly, inversely to the fourth power of the vessel diameter.
In the normal coronary circulation, increases in flow
velocity are associated with a flow-related and, thus,
endothelium- and nitric oxide-mediated dilation of the
epicardial conduit vessel which compensates for the
velocity-induced increase in resistance, so that the resis-
tance remains low [5, 6]. If, however, due to diffuse
luminal narrowing or to an impairment of the flow-related
dilation, the conduit vessel fails to dilate [6, 7], then as
intracoronary pressure measurements have demonstrated,
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resistance to higher flows increases and a progressive
proximal-to-distal decline in the intracoronary pressure
occurs [4] that is associated with a gradual, base-to-apex
decrease in myocardial perfusion [1, 2, 4].

Alternatively, such a perfusion gradient might also occur
even if the flow velocity remains constant but the diameter
of the conduit vessel decreases. In the presence of
dysfunctional endothelium, a sympathetically induced
functional decrease in epicardial conduit artery diameter
may not be overcome by an adequate flow-mediated and,
thus, endothelium-dependent vasodilation. Such a “para-
doxical” coronary vasoconstriction may occur during
mental stress or, as demonstrated by quantitative coronary
angiography, during sympathetic stimulation with cold
pressor testing (CPT) [7–12]. In this regard, PET-measured
myocardial blood flow (MBF) combined with CPT may
provide more selective information on coronary endothe-
lium-dependent vasomotor function [7, 13–15]. The para-
doxical vasoconstriction during CPTas observed in patients
with diffuse CAD may also occur, as earlier investigations
suggest, in individuals without clinically manifest CAD but
with coronary risk factors [12–14, 16, 17].

Thus, by means of 13N-ammonia PET measurement of
MBF, we aimed to explore whether a previously described
myocardial perfusion gradient during hyperemic flow
increases ascribed to epicardial wall stiffness also occurs
during sympathetic stimulation with CPT, which com-
monly induces a paradoxical, functional decrease in
coronary artery diameter in individuals with risk factors
for CAD.

Materials and methods

Patient population

The study population consisted of 102 asymptomatic participants (44
men, 58 women; age 44±10 years) (Table 1). They were grouped
according to the presence or absence of coronary risk factors. Fifty-
nine participants (27 men, 32 women; age 45±11 years) with
coronary risk factors were assigned to the “at-risk” group, while 43
age-matched healthy individuals without coronary risk factors (17
men, 26 women; age 43±13 years) were assigned to a normal control
group. A prerequisite for study inclusion was the absence of
perfusion defects on semiquantitative evaluation of PET images
during pharmacologically induced hyperemia that argued against the
presence of hemodynamically significant obstructive CAD. Further
exclusion criteria were evidence of left ventricular hypertrophy on
the electrocardiogram and use of cholesterol-lowering statin medi-
cation. Vasoactive medications, including calcium channel blockers,
β-blockers, and diuretics, were discontinued at least 24 h before
MBF assessment by means of PET. Angiotensin-converting enzyme
(ACE) inhibitors were discontinued 3 days before the study session.
In the at-risk group, 12 individuals had hypercholesterolemia [total
cholesterol ≥240 mg/dl; low-density lipoprotein (LDL) cholesterol
≥160 mg/dl], 19 were long-term smokers (>10 pack-years), 14 had
newly diagnosed type 2 diabetes (fasting plasma glucose ≥126 mg/
dl), seven had insulin resistance by the homeostasis model approx-
imation (homeostasis model insulin resistance) [15] and seven had
hypertension (blood pressure of ≥140/90 mmHg; average of three
measurements over 1 month). Thirty-six individuals had one

coronary risk factor, 21 patients had two, and two patients had
three coronary risk factors.

The normal controls had a <5% probability of CAD, because
cardiovascular symptoms like angina pectoris or dyspnea were
absent, and the physical examination and the rest ECG were normal
[18]. All women in the normal control group had regular menses and
were not on birth control. They were studied at mid-cycle of the
menstrual period. In the at-risk group, seven women were premeno-
pausal; three were long-term smokers, one had hypercholesterolemia,
one had diabetes and one had insulin resistance. The remaining 25
women were postmenopausal (cessation of menses ≥1 year) and were
not on hormone replacement therapy. All study participants refrained
from caffeine-containing beverages for ≥24 h and from smoking for
≥4 h prior to study, and all were in a fasting state. Each study
participant signed the informed consent form as approved by the
UCLA Medical Institutional Review Board. MBF analysis of 44 of
these study participants was reported in previous studies employing
pharmacologic vasodilation with dipyridamole [19, 20]. Thus, the
latter dipyridamole MBF studies were re-analysed retrospectively,
while in the remaining participants adenosine-induced MBF
increases were evaluated prospectively.

Measurement of MBF with PET

A whole-body PET scanner (ECAT EXACT HR +, Siemens/CTI
model 931/08-12) with an effective isotropic resolution of 10mm full-
width at half-maximum and a 15.5-cm axial field of view was used
[21]. First, transmission images were recorded for 20 minutes.
Beginning with each intravenous 13N-ammonia injection [555–
740 MBq (15–20 mCi)], transaxial image sets were acquired serially
(12 frames of 10 s each, two frames of 30 s each, one frame of 60 s and
one frame of 900 s). Measurements were performed first at baseline,
then during CPT and finally, during pharmacologically induced

Table 1. Characteristics and PET results of the study population

Control group At-risk group

No. 43 59
Age (yrs) 43±13 45±11
Female/male 26/17 32/27
Hypertension 0 7
Hypercholesterolemia 0 12
Smoking 0 19
Diabetes 0 14
Insulin resistance 0 7
Medication
ACE inhibitors 0 2
β-Blocker 0 3
Calcium channel blocker 0 1
Diuretics 0 4
Lipid status
Serum cholesterol levels (mg/dl) 167±34 192±39*
Serum LDL level (mg/dl) 107±68 111±27
Serum HDL level (mg/dl) 46±13 40±13
Triglyceride level (mg/dl) 104±67 219±168*
Glucose level (mg/dl) 87±17 125±77*
BMI (kg/m2 ) 27±4 31±7*

ACE angiotensin-converting enzyme, LDL low-density lipoprotein,
HDL high-density lipoprotein, BMI body mass index
*p<0.0001 vs control group
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hyperemia. Forty-five minutes were allowed between MBF measure-
ments for physical decay of 13N-ammonia [21]. For the CPT, study
participants immersed the left hand in ice water for 60 s when
13N-ammonia was injected, while CPT continued for another 60 s
[13].

Vasodilation was induced pharmacologically with standard
infusion of adenosine or dipyridamole (140 μg/kg/min) as described
previously [22]. Both vasodilator agents have been shown to induce
comparable levels of hyperemia [22]. The serially acquired transaxial
image sets were reoriented into short-axis images and assembled into
polar maps. The reoriented 13N-ammonia images and the corre-
sponding polar maps were generated from the last, 900-s image set
and they were subjected to visual and semi-quantitative visual
analysis. Heart rate (HR), blood pressure (BP), and a 12-lead ECG
were recorded continuously during each MBF measurement. From
the average of HR and BP during the first 2 min of each image
acquisition, the rate–pressure product (RPP) was determined as an
index of cardiac work.

Quantitative evaluation of MBF

On the polar map of the last 900-s image set, regions of interest
(ROIs) were assigned to the territories of the three coronary arteries
(Fig. 1). In addition, two circumferential ROIs were assigned to the
mid and the mid-distal portion of the left ventricular (LV) myocar-
dium, as also illustrated in Fig. 1. The ROIs were then copied to the
serial polar maps acquired during the first 2 min after tracer injection
and regional time-activity curves were generated. In addition, a
small, 25-mm2 ROI was assigned to the LV blood pool on the most
basal short-axis slice for derivation of the arterial tracer input
function. Corrections of the myocardial time-activity curves used a
recovery coefficient that assumed a uniform, 1-cm-thick LV
myocardium [23]. The time-activity curves were corrected for
physical decay and were fitted with a previously validated two-
compartment tracer kinetic model [21, 24]. Since MBFs in absolute
estimates (ml/g/min) in the myocardial territory of the left anterior
descending artery, left circumflex artery, and right coronary artery
were similar, they were averaged and the resulting global MBF of the
LV was subsequently indicated as mean MBF. Further, a decrease in
MBF from mid to mid-distal LV myocardium was defined as MBF
difference (in ml/g/min) indicative of a perfusion gradient. Changes
in the MBF difference from baseline to hyperemia or to CPT were

defined as ΔMBF difference (MBF difference during hyperemia or
CPT minus MBF difference at baseline).

Data analysis

Mean values are given with standard deviations. Hemodynamic
parameters, mean MBF, and MBF in the mid and the mid-distal
circumferential ROIs at rest, during CPT, and during hyperemia were
analysed by repeated-measures ANOVA. Post hoc comparisons were
made by means of Scheffé analysis, which examines the differences
between any two means while controlling the significance level.
Correlations between selected variables were estimated by Spearman
correlation coefficients. All test procedures were two-sided with a
p value ≤0.05, indicating statistical significance.

Results

Clinical characteristics

Table 1 summarizes the clinical characteristics of the study
population. Serum levels of total cholesterol, triglyceride,
and glucose were higher in the at-risk group than in the
control group, while LDL and HDL levels were similar.
Moreover, the body mass index (BMI) was significantly
higher in the at-risk than in the control group. Of the study
participants with hypertension, two were receiving com-
bined medical treatment with β-blockers and ACE
inhibitors, one person, treatment with β- and calcium
channel blockers, and four participants, treatment with
diuretics alone (Table 1).

Hemodynamic parameters

At baseline, heart rate and blood pressures were similar in
the two study groups (Table 2). CPT induced significant
increases in heart rate and systolic and diastolic blood
pressure (p<0.05) that were similar in the two study groups.

Fig. 1. Schematic representation
of polar maps of MBF and
assignment of ROIs. a Three
coronary artery territories;
b circumferential ROIs for mid
(B) and mid-distal (A) portion of
LV. LAD left anterior descend-
ing artery, LCx left circumflex
artery, RCA right coronary
artery
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Accordingly, RPPs did not differ between the two groups
either at baseline or during CPT (Table 2). Also, as listed in
Table 2, pharmacologic vasodilation produced significant
increases in heart rate in both study groups (p<0.05), while
systolic and diastolic blood pressures remained essentially
unchanged from baseline. No significant differences in
heart rate or RPP existed between the two study groups
during pharmacologic vasodilation. Finally, adenosine and
dipyridamole produced comparable hemodynamic re-
sponses in both study groups so that, as listed in Table 2,
heart rates and RPPs were similar during adenosine and
dipyridamole stimulation in the normal controls and in the
at-risk group.

Global MBF during cold pressor testing
and pharmacological vasodilation

Quantitative evaluation of global LV MBF at rest revealed
comparable mean MBFs for both study groups (Table 2,
Fig. 2). There was a significant increase in meanMBF from
rest to CPT in the control (p<0.0001), but not in the at-risk

group (p=NS) (Table 2, Fig. 2). During CPT, flows had not
significantly increased from baseline in the at-risk group
(p=NS), so that the meanMBF was significantly lower than
in the control group (p<0.0001) (Fig. 2). Accordingly, the
change in mean MBF from rest to CPT (ΔMBF) in the at-
risk group was also significantly reduced as compared with
the control group (0.05±0.19 vs 0.31±0.20 ml/g/min,
p<0.0001). The attenuation of the flow response to CPT
was independent of the specific risk factor (Table 3).
Further, when the at-risk study participants were divided
into subgroups by risk factor or the number of risk factors,
mean MBFs were found on ANOVA to be similar among
the subgroups and to be equally diminished when
compared with those of the normal controls (Tables 2, 3).

Pharmacologically induced vasodilation caused a sig-
nificant increase in mean MBF from baseline in both study
groups (p<0.0001) (Table 2). The mean MBF during
pharmacologic vasodilation tended to be lower in the at-
risk than in the normal control group although this
difference did not achieve statistical significance
(Table 2, Fig. 2). No inter-group differences between
adenosine and dipyridamole hyperemic mean MBFs were
noted (control group: 0.66±0.14 to 1.85±0.50 vs 0.65±0.13
to 2.1± 0.73 ml/g/min; at-risk group: 0.68±0.16 to 1.71±
0.75 vs 0.70±0.15 to 1.72±0.67 ml/g/min; p=NS), nor were
there any significant differences in mean hyperemic MBFs
when study participants were divided into subgroups by
risk factors or by the number of risk factors (p=NS by
ANOVA) (Table 3).

MBF differences during hyperemia and cold pressor
testing

In the normal controls, pharmacologic vasodilation raised
MBFs homogeneously, resulting in near-identical mid and
mid-distal LVMBF during hyperemia (Fig. 3). In the at-risk
individuals, however, pharmacologic vasodilation induced

Table 2. Hemodynamic results, MBF and MBF differences during
PET study

Control group At-risk group

Hemodynamics
At rest
Heart rate (bmp) 66±11 66±8
Blood pressure (mmHg)
Systolic 116±18 121±10
Diastolic 69±9 72±12
RPP 7,801±1,987 8,055±1,595
Cold pressor testing
Heart rate (bmp) 75±13 74±15
Blood pressure (mmHg)
Systolic 136±18 144±24
Diastolic 81±7 85±8
RPP 10,241±2,251 10,565±2,064
Pharmacologic vasodilation
Heart rate (bmp) 95±16 91±11
Blood pressure (mmHg)
Systolic 115±14 123±18
Diastolic 68±8 72±11
RPP 11,015±2,413 11,213±2,126
MBF (ml/g/min)
At rest 0.65±0.14 0.69±0.14
During CPT 0.96±0.25 0.75±0.19*
Pharmacologic vasodilation 2.0±0.64 1.72±0.71
MBF difference (ml/g/min)
At rest 0.01±0.04 0.007±0.06
During CPT 0.007±0.05 0.15±0.06*
Pharmacologic vasodilation 0.014±0.10 0.27±0.12*

Values are mean±SD
RPP rate–pressure product measured in bpm×mmHg, MBF
myocardial blood flow, CPT cold pressor test
*p<0.0001 vs control group

Fig. 2. Global mean MBF quantified from ROIs corresponding to
the vascular territories of the LAD, LCx and RCA at rest, during
CPT and during pharmacologic
vasodilation
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a heterogeneous flow response. While MBF during hyper-
emia in the mid LV reached similar levels to those in the
normal controls (p=NS) (Fig. 3), the flow increase was
significantly less in the mid-distal LV myocardium (Fig. 3).
On average, MBFs during pharmacologic vasodilation
differed by 0.27±0.12 ml/g/min (MBF difference) in the
mid and mid-distal LV myocardium in the at-risk
participants as compared to only 0.014±0.10 ml/g/min in
the normal controls (Table 2, Fig. 4). CPTsimilarly induced
heterogeneities in MBF in the at-risk individuals. MBF rose
to 0.82±0.20 ml/g/min in the mid LVmyocardium, but only
to 0.67±0.20 ml/g/min in the mid-distal LV myocardium
(Fig. 3). This resulted in an MBF difference of 0.15±
0.06 ml/min/g between the mid and mid-distal LV myo-
cardium (Table 2, Fig. 4). There was no MBF difference in
normal controls (0.007±0.05ml/g/min) (Table 2 and Fig. 4).
Mid and mid-distal LV MBF in the normal volunteers
averaged 0.96±0.26 and 0.96±0.25 ml/g/min, respectively,
during CPT (Fig. 3). When the at-risk individuals were

divided into subgroups by coronary risk factors or the
number of coronary risk factors, again no significant inter-
group differences in MBF differences were noted on
ANOVA (Table 3). The observed MBF differences there-
fore did not appear to be related to the type of coronary risk
factor. Also, no relationship was observed between the
MBF differences during CPT or pharmacologic vasodila-
tion and age (r=0.12 and r=0.06, p=NS). Grouping the at-
risk individuals by the median age of 47 years into younger
and older study participants, similar MBF differences
during CPTand pharmacologic vasodilation were observed
(0.15±0.05 vs 0.14±0.07 and 0.28±0.12 vs 0.26±0.12 ml/g/
min; p=NS) in the 29 and 30 individuals with an average
age of 36±7 and 54±5 years, respectively.

Cold pressor and vasodilator stress and MBF difference

Possible dependence of the stress-induced heterogeneities
in MBF on the magnitude of the cold pressor or the
vasodilator stress was examined. The magnitude of the
pharmacologic vasodilation was estimated from the mid-

Table 3. MBF responses to CPT and pharmacologic vasodilation by risk factor for CAD

Smokers (n=9) Diabetes
mellitus (n=9)

Hypercholesterolemia (n=6) Hypertension (n=7) Insulin resistance (n=5) ≥2 Risk
factors (n=23)

Myocardial blood flow (ml/g/min)
At rest 0.65±0.20 0.64±0.11 0.67±0.15 0.82±0.20 0.62±0.17 0.72±0.16
During CPT 0.76±0.22 0.68±0.26 0.71±0.19 0.87±0.21 0.79±0.14 0.76±0.20
During
pharmacologic
vasodilation

1.94±0.79 1.39±0.61 1.72±0.81 2.00±0.62 1.37±0.25 1.94±0.68

Myocardial blood flow difference (ml/g/min)
At rest 0.02±0.07 0.01±0.09 0.03±0.09 0.02±0.06 0.02±0.03 0.01±0.06
During CPT 0.14±0.05 0.16±0.11 0.17±0.05 0.15±0.06 0.14±0.05 0.13±0.05
During
pharmacologic
vasodilation

0.27±0.09 0.23±0.08 0.29±0.14 0.34±0.13 0.34±0.13 0.28±0.16

MBF myocardial blood flow, CPT cold pressor test
p=NS by ANOVA between groups

Fig. 3. MBFs at rest, during CPT, and during pharmacologic
vasodilation in mid (open bars) and mid-distal (shaded bars)
portions of the LV myocardium for the two study groups

Fig. 4. MBF differences in the two study groups at rest, during CPT,
and during pharmacologic vasodilation
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LVMBF. This appeared to be justified because flows in the
mid LV were assumed to be affected less by possible
coronary vasomotor abnormalities as compared to flows in
the mid-distal LV. This assumption is also in line with the
findings of the current study that the mid LV MBFs were
similar to the hyperemic MBFs in the normal volunteers
(Fig. 3). As seen in Fig. 5, MBF differences in the at-risk
individuals correlated significantly with the mid LV MBF
during both pharmacologically induced hyperemia and

CPT (Fig. 5a,b), implicating the velocity of coronary blood
flow as a determinant of the MBF differences or the mid to
mid-distal myocardial flow gradient. Further, as Fig. 5c
illustrates, MBF differences during hyperemia were
correlated with those during CPT, which may suggest an
impairment of coronary vasomotor function at the site of
the epicardial conduit vessels as the cause for the perfusion
gradient.

In contrast to these flow increase studies, CPT-induced
MBF differences were unrelated to the blood flow changes.
As depicted in Fig. 6, CPT raised global mean MBF in
proportion to the increase in RPP and, thus, in cardiac work
in the normal controls (Fig. 6a) but not in the at-risk
individuals (Fig. 6b). The latter finding in the at-risk group
implies an uncoupling of impaired endothelium-dependent
vasomotion from the CPT-induced metabolic demand. On
average, mean MBF in these at-risk individuals remained
unchanged from baseline despite significant increases in
cardiac work (Fig. 2). Nevertheless, the ΔMBF difference
during CPT increased in magnitude with the increase in
RPP in the at-risk individuals (Fig. 6d) while it remained
essentially unchanged in the normal volunteers (Fig. 6c).
Thus, in the at-risk individuals higher increases in the RPP
during sympathetic stimulation with CPT were associated
with a greater ΔMBF difference. Since in the at-risk group
no marked increase in MBF during CPT was observed
(Fig. 2), the significant correlation between the increase in
RPP and the ΔMBF difference in the at-risk individuals
(Fig. 6d) suggests a sympathetically induced decrease in
coronary artery diameter that accounted for the MBF
difference or mid to mid-distal flow gradient during CPT.

Discussion

The major finding of the current study is the heterogeneous
response of regional MBF to sympathetic stimulation with
cold pressor testing (CPT) in individuals without clinically
manifest CAD but with coronary risk factors not observed
in healthy controls. The heterogeneous blood flow re-
sponse resulted in a mid to mid-distal myocardial perfusion
gradient in individuals with coronary risk factors. In
contrast to the previously observed perfusion gradient
during pharmacologic vasodilation [1, 2], the perfusion
gradient occurred in the absence of an increase in global
left ventricular MBF. This could be consistent with our
hypothesis that the perfusion gradient likely resulted from a
decrease in luminal diameter, predominantly of the epicar-
dial coronary vessel, that raised the resistance to coronary
flow [9], which remained constant and caused a proximal-
to-distal decline in intracoronary perfusion pressure [4].
Notably, the present study is the first to confirm that both
sympathetic and pharmacologic stimuli, commonly used in
the assessment of coronary vasomotion, are indeed
associated with an abnormal perfusion gradient in
individuals with coronary risk factors. Such a perfusion
gradient as measured with PET has been suggested to
reflect early functional and/or structural alterations of the
epicardial artery [1, 2].

Fig. 5. Correlation between a MBF difference and MBFs in the mid
LV segment during pharmacologic vasodilation, b MBF difference
and MBFs in the mid LV segment during CPT and c MBF
differences during CPT and during pharmacologic vasodilation
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The myocardial perfusion gradient during pharmaco-
logic vasodilation as described previously [1, 2] and as
observed in the current study has been ascribed to complex
interplay between intracoronary flow velocity increases
and luminal changes of the epicardial conduit vessel.
According to the Hagen-Poiseuille equation, major deter-
minants of the resistance to coronary flow include the
velocity of blood flow and the fourth power of the vessel
diameter. Higher flow velocities, as encountered during
pharmacologic vasodilation, are associated in the normal
coronary circulation with the flow-related increase in
diameter of the conduit vessel so that the resistance to
coronary flow remains essentially constant. If the flow-
related and, thus, endothelium-mediated vasodilation is
attenuated or even absent, as reported in patients with
diffuse CAD or with coronary risk factors [7, 9, 11, 13, 14,
16], then the resistance to flow increases and, as demon-
strated through invasive measurements [4], intracoronary
pressure progressively declines from proximal to distal
along the coronary conduit vessels. CAD-induced diffuse
luminal narrowing, increased stiffness of the arterial wall
and impairment of the flow-related conduit vessel dilation
[1, 2, 11, 13] due to a decrease in the bioavailability of the
endothelium-derived nitric oxide have been proposed as
possible explanations [25–27].

As the current findings indicate, a perfusion gradient
may also occur during sympathetic stimulation with CPT

despite only modest or even absent increases in global
MBF. Consequently, just the absence of the normally flow-
related conduit vessel dilation is unlikely to account for the
observed perfusion gradient. More likely is an actual
decrease in the vessel diameter that for the same coronary
flow would lead to an increase in resistance and thus to a
progressive proximal-to-distal decline in intracoronary
pressure. Several investigations have indeed reported
such a decrease in luminal diameter or paradoxical
vasoconstriction of the epicardial conductance vessels in
patients with diffuse CAD or with coronary risk factors but
without angiographic evidence for atherosclerotic disease
[7, 10–13, 16, 17]. If, as previous investigations have
suggested [28], increases in heart rate and blood pressure in
response to CPT are related to an increase in serum
norepinephrine concentrations as a measure of the degree
of sympathetic stimulation, then the observed association
between increases in rate–pressure product and the perfu-
sion gradient suggests that the severity of the perfusion
gradient is related to the degree of sympathetic stimulation.
And indeed, in the current study we found that in the at-risk
individuals higher increases in the rate–pressure product
during sympathetic stimulation with CPT were associated
with a greater magnitude of the perfusion gradient.

It was observed in the current study that the normal
metabolically mediated increase in global myocardial
(or coronary) blood flow in response to increases in cardiac
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work was diminished or even absent following sympathetic
stimulation; this supports the findings of previous
investigations [11, 13, 14, 29] and indicates that the
vasoconstrictor effect of sympathetic stimulation may
affect not only the coronary conductance but also the
coronary arteriolar vessels [11, 13]. Such vasoconstriction
in the coronary arteriolar vessels, associated with an
increase in vascular resistance, may in fact have offset the
magnitude of the perfusion gradient during CPT, resulting
in a less pronounced gradient than one might have
expected. Conversely, because no marked increase in
global MBF was observed in the at-risk group during CPT,
the significant correlation between the increase in rate–
pressure product and the magnitude of the perfusion
gradient may suggest that a sympathetically induced
vasoconstriction, predominantly at the site of the conduit
vessels, accounts for the perfusion gradient. Notably, the
development of a perfusion gradient during CPT, as
observed in the current study, is consistent with previous
invasive findings [9]. In the latter study, quantitative
coronary angiography, combined with intracoronary flow
velocity measurements, demonstrated an increase in intra-
vascular shear stress (or resistance to flow) during CPT in
patients with diffuse CAD, while coronary flow remained
constant but, importantly, the luminal diameter of the
conduit vessel decreased [9]. Possible explanations for the
perfusion gradient in the current study include CAD-
induced diffuse luminal narrowing [1], structural altera-
tions of the coronary arterial wall with an increase in vessel
stiffness [30] and functional alterations of the vasomotor
control [7, 10–13, 16, 17]. While CAD and structural
alterations of the arterial wall could have been excluded by
coronary angiography and intracoronary ultrasound, for
ethical reasons their use could not be justified in the current
study, given that the patients were asymptomatic. In this
regard, normal stress and rest myocardial perfusion images
with 13N-ammonia and PET, as inclusion criteria in the
study population, argued at least against the presence of
hemodynamically significant obstructive coronary artery
lesions, but, of course, CAD-induced early and subclinical
structural alterations of the artery wall may have been
present. Consequently, in the current study an increase in
vessel wall stiffness due to structural alterations of the
arterial wall, including intimal thickening (as associated
with coronary risk factors [30]), may, in conjunction with
functional alterations of the coronary circulation, indeed
have accounted for the perfusion gradient during sympa-
thetic stimulation [13, 14, 17]. Coronary risk factors such
as arterial hypertension, insulin resistance or diabetes may
induce myocardial remodeling involving structural com-
ponents of the myocytes in addition to the occurrence of
fibrosis [31]. In such patients, even in the absence of
clinically evident left ventricular hypertrophy, higher
extravascular resistive forces may also contribute to the
manifestation of the perfusion gradient [32]. Conceptually,
an increase in age-related stiffness of the coronary artery
wall might also mechanistically diminish the ability of the

vessel to dilate and give rise to the observed abnormal
perfusion gradient. In the current study population, how-
ever, there was no association between the perfusion
gradient in response to CPT or pharmacologic vasodilation
and the age of the individual study participants, nor was the
perfusion gradient dependent on the type of coronary risk
factors. Thus, the observed perfusion gradient did not
appear to be related to age-induced structural alterations of
the vessel wall or the type of coronary risk factors. This
suggests a common functional abnormality of the coronary
vasomotor response as the predominant cause for the
perfusion gradient. The impairment of the flow-related
predominantly epicardial vasodilator response and its
severity, however, may account for the observed statisti-
cally significant correlation between the perfusion gradi-
ents during CPT and those during pharmacological
vasodilation.

It is important to bear in mind, however, that in the
present study the perfusion gradient was noted only when
MBF during pharmacologic vasodilation was measured in
absolute units (ml/g/min), and not when the relative
13N-ammonia tracer uptake was evaluated on polar maps.
Several factors may explain these discordant observations.
First, it is possible that in our study, participants had less
severe CAD-induced structural alterations of the arterial
wall, as described in previous investigations [1, 3], which
may have resulted in a less pronounced perfusion gradient.
Second, myocardial 13N-ammonia concentrations as net
radionuclide uptake correlate with MBF in a non-linear
fashion [21]. This is because metabolic trapping of
13N-ammonia in the myocardium competes with flow-
dependent back diffusion, so that at higher flows a greater
fraction of 13N-ammonia returns from the extravascular
space into the blood pool. This competition causes a
progressive decline in the 13N-ammonia retention fraction
with increase in blood flow. Thus, the portion of the curve
that describes net radionuclide uptake of 13N-ammonia and
MBF is relatively flat in the hyperemic flow range [21]. To
balance this limitation, MBF-calculating radiotracer kinetic
models are applied that correct for the declining radionu-
clide retention at higher coronary flow rates [21, 33].
Relative regional differences in radionuclide uptake are
then magnified into greater differences in absolute MBF
with any flow-calculating tracer kinetic model, depending
on the flow rate and the radionuclide [3]. This may explain
why the assessment of absolute MBF (ml/g/min) identifies
perfusion gradient abnormalities even in the absence of
objectively quantified relative regional perfusion defects
[2, 3, 33]. Third, the MBF gradient was determined in our
study only over a relatively short longitudinal distance
between mid and mid-distal LV myocardium in order to
avoid confounding partial volume effects on MBF
measurements in the apical portion of the heart. Thus, the
perfusion gradient in our study was of less magnitude than
that described previously by Gould et al. [1] with a
different analysis approach.
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Clinical implications

The observation of a longitudinal, mid to mid-distal LV
MBF gradient during sympathetic stimulation has potential
clinical implications. One is that it may contribute to the
non-invasive identification of developing, early coronary
atherosclerosis in the absence of regional stress-induced
perfusion defects. The presence of such a perfusion
gradient would also suggest that the disease process affects
not only the coronary microcirculation but also the function
of the coronary epicardial conductance vessels [13].
Secondly, although constriction of the conductance vessels
in the absence of coronary stenosis is less likely to occur
during physical exercise, as demonstrated by invasive
investigations of the coronary vasomotor response during
exercise [34], the perfusion gradient may be associated
with activities occurring during daily life in patients with
CAD. For example, even in individuals without CAD but
with coronary risk factors, the sympathetically mediated
responses to mental stress may lead to MBF heterogene-
ities [8]. As increases in cardiac work in such individuals
are then not accompanied by appropriate increases in MBF,
such sympathetically induced episodes during daily life
may be associated with transient ischemic episodes [35].

Conclusion

The relative decrease in MBF from the mid to mid-distal
LV myocardium suggests a decline in intracoronary
pressure during CPT and pharmacologic vasodilation,
which is likely to reflect an impairment of flow-mediated
epicardial vasomotor function. Thus, PET measurements
of stress-induced regional MBF heterogeneity could be a
promising tool to probe non-invasively flow-dependent
epicardial vasomotion. While such inferences may be
intuitively correct, they still await direct confirmation
through prospective invasive angiographic investigations.
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