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Impaired global myocardial flow reserve (MFR) may be associ-
ated with increased risk for cardiac events and coronary artery
disease progression. Chronic kidney disease (CKD) is also
considered a risk factor for cardiovascular disease. We sought
to investigate the effect of CKD on the myocardial microcircu-
lation in patients referred for clinical 82Rb PET/CT, who had
normal left ventricular (LV) function and no flow-limiting coro-
nary artery disease. Methods: Estimated glomerular filtration
rate (eGFR) was available for 230 patients who had undergone
rest and pharmacologic stress 82Rb PET/CT for suspected cor-
onary artery disease. CKD was defined as an eGFR less than 60
mL/min/1.73 m2. After patients with hemodialysis, a renal trans-
plant, abnormal regional perfusion (summed stress score . 4),
or reduced LV function (LV ejection fraction , 45%) were ex-
cluded, 40 CKD patients remained. Those were compared with
a control group without CKD, which was matched for age, sex,
coronary risk factors, and systemic hemodynamics (n 5 42).
List-mode acquisition of PET enabled quantification of myocar-
dial blood flow (MBF) and MFR using a previously validated
retention model with correction for 82Rb extraction. Rest MBF
was normalized to rate–pressure product. Results: Mean eGFR
in the CKD group was reduced (44 6 14 vs. 99 6 28 mL/min/
1.73 m2; P , 0.0001), and creatinine was significantly elevated,
compared with controls (1.9 6 1.1 vs. 0.8 6 0.2 mg/dL; P ,
0.0001). MFR was significantly reduced in CKD (2.2 6 1.0 vs.
3.0 6 1.2 for controls; P 5 0.027). This reduction was mainly
due to increased rest MBF (1.1 6 0.4 in CKD vs. 0.8 6 0.2 mL/
min/g in controls; P 5 0.007). Stress myocardial flow was com-
parable between both groups (2.36 0.9 vs. 2.36 0.8 mL/min/g;
P 5 0.08). Overall, MFR was significantly correlated with eGFR
(r 5 0.41; P 5 0.0005). Stress MBF did not correlate with eGFR
(r 5 0.002; P 5 0.45), but rest MBF showed an inverse corre-
lation (r 5 20.49; P , 0.0001). Rest MBF was also inversely
correlated with hemoglobin (r 5 20.28; P 5 0.014), but only
eGFR was an independent correlate at multivariate analysis.

Conclusion:MFR is impaired in patients with renal insufficiency
with normal regional perfusion and LV function, mostly because
of elevated rest flow. Absolute quantification of flow may be
useful to identify microvascular dysfunction as a precursor of
clinically overt coronary disease in this specific risk group.
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Chronic kidney disease (CKD) is known to be a major
risk factor for coronary artery disease (CAD). CKD is
closely linked to adverse cardiac events and mortality,
and approximately 50% of patients with renal insufficiency
may present with cardiac dysfunction. CKD is found in
more than 30% of subjects with acute heart failure onset
(1). This linkage has become widely recognized as the so-
called cardiorenal syndrome (1,2). Sudden cardiac death,
myocardial infarction, and heart failure are frequently
found in patients with end-stage renal disease (3). More
notably, however, it has also been reported that CKD is
associated with unfavorable cardiac outcome in earlier
stages of kidney disease and in the absence of obstructive
CAD (4). Microvascular dysfunction may be present under
such circumstances, and it may contribute to a more rapid
progression toward overt CAD (5).

Currently, radionuclide myocardial perfusion imaging is
widely used to detect CAD in the clinical setting. SPECT is
most widely used for this purpose, and its value has been
proven in renal insufficiency (1,2). But SPECT is limited to
a relative regional analysis of myocardial perfusion, for
detection of ischemia or infarction in a respective vascular
territory. Global microvascular dysfunction, as a potential
precursor of these conditions, cannot be identified. PET, on
the other hand, has increasingly penetrated the clinical
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arena. PET may not only offer improved accuracy for de-
tection of relative regional ischemia (6) but also may be
used, with several agents—including the clinically most
frequently used tracer, 82Rb—for quantitative measurement
of global myocardial blood flow (MBF) and myocardial
flow reserve (MFR) as additional diagnostic and prognostic
markers (7,8).
The aim of our study was to determine the presence

of impaired MFR in patients with CKD and clarify the
severity of coronary endothelial dysfunction.

MATERIALS AND METHODS

Patient Enrollment
Two hundred thirty consecutive patients (mean age6 SD, 586

12 y; men, 99; women, 131), who were referred for clinical rest or
dipyridamole myocardial perfusion PET with available estimated
glomerular filtration rate (eGFR) values (mL/min/1.73 m2, accord-
ing to the Modification of Diet in Renal Disease) (9), were in-
cluded in this analysis. Patients on hemodialysis or those with
a renal transplant were excluded. Other exclusion criteria were
known myocardial disease, cardiomyopathy, acute or old myocar-
dial infarction, unstable angina, history of heart failure, and cor-
onary revascularization. Patients with abnormal results of clinical
PET perfusion imaging—that is, those with relative regional per-
fusion defects (summed stress score, . 4) or reduced cardiac
function (left ventricular [LV] ejection fraction, , 45%)—were
also excluded. Among the remaining 166 patients, 40 had an
eGFR below 60. Those were assigned to the CKD group (Fig.
1). From the remaining patients with an eGFR over 60, a control
group of 42 subjects was selected by individual matching with the

CKD patients. Matching criteria included the clinical profile (age,
sex, nonrenal risk factors, and medication) and hemodynamics
(baseline heart rate, blood pressure, and ejection fraction). Group
characteristics are shown in Table 1. A hypertensive patient was
defined as one who had a systolic blood pressure above 140/90 or
was taking antihypertensive medication. A diabetic patient was
defined as one who had a blood glucose level above 120 mg/dL
or was taking antidiabetic medication. A dyslipidemic patient was
defined as one who had an increased level of total cholesterol, low-
density lipoprotein, and triglyceride or was taking lipid-lowering
medication. Hemodynamic profiles were collected from recorded
data during rest or stress PET.

This retrospective analysis was granted exempt status by
the Johns Hopkins Institutional Review Board (protocol NA_
00006886).

PET Acquisition Protocol
A 64-slice Discovery Rx VCT PET/CT scanner (GE Health-

care) was used. Patients fasted for more than 4 h and were
instructed to refrain from caffeinated substances or theophylline-
containing medication for 24 h before testing. After giving
informed consent, individuals were positioned, and a low-dose
CT scan (120 kV, 50–100 mA) for attenuation correction of PET
data was acquired during shallow breathing. 82Rb-chloride (1,480–
1,850 MBq [40–50 mCi]) was infused using a large antecubital
intravenous line, and list-mode 2-dimensional PET images were
acquired for 8 min. Then, infusion of dipyridamole was started
(0.56 mg/kg, 4 min), and a second dose of 82Rb-chloride (1,480–
1,850 MBq [40–50 mCi]) was infused 4 min after completion,
followed by an 8-min list-mode acquisition. Quality control of
PET and CT for attenuation correction was performed, and data-
sets were realigned if necessary (10). List-mode data were re-
sampled to attenuation-corrected static (90-s prescan delay),
electrocardiographically gated (8 bins), and dynamic images (32
frames; 20 · 6, 5 · 12, 4 · 30, and 3 · 60 s).

PET Analysis and Flow Measurement
Relative Regional Perfusion. Static images were reangulated to

create short- and long-axis slices for visual analysis of regional
perfusion. Each of 17 myocardial segments (11) was scored on a
scale of 0–4 (normal, mildly decreased, moderately decreased,
severely decreased, or absent perfusion) by experienced readers
who were masked to other data. The summed stress score was
calculated (12), and abnormal perfusion was defined as a summed
stress score over 4.

LV Function. Endocardial contours were identified on gated
series to determine LV volumes and ejection fraction, using pre-
viously validated commercially available software (CardIQ physio;
GE Healthcare) (13). Reduced cardiac function was defined as a rest
LV ejection fraction below 45% (14).

Quantification of MBF and MFR.Myocardial activity in the last
frame of the dynamic datasets was volumetrically sampled, and
polar maps of the LV were generated (15). Segments were applied
to the whole series to obtain myocardial time–activity curves. A
small region of interest was positioned in the LV cavity to obtain
the arterial input function. MBF was then quantified by a retention
approach. Myocardial activity concentration between minutes 4
and 8 was normalized to the area under the arterial input function
in the first 120 s. The resulting index was corrected for partial
volume, spillover, and nonlinear extraction of 82Rb (16). Validity
and reproducibility of this approach were recently established forFIGURE 1. Flow chart showing patient selection.

888 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 53 • No. 6 • June 2012



our PET system (17). Rest MBF was normalized by dividing by
the rate–pressure product and multiplying the result by 10,000
(18). MFR was determined as the ratio of stress to corrected rest
MBF.

Statistical Analysis
Data are shown as mean 6 SD. Continuous variables were

compared between 2 groups using the unpaired Student t test.
Categoric variables were compared using the Fisher exact test.
The Pearson correlation coefficient was used to describe the re-
lationship between continuous variables. Multivariate regression
analysis was performed using stepwise forward logistic regression.
Reported P values are 2-sided, and less than 0.05 was considered
statistically significant. The statistical analysis was performed us-
ing SPSS (version 11; IBM SPSS).

RESULTS

Clinical Parameters

Table 2 summarizes available laboratory results. As ex-
pected, serum creatinine was significantly higher in CKD
than in controls (1.9 6 1.1 vs. 0.8 6 0.2 mg/dL, P ,
0.001). Both hemoglobin and hematocrit were significantly
lower in CKD (hemoglobin, 13.1 6 4.8 vs. 11.3 6 5.6
g/dL, P 5 0.02; hematocrit, 38.9% 6 3.9% vs. 36.1% 6
5.4% in control group and CKD, P 5 0.014). And pro-B-

type natriuretic peptide was significantly higher in CKD
than in controls (P 5 0.005).

Lipid and glucose levels, as well as the coronary calcium
score according to Agatston, obtained by a prospectively
gated CT scan during the PET/CT session, were not dif-
ferent between groups.

Global MBF and MFR

Significantly lower MFR was observed in CKD than in
control patients (2.2 6 1.0 vs. 3.0 6 1.2, P 5 0.027).
Notably, stress MBF was comparable between groups
(2.3 6 0.9 vs. 2.3 6 0.8 mL/min/g, P 5 0.08) (Fig. 2),
but rest MBF was significantly increased in CKD, both
before and after correction for baseline work (1.2 6 0.6
vs. 0.8 6 0.2 mL/min/g, P 5 0.001, before correction;
1.1 6 0.4 vs. 0.8 6 0.1 mL/min/g, P 5 0.007, after cor-
rection) (Fig. 3).

Correlation Between Flow and eGFR

When all 82 patients of both groups were combined,
MFR showed a significant positive correlation with eGFR
(r 5 0.46; P , 0.0001), whereas stress MBF did not (r 5
0.002; P 5 0.45). Consistent with group differences, rest
MBF showed a significant inverse correlation with eGFR

TABLE 1
Patient Profile

Parameter Control (eGFR $ 60) CKD (eGFR , 60) P

Number (%) 0.48
Total 44 36
Male 12 11
Percentage 38 39

Age (y) 59.3 6 9.5 62.6 6 12.0 0.84

Body mass index 36.5 6 9.5 31.2 6 8.8 0.08

Risk factor
Smoking 10 (11) 7 (8) 0.20
Family history of CAD 8 (38) 10 (39) 0.78

Hypertension 24 (55) 23 (61) 0.90

Diabetes 14 (49) 16 (50) 0.86

Dyslipidemia 17 (48) 18 (49) 0.97
Medication at PET

Statin 10 (23) 8 (22) 0.77

b-blocker 16 (36) 10 (27) 0.36

Insulin 2 (38) 7 (17) 0.15

Ace inhibitor or angiotensin receptor blocker 15 (34) 18 (50) 0.22
Rest PET

Heart rate (bpm) 70.8 6 11.7 75.0 6 16.9 0.60

Systolic blood pressure (mm Hg) 150.5 6 21.5 150.7 6 24.4 0.23

Diastolic blood pressure (mm Hg) 73.9 6 11.9 75.5 6 13.4 0.92
Rate–pressure product (mm Hg/min) 10,230.3 6 2,699.7 11,313.1 6 3,343.0 0.17

Ejection fraction (%) 55.5 6 10.1 54.3 6 11.7 0.80

Stress PET
Heart rate (bpm) 89.7 6 13.8 91.9 6 16.9 0.41

Systolic blood pressure (mm Hg) 153.1 6 26.1 154.1 6 31.4 0.24
Diastolic blood pressure (mm Hg) 71.8 6 10.7 72.9 6 13.6 0.96

Rate–pressure product (mm Hg/min) 13,775.2 6 3,465.8 14,240.9 6 4,150.4 0.46

Ejection fraction (%) 62.7 6 9.3 62.6 6 11.2 0.78

Data are mean 6 SD, or n followed by percentage in parentheses.

MYOCARDIAL FLOW RESERVE IN CKD • Fukushima et al. 889



both before (r520.44; P5 0.0003) and after (r 520.49;
P , 0.0001) correction for baseline cardiac work (Fig. 4).
Also, hemoglobin showed a significant inverse correla-

tion with rest MBF (r 5 20.28; P 5 0.014). To determine
independent correlates of rest MBF, multiple logistic re-
gression analysis was performed by forming equal groups
of high or low rest MBF using the median value (0.94 mL/
min/g) and including eGFR, creatinine, and hemoglobin in
the model. In this multivariate analysis, only eGFR was an
independent predictor of increased rest MBF; hemoglobin
and creatinine were not (Table 3).

DISCUSSION

Our study shows that global MFR is reduced in patients
with CKD and an otherwise normal clinical myocardial
perfusion PET scan result. The reduction of flow reserve
was mostly attributed to an elevated baseline flow, which
was independently associated with eGFR, supporting the
notion of microvascular dysfunction in this patient group.
Our study confirms a link between renal function and the
coronary microcirculation. It also highlights a strength of
quantitative PET, which is capable of detecting global
abnormalities of the microcirculation, even when regional
ischemia as a marker of macroscopic flow-limiting disease
is absent.

Renal dysfunction is known to be a coronary risk factor
that is associated with coronary atherosclerosis. Epidemio-
logic studies have shown that cardiac and renal failure have
synergistic effects regarding adverse outcome (19). Al-Mal-
lah et al., using standard myocardial perfusion SPECT,
reported in a large population that the frequency of regional
perfusion abnormalities was almost doubled in patients
with CKD, compared with those without, whereas an ab-
normal scan result retained its incremental value to predict
adverse outcome (20). Similar findings were observed in
less advanced renal dysfunction (21).

Our study focuses on subjects with CKD but without
overt ischemic heart disease. None of the patients in our
CKD group had relative regional perfusion abnormalities or
depressed LV function, and the degree of reduction of
eGFR and creatinine was mild, suggesting that our patients
represent a group with early disease, in which macroscopic
flow-limiting changes of the major coronary arteries are not
yet present. Even in this setting, the coronary circulation
seems to be impaired. Endothelial dysfunction may be
a major contributor to our observation of reduced flow
reserve. It is thought to reflect impaired regulation of
vascular tone as an occult, early stage in the development
of atherosclerosis, before the occurrence of regional per-
fusion deficits. This concept of microvascular dysfunction

TABLE 2
Clinical Pathology

Control (eGFR $ 60) CKD (eGFR , 60)

Variable Mean 6 SD n Mean 6 SD n P

eGFR (mL/min/1.73 m2) 99.2 6 28.2 42 43.7 6 13.8 40 ,0.0001

Serum creatinine (mg/dL) 0.8 6 0.2 42 1.9 6 1.1 40 ,0.0001
Hemoglobin (g/dL) 13.1 6 4.8 39 11.3 6 5.6 33 0.02

Hematocrit (%) 38.9 6 3.9 39 36.1 6 5.4 33 0.014

Glucose (mg/dL) 124.6 6 51.8 39 124.6 6 51.8 36 0.43
HbA1c (for diabetic patients) (%) 8.4 6 2.5 17 7.3 6 1.9 14 0.35

Total cholesterol (mg/dL) 174.6 6 38.1 19 180.0 6 35.8 17 0.32

Low-density lipoprotein cholesterol (mg/dL) 100.7 6 36.5 19 96.9 6 19.5 17 0.77

Triglycerides (mg/dL) 140.5 6 116.4 19 120.1 6 52.6 17 0.87
High-density lipoprotein cholesterol (mg/dL) 51.9 6 16.7 19 54.6 6 19.5 17 0.83

Pro-B-type natriuretic peptide (pg/dL) 149.4 6 154.4 11 971 6 1112 12 0.005

Agatston score 125.0 6 448.6 42 284.0 6 559.9 40 0.24

FIGURE 2. Comparison of MFR and stress

flow for CKD and matched control group
(Cont). MFR was significantly lower in CKD

than in controls (A). Both groups were com-

parable for stress MBF (B).
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as a precursor of clinical coronary disease has been tested
in multiple prior studies in well-selected subject groups
with individual cardiovascular risk factors (18,22,23) and in
response to modification of these risk factors (23,24). More
recently, the evidence that impairments of global flow re-
serve have a prognostic value for subsequent progression
toward overt coronary disease or cardiovascular events is
increasing (7,8,25,26). Hence, although not tested directly
in this study, it is conceivable that impaired global flow
reserve in our CKD subjects reflects a state of elevated risk.
Interestingly, reduced MFR was mainly due to signifi-

cantly increased rest flow in our CKD patients and not to
attenuated stress flow. This association may point toward
a state of baseline endothelial activation that has previously
been observed in other conditions such as diabetes mellitus
(27) or hemodialysis patients (28,29).
There have been few reports on the characteristics of

myocardial flow in CKD using nuclear imaging techniques.
Koivuviita et al., using 15O-water, also reported that base-

line myocardial flow was elevated in concordance with the
severity of renal dysfunction whereas flow reserve was pre-
served. Their study enrolled patients with various stages of
CKD but at relatively small numbers. No specific exclusion
of subjects with regional perfusion abnormality was per-
formed, although the contribution of macroscopic disease
and ischemia was probably low because of lack of de-
creased stress flow (30).

The exact mechanisms by which coronary microcircula-
tion is impaired in renal dysfunction cannot be elucidated
from this study. Neurohumoral activation, which is present
in CKD, may be one contributor (31). Also, anemia is
a dominant feature in CKD, and it leads to a hyperdynamic
state and to vasodilation via nitric oxide release to improve
peripheral hypoxia (32)—possibly another contributor to
increased rest flow in renal dysfunction. Although some
investigators reported that nitric oxide synthesis might be
reduced, others reported that nitric oxide was increasingly
released in patients with renal disease (33) and appeared to

FIGURE 3. Comparison of rest MBF for
CKD and matched control group (Cont).

There was significant difference between

groups for rest flow before (A) and after (B)

correction for cardiac work.

FIGURE 4. Regression plots for eGFR and

MFR (A), stress MBF (B), and rest MBF be-

fore (C) and after (D) correction for cardiac
work.
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be mediated by angiotensin II in endothelial cells (34). In-
creased rest flow is probably reflecting a state of endothelial
activation in our study. Anemia, which is a frequent finding
in CKD, may be a contributor to increased rest flow, but our
multivariate analysis, in which hemoglobin was not an in-
dependent predictor of elevated rest flow, suggests that it is
not a dominant factor.
Our study has some limitations. First, it is a retrospective

analysis with all its inherent limitations. Matching of subjects
with and without CKD was done carefully, but the lack of
prospective inclusion criteria may limit statistical power.
Also, additional risk parameters (35) are missing, or the in-
cluded clinical or pathologic markers were incomplete. Be-
cause of a thorough selection, sample size was small, but
results were conclusive. The small sample size did not allow
for outcome analysis, but our study should be seen as a hy-
pothesis generator for future, larger prospective registries to
identify a potential prognostic value of decreased flow reserve
in CKD. Second, no information about coronary anatomy was
available. The absence of relative perfusion abnormalities
may not fully exclude severe and balanced ischemia. But
the elevation of rest flow as the major determinant of im-
paired flow reserve in our study cannot be explained by
flow-limiting coronary disease. And finally, our analysis
was done with subjects referred for a clinical myocardial
perfusion study. Hence, even the subjects without CKD
exhibited risk factors and clinical characteristics that led to
the decision of ordering the scan. The degree of abnormality
may be underestimated when using such a group for compar-
ison. Nevertheless, our analysis allowed for detection of sig-
nificant differences in a conclusive manner.

CONCLUSION

In early-stage CKD, in the absence of regional ischemia
or impaired LV function, impaired MFR due to increased
rest MBF is detectable by quantitative 82Rb myocardial
perfusion PET. This may be a hallmark of endothelial ac-
tivation, which may contribute to accelerated progression
toward overt coronary artery disease.
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