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cardium MGU varied considerably with a range of 37.3–156.2 

 � mol/min/100 g and a mean of 68.9  8  38.3  � mol/min/

100 g. eGFR ranged from 11–89 ml/min/1.73 m2 with a mean 

of 42.8  8  26.9 ml/min/1.73 m2. There was an inverse correla-

tion between whole myocardium MGU and eGFR (Spear-

man’s rho correlation = –0.615, p = 0.025). In multivariate 

analysis, the relationship between MGU and eGFR was sus-

tained with adjustment for age, race and gender (adjusted

 �  = –1.56  8  0.48, p = 0.01). There was no correlation between 

cardiac workload and eGFR (p = NS).  Conclusions:  A signifi-

cant inverse correlation between MGU and eGFR is support-

ive of the hypothesis that CKD is associated with myocardial 

metabolic changes, which could not be attributed to demo-

graphic factors or cardiac workload. Dynamic FDG PET could 

provide a sensitive, non-invasive, quantitative tool for inves-

tigating pre-clinical myocardial abnormalities in patients 

with CKD.  Copyright © 2010 S. Karger AG, Basel 

 Introduction 

 Chronic kidney disease (CKD) is recognized as a ‘si-
lent epidemic’ with more than 19 million Americans af-
fected by the disorder  [1] . Cardiovascular disease is the 
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 Abstract 

 The risk for cardiovascular events conferred by decreased re-

nal function is curvilinear with exponentially greater increas-

es in risk as estimated glomerular filtration rate (eGFR) de-

clines. In 13 non-diabetic pre-dialysis chronic kidney disease 

(CKD) patients, we employed quantitative F-18 fluorode-

oxyglucose (FDG) positron emission tomography (PET) as a 

means to measure myocardial metabolic changes.  Methods:  
Dynamic cardiac FDG PET images were acquired after 6 h 

fasting and glucose loading. Corrections for attenuation, 

scatter, randoms, dead time and decay were applied to the 

PET data and myocardial glucose utilization (MGU) was cal-

culated using the Patlak method in conjunction with stan-

dardized myocardial regions of interest and an image-de-

rived input function (left atrium). MGU was compared with 

eGFR based on a serum creatinine drawn within 2 weeks of 

the study date.  Results:  MGU was relatively uniform be-

tween the myocardial sectors (coefficient of variation = 16.2 

 8  6.8%) within each patient. Between patients, whole myo-
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primary cause of the morbidity and mortality observed 
with all forms of kidney disease at any stage, which oc-
curs at a disproportionate rate in patients with pre-dial-
ysis CKD  [1–5] . The risk for cardiovascular events con-
ferred by decreased renal function increases as estimated 
glomerular filtration rate (eGFR) declines, with a key in-
flection point at eGFR values of 45 ml/min/1.73 m 2  and 
less  [5] .

  Individuals with CKD are faced with both pressure- 
and volume-overload states contributing to the develop-
ment of maladaptive left ventricular remodeling and 
heart failure. The heart failure observed in CKD may in-
clude both systolic and diastolic dysfunction, but also has 
unique changes associated with uremia  [6–8] . The car-
diomyopathy of uremia is thought to lead to myocyte-to-
capillary mismatch, with a diminished vascular supply 
relative to the number and volume of functioning myo-
cytes  [9–11] . The oxygen-poor milieu may lead to diffuse 
myocardial ischemia with an anticipated decline in aer-
obic myocardial fatty acid utilization and a shift to an-
aerobic glucose utilization  [12–14] . The shift from a pre-
dominance of aerobic (fatty acid) to anaerobic (glucose) 
metabolism may account for a significant portion of the 
excessive cardiovascular morbidity and mortality ob-
served in kidney disease  [15] . This pathologic transfor-
mation that eventually promotes myocardial fibrosis is 
most evident in end-stage renal disease and is associated 
with excessive mortality; however, it is likely to develop 
in early stages of impaired renal function  [16–18] .

  In the current study, we hypothesized that in patients 
with pre-dialysis CKD, myocyte-to-capillary mismatch 
is a progressive disorder, which accrues with loss of renal 
function, and is associated with a shift in cardiac energet-
ics from a predominance of aerobic to anaerobic metabo-
lism, where glucose is the primary fuel. Because the dis-
tribution of myocardial metabolism in the left ventricle 
can appear homogeneous and visually normal, when
in fact it may be diffusely abnormal in absolute terms,

we proposed to assess the feasibility of measuring myo-
cardial glucose utilization (MGU) quantified, in  � mol/
min/100 g, using the Patlak method  [19] . The primary 
outcome variable of interest, MGU, was considered as a 
continuous variable and we assessed its reliability of mea-
surement in the disease population. As a secondary ob-
jective, we examined the relationship between MGU and 
renal function as measured by eGFR.

  Methods 

 This was a pilot cross-sectional study to evaluate the feasibil-
ity of using F-18 fluorodeoxyglucose (FDG) positron emission to-
mography (PET) to measure myocardial metabolism in pre-dial-
ysis CKD patients.  Study participants with stage II–V CKD, re-
lated to a variety of proteinuric and non-diabetic kidney diseases, 
were selected with a range in renal function as indicated by eGFR, 
which was based on a serum creatinine level determined within 2 
weeks of the study date. The eGFR was calculated with the abbre-
viated Modified Diet in Renal Disease equation, which has been 
accepted as a non-invasive alternative to direct measurement of 
GFR  [20] . Potential study participants were excluded if they had 
a history of diabetes mellitus or overt cardiovascular disease in-
cluding angina, myocardial infarction, arrhythmia or congestive 
heart failure or an EKG demonstrating ischemic heart disease. 
However, patients with hypertension or left ventricular hypertro-
phy were not excluded. Study participants provided written con-
sent to participate in this institutional review board-approved 
study.

  On the day of study, each participant received an oral carbo-
hydrate-rich solution (50 g Glucola � ) after a six-hour fast consis-
tent with established protocols  [21] . Plasma glucose was moni-
tored by finger-stick and when measured to be under 200 mg/dl 
at one hour or later, 370 MBq (10 mCi) of FDG was intravenously 
injected. The time interval from the administration of the Glu cola 
to the time of FDG injection was 60 min. In study participants 
with glucose readings greater than or equal to 200 mg/dl, insulin 
was given to achieve target glucose prior to FDG administration. 
Images were obtained using a Gemini PET/CT scanner (Philips 
Medical Systems, The Netherlands). The PET acquisition proto-
col is shown in  figure 1 . Thirty-five dynamic frames (20  !  15 s 
and 15  !  180 s) were obtained over 50 min starting immediately 
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  Fig. 1.  Sequence and timing of FDG PET 
acquisition protocol. 
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after FDG injection. Transverse images were reconstructed to 
give a spatial resolution of approximately 8-mm full width at half 
maximum. Images were corrected for randoms (online subtrac-
tion of delayed events), dead time (singles-based correction), scat-
ter (single scatter simulation), attenuation ( 137 Cs transmission 
source), and radioactive decay. Gated FDG PET images were ac-
quired to assess left ventricular function, mass and volumes in 12 
of 13 subjects.

  The dynamic images were analyzed using the PMOD biomed-
ical image quantification software (PMOD Technologies, Swit-
zerland). Transverse images were first re-sliced to the short axis 
orientation and region of interests (ROIs) were defined on all 
myocardial slices using the last frame of image data. These re-
gions were semi-automatically grouped to form 16 ROIs covering 
the standard cardiac segments and an additional whole-myocar-
dium ROI was defined. The 16 myocardial ROIs were manually 
defined by drawing an irregular line around the center of the 
myocardial wall in all slices. The ROIs were determined from this 
line by considering pixels that lay within a 15-mm-thick region 
around this line. ROIs were then grouped into the standard myo-
cardial sectors. Input functions were estimated from additional 
ROIs manually defined in the left atrium. The blood pool ROI in 
the left atrium was 8–12 mm across, defined in 4- or 5-image 

slices. ROI analysis of the dynamic image data produced time-
activity curves for blood and the different sectors of the myocar-
dium ( fig. 2 ). 

 Cardiac workload in joules/min was computed by the product 
of cardiac output and mean arterial pressure. Cardiac output was 
calculated from the product of heart rate and stroke volume, 
which was derived from the gated FDG PET images. Cardiac work 
computed in units of l � mm Hg/min was converted to joules/min 
by multiplying with 0.1334  [22] . Cardiac work was also normal-
ized to left ventricular myocardial mass (joules/g/min) obtained 
from gated PET images.

  Following i.v. injection, FDG is rapidly exchanged across the 
capillary and cellular membranes, phosphorylated by hexokinase 
to FDG-6-phosphate, and is not metabolized further nor used in 
glycogen synthesis. Thus, FDG-6-phosphate was assumed to be 
irreversibly bound within the period of scanning. Tracers that are 
irreversibly bound can be analyzed using the Patlak approach. 
Patlak analysis was used to determine MGU of all ROIs  [19] . The 
plasma glucose concentration for the Patlak graphical analysis 
was obtained immediately before the FDG injection. The lumped 
constant, which accounts for differences in the affinities of trans-
membrane transport and phosphorylation of FDG and the glu-
cose molecule, was set to a value of 0.67.
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  Fig. 2.   a  Individual images, illustrating the path of FDG bolus through the cardiac blood pool into the left ven-
tricular myocardium over a span of 45 min.  b  Region of interest overlay over short axis left ventricular myocar-
dium and blood pool slices.  c  Time-activity curves. Dynamic imaging of the heart allows analysis of the FDG 
concentration in both arterial blood and myocardial tissue as a function of time. Green squares (light grey in 
the print version) represent the activity concentration in myocardial tissue and the red squares (dark grey in the 
print version) represent the activity concentration in arterial blood. 
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  All continuous parameters are reported with means  8  SD and 
categorical variables were reported with n (%). We employed the 
coefficient of variation, using the quotient of the SD of the 16 ROIs 
and the mean of ROIs, to assess variability of PET measurements 
within subjects. The non-parametric Spearman’s correlation co-
efficient was employed to examine the relationship between MGU 
and eGFR. A p value of  ̂  0.05 was considered statistically sig-
nificant.

  Results 

 The demographic characteristics of the 13 patients 
with stage II–V CKD are shown in  table 1 . Two study sub-
jects required 1–2 units of regular insulin as a conse-
quence of unexpected glucose intolerance following the 
Glucola load.

  Consistent with the exclusion criteria of patients with 
known coronary artery disease, all study participants had 
physiologic myocardial FDG distributions without visu-
ally discernable regional defects ( fig. 3 ). Similarly, quan-
titative MGU was relatively uniform between the myo-
cardial sectors (coefficient of variation = 16.2  8  6.8%), 
which supports the notion that there is minimal hetero-
geneity in the regional uptake among CKD patients who 
were screened using a clinical criteria to exclude ischemic 
heart disease. In contrast, whole myocardium MGU var-
ied considerably between CKD subjects, with a range of 
37.3–156.2  � mol/min/100 g and a mean of 68.9  8  38.3 
 � mol/min/100 g. The variation across the subjects was 
much wider than the average variation within subjects 

Table 1. C haracteristics of study participants (n = 13)

Characteristic

Age, years 45.6810.2
Sex

Male 9 (69.2)
Female 4 (30.8)

Race
African-American 12 (92.3)
Caucasian 1 (7.7)

Weight, kg 86.7821.1
Mean arterial pressure, mm Hg 105.2812.0
Serum creatinine, mg/dl 2.981.9
eGFR, ml/min/1.73 m2 42.8826.9
Baseline electrocardiogram with criteria 
for left ventricular hypertrophy

Yes 2 (15.4)
No 11 (83.3)

Non-specific ST-T wave abnormality
Yes 4 (30.8)
No 9 (69.2)

Fasting blood glucose, mg/dl
Baseline 90.7813.0
1 h after Glucola administration 170.5850.7

Received insulin after Glucola
Yes 2 (15.4)
No 11 (83.33)

Numbers in parentheses are percentages. 
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  Fig. 3.  Examples of myocardial FDG distribution in CKD patients exhibiting no visually discernable regional 
defects.  a  Representative example of a CKD patient with dilated left ventricular cavity and concentric hyper-
trophy.  b  CKD patient with normal left ventricular cavity size without hypertrophy.   
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across their respective ROIs, and the inter-subject vari-
ability is partially explained by the relationship between 
MGU and eGFR ( fig. 4 ).

  eGFR values ranged from 11 to 89 ml/min/1.73 m2, 
with a mean of 42.8  8  26.9 ml/min/1.73 m2. There was 
an inverse correlation between whole myocardium MGU 
and eGFR (Spearman’s rho value = –0.615, p = 0.025; 
 fig. 4 ). In multivariate models with MGU as the response 
variable and eGFR with age, race, and gender as key
covariates, we found the three demographic characteris-
tics taken together to be significant predictors of MGU, 
accounting for a substantial proportion of its variance
(R 2  = 0.32). When eGFR was also included in the multi-
variate analysis, the modeled variance more than doubled 
(R 2  = 0.70), with eGFR accounting for a greater part of the 
overall variance (38%) than the demographic variables 
(32%). From this latter multivariate model, eGFR was a 
significant predictor of MGU (regression coefficient  �  = 
–1.56  8  0.48, p = 0.01). The fitted line in  figure 4  is of the 
form MGU = k � eGFR x  .  The parameters k and x were 
found by linear least squares fitting of the transformed 
equation ln(MGU) = ln(k) + x � ln(eGFR) for ln(k) and
x. The estimated values were k = 385.2 (p  !  0.00001) and 
x = –0.520 (p = 0.002). The 95% confidence intervals for k 
and x were 137 to 1,079 and –0.806 to –0.233, respectively.

  To determine whether cardiac work could explain the 
detected relationship between MGU and eGFR, the work-
load of the heart was estimated from blood pressure and 
stroke volume in units of l � mm Hg/min and converted to 
joules/min  [21] . There was no correlation between car-
diac work and eGFR (r = 0.037, p = NS;  fig. 5 ). Similarly, 
when the workload of the heart was normalized to left 

ventricular myocardial mass (joules/g/min), there was no 
relationship with eGFR (r = 0.013, p = NS). The lack of 
link between workload and eGFR persisted when systolic 
blood pressure instead of mean arterial blood pressure 
was used to compute cardiac work. 

  Discussion 

 CKD is a major public health problem associated with 
excessive cardiovascular morbidity and mortality, high 
health care costs, and impaired quality of life  [5, 22–25] . 
Thus, the application of a non-invasive, quantitative PET 
technique to examine myocardial metabolism and gain 
insight into the deleterious effect of altered myocardial 
metabolism in kidney disease has clinical relevance. 
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  Fig. 4.  Scatter plot of eGFR versus MGU as measured by  18 FDG 
PET scan in CKD. The fitted line is MGU = k � eGFR x  with esti-
mated fitting parameters k = 385.2 (p  !  0.00001) and x = –0.520 
(p = 0.002).       

  Fig. 5.  Scatter plot of eGFR (ml/min/1.73 m 2 ) versus cardiac work 
(       a ) and cardiac work normalized to left ventricular myocardial 
mass ( b ) as measured by gated  18 FDG PET scan in CKD. The data 
represent 12 of 13 subjects with gated PET images.   



 Myocardial PET in Chronic Kidney 
Disease 

 Cardiology 2010;116:160–167 165

  The current study confirms the feasibility of employ-
ing quantitative MGU with PET to gain insight into the 
alterations of myocardial metabolism in CKD patients, 
which might not be detected by visual inspection alone. 
Along with the minimal intra-individual variability of 
the MGU measurements, which can be used as a measure 
of precision, we also demonstrated a significant relation-
ship between myocardial metabolism, assessed by MGU, 
and renal function, assessed by eGFR, in CKD patients. 
There was no link between cardiac work and eGFR to ex-
plain the detected relationship between MGU and eGFR. 
The pilot data revealed that as GFR decreased across in-
dividuals, there was a rise in MGU across the study par-
ticipants. The relatively minimal coefficients of variation 
within individuals supported the use of the clinical 
screening method as an effective means of excluding pa-
tients with significant coronary artery disease, which 
might lead to heterogenous FDG uptake. 

  Of great interest is the degree to which MGU increased 
with declining renal function across individuals in the 
study sample even when adjusting for differences in age, 
race and gender. This was particularly notable among the 
sub-group with significant impairment in renal function, 
with stage III or greater CKD. This correlation was sub-
stantial despite the small number of study participants. 
The significant p value for this correlation indicates that 
the likelihood of this relationship occurring by chance, 
even with a small number of study participants, is quite 
low. Moreover, the range in values observed for MGU was 
on a comparable scale, but exceeded the values reported 
for healthy persons (27.6  8  12.7  � mol/min/100 g)  [26]  
and in patients with heart failure with and without 
 diabetes and coronary disease (11–12.3  � mol/min/100 g) 
 [27, 28] .

  The utility of FDG PET for the assessment of myocar-
dial metabolism in patients with chronic left ventricular 
dysfunction is well established  [29] . FDG PET images are 
usually interpreted qualitatively in areas with myocar-
dial perfusion deficits at rest and designated as either
metabolism-perfusion mismatch (indicating viable myo-
cardium) or match (indicating scarred myocardium) de-
fects. It is important to point out, however, that these pa-
rameters of mismatch and match represent end stages of 
cardiovascular disease with occlusive coronary artery 
disease. Detection of early, pre-clinical myocardial meta-
bolic alterations can be limited with qualitative assess-
ment of regional FDG uptake. Although the distribution 
of FDG uptake may appear homogeneous throughout the 
left ventricular myocardium, absolute MGU may be ab-
normal. Quantitative assessment with PET may identify 

alterations in MGU in the heart before clinical, function-
al, and prognostic consequences ensue  [30] . Normal car-
diac metabolism is comprised predominately (approxi-
mately 70%) of aerobic metabolism, with free fatty acids 
used as the energy substrate. Under conditions of stress, 
cardiac metabolism shifts to anaerobic metabolism, 
where glucose serves as the principal fuel. The price of 
this switch in metabolism is a less efficient ATP produc-
tion, even though less oxygen is required for its synthesis. 
Investigators have used single-photon emission comput-
ed tomography with the fatty acid analogue iodine-123-
 � -methyl iodophenyl-pentadecanoic acid to demonstrate 
alterations in myocardial fatty acid utilization in end-
stage renal disease patients (without coronary artery dis-
ease), which was strongly correlated with systemic glu-
cose intolerance and systolic left ventricular dysfunction 
 [31] . In another study, impaired myocardial fatty acid me-
tabolism in asymptomatic patients with end-stage renal 
disease was able to identify the subgroup of patients who 
were at high risk for cardiac death  [15] . The shift from a 
predominance of aerobic (fatty acid) to anaerobic (glu-
cose) metabolism appeared to account for a significant 
portion of the excessive cardiovascular morbidity and 
mortality observed across all stages of kidney disease. 
These findings support the assertion that altered cardiac 
metabolism (indicating silent myocardial ischemia) is 
highly prevalent in patients with renal disease and can 
identify the subgroup of patients who are at high risk for 
cardiac death.

  There may be alternative explanations for the signifi-
cant rise in MGU seen in the CKD population. For ex-
ample, does uremia per se increase MGU? In isolated per-
fused rat hearts, abnormal carbohydrate metabolism was 
demonstrated in ‘acute’ uremic rat hearts, with impair-
ment of glucose transport, hexokinase activity, and ab-
normal glycogen metabolism, but not in ‘chronic’ uremic 
animals  [32] . When compared to chronic sham-operated 
animals, chronic uremic animals had less cardiac glyco-
gen content, but there were no differences in glucose or 
glycogen metabolism or in response to insulin. What 
about age? The CKD population, with its high degree of 
co-morbidity, may be subject to complications seen with 
aging. Myocardial fatty acid metabolism tends to de-
crease with aging, possibly due to a decrease in carnitine 
palmitoyltransferase-1 activity, which is the rate-limiting 
step in fatty acid metabolism  [33] . Alternatively, there 
may be an increase in oxygen free radical injury leading 
to mitochondrial dysfunction, which impedes fatty acid 
metabolism  [33] . Additionally, with a high preponder-
ance of insulin resistance in CKD, there may be an inhi-
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bition of the fatty acid metabolism as a result of hyperin-
sulinemia  [34] . Finally, one must ask whether the altera-
tions in myocardial metabolism observed among patients 
with CKD in this study are a consequence, rather than a 
cause, of the development of heart failure in this disease 
population, since fatty acid metabolism is also decreased 
in patients with dilated cardiomyopathy  [35] . In future 
studies, measures of serum insulin, free fatty acid, and 
lactate levels may provide additional insight into alterna-
tive mechanistic explanations for the significant rise in 
MGU seen in the CKD population.

  In conclusion, among non-diabetic CKD patients 
without overt coronary artery disease, there was a sig-
nificant inverse correlation between MGU (measured in 

 � mol/min/100 g of myocardial tissue) and eGFR, which 
could not be attributed to differences in demographic 
characteristics or cardiac workload. In the future, dy-
namic FDG PET may provide a sensitive, non-invasive, 
quantitative tool for investigating pre-clinical myocardi-
al abnormalities in patients with CKD.
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