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Evaluation of right ventricular (RV) oxidative me- 
tabolism is limited by the inability to easily deter- 
mine oxygen extraction by the RV myocardium and 
the complex morphology of this ventricle. Because 
left ventricular C-l 1 clearance rate constants 
closely correlate with myocardial oxygen consump- 
tion, it was postulated that C-l 1 clearance rate 
constants for the RV free wall should also reflect 
its oxygen consumption. Therefore, RV C-l 1 clear- 
ance rate constants were compared with RV load- 
ing in 21 patients with aortic valve disease to as- 
sess the possible use of this technique for noninva- 
sive evaluation of RV oxidative metabolism. RV 
free wall C-l 1 clearance rate constants correlated 
with the product of systolic pulmonary artery pres- 
sure and heart rate for all patients (r = 0.65, p = 
0.002), but the relation was stronger if 2 patients 
with overt RV dysfunction were excluded (r = 0.83, 
p = 0.001). On the basis of mean pulmonary artery 
pressures, patients were stratified into subgroups 
with normal (group I, n = 8) and elevated (group II, 
n = 13) pulmonary pressures and were compared 
with 10 normal control subjects. RV C-l 1 clear- 
ance, rate constants were significantly higher in 
group II than in group I and in normal control sub- 
jects (p <O.OS). These data suggest that RV C-l 1 
acetate clearance rate constants can provide nonin- 
vasive evaluation of RV oxidative metabolism. This 
technique may allow serial assessment of RV per- 
formance in various cardiac and pulmonary dis- 
eases, and particularly of changes associated with 
therapeutic interventions. 
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I mpairment of right ventricular (RV) performance 
can cause significant morbidity in cardiac and pul- 
monary diseases. Right-sided cardiac catheteriza- 

tion,echocardiographyandradionuclideventriculography 
provide evaluation of RV loading and function.iT2 How- 
ever, none of these techniques provides direct evaluation 
of RV oxidative metabolism either globally or regional- 
ly. Indeed, oxidative metabolism within the right ventri- 
cle has been only poorly characterized because of the 
inability to measure oxygen extraction by RV myocar- 
dium and the complex morphology of the right ventri- 
cle, which limits assessment of RV wall stress.3-8 

The RV free wall makes an important contribution 
to RV performance9- l 2 and may be responsible for 
maintaining cardiac output in advanced LV dysfunc- 
tion. Because metabolic demands placed on the RV free 
wall are influenced significantly by the performance of 
the ventricular septum,6 the ability to directly charac- 
terize oxidative metabolism regionally within the right 
ventricle would have significant advantages. 

C-l 1 acetate has recently been introduced and vali- 
dated as a tracer of myocardial oxidative metabolism 
for use in combination with positron emission tomogra- 
phy (PET).13-16 We postulated that C-l 1 acetate clear- 
ance rate constants in the RV free wall would reflect its 
oxygen consumption and correlate with parameters of 
RV loading in the compensated right ventricle. Conse 
quently, we evaluated the relation between RV C-l 1 ac- 
etate clearance rate constants and RV hemodynamic 
data in 21 patients with aortic valve disease. The aim of 
this study was to determine the possible use of this ap- 
proach for the noninvasive evaluation of RV oxidative 
metabolism. 

METHODS 
Patients: The study protocol was approved by the 

Human Subject Protection Committee of the University 
of Michigan Medical Center. All normal subjects and 
patients were studied only after granting informed, writ- 
ten consent. 

All 21 patients in the group had aortic valve disease 
documented by echocardiography and were being elec- 
tively evaluated for possible aortic valve replacement. 
This population was chosen because such patients gen- 
erally have only modest elevation of pulmonary artery 
pressures and well-preserved RV contractile function. 
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TABLE I Patient Characteristics 

Group I Group II 
(n = 8) (n = 13) 

valve disease; SD = standard deviation. 

Eighteen patients had isolated aortic valve disease 
and 3 patients had mixed mitral and aortic valve dis- 
ease. All were clinically stable, although 2 had chronic 
RV failure. None had significant coronary artery dis- 
ease based on coronary arteriography performed within 
1 month of entry into the study. These patients were 
compared with a group of 9 healthy male volunteers, 22 
to 29 years of age (mean f standard deviation 26 f 3). 
All volunteers were nonsmokers and were considered to 
have a low likelihood of coronary artery disease or other 
cardiac disease based on age, clinical history, physical 
examination and the presence of a normal electrocardio- 
gram at rest. 

Right ventricular hemodynamic data: Right-sided 
cardiac catheterization was performed for clinical indi- 
cations in all patients but not in the normal volunteers. 
RV hemodynamic data were obtained within 1 month 
of PET and without change in medication in the study 
interval. Mean, systolic and diastolic pulmonary artery 
pressures were measured using standard techniques and 
with the patient lying quietly in the supine position. A 
RV rate-pressure product was derived by multiplying 
the systolic pulmonary artery pressure at the time of 

right-sided cardiac catheterization by the heart rate re- 
corded at the time of the PET study. 

Patients were stratified into subgroups with normal 
(group I, n = 8) and elevated (group II, n = 13) pulmo- 
nary artery pressures based on the recorded mean pul- 
monary artery pressure. A mean pulmonary artery pres- 
sure >20 mm Hg was considered pathologically elevat- 
ed.17 The age, sex and clinical characteristics of these 
subgroups of patients are listed in Table I. 

C-l 1 acetate positron emission tomography: C- 11 
acetate PET studies were performed using a whole body 
PET scanner (Siemens 931, CTI, Knoxville, Tennes- 
see), allowing simultaneous imaging of 15 transaxial 
slices, 6.75 mm in thickness. Transmission images were 
obtained for 15 minutes and were used for attenuation 
correction, Dynamic PET imaging was then performed 
for 31 minutes after intravenous administration of 740 
MBq (20 mCi) of C-l 1 acetate. Ten frames of 90 sec- 
onds’ duration were obtained, followed by 5 frames of 
120 seconds’ duration and 2 frames of 180 seconds’ du- 
ration. C-l 1 acetate was synthesized using previously 
described methods. l 3 

A single midventricular transverse, transaxial plane 
in which the right ventricle could be easily identified 
was chosen for analysis. The decay-corrected, dynamic 
series of 17 C-l 1 acetate images for this plane was dis- 
played and regions of interest were assigned on the 
frame with best myocardial definition (Figure 1A). 
Regions of interest were assigned for the RV free wall 
and septum and were then extrapolated to all frames. 
Monoexponential fitting of the resultant regional time- 
activity curves was performed after decay correction 
(Figure 1B). Clearance half-times (t%) were obtained 
and C- 11 acetate rate constants (k/mm) were calculat- 
ed by dividing the natural logarithm of 2 by the C-l 1 
acetate clearance t% in minutes, i.e. k = ln2/t’%.‘* 

Statistical analysis: Values for groups are presented 
as mean f standard deviation. Mean levels of continu- 
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FlGURE 1. A, dynamic ties of decay-corrected, C-11 acetate images for a single midventricular, transaxial plane. In the first 
frame (fop feff), C-l 1 activity is mainly in blood. Later, there is rapid and marked blood pool clearance and avid myocardial ex- 
traction. By the final frame (bottom right) there has been substantial clearance of myocardial C-11 activity, reflecting metabo- 
lism of C-l 1 acetate via the tricarboxylic acid cycle. B, decay-cone&d time-activity curves for right ventricular and left ventk- 
ular myecardial regions of interest. Data presented in this figure were derived from analysis of a study done in a patient with el- 
evated pulmonary artery pressures secondary to aortii regurgitation. 
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ous factors were compared between groups using an un- 
paired t test. RV and septal C-l 1 acetate clearance rate 
constants were compared in each patient using a Stu- 
dent’s t test for paired data. Multiple regression analysis 
was performed to evaluate the relation between RV he- 
mcdynamic data and the RV free wall and septal C-l 1 
acetate clearance rate constants. Pearson’s correlations 
were used to test the association between 2 continuous 
factors. Probability levels of <0.05 were considered sta- 
tistically significant. 

RESULTS 
Comparison of C-11 acetate clearance with right 

ventricular hemodynamic data: RV C- 11 clearance rate 
constants were significantly correlated with the RV 
rate-pressure product for all patients (Figure 2A). The 
2 patients in this study with overt evidence of RV fail- 
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FIGURE 2. A, plot of right ventricular (RV) C-11 clearance 
rate constants versus the RV rate-pressure product (RPP) cal 
culated by multiplying the systolic pulmonary artery pressure 
at the time of right-sided cardiac catheterization and heart 
rate during the positron emission study. A significant correla- 
tlon was noted (r = 0.65, p = 0.002). Two patier& had overt 
RV dysfunction (c/osed &c/es) included in this regression. 
The 95% co&fence bands of the true mean of acetate rate 
constants (k) per minute are displayed. B, exclusion of the 2 
patii with RV dysfunction who likely had impaired contrac- 
tility made the correlation between these parameters stronger 
(r = 0.93, p = 0.001). Again, the 99% confidence bands of 
the true mean of k per minute are displayed. These data sug- 
gest that C-l 1 clearance rate constants are closely related to 
RV loading in the compensated right ventricle but less well in 
the failing right ventricle. 

ure lay well below the line of identity for this relation. If 
these patients with RV decompensation and probable 
impairment of RV contractility were excluded from 
analysis, a stronger correlation was observed between 
C- 11 clearance in the RV free wall and the RV rate- 
pressure product (r = 0.83, p = 0.001) (Figure 2B). 

Mean pulmonary artery pressures were significantly 
higher in the patient subgroup defined as having elevat- 
ed pulmonary artery pressures (group II) than in the 
subgroup defined as having normal pulmonary artery 
pressures (group I) (28 f 12 vs 13 f 2 mm Hg, p 
<0.005, respectively). RV C-l 1 acetate clearance rate 
constants were significantly higher in group II than in 
group I patients (p <0.05) and in normal subjects (p 
<O.OOS) (Figure 3). C-l 1 clearance was faster in pa- 
tients in group I than in normal subjects without evi- 
dence of cardiac disease, although the difference was 
not statistically significant. 

Comparison of right ventricular and septal C-l 1 
clearance kinetics: In patients and in normal volun- 
teers, C-l 1 acetate clearance rate constants were signifi- 
cantly higher in the septum than in the RV free wall 
(0.064 f 0.013 vs 0.043 f 0.016, p = 0.0001). How- 
ever, C-l 1 acetate clearance rate constants in the RV 
free wall correlated with those in the septum (r = 0.75, 
p = 0.0001). Despite this relation, linear regression 
analysis of C-l 1 acetate clearance rate constants in the 
septum versus RV hemodynamic parameters revealed 
no significant correlation except with heart rate (r = 
0.53, p <0.05). This was in contrast to the RV free wall 
C- 11 acetate clearance rate constants which correlated 
significantly with mean pulmonary artery pressure (r = 
0.62, p <O.OOS), systolic pulmonary artery pressure (r 
= 0.56, p <O.Ol), RV rate-pressure product (r = 0.65, p 
<O.OOS) and heart rate (r = 0.47, p <O.OS). Multiple 
regression analysis demonstrated a significant correla- 
tion between RV free wall C- 11 acetate clearance rate 
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FIGURE 3. C-l 1 acetate clearance rate constants were, on 
average, significantly higher in 13 patients with elevated pul- 
monary artery pressure (PAP) than in 8 patients with normal 
pulmonary artery pressures and in 10 normal subjects (Volun- 
teers). C-l 1 clearance was also slightly faster in patients with 
normal pulmonary artery pressures than in normal volunteers, 
possibly reflecting the fact that mean pulmonary artery pres- 
sures in this group of patients were in the upper end of the 
normal range. 
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constants and 5 potential predictors of RV oxygen de- 
mand including mean, systolic and diastolic pulmonary 
artery pressures, and RV rate-pressure product and 
heart rate (cumulative r = 0.8, p = 0.006). Similar 
comparison between C-l 1 acetate clearance rate con- 
stants in the septum and the same 5 parameters re- 
vealed no significant correlation (cumulative: r = 0.6, 
p = 0.17). 

Comparison of each study subgroup showed that the 
ratio of RV free wall to septal C-l 1 acetate clearance 
rate constants was significantly higher in group II than 
in group I (78 f 15% vs 57 f 8%, p <0.005) and in 
normal volunteers (78 f 15% vs 58 f IO%, p <O.OOS). 
Also, although there was a significant difference in RV 
free wall C-l 1 acetate clearance rate constants in group 
II compared with group I (0.054 f 0.017 vs 0.037 f 
0.007, p = 0.003), there was no significant difference in 
C-l 1 clearance in the septum of the 2 subgroups (0.069 
f 0.014 vs 0.065 f 0.011). 

DISCUSSION 
C-l 1 acetate has been validated as a tracer of myo- 

cardial oxidative metabolism in both animals16Jg~20 and 
humans21 We have previously shown the unique ability 
of C-l 1 acetate kinetics to provide noninvasive evalua- 
tion of regional LV oxidative metabolism.22 Based on 
these findings, we hypothesized that analysis of RV free 
wall C-l 1 acetate clearance kinetics should provide non- 
invasive evaluation of RV oxidative metabolism. 

Our primary hypothesis could not be directly vali- 
dated because of the inability to measure RV oxygen 
consumption directly. However, the positive correlation 
between RV free wall C-l 1 acetate clearance rate con- 
stants and RV hemodynamic data demonstrated in this 
study supports our hypothesis since increased loading 
conditions would be predicted to increase RV oxygen 
demand. Furthermore, lower C- 11 acetate clearance 
rate constants were observed in the RV free wall than in 
the septum in both normal subjects and patients. This is 
consistent with the lower stroke work of the right ventri- 
cle compared with the left. There was a significant cor- 
relation between C-l 1 clearance rate constants in the 
RV free wall and septum (r = 0.75, p = 0.0001) sup- 
porting the functional interdependence of these regions.6 
However, C-l 1 clearance rate constants correlated with 
pulmonary hemodynamics, whereas those in the septum 
did not. These data further suggest that regional RV 
clearance of C-l 1 acetate reflects local oxygen demand. 

Pathophysiologic considerations: Myocardial oxy- 
gen consumption is determined by energy demand, 
which integrates the effects of myocyte loading, and 
the rate of isometric force production. Consequently, 
changes in cardiac performance that occur in pressure 
and volume overload of the right ventricle may alter 
the relation between loading conditions and oxygen 
demand.23 In compensated RV hypertrophy resulting 
from pressure overload, performance of the right ventri- 
cle as assessed from pressure measurements may appear 
to be elevated but is essentially normal when corrected 
for volume24 or RV mass.25 However, depressed RV 
contractility would be expected to decrease oxygen con- 
sumption relative to a right ventricle with normal con- 
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tractile function under the same loading conditions. As- 
sessment of RV loading alone, particularly in the failing 
ventricle, may give inadequate evaluation of myocardial 
oxidative metabolism. Under these conditions, C-l 1 ac- 
etate clearance kinetics that provide direct assessment 
of myocardial oxygen consumption, integrating both 
loading determinants of myocardial oxygen demand and 
the effects of altered contractility, may provide unique 
characterization of RV performance. 

The scatter about the line of identity relating RV C- 
11 acetate clearance rate constants and RV rate-pres- 
sure products in our study group (Figure 2A) may well 
reflect the limitations of RV hemodynamics as predic- 
tors of RV free wall oxygen consumption rather than 
limitations of C-l 1 acetate kinetics in assessing regional 
oxidative metabolism. This was evidenced by the im- 
proved correlation between C- 11 acetate clearance rate 
constants and the RV rate-pressure product when the 2 
patients with RV failure were excluded from analysis 
(Figure 2B). 

Study limitations: The major limitation of this study 
is the fact that RV hemodynamic data, with which C- 
11 acetate clearance rate constants were compared, 
were obtained at a different time than the PET study. 
Although these patients were clinically stable, had no 
change in medication in the study interval, and under- 
went both studies under similar conditions, the possibili- 
ty that there might have been fluctuation in pulmonary 
artery pressures cannot be excluded. Standard right-sid- 
ed cardiac catheterization was performed in all patients 
as part of routine clinical management. Consequently, 
more sophisticated evaluation of RV loading including 
pressure-volume 100~s~~ was not performed. These pre- 
liminary feasibility results in humans suggest that fur- 
ther assessment of the utility of PET with C-11 acetate 
is warranted in subgroups of patients with more ad- 
vanced RV disease. 

The RV free wall thickness is generally much less 
than the intrinsic resolution of the PET device used (8 
to 10 mm). Nevertheless, correction for partial volume 
effects was not needed because C-l 1 acetate clearance 
rate constants are a rate of change in activity rather 
than an absolute measure of tissue activity and are thus 
insensitive to partial volume effects. A more important 
theoretical problem with these studies is the spillover of 
blood pool activity into the myocardial region of inter- 
est. Although C-11 acetate activity clears rapidly and 
substantially from the blood,14 the thin free wall of the 
right ventricle and the large adjacent blood pool make 
the effects of spillover relatively greater for the right 
ventricle than for the left ventricle.27 Without accu- 
rate measurement of RV wall thickness and chamber 
diameters, correction of cross-contamination of record- 
ed counts between blood and myocardium was not pos- 
sible. However, the effects of spillover on C-l 1 clear- 
ance rate constants are likely to have been minor since 
fitting of the myocardial time activity was performed 
after the blood pool activity had largely cleared and was 
relatively stable. 

Clinical implications: The unique ability of PET 
with C-l 1 acetate to provide noninvasive assessment of 
regional myocardial oxidative metabolism may provide 



an attractive option for following patients with RV vol- 
ume or pressure overload. Assessment of the success of 
medications in decreasing RV oxygen demand could be 
assessed, and the combination of noninvasive evaluation 
of RV size and performance obtained by echocardiogra- 
phy and PET with C-l 1 acetate could provide evalua- 
tion of the progression and status of RV dysfunction in 
various cardiac and pulmonary diseases. The findings of 
this study warrant application of this approach to dis- 
eases, such as primary pulmonary hypertension, sclero- 
derma, and mitral valve disease, which are more fre- 
quently associated with RV dysfunction than is aortic 
valve disease. 
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