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Abstract

PURPOSE: [11C]palmitate PET can be used to study myocardial fa y acid metabolism in vivo. Sever-
al models have been applied to describe and quan fy its kine cs, but to date no systema c analysis
has been performed to define the most suitable model.

METHODS: In this study a total of 21 plasma input models comprising one to three compartments
and up to 6 free rate constants were compared using sta s cal analysis of clinical data and simu-
la ons. To this end, 14 healthy volunteers were scanned using [11C]palmitate, whilst myocardial 
blood flow was measured using H2

15O. 

RESULTS: Models including an oxida ve pathway, represen ng produc on of 11CO2, provided sig-
nificantly be er fits to the data than other models. Model robustness was increased by fixing ef-f
flux of 11CO2 to the oxida on rate. Simula ons showed that a three- ssue compartment model 
describing oxida on and esterifica on was feasible when no more than 3 free rate constants were
included.

CONCLUSION: Although further studies in pa ents are required to substan ate this choice, based
on accuracy of data descrip on, number of free parameters and generality, the 3- ssue model with 
3 free rate constants was chosen as the model of choice for describing [11C]palmitate kine cs in 
terms of oxida on and fa y acid accumula on in the cell.
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Introduc on

The myocardium relies on several sources of energy, including polysaccharides (sugar) and short 
and long fa y acids. Measuring kine cs of these compounds can give valuable informa on about
myocardial func on under various condi ons [1, 2]. Uptake and u liza on of polysaccharides can 
be measured using FDG. The kine c behaviour of FDG is well understood and can be described
accurately by an irreversible 2- ssue compartmental model [2, 3]. For studying oxida on of other
energy sources (MVO2) of the heart, the short chain fa y acid [11C]acetate o en is used [4, 5].
Although kine cs of this tracer originally were studied using a 6-compartment model, the limited 

me resolu on of a PET study forced a reduc on to a simplified 2- ssue compartment model de-
scribing uptake (and back-diffusion) and (irreversible) oxida on of the tracer [5, 6]. 
Finally, [11C]palmitate can be used to study uptake and u liza on of long chain fa y acids, which
play a dominant role in delivering energy to the heart. Since fa y acid metabolism [7] is affected
by a number of pathophysiological condi ons, [11C]palmitate has been used to study myocardial 
metabolism in various diseases such as viral infec ons and diabetes [8-11]. Most studies involving
[11C]palmitate used semi-quan ta ve analyses to describe its kine cs. Tracer washout is commonly 
described using a bi-exponen al func on with a rapid phase reflec ng fast oxida on of fa y acid
in the mitochondria and a slower phase, appearing later, represen ng incorpora on of extracted
fa y acids into neutral lipid pools [10, 11]. However, a simpler single-exponen al model, only de-
scribing oxida on of the tracer has also been used [9]. 
A possibly more accurate three- ssue compartmental model (hence described by three exponen-

als), in which uptake of palmitate in cytosol, beta-oxida on in mitochondria and incorpora on of 
fa y acid into neutral lipids is described, has been proposed by Bergmann and co-workers [8]. The 
model was validated using dogs under several condi ons and subsequently used to assess altered 
myocardial fa y acid metabolism associated with cardiomyopathy in pa ents [12]. Although the 
proposed model corresponds with known pathways of fa y acids and therefore is a valid model, to 
date no details about accuracy, reproducibility and iden fiability of individual pathways have been
reported.
In the present study, simula ons and actual PET data from healthy controls were used to evalu-
ate above men oned three- ssue compartment model, together with other, simplified, models 
describing [11C]palmitate kine cs. Although final model choice will also depend on physiological
relevance, parameter iden fiability of the model is a first and mandatory criterion in model choice 
and the overall aim of this study.

Methods

Pa ents
Fourteen healthy males (Table 1), aged 53.7 +/- 6.0 years, were recruited by adver sements in lo-
cal newspapers. Healthy males without complaints or any history of cardiovascular disease were
eligible. Inclusion criteria were blood pressure not exceeding 140/90 [mmHg], body-mass index
< 32 [kg/m2], and normal glucose tolerance. Exclusion criteria were any clinically significant disor-
der, dyslipidemia, requiring pharmacological treatment, or the use of any prescribed drug. Subjects 
were screened, including history, physical examina on, echocardiogram, and fas ng blood and
urine analyses. Normoglycemia was determined using a 75 [g] oral glucose tolerance test. Wri en 
informed consent was obtained from all par cipants. The protocol was approved by the local Medi-
cal Ethics Commi ee, and performed in full compliance with the Declara on of Helsinki. 
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Table 1. Pa ent characteris cs

N=14

Age (years) 53.7 (6.0)

Body mass index (kg/m2) 27.5 (2.6)

Waist circumference (cm) 102 (7.6)

Blood Pressure (mmHg) 117 (13) / 70 (8)

Total cholesterol (mMol/l) 4.9 (0.7)

LDL cholesterol (mMol/l) 3.1 (0.6)

HDL cholesterol (mMol/l) 1.3 (0.3)

Triglycerides (mMol/l) 0.86 (0.3)

plasma glucose (mMol/l) 5.3 (0.4)

Non esterified fa y acids (mMol/l) 0.43 (0.14)

Lactate (mMol/l) 0.8 (0.2)

Insulin (pMol/l) 30 (14)

Values are presented as mean (SD)

Produc on of PET tracers
[11C]palmitate was synthesized according to a modified method previously described by Welch et
al. [13] and using Nuclear Interface equipment. Radiochemical purity was > 97%.

Study procedures
Subjects arrived at the PET facility at 08:00 am a er an overnight fast. They had been instructed to
abstain from alcohol, caffeine containing beverages and physical exercise 48 h prior to PET scan-
ning. For six subjects arterial and venous samples taken during the [11C]palmitate scan were com-
pared with regard to specific ac vity concentra ons including metabolites. Since no significant
difference was found in these blood values all other subjects received only an indwelling venous
catheter in an antecubital vein. During all procedures pa ents were monitored by telemetry and 
blood pressure was measured at 5 minute intervals. Blood samples were collected during both
scans at predefined intervals to measure plasma substrate (glucose, NEFA, lactate, triglycerides)
and insulin levels. In addi on samples for plasma/whole blood ra os and 11CO2 concentra ons
were withdrawn and analyzed immediately. 

PET scanning
All scans were performed using an ECAT EXACT HR+ scanner capable of 2D and 3D acquisi on (Sie-
mens/CTI, Knoxville, TN, USA) [14, 15]. A 10 minutes transmission scan, using 3 rota ng 68Ge line
sources, together with sinogram windowing, was performed a er subject posi oning at cardiac
level. Next, to measure myocardial blood flow (MBF), 1,100 MBq H2

15O dissolved in 5 ml saline was 
injected intravenously as a bolus, followed by a 40 ml saline flush at a rate of 4 ml/s. A dynamic 
emission scan was acquired consis ng of 40 frames with variable frame length for a total dura on
of 10 min (12 x 5, 12 x 10, 6 x 20, and 10 x 30 s). This scan was performed in 2D mode to prevent
large dead me effects at the beginning of the scan [16]. A er 10 minutes to allow for decay of 
residual 15O, fa y acid imaging was performed using [11C]palmitate. An intravenous bolus of 180 
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MBq was followed immediately by a 30 minutes dynamic emission scan in 3D mode for increased
sensi vity. This scan was divided into 33 frames (6 x 5, 6 x 10, 3 x 20, 5 x 30, 5 x 60, and 8 x 150 s). 
All emission data were corrected for physical decay, dead me, sca er, randoms, and (measured) 
photon a enua on. Image reconstruc on was performed using filtered back-projec on (FBP) with 
a Hanningfilter at 0.5 of the Nyquist frequency, resul ng in a spa al resolu on of ~7 mm full width 
at half maximum. In addi on a 10 to 30 minutes sum image was reconstructed with OSEM.

In order to generate myocardial me-ac vity curves (TACs), regions of interest (ROIs) were defined 
on resliced short-axis [11C]palmitate images using the OSEM reconstructed summed image from 10 
to 30 minutes. Thirteen ROIs (6 basal, 6 distal, 1 apical) were defined as described previously [17]. 
Addi onal ROIs were defined in le  ventricular chambers for image-derived input func ons (IDIF). 
An example of ROI placement is shown in Fig. 1. Myocardial segments exposed to liver spill-in were 
omi ed in the analysis of [11C]palmitate scans, whilst all other ROIs were grouped for further analy-
sis. All ROIs were projected onto the dynamic H2

15O image data to generate water TACs.

Plasma input 
An [11C]palmitate plasma input func on was generated by mul plying the image derived le  ventri-
cle TAC by the plasma to whole blood ra o and by correc ng for the frac on of [11C]O2 as obtained
from the venous samples. As these correc ons were based on a limited number of manually drawn 
blood samples, spline interpola on was used to correct values at every me frame of the PET
scan.

Figure 1. Short axis [11C] palmitate image of the myocardium

Shown is a summa on of frames taken from 10 to 30 minutes and the ROIs used for extrac on of ssue and blood TACs.

Kine c models

Myocardial Blood flow
H2

15O data was fi ed to a standard four parameter, single- ssue compartment model including
MBF, perfusable ssue frac on and spill-over frac ons from both ventricles [18]. The le  ventricu-
lar cavity TAC was used as input func on to the model.
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[11C]Palmitate fa y acid metabolism
A total of 21 different models with different combina ons of compartments, rate constants and
constraints were inves gated. The models were divided into 4 families depending on the number 
and type of compartments that were included. Within a family of models, the number of rate con-
stant and constraints were varied (Table 2).

For family 1, one compartment was used to describe uptake of [11C]palmitate from plasma into s-
sue (kp1), and washout from ssue back to plasma (k1p). This model does not dis nguish between 
back diffusion of [11C]palmitate or efflux of 11CO2. 

Family 2 included both a free or inters al compartment and a compartment describing turn over 
of free fa y acids into neutral lipids and amino acids, with rate constants kp1, k1p, k12, k21 describing
transfer rates between compartments. In one implementa on (model 2B), the back-diffusion proc-
ess (k21) was omi ed, limi ng the total number of free parameters to 3. 

Although also constructed from two compartments, models from family 3 differed from family 2 
models in terms of metabolic pathways. Instead of (slow) turn over of free fa y acids, it included
a mitochondrial compartment with k13 describing transport of [11C]palmitate into the mitochondria 
and k3p efflux of 11CO2 into blood. Different implementa ons were obtained by omi ng k1p (model
3B), whilst further reduc on of the number of free rate constants was obtained by fixing k3p to a
value propor onal to flow (MBF/Vb, with Vb = 0.1, being the blood volume of the myocardium;
models 3A(1) and 3B(1)) or by imposing k3p = k13 (models 3A(2) and 3B(2)). 
The largest family of models (family 4) included all three compartments introduced by Bergmann
et al. [8]. Reduc on of the number of free parameters was accomplished by omi ng either or both 
k1p and k21 (models 4C, 4B and 4D, respec vely). In addi on, further modifica ons (reduc ons)
were obtained by fixing k3p in a similar manner as for family 3. Using family 4 models, myocardial
fa y acid uptake (MFAU), myocardial fa y acid oxida on (MFAO) and myocardial fa y acid esteri-
fica on (MFAE) can be es mated separately (see below).

Implementa on
For every model a set of differen al equa ons can be defined. Its analy cal solu on can then be 
fi ed to myocardial PET data, yielding es ma ons of the various parameters. As all models can 
be deduced from the descrip on of model 4A by se ng specific parameters to zero (or to fixed
values), only the solu on of model 4A is given. Similar to the sugges on of Delgrado et al. [19] this
model can be described by three exponen als:
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CPET(t) is the measured [11C]palmitate TAC, Cp(t) the plasma input, Clv(t) the blood TAC taken from
the le  ventricle, Slv the unknown spill over of arterial signal into the myocardium, and k1p, kp1, k12, 
k21, k13 and k3p are the rate constants as described above. Since spill over from the right ventricle
was found negligible it is not included in the model. The frac on of ssue TAC represen ng real 
myocardial ssue ac vity (perfusable ssue frac on, PTF) cannot be es mated independently from 
kp1 and was therefore es mated as (1- Slv). This was based on the finding that this specific rela on 
between the spill-over factor Slv and PTF was present in the H2O

15 studies and the assump on 
that the underlying physics determinining these factors (myocardial wall movement, vascularaty,
limited resolu on) are comparable in both studies. The macroparameters MFAO and MFAE were
defined according to [8]:

And MFAU equals the sum of MFAO en MFAE. CNEFA is the concentra on of non-esterified free acids
in blood [mMol/g]. In short, fi ng eq.1 to the [11C]palmitate data directly yielded the parameters
kp1…k3p, from which the macroparameters can be calculated. When applying models that do not
include backflow from compartment 1 to plasma, k1p is set to zero in eqs. 2 and 3.

Model analysis
All models were fi ed to CPET(t) using a non-linear least-squares op misa on process based on the
Levenberg-Marquart algorithm [20]. Results were analyzed using the following criteria:

Residual errors.
The residual or sum of squared errors was used to describe how well the es mated curve fits to the
data. Values averaged over all pa ents are reported.

Akaike Informa on Criterion (AIC).
Similar to the residual errors, except that penal es are given for the number of parameters used. 
AIC includes the effect that models with a larger number of free parameters are more likely to find
solu ons that are closer to the data, but yield parameter es mates with lower confidence.

Average parameters values.
For each model, average values and standard devia ons of each parameter were determined over
the en re group of normal subjects. As it concerns a rela vely homogenous group of volunteers, the
standard devia on SD of the distribu on of values within the group is some indica on of the precision
of the es mate. Furthermore the standard error SE in parameter es ma on was calculated based on 
the Jacobian that results from the fi ng procedure for each pa ent and parameter. SE is a measure
for robustness of the parameter es ma on. SE values averaged over all subjects are reported.
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Sensi vity analysis.
The rela ve change in model outcome or TAC resul ng from a change in an individual parameter is in-
dica ve how accurate the parameter can be es mated. Sensi vity func ons for each parameter were
generated by determining the change in model outcome resul ng from a 1% change in the parameter
[21, 22]. First, typical arterial me ac vity curves (C

p(t) and Clv(t)) were generated by averaging the 
measured curves over all studies. These were then used to generate ssue TACs. If each of the sensi-

vity func ons for the parameters are sufficiently different over me, then the parameters are iden-
fiable. To test the ability of the model to es mate parameters independently, we used iden fiability 

analysis of the sensi vity curves togenerate a sensi vity matrix as previously described [21, 22].Each
element in the sensi vity matrix represents the correla on of any 2 parameters to produce a change
in the output of themodel. Pairs of parameters within the correla on matrix elementsclose to ±1 will 
have es mates that covary considerably and are therefore difficult to es mate independently. Fur-
thermore, the required length of the experimental data collec on and analysis may be indicated from
the sensi vity func ons. To evaluate the impact of lengthening the scan dura on, sensi vity curves
and correla on matrices were also generated for a 45 minutes scan. 

Monte Carlo simula ons.
These were performed to assess accuracy of es mated MFAU, MFAE and MFAO over a wide range 
of parameter values. For every model a set of 100 ssue TACs was generated created using ran-
domly selected parameters. Simula ons were performed with and without addi on of Gaussian
noise. In reality, the noise level in the ROI depends on many factors including ROI, acquisi on and
reconstruc on parameters and cannot be measured directly due to unknown real ac vity distribu-

on and local heterogeniety. Therefore, noise level was based on total (non-decay corrected) trues 
T per frame, with a coefficient of varia on equaling α/√T. For all simula ons α was chosen such
that the residuals of the model fits to the simulated data was similar to as found in the pa ent
data using the most precise model (4A), which is the best es mate of the true TAC. Subsequently
the simulated ssue TACs were fi ed to the models to yield es mated parameters. Since this was 
done over the full range of parameter values, sca er plots of true vs. es mated parameter values 
could be generated, illustra ng the confidence of the es mated parameter. For every simula on
the model used for parameter es ma on was the same model as was used for genera ng the TACs. 
Ideally, for a noise-less situa on and a suitable model, a perfect correla on between simulated and 
es mated parameters is to be expected.
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Table 2. Overview of all models evaluated, categorised into 4 families

Model 1
2 FRC: kp1, k1p

Model 2A
4 FRC: kp1, k1p, k12, k21

Model 3A
4 FRC: kp1, k1p, k13, k3p

Model 4A
6 FRC: kp1, k1p, k12, k21, k

13, k3p

Model 2B
3 FRC: kp1, k1p, k12

Models 3A(1),(2)
3 FRC: kp1, k1p, k13

k3pfixed 

Model 4A(1),(2)
5 FRC: kp1, k1p, k12, k21, k 13

k3pfixed 

Model 3B
3 FRC: kp1, k13, k3p

Model 4B
5 FRC: kp1, k1p, k12, k 13, k3p

Model 3B(1),(2)
2 FRC: kp1, k13

k3pfixed 

Model 4B(1),(2)
4 FRC: kp1, k1p, k12, k 13

k3pfixed 

Model 4C
5 FRC: kp1, k12, k21, k 13, k3p

Model 4C(1),(2)
4 FRC: kp1, k12, k21, k 13

k3pfixed 

Model 4D
4 FRC: kp1, k12, k 13, k3p

Model 4D(1),(2)
3 FRC: kp1, k12, k 13

k3pfixed 

Overview of all models evaluated, categorised into 4 families, depending on number (1 to 3) and structure of com-
partments. Arrows indicate rate constants with grey arrows being omi ed in some of the models, and p indicates
plasma. FRC is the number of free parameters, excluding spill over factors that are present in all models. Depending
on the model k3p can be fixed to (1) MBF/Vb, or (2) k13.

Results

Myocardial Blood Flow
MBF values averaged 0.81 ± 0.21 [ml/ml/min]. In relevant models (Table 2), these MBF values were
used to fix the ou low of 11CO2 from mitochondria to the vascular space described by parameter k3p.
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[11C]palmitate
In Figure 2 (Top) a typical example is shown of a correc on curve (based on manual sample data)
used to translate the image derived whole blood curve into a plasma input curve that is corrected
for differences in plasma and whole blood concentra ons and for the presence of 11CO2. A myocar-
dial TAC with associated fits from a variety of models is also depicted in Figure 2. For all models, the
average le  ventricular spill-over frac on Slv was 0.18 ± 0.05. High correla on (R2=0.998, data not
shown) was found between spill-over factors es mated with different models. 

Residual errors.
Table 3 shows average residual errors of all models included in the study. In general, the error de-
creased with increasing number of free parameters. As compared to the single compartment mod-
el (Family 1), inclusion of the mitochondrial compartment (compartment 3) improved the quality
of the fits drama cally (Families 3 and 4), except when k

3p was fixed to MBF/Vb. This improvement
was not seen when only the compartment represen ng the slow turnover pool was included (Fam-
ily 2). Lowest residual errors were obtained when all three compartments were included (Family 4),
although differences between Families 3 and 4 were very small. Fixing k3p to a value propor onal to
MBF (i.e. to MBF/Vb) resulted in much larger errors than fixing it to k13.

Average parameters values Table 4 shows average values and standard devia ons (SD) of the vari-
ous parameters across the subjects for most models. In addi on, mean standard errors (SE) of the 
fi ed parameters are provided. As residual error and AIC analyses already indicated preference 
for models in which k3p was fixed to k13, models in which was k3p was fixed to MBF/Vb were ex-
cluded from further analysis. From Table 4 it can be seen that kp1 can be es mated with high preci-
sion, nearly independent of model choice. For all other parameters, actual parameter values (and
spread, i.e. both SD and SE) heavily depend on model choice. This is especially the case for k21 and
k12, and to a lesser extent, for k13. In concordance with this, all models that consist of more than 3
free rate constants yield at least one parameter with an SE that is an order of magnitude larger than
the average parameter value. 

Sensi vity analysis.
As input for the sensi vity analysis average clinical parameters were used together with average 
curves for plasma input, and le  and right ventricles. Figure 3 shows sensi vity curves for four
models (3B(2), 4D(2), 4C(2) and 4A(2)). Since the curves of the various parameters of models 3B(2)
and 4D(2) differ significantly, it is expected that these parameters can reliably be es mated inde-
pendently. For models 4A(2) and 4C(2), however, the shape of the curves for parameters k1p, k12,
k21 and k13 are very similar. Correla on values between parameters are given in table 5. For model 
4A(2), there is a high level of correla on between all parameters except kp1. This suggests that it will 
be difficult to obtain independent es mates of these parameters using model 4A(2). Similarly, k21

and k13 are highly correlated with k12 for model 4C(2). In contrast, for model 4D(2) all correla ons 
are smaller than 0.9, yielding be er condi ons to independently es mate its parameters, although 
the independence of k13 remains somewhat dubious in this analysis. Also shown in Table 5 are the 
correla on values for a 45 minute scan. Increasing the scan length with 50% had a posi ve effect
on the es ma on of k13 using the 4D(2) model only.
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Figure 2. Correc on curve and myocardial TACs with associated fits from a variety of models

Top example of a typical correc on curve (together with measured manual sample data) for transferring an image derived 
whole blood curve into a plasma input curve corrected for the presence 11CO2. Bo om: example of myocardial [11C]palmi-
tate data (dots) together with best fits (lines) using various models

Akaike Informa on Criterium In Table 3 the preference for each model based on AIC values is also 
given. In addi on to the residual error, AIC also takes into account the number of free parameters 
in the model and therefore it can be regarded as a more sensible measure of goodness of fit. In 50% 
of the subjects, model 3B(2) was the preferred model. 
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Figure 3. Sensi vity curves for various models

Table 3. Average residual error for each model and number of preferred fits per model according to the
Akaike Informa on Criterion (AIC).

Model Average Residual Error 
x 104

Number of Preferred Fits
according AIC

1 69 1
2A 69
2B 69 1
3A 44
3A(1) 69
3A(2) 45 2
3B 45 1
3B(1) 69
3B(2) 52 7
4A 44
4A(1) 69
4A(2) 44
4B 43
4B(1) 69
4B(2) 43
4C 43
4C(1) 69
4C(2) 45
4D 44
4D(1) 69
4D(2) 44 2
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Figure 4. Free simula ons

Results of noise free simula ons showing accuracy of es mated metaparameter vs. true value for 3 models.
Top: Model 4A(2), Centre: Model 4C(2), and Bo om: Model 4D(2).

Table 5. Correla on or covariance values between parameters as derived from sensi vity analysis

3B(2) 4A(2) 4C(2) 4D(2)

kpp1 – k p1p 0.42 (0.40)

kp1p  – k12 0.33 (0.33) 0.30 (0.33) 0.14 (0.14)

kpp1 – k21 0.26 (0.28) 0.22 (0.25)

kp1p  – k13 0.28 (0.31) 0.28 (0.29) 0.44 (0.46) 0.30 (0.33)

k p1p – k12 0.99 (0.99)

k1pp – k21 0.96 (0.98)

k p1p – k13 0.97 (0.98)

k12 – k21 0.99 (0.99) 0.96 (0.96)

k12 – k13 1.0 (1.0) 0.95 (0.95) 0.84 (0.70)

k21 – k13 1.0 (1.0) 0.84 (0.85)

Values in brackets are derived from a analysis of a prolonged 45 minute scan.
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Monte Carlo simula ons.
As input, average blood curves as obtained from the clinical study were used. Sca er plots are
given in Figures 4 for noiseless curves. From the sca er plots, Pearson correla on coefficients were
calculated for simula ons both without and with Gaussian noise (Table 6). For all models, param-
eter kp1 and changes in MFAU could be detected with high accuracy. When using model 4C(2) and
especially 4A(2), significant uncertain es in MFAO es ma on were found even in the noise free
situa on. MFAE could only be es mated reliably using model 4D(2), while 4C(2) again yielded large 
uncertain es. In addi on, using model 4A(2) MFAE contained large biases Interes ngly, the effects
of noise on the confidence of parameter es ma on were small, probably due to the use of large
ROIs (Table 6).

Direct comparison of models 3B(2) and 4D(2) 
In order to inves gate to what extent a three- ssue compartment model could be used for analys-
ing data, a direct comparison was made between two- ssue model 3B(2) and three- ssue model
4D(2). The first model was the most preferred amongst all models in the AIC analysis, whilst the
la er was preferred amongst Family 4 models. In addi on, model 4D(2) was the only model that 
showed promising results in the sensi vity and Monte Carlo analyses. Again, using AIC, a direct 
comparison was made between models 3B(2) and 4D(2) across all 14 subjects. According to AIC, 
model 3B(2) was preferred in 8 subjects and model 4D(2) in 6 (Figure 5). Hence, the total popula-

on was split in a ‘3D(2)-group’ with 8 subjects and a ‘4D(2)-group’ with 6 subjects. Besides this,
all 14 subjects were analyzed with model 4D(2), so that for every subject in both groups a k12 value 
was found. For the ‘3B(2)-group’ the average value of k12 was 0.005 +/- 0.005 [min-1]. In contrast,
for the ‘4D(2)-group’ it was 0.024 +/-0.013 [min-1] (Figure 5). Hence, as could have been expected,
model 4D(2) appears to be the model of choice when k12 is rela vely high. Importantly, if model 
4D(2) were to be used for all subjects, this has negligible effects on the es ma on of kp1 (R2=0.999) 
and k13 (R2=0.989) as shown in Figure 5.

Discussion

This study addressed possible kine c models and their poten al to describe uptake of [11C]palmi-
tate in the myocardium. Suitability of a kine c model depends on several factors. Based on bio-
chemical pathways of the tracer, as known from in vitro or animal studies, kine cs can be expressed 
adequately by more comprehensive tracer compartment models. For [11C]palmitate, such a model 
typically comprises ten compartments with associated rate constants, which clearly would provide 
an adequate descrip on of tracer kine cs [11]. In order to use a model in PET studies, however, 
usually it is necessary to simplify the compartmental structure to meet the limited informa on 
contained within dynamic PET data. Ideally, but not possible in human studies, outcome of a model 
should then be compared to direct measurement of the kine cs at the organ or cell level. As both 
physiological descrip on and clinical consequences of [11C]palmitate model choice have previously
been discussed in detail [8, 9, 11, 23, 24], the present study focussed on applicability of these mod-
els within spa al and temporal limita ons of the PET data. To assess how many parameters could
be determined from human [11C]palmitate studies, models of different levels of complexity were 
compared systema cally, in each case rela ng the model to the underlying physiology [25-27].
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Table 6. Pearson correla on coefficients from the Monte Carlo simula ons shown in Fig. 4

3B(2) 4A(2) 4C(2) 4D(2)

kpp1 1.0 (1.0) 1.0 (0.99) 1.0 (1.0) 1.0 (1.0)

k1pp 0.93 (0.91) - -

k12 0.17(0.13) 0.24 (0.28) 1.0 (0.93)

k21 0.73 (0.49) 0.82 (0.66) -

k13 1.0 (1.0) 0.81(0.79) 0.99 (0.97) 1.0 (0.97)

MFAU 0.95 (0.95) 1.0 (1.0) 1.0 (1.0)

MFAO 0.85 (0.77) 0.85 (0.84) 1.0 (0.99)

MFAE 0.66 (0.60) 0.83 (0.80) 1.0 (0.99)

Pearson correla on coefficients from the Monte Carlo simula ons shown in Fig. 4, indica ng confidence and bias 
with which parameters can be es mated under noise free and realis c noise (in brackets) condi ons.

Figure 5.

Top le : Direct comparison between models 3B(2) and 4D(2) in terms of preferred model according to AIC. 
Top right: Average k13 as determined using model 4D(2) for the groups of volunteers in which models 3B(2) and 4D(2) 
were preferred. Bo om: Correla on between kp1 values and between k13 values, both as obtained with models 3B(2) 
and 4D(2).
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Previously, a three- ssue compartment model has been proposed, describing uptake, oxida on
and esterifica on of [11C]palmitate in the myocardium, which was evaluated in dogs [8]. Although 
it is well known that actual metabolic pathways are much more complex, it would, in theory, be
reasonable to describe the various pathways using this simplified model, given the limited kine c
informa on of the data. However, even a three- ssue compartment model with a rela vely large 
number of fit parameters (up to 7) can be challenging. As a ma er of fact, to our knowledge,
no other PET tracer kine c model with so many parameters has successfully been used before. 
Therefore, in the present study, both PET data from volunteers and simulated data were used to 
inves gate whether a three- ssue compartment model could be used in prac ce. As poten al
alterna ves to the three- ssue compartment model, both single and two- ssue (i.e. further simpli-
fied) compartment models were included in order to perform a formal assessment of the number
of iden fiable compartments.

Since there is no golden standard for in vivo determina on of fa y acid metabolism in the heart,
no direct accuracy of model outcome could be determined. Some data on fa y acid metabolism
in the heart has been published however, using a more simplified bi-exponen al model [10]. For 
comparison, the pa ent data in this study were also analyzed with the bi-exponen al model: aver-
age uptake indices (+/- SD) were 0.08+/- 0.02 vs. 0.11+0.01 and clearance hal ime:19.1 min+/-3.1 
vs 17.6 +/-1.6 for this study and the study by Knuu  et al.[10], respec vely.

Preferred Model
Although a number of mathema cal methods were applied to inves gate applicability of models, 
their conclusions were concordant. AIC and standard error analysis both showed that models in-
cluding more than 3 free rate constants yielded parameters with very low confidence, which is due
to strong inter-parameter correla on, as indicated by the sensi vity analysis. Monte Carlo analysis 
finally confirmed this finding by showing that noise has li le effect on parameter iden fiablility.

Sources of error
Simplified models with a limited number of free rate constants are likely to be more robust for pa-
rameter es ma on, but they also yield less informa on about underlying physiology. For example, 
outcome of a single ssue compartment model is restricted to influx and egress of [11C]palmitate
and does not provide a separate assessment of the oxida ve pathway, possibly obscuring sources 
of altered fa y acid metabolism. Although unlikely, 11CO2 itself could hypothe cally be taken up 
from blood into ssue. This could be inves gated using 11CO2 as a primary tracer [28]. Furthermore,
addi onal studies are needed to assess whether other metabolites are produced and, if so, how 
sensi ve the model is to the presence of these metabolites.
For the clinical data possible sources of error are similar to PET studies in general. Although quan-
fica on of PET data is never a ma er of course, scanner and reconstruc on methods used in this

study are well validated and can be regarded as proven technology. To counterpart effect of lim-
ited resolu on and cardiac wall movement, spill-over and perfusable ssue factors were included 
in the model. Furthermore, all studies were manually checked by comparing the posi on of the
myocardium through the dynamic which revealed no pa ent movement. The impact of noise on 
the analysis was minimized by using summed ROIs. The Monte Carlo simula ons included a similar 
noise level as the clinical data and showed no large detorial influence of noise.
For the simula ons a possible source of error could be a physiologically incorrect model or wrong 
choice of parameters. In order not to give undue preference to a model, for the Monte Carlo simu-
lated data the same model was used as for the parameter es ma on of this data (matched mod-
els), making the clinical validity of the model less relevant. Hence, errors in simulated parameter 
es ma on would come from either simulated noise or interdependency of variables. The average 
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parameter values used for simula on were based on the clinical results. Since these were unreli-
able for some models and could vary significantly, a range of values was used in the sca er analysis, 
trying to include all possible situa ons.

Oxida on and Esterifica on
The major finding from the present systema c model analysis is that an oxida ve path should
be incorporated when describing [11C]palmitate metabolism. This is underscored by the fact that 
model 3B(2), a two- ssue compartment model with free parameters kp1 and k13, is preferred over
single ssue compartment model 1 with free parameters kp1 and k1p, although both models have
an equal number of free parameters. In order to reduce the number of free parameters, Bergmann
et al. proposed to fix k3p to MBF/Vb that could be derived from an independent myocardial blood
flow measurement. Although the found MBF values are in concordance with the generally found 
average and range of myocardial blood flow values [29], in the present study such an approach did
not yield op mal fits. This could be due to incorrect assump ons about the value of Vb. However, 
no correla on between myocardial blood flow as determined with H2

15O and k3p as determined
with models 4A, 4B, 4C or 4D (best correla on R2=0.28) could be found, sugges ng that if k3p would
be equal to MBF/Vb, Vb itself is not constant. Therefore it can be expected that there is phyiologic
varia on in Vb, or even a coupling between MBF and Vb. Hence, although in principle, incorporat-
ing of addi onal informa on to the model can increase reliability, the present results raise doubts
whether MBF/Vb with a constant Vb can be used to independently determine k3p, at least in healthy 
human subjects.
Monte Carlo simula ons suggested that the meta-parameters describing uptake, oxida on and es-
terifica on can be es mated accurately using model 4D(2), the simplest three- ssue compartment
model. Analyses using model 4C(2) indicated that adding just one addi onal free parameter (com-
pared with model 4D(2)) significantly decreased confidence of meta-parameter es ma on. This is 
illustrated by the spread seen in Figure 4 for model 4C(2), where ideal condi ons were used (i.e. 
no noise in the simulated data). The limited value of all Family 4 models other than model 4D(2)
is underlined by the sensi vity analyses showing large correla ons between different parameters
even when the scan length was increased by 50% (Table 5).
Although model 4D(2) could be used to describe [11C]palmitate kine cs, in a small majority of all 
subjects (8 out of 14, i.e. 57%) model 3B(2) was preferred, probably because parameter k12 was
negligible in this group, and hence, there was no added value in applying model 4D(2). This is in 
agreement with the general situa on that free fa y acid in healthy subjects primarily is oxidised 
rather than accumulated in the myocardial cell. Although there is no direct argument for using the
three- ssue compartment model for this specific group, results of the comparison between mod-
els 3B(2) and 4D(2) showed that es mated values of the other parameter were hardly affected, and 
therefore it could s ll be used without loss of precision. On the other hand, if model 3B(2) would be
used for the group in which model 4D(2) was preferred, esterifica on wrongfully could be ignored 
according to the AIC.
An important applica on of [11C]palmitate will be in diseased subjects with possibly altered me-
tabolism as compared to the healthy aerobic hearts included in here. It is likely that the esterifica-

on pathway is even more pronounced in some pa ent goups, such as type 2 diabetes mellitus 
pa ents. In those cases, use of model 4D(2) is recommended, as it allows for esterifica on without
compromising results when this pathway is negligible.
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Conclusion

The op mal model for analysing [11C]palmitate data is a three- ssue compartment model in which 
three rate constants need to be fi ed. Inclusion of an oxida ve pathway in the model is essen al 
and best fits are obtained by fixing efflux rate of [11C]O2 to the oxida on rate. Inclusion of a (slow)
esterifica on compartment has less impact, improving fits in about half of the normal subjects.
Nevertheless, inclusion of this compartment is recommended as it has only minor impact on the
reliability of other parameters, whilst allowing for more pronounced esterifica on, which is likely
to be present in some pa ent groups.
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Abstract

BACKGROUND: The Assessment of forward stroke volume (SV) using dynamic first pass cardiac 
positron emission tomography (PET) was shown to be feasible in a limited number of studies with 
small number of subjects. The aim of this study was to compare first pass derived SV with cardio-
vascular magne c resonance imaging (CMR)-obtained values in a larger popula on of subjects. 

METHODS AND RESULTS: Fi y-nine subjects with varying degrees of cardiac func on were stud-
ied. Stroke volume was assessed using oxygen-15-labeled water (H2

15O) dynamic first pass PET for
both the right (RV) and le  ventricle (LV), and compared with the findings of aorta velocity-encod-
ed phase-contrast CMR. The PET es mated SV was higher for the RV than the LV (133 ± 34 vs. 116 
± 31 mL, p<0.01), and both were higher compared with values obtained from CMR (81 ± 20 mL,
both p<0.01). Although significant, the correla ons between PET and CMR were moderate for both
the RV (r=0.37, p<0.01) and the LV (r=0.40, p<0.01). Bland-Altman analysis revealed a progressive
overes ma on with increasing SV measured in either ventricle. 

CONCLUSIONS: First pass dynamic H2
15O PET for assessment of forward SV is feasible, although 

values are progressively overes mated with increasing SV, par cularly when the RV is used, and
correla ons with aorta velocity-encoded phase-contrast CMR are moderate. These findings are 
probably protocol-dependent and warrant further study before the use of first-pass dynamic H2

15O 
PET in clinical or research se ngs can be advocated. 
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Introduc on

Cardiac positron emission tomography (PET) is a valuable tool in the assessment of myocardial per-
fusion and metabolism and its use is steadily increasing for both research and diagnos c purposes. 
Using cardiac-gated acquisi ons, addi onal informa on can be obtained simultaneously with respect 
to cardiac volumes and func on. For reliable endocardial border defini on, however, this method
is restricted to tracers that stay confined to either the myocardium, eg, 18F-fluoro-2-deoxyglucose
(18FDG)1 and 13N-ammonia (13NH3),

2 or the vascular space, eg, 15-O-carbonmonoxide (C15O).3, 4 Fur-
thermore, cardiac ga ng requires a regular heartbeat, hence excluding this type of measurement in
pa ents with arrhythmias. In addi on, its use in dynamic frame sequences, as applied in protocols for 
the absolute quan fica on of perfusion or metabolism, remains challenging.5

Recently, Sorensen et al6 reported on a newly developed technique to quan fy cardiac output (CO)
and forward stroke volume (SV) during dynamic PET acquisi on, based on the registra on of the 
transit of radioac vity through the right (RV) or le  ventricular (LV) cavity a er an intravenous bo-
lus tracer injec on. In contrast to the ga ng-dependent techniques, this method is applicable for all 
tracers, and theore cally is not affected by acquisi on modes or arrhythmias. The feasibility of this
approach was demonstrated, albeit in a limited number of studies, in a small number of animals or 
human subjects.6-10 The present study was conducted to test the validity of rou ne assessment of CO 
and forward SV using dynamic H2

15O first-pass cardiac PET in a larger number of human subjects with
a varying degree of cardiac func on. The results were compared with aorta velocity-encoded phase-
contrast cardiovascular magne c resonance imaging (CMR), currently considered the gold standard
for noninvasive CO and forward SV assessment.11, 12

Methods

Study Popula on
Subjects included in this study were recruited consecu vely from various study protocols inves-

ga ng myocardial perfusion, for which they underwent both dynamic H2
15O PET and CMR. The 

study popula on consisted of 59 subjects: 38 healthy volunteers or pa ents with diabetes without 
systolic LV dysfunc on (mean age 54 ± 8 yrs), 6 pa ents with idiopathic dilated cardiomyopathy 
(DCM) (mean age 60 ± 9 yrs), and 15 pa ents with hypertrophic cardiomyopathy (HCM) (mean age 
57 ± 11 yrs). In 26 subjects, PET and CMR were performed on the same day. In the remaining sub-
jects, there was a maximum interval of 10 days between studies. All subjects were in stable condi-

on, and there were no cardiac events or changes in medical treatment during the study period. In
addi on, for ga ng of the CMR images, all pa ents were in sinus rhythm. All subjects gave wri en, 
informed consent, and the protocol was approved by the Medical Ethics Commi ees of the VU 
University Medical Center and Leiden University Medical Center.

PET
PET imaging was performed with an ECAT EXACT HR+ scanner (Siemens/CTI, Knoxville, Tenn), as 
described previously in detail.13 In brief, a er a transmission scan, an intravenous bolus injec on
of 1100 MBq H2

15O dissolved in 5 mL saline was given, followed by a 40-mL saline flush at a rate
of 4 mL • s-1. Simultaneously, a dynamic scan was acquired consis ng of 40 frames with a variable 
frame length for a total of 10 minutes (12 • 5 s, 12 • 10 s, 6 • 20 s, 10 • 30 s). Subjects were con-
stantly monitored with single-lead electrocardiography, and blood pressure was measured every 3 
minutes. Emission data were corrected for physical decay of 15O, dead me, sca er, randoms, and 
photon a enua on. Reconstruc on of the emission sinograms was performed using filtered back-
projec on (FBP) with a Hanning filter at 0.5 of the Nyquist frequency.
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Data were transferred to a Sun worksta on (Sun Microsystems, Inc., Palo Alto, Calif). Regions of in-
terest (ROI) were defined on anatomical short-axis images in the RV and LV cavity on 3 to 4 consec-
u ve image planes, with a diameter of ~1.5 cm. In HCM pa ents, the le  atrium instead of LV was
used for le -sided ROI defini on, owing to the small LV cavity dimensions in these pa ents. These 
ROIs were subsequently projected on the dynamic H2

15O images, to generate me-ac vity curves 
(TAC) of the first pass of radiotracer. The CO was calculated by the Stewart-Hamilton indicator-
dilu on method, in which blood flow (i.e. CO) through a cavity is derived from the integral of the
first-pass indicator (or radiotracer) concentra on curve and the amount of indicator introduced, 
according to the following equa on:

where I is injected dose of H2
15O and the denominator is the area under the curve of the blood 

ac vity against me during the first pass. As shown in Figure 1, the TAC was fi ed with a linear 
upslope followed by an exponen al downslope, which was extrapolated to remove contamina on 
of recircula ng radioac vity.

Figure 1. CMR and PET

A. Cardiovascular magne c resonance (CMR) phase-encoded velocity mapping of the aorta. Signal intensity, which
corresponds with the bloodflow velocity, is determined within the region of interest (within solid line). B. Bloodflow 
velocity is determined throughout the en re cardiac cycle. Integra ng the me-velocity curve yields the total blood
volume that is propelled into the aorta per cardiac cycle (forward stroke volume). C. Short- axis image of the heart
in end-diastole. Le  ventricular mass and volumes can be determined from the epicardial (solid line) and endocar-
dial (dashed line) contour. D. Short axis image in end-systole. Stroke volume and ejec on frac on can be calculated 
from the end-diastolic and end-systolic le  ventricular volumes. E. Time ac vity curve (TAC) from a region of interest 
placed in the right ventricle during a PET acquisi on a er an intravenous injec on of oxygen-15-labeled water. Ac-
cording to the Stewart-Hamilton formula, the injected dose divided by the area under the curve yields the cardiac
output. The TAC was fi ed with a linear upslope followed by an exponen al downslope, which was extrapolated to
remove contamina on of recircula ng radioac vity. In this par cular pa ent, LVEDV and LVESV were 129 and 58
mL, respec vely, yielding an ejec on frac on and total stroke volume of 55% and 71 mL, respec vely. CMR phase
velocity encoded forward SV was 72 mL, comparable to the LV dimension based total SV as no mitral regurgita on
was present. Forwards SV from the RV TAC of the PET acquisi on was 108 mL and considerably higher than the CMR
obtained values.
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CMR
CMR imaging was performed using of a 1.5-T clinical scanner (Siemens, Erlangen, Germany, or 
Philips Medical Systems, Amsterdam, The Netherlands). Electrocardiograms (ECGs) were obtained 
for ga ng purposes. All images were acquired during repeated breath holds of 10 to 15 seconds, 
depending on heart rate. Scout images were acquired in long-axis and short-axis orienta ons, for
planning of the final long-axis and double-oblique short-axis views. A er the localizers, cine images 
were acquired using a balanced, segmented, steady-state-free precession sequence to obtain a
short-axis LV full-coverage dataset. Typical imaging parameters included a 5-mm slice thickness, 
temporal resolu on of 47.1 ms, repe on me of 3.2 ms, echo me of 1.54 ms, flip angle of 70
degrees and in-plane image resolu on of 1.3 x 2.5 mm. Aorta through plane flow measurements 
were performed with a non-breath-hold, retrospec ve, ECG-triggered, fast, low angle shot, phase-
contrast velocity mapping sequence with the encoding velocity set at 150 cm • s-1. Typical image
parameters were: 8-mm slice thickness, temporal resolu on of 22 ms, echo me of 4.0 ms, flip 
angle of 30 degrees and in-plane image resolu on of 1.4 by 1.7 mm. The image plane was planned 
perpendicular to the aor c root at the level of the pulmonary trunk, and was planned on a coronal
view of the thorax. Acquisi on of the en re cardiac cycle was achieved by se ng the acquisi on 
window to 120 percent of the cardiac cycle length. Pa ents were posi oned in the isocenter of the
scanner, to minimize the effects of Maxwell gradients on velocity acquisi on.
Image analysis was performed with the MASS so ware package (Medis Medical Imaging Systems,
Leiden, The Netherlands) on a Sun worksta on (Sun Microsystems, Inc.). The first gate in each se-
ries was defined as the end-diastolic phase. The image with the smallest LV volume was defined 
as end-systolic. The most basal plane was defined at the level of appearance of the mitral valve
at end-diastole. Endocardial borders were manually outlined in the end-diastolic and end-systol-
ic frames of all short-axis slices. Subsequently, LV end-diastolic (LVEDV) and end-systolic volumes
(LVESV) were calculated. Total SV was calculated by subtrac ng LVESV from LVEDV . The forward
CO was obtained from the velocity-encoded phase-contrast aor c flow maps, and forward SV was
derived by dividing forward CO by heart rate. Figure 1 depicts an example of the imaging protocol
and analysis.

Sta s cal Analysis
Data were expressed as mean ± SD. For comparison of two data sets, a paired or unpaired Stu-
dent’s t test was performed where appropriate. The agreement between values was determined 
according to the method of Bland and Altman.14 Linear regression was used to analyze rela onships 
between variables. All analyses were performed using SPSS 12 (SPSS Inc., Chicago, Ill). P < 0.05 was
considered significant.

Results

Hemodynamics and LV Dimensions
Mean heart rate (63 ± 11 vs. 65 ± 10 beats • min-1, p=NS) and mean arterial pressure (88 ± 9 vs. 89
± 16 mmHg, p=NS) were similar during the PET and CMR studies. The CMR-derived mean LVEDV
and LVESV were 182 ± 55 mL and 83 ± 59 mL, respec vely, yielding a mean LVEF of 57 ± 14% (range 
9% – 74%).
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CO and forward SV measurements
Table 1 lists the PET and CMR es mated forward CO and forward SV measurements. The CMR es-

mated forward SV ranged from 34 to 164 mL (mean, 81 ± 20 mL). The CMR obtained forward SV 
was significantly lower compared with LV dimension-based SV (99 ± 27 mL, p<0.01). 
The PET es mated forward CO and forward SV from the RV ROI were significantly higher than those 
obtained from the LV (p<0.01). Both RV and LV es mated PET CO and forward SV were higher com-
pared with CMR obtained values (both p<0.01).

Table 1. PET and CMR measurements

Measure PET RV vs. LV CMR vs. RV-PET vs. LV-PET

RV LV p p p

FCO 8.2 ± 2.0 7.1 ± 1.6 <0.01 5.2 ± 1.2 <0.01 <0.01

FSV 133 ± 34 116 ± 31 <0.01 81 ± 20 <0.01 <0.01

PET = positron emission tomography; CMR = phase encoded velocity cardiovascular magne c resonance imaging;

RV = right ventricular; LV = le  ventricular;: FCO = forward cardiac output (L); FSV = forward stroke volume (mL)

Correla ons between CMR and PET es mated SV
The CMR es mated forward CO did not correlate with either RV (r=0.25, P=NS) or LV (r=0.21, P=NS)
PET es mated CO. However, as shown in Figure 2 A & B, the CMR es mated forward SV correlated 
linearly with both the PET es mated RV (r=0.37, p<0.01) and LV SV (r=0.40, p<0.01). The slopes of 
the regression lines for the RV (y=0.22x + 51) and LV (y=0.25x + 51) were far from unity. A Bland-
Altman analysis revealed significant overes ma on of RV and LV PET es mated forward SV (mean
differences were -53 ± 32 and -36 ± 30 mL, respec vely, both p<0.01) and the slopes demonstrated
an increasing overes ma on of PET-derived values with increasing forward SV (Figure 2 C & D).
Correla ons between the CMR-obtained SV from LV dimensions (LVEDV minus LVESV, i.e., the sum 
of forward and poten al backward SV of mitral regurgita on) and PET-es mated forward SV for the 
RV (r=0.47, p<0.01) and LV (r=0.46, p<0.01) were also significant. Again, the slopes of the regression
lines for the RV (y=0.60x + 73) and LV (y=0.54x + 62) were far from unity. Furthermore, Bland – Alt-
man analysis revealed a significant overes ma on of RV and LV PET-es mated forward SV (mean 
differences were -34 ± 31 and -17 ± 30 mL, respec vely, both p<0.01) and the slopes demonstrated
increasing overes ma on of PET derived values with increasing SV (r=0.67 and r=.63, respec vely, 
both p<0.01)

Correla on between RV and LV es mated PET-derived SV
Figure 3 shows that RV and LV PET derived SV measurements displayed fairly good agreement
(r=0.75, p<0.01), although the regression slope was below unity (y=0.81x + 40). A Bland-Altman
plot did not reveal any significant devia on from the line of unity, but a systema c and significant 
overes ma on of RV over LV SV was observed (mean difference 17 ± 23 mL, p<0.01).

Stroke volume measurements with first-pass dynamic positron emission tomography

9



164

Figure 2.

Regression analysis of forward SV obtained with PET and CMR for the RV (A) and LV (B). Panel C and D display Bland-
Altman plots for the corresponding ventricles where the dashed lines represent zero difference and the mean differ-
ences and 95% confidence limits (±2 SD) are represented by the horizontal solid lines.

Figure 3.

Regression analysis (A) and Bland-Altman plot (B) for the PET es mated forward SV for the RV and LV. In panel B, the
dashed line represents zero difference and the mean differences and 95% confidence limits (±2 SD) are represented 
by the horizontal solid lines.
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Discussion

The present study was conducted to validate the previously reported use of first-pass dynamic
PET using H2

15O in es ma ng forward SV in a large group of subjects with a wide range of cardiac 
func on. The results suggest that, when taking aorta velocity-encoded phase-contrast CMR as a
reference, this approach results in an overes ma on of SV. Furthermore, although significant, the
correla on between techniques is moderate at best. In addi on, the extent of overes ma on is 
related to increasing values of SV. Finally, RV obtained values are significantly higher than those
observed in the LV.
According to the Stewart-Hamilton formula, the overes ma on of the PET-derived SV is the result 
of an underes ma on of the actual area under the curve of the first pass-phase of radioac vity af-
ter a bolus injec on. Par al volume effects, i.e., an underes ma on of true radiotracer concentra-

ons because of scanner resolu on and cardiac and respiratory mo on, may have contributed to
these observa ons. Although use of smaller ROIs would further limit the effect of par al volume,
it would also lead to a noisier PET-derived blood curve. The ROI size of 1.5 cm was chosen as an 
op mal compromise between par al volume effects and count sta s cs of the blood curve.15 The
observed higher SV derived from the RV, compared with that obtained from the LV, corroborated 
this no on, because cardiac dimensions are smaller in the RV. Even the reten on of H2

15O in the
lungs (5-10%),10 which reduces the input curves of the LV and should thereby augment the es -
mated SV, did not compensate for the observed differences between the RV and LV. Furthermore,
as can be appreciated from Figure 1, the 5-second frame sequence comprises only a few repre-
senta ve frames of the input curve. Therefore, the maximum level of radioac vity may likely be
underes mated. This effect will be even more pronounced with faster transits of the radiotracer, 
and explains the increasing disparity between CMR and PET with the higher SVs displayed in the
Bland-Altman analysis.
Correla ons between CMR and PET es mates of the central circula on were moderate. In fact,
the correla ons for forward CO did not even reach sta s cal significance. Only when forward SV
calcula ons were corrected for differences in heart rate between examina ons, did the agree-
ment between techniques become significant. These correla ons of forward SV can be ascribed to
inaccuracies of either technique, or both. Aorta velocity-encoded phase-contrast CMR, however,
was shown to be a reliable and reproducible technique, and was therefore considered the (nonin-
vasive) gold standard in the present study.11, 12 Moreover, correla ons were comparable when LV 
dimension-based SV (i.e. LVEDV minus LVESV) were used. The sca er in the PET data might have
been the result of cardiorespiratory mo on. Furthermore, the accuracy of the actual injected dose 
of H2

15O is dependent on the sensi vity of the radioac vity-sensing equipment, which may vary as 
much as ± 10% (unpublished data from the department of Nuclear Medicine and PET Research, VU 
University Medical Center). 
The current results are only partly in line with the few valida on studies that have been published.
Sorensen et al.6 also found a lower SV in the LV compared with the RV in an experimental study of 
pigs using 11C-acetate. In contrast to the present study, however, the correla ons between inva-
sively measured and PET-es mated SV, for both RV and LV, were excellent (r > 0.9). Similar findings
were reported by Hove et al8 in a study of 13 pa ents before or a er heart transplanta on using 
13NH3. The tracer administra on protocols, however, were somewhat different in those studies, 
i.e., the bolus injec on was given at a slightly slower injec on rate. This could have resulted in a 
more accurate registra on of the input curve, even though the frame sequences were comparable. 
Consequently, the measured area under the input curve, used to calculate the CO and SV, prob-
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ably yielded less sca er and underes ma on of radioac vity. The use of different tracers with 
different kine c behavior does not seem to influence the first-pass measurements as was recently
demonstrated in a direct compara ve study of H2

15O and 11C-acetate by Sorensen et al.16 Finally,
the examina ons were performed at different points in me, although the majority of studies were 
completed on the same day. Nevertheless, discrepancies in hemodynamic condi ons might have
influenced the results. The SV, however, is corrected for heart rate and remains rela vely constant 
at varying heart rates, especially at the small intra-individual range of res ng condi ons.17

It should further be noted that the present study was retrospec ve in nature, and the data were 
obtained from myocardial perfusion study protocols that were not specifically designed to assess 
the central circula on using dynamic first-pass imaging. In line with the current data, a similar ret-
rospec ve study by Naum et al.10, who studied the correla on between echocardiographic and PET 
es mated forward SV in 26 pa ents using H2

15O, also showed a less- than-perfect agreement. The
transla on from the first valida on studies to rou ne clinical dynamic PET for es ma on of cardiac 
func on in larger number of pa ents seems to be accompanied by a loss of accuracy. Given the
large variance of PET-es mated forward SV values compared with CMR, more prospec ve studies 
are warranted that address the aforemen oned pi alls, before its use of first pass dynamic PET
imaging can be advocated in clinical or research se ngs.18 Finally, although an elaborate compari-
son of the first-pass with the ga ng technique is beyond the scope of this ar cle, it is clear that the
la er is currently preferred and superior technique to assess SV using cardiac PET.
In conclusion, first-pass dynamic H2

15O PET for assessment of forward SV is feasible, although values
are progressively overes mated with increasing SV, par cularly when the RV is used, and correla-

ons with aorta velocity-encoded phase-contrast CMR are moderate. The large variance in forward 
SV es ma on prohibits a reliable assessment of CO values using this method. These findings are
probably protocol-dependent, and warrant further study.
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