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Whole-Body Biodistribution, Dosimetry,
and Metabolite Correction of [11C]Palmitate:
A PET Tracer for Imaging of Fatty
Acid Metabolism

Nana L. Christensen, MLS1, Steen Jakobsen, PhD1, Anna C. Schacht, PhD1,
Ole L. Munk, PhD1, Aage K. O. Alstrup, DVM, PhD1, Lars P. Tolbod, PhD1,
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Abstract

Introduction: Despite the decades long use of [11C]palmitate positron emission tomography (PET)/computed tomography in
basic metabolism studies, only personal communications regarding dosimetry and biodistribution data have been published.

Methods: Dosimetry and biodistribution studies were performed in 2 pigs and 2 healthy volunteers by whole-body
[11C]palmitate PET scans. Metabolite studies were performed in 40 participants (healthy and with type 2 diabetes) under basal
and hyperinsulinemic conditions. Metabolites were estimated using 2 approaches and subsequently compared: Indirect [11C]CO2

release and parent [11C]palmitate measured by a solid-phase extraction (SPE) method. Finally, myocardial fatty acid uptake was
calculated in a patient cohort using input functions derived from individual metabolite correction compared with population-
based metabolite correction.

Results: In humans, mean effective dose was 3.23 (0.02) mSv/MBq, with the liver and myocardium receiving the highest absorbed
doses. Metabolite correction using only [11C]CO2 estimates underestimated the fraction of metabolites in studies lasting more
than 20 minutes. Population-based metabolite correction showed excellent correlation with individual metabolite correction in
the cardiac PET validation cohort.

Conclusion: First, mean effective dose of [11C]palmitate is 3.23 (0.02) mSv/MBq in humans allowing multiple scans using
*300 MBq [11C]palmitate, and secondly, population-based metabolite correction compares well with individual correction.
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Introduction

Several fatty acid consuming organs such as the heart, liver,

and brain are not readily available for catheterization, which

have hampered previous studies of fatty acid metabolism in

these tissues. Noninvasive positron emission tomography/com-

puted tomography (PET/CT) with fatty acid or fatty acid ana-

logue tracers was therefore introduced in the 1990s and has

since been used continually to study fatty acid metabolism in

the myocardium, brain, and liver.1-4 Despite the widespread use

of [11C]palmitate in human experimental studies, we are only

aware of 2 papers in which estimates of [11C]palmitate

dosimetry are referenced and then only by personal communi-

cation to the authors.5,6 Dosimetry estimates for human

[11C]palmitate studies must therefore be based on International

Commission on Radiological Protection (ICRP) 106, in which

a common estimate for all [11C]tracers is listed.7 The ICRP 106

1 Department of Nuclear Medicine & PET Centre, Aarhus University Hospital,

Aarhus C, Denmark
2 Department of Endocrinology, Aarhus University Hospital, Aarhus C,

Denmark

Submitted: 20/03/2017. Revised: 04/09/2017. Accepted: 04/09/2017.

Corresponding Author:

Lars C. Gormsen, Department of Nuclear Medicine & PET Centre, Aarhus

University Hospital, DK 8000 Aarhus C, Denmark.

Email: lars.christian.gormsen@clin.au.dk

Molecular Imaging
Volume 16: 1-9
ª The Author(s) 2017
Reprints and permission:
sagepub.com/journalsPermissions.nav
DOI: 10.1177/1536012117734485
journals.sagepub.com/home/mix

Creative Commons CC BY-NC: This article is distributed under the terms of the Creative Commons Attribution-NonCommercial 4.0 License
(http://www.creativecommons.org/licenses/by-nc/4.0/) which permits non-commercial use, reproduction and distribution of the work without further
permission provided the original work is attributed as specified on the SAGE and Open Access pages (https://us.sagepub.com/en-us/nam/open-access-at-sage).

mailto:lars.christian.gormsen@clin.au.dk
https://us.sagepub.com/en-us/journals-permissions
https://doi.org/10.1177/1536012117734485
http://journals.sagepub.com/home/mix


estimate assumes that a large proportion of the radiotracer is

excreted via the urine and that the bladder thus receives signif-

icant radiation. This assumption results in a rather high esti-

mate of radiation burden with an effective dose realistic

maximum of 11 mSv/MBq. As a consequence, most human

studies are estimated to result in a radiation burden exceeding

1 mSv per injection (*300 MBq), which, based on interna-

tional guidelines, precludes the use of [11C]palmitate for

younger and healthy individuals.8 However, fatty acids are

rapidly taken up by most tissues and distributed in the whole

body. Moreover, fatty acids are to some extent taken up by the

renal cells9 but are not excreted in the urine,10 and the bladder

is therefore not exposed to a large radiation dose. The actual

radiation burden of the radiotracer is therefore likely to be

lower as also indicated by the personal communications to

Ter-Pogossian6 and Dence5 in which dose estimates are in the

3 to 4 mSv/MBq range.

The great advantage of [11C]palmitate as a metabolic radio-

tracer is that it is indistinguishable from endogenous palmitate

and therefore reflects the rapid and sometimes complex meta-

bolism of fatty acids. Unfortunately, this property is also a

major obstacle to obtain accurate estimates of [11C]palmitate

kinetics. Once injected, [11C]palmitate undergoes rapid oxida-

tion, storage, or even redistribution as triglycerides (TGs), all

within the normal duration of a dynamic PET study. This

results in the formation of several different [11C] metabolites,

which must be identified and subtracted from blood or plasma

activity in order to obtain a correct input function. Properly

conducted [11C]palmitate dynamic studies therefore entail fre-

quent blood sampling and laborious measurements of [11C]

metabolites, which may be estimated via an solid-phase extrac-

tion (SPE) method or through an indirect assessment based on

the appearance of [11C]CO2 in the blood.11 However, previ-

ously published data on fatty acid analog–derived metabolites

indicate that the between-subject variation may be rather

small.12 For practical purposes, [11C] metabolite correction

based on population averages is therefore an appealing possi-

bility allowing for [11C]palmitate PET studies without conco-

mitant blood sampling and individual metabolite

measurements.

The combined aim of these studies was therefore first of all

to publish human [11C]palmitate dosimetry and biodistribution

data, secondly to compare [11C] metabolite correction using

either [11C]CO2 or the fraction of [11C] in free fatty acids

(FFAs), thirdly to publish population-based [11C] metabolite

correction data in patients with and without type 2 diabetes

(T2D), and finally to compare population-based metabolite

correction with individual metabolite correction in a validation

cohort undergoing a cardiac PET study.

Materials and Methods

Dosimetry and Biodistribution Study (Study 1)

Pig dosimetry study. The experiments were performed in 2

healthy domestic Danish Landrace and Yorkshire female pigs

(weighing 68.5-69.0 kg) in accordance with the Danish Animal

Experimentation Act (license number 2014-15-2934-01026)

and the European Directive 2010/63/EU for protection of

laboratory animals. The pigs were fasted overnight (16 hours)

with free access to water prior to PET scanning. Upon comple-

tion of the PET scans, both pigs were euthanized under full

anesthesia by an intravenous overdose of pentobarbital

(100 mg/mL).

The pigs were premedicated with a mixture of 75 mg mid-

azolam and 375 mg s-ketamine intramuscularly. After place-

ment of an ear vein catheter, anesthesia was induced with 80 to

150 mg propofol intravenously. Pigs were intubated and

anesthesia was maintained by infusion of 68 to 69 mL per hour

of an anesthesia mixture containing 300 mg propofol, 50 mg

midazolam, and 250 mg s-ketamine per 50 mL. The pigs were

mechanically ventilated with approximately 7 L/min of a mix-

ture of 1 part O2 and 2.2 parts medical air. Catheters were

surgically placed in femoral arteries and veins. Physiological

parameters (heart rate, body temperature, and oxygen satura-

tion) were monitored and normal porcine values were main-

tained. Hydration was maintained with a saline drip. During the

PET scans, the pigs were placed on their back with head and

body immobilized by surgical tape fastened to the retractable

scanner bed.

Human dosimetry study. Two healthy male volunteers (age 53

and 54 years) were recruited for a whole-body [11C]palmitate

radiation dosimetry PET study that was performed in accor-

dance with the Declaration of Helsinki and was approved by

the Central Denmark Region Committees on Health Research

Ethics (1-10-72-66-12). Both participants signed a written

informed consent to participate. Upon entry, the participants

were screened by obtaining their medical history, physical

examination, and standard blood tests.

Radiopharmaceutical preparation. The radiosynthesis of

[11C]palmitate was performed according to good manufactur-

ing practice standards as described in detail previously.13

Positron emission tomography imaging. [11C]Palmitate scans were

performed on a Siemens Biograph 64 PET/CT scanner with a

21.8-cm axial field of view (Siemens, Erlangen, Germany). For

attenuation correction and organ localization, a low-dose CT

scan without contrast enhancement was obtained immediately

prior to the PET scans (acquisition parameters: CareDose 4D,

120 kV, 25 mAs, 5.0-mm thickness). One minute after intra-

venous injection of 386 + 8 MBq [11C]palmitate to the pigs

and 216 + 18 MBq [11C]palmitate to the human participants, 5

consecutive whole-body PET scans for pigs and from head to

midthigh for humans were obtained with frame durations 1,

1.5, 2, 2.5, and 3 minutes per bed position, respectively. Por-

cine data were reconstructed using a 3-dimensional (3D) itera-

tive algorithm including resolution modeling (TrueX), with a

voxel size of 4.1 � 4.1 � 5 mm, 3 iterations, 21 subsets, and a

3.0-mm Gaussian postfilter. Human data were reconstructed

using a 3D iterative algorithm with a voxel size of 4.1 � 4.1
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� 5 mm, 3 iterations, 21 subsets, and a 3.0-mm Gaussian

postfilter.

Image analysis and dosimetry. Volumes of interest (VOIs) were

manually drawn in organs with a higher activity concentration,

relative to the surrounding tissue background, to obtain mean

radioactivity concentration (Bq/mL) in each organ at the dif-

ferent time points. In organs with a high tracer concentration,

VOIs were defined on the coronal or axial PET images,

whereas VOIs in organs with a lower activity concentration

were drawn on the low-dose CT images in either coronal or

axial plane. The organs identified as source organs were the

liver, spleen, heart wall, muscle, bone marrow, and renal par-

enchyma. Organ doses and effective dose were calculated using

OLINDA/EXM 1.0 software package.14

Metabolite Correction Studies (Studies 2 and 3)

Study participants. Metabolite correction data were collected

during 2 previously unpublished clinical studies. Study 2 con-

sisted of 22 study participants with T2D (age 62 + 5, body

mass index [BMI]: 31 + 5) and 11 healthy controls (age 62 +
6, BMI: 27 + 4). The study was performed in accordance with

the Declaration of Helsinki and was approved by the Central

Denmark Region Committees on Health Research Ethics

(1-10-72-522-12). All participants signed a written informed

consent to participate.

Study 3 consisted of 9 healthy individuals investigated dur-

ing hyperinsulinemia (age 59 + 7, BMI: 27 + 4). This study

was also performed in accordance with the Declaration of

Helsinki and was approved by the Central Denmark Region

Committees on Health Research Ethics (1-10-72-104-14). All

participants signed a written informed consent to participate.

Study outline—Blood sampling from the dynamic [11C]palmitate
PET studies. Patients from study 2 and study 3 underwent similar

50-minute [11C]palmitate PET scans and had venous blood

samples drawn and analyzed for [11C] metabolites at 5 time

points (10, 20, 30, 40, and 50 minutes).

[11C]Palmitate metabolites—SPE method. The extraction of

[11C]-labeled lipid fractions was performed as described else-

where,3 with minor modifications. The modified method was

validated by adding a small sample of [11C]palmitate to venous

blood, followed by extraction and separation of TG, FFAs, and

phospholipids (PLs) using Waters Milford, Massachusetts ami-

nopropyl (NH2) short cartridges. [11C]Palmitate was solely

eluted from the cartridge with 2% acetic acid in diethyl ether.

Blood samples were centrifuged at 15 000 rpm (1 minute at

4�C), 0.6 mL of plasma were transferred to clean glass tubes,

and 2 mL of Dole reagent (1 N HCl: n-hepane:2-propanol

solution, 1:10:40 vol/vol) was added. Tubes were vortexed for

30 seconds before and after the addition of 2 mL water and 2

mL n-heptane and centrifuged at 4000 rpm (4 minutes at 4�C)

to achieve phase separation. The top organic phase was

removed with a Finnpipette and transferred to a collecting glass

tube. The aqueous phase was subjected to another round of

extraction with n-heptane. The combined organic phases were

passed slowly through an SPE column (Sep-pak NH2) (Waters,

Milford, Massachusetts), which had been previously activated

with n-heptane, and the eluate was collected and counted. The

retained fractions containing TG, FFA, and PL were separated

by subsequent cartridge elution with 3 mL of n-

heptane:isopropanol (1:2), 3 mL of 2% acetic acid in diethyl

ether, and 3 mL of methanol, respectively. Samples and sol-

vents were passed through the SPE column by applying posi-

tive pressure and the fractions collected in polypropylene

tubes. Radioactivity in each fraction was measured in a well

counter for 1 minute. However, extraction of TGs from the

organic phase, with SPE-NH2 short cartridges (Waters, Mil-

ford, Massachusetts) employing this method, was not found

satisfying compared to previous reports.3 Thus, significant

amounts of radioactivity were found in the combined organic

phase after passage through the SPE cartridge. The radioactive

fraction increased significantly during the scan, resembling

metabolic behavior of labeled TGs. In contrast, the fraction

eluted with 3 mL n-heptane:isopropanol (1:2), where TGs are

expected to elute, only yielded very low amounts of radioac-

tivity. Based on these findings, we suggest that radioactive-

labeled TGs in blood need to be quantified by combining the

radioactive counts of the 2 fractions as done in this study.

Therefore, the [11C] FFA parent fraction was calculated by

dividing the amount of radioactivity eluted in the FFA tube

by the combined amount of radioactivity measured in all tubes.

Determination of [11C]CO2 in blood. Radiolabeled CO2 concen-

trations in blood are commonly determined by a simple in vitro

acidification of a whole blood sample, followed by heat treat-

ment (85�C) combined with ultrasonic bath15 or purging with

an inert gas at room temperature.11 [11C]CO2 is released from

the acidic sample and the remaining activity is compared to a

paired alkaline sample in which all radioactivity is retained

including [11C]CO2 as bicarbonate. In this study, simple mag-

netic stirring at 900 rpm in a fume hood triggered release of

[11C]CO2. The method was validated with cyclotron produced

[11C]CO2 according to a published protocol.11

Two 0.5 mL venous whole blood samples were drawn

simultaneously during the scan (10, 20, 30, 40, and 50 minutes

after intravenous administration of [11C]palmitate) and placed

in tubes containing 1.5 mL of isopropyl alcohol and 0.5 mL of

0.9 M sodium bicarbonate. One sample was capped immedi-

ately after the addition of 0.5 mL of 0.1 N sodium hydroxide.

The other sample was acidified with 0.5 mL of 6 N hydrochlo-

ric acid and magnetically stirred vigorously for 10 minutes at

room temperature. The radioactivity in each vial was then

measured in a well counter for 1 minute and decay corrected

to a common time point.

Comparison of individual metabolite correction with population-
based metabolite correction. For this particular subanalysis, PET

images from study 3 were obtained using a Siemens Biograph 64

PET/CT with a 21.8-cm axial field of view (Siemens). Patients

were placed with the heart in the field of view, and a low-dose CT

Christensen et al 3



scan was obtained for attenuation and anatomic localization pur-

poses. [11C]Palmitate was injected as a bolus (283+ 65 MBq) and

a 50-minute list mode scan (frame structure 6� 5 seconds, 6� 10

seconds, 3� 20 seconds, 5� 30 seconds, 5� 60 seconds, 8� 150

seconds, 4 � 300 seconds) was performed. Data were recon-

structed using a 3D iterative algorithm with a 168 � 168 matrix

size, 3 iterations, 21 subsets, and a 5-mm Gaussian postfilter.

The [11C]palmitate corrected for metabolites from study 2

was then used in cardiac image analysis to compare the values

of myocardial fatty acid uptake (MFAU) using 2 differently

corrected input functions; (1) image-derived input function

(IDIF)16 with hematocrit correction and individual [11C] meta-

bolite correction and (2) IDIF with hematocrit correction and

population-based [11C] metabolite correction. For both

approaches, the metabolite-corrected plasma activity curve was

calculated by fitting a Hill-function to the metabolite data.

Analysis of MFAU was done by a 3-tissue compartmental

model17 using in-house developed software. The kinetic model

and equations are depicted in supplementary Figure 1.

Statistics. Differences in time-activity curves were analyzed by

a mixed model repeated measures analysis of variance

(ANOVA) where both group and time versus group interac-

tions were considered parameters of interest. Unless otherwise

stated, values are given as mean (standard deviation). The

Bland-Altman method was used to assess agreement of MFAU

calculated using an individual and a population-based metabo-

lite correction factor. A P value <.05 was considered signifi-

cant. All analyses were performed in SPSS version 21.

Results

Biodistribution and Radiation Dosimetry

The porcine whole-body biodistribution of [11C]palmitate dur-

ing 5 successive PET scans with a total duration of approxi-

mately 90 minutes is illustrated in Figure 1A. The tracer rapidly

accumulated in the heart and liver. Furthermore, activity was

seen in kidneys, bone marrow, and muscle tissue. There was no

measurable urinary excretion of the tracer. The human biodis-

tribution of [11C]palmitate is depicted in Figure 1B. As in the

pigs, a high tracer uptake was seen in the heart and liver and

with slightly lower concentrations in the kidneys and bone

marrow, when compared to the pig scans. Considerably, higher

uptake was seen in the spleen and muscle tissue, when com-

pared to the pig scans. As in the pig scans, there was no mea-

surable urinary excretion of the tracer. Absorbed dose estimates

and effective doses from both pigs and humans are summarized

in Table 1. In the pig study, the absorbed doses were highest in

the liver (19.1 mSv/MBq), kidneys (7.4 mSv/MBq), spleen

(4.0 mSv/MBq), and heart wall (6.3 mSv/MBq). In the human

study, the highest absorbed doses were seen in the liver

(27.5 mSv/MBq), heart wall (10.6 mSv/MBq), and spleen

(6.3 mSv/MBq). The mean effective doses in the human and

pig study were 3.23 mSv/MBq and 2.99 mSv/MBq, respectively.

Metabolite Analysis

[11C] metabolites measured directly by the SPE or indirectly by
[11C]CO2 determination. The fraction of parent [11C]palmitate

Figure 1. Maximum intensity projections of the biodistribution of [11C]palmitate in 5 successive PET scans in (A) a healthy 54-year old male
volunteer and (B) a healthy 4-month-old female pig. Images demonstrate tracer uptake in the liver, heart, kidneys, spleen, bone marrow, and
muscles. C, Mean Standardized Uptake Values (SUV) values in organs of interest in the human study. N¼ 2, mean + SEM. PET indicates positron
emission tomography; SEM, standard error of the mean.
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present in the FFA pool measured by the SPE method is

depicted in Figure 2A. Exact values are given in Table 2. As

seen, healthy controls and patients with T2D had largely com-

parable time-activity curves as evidenced by the nonsignificant

difference when analyzed by repeated measures ANOVA

(P ¼ .14). By contrast, the fraction of radioactivity in the FFA

pool was significantly lower in participants during hyperinsu-

linemia (repeated measures ANOVA P <.0001). Figure 2B

depicts the fraction of radioactivity present in complex lipids

and again, and no difference was observed between healthy

controls and patients with T2D (P ¼ .17), whereas the fraction

was higher in patients during hyperinsulinemia (P ¼ .02).

Figure 2C depicts the amount of radioactivity detected as

[11C]CO2 by the indirect [11C]CO2 determination. As expected

from the lower amount of parent radioactivity detected in the

FFA pool in participants during hyperinsulinemia, release of

radioactivity was significantly higher in this group compared

with healthy controls and patients with T2D (P < .01). Exact

values are given in Table 3.

Figure 3 shows combined determination of [11C]palmitate

and its more complex metabolites using the SPE method to

detect radioactivity in the FFA fraction (left scale) and the

indirect [11C]CO2 determination (right scale). In all 3 patient

groups, it is evident that [11C]CO2 is the predominant metabo-

lite for the first 20 minutes after which [11C] incorporated into

Table 1. Radiation Dosimetry of [11C]Palmitate: Absorbed Dose
Estimates and Effective Doses in Both Pigs and Humans.

Target Organ
Mean Human Doses

(SD), mSv/MBq
Mean Pig Doses
(SD), mSv/MBq

Adrenals 3.36 (0.04) 3.18 (0.23)
Brain 0.94 (0.11) 1.41 (0.49)
Breasts 1.35 (0.05) 1.58 (0.28)
Gallbladder wall 4.93 (0.13) 4.25 (0.81)
Lower large intestine wall 1.63 (0.10) 2.05 (0.44)
Small intestine 2.01 (0.08) 2.34 (0.33)
Stomach wall 2.16 (0.04) 2.36 (0.22)
Upper large intestine wall 2.24 (0.06) 2.47 (0.21)
Heart wall 10.57 (1.60) 6.30 (0.43)
Kidneys 5.00 (0.30) 7.42 (1.17)
Liver 27.50 (1.70) 19.05 (9.40)
Lungs 2.14 (0.01) 2.21 (0.11)
Muscle 2.77 (0.04) 2.68 (0.13)
Ovaries 1.81 (0.09) 2.19 (0.40)
Pancreas 3.04 (0.20) 3.09 (0.09)
Red marrow 2.37 (1.20) 2.79 (0.33)
Osteogenic cells 2.12 (1.10) 3.00 (0.62)
Skin 0.99 (0.28) 1.40 ( 0.27)
Spleen 4.23 (2.88) 3.99 (0.21)
Testes 1.10 (0.30) 1.64 (0.38)
Thymus 1.60 (0.25) 1.97 (0.32)
Thyroid 1.25 (0.29) 1.77 (0.38)
Urinary bladder wall 1.45 (0.30) 2.02 (0.42)
Uterus 1.61 (0.31) 2.18 (0.42)
Total body 2.22 (1.04) 2.92 (0.04)
Effective dose 3.23 (0.02) 2.99 (0.19)

Abbreviation: SD, standard deviation.

Figure 2. Metabolite correction of palmitate at 5 different time points
during a 50-minute dynamic PET scan. A, The amount of radioactivity
present as FFAs measured with the SPE method. A repeated measures
ANOVA showed significantly lower activity in the FFA fraction in
hyperinsulinemic patients (mixed model repeated measures ANOVA
[group] P <.0001, [group vs time interaction] P < .0001). There was no
difference in time-activity curves between healthy controls and
patients with T2D (mixed model repeated measures ANOVA [group]
P ¼ .14, [group vs time interaction] P ¼ .39). B, [11C] activity in
complex lipids (mainly TGs) measured by the SPE method. Significantly
more activity was present in this fraction during hyperinsulinemia
(ANOVA [group] P ¼ .02), whereas no difference was detected
between controls and T2D (ANOVA [group] P ¼ .17). C, Radioac-
tivity detected in the CO2 fraction, with significantly more in patients
during hyperinsulinemia (ANOVA [group] P¼ .003) and no difference
between T2D and controls (ANOVA [group] P ¼ .72). Error bars
represent + standard errors. ANOVA indicates analysis of variance;
FFAs, free fatty acids; PET, positron emission tomography; SPE, solid-
phase extraction; T2D, type 2 diabetes; TG, triglyceride.
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complex lipids, overwhelmingly TGs but also to a minor extent

(<5%) PLs, increased rapidly (seen as the difference between

the 2 curves).

Comparison of kinetic parameters obtained by population-based
versus individual metabolite correction. The [11C]metabolite

results from 9 healthy controls (from study 3), in which 2 PET

scans were performed 3 months apart (n ¼ 18), were used in a

cardiac image analysis to compare the values of MFAU.

Figure 4 shows the results from the cardiac image analysis

using individual and population-based (results obtained from

study 2) metabolite correction. The analysis showed an excel-

lent correlation between the individual and population-based

metabolite correction methods for measuring MFAU (Pearson

correlation coefficient r ¼ .999, P < .001). Figure 4B depicts

the Bland-Altman plot with minimal bias (�0.18; limits of

agreement �0.91 to 0.54).

Discussion

In this study, we present biodistribution and radiation dosime-

try data of [11C]palmitate in pigs and humans. In addition, we

provide population-based metabolite correction data from

healthy controls, patients with T2D, and patients during hyper-

insulinemia. Finally, estimates of MFAU using individual

metabolite correction and population-based metabolite correc-

tion were compared.

[11C]Palmitate Biodistribution and Dosimetry

The radiotracer showed comparable biodistribution and dosi-

metry data in pigs and humans, indicating that in the absence of

human data, dosage values extrapolated from pigs can be used

comparatively well. During the 5 successive PET scans, uptake

of [11C]palmitate was highest in the liver and heart in both pigs

and humans. Dose estimates indicate that the critical organ is

the liver, which received an absorbed dose of 19.1 mSv/MBq in

pigs and 27.5 mSv/MBq in humans. As expected, there was no

measurable urinary excretion of the tracer in neither pigs nor

Table 2. The Fraction of Parent [11C]Palmitate Present as FFAs Mea-
sured by the SPE Method.

% [11C]Palmitate in the FFA Fraction (SD)

Time, minutes Controls T2D Hyperinsulinemia

0 100 100 100
10 82.7 (6.5) 84.2 (10.1) 80.2 (8.0)
20 70.0 (8.2) 71.9 (7.1) 51.6 (10.1)
30 40.2 (10.3) 47.8 (12.1) 21.8 (12.4)
40 26.2 (6.2) 30.0 (12.0) 15.4 (10.0)
50 19.0 (6.6) 21.2 (9.2) 8.6 (5.4)

Abbreviations: FFA, free fatty acid; SD, standard deviation; SPE, solid-phase
extraction; T2D, type 2 diabetes.

Table 3. Radioactivity Estimated as CO2 by the Indirect [11C]CO2

Determination.

% [11C]CO2 (SD)

Time, minutes Controls T2D Hyperinsulinemia

0 0 0 0
10 8.3 (7.0) 9.7 (6.6) 16.3 (10.0)
20 17.1 (8.0) 18.5 (10.4) 26.3 (5.7)
30 16.7 (8.9) 17.9 (6.4) 21.8 (6.0)
40 15.3 (6.5) 13.1 (8.9) 19.0 (5.4)
50 14.0 (4.7) 15.4 (5.3) 20.3 (7.0)

Abbreviations: SD, standard deviation; T2D, type 2 diabetes.

Figure 3. Combined plots showing the individual contributions of the
various metabolite fractions to total [11C] activity in healthy controls
(A), patients during hyperinsulinemia (B), and patients with T2D (C).
The difference between activity in [11C]CO2 and [11C]palmitate is the
area between the 2 curves and represents activity in other fractions
(mostly TG). Error bars represent + standard errors. T2D indicates
type 2 diabetes; TG, triglyceride.
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humans, resulting in a rather low radiation burden of the

urinary bladder. This observation is hardly surprising since

only FFAs not bound to albumin are excreted via glomeru-

lar filtration.10 Only an estimated 0.01% of circulating FFAs

are therefore filtrated resulting in very low urinary excre-

tion. We observed few differences in biodistribution

between the pigs and humans; compared to the human

scans, the pigs showed a higher tracer uptake in kidneys

and bone marrow. Furthermore, we saw considerably lower

uptake in muscle tissue in pigs, indicating a lower fatty acid

metabolism in muscles. This could be explained by the fact

that the pigs were anesthetized during the scan procedure18

and the humans were not.

Using the dosimetry estimates from this study, a typical

administration of 300 MBq [11C]palmitate results in a radiation

burden of 1.0 mSv, which is within the 1 to 10 mSv range,

ICRP find acceptable for volunteers in biomedical research.8

The low effective dose of [11C]palmitate (3.2 mSv/MBq in

humans) is slightly lower than the effective dose estimates

observed in other studies using [11C] labeled PET tracers (mean

5.9 mSv/MBq) and allows multiple scans on single participant

or use of the tracer as a part of studies with multiple tracers in

both healthy and younger individuals.19

Metabolite Correction

Circulating FFAs, including [11C]palmitate injected as a bolus,

are rapidly taken up by the liver, where they are re-esterified or

either oxidized, transformed to ketone bodies, stored in lipid

droplets or secreted as very low-density lipoprotein particles.20

Alternatively, FFAs may be taken up and oxidized by skeletal

muscle.20 In line with this, we detected [11C] activity in the

CO2 fraction 10 minutes after injection, which peaked after

20 minutes and then gradually tapered off as previously

reported in miniature pigs and validated in humans.11 Also in

line with previous results, fractional [11C] radioactivity in the

TG fraction increased steadily from 10 minutes onward reach-

ing 70% to 80% after 50 minutes.3 Both [11C]CO2 and [11C]TG

metabolites present in the blood shortly after a bolus injection

of [11C]palmitate indicate that correcting only for [11C]CO2

metabolites may overestimate the amount of unchanged

[11C]palmitate. However, as shown in Figure 3, [11C]CO2 is

a pretty robust estimate of total [11C] metabolites in healthy

controls and patients with T2D studied under basal postabsorp-

tive conditions. This may not be the case during hyperinsu-

linemia, as insulin stimulates peripheral tissue fatty acid

uptake via the fatty acid transporter protein 121 and inhibits

adipose tissue hormone sensitive lipase22 resulting in an

accelerated clearance of circulating FFAs. This was evident

during this study, where the fraction of unchanged [11C]pal-

mitate decreased rapidly in the patient cohort studied during

a hyperinsulinemic-euglycemic clamp. Conversely, the frac-

tion of [11C] activity in TGs was greater during hyperinsu-

linemia than under basal conditions, which reflects a

discretely elevated relative appearance of [11C] label in a

rapidly decreasing pool of TGs rather than increased abso-

lute secretion of [11C]TG from the liver. Our results there-

fore underscore that metabolite correction using only

[11C]CO2 is not advisable in PET studies performed during

hyperinsulinemia.

In contrast, the [11C]palmitate fraction was not significantly

different between patients with T2D and healthy age-matched

controls, which essentially reflects that fractional catabolic rate

of the FFA pool is the same in the 2 groups. The increased fatty

acid rate of appearance observed in patients with T2D23 is

offset by the larger FFA pool size24 resulting in similar clear-

ance of [11C]palmitate. As a practical consequence of this,

population-based estimates of [11C]palmitate can be used inter-

changeably between healthy controls and patients with T2D.

Figure 4. Results from the cardiac image analysis in 9 healthy controls
(from study 3), in which 2 PET scans were performed 3 months apart.
A, Correlation between individual (ind) and population-based (pop)
(results obtained from study 2) metabolite correction methods for
measuring MFAU (n ¼ 18). Pearson correlation coefficient r ¼ .999,
P < .001. Regression line equation: y ¼ �0.200 þ 1.002x. B, Bland-
Altman plot. The middle dashed line represents the average difference
between the 2 methods; the upper and lower dashed lines represent
limits of agreement (mean [1.96 SD]). MFAU indicates myocardial fatty
acid uptake; PET, positron emission tomography; SD, standard
deviation.
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This has also been demonstrated for metabolites of the fatty

acid analogue [18F] fluoro-6-thia-heptadecanoic acid.25

Population-Based Versus Individual Metabolite Correction

We finally tested whether estimates of myocardial fatty acid

kinetics obtained using an input function corrected individually

for metabolites differed from estimates obtained using a

population-based metabolite correction. This was not the case.

There was an excellent correlation between MFAU values

obtained by either method, which was also confirmed by the

Bland-Altman analysis.

Conclusion

First, the mean effective dose of [11C]palmitate in porcine and

human studies was *3.0 mSv/MBq. This results in a total

radiation dose reaching as little as *1 mSv per human scan,

allowing for multiple studies of fatty acid metabolism using

*300 MBq [11C]palmitate. Second, [11C]CO2 is the predo-

minant metabolite for the first 20 minutes, after which [11C] in

complex lipids (TGs and PLs) must be taken into account.

Finally, population-based metabolite correction performed

well compared with individual metabolite correction in

patients with T2D and healthy controls. This allows for sim-

pler study setups in which individual metabolite measure-

ments may be omitted.
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