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Abstract

Aims/hypothesis. To determine the lumped constant
(LC), which accounts for the differences in the trans-
port and phosphorylation between ['*F]-2-fluoro-
2-deoxy-p-glucose (["®F]JFDG) and glucose, for
["®F]FDG in human adipose tissue.

Methods. ["SFJFDG-PET was combined with microdi-
alysis. Seven non-obese (29 +2 years of age, BMI
24 +1 kg/m?) and seven obese (age 32 + 2 years of
age, BMI 31 + 1 kg/m?) men were studied during eu-
glycaemic hyperinsulinaemia (1 mU/kg - min™ for
130 min). Abdominal adipose tissue [®*F]JFDG up-
take (rGUgpg) and femoral muscle glucose uptake
were measured using ['SF]JFDG-PET. Adipose tissue
perfusion was measured using [°O]-labelled water
and PET, and interstitial glucose concentration using
microdialysis. Glucose uptake (by microdialysis,
rGUyp) was calculated by multiplying glucose ex-
traction by regional blood flow. The LC was deter-
mined as the ratio of rGUppg to rtGUyp.

Results. Rates of adipose tissue glucose uptake
(rGUyp) were 36 % higher in the non-obese than in

the obese patients (11.8+1.7 vs 7.6 0.8 umol/
kg - min~!, p <0.05, respectively) and a correlation
between rGUy, and rGUgp; was found (r=0.82,
p <0.01). The LC averaged 1.14 + 0.11, being similar
in the obese and the non-obese subjects (1.01 = 0.15
vs 1.26 + 0.15, respectively, NS). Muscle glucose up-
take was fourfold to fivefold higher than adipose tis-
sue glucose uptake in both groups.
Conclusion/interpretation. [*FJFDG-PET seems a
feasible tool to investigate adipose tissue glucose me-
tabolism in human beings. Direct measurements with
["*F]JFDG-PET and microdialysis suggest a LC value
of 1.14 for ["*F]FDG in human adipose tissue during
insulin stimulation and the LC does not appear to be
altered in insulin resistance. Furthermore, the obese
patients show insulin resistance in both adipose tissue
and skeletal muscle. [Diabetologia (2001) 44: 2171-
2179]
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Adipose tissue is an active compartment of lipid and
glucose metabolism in human beings. An association
between both visceral [1-3] and subcutaneous [4-6]
adipose tissue and insulin resistance has been report-
ed. Methods available to study directly adipose tissue
metabolism in vivo are limited in human beings and
the investigation of metabolism in adipose tissue has
been carried out mainly by indirect measurements in
the whole body or in cannulated limbs. In recent
years, the abdominal A-V-technique [7] and microdi-
alysis [8, 9] have also enabled direct investigation of
adipose tissue metabolism in vivo in human beings.
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Microdialysis allows the measurement of interstitial
concentrations of various substances in human adi-
pose tissue [8] and after calibrated assessment of in-
terstitial fluid substrate concentration, metabolic up-
take can be calculated using Fick’s equation [10-12].
This requires knowledge of regional blood flow and
permeability surface area product (PS). In previous
studies, adipose tissue blood flow has been measured
using *Xenon [10, 11] or ethanol [13, 14] washout
techniques, which allow only indirect and semiquan-
titative measurements of local tissue blood flow [15].

Studies in our laboratory [12] showed that combin-
ing microdialysis with radiowater and positron emis-
sion tomography (PET) are useful for measuring lo-
cal metabolic uptake rates in vivo in human skeletal
muscle. Use of radiowater and PET allows direct
and regional assessment of blood flow without inva-
sive catheterizations. In that study [12], we found a
close correlation between glucose uptake measured
with microdialysis and glucose uptake assessed with
["®F]JFDG-PET suggesting that these two methods
can be reliably combined.

Quantitative ["®F]JFDG-PET methods have been
widely applied to assess glucose utilisation in brain
[16], heart [17, 18] and skeletal muscle [18, 19]. How-
ever, there are no previous studies measuring adipose
tissue glucose uptake using ["*F]JFDG-PET. The
["®F]FDG is a labelled glucose analogue in which the
hydrogen in the 2-position is replaced by [**F]. Glu-
cose and [®F]JFDG are structurally more similar
than glucose and either hydrogen or carboxyl la-
belled deoxyglucoses. Intracellularly, ["*F]JFDG is
phosphorylated by hexokinase and trapped in the tis-
sue [20]. Thus, ["®F]FDG appears to be an ideal glu-
cose tracer for PET studies in human myocardium
and skeletal muscle [18, 19]. The fractional rate of
tracer uptake and (Ki) can be calculated by using
graphical analysis of plasma and tissue time activity
curves [21]. Thereafter, the rate of glucose uptake
can be calculated by multiplying Ki by the plasma
glucose concentration then dividing this by the
lumped constant (LC). LC is a correction factor,
which accounts for any differences in transport and
phosphorylation between ['®F]JFDG and glucose. Re-
cently, direct measurements using [*F]JFDG-PET
and microdialysis suggested an LC value of 1.2 for
["*F]FDG in human skeletal muscle during insulin
stimulation [12]. However, due to differences in me-
tabolism between adipose tissue and skeletal muscle,
this value cannot be directly converted for the quanti-
tation of adipose tissue glucose uptake using
[SF]JFDG-PET.

This study was undertaken to estimate the LC for
['F]JFDG directly in human subcutaneous adipose
tissue during insulin stimulation by using two inde-
pendent techniques; ["*F]JFDG-PET and microdialy-
sis. Our other aim was to test whether the LC is al-
tered in insulin-resistant obese subjects and to deter-
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Fig.1. Study design. Black arrows indicate the time of the mi-
crodialysis catheter insertion, and positron emitting tracer
([*OJH,O and ["®F]FDG) injections. Shaded rectangles de-
note the time period of dynamic scanning

mine whether insulin-stimulated glucose uptake is al-
tered in subcutaneous adipose tissue in insulin-resis-
tant obese patients compared with non-obese sub-
jects. Furthermore, we aimed to compare glucose up-
take in adipose tissue and skeletal muscle in the same
subjects.

Subject and methods

Subjects. Seven obese (32 + 2 years of age, BMI 28-35 kg/m?,
waist-to-hip ratio, (WHR) > 1.0) and seven non-obese (age
29 + 2 years, BMI 19-24 kg/m?, WHR < 1.0) men were studied,
their characteristics being shown in Table 1. The subjects were
healthy as assessed by history, physical examination and rou-
tine laboratory tests; they were also not taking any medica-
tions. The nature, purpose and potential risks of the study
were explained to all subjects before they gave their written in-
formed consent. The Joint Commission of Ethics of the Uni-
versity of Turku and Turku University Central Hospital ap-
proved the study.

Study design. The study design involved studies done after an
overnight fast (Fig. 1). Caffeine and nicotine had been prohib-
ited 24 h before the study. Alcohol consumption and the con-
sumption of meals with a fat content were avoided for 3 days
and strenuous physical activity was not allowed for 48 h before
the study. Two catheters were inserted. One catheter was locat-
ed in a left antecubital vein for infusion of glucose and insulin,
and injections of ["O]H,O and ["*F]JFDG. Another catheter
was inserted into the radial artery in the right hand for blood
sampling. Each study consisted of a 130-min euglycaemic hy-
perinsulinaemic (1 mU/kg - min™') period. Forty-five minutes
after the start of the clamp, blood flow was measured in the ab-
dominal region using [PO]H,O. Thereafter, at 60 min
[®F]FDG was injected and abdominal scanning was started si-
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multaneously to measure adipose tissue ['*F]JFDG uptake. The
abdominal area was scanned for 50 minutes and then the femo-
ral region was scanned for 20 min. Microdialysis samples were
collected during the [®®F]FDG scanning. Blood pressure and
heart rate were determined basally and every 30 min through-
out the study by means of an automatic oscillometric blood
pressure analyser (model HEM-705C, Omron, Tokyo, Japan).
Blood samples to measure radioactivity, serum insulin and
plasma glucose concentrations were taken as detailed below.

Microdialysis. The microdialysis was done as previously de-
scribed [23]. Commercially available custom made microdialy-
sis catheters (20 kDa mol mass cut-off, dialysis membrane
16 - 0.5 mm; CMA, Stockholm, Sweden) were first perfused
with normal saline at an infusion rate of 4.0 ul/min to wash out
glycerol using a high-precision syringe pump (CMA/100 Micro-
injection Pump, CMA, Stockholm, Sweden). Two catheters
were inserted into abdominal subcutaneous adipose tissue
about 5 cm laterally to the navel, through the disinfected skin
at a 45-degree angle using 18-gauge intravenous plastic cannu-
las. The steel mandrin was removed and the catheter placed
into the tissue. The inlets of the catheters were connected to a
microinjection pump (CMA/100 Microinjection Pump, CMA,
Stockholm, Sweden) and perfused at a flow rate of 2.5 ul/min
with saline (0.9 % NaCl). Catheters were stabilised for 30 min
before changing the perfusion solution. Perfusion solution con-
sisted of isotonic saline with the addition of 20 umol/l glycerol,
2.5 mmol/l glucose, and 0.2 mmol/l lactate to prevent depletion
of tissue nutrients [8]. After 15 min of perfusion, the first
10-min dialysate sample (pre-sample) was collected. Thereaf-
ter samples were collected at 5-min intervals for the first
20 min after ['*F]FDG-bolus injection and at 10-min intervals
for the remaining 50 min. The relative recovery over the mem-
brane in the microdialysis probes was determined using inter-
nal reference calibration [23]. For internal reference calibra-
tion 5 uCi/ml 3-[*H]-glucose (Amersham, Buckinghamshire,
UK) was added to the perfusates, and the percentage loss
over the membrane was taken as an estimate of recovery. The
mean in vivo recovery for glucose was 18 + 1% without any
group differences.

Production of PET tracers. Production of ['*O] (f,, =123 s)
was accomplished with a low-energy deuteron accelerator Cy-
clone 3 (Ion Beam Application, Louvain la-Neuve, Belgium).
The [POJH,O was produced using a dialysis technique in a
continuously working water module [24]. An online radioac-
tivity recording of infusions was done for each examination
with a low voltage ionisation chamber [25]. Sterility and pyrog-
enity tests were done daily to verify the purity of the product.
The [®F]FDG (¢, = 109 min) was synthesised with an auto-
matic apparatus by a modified method of Hamacher et al.
[26]. The specific radioactivity at the end of the synthesis was
more than 75 GBq/umol and the radiochemical purity exceed-
ed 98 %.

Image acquisition and processing. The subjects were posi-
tioned supine in a 15-slice ECAT 931/08-tomograph (Sie-
mens/CTI, Knoxville, Tenn, USA). Technical in-plane resolu-
tion was 6.5 mm and axial resolution was 6.7 mm in the scan-
ner. The subject was positioned in the tomograph with the ab-
dominal or femoral region within the gantry. Before the emis-
sion scan, a transmission scan for correction of photon attenua-
tion was done for 5 min in both abdominal and femoral regions
with a removable ring source containing [%Ge]. All data were
corrected for dead-time, decay and measured photon attenua-
tion and reconstructed in a 128 - 128 matrix. For image pro-
cessing, a recently developed Bayesian iterative reconstruction
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algorithm using median root before the 150 iterations and the
Bayesian coefficient of 0.3 was applied [27]. The PET counts
were converted to radioactivity concentration values (Bg/ml)
using a calibration factor derived from phantom studies.

Magnetic resonance imaging (MRI). The abdominal region was
imaged with a 0.23 T Outlook GP (Marconi Medical Systems,
Cleveland, Ohio, USA) magnetic resonance imager using a
body coil. Transverse T1-weighted field echo images with TR
(Time Repetition) of 124 ms and TE (Time Echo) of 5 ms
were obtained with the same pixel size as the PET images.
The level of the mid-slice and the upper and lower border of
the area imaged was drawn on the skin of the subjects and the
same imaging area was used in PET imaging to confirm con-
gruent data between PET and MRI. On T1-weighted MR im-
ages the adipose tissue is recognised as white, skeletal muscle
as grey, water as dark grey, and bones and fast blood flow in
vessels as black.

Regions of interest. MR images were fitted to the PET images.
The regions of interest (ROIs) were drawn into MR images in
the subcutaneous adipose tissue in the same region where mi-
crodialysis probes were located. The ROIs were copied into
the flow and the ['®F]JFDG images to cross-sectional slices
from identical regions. Examples of a non-obese and an obese
subject and the ROIs are presented in Figure 2. In the femoral
region, ROIs were drawn in the anteromedial muscle compart-
ments in four cross-sectional slices, carefully avoiding large
blood vessels [18]. Localisation of the muscle compartments
was verified by comparing the ['*F]JFDG images with the trans-
mission image, which provides a topographical distribution of
tissue density.

Measurement of adipose tissue blood flow. For measurement of
adipose tissue flow, 1.2-1.3 GBq ['*O]H,O was injected intra-
venously and dynamic scanning was carried out for 6 minutes
(6-5s,6-15s,8-30 s frames). To determine the input func-
tion, blood from the radial artery was continuously withdrawn
using a pump at a speed of 6 ml/min. The radioactivity concen-
tration was measured using a two-channel detector system
(Scanditronix, Uppsala, Sweden) calibrated to the well counter
(Wizard 1480; Wallac, Turku, Finland) and the PET scanner, as
previously described [28]. The arterial input curve was correct-
ed for dispersion and delay, as previously described [29]. The
autoradiographic method, a 250-s integration time and parti-
tion value of 0.19 for adipose tissue, was applied to calculate
blood flow pixel by pixel. The partition value for adipose tissue
was calculated as the ratio of water content in adipose tissue to
water content in blood [30].

Measurement of adipose tissue glucose uptake with [ FJFDG
(rGUppg). For the measurement of [F]JFDG uptake
0.18-0.19 GBq of ["*F]FDG was injected intravenously over
60 s and a 50 min dynamic scan was simultaneously started
(2-30s,4-60s,9-300 s frames). Arterial blood samples for
the measurement of plasma radioactivity were continuously
drawn and measured with the well counter as previously de-
scribed [18]. The three-compartment model of [¥F]FDG ki-
netics was used as described earlier [18]. Plasma and tissue
time-activity curves for the subcutaneous adipose tissue com-
partment on the left side of the abdomen was analysed graphi-
cally to determine the fractional rate of tracer uptake K; [21].
Linear regression was used to determine the slope of the
time-activity points between min 10 and 40 after ['SF]JFDG in-
jection. The rate of regional glucose uptake measured using
[ F]IFDG (rGUppg) was calculated by multiplying fractional
["*FIFDG uptake (K;) by plasma glucose concentration [Glc],,.
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Non-obese

Fig.2. Anexample of MRI and ['®F]FDG PET images from the
abdominal region of a non-obese (left) and an obese subject
(right). In the upper panel regions of interest (ROIs) are out-
lined in MR images with red colour and further copied to PET
imagesin the same plane. In the lower panel are the PET images
where the highest activity is shown in red as an index of trapping

Measurement of adipose tissue glucose uptake with microdialy-
sis (rGU,p). After calibration, interstitial glucose concentra-
tion was determined using microdialysis. Glucose uptake was
calculated using Fick’s equation by multiplying glucose extrac-
tion fraction with blood flow [10, 31]. Flow was measured using
[POJH,O and PET in the same adipose tissue compartment
where the interstitial glucose concentration was measured,
i.e., in the vicinity of the microdialysis probe. The extraction
fraction for glucose was calculated as previously described
[10, 31] using the glucose permeability surface area product
(PS) 2 ml/min - 100 g™! [32-34], and the measured arterial (A)
and interstitial (I) concentrations. Thereafter, the rate of re-
gional glucose uptake (rGU,,) was calculated by multiplying
glucose extraction by blood flow:

rGUyp = [A-1] x [1-ePSFoV] x Flow 1

Calculation of lumped constant (LC). Lumped constant (LC)
was calculated by dividing [®F]FDG uptake (rGUgpg) mea-
sured using PET by the glucose uptake measured using micro-
dialysis (rGU,p),
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LC =rGUgpe/rtGUyp = K; x [Glc] /rGUyp 2

Measurement of skeletal muscle glucose uptake with ["SF]JFDG.
To measure ['*F]FDG uptake in the skeletal muscle, the femo-
ral region was moved into the gantry after completion of the
abdominal scan. A dynamic scan for 20 min was carried out
(6 - 180 s) and arterial blood sampling and measuring of plas-
ma radioactivity was continued. Plasma and tissue time-activi-
ty curves for the anteromedial muscle compartments were
analysed graphically to measure K; [21]. Muscle glucose up-
take was calculated by multiplying K; by the plasma glucose
concentration and dividing this by the LC value of 1.2 [12].

Whole body glucose uptake. Whole body glucose uptake as the
glucose disposal rate was determined using the euglycaemic
hyperinsulinaemic clamp technique, as previously described
[22]. During hyperinsulinaemia, normoglycaemia was main-
tained using a variable infusion rate of 20 % glucose based on
arterial plasma glucose determinations. The rate of whole
body glucose uptake was calculated during the same time peri-
od that the measurements of adipose tissue blood flow and glu-
cose uptake were made.

Other measurements. Arterial and plasma glucose was deter-
mined in duplicate by the glucose oxidase method (Analox
GM9 Analyzer, Analox Instruments, London, UK). Serum in-
sulin concentrations were measured basally and at 30-min in-
tervals during insulin infusion using a double-antibody radio-
immunoassay (Phadeseph Insulin RIA kit, Pharmacia and Up-
john, Uppsala, Sweden) with a detection limit of 2.5 mU/I.
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Table 1. The characteristics of the study subjects. Values are
means + SEM

Non-obese  Obese p
n 7 7
Age (years) 292 322 ns
BMI (kg/m?) 23.6 £ 0.6 31.0+1.0 <0.001
Waist-to-hip-ratio 098 +0.01 1.06+0.01 <0.001
Fasting P-glucose (mmol/l)  5.5+0.2 5102 ns
Fasting S-insulin (mU/1) 5.0+08 99+15 <0.01

Statistical analyses. Results are expressed as means + SEM.
Statistical calculations were done using the SAS statistical pro-
gramme package (SAS Institute, Cary, N. C., USA). Differenc-
es between the two groups were compared using Student’s ¢
test. Pearson’s correlation coefficients were calculated where
appropriate. A two-tailed p-value of less than 0.05 was regard-
ed to be statistically significant.

Results

Metabolic characteristics during the studies. Charac-
teristics of the study subjects are shown in Table 1.
Fasting plasma glucose concentrations were similar
in the non-obese and the obese subjects whereas fast-
ing insulin concentrations were higher in the obese
than in the non-obese subjects (p < 0.01; Table 1).
During hyperinsulinaemia, interstitial glucose con-
centrations were similar in both groups (Table 2)
and plasma glucose concentrations averaged
5.1 +£0.1 mmol/l in both groups with coefficients
of variation of 4.6+1.9% in the non-obese and
4.1 +1.7% in the obese subjects. During hyperinsu-
linaemia, serum insulin concentrations were higher
in the obese than in the non-obese subjects (81 =5
vs 62 + 3 mU/L, p < 0.05, respectively).

Whole body and skeletal muscle glucose uptake. Insu-
lin-stimulated whole body glucose uptake was 52 %
lower in the obese than in the non-obese subjects
(p <0.01; Table 2.). Regression coefficient for the

Table 2. Results of PET and microdialysis measurements
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slopes of fractional rate of ['*F]JFDG in skeletal mus-
cle were excellent in all subjects (r = 0.994 + 0.002,
p <0.01 for all). Insulin-stimulated skeletal muscle
glucose uptake measured using [*F]JFDG-PET was
59 % lower in the obese than in the non-obese sub-
jects (p < 0.01; Table 2.).

Adipose tissue blood flow and [*FJFDG uptake
(rGUpgpg). Rates of insulin-stimulated adipose tissue
blood flow measured with radiowater tended to be
lower in the obese than in the non-obese subjects
(p = 0.06; Table 2). When the fractional ["*F][FDG up-
take was calculated using graphical analysis the points
in the Patlak plot were stochastically scattered
(r=0.978 £ 0.004, p < 0.01 for all; Fig. 3). During insu-
lin stimulation fractional ['*F]FDG uptake values (K,)
in subcutaneous adipose tissue were higher in the non-
obese than the obese subjects (p < 0.05, Table 2). Con-
sequently, adipose tissue glucose uptake values mea-
sured using [®*F]JFDG (rGUgpg) and calculated by
multiplying K; by the plasma glucose concentration
were higher in the non-obese than the obese subjects
(p <0.05; Table 2.). Adipose tissue glucose uptake
values measured using [F]JFDG (rGUgpg) corre-
lated with rates of insulin-stimulated adipose tissue
blood flow in the pooled data (r = 0.79, p < 0.01) and
with whole body glucose uptake values (r=0.77,
p <0.01) in the pooled data (data not shown).

Adipose tissue glucose uptake measured using micro-
dialysis (rGU,,). Insulin-stimulated subcutaneous
adipose tissue glucose uptake measured using micro-
dialysis (rGUyp) was higher in the non-obese than
the obese subjects (p < 0.05; Table 2.) rGU,,p also
correlated with whole body glucose uptake (r = 0.61,
p <0.05; data not shown). A correlation was ob-
served between rGUppg and rGU,,, in the pooled
data (r = 0.82, p < 0.01; data not shown).

Lumped constant and regional adipose tissue glucose
uptake measured with PET (rGUpgy). The LC, calcu-

Non-obese Obese All
Adipose tissue
Blood flow (ml/kg - min™") 334 +6.1 22.5 £2.4° 289+24
Interstitial glucose (mmol/l) 4.0+0.1 41+0.1 40+0.1
K; (min™) 0.0029 + 0.0006 0.0015 + 0.0002° 0.0022 + 0.0003
rGUgpg (umol/kg - min™) 14.9+2.9 7.3+0.8° 11.1+1.8
rGU,p (umol/kg - min™") 11.8+1.7 7.6 +0.8° 9.7+1.1
LC 126 £0.15 1.01 £0.15 1.14 £0.11
rGUpgr (umol/kg - min™!) 11.9+2.8 6.1 +0.8° 9.0+1.6
Whole body
Glucose disposal rate (umol/kg - min™) 42.7+5.0 17.9 +3.2¢ 303 +4.5
Skeletal muscle
rGUpgr (umol/kg muscle - min™) 52455 213 +4.7¢ 369+55

Values are means + SEM.
ap = 0.06

®p < 0.05
°p < 0.01 for obese vs non-obese subjects
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Fig.3. An example of graphical analysis (Patlak plot) of sub-
cutaneous adipose tissue in a non-obese subject. Fractional
[®F]JFDG uptake increases linearly indicating metabolic trap-

ping

lated by dividing rGUgpg by rGUyp, averaged
1.14 £ 0.11 for the entire group; 1.26 + 0.15 for the
non-obese and 1.01 +0.15 for the obese subjects
(p =NS; Table 2). The range within the calculated
LC-values was 0.78-1.70 in the non-obese and
0.68-1.67 in the obese subjects. No association was
found between the LC and whole body glucose up-
take values or between the LC and serum insulin con-
centrations. When regional PET derived glucose up-
take (rGUpgy) was calculated by dividing rGUgpg
by the LC 1.14, non-obese subjects exhibited remark-
ably higher rates of rGUpgy than obese subjects
(p < 0.05; Table 2.).

Discussion

Our study was undertaken to estimate the LC for
[®FJFDG in human adipose tissue during insulin
stimulation and to measure adipose tissue glucose up-
take using ['**F]JFDG-PET. We found that the LC for
["®F]FDG averaged 1.14. Furthermore, we observed
that insulin-stimulated glucose uptake was lower in
subcutaneous adipose tissue in obese subjects than
in non-obese subjects and that glucose uptake in skel-
etal muscle was considerably higher than in adipose
tissue.

The LC value for ['"8F]FDG has not been previous-
ly determined in human adipose tissue. The LC value
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of 1.14 is rather similar to that measured recently in
human skeletal muscle (LC = 1.2) in studies in which
the LC was measured using ["*F]JFDG-PET and mi-
crodialysis, [12] or using ['**F]JFDG-PET and A-V-dif-
ferences [35] or the method based on triple-tracer
and 2-deoxy-["*C]glucose [36]. In this study, the LC
for [®F]FDG in adipose tissue was not found to
change in insulin resistant obese subjects which is in
accordance with our earlier skeletal muscle results
[12].

The half-life of 109 min of ['*F]FDG enables scan-
ning procedures extending over hours thus facilitat-
ing kinetic studies. Because ["*F]JFDG is phosphory-
lated by hexokinase and trapped in the tissue, it is re-
garded as an ideal glucose tracer for PET studies in
human myocardium and skeletal muscle [18, 19]. In
this study, steady state conditions required by the
model were attained by the insulin clamp technique.
The ['®F]JFDG was used in tracer amounts and tissue
time-activity curves showed linear slopes (Fig.3) sup-
porting the assumption that ['®F]FDG was irrevers-
ibly trapped within adipocytes and not dephoshory-
lated.

In this study we used microdialysis independently
of [®F]JFDG-PET to measure the interstitial glucose
concentration in abdominal subcutaneous adipose
tissue. The interstitial glucose concentrations mea-
sured were similar to those found in previous studies
[8, 11]. All microdialysis catheters were calibrated in
steady-state conditions using the internal reference
technique, which has been previously shown to give
similar recovery coefficients to the equilibration
technique in human beings [23].

Investigators have evaluated the reliability of mi-
crodialysis technique for the assessment of adipose
tissue glucose uptake in dogs [37]. They found that
the mean calculated and measured venous plasma
glucose concentrations were identical in adipose tis-
sue, but glucose uptake rates measured using micro-
dialysis and **Xenon washout techniques and Fick’s
principle only tended to correlate. However, it should
be noted that a correlation is not to be expected if the
range of the values evaluated is narrow. Moreover,
any small errors in absolute values of fasting plasma
glucose or in rates of blood flow assessed using the
133X enon washout technique influence glucose up-
take rates [37]. Using a different experimental design,
we found a correlation between glucose uptake mea-
sured using [®FJFDG-PET and microdialysis
(r=0.82, p <0.01). This study was done during stea-
dy-state hyperinsulinaemia and after an overnight
fast. Furthermore, adipose tissue flow was measured
directly with radiowater in the vicinity of the microdi-
alysis probe in the same region of interest where the
rates of glucose uptake and ["*F]JFDG uptake were
measured. Regions of interest were carefully drawn
in the subcutaneous adipose tissue on the MR images
and then copied onto the PET images. Thus, regional
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glucose uptakes were calculated in the same region
with two different and independent methods and
from these measurements the LC was estimated.

Use of [PO]H,O and PET allows direct and re-
gional assessment of perfusion without interference
from other tissues and without invasive catheterisa-
tions. This method has been validated using plethys-
mography and used in skeletal muscle [29]. When ap-
plied to adipose tissue, the lower water content of ad-
ipose tissue (15 % ) compared with muscle (79 % ) was
taken into account [30]. Error analysis of the autora-
diographic method at low blood flow rates had been
previously done [29].

In obese compared to non-obese subjects, glucose
uptake in subcutaneous adipose tissue, measured
with either microdialysis or ['*FJFDG-PET, was low-
er during insulin stimulation. Furthermore, skeletal
muscle glucose uptake measured with ["F]JFDG-
PET was significantly lower in the same subjects (Ta-
ble 2). This is in contrast to previous reports [3§]
showing similar rates of glucose uptake per adipose
tissue weight in lean and obese subjects after a meal
but resistance to insulin stimulation of glucose uptake
in the forearm muscle of obese subjects. It should be
noted, however, that the data from the two studies
might not be readily comparable because glucose
concentration is not at steady state after a meal and,
thus, could affect insulin independent glucose uptake.
Also, it has been recently found that glucose uptake
in subcutaneous adipose tissue was lower in obese
subjects after a prolonged period of fasting [39].

The limitations of both microdialysis and
["*F]JFDG-PET methods should be considered when
interpreting these results. After appropriate calibra-
tion microdialysis permits reproducible and precise
measurements of the glucose concentration in the in-
terstitial fluid [8]. When the interstitial glucose con-
centration is used to determine glucose uptake from
the interstitial space, the regional blood flow has to
be known. In this study we used the combination of
blood flow measurements with [SOJH,O-PET and
interstitial glucose concentration measurements with
microdialysis at the same time. To avoid disturbance
from the extracellular space nearby the probe the
first measurements were done 45 min after probe in-
vention [8]. Measurement of adipose tissue and mus-
cle glucose uptake using ['*F]JFDG-PET and Patlak
graphical analysis can be used reliably only under
steady state conditions. Therefore the studies were
carried out during steady state hyperinsulinaemic eu-
glycaemia. For this reason, these results cannot be
strictly compared with those after fasting or after a
meal. Choice of ROISs has a crucial role in the deter-
mination of glucose uptake in the region. Therefore,
the use of MRI as reference to PET is an almost
obligatory tool for the anatomical mapping of adi-
pose tissue and the reliable blood flow and glucose
uptake rates.
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Our adipose tissue blood flow results (mean
2.8 ml/100g - min~!) are comparable with those mea-
sured recently in human subjects [10, 11, 40]. As ex-
pected, adipose tissue blood flow tended to be one
third lower in the obese compared with non-obese
subjects but there was no statistical significance be-
tween the different groups due to the limited number
of subjects. Reduced adipose tissue blood flow rates
in obese subjects have been reported [10, 41, 42].
The thicker layer of subcutaneous adipose tissue in
obese subjects compared with non-obese subjects
could partly explain the lower rates of adipose tissue
blood flow [43].

Finally, it should be noted that regional differences
exist as to the glucose uptake in subcutaneous adi-
pose tissue, especially because the uptake rate in ab-
dominal fat cells is more active in this regard than
femoral adipocytes [44]. This, and the impact of an
expanded fat cell mass in the obese subjects imply
that our results might not be applied and generalized
to the total body fat glucose uptake. To explore fur-
ther the importance of the present results for the total
body glucose uptake in insulin resistant obese sub-
jects” measurements should be carried out in differ-
ent adipose tissue regions.

In summary, ['*F]JFDG-PET is a tool to investigate
adipose tissue glucose metabolism in humans. Direct
measurements with ['F]JFDG-PET and microdialysis
suggest a LC value of 1.14 for ["®*F]JFDG in human
subcutaneous adipose tissue during insulin stimula-
tion and the LC does not appear to be altered in insu-
lin-resistant obese subjects. The obese subjects
showed resistance to insulin-stimulated glucose up-
take in both subcutaneous adipose tissue and skeletal
muscle.
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