
European Journal of Nuclear Medicine Vol. 29, No. 7, July 2002

Abstract. Previously, we identified a parathyroid hor-
mone-related high-turnover bone disease after gastrecto-
my in mini pigs. Dynamic [18F]fluoride ion positron
emission tomography (PET) revealed that bone metabo-
lism was significantly increased, but that bone blood flow
derived from permeability-surface area product (PS prod-
uct)-corrected K1 values was not. Since bone blood flow
and metabolism are coupled in normal bone tissues, we
hypothesised that the capillary permeability and/or sur-
face area might be altered in high-turnover bone disease.
The “true” bone blood flow (fH2O) was measured in verte-
bral bodies by dynamic [15O]H2O PET, followed by a
120-min dynamic [18F]fluoride ion PET study, 6 months
after total gastrectomy (n=5) and compared with results
in sham-operated animals (n=5). Estimates for bone
blood flow based on PS-corrected K1 values (f) and the
net uptake of fluoride in bone tissue (Ki), representing the
bone metabolic activity, were calculated using standard
compartmental modelling and non-linear fitting. Gastrec-
tomy was followed by a significant elevation of Ki and k3
(P<0.05), which was mainly caused by an increase of the
fraction of bound tracer in tissue (P<0.01). In contrast,
fH2O, f, the single-pass extraction fraction of [18F]fluoride
(E) and the volume of distribution (DV) of [18F]fluoride
were not significantly different between groups. In both
groups, a coupling of the mean fH2O and Ki values was
found, but the intercept with the y-axis was higher in
high-turnover bone disease. It is concluded that in high-
turnover bone disease following gastrectomy, the PS
product for [18F]fluoride remains unchanged. Therefore,
even in high-turnover bone diseases, [18F]fluoride ion
PET can provide reliable blood flow estimates (f), as long

as a proper PS product correction is applied. The in-
creased bone metabolism in high-turnover bone disease
after gastrectomy is mainly related to an up-regulation of
the amount of ionic exchange of [18F]fluoride with the
bone matrix, while tracer delivery remains unchanged.
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Introduction

Previously, bone disorders like osteomalacia and osteo-
porosis in excess of that associated with normal aging
have been identified after gastrectomy and referred to as
“postgastrectomy bone disease” [1, 2, 3]. This condition
is characterised by a decreased bone mass and is associ-
ated with a considerably increased risk of vertebral bone
fractures [4, 5, 6].

Recently, we were able to identify a high-turnover
bone disease after gastrectomy in an established mini pig
model. In this study, the increased bone metabolism was
associated with significant bone loss, possibly due to
secondary hyperparathyroidism [7]. It has been recogni-
sed for some time that bone blood flow and bone forma-
tion are linked under various physiological (growing
skeleton, mature skeleton) and pathophysiological condi-
tions (fractures, thyrotoxicosis) [8]. Using [18F]fluoride
ion positron emission tomography (PET) in combination
with histomorphometric analyses, we have recently
shown that bone blood flow and bone formation are cou-
pled in normal bone tissue of mini pigs [9]. Neverthe-
less, the increase in bone metabolism after gastrectomy
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was not accompanied by a similar increase in bone blood
flow [7]. Therefore, these results indicated that the rela-
tionship between bone blood flow and metabolism might
be specifically altered in high-turnover bone diseases.

In the aforementioned study, bone blood flow was not
directly measured. Instead, bone blood flow was estimated
by f, a permeability-surface area product (PS product)-cor-
rected parameter derived from K1 values obtained by
[18F]fluoride ion PET. The PS product used to estimate f
(0.25 ml/[min×cm3]) was derived from healthy mini pigs
of the same age range [10]. Therefore, an increase in the
extraction fraction due to an increase in the capillary per-
meability and/or capillary surface (dilatation of existing
capillaries or recruitment of additional capillaries) in high-
turnover bone disease might explain the discordance be-
tween bone blood flow and metabolism in high-turnover
bone disease after gastrectomy. This would necessitate a
disease-related PS correction factor and would complicate
bone blood flow estimations based on [18F]fluoride ion
PET. On the other hand, if bone blood flow is indeed not
increased in mild to moderate high-turnover bone diseas-
es, our previous findings could only be explained if the
amount of [18F]fluoride ion undergoing ionic exchange
with the bone matrix, and thus the fraction of bound tracer
in tissue, increases. If this were the case, an up-regulation
of osteoblast and osteoclast functions might be the under-
lying cause for the observed metabolic changes in high-
turnover bone disease after gastrectomy.

In order to further elucidate the relationship of bone
blood flow, fluoride ion extraction and bone metabolism,
we performed a dual-PET tracer study with [18F]fluoride
ion and [15O]H2O 6 months after gastrectomy and com-
pared the results with findings in healthy control ani-
mals. The study design allowed us to investigate whether
bone blood flow and/or the [18F]fluoride ion extraction,
and thus the PS product, changes in high-turnover bone
disease. Also, we were able to define the relationship be-
tween the “true” bone blood flow and bone metabolism
in normal and high-turnover bone.

Materials and methods

Animals. Ten adult female mini pigs (Versuchstiergut Relliehau-
sen, University of Göttingen, Göttingen, Germany) were used. The
experimental conditions (animal housing environment, water and
food intake) were the same as described previously [7, 9]. Briefly,
the animals were accustomed to their new environment, and fed
with a standard diet containing a defined amount of minerals and
vitamin D (Altromin, Lage, Germany). Five animals were gastrec-
tomised and received 1,000 µg vitamin B12 i.m. every 3 months,
beginning 1 month after the operation, to avoid vitamin B12 defi-
ciency. The control group was recruited from a group of seven
mini pigs investigated earlier [10]. Out of these seven animals,
two were excluded to account for the lower age of the five gastr-
ectomised animals and to avoid possible errors in statistical ana-
lyses due to differing sample sizes of the two groups. The experi-
mental protocol was reviewed and approved by the Animal Re-
search Committee of the Administrative District of Tübingen. The

institutional guidelines for the care and use of laboratory animals
were followed throughout the study.

Surgery. All surgical procedures were performed after tracheal intu-
bation under general anaesthesia, as previously described [2]. Briefly,
a polyurethane catheter was implanted into the cephalic vein or exter-
nal jugular vein as a central line to allow substitutions of fluids, elec-
trolytes and calories for 5 days (Aminomix 1 500 ml/day, Fresenius,
Bad Homburg, Germany and Sterofundin HEG-5 500 ml/day, Braun,
Melsungen, Germany). The catheter was tunneled subcutaneously
and brought out at the animal’s back between the shoulder blades to
avoid dislocation and infection. After gastrectomy, a Roux-Y recon-
struction was performed (n=5). In the control group (n=5), the abdo-
men was opened without further manipulations to the intestinal tract
(sham operation). All animals received cefuroxim (15 mg/kg body
weight, Hoechst, Frankfurt, Germany) perioperatively.

Laboratory tests. Serum calcium, phosphate, haemoglobin, albumin
and total protein were measured with standard methods as described
previously [6]. Serum calcium was corrected for albumin and total
protein as described elsewhere [11]. The fluoride serum level (unla-
belled) was measured prior to tracer injection with an ion-sensitive
electrode method. Parathyroid hormone (PTH) was measured by a
two-site chemiluminometric sandwich immunoassay, which re-
cognises intact parathyroid hormone (Magic Lite Intact PTH Immu-
noassay, Ciba Corning, Fernwald, Germany). The vitamin D metabo-
lites, 25(OH)-vitamin D and 1,25(OH)2-vitamin D, were measured
by radioimmunoassay and by radioreceptor assay, respectively (Ni-
chols Institute Diagnostics, San Juan Capistrano, Calif., USA). Bone-
specific alkaline phosphatase was determined by an enzyme immu-
noassay (Alkphase-B, DPC Biermann, Bad Nauheim, Germany).

Radiotracer. [18F]fluoride was produced via the 18O(p,n)18F nuclear
reaction in a cyclotron (PETtrace, General Electric, Neu Isenburg,
Germany) by irradiating 1.5 ml of 18O-water (97% enrichment) 
with 16.5-MeV protons. The production yields were 2,200±
100 MBq/µAh at end of beam. [18F]Fluoride was diluted in 10 ml of
0.9% saline solution for intravenous injection. The radiochemical
purity of [18F]fluoride was always >99% as determined by thin-layer
chromatography (silica gel, Merck; CH3CN:H2O 95:5 (v/v); Rf =0).

Oxygen-15 was produced by bombardment of a mixture of
0.2% oxygen in 14N2 (d,n) 15O gas with 8.5-MeV deuterons.
[15O]H2O was prepared by the reaction of oxygen with hydrogen
in the presence of Pd as catalyst. After purification, the aqueous
[18F]fluoride and [15O]H2O solutions were passed through a 0.22-
µm filter for sterilisation. The solutions were found to be pyrogen
free (LAL-5000, Pyroquant Diagnostic, Germany).

Data acquisition. PET scanning was performed on an Advance
PET scanner (General Electric Medical Systems, Milwaukee, Wis.,
USA) under general anaesthesia as described recently [9]. To allow
arterial blood sampling, an arterial line was placed into the de-
scending aorta via the femoral artery. For tracer injections and fluid
substitutions (500 ml NaCl 0.9%), the cephalic vein was cannula-
ted. After positioning, a 20-min transmission scan using a pair of
rotating germanium-68 sources was performed. A bolus of approxi-
mately 30 MBq/kg body weight of [15O]H2O was injected. Simul-
taneously, a 10-min dynamic emission sequence of 45 PET scans
was started according to the following protocol: 24×5 s, 12×10 s,
6×30 s, 3×60 s. After the complete decay of the [15O]H2O activity,
a bolus of approximately 10 MBq/kg body weight of [18F]fluoride
ion was injected and the 120-min [18F]fluoride ion PET scan fol-
lowed (protocol: 12×10 s, 6×30 s, 5×5 min, 9×10 min). Arterial
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blood samples were drawn continuously at a flow rate of 15 ml/min
from the aorta by a calibrated infusion pump system (IMED Cor-
poration Gemini PC-1, San Diego, Calif., USA) for the first 3 min
of both scans. In previous experiments, this high flow rate had been
found to produce undispersed input functions [10]. Whole blood
radioactivity was measured continuously with a calibrated NaI de-
tector system (Blood Sampler FRQ, Neu Isenburg, Germany). For
the remaining scan time (after 3 min), blood samples were drawn
discontinuously into heparinised syringes according to the scanning
protocol. Plasma was separated from blood samples containing
[18F]fluoride and the radioactivity was counted in a calibrated NaI
scintillation counter in order to obtain the distribution of [18F]fluo-
ride ion in plasma and whole blood.

Data analysis. Image analysis was performed on Apollo 9000
Model 735 workstations (Hewlett Packard, Palo Alto, Calif., USA)
were reconstructed by filtered back-projection, employing a Hann-
ing filter and corrected for attenuation and deadtime, resulting in
128×128 pixel images for the entire dynamic sequence. Standardi-
sed elliptical regions of interest (ROI size: 1.1 cm2) were drawn in
five or six vertebral bodies of each animal, selecting the mid-slice
of each available vertebra in [18F]fluoride PET images. The ROIs
were then transferred to the corresponding [15O]H2O images. Sagit-
tal and coronal image reconstructions of the last [18F]fluoride im-
age frame were performed to ensure correct ROI selection.

Mathematical models. Kinetic parameters were estimated from the
tissue and arterial blood/plasma time-activity curves by a standard
non-linear least-squares analysis using the Matlab Version 4.2
computing environment (The MathWorks Inc., Natick, Mass.,
USA) on a Sun Spark Ultra 10 workstation (Sun, Munich, Germa-
ny). For dynamic [15O]H2O PET studies, kinetic parameter estima-
tions were derived from tissue and arterial whole blood activity
curves of the first 5 min using a single tissue compartment model
according to the Kety-Schmid method [12].

For [18F]fluoride ion PET studies, the kinetic parameters were
estimated from the tissue and arterial plasma activity curves accord-
ing to a standard two-tissue compartment tracer kinetic model con-
figuration [13]. The net uptake of fluoride in bone tissue, the macro-
parameter Ki, was calculated from individually fitted rate constants
(Ki=K1×k3/(k2+k3) in ml/[min×cm3]). The net transport of fluoride
from the plasma to bone tissue, the macroparameter Kflux, was cal-
culated as the product of Ki×[19F–] in µmol/[min×cm3]. The volume
of distribution of [18F]fluoride (DV) was determined as K1/(k2+k3).
The fraction of tracer in the first tissue compartment that undergoes
specific binding to the bone matrix (tBF) was calculated as
k3/(k2+k3). For tracer kinetic modelling, a parameter for fractional
blood volume (BV) was added to account for non-extracted tracer in
the tissue’s vascular space. In order to avoid possible identification
problems of specific microparameters, the number of fitted parame-
ters was limited to five (K1–k4, BV). Due to the specific experimen-
tal conditions (standardised tracer injection and automated with-
drawal of arterial blood via aortal catheter), the delay in tracer arriv-
al could be set to a fixed value of 0.6 s in each experiment, a mean
value that was determined previously [9, 10]. In very few cases, the
optimisation routine resulted in negative parameter estimates (i.e.
for k4 or BV) in a particular ROI. In these instances that particular
ROI was excluded from further analysis. For fitting of both scans, a
weighting factor (1/var) was used to account for the varying amount
of statistical noise in the measured data, where var is the variance of
the measured activity per pixel per ROI.

Previously, we determined the amount of the [18F]fluoride ion
extraction from blood into bone tissue under various flow condi-

tions in normal mini pigs. Assuming that the extraction of
[15O]H2O in a single capillary passage approaches 100%, we were
able to show the flow dependency of the [18F]fluoride ion extrac-
tion using dual-tracer studies with [15O]H2O and [18F]fluoride ion
PET [10]. The observed relationship between the bone blood flow
determined with [15O]H2O and K1 in normal mini pigs followed
the Renkin-Crone formula [14]:

(1)

where E is the so-called unidirectional extraction fraction of the
tracer, and PS is the permeability-surface area product and fH2O the
arterial flow to the tissue measured by [15O]H2O. To estimate the
“true” regional blood flow (f) from [18F]fluoride ion PET-derived
K1 values, an extraction correction had to be applied. A lookup ta-
ble of the flow-dependent extraction fraction was generated ac-
cording to Eq. 1 using the experimentally determined permeabili-
ty-surface area product of 0.25 (in ml/[min×cm3]).

The PS product was determined for both groups by a standard
non-linear regression fit using data of Fig. 2 and a numerical in-
version of Eq. 1. For a known PS product and a measured K1 the
corrected flow (f) is given by the root of:

(2)

Statistical analysis. Unless otherwise indicated, results are ex-
pressed as mean values of parameters with their respective standard
deviation (SD). Parameters of both groups (PET data and laborato-
ry results) were compared by means of one-way analysis of vari-
ance (ANOVA), including tests for homogeneity of group varianc-
es using the Bartlett test, selecting a conservative significance level
of P≥0.1. The data were then compared by the Tukey studentised
range method. In both groups, mean PET parameters were correlat-
ed with laboratory results using a non-parametric test (Spearman’s
rank correlation). A probability of P<0.05 was taken as significant.
Statistical tests were performed with the help of the JMP Version
3.2 (SAS, Cary, N.C., USA) statistical software package.

Results

Serum parameters

Laboratory results and cardiocirculatory results during
PET scanning are summarised in Table 1. PTH, serum
phosphate and 1,25(OH)2-vitamin D levels were signifi-
cantly higher in gastrectomised animals than in sham-op-
erated animals. Mean age, mean body weight, serum cal-
cium, calcium corrected for albumin (calciumAlb), total
protein, calcium corrected for protein (calciumProt), albu-
min, 25-(OH)-vitamin D, haemoglobin and the level of
unlabelled fluoride in plasma were not significantly dif-
ferent between groups. Blood gas analysis results (pO2,
pCO2), mean arterial blood pressure and heart rate were
stable throughout both PET scans and not significantly
different between gastrectomised and control animals.

Bone blood flow

PET results are summarised in Table 2. Bone blood flow
based on [15O]H2O PET measurements (fH2O) and the
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[18F]fluoride ion extraction fraction (E) were not signifi-
cantly different between gastrectomised and sham-oper-
ated animals. Also the volume of distribution (DVH2O)
and f, the estimate for bone blood flow derived from PS-
corrected K1 values from [18F]fluoride ion PET, were not
different between groups.

Bone metabolism

Ki and Kflux, indicators of bone metabolic activity, were
significantly increased by approximately 36% and 47%,
respectively, after gastrectomy compared with control
animals. The parameter k3 (+110%), reflecting chemi-
sorption and incorporation of [18F]fluoride into the bone
matrix, and tBF, the fraction of bound tracer in tissue
(+37%), were significantly increased in gastrectomised
animals compared with controls (P<0.05). All other mi-
croparameters (K1, k2, k4), the volume of distribution
(DV) and the fractional blood volume (BV) were not sig-
nificantly different between groups (Table 2).

Relationship between bone blood flow and metabolism

Since bone metabolism was significantly increased after
gastrectomy compared with controls while bone blood
flow was not different between groups, we further inves-
tigated the relationship between blood flow and bone
metabolism. Linear regression analysis revealed that
bone blood flow (fH2O) and bone metabolism (Ki) were
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Table 1. Serum, cardiovascular and respiratory parameters ob-
tained 6 months postoperatively in five gastrectomised adult mini
pigs and five sham-operated mini pigs

Parameter Gastrectomy Sham
operation

Fluoride ion in plasma (µg/l)a 18.5±2.0 18.4±2.4
Calcium (mval/l)a 5.0±0.1 5.4±0.4
CalciumAlb (mmol/l)a 5.9±0.1 6.3±0.4
CalciumProt (mg/dl)a 5.1±0.1 5.8±0.4
Phosphate (mmol/l)a 2.0±0.1 1.6±0.3*

Alkaline phosphatase (units/l)a 129±120 118±74
Parathyroid hormone (pmol/l)a 9.0±1.7 6.4±0.9*

25-vitamin D (nmol/l)a 27.6±30.4 39.2±13.0
1,25-(HO)2-vitamin D (pmol/l)a 759±183 307±131*

Total protein (g/l)a 72±6 65±9
Albumin (µmol/l)a 568±31 563±40
Hb (mmol/l)a 5.2±1.7 5.1±0.7
Arterial PCO2 (mmHg)b 34.0±5.2 33.8±3.4
Arterial PO2 (mmHg)b 244±40 272±40
Heart rate (min–1)b 91.4±25.8 101.5±15.9
Mean arterial blood pressure (mmHg)b 77.9±7.9 73.8±7.7
Age (years) 2.6±1.4 2.5±0.7
Weight (kg) 42.4±14.0 54.7±15.9

Values are means±SD
CalciumAlb, calcium corrected for albumin; CalciumProt, calcium
corrected for total protein
*P<0.05 gastrectomy versus sham-operated
a Values obtained at the start of PET scanning
b Values obtained during PET scanning

Table 2. [15O]H2O and
[18F]fluoride ion PET measure-
ments

Parametera Gastrectomy Sham
operation

[15O]H2O blood flow fH2O (ml/[min×cm3]) 0.199±0.045 0.181±0.045
[18F]fluoride blood flow estimate f (ml/[min×cm3]) 0.181±0.046 0.176±0.038
[15O]H2O distribution volume (DVH2O) (ml/cm3) 0.47±0.05 0.48±0.15
[18F]fluoride ion extraction E (%) 67.2±8.8 74.6±6.0
K1 (ml/[min×cm3]) 0.131±0.017 0.128±0.017
k2 (min–1) 0.114±0.032 0.115±0.057
k3 (min–1) 0.252±0.047 0.120±0.047*

k4 (min–1) 0.006±0.003 0.004±0.002
Blood volume (BV) (ml/cm3) 0.025±0.01 0.03±0.018
[18F]fluoride distribution volume (DV) (ml/cm3) 0.76±0.34 1.16±0.6
Bound fraction of [18F]fluoride in tissue (tBF) (ml/cm3) 0.71±0.05 0.53±0.06**

Ki (ml/[min×cm3]) 0.091±0.015 0.067±0.015*

Kflux (µmol/[min×cm3]) 1.68±0.29 1.14±0.27**

*P<0.05 gastrectomy versus sham-operated
**P<0.02 gastrectomy versus sham-operated
a Parameters include: [18F]Fluoride ion kinetic rate constant estimates (K1–k4), fractional blood vol-
ume (BV), volume of distribution of [18F]fluoride ion (DV), fraction of bound tracer in tissue (tBF),
fluoride influx rate (Ki) and net transport rate of fluoride from the plasma to bone tissue (Kflux) of ver-
tebral bodies of mini pigs. Also shown are bone blood flow (fH2O), the volume of distribution
(DVH2O) and [18F]fluoride ion extraction (E) measurements based on [15O]H2O results and estimates
for bone blood flow (f) derived from K1 values using a permeability-surface area product of 0.25
(ml/[min×cm3]) (see text for details)
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Fig. 1. Relationship between bone blood flow measured by
[15O]H2O PET (fH2O) and bone metabolism measured by [18F]fluo-
ride ion PET (Ki) in vertebral bodies of gastrectomised (black cir-
cles; n=5) and control animals (white squares; n=5). Regression
analyses revealed that bone blood flow (fH2O) and bone metabo-
lism (Ki) were significantly linearly correlated in both groups
(gastrectomised animals: y=0.0157+0.32x; adj. r2=0.93; P<0.001;
control animals: y=0.013+0.30x; adj. r2=0.71; P<0.05)

Fig. 2. Regional blood flow measured by [15O]H2O PET (fH2O) in
comparison with corresponding K1 values derived from [18F]fluo-
ride ion PET in vertebral bodies of gastrectomised (black circles;
n=5) and control animals (white squares; n=5). The plot displays
the pronounced underestimation of the “true” blood flow by K1
with increasing blood flow in comparison to [15O]H2O flow results
in both groups. The displayed regression line was derived from a
group of healthy mini pigs (n=7) using the Renkin-Crone formula
and the permeability-surface area product (PS) of 0.25 (see text for
details). The dashed line represents the fitted line to the data of
gastrectomised animals (PS=0.23), and the dotted line represents
the fitted line to the data of the sham-operated animals (PS=0.24)

Fig. 3. Relationship between “true” blood flow measured by
[15O]H2O PET (fH2O) and PS product-corrected regional blood flow
estimates (f) from [18F]fluoride ion PET derived from individual ver-
tebrae. The PS product correction is followed by a significant im-
provement of blood flow estimates based on K1 values in both
groups [gastrectomised (black circles; dashed line; n=5) and control
animals (white squares; dotted line; n=5)]. The determined regres-
sion lines are not significantly different from the line of identity in
either group (gastrectomised animals: y=0.015+0.84x; adj. r2=0.70;
P<0.05; control animals: y=0.013+0.93x; adj. r2=0.72; P<0.05)

correlated linearly in both groups (gastrectomy: y=
0.027+0.32x; adj. r2=0.93; P<0.001; controls: y=0.013+
0.30x; adj. r2=0.71; P<0.05). These results indicate that
bone blood flow and bone metabolism are coupled in
high-turnover bone as well as in normal bone tissue.
Nevertheless, while the slope of the regression line was
almost unchanged in both groups, the intercept with the
y-axis was higher in high-turnover bone (Fig. 1). This in-
dicates that the increased bone metabolism is mainly
based on an up-regulation of the second step of the
[18F]fluoride ion influx, with a consequent increase in
the amount of ionic exchange with the bone matrix.

Permeability-surface area product and [18F]fluoride ion
extraction

Using the dual-tracer approach with [15O]H2O and
[18F]fluoride ion PET, we investigated the [18F]fluoride
ion extraction (E) in relationship to the “true” bone blood
flow (fH2O) in both groups. PS product was determined ac-
cording to Eq. 2 using data from individual ROIs (Fig. 2).

Figure 3 shows f plotted against fH2O both groups. The
PS product was determined as 0.24±0.01 in high-turn-
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over bone and 0.23±0.01 in sham-operated animals
(mean ± standard error of estimate in ml/[min×cm3]).
These PS product estimates were not statistically signifi-
cantly different between the groups. The adjusted corre-
lation coefficient (adj. r2) of PS was determined to be
0.87 in high-turnover bone and 0.88 in sham-operated
animals (P<0.001). Also, the PS product of both groups
determined in this study was not significantly different
from the PS product previously determined in healthy
mini pigs [10]. Using the PS product of 0.25 ml/
[min×cm3] clearly improved blood flow estimations
based on K1 values in normal and high blood flow re-
gions of both groups (compare Figs. 2 and 3). Regres-
sion analyses revealed that blood flow estimates (f) were
not significantly different from the line of identity in ei-
ther group (gastrectomy: y=0.015+0.84x; adj. r2=0.70;
P<0.05; controls: y=0.013+0.93x; adj. r2=0.72; P<0.05).

Since K1 is the product of blood flow (f) and extrac-
tion fraction (E), the quotient of corresponding K1 and
[15O]H2O blood flow (fH2O) values is an estimate for the
regional extraction fraction of the [18F]fluoride ion. Fig-
ure 4 displays on a regional basis that the [18F]fluoride
ion extraction fraction (E) is a function of blood flow.
We were unable to show any significant differences in
the [18F]fluoride ion extraction between the groups.

Discussion

The purpose of this study was to investigate the relation-
ship between bone blood flow and bone metabolism in
normal and high-turnover bone and to determine whether

the capillary permeability and/or surface area is altered
in high-turnover bone disease after gastrectomy. We used
a well-established mini pig model in which the size of
the vertebral bodies is sufficient to ensure that the re-
stricted resolution of dynamic PET studies is not a prob-
lem. Also, bone metabolism in mini pigs is similar to
that in humans, and the mini pig has been widely used to
test new drugs influencing bone metabolism. Most im-
portantly, absolute movement restrictions, as a necessary
precondition for the comparison of [15O]H2O and
[18F]fluoride ion PET measurements, could be assured
by general anaesthesia.

We previously described high-turnover bone disease
after gastrectomy in mini pigs using [18F]fluoride ion
PET [7]. For a detailed description of known changes in
bone metabolism after gastrectomy, the reader is referred
to the literature [2, 15, 16, 17]. Our previous results as
well as a number of other studies support the hypothesis
that, owing to disturbances in calcium homeostasis, PTH
is increased after gastrectomy, resulting in bone mass
loss [2, 6, 7, 18, 19]. We now investigated the relation-
ship between bone blood flow and fluoride ion extrac-
tion, since both might be altered in a pathological state
like post-gastrectomy high-turnover bone disease.

The uptake of fluoride by bone tissues occurs in sev-
eral steps. The first stage involves fluoride diffusion
from the capillaries into the hydration shells of bone
crystallites. These ion-rich aqueous shells are easily ac-
cessible to extracellular fluids. From our measurements
as well as from other studies, this pool seems to be rap-
idly exchangeable [10, 20]. With respect to the standard
two-tissue compartment model, fluoride enters the un-
bound tissue compartment. In a second step, fluoride
eventually associates with or is incorporated into precur-
sors of hydrofluorapatite and finally into the apatitic lat-
tice itself [20]. In the two-tissue compartment model,
these separate biological processes are combined and re-
flected by the magnitude of the rate constant k3. Examin-
ing our results as well as those of other dynamic [18F]flu-
oride ion PET studies, k3 seem to be the rate-limiting
step of bone metabolism [7, 21]. Apatitic fluoride re-en-
ters the circulating body fluids as a result of the long-
term process of bone resorption. Therefore, it seems rea-
sonable that, under normal bone metabolic conditions,
the magnitude of the reverse reaction constant k4 is
small. Nevertheless, it has been found previously that the
parameter k4 is needed to account for a small loss of trac-
er from the bound tissue compartment, which becomes
more evident when a prolonged study protocol (120 min)
is chosen [9, 13].

As recently published, we found an increase in bone
metabolic activity after gastrectomy while bone blood
flow estimates based on the permeability-surface area
product correction (f) were not different between gastrec-
tomised and control animals [7]. This raised the question
of whether (a) the capillary permeability and/or capillary
surface area in high-turnover bone disease after gastrecto-

Fig. 4. Relationship between “true” blood flow measured by
[15O]H2O PET (fH2O) and the [18F]fluoride ion extraction fraction
(E) derived from individual vertebrae. Note the flow-related de-
crease in E in both groups (black circles, gastrectomised animals;
white squares, control animals). The displayed solid regression line
represents E derived from healthy mini pigs (see text for details).
The dashed line represents E derived from gastrectomised animals,
and the dotted line represents E derived from control animals



my is altered, or (b) the relationship between bone blood
flow and bone metabolism changes under these particular
metabolic conditions. Using the dual-tracer approach
with [15O]H2O and [18F]fluoride ion PET, we investigated
whether the PS product changes after gastrectomy. These
results indicate that the transport of the [18F]fluoride ion
across the capillary membrane into the bone tissue and
the product of the capillary permeability and surface area
is unchanged after gastrectomy. Our results, and those of
several other studies, show that there is no evidence that
in normal bone the surface area available for exchange
responds to an increase in bone blood flow [10, 22]. The
discordance between the significantly elevated bone me-
tabolism and unchanged bone blood flow estimates after
gastrectomy could be explained by an increase in the
fraction of unbound tracer (tBF) in bone tissue undergo-
ing ionic exchange with the bone matrix. Indeed, we
found that the microparameter k3 was significantly elevat-
ed after gastrectomy, while the remaining microparame-
ters K1, k2 and k4 were unchanged. Also, calculating tBF,
we found a significant increase after gastrectomy com-
pared with controls, while the distribution volume (DV)
for [18F]fluoride was not different between groups. Since
there was a trend towards an increased k4 after gastrecto-
my and tBF does not take into account the magnitude of
k4, tBF slightly overestimates the “true” fraction of bound
tracer in bone tissue under these bone metabolic condi-
tions. Nevertheless, our results clearly indicate that the
amount of ionic exchange for the [18F]fluoride ion is up-
regulated in high-turnover bone disease after gastrectomy
in porcine bone tissue.

Vertebral bodies consist of a considerable amount of
bone marrow. Therefore, tissue inhomogeneity might
have influenced PET measurements. Because [15O]H2O
is a freely diffusible tracer, its extraction is instantaneous
in both bone and bone marrow. While [18F]fluoride is
taken up by the bone tissue and, to a certain extent, per-
manently bound to the bone matrix, [18F]fluoride is only
temporarily present in bone marrow cells. In the event
that the tracer extraction of the [18F]fluoride ion (E) is
lower in bone marrow than in bone tissue, the bone tis-
sue’s extraction fraction would have been underestimat-
ed depending on the amount of bone marrow present.
However, we consider this possibility rather unlikely be-
cause we found a flow-dependent change in the extrac-
tion fraction instead of a uniform change. If the presence
of bone marrow were the cause of the observed underes-
timation of blood flow by K1, then K1 would underesti-
mate flow at any flow. Instead, we found an extraction
fraction close to 100% in low-flow regions, while the ex-
traction fraction decreased progressively with increasing
flow. Since the relation of cortical to trabecular bone
(containing bone marrow) is relatively stable between
different vertebrae of the spinal column, we consider it
unlikely that the presence of bone marrow is the cause of
the observed relationship between blood flow and
[18F]fluoride ion extraction.

Tissue inhomogeneity becomes evident when the dis-
tribution volumes of the two tracers are compared. While
the distribution into bone marrow is probably compara-
ble for both tracers, the distribution into the remaining
bone tissue is different. During the short scanning time
of [15O]H2O PET studies, [15O]H2O probably only
reaches the hydration shells of bone crystallites. On the
other hand, during the 2-h [18F]fluoride ion PET scan, a
large proportion of [18F]fluoride associates with or is in-
corporated into the bone matrix. Therefore, it seems rea-
sonable that the distribution volume of [18F]fluoride will
be larger than that of [15O]H2O in vertebrae, as found in
this study.

It has long been recognised that bone blood flow and
metabolism are coupled in bone tissues under various
conditions [8]. In an experimental bone-healing model,
bone perfusion was found to be associated with in-
creased uptake of technetium-99m labelled diphospho-
nates [23]. Due to the restricted resolution in convention-
al bone imaging, truly quantitative studies, comparing
bone blood flow and bone metabolism, are impossible
with 99mTc-labelled diphosphonates. Since the introduc-
tion of [18F]fluoride ion PET, the relationship of bone
blood flow and metabolism has been investigated using
dynamic measurements. Using two-tissue compartmental
modelling, a significant correlation was found between
K1 and Ki in various studies [21, 23, 24, 25]. In the light
of the flow-dependent reduction of the [18F]fluoride ion
extraction, estimation of the bone blood flow based sole-
ly on K1 values can only be performed with acceptable
accuracy under low and normal flow conditions. Recent-
ly, we used an extraction correction for K1 values (f) to
account for flow-dependent changes in the extraction
fraction. A significant correlation between f and the bone
mineral apposition rate, and thus the bone formation
rate, was found in healthy mini pigs [9].

To our knowledge, this study is the first to investigate
bone blood flow and bone metabolism independently us-
ing non-invasive techniques. We found a linear correla-
tion between the bone blood flow measured by [15O]H2O
and bone metabolism measured by [18F]fluoride ion PET
in both healthy controls and gastrectomised animals with
high-turnover bone disease. Currently it is unknown
whether this relationship remains unchanged in bone re-
pair after severe trauma or in low-turnover bone disease,
for example due to senile osteoporosis. As long as the
underlying bone disease does not severely affect the
available capillary surface area and/or the capillary per-
meability for ions, the observed relationship should re-
main unchanged. We also have to consider possible age-
or species-related differences in the [18F]fluoride ion ex-
traction. Therefore, it remains to be determined whether
the observed PS product is also valid in humans.

We conclude that the permeability-surface area prod-
uct of the [18F]fluoride ion is stable in mild to moderate
high-turnover bone disease. Therefore, dynamic [18F]flu-
oride ion PET allows the estimation of bone blood flow
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in normal and high-turnover bone, as long as the flow
dependency of the extraction fraction is taken into con-
sideration and a proper correction is made for the re-
duced tracer extraction. Our results indicate that bone
blood flow and bone metabolism are coupled in normal
bone and high-turnover bone disease after gastrectomy.
The up-regulation of the bone metabolism is mainly re-
flected by an increased ionic exchange of fluoride with
the bone matrix.
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