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The most common site of metastasis for breast cancer is bone.
Quantitative 18F-fluoride PET can estimate the kinetics of fluoride
incorporation into bone as a measure of fluoride transport, bone
formation, and turnover. The purpose of this analysis was to eval-
uate the accuracy and precision of 18F-fluoride model parameter
estimates for characterizing regional kinetics in metastases and
normal bone in breast cancer patients. Methods: Twenty meta-
static breast cancer patients underwent dynamic 18F-fluoride
PET. Mean activity concentrations were measured from serial
blood samples and regions of interest placed over bone metas-
tases, normal vertebrae, and cardiac blood pools. This study ex-
amined parameter identifiability, model sensitivity, error, and
accuracy using parametric values from the patient cohort.
Results: Representative time–activity curves and model param-
eter ranges were obtained from the patient cohort. Model behav-
ior analyses of these data indicated 18F-fluoride transport and
flux (K1 and Ki, respectively) into metastatic and normal osseous
tissue could be independently estimated with a reasonable bias
of 9% or less and reasonable precision (coefficients of variation
# 16%). Average 18F-fluoride transport and flux into metastases
from 20 patients (K1 5 0.17 6 0.08 mL�cm23�min21 and Ki 5

0.10 6 0.05 mL�cm23�min21) were both significantly higher
than for normal bone (K1 5 0.09 6 0.03 mL�cm23�min21 and
Ki 5 0.05 6 0.02 mL�cm23�min21, P , 0.001). Conclusion: Fluo-
ride transport and flux can be accurately and independently es-
timated for bone metastases and normal vertebrae. Reasonable
bias and precision for estimates of K1 and Ki from simulations
and significant differences in values from patient modeling re-
sults in metastases and normal bone suggest that 18F-fluoride
PET images may be useful for assessing changes in bone turn-
over in response to therapy. Future studies will examine the cor-
relation of parameters to biologic features of bone metastases
and to response to therapy.
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The most common site of metastasis for breast cancer is
bone. Although bone scanning, CT, MRI, and other

imaging modalities can readily detect skeletal metastases
for breast cancer, bone metastasis response is currently
difficult to assess in the clinic using these conventional
modalities (1,2). Bone metastases from breast cancer
present with a mixture of phenotypes ranging from
osteoblastic to osteolytic lesions. One approach that may
offer advantages for detecting, characterizing, and quanti-
fying changes in bone metastases is the use of 18F-fluoride
PET (2,3).

Fluoride deposition accompanies the osteoblastic miner-
alization of new bony matrix by depositing fluoroapatite in
place of the common bone mineral hydroxylapatite. The
formation of fluoroapatite is favored over hydroxylapatite
because the fluoroapatite crystal has less strain, a smaller
unit cell size, less solubility, and a smaller specific surface
area (4). The full skeletal kinetics of normal (5), osteopo-
rotic (6) (including the precision of kinetic studies for
osteoporotic women (7)), and Paget-diseased (8) bone have
been studied using 18F-fluoride PET.

Prior studies of fluoride kinetics have suggested that both
parameters related to fluoride delivery (K1) and incorpora-
tion into bone (Ki) may provide clinically useful informa-
tion. K1 has been shown to correlate to 15O-H2O-determined
blood flow at low flow rates and follow the Renkin-Crone
distribution at higher flow rates until reaching a maximum
rate of about 0.2 mL�cm23�min21 for 18F-fluoride transport
in porcine vertebrae (9). As such, K1 may provide an
indirect measure of bone metastasis blood flow that would
be useful in assaying the effect of therapy on perfusion of
metastases. Ki from dynamic scans of human vertebrae
correlated with histomorphometric indices of bone forma-
tion rate from iliac crest bone biopsies collected within
4 mo of the PET scan (P , 0.01) (10). Ki from dynamic
scans of porcine vertebrae were also found to correlate
significantly with the mineral apposition rate (P , 0.005)
from histomorphometry of iliac crest bone biopsies col-
lected immediately before the PET scans (11). This prop-
erty makes fluoride Ki an attractive parameter for assessing
the effect of therapy on bone formation in bone with
metastatic involvement.

The purpose of this analysis was to evaluate the
18F-fluoride model for patients with breast cancer bone
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metastases. We examined the sensitivity, precision, accu-
racy, and distribution of the 18F-fluoride kinetic parameters
in metastases and normal bone to identify parameters to
consider as biomarkers in future serial PET studies seeking
to quantify changes in bone at the site of metastasis in
response to therapy.

MATERIALS AND METHODS

Patient Characteristics
Twenty patients with bone-dominant metastatic breast cancer

underwent dynamic 18F-fluoride PET before the start of new
treatment. The patients signed informed consent for the PET
studies according to the guidelines required by a Human Subjects
Review Committee from the Institutional Review Board for the
University of Washington/Fred Hutchinson Cancer Research
Center.

PET
The 18F-fluoride production, venous blood processing, PET

acquisition, and image reconstruction protocols have been pre-
viously described (12). Only axial bone metastases and normal
vertebrae were studied, to minimize the impact of lower-activity
measurements due to the partial-volume effect of analyzing the
typically smaller tumors and bone (13) located elsewhere.

Venous blood was sampled from 14 patients. Incomplete blood
sampling from 1 patient because of equipment malfunction was
censored. Directly measured blood time–activity curves were
required only for patients whose blood pool was not in the PET
field of view, resulting in 6 patients declining blood sampling.

Data Analysis
Data from the imaging studies were analyzed using a combina-

tion of PMOD 2.95 Build 5 (PMOD Technologies Ltd.), Excel,
version 11.5.4 (Microsoft), Berkeley Madonna version 8.3.11
(Berkeley Madonna), and JMP 5.0 (SAS Institute) software
packages.

Regions of Interest (ROIs). ROIs consisting of squares with 16
pixels and sides of 1.7 cm were drawn over the selected
metastases, a normal vertebra, and the cardiac pool in the left
ventricle if present in the imaging field of view. Tumor ROIs were
placed on metastases with an osteoblastic component in dynamic
scans using a separate reconstruction of summed data from the last
30 min of the 18F-fluoride dynamic scan, whereas placement of
ROIs for metastases that were primarily osteolytic required
guidance from images from a contemporaneous clinical 18F-
FDG scan. Averages of the mean activity concentrations in ROIs
drawn on 3 adjacent slices in each target volume were determined
for each time point, taking care to avoid intervertebral disk spaces.

Model Input Function. A method for estimating an individual
arterial 18F-fluoride plasma clearance curve (14) was extrapolated
to match our imaging time and scaled for individual patients based
on 6 whole venous blood activity measurements from the last
30 min of imaging when venous blood activity was assumed
equivalent to the arterial blood activity. Venous blood activities
were measured from PET ROIs in the cardiac pool of 18 patients
and from blood samples in 2 patients who did not have their heart
in the field of view. The arterial plasma input function was
calculated by multiplying the whole arterial blood input function
by the average plasma–to–whole blood ratio of 18F-fluoride
concentrations of 1.2 6 0.2 (6SD, n 5 22) from 13 patients

with complete venous blood and plasma activity measurements.
Both population-based arterial input functions (plasma and whole
blood) were used for kinetic modeling of fluoride uptake.

2-Compartment Kinetic Model. We used the 2-compartment
model originally proposed by Hawkins et al. (5) consisting of
a bone compartment with unbound 18F-fluoride and another
compartment with 18F-fluoride bound to bone, with the changing
concentration of 18F-fluoride in blood plasma serving as the input
function. Transfer of fluoride into the tissue (K1), washout of
unretained tissue fluoride to blood (k2), incorporation of fluoride
into bone (k3), and release of incorporated fluoride (k4) were 4 of 5
parameters estimated via nonlinear regression using PMOD
software. On the basis of previous experience, a fifth parameter
for the start of the blood input function was floated 62 min to
account for any delays between the start of the input function and
the start of 18F-fluoride delivery to the tumor. The macroparameter
for the net flux of fluoride into bone, Ki, was calculated as shown
in the following equation (5):

Flux; Ki 5
K1k3

k21k3
; Eq. 1

where Ki has units of mL�cm23�min21. The original parameter k2

from the 18F-fluoride model of Hawkins et al. (5) was replaced
with K1/k2 to improve the approach to model fitting based on early
identifiability analyses (data not shown). We report in place of the
K1/k2 term the equivalent VD, which is the volume of distribution
of fluoride in tissue with units of mL�cm23.

The blood volume fraction in the imaged tissue was a potential
sixth floating parameter for this model that was set constant to the
mean floated value of 0.030 based on a study of porcine vertebrae
(11). Early analysis suggested that both the blood volume fraction
and K1 could not be independently estimated so the blood volume
fraction was set to a reasonable physiologic value to allow an
independent estimation of K1, which was expected to be more
important in evaluating changes in bone physiology due to
therapeutic response. The starting parameter values of 0.1
mL�cm23�min21, 0.5 mL�cm23, 0.1 min21, and 0.01 min21 for
K1, VD, k3, and k4, respectively, were derived from average
estimates from a study of 18F-fluoride uptake in vertebrae of 72
postmenopausal women (6).

Parameter range constraints for estimations of K1, VD, k3, and
k4 were 0.001–1.0 mL�cm23�min21, 0.05–10 mL�cm23, 0.001–1.0
min21, and 0.0001–0.5 min21, respectively. Near zero, lower
bounds could occur when studying necrotic or fibrotic tissue. On
the basis of initial analysis of the data, the maximum value for K1

estimates was 5-fold the approximate maximum value of 0.2
mL�cm23�min21 for K1 estimated from porcine 18F-fluoride and
15O-H2O studies (9). Because chloride membrane transporters use
active transport to achieve intracellular concentrations of chloride
that are 4-fold higher than expected by passive diffusion (15),
maximum VD values for fluoride that use the same transporters for
normal tissue should be less than 4. The maximum estimate for
VD was set to 10 mL�cm23 to allow for metastases with aberrantly
higher rates of fluoride influx and model expansion during non-
linear optimization. Estimates for k3 were limited to 5-fold the
average estimated k3 value of 0.2 min21 for 7 patients with
vertebral Paget disease (8). The maximum estimate for k4 was set
to half of the maximum value for k3 because k4 was expected to
always be less than k3. Fluoride incorporation into bone is favored
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because of the reduction in bone crystal strain, solubility, and
specific surface area (4).

Model Characterization. After setting starting values and
estimation ranges for the proposed model, it was characterized
with respect to parameter sensitivity, identifiability, and suscepti-
bility to noise to identify which kinetic parameters may be useful
for evaluating changes in bone physiology due to response to
therapy. We used our previously published methods (16–19),
summarized in the following paragraphs.

Sensitivity functions for model parameters were calculated by
determining the change in model output resulting from a 1%
deviation in the individual parameter. The identifiability of the
individual parameters was assessed from a correlation matrix
generated using the average blood input function and tissue time–
activity curves for bone metastases and normal vertebrae from
a subset of 11 patients for whom we had complete sets of blood
time–activity curves from blood sampling and cardiac blood-pool
ROIs (16).

Precisions of model estimates of K1, VD, k3, k4, and the flux
macroparameter Ki were calculated using a Monte Carlo tech-
nique and simulated tissue time–activity curves that had 2%
Poisson noise (based on typical patient imaging noise) added
250 times to 1 typical metastasis and 1 normal bone tissue uptake
curve. Parameter estimates were compared with original param-
eters to determine the parameter coefficients of variation (COVs)
and biases (16).

Unlike Monte Carlo precision analyses that repeatedly added
noise to just 1 time–activity curve per tissue type, accuracies of
parameter estimations were better evaluated by adding 2%
Poisson noise to 250 different original time–activity curves for
both osseous tissue types. The original time–activity curves were
generated from a range of randomly selected parameter values
inside the expected ranges for tumor and normal bone for our
patient population. The original and estimated parameter values
were compared by calculating their correlation coefficient, de-
termining percentage bias between original and estimated values,
and calculating the estimation precision by dividing the SEE for
the estimated regressed against the original parameter plots by the
mean original parameter (SEE/mean) (16).

Analysis of Patient Results. Metastases analyzed from fluoride
PET scans were characterized as lytic or sclerotic on the basis of
a review of contemporaneous CT scans available for 19 of 20
patients. Lesions that were predominantly less radiographically
dense than surrounding bone were considered lytic, whereas
lesions that were denser than surrounding bone were classified
as sclerotic. The model was then applied to patient PET studies to
estimate the parameter distributions and compare their mean
values for metastatic and normal bone and lytic and sclerotic
lesions. Distributions of estimates for K1, VD, k3, k4, and
calculated flux (Ki) for both metastases and normal bone were
shown using quantile box plots. Because fluoride Ki and K1 are
measurements of different physiologic functions, we used differ-
ent correlation coefficients, different values of the SE estimate
divided by the mean (SEE/mean), and differences in the squared
residuals to compare plots of Ki versus K1 for bone metastases in
the axial skeleton and normal vertebrae to examine variability in
their relationship. Differences between parameter values for lytic
and sclerotic lesions were examined using 2-sided P values from
Wilcoxon rank-sum tests. Paired differences between parameter
values and differences between squared residuals of plots of Ki
versus K1 for metastatic and normal bone tissue were examined

using 2-sided P values from Wilcoxon signed rank tests. Statistical
analyses of clinical patient results were conducted using JMP 5.0.
P values less than 0.05 were considered significant.

RESULTS

Patient Characteristics

Twenty breast cancer patients with bone-dominant met-
astatic breast cancer with an axial bone metastasis in the
field of view underwent dynamic 18F-fluoride PET before
the start of new treatment. Most patients were actively
being treated for metastatic disease, with some evidence of
progressive disease that prompted a change in therapy;
a few patients were therapy-naïve. Seventeen patients had
received no new chemotherapy or hormone or radiation
therapy for the 3 mo before their PET scan. Two patients
with sclerotic lesions at the time of the fluoride PET study
had started a new chemotherapy regime, and 1 patient with
a lytic lesion started hormone therapy less than 3 mo before
their PET scans. Phenotypes of examined bone metastases
were classified from available contemporaneous CT scans
as 11 lytic and 8 sclerotic lesions, with an average long
dimension of 28 6 8 mm and a minimum long dimension
of 15 mm. Representative fluoride and 18F-FDG PET
images for a patient with a sclerotic metastasis and a patient
with a lytic metastasis are shown in Figure 1. The mean
patient age was 52 y (range, 34–78 y). The mean injected
dose was 3.6 MBq/kg (range, 2.8–4.5 MBq/kg).

Model Behavior

The sensitivity functions for each parameter were plotted
versus time in Figure 2 and were similar for both bone
metastases and normal vertebrae. The model was selec-
tively sensitive to K1 during early imaging time bins when

FIGURE 1. Sagittal 18F-
fluoride images (left) and
18F-FDG images (right) for
2 patients exhibiting bone-
dominant breast cancer
metastases (arrowheads).
(A) First patient (top) has
primarily sclerotic tumor
that is clearly visible in
18F-fluoride image. (B) Sec-
ond patient (bottom) has
lytic tumor that is evident
as photopenic region in
18F-fluoride image and en-
hanced region in 18F-FDG
image.
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the model was relatively insensitive to the other floated
parameters, indicating that independent measurements of
K1 were feasible. The sensitivity functions (Fig. 2) indicate
VD, k3, and k4 parameters may be difficult to estimate
independently because the model was most sensitive to all
these parameters at the same time. The correlation co-
efficients between K1 and k4 estimates for metastases and
normal bone (Table 1) have relatively low absolute values,
suggesting that independent measurement of k4 may be
possible.

Precision-simulated estimates of parameter COVs and
biases using the Monte Carlo approach (Table 2) were
initiated using average parameter estimates from 20 pa-
tients for K1, VD, k3, and k4 listed in the table as the original
value for the simulated curves. The 2 original flux values
(Ki) in Table 2 were calculated using the corresponding 4
original parameter values for each tissue type. The magni-
tudes of the predicted COVs for estimates of VD, k3, and k4

were large and ranged from 38% to 87%. The relatively low

absolute levels of bias and COV for K1 (#9% and #12%)
and for Ki (#3% and #16%) suggested that robust model
estimates for these 2 parameters in both metastases and
normal bone are possible.

A previous study suggested that the estimation of k4 in
the 2-compartment model was unreliable and degraded
precision in estimates of Ki (7). To test this approach, our
Monte Carlo error analysis was repeated using a 3-param-
eter model in which k4 was fixed to 0 min21 during
optimization (i.e., estimating only K1, VD, and k3) to
determine whether this would improve the precision of Ki
estimates and to assess any resulting change in estimation
biases. This was done for 2 sets of metastatic bone starting
values: same original values as used for the results in Table
2 and repeated with k4 originally set as 0.01 min21, which
was a previously reported value for normal vertebrae (6).
When the original starting value for k4 was 0.05 min21, the
modeling results showed higher absolute values of bias and
COV for Ki when k4 was fixed to zero (232% and 6%) than
when floated during optimization (Table 2, 3% and 4%).
However, when the original starting value for k4 was 0.01
min21, the biases and COVs in Ki estimates were similar
when k4 was fixed to zero (22.1% and 1.5%) or floated
during optimization (2.8% and 2.9%).

Estimated accuracies of parameter estimates by simulat-
ing over the clinical range of parameters for the axial bone
metastases and normal vertebrae are shown in Figure 3 and
summarized in Table 3. The magnitudes of the predicted
SEE divided by the mean (SEE/mean) for estimates of VD,
k3, and k4 were large and ranged from 40% to 66%.
Estimated versus the original values for K1 and Ki were
highly correlated (r 5 0.96 and r 5 0.99, respectively) and
had corresponding low SEE/mean values of 13% and 9%.

FIGURE 2. Sensitivity functions representing time-depen-
dent percentage change in model output resulting from
61% change in parameters K1 (solid line), VD (crosses), k3

(n), and k4 ()) are shown for axial breast cancer bone
metastases (A) and normal bone vertebrae (B).

TABLE 1. Covariance Matrices for Bone-Dominant
Metastatic Breast Cancer and Normal Vertebrae

Parameter K1* VD
y k3

z k4
z

Axial bone metastases

K1 1 — — —

VD 20.82 1 — —

K3 0.65 20.96 1 —

K4 20.38 20.14 0.39 1

Normal vertebrae
K1 1 — — —

VD 20.90 1 — —

K3 0.79 20.97 1 —

k4 0.09 20.44 0.64 1

*mL�cm23�min21.
ymL�cm23.
zmin21.

TABLE 2. Parameter Biases and Errors from Monte
Carlo Analyses

Parameter
Original
value

Mean
estimate Bias COV

Axial bone metastases
(n 5 250)

K1* 0.166 0.177 7% 12%

VD
y 2.81 2.69 24% 53%

K3
z 0.288 0.401 39% 38%

K4
z 0.052 0.064 23% 75%

Ki* 0.138 0.142 3% 4%

Normal vertebrae
(n 5 250)

K1* 0.091 0.099 9% 11%

VD
y 1.94 1.64 216% 74%

K3
z 0.165 0.338 105% 72%

K4
z 0.067 0.068 2% 87%

Ki* 0.071 0.072 2% 16%

*mL�cm23�min21.
ymL�cm23.
zmin21.
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Patient Modeling Results

The average, SD, and COV results from patient modeling
are in Table 4, and the median and distribution results are in
Figure 3. An example patient’s 18F-fluoride time–activity
curves for the cardiac blood pool and a bone metastasis
appear in Supplemental Figure 2 (supplemental materials
are available online only at http://jnm.snmjournals.org),
with the corresponding scaled whole-blood input func-
tion and model fit of the tumor time–activity curve. The
average K1 and Ki for lytic lesions (K1 5 0.186 6

0.098 mL�cm23�min21 and Ki 5 0.109 6 0.057
mL�cm23�min21) were higher than for sclerotic lesions
(K1 5 0.135 6 0.058 mL�cm23�min21 and Ki 5 0.086 6

0.024 mL�cm23�min21). However, the differences between
K1, VD, k3, k4, Ki, and Ki/K1 for lytic and sclerotic
metastases were not significant (P $ 0.10). Only differ-
ences in model estimates of K1 and Ki for bone metastases
and normal vertebrae were significantly different (P ,

0.001).
After determining that transport and flux were the only 2

model measures that could be accurately estimated with
reasonable precision, we sought to characterize any re-
lationship between the Ki and the K1 values. The slopes and
correlations of K1 versus Ki (Fig. 4) were similar for both
metastatic and normal bone (tumor slope 5 0.27, r 5 0.47;
bone slope 5 0.28, r 5 0.49). The SEE for Ki, when
regressed against K1, divided by the mean value of Ki was
higher for metastases (SEE/mean 5 0.42) than for normal
vertebrae (SEE/mean 5 0.34). The variability in the
relationship for Ki versus K1 determined by the paired
squared residuals was significantly higher for metastases
(0.0017 6 0.0029) than for normal bone (0.0003 6 0.0003,
P 5 0.019), indicating, as expected, a greater variability in
the relationship between parameters for metastases versus
bone.

DISCUSSION

We used dynamic 18F-fluoride PET to characterize
fluoride kinetics of bone metastases in breast cancer
patients. Our analyses included using model simulations
to determine parameter identifiability and likely precision
and accuracy as well as analyses of patient data from
baseline dynamic 18F-fluoride PET scans. We found that
18F-fluoride transport (K1) and flux (Ki) were significantly
different in metastases and normal bone and could be
estimated with reasonable precision and accuracy.

FIGURE 3. Quantile box plots of 18F-fluoride modeling
results for 20 patients with breast cancer bone metastases.
Tumor results appear in left panels and normal bone in right
panels for 4 floating model parameters (K1 [A], VD [B], k3 [C],
and k4 [D]) and for flux macroparameter, Ki (E). Top, middle,
and bottom box lines in plots represent 75th, 50th, and 25th
percentiles, whereas extent of vertical lines shows range of
parameter values.

TABLE 3. Parameter Accuracy over Range of
Values (n 5 250)

Parameter r* Bias SEE/meany

K1 0.96 1% 13%
VD 0.58 25% 40%

k3 0.62 47% 58%

k4 0.66 11% 66%

Ki 0.99 2% 9%

*Correlation coefficient.
ySEE/mean or SE estimate/mean is estimate of associated

error.

TABLE 4. Parameter Modeling Results

Parameter Mean estimate SD COV

Axial bone metastases (n 5 20)
K1* 0.166y 0.084 50%

VD
z 2.81 2.60 92%

K3
§ 0.288 0.257 89%

K4
§ 0.052 0.107 205%

Ki* 0.103y 0.048 47%

Ki/K1 0.673 0.218 32%

Normal vertebrae (n 5 20)
K1* 0.091y 0.035 38%

VD
z 1.94 2.52 130%

K3
§ 0.165 0.107 65%

K4
§ 0.067 0.121 181%

Ki* 0.052y 0.020 38%

Ki/K1 0.597 .202 34%

*mL�cm23�min21.
yMetastases K1 and Ki values were significantly different from

their normal values (P , 0.001).
zmL�cm23.
§min21.
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Low K1 and Ki COV values (range, 4%216%) from
Monte Carlo simulations, low K1 and Ki bias estimates no
more than 2% from model accuracy simulations, and
correlation coefficients of greater than or equal to 0.96
for plots of estimated versus original values of K1 and Ki
indicate the feasibility of using these PET measures to
study both bone metastases and normal bone. The levels of
bias (#23%) and COV ($75%) for k4 in Table 2 indicate
that only large changes in k4 may be detectable, suggesting

that changes in k4 as a measure of bone lysis may not be
feasible. Lower correlation coefficients (r # 0.66, Table 3)
and a higher predicted range of COV from 38% to 87% (4-
parameter model, Table 2) for estimates of VD, k3, and k4

suggest that model estimates of these parameters will not be
useful PET measures to assess bone cancer diagnosis and
progression. It is possible that longer scanning times might
improve the estimates of k4, and possibly VD and k3;
however, scanning for longer than 1 h is likely to be
challenging for many patients with bone metastases.

Repeating the Monte Carlo analysis with k4 5 0 min21

as suggested by Frost et al. to increase the precision of
fluoride Ki measures (7) resulted in a Ki bias estimate of
232% and decreased precision from 4% to 6% COV from
when using the original values in Table 2 (k4 5 0.05
min21). When Monte Carlo analyses were repeated with
the original k4 for metastases set to a reported normal value
of 0.01 min21 (6), the Ki bias and COV estimates resulting
from a floated k4 were similar to the estimates when k4 5

0 min21. This result suggests that when estimating fluoride
Ki for bony tissues that may have a strong osteolytic
component, it is better to float k4 than to risk an increase
in the bias of Ki estimates by a factor of 10.

There was considerable phenotypic variability in the
bone metastases that was reflected in the fluoride param-
eter estimates in individual patients. Our results suggest
that fluoride delivery and flux into mineralized bone are
not necessarily coupled for these metastases. The level of
heterogeneity is not surprising considering our diverse
patient population with differing treatment histories. The
absence of significant differences between parameters for
metastases classified as lytic or sclerotic by contempora-
neous CT scans was not surprising considering most of the
metastases appeared to have both lytic and sclerotic
aspects (Fig. 1A). In addition, it is likely that prior
treatment may have changed the apparent phenotype of
the lytic lesions to a more sclerotic variety. This flare
response has been described qualitatively for bone scin-
tigraphy and fluoride PET (2,20) and will need to be
considered in evaluating changes in response to treatment.
The simulated precision of K1 and Ki parameter estimates
and the ability of dynamic 18F-fluoride PET to quantify
a significant difference between both fluoride delivery and
flux into the metastases and normal bone suggest these
PET scans may be useful for quantifying changes in bone
metastasis physiology in response to therapy and helpful
in understanding the effect of cancer therapies on bone
lysis and new bone formation.

CONCLUSION

Simulations suggest both K1 and Ki can reasonably
quantify 18F-fluoride kinetics in breast cancer bone metas-
tases and normal bone because of low parameter biases
(#9%), high correlations between estimated and original
values (r $ 0.96), and low associated errors (COV # 16%).

FIGURE 4. Model parameter correlation plots of 18F-
fluoride flux, Ki, vs. transport, K1, for 20 axial breast cancer
bone metastases classified from CT analysis to be either
lytic (crosses), sclerotic (s), or unknown (n) (A) and normal
bone vertebrae (B). Filled circles (d) identify 2 patients
whose chemotherapy changed less than 3 mo before their
PET scan. Arrow indicates lytic tumor identified in Figure 1B.
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Both K1 and Ki are promising for the evaluation of changes
in bone physiology in response to therapy because values
for metastases were significantly different from those for
normal bone (P , 0.001). The ability to model both 18F-
fluoride transport (K1) and 18F-fluoride flux (Ki) with
dynamic PET scans provides a robust method for measur-
ing fluoride delivery and bone formation at the site of bone
metastases and possibly for quantifying response to ther-
apy, but more investigation is needed.
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