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Abstract
Studies of skeletal metabolism using measurements of bone metabolic flux (Ki)
obtained with [18F] sodium fluoride ([18F]NaF) positron emission tomography
(PET) scans have been used in clinical research for the last 30 years. The
technique has proven useful as an imaging biomarker in trials of novel drug
treatments for osteoporosis and investigating other metabolic bone diseases,
including chronic kidney disease mineral and bone disorder. It has also been
shown to be valuable in metastatic bone disease in breast cancer patients and
may have potential in other cancer types, such as prostate cancer, to assess
early bone fracture risk. However, these studies have usually required a 60-min
dynamic PET scan and measurement of the arterial input function (AIF),making
them difficult to translate into the clinic for diagnostic purposes. We have previ-
ously proposed a simplified method that estimates the Ki value at an imaging
site from a short (4-min) static scan and venous blood samples.A key advantage
of this method is that, by acquiring a series of static scans, values of Ki can be
quickly measured at multiple sites using a single injection of the tracer. To date,
the widespread use of [18F]NaF PET has been limited by the need to measure
the AIF required for the mathematical modeling of tracer kinetics to derive Ki and
other kinetic parameters. In this report, we review different methods of measur-
ing the AIF, including direct arterial sampling, the use of a semi-population input
function (SP-AIF),and image-derived input function, the latter two requiring only
two or three venous blood samples obtained between 30 and 60 min after injec-
tion. We provide an SP-AIF model and a spreadsheet for calculating Ki values
using the static scan method that others can use to study bone metabolism in
metabolic and metastatic bone diseases without requiring invasive arterial blood
sampling. The method shortens scan times, simplifies procedures, and reduces
the cost of multicenter trials without losing accuracy or precision.

KEYWORDS
[18F] sodium fluoride, arterial input function, bone metabolism, modeling, PET imaging

1 INTRODUCTION

The measurement of regional bone metabolism is
important for understanding bone physiology,1 mea-

This is an open access article under the terms of the Creative Commons Attribution License,which permits use,distribution and reproduction in any medium,provided
the original work is properly cited.
© 2022 The Authors. Medical Physics published by Wiley Periodicals LLC on behalf of American Association of Physicists in Medicine.

suring response to treatment in early phase clinical
trials of novel drugs to avoid late-stage attrition, and
diagnosing patients in clinics with bone metabolic
and metastatic diseases.2–7 Bone histomorphometry

Med Phys. 2022;1–18. wileyonlinelibrary.com/journal/mp 1
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2 BONE IMAGING USING [18F]NAF PET

following bone biopsy is considered the gold standard
method of measuring bone metabolism. However, it is
limited to a single site, that is, the iliac crest,which is rela-
tively painful and invasive for patients,and is a costly and
complex technique subject to significant measurement
errors.8–12 An alternative method of measuring bio-
chemical markers of bone formation or bone resorption
in serum or urine provides a noninvasive measurement
of bone metabolism. However, bone markers measure
only global skeletal bone turnover, while it is recog-
nized that there is significant heterogeneity with regard
to skeletal physiology and pathology.13,14 In particular,
bone markers cannot provide information about specific
sites, such as the hip and spine, that may be particularly
susceptible to osteoporotic fractures.15–18

An alternative method of measuring bone metabolism
is using positron emission tomography (PET) imaging
to measure the metabolic flux (Ki, sometimes referred
to as bone plasma clearance, units: ml/min/ml) of the
bone-seeking tracer [18F] sodium fluoride ([18F]NaF).
The [18F] ion is an excellent bone imaging tracer
extracted by the skeletal system in proportion to bone
blood flow and bone metabolism at the sites of newly
formed bone.19 The ionic exchange of the fluoride
happens with hydroxyl groups in hydroxyapatite crys-
tals on the surface of newly formed bone matrix to
form fluorapatite preferentially at sites of osteoblastic
and osteoclastic activity and the newly mineralizing
bone.20–22 The [18F]NaF PET method has been vali-
dated against the gold standard of bone biopsy.23,24

The attraction of [18F]NaF PET is that it allows the
measurement of regional bone metabolism at one or
more sites in the skeleton non-invasively from a single
injection of the tracer.25,26 The technique can measure
changes in bone metabolism within weeks of the com-
mencement of treatment, much earlier than changes
in bone mineral density can be measured using dual-
energy X-ray absorptiometry, which may take two or
three years to detect.27 Therefore, it has the potential to
be a valuable imaging biomarker of response for utiliza-
tion in clinical trials for early assessment of therapeutic
efficacy.28

There are two main approaches to measuring bone
metabolism using [18F]NaF PET imaging, namely the
measurement of standardized uptake values (SUV) and
methods that measure Ki.29,30 SUV is a semiquantitative
measurement obtained from a static PET image usu-
ally acquired around 45–60 min after tracer injection.
SUV is equal to the tracer concentration (units: Bq/ml)
measured within the PET scan image volume of inter-
est (VOI) divided by the injected tracer (units: Bq) per
unit body weight of the patient (units: g). Therefore, SUV
has units of g/ml, or effectively a dimensionless number
assuming a mean body density of 1 g/ml. The mea-
surement of SUV is popular due to its simplicity, lack
of requirement for an AIF and precision error of around
10%, compared to the relative complexity of obtaining

Ki values with their larger precision error of typically
11%–15%.31 Conventionally, the measurement of Ki is
obtained from a combination of a 60-min dynamic scan
and arterial or venous blood samples to enable the esti-
mation of the metabolic flux.The standard mathematical
model of [18F]NaF bone tracer kinetics is the Hawkins
model (Figure 1).

The two inputs to the model are the bone time-activity
curve (TAC) obtained from the dynamic PET images
and the arterial input function (AIF) describing the time-
activity curve for the delivery of [18F]NaF tracer to bone.
From the bone TAC and AIF curves, the Hawkins model
can be solved to derive between three and five param-
eters (K1, k2, k3, k4, and FBV; for the definition of these
parameters, see Figure 1 and its legend) using a com-
puter program that matches the individual TACs for
the bone mineral and bone ECF compartments to the
measured TAC (Figure 2).

The parameters K1, k2 and k3 are then used to derive
the bone metabolic flux, Ki, from the equation:

Ki = K1 ×
k3

(k2 + k3)
(1)

A simpler graphical method, referred to as the Patlak
plot method, that avoids the need to derive the Hawkins
model parameters will be described later in Section
5.3.32 It is important to note that even simplified meth-
ods of measuring Ki with potential for translation to the
clinic still require derivation of the AIF for individual
subjects.25,26

Many researchers have presented various differ-
ent static and dynamic methods of quantifying bone
metabolism.33–35 The advantage of measuring changes
in bone metabolism using Ki rather than SUV is in
situations where the disease processes involved have
such a powerful effect on the whole skeleton uptake
of [18F]NaF tracer that the AIF is substantially altered
from the curve typical of a healthy individual. This can
occur in studies of disease progression, response to
treatment, or comparing different cohorts with and
without metabolic or metastatic bone diseases. In
such circumstances, SUV measurements can give a
false impression of true regional change, which may
adversely impact the diagnosis or the measurement of
response to treatment.1,19,36–38 Therefore, in this review,
we aim to discuss in particular the various methods of
obtaining the AIF curve required for the measurement
of bone metabolic flux in humans.

2 CALIBRATION

A calibration factor (CF) between the PET scanner and
a gamma well-counter is required to convert the radioac-
tive counts per minute obtained from the blood samples
taken from the patient during the [18F]NaF study into
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BONE IMAGING USING [18F]NAF PET 3

F IGURE 1 This figure shows different versions
of the Hawkins model used in the literature. K1 and
k2 represent the forward and backward tracer
exchange rates between blood and extracellular fluid
(ECF), k3 and k4 represent the forward and backward
tracer exchange rates between bone ECF and bone
mineral, and FBV is the fractional blood volume within
the bone volume of interest. K1 (units: ml/min/ml) is
widely regarded as a measurement of bone blood
flow. (a) Without any backflow of tracer from bone
mineral to ECF (i.e., k4 = 0); (b) With a non-zero
value of k4; (c) With a non-zero value of k4 and
allowing for a fractional blood volume FBV within the
skeletal region of interest. K1 is widely regarded as a
measurement of bone blood flow and is capitalized
to denote it is measured in units of ml/min/ml. A
lowercase k is used for k2, k3, and k4 to denote that
they are measured in units of min−1.

F IGURE 2 The output obtained from the mathematical modeling
of bone time-activity curve and arterial input function using the
Hawkins model and non-linear regression.

equivalent imaging units of Bq/ml. The CF is obtained
by scanning a uniform cylinder phantom filled with 18F
solution for 5 min in the PET scanner and followed by
counting a 0.2 ml aliquot in a well-counter for 5 min. At
our center, the calibration factor is then calculated as
follows:

CF =
PET scanner measurement (Units:Bq∕ml)

[Well counter counts∕60] ∕0.2 (Units:counts∕s∕ml)
(2)

In Equation 2, the well-counter measurement in units
of counts per minute is divided by 60 to convert it into
counts per second (s),and the measurement of counts/s

per 0.2 ml of aliquot is divided by 0.2 to convert it
into counts/s/ml of aliquot. The PET image voxel values
have units Bq/ml, where becquerel (Bq) is the unit for
the quantitative measure of radioactivity defined as the
number of nuclear decays occurring in a given quantity
of material per second (i.e., counts per s). The CF has
units: Bq∕ml

counts∕s∕ml
, or by substituting Bq with counts/s in

the numerator,CF can be obtained as a unitless number.
At our PET center, the calibration factor in Equation 2 is
re-measured every 3 months.

Another consideration over the choice of units for time
in seconds is that the direct arterial sampling study (that
is the basis of our definition of our semi-population input
function) generated blood concentration measurements
at 1-s intervals. For this reason, to avoid any confu-
sion at our center, we chose to do our calculations with
time consistently in units of seconds and then, as the
last step, convert our Ki values from units of ml/s/ml to
ml/min/ ml. We also note that other centers may prefer
to keep the well-counter measurement in Equation 2 in
units of counts min−1 ml−1. The difference is immaterial
as long as care is taken with the units of time to ensure
that the final result for Ki is in units of ml/min/ml.

3 IMAGING PROTOCOL FOR A
DYNAMIC [18F]NaF STUDY

The United Kingdom Administration of Radioactive Sub-
stances Advisory Committee (ARSAC) guidelines list
an effective dose to patients of 4.3 mSv following an
injected activity of 250 MBq of [18F]NaF intravenously
administered for PET bone imaging.39 This corresponds
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4 BONE IMAGING USING [18F]NAF PET

F IGURE 3 Imaging protocol used to obtain bone metabolic flux (Ki) values using: (a) a 60-min dynamic positron emission tomography
(PET) scan; (b) a static PET scan protocol. It is important to note that a single bed position can be acquired with a 4 min static scan. At our
center, we normally use two bed positions to acquire data associated with lumbar spines L1-L4. For reliable estimates of Ki values, we
recommend that this static 4 min scan be performed between 30 and 60 min post tracer injection.25

to an effective dose of 1.72 × 10−11 Sv/Bq, which is
consistent with the dose reported in the International
Commission on Radiological Protection (ICRP) Publi-
cation 128.40 The effective dose estimate depends on
many factors, including assumptions made about organ
uptake and biological half -lives, and the position and
sizes of organs assumed for a healthy reference 35-
year-old human male weighing 73 kg with a height of
176 cm and for a healthy reference 35-year-old human
female weighing 60 kg. It should be noted that additional
doses may be delivered to the patient from other proce-
dures, for example, the computed tomography (CT) part
of the PET-CT scan, which will vary depending on the
tube current and CT scan time.Studies have shown that
it is possible to obtain a successful quantitative [18F]NaF
PET scan at the lumbar spine using an injected activ-
ity as low as 90 MBq,13,14 and some researchers have
proposed further dose reduction strategies in preclinical
settings.41 However, radiation dosimetry is a field in itself,
and this topic will not be discussed here any further.

Figure 3a shows a typical dynamic PET-CT scan
protocol. Participants are asked to relax and keep well
hydrated, which helps minimise the reabsorption of
[18F]NaF in the kidneys that may otherwise vary with
urine flow rate. Patients are asked to empty their blad-
der immediately before the start of scan acquisition.
Patients are positioned supine to cover the target VOI,
for example, hip or spine, within the field of view (FOV)
of the PET scanner (which is approximately 15 cm and

varies between different manufacturers, although total-
body PET scanning has recently been introduced42,43).
A CT scan is performed first, followed by an intravenous
injection of [18F]NaF at the start of the dynamic PET
scan. The tracer is administered beginning 10 s after
the start of scan acquisition and injected over a period
of 10 s.This is followed by the injection of a 10 ml saline
flush starting at t = 20 s and injected over a further 10 s.
The images are acquired in list mode, along with the
collection of the required venous blood samples.19,26

A portion of each whole blood sample is centrifuged
to separate plasma and blood cells. The radioactivity
counts rates (units: background-corrected counts/min
(CCPM)) in plasma and whole blood are then measured
using a well-counter and converted to the PET image
voxel units of Bq/ml by applying the following correction
factors: (

CCPM
60

)
× (DWC) × (CF) × (DF)

where: CCPM/60 provides background-corrected
counts/s; DWC is the density (units: g/ml) correc-
tion of the plasma or whole blood sample; CF is the
calibration factor in units: Bq∕ml

cts∕s∕ml
; and DF is the decay

factor which is dimensionless. The combination of
all four correction factors converts the well-counter
measurement units in CCPM into PET image voxel
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BONE IMAGING USING [18F]NAF PET 5

units in Bq/ml as follows:

(
cts∕s

1

)
×

(
g∕ml

g

)
×

(
Bq∕ml

cts∕s∕ml

)
× (1) = Bq∕ml

For increased accuracy of the well-counter measure-
ments of plasma and whole blood concentrations, it is
recommended to weigh counting tubes before and after
pipetting and convert weights to volumes using densities
of 1.035 g/cm3 for plasma and 1.057 g/cm3 for whole
blood.44 The ratios of plasma to whole blood tracer con-
centrations over time are measured and used to correct
the arterial whole blood tracer concentration curve to
obtain the plasma concentration curve. The bolus peak
within the plasma tracer concentration curve is then
matched in time to the bolus peak observed on the bone
TAC derived by placing a VOI on the dynamic PET image
to derive the plasma AIF.

It is important to note that the injected dose and
all tracer concentration values (from blood samples or
images) have to be corrected back to a single reference
time point to allow correction for radioactive decay. This
is often chosen as the tracer injection time. However, in
practice, any time can be chosen as the reference time
(for example, the time when the tracer is drawn up in a
syringe), provided that consistency is maintained.

The residual activity left over in the injection syringe
is also measured, decay corrected back to the refer-
ence time, and then subtracted from the injected activity
value measured before tracer administration to calculate
the true injected dose to the patient accurately. Further
details of the timing information required are shown in a
flow chart (Figure S1),PET data collection sheet (Figure
S2) and an Excel file (“Supplemental File – Static
scan Ki calculation.xlsx”) in the Supplement section.
The data include the amount of radioactivity measured,
the time at which radioactivity is measured, the time
of radioactivity injection to patient, residual activity left
in the syringe, residual activity measurement time, the
scanner start time and the times the blood samples are
measured in the well counter.Since [18F]NaF tracer does
not metabolize or show protein binding, the AIF does not
require metabolite correction to obtain the TAC of the
parent plasma tracer concentration.45

The dynamic PET images are re-binned at differ-
ent frame durations during image reconstruction, along
with corrections for scatter events, random events, dead
time and attenuation using the CT scan.46 This allows
the early phase of the dynamic study to be resampled
in short time frames where the tracer concentration is
rapidly changing to obtain an accurate image-derived
AIF and allow the additional measurement of bone
blood flow (K1, units: ml/min/ml) using the Hawkins
model (Figure 1). The later phase of the dynamic study,
where tracer concentration is not rapidly changing, is
resampled in longer time frames to obtain the bone TAC.

Ordered subset expectation maximization (OSEM) or
filtered back projection (FBP) methods in two or three-
dimensional (2D or 3D) mode can be used for image
reconstruction, even though there may be some quanti-
tative differences between the Ki results obtained from
images reconstructed using these two methods.47 Even
though reconstruction in 3D mode has been shown to
be superior to 2D mode for various reasons based on
noise equivalent counts (NEC),48–51 it may be noted that
the variation in count sensitivity is high in 3D mode and
can vary strongly across the FOV,52 which implies that
the same activity concentration placed at the center of
the FOV versus at the edge of FOV may give a different
image pixel value. On the other hand, the sensitivity is
lower in 2D but is almost constant throughout the FOV.
Therefore, it is possible that 2D may be better for quan-
tification and 3D may be better for visualization,and care
should be taken when images are obtained and used for
quantification.

4 MODEL INPUTS

The two inputs required for modeling tracer kinetic using
the Hawkins model30 or Patlak graphical analysis32 are
the time variation of the mean tracer concentration in the
target bone volume (i.e.,the bone TAC) and the time vari-
ation of the tracer concentration in plasma in the artery
feeding the target bone volume (i.e., the AIF).

Bone TAC: The bone TAC is the concentration of
tracer within the target VOI measured over time and can
be obtained in various ways. The region can be drawn
manually or semi-automatically directly on a late frame
of the dynamic PET image, and then the same region
is transferred onto each dynamic PET frame to get a
measure of tracer concentration in Bq/ml from the same
spatial region in each frame.53 Another way is to use
the CT part of the PET-CT study to segment the bone
regions on CT, and then the same region is transferred
onto each time frame to measure tracer concentration
from the same spatial region in each frame.For a lumbar
spine study, the VOIs should be drawn wholly within the
trabecular bone of the L1,L2,L3,and L4 vertebral bodies
such that the VOI includes only the trabecular spongiosa
of the vertebral bodies and the cortical bone surround-
ing the vertebral bodies is excluded.Typically, regions of
interest in each vertebra can be drawn in three or four
transaxial planes avoiding the endplates to construct the
vertebral body VOI. The final results for Ki or SUV are
the average of all four vertebrae. Examples of coronal
views at the lumbar spine and proximal femur visualized
on static PET images are shown in Figures 4a and 4c,
respectively.A transaxial view at the lumbar spine visual-
ized as fused static PET-CT images with superimposed
trabecular spongiosa region of interest (ROI) is shown
in Figure 4b. Figure 4d shows an example of a transax-
ial view of a lumbar spine dynamic PET scan visualized
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6 BONE IMAGING USING [18F]NAF PET

F IGURE 4 (a) Example of a coronal view of the lumbar spine (LS) on a PET image; (b) Example of transaxial view of the LS on a PET-CT
fused image with a region of interest (ROI) used to measure Ki shown with an orange color that includes only the trabecular spongiosa of the
vertebral bodies and excludes the cortical bone surrounding the vertebral bodies; (c) Example of a coronal view of the proximal femur on a PET
image. The high activity accumulations in the kidneys and the bladder have been removed for a clearer presentation of the images. (d) Example
of a dynamic [18F] NaF PET scan showing a single transaxial slice at the lumbar spine over multiple time-frames from 0 to 60 min after tracer
injection.

over multiple time frames from 0 to 60 min after tracer
injection.

AIF: The AIF is the concentration of tracer within the
artery supplying the blood to the skeletal VOI. Conven-
tionally, the [18F]NaF concentration in arterial plasma
is used rather than the concentration in whole blood.
The AIF can be obtained in various ways, for exam-
ple, by continuous arterial blood sampling,54 venous
sampling starting at early time points after warming

the hands to 43◦C (arterialized blood),55,56 or using
venous blood samples obtained between 30 and 60 min
post-injection (by which time the arterial and venous
concentrations have equalised54) to calibrate image-
derived time–activity curves of the blood,57,58 or by using
a semi-population input function that combines individ-
ual measurements of venous blood samples obtained
between 30 and 60 min to define the terminal exponen-
tial with a population derived residual curve to model the
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BONE IMAGING USING [18F]NAF PET 7

early fast exponentials.59 For some methods of deriv-
ing the plasma AIF, for example, direct arterial sampling
and image-derived AIF, it is necessary to use venous
blood samples to measure the plasma-to-whole blood
ratio.The whole blood AIF calibrated against these sam-
ples is then corrected to obtain the plasma AIF that is
used for modeling.Since it is assumed that arterial tracer
concentration is the same throughout the blood in the
body due to homogeneous mixing, it can be measured
in any peripheral artery.However,to avoid the risk of con-
tamination from the injection site, venous blood samples
should not be taken from the same arm used to inject the
tracer. The different methods used to measure the AIF
are described in more detail in the following sections.

4.1 Direct arterial sampling

Direct arterial sampling is the most complete and
accurate method of measuring the AIF. However, it is
relatively complicated and invasive, and the insertion
of the arterial catheter requires the assistance of an
anesthetist.

Since the arterial concentration of [18F]NaF varies
rapidly during the first few minutes after tracer injection
and does not reach equilibrium with the venous concen-
tration until around 30 min, the AIF during this period
is most accurately measured by continuous direct sam-
pling from the radial artery. For example, Cook et al.54

used an automated online blood sampling system (Allog
AB, Mariefred, Sweden) with 1 m long polyethylene tub-
ing, a 1 mm internal diameter, and a flow rate of 5 ml
min−1 to continuously measure the AIF in ten subjects
undergoing dynamic [18F]NaF PET imaging.The contin-
uous whole blood counts from the artery were calibrated
with a series of six discrete arterial samples taken at
5 min intervals during the 30 min measurement period.
A three-way tap placed downstream from the detec-
tor at the distal end of the radial artery line was used
for discrete sampling. Venous blood samples were also
taken at 2, 4, and 10 min and then every 10 min until
the end of the PET scan at 60 min. The blood sam-
ples were centrifuged,gamma counts were measured in
plasma and whole blood in a gamma-counter, and these
counts were converted to imaging units, as described in
the previous section. The plasma-to-whole blood ratio
is either constant or very slowly varying over a 60-min
dynamic scan. Calibrated measurements from the con-
tinuous online blood sampling system are corrected for
the plasma to whole blood ratio using a linear regression
fit to the blood ratio data.

4.2 Semi-population method (SP-AIF)

The 0−60 min SP-AIF proposed by Blake et al.59 has
two parts: (1) a single exponential (described as the

F IGURE 5 Figure explaining the semi-population arterial input
function (SP-AIF). Note the logarithmic scale on the vertical axis. The
terminal exponential (0-3600 s) is shown in black and is generated
from venous blood samples taken from the individual patient between
30 and 60 min after the tracer injection. By this time venous and
arterial blood concentrations of [18F] NaF tracer are in equilibrium
and are equal. A single exponential has been fitted to the three blood
points shown in the figure and extrapolated back to t = 0. The red
curve shows the residual function (0-1800 s), which is the population
average of arterial data obtained from nine postmenopausal women
by direct sampling. In each of these women, her individual residual
function was obtained after subtracting her terminal exponential and
scaling to an injected activity of 100 MBq. The red curve is the
average residual function for the nine women. In clinical studies, the
SP-AIF is constructed by adding the population-based residual
function to the individual patient’s terminal exponential after scaling
the residual function for injected activity.

“terminal” exponential) fitted to venous blood samples
obtained at 30, 45, and 60 min after tracer injection and
extrapolated back to the time of injection; (2) a residual
function representing the sum of the early fast exponen-
tials between 0 and 30 min that is added to the terminal
exponential to produce the complete AIF (Figure 5).

The venous blood samples are measured individually
in each patient, while the residual function is a popula-
tion average curve that is scaled by the injected activity
in each individual patient. The residual function is the
average of nine of the ten postmenopausal women stud-
ied by Cook et al.54 (one woman was excluded because
the arterial blood sampling finished at 20 min). In each
of the nine women, the terminal exponential fitted to the
30−60 min venous blood samples was subtracted from
the calibrated arterial measurements at 1-s intervals to
derive the residual function. The nine residual functions
were then normalized to an injected activity of 100 MBq,
and time adjustments were applied to bring their peaks
into coincidence before averaging the nine curves to
derive the 0−1800 s population residual curve (Figure 6).

A mathematical function that accurately reproduces
this curve in units of kBq/ml in three separate time
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8 BONE IMAGING USING [18F]NAF PET

F IGURE 6 Plots of the population mean arterial plasma concentration residual curve at 1-s intervals obtained from direct arterial sampling
in nine postmenopausal women and normalized to 100 MBq of injected activity. (a) The residual curve between 0 and 60 s; (b) The curve
between 60 and 1800 s. Black dots show the average data points from the nine women, and the red curve shows the curve fit (see Equation 3)
plotted on top for comparison. The timing of each of the nine curves obtained by direct arterial sampling was adjusted to ensure the peak
counts occurred exactly 30 s after injection.

intervals is presented in Equation 3:

[1] SP − AIF (t) = 0, for 0 < t < 12s
[2] SP − AIF (t) =

(
a ⋅ tb

)
⋅ exp

(
c ⋅ td

)
, for 12 ≤ t ≤ 40s

where a = 1.90968 × 1013; b = −7.06237; c = −26266;
d = −2.73482

[3] SP − AIF (t) = a ⋅ exp (b ⋅ t) + c ⋅ exp (d ⋅ t)
+e ⋅ exp (f ⋅ t) , for 40 < t < 1800s

where a = 280.81; b = −0.074670; c = 17.083;
d = −0.01168; e = 5.9043; f = −0.0021085

(3)
For an injected activity of 100 MBq, the area under

the plasma curve (AUC) of Equation 3 is 4560 kBq s/ml
(76.0 kBq min/ml) compared with 4569 kBq s/ml (76.15
kBq min/ml) for the original raw data. To generate a
0−60 min SP-AIF in an individual patient, the population
residual curve between 0 and 30 min is scaled to the
injected activity to that patient and added to the single
exponential curve fitted to the venous plasma concen-
trations measured at time points between 30 and 60 min
post-tracer injection (Figure 5).

The terminal exponential fitted to the venous plasma
measurements accounts for typically 75−80% of the
total area under the 0−60 min AIF curve, so the method
accounts for the majority of the real differences in
0−60 min AUC between patients required for the esti-
mation of Ki values. When applied to clinical research
studies investigating treatment response in osteoporo-
sis patients, the SP-AIF method assumes that the
response to treatment alters the terminal exponential
of the AIF and has a negligible effect on the bolus
peak and early fast exponential terms that mainly reflect
the rapid early flow of tracer from the circulation into
soft tissue.25,26,60,61 Therefore, the values of Ki obtained
using the SP-AIF method may differ slightly from the Ki

values obtained using direct arterial sampling. A limita-
tion of Equation 3 is that it was derived from a small
group of postmenopausal white women and may not
be applicable in other populations. Also, using the SP-
AIF is inappropriate for calculating bone blood flow (K1)
values as it uses the population average value for the
bolus peak and may not reflect how the tracer concen-
tration changes within an individual patient during the
first few minutes after the tracer injection. Since accu-
rate measurement of K1 values depends on knowing
the plasma tracer concentration in the supplying artery
during the first 2−3 min after tracer injection, accurate
estimates of K1 require either direct arterial sampling
or the measurement of an image-derived input function
(ID-AIF) obtained by placing a VOI within the dynamic
PET image to obtain the arterial blood TAC corrected
for partial volume and spill-in effects.

An important advantage of the SP-AIF method is
that it allows the measurement of Ki values at multiple
skeletal sites from a sequence of short (typically 4 min)
static scans acquired at multiple bed positions using
a single tracer injection during a single scan session
(Figure 4a,c). When the SP-AIF method was compared
to other input function methods, for example, the fixed
partial volume correction (PVC) method,57,58 the vari-
able PVC method,57,58 or the methods of Chen et al.62

and Cook et al.,54 in terms of the precision errors of
the Ki values obtained using the Hawkins compartmen-
tal model or the Patlak graphical method, the SP-AIF
showed the best performance (i.e., the lowest precision
errors).

The use of the SP-AIF method was also investigated
by Vrist et al. in a paper that compared Ki values derived
from dynamic and static [18F]NaF PET scans acquired
in patients with chronic kidney disease mineral and
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BONE IMAGING USING [18F]NAF PET 9

bone disorder (CKD-MBD).63 Their study differed from
that of Blake et al. in that the gold standard AIF data
used to calibrate the residual function was derived
by imaging the left ventricle instead of direct arterial
sampling. Their method differs in that the residual
function is used to multiply the terminal exponential
rather than added to it and therefore takes a value of
exactly 1.0 at times ≥ 30 min after injection. A potential
advantage of the multiplicative method is that it might
allow for variation of the AIF with body size. In contrast,
an additive residual function might be more appropriate
in situations where the terminal exponential changes
during a study due either to the extent of metabolic
or metastatic bone disease or the use of treatments
with a potent effect on bone metabolism. Vrist et al.
concluded that the Ki values measured using either
an SP-AIF or an image-derived AIF correlate well, and
that the combination of the SP-AIF method with one
or more static scans markedly reduces overall study
times.

4.3 Image-derived arterial input
function (ID-AIF)

An ID-AIF is obtained by placing a VOI over a feeding
artery within the FOV of the dynamic PET image and
correcting for the partial volume effect (due to the lim-
ited spatial resolution of the scanner compared to the
size of the artery), and spill-in effects (due to the tracer
concentration in the surrounding tissue).64,65

In general, the VOI is drawn over 3−6 transaxial
slices where the bolus activity is best visualized within
the feeding artery on a dynamic image.57,58 The same
VOI is copied to all PET time frames, and a measure
of tracer concentration in image voxel units (Bq/ml) is
obtained and plotted against time. This 0−60 min blood
TAC obtained in this way is labeled IMG(t). Another
VOI placed in adjacent tissue giving the background
TAC obtained from the dynamic image is labelled B(t).
C(t) is the whole blood tracer concentration obtained
by measuring the tracer counts (counts/min) in a well-
counter from the venous blood samples obtained during
the dynamic PET scan every 10 min between 30 and
60 min after tracer injection, which is then converted
into PET image voxel units (Bq/ml) using the four factors
described in the previous section.

The blood data at 30−60 min is resampled at PET
image frame times, and a single exponential is fitted
before further processing. The values of IMG(t = 30-
60min), C(t = 30-60min) and B(t = 30-60min) at the
image frame times are then substituted into Equation 4
as follows:

IMG (t) = 𝛼 ⋅ C (t) + 𝛽 ⋅ B (t) (4)

to obtain the values of α and β, where α is the par-
tial volume correction (PVC) factor, and β is the spill-in
fraction of background activity mixed with the arterial
signal. Once the values of α and β are obtained by min-
imizing the differences between the left-hand side and
right-hand side of the equation without any constraints
applied on their values, these values are substituted
back into the equation along with IMG(t = 0-60min) and
B(t = 0-60min) to obtain C(t = 0-60min), and then re-
sampled at 1 s intervals to obtain the ID-AIF. The model
in Equation 4 assumes that the tracer concentration val-
ues measured on the PET scan image in the whole
blood are equal to a linear combination of the true
arterial whole blood concentration underestimated by a
factor α due to the PVC, and a spilled-in activity concen-
tration a factor β of the background tissue concentration.
This method of measuring the ID-AIF by deriving an
individual value of the PVC factor for each subject is
referred to as the variable PVC method.

Since the [18F]NaF concentration is higher in plasma
than whole blood and the PET images measure whole
blood, the C(t = 0-60min) function requires a correc-
tion for the plasma-to-whole blood ratio similar to the
direct arterial sampling method. The plasma and whole
blood tracer concentrations are first obtained from the
venous blood samples obtained at 30−60 min post
tracer injection from the patient during the dynamic PET
scan. In general, the plasma-to-whole blood ratio shows
little variation with time after injection, but if necessary,
the ratios between 30 and 60 min can be fitted by
linear regression, and the fit extrapolated to obtain the
plasma-to-whole blood ratios between the 0−60 min
resampled at 1 s intervals. The C(t = 0-60min) curve
is then multiplied by the plasma-to-whole blood ratios
between 0 and 60 min to obtain the plasma ID-AIF
between 0 and 60 min.

One variation of this method is when the α value
in Equation (4) is fixed by using the population aver-
age value to obtain the ID-AIF, referred to as the fixed
PVC method. The second variation of this method is
that proposed by Chen et al.62 originally for brain imag-
ing using [18F]FDG scans and further explored by Puri
et al.57,58 for bone imaging using [18F]NaF tracer. The
only difference with the Chen et al.62 approach is that
they used a non-negative linear least-squares fitting
approach to minimize the differences between the left-
hand and right-hand side of Equation 4 such that the
values of α and β are constrained to lie between zero
and unity. The third variation of this method is that pro-
posed by Cook et al.,54 which assumes that the sum of
α and β (in Equation 4) is equal to unity.

The typical diameter of the femoral artery in 65-year-
old women has been reported as 8.8 ± 1.6 mm, and
the diameter of the aorta as 21.8 ± 3.6 mm. The mean
value of α obtained by Puri et al.57,58 for the fixed and
variable PVC methods at the femoral artery was 0.68
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10 BONE IMAGING USING [18F]NAF PET

F IGURE 7 Figure showing the recovery coefficients, that is, the
ratios of true activity concentrations and those measured from the
phantom images, reconstructed using the same parameters
(two-dimensional mode and filtered back-projection algorithm) as
those used for PET imaging in our studies.

and 0.73 and at the aorta was 0.76 and 0.76, respec-
tively. When these values of PVC were compared with
those obtained with a phantom (Figure 7) using the
same image reconstruction parameters as those used
for the dynamic PET images,66 the α values obtained at
the aorta are consistent with the phantom. However, for
the diameter of the femoral artery, the phantom values
in Figure 7 suggest an α value close to 0.45.

5 MATHEMATICAL MODELING

A number of different methods have been compared for
modeling the bone metabolic flux Ki value, including dif-
ferent variations of the Hawkins model with or without
setting k4 = 0 and with or without the inclusion of the
fractional blood volume (FBV) in the skeletal region of
interest (Figure 1);deconvolution analysis;spectral anal-
ysis;and Patlak graphical analysis.31,34 Even though the
Hawkins and Patlak models are popular, these meth-
ods have been extended by Siddique et al.25 to estimate
Ki at multiple sites from a series of one or more 4-min
static scans, and by Puri et al.26 to obtain both K1 and
Ki at a single site from a dynamic scan as short as
12 min. Here we will briefly describe four examples: (a)
a simple version of the Hawkins model that includes k4
but not the fractional blood volume inside the skeletal
region of interest (Figure 1b); (b) the short dynamic scan
method26; (c) the Patlak method;and (d) the 4-min static
scan method.25

5.1 The 60-min dynamic scan method

The changes in tracer concentration in bone mineral
(Cb) and bone extracellular fluid (ECF) (Ce) are repre-

sented using Equations 5 and 6 based on the Hawkins
model (Figure 1b):

dCb (t)
dt

= k3 ⋅ Ce (t) − k4 ⋅ Cb (t) (5)

dCe (t)
dt

= K1 ⋅ Cp (t) − (k2 − k3) ⋅ Ce (t) + k4 ⋅ Cb (t) (6)

The solution to these differential equations can be
obtained by solving these equations to obtain Equa-
tion 7, describing the tracer concentrations Ce and Cb
over time.52 It is important to note that Cp (representing
the AIF) remains an important factor in these equations
to obtain the Ki value

[
Ce

Cb

]
=

⎡⎢⎢⎣
Cp ⊗

{
K1(𝜆1 − 𝜆2)−1 [(k4 + 𝜆1) e𝜆1 t − (k4 + 𝜆2) e𝜆2t

]}
Cp ⊗

{
K1k3(𝜆1 − 𝜆2)−1 [e𝜆1 t − e𝜆2 t

]} ⎤⎥⎥⎦
(7)

where 𝜆1,2 =
−(k2+k3+k4)±

√
(k2+k3+k4)2−4k2k4

2
and the

cross surrounded by a circle represents the convolu-
tion operator. Since the bone TAC obtained from placing
an ROI over the PET image includes the concentration
from Ce and Cb, the differences between the left-hand
(from the PET image) and right-hand side (from the
model) can be minimized using non-linear regression as
represented in Equation 8:

Ct = Cb + Ce (8)

to obtain the individual k-parameters, for example, K1,
k2, k3, and k4. Then using the individual k-values, the Ki
value is calculated using Equation 9:

Ki = K1 ×
k3 ⋅ Ce

(k2 + k3) ⋅ Ce
= K1 ×

k3

(k2 + k3)
(9)

thus arriving at the result first presented in Equation 1.
A previous study by Jassel et al.88 investigated the

issue of whether bone Ki measurements could be nor-
malized to the weight of bone mineral in each mL of
bone tissue. Rather than assuming a general density
for bone (∼1.75 g/ml), they tried to normalize Ki values
to the individual patient’s quantitative CT (QCT) mea-
surement of volumetric BMD expressed in Hounsfield
units (or equivalently, a DXA measurement of bone min-
eral apparent density (BMAD)). However, at present,
there is no convincing evidence to suggest that either
of these choices provide an improved version of Ki
values. One important point is that bone turnover is a
process that takes place on bone surfaces. Hence, per-
haps the normalization should be to the surface area of
bone in each unit volume of the tissue rather than the
mass. However, there is no way of directly measuring
this.
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BONE IMAGING USING [18F]NAF PET 11

It is important to note that the K1 value obtained via
the Hawkins model procedure provides a local measure
of blood perfusion, as shown in Equation 10:

K1 = E ⋅ F ⋅ (1 − PCV)
=

(
1 − e(−P×S∕F)

)
⋅ F ⋅ (1 − PCV)

(10)

Since the blood perfusion depends on the blood flow,
and the product of capillary permeability and surface
area, the first part of the K1 equation is (1-exp(-P*S/F)),
where P is the blood capillary permeability, S is the
capillary surface-area, and F is the local blood flow.
The term (1-exp(-P*S/F)) is sometimes referred to as
the tracer extraction fraction (E) and approximates to
100% at low to moderate flow rates (i.e., less than
or equal to 0.16 ml/min/ml).67–70 The bone perfusion
measured using [18F]NaF is in good agreement with
measurements made using [15O]H2O, the recognized
gold standard for radionuclide blood flow studies.69,70

The packed cell volume (PCV) is a way of converting
blood flow into plasma flow and therefore relating blood
flow to the K1 measurement. It has no effect on the
shape of the input function.

Equation 10 can be understood using a graph of
Y = exp(-X); when the X-value increases, the corre-
sponding Y-value decreases and becomes negligible.
Therefore, a lower value of F in equation E = (1-exp
(-P*S/F)) leads to a large value of P*S/F, and therefore,
a negligibly small value of exp(-P*S/F), and hence, the
value of E approaches unity.

5.2 The short dynamic scan method

In the short dynamic scan method, the Hawkins model
is solved using fixed population average values of k2,
k3, k4 and FBV. By avoiding using freely fitted values
of these parameters, the dynamic scan time can be
shortened without losing any precision in the final Ki
measurement. Puri et al. used Hawkins model solutions
of 60-min dynamic scans with freely fitted parameters as
the reference method against which the short dynamic
scan method was compared.26 Using fixed population
average values of k2 = 0.194, k3 = 0.187, k4 = 0.014
and FBV= 0.002, they analyzed the bone TAC and the
AIF to obtain the best fit value of K1. Ki was then cal-
culated using Equation 1. By fixing the values of four
parameters in the Hawkins model, they obtained com-
parable values of Ki with similar statistical accuracy as
the conventional 60-min dynamic scan method with scan
times as short as 12 min. It is important to note that an
accurate measurement of the AIF remains an essential
factor to obtaining reliable values of Ki, preferably using
the semi-population-based method. Another benefit of
the short dynamic scan method is that for hip studies, it
largely avoids the streaking artifacts and spill-in of activ-

ity from the accumulation of bladder activity that can
invalidate measurements at sites such as the femoral
neck in some patients.47,56

5.3 The Patlak plot method

The Patlak plot method (Figure 8a) is based on the
assumption that, once equilibrium is reached between
the concentrations of tracer in plasma and the reversible
bone ECF compartment in the Hawkins compartmental
model (Figure 1), the rate of change of the tracer
concentration in the irreversible bone compartment is
directly proportional to the plasma concentration.32

This assumption is valid provided the value of k4
is negligibly small (i.e., k4 = 0). In practice, we obtain
k4 = 0.01 min−1 (approximately) from the Hawkins
model with a corresponding half -life of 70 min, which is
comparable to the 60-min dynamic scan that is generally
performed for estimating Ki values in bones. However,
the Patlak plot method can also be modified to allow for
a non-zero value of k4.71 With the above two assump-
tions, the net concentration of tracer in the tissue ROI
can be represented as the sum of the concentrations in
bone ECF and bone mineral,and can be mathematically
represented as follows:

Cbone (T)
Cplasma (T)

= Ki ×
∫

T
0 Cplasma (t) dt

Cplasma (T)
+ Vo (11)

where Cbone(T) is the activity concentration of tracer (in
units:Bq/ml) at any time T obtained from the PET image
by placing a VOI in the skeletal region, Cplasma(T) is the
arterial plasma concentration of tracer (in units: Bq/ml)
at time T, Vo is the effective distribution volume of the
tracer in the bone ECF (the fraction of the total VOI

occupied by the ECF compartment), and
T
∫
0

Cplasma(t)dt

is the area under the plasma AIF curve, which is the net
tracer delivery to the tissue region of interest (in units:Bq
s/ml) over the time interval between 0 and T.Equation 11
is a linear equation of the form Y = m*X + c, where
Y =

Cbone(T)

Cplasma(T)
is referred to as the normalized bone

uptake and X =
∫

T
0 Cplasma(t)dt

Cplasma(T)
is referred to as the nor-

malized time (FIGURE 8a). The data plotted on the Y-
and X-axes between 10 and 60 min (because the nonlin-
ear part during the non-equilibrium state of the system
between 0−10 min is ignored) is fitted by linear regres-
sion to obtain the values of m and c,where m is the slope
of the regression line representing Ki and c is the Y-
intercept of the regression line representing the volume
of distribution, Vo.

Figure 8b shows a scatter plot of values of Ki derived
using the Patlak plot method against values derived
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12 BONE IMAGING USING [18F]NAF PET

F IGURE 8 (a) Patlak graphical analysis of a 60-min [18F]NaF dynamic PET scan. Blue dots show the data from individual frames in the
dynamic scan, and the red line is the linear regression fit to the last 13 data points obtained between 10 and 60 min after injection. The intercept
of the linear regression line is the volume of distribution of the extracellular fluid (ECF) space, that is, the fraction of the PET scan bone volume
of interest (VOI) occupied by ECF, also known as Vo. The value of Ki is obtained from the slope of the regression line. Normalized

time =
∫

T
0 Cplasma(t)dt

Cplasma(T)
; normalized bone uptake =

Cbone(T)

Cplasma(T)
, where T is the acquisition time of each individual frame of the dynamic scan,

Cplasma(T) is the [18F]NaF plasma concentration at time T, and Cbone(T) is the bone concentration. (b) The scatter plot of Ki values derived using
the Patlak plot method against values derived using the Hawkins model shown in Figure 1c that allows for a freely fitted value of k4. The data is
from a study of 18 postmenopausal women with low bone density (i.e., osteopenia) who were treated for six months with the parathyroid
hormone (PTH) analog teriparatide. Blue points are the baseline measurements, and red points are those after six months of treatment. The
Patlak values of Ki are systematically lower than the Hawkins model values by an average of 25% because of the assumption that k4 = 0 in
deriving the Patlak values.

using the Hawkins model shown in Figure 1c, that is,
allowing for a freely fitted value of k4. The data is from a
study of 18 postmenopausal women with low bone den-
sity (i.e.,osteopenia) who were treated for 6 months with
the parathyroid hormone (PTH) analog teriparatide.60

Both baseline (blue points) and 6-month follow-up
data (red points) are plotted. The Patlak Ki values are
systematically lower than the Hawkins model Ki values
by an average of 25% because of the assumption that
k4 = 0 in deriving the Patlak Ki values.Much of the scat-
ter in the differences between the Patlak and Hawkins
model values of Ki reflects the random statistical errors
in the Hawkins model derivations of k4.26

5.4 The static scan method

Siddique et al.25 showed that it is possible to measure Ki
values using a short (4 min) static [18F]NaF PET scan
acquired at times between 30 and 60 min after tracer
injection. An imaging protocol for this method is sum-
marized in Figure 3b. The static scan method uses a
modified version of Patlak analysis32 based on fitting
a straight line to just two data points; the first point is
a population average value of the Y-axis intercept on
the Patlak plot (V0), and the second point is a measure-
ment of a single static scan image (Figure 9a). With the
use of a fixed value of V0, values of Ki can be calcu-

lated directly from Equation 11. By acquiring a series of
static scans at different sites in the skeleton (say, the
spine and hip), it is possible to measure Ki at multiple
sites with a single injection of the tracer. The approach
uses the SP-AIF with venous blood samples taken at
30, 45, and 60 min (Figure 3b). On the assumption that
k4 = 0, the authors derived the population average val-
ues of Vo = 0.46 at the spine and 0.19 at the hip. They
also found that Vo did not change significantly during
treatment with teriparatide.

In a subsequent publication, Siddique et al.71 cor-
rected the method to allow for efflux of tracer from bone
equivalent to k4 = 0.012 min−1.On this basis, they found
Vo = 0.22 at the spine and 0.10 at the hip and concluded
that, with the adjustment for the population average
value of k4,accurate values of Ki could be obtained with
static scan times up to 90 min after injection. It was also
noted that a 50% change in the Vo value at the lumbar
spine would cause only a 5% change in the Ki values at
the lumbar spine for the clinical application in question.

Figure 9b shows a scatter plot of values of Ki derived
using the static scan method against the values derived
using the Hawkins model for the same study population
as that shown in Figure 8b. The static scan Ki data were
calculated to adjust for tracer efflux from bone.71 With
this correction, the points are scattered on either side of
the line of identity. Hawkins model values of k4 before
and after treatment were poorly correlated (r = 0.28),
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BONE IMAGING USING [18F]NAF PET 13

F IGURE 9 (a) Graphical explanation of how the static scan method is used to determine the value of Ki from the slope of the straight line
fitting just two data points. The point at the lower left is the population mean volume of distribution of the bone extracellular fluid space (i.e., Vo)
and the point at the upper right is the result from a single static scan acquired between 30 and 60 min after tracer injection. Normalized

time =
∫

T
0 Cplasma(t)dt

Cplasma(T)
; normalized bone uptake =

Cbone(T)

Cplasma(T)
, where T is the acquisition time of the static scan, Cplasma(T) is the [18F] NaF plasma

concentration at time T, and Cbone(T) is the bone concentration. (b) The scatter plot of values of Ki derived using the static scan method against
the values derived using the Hawkins model for the same study population as that shown in Figure 8b. The static scan Ki data were calculated
to adjust for the mean tracer efflux from bone (i.e., K-loss).71 With this correction, the points are scattered on either side of the line of identity.

suggesting that much of the random scatter about the
line of identity in Figure 9b can be explained by ran-
dom statistical errors in the Hawkins model derivations
of k4.26

In their study of CKD-MBD patients, Vrist et al. con-
cluded that both the dynamic and static scan methods
were suitable for evaluating Ki, with the AIF derived
either by dynamic imaging of the left ventricle or by using
the SP-AIF method.63 The simplified static graphical
analysis was found to be preferable for implementation
in clinical practice due to its short time scan and its ability
to examine multiple bone regions using a single tracer
injection,compared to the limitation of a single FOV with
a dynamic scan acquisition. There was no systematic
difference in the Ki results obtained by static scan anal-
ysis compared with a 60-min dynamic scan using the
Hawkins model. We note that the static scan method
should be applied with caution to other clinical areas
using other tracers for other disease types where the
relevant assumptions may not hold true.

5.5 Calculation of Ki values

The Supplement section of this review includes a
graphical explanation of how the Excel spreadsheet
calculates Ki values (FIGURE S1) and a PET data
collection sheet (FIGURE S2) used during image acqui-
sition, and an Excel spreadsheet (“Supplemental File
– Static scan Ki calculation.xlsx”) for the calculation
of SUV and Ki values using the static scan method

together with notes on its use. There is also a flow chart
explaining the spreadsheet. By entering the necessary
time and activity data, the results are calculated auto-
matically using Equation 11. The values of Ki given
by this spreadsheet are those based on the assump-
tion that k4 = 0 and approximate to those obtained
from a Patlak plot using dynamic scan data without
the K-loss correction applied by Siddique et al.71 We
note that the spreadsheet allows the static scan method
to be applied to the reanalysis of previously acquired
dynamic [18F]NaF PET data where venous blood data is
also available. We hope that this SP-AIF model and the
Excel spreadsheet will allow researchers to pool data
from multiple centers across different institutes or coun-
tries and allow larger meta-analysis to be performed
with clinically relevant hypotheses with higher statisti-
cal power (similar to genome-wide association studies),
which may allow this technique to translate into the clinic
for diagnostic purposes in the future.

For more complicated modeling using the Hawkins
method, there is a plethora of commercial and non-
commercial software, for example, MATLAB (The
MathWorks, Inc., Natick, Massachusetts, USA), PMOD
(PMOD Technologies Ltd., Zurich, Switzerland), Her-
mes Medical Solutions (Hermes Medical Solutions Ltd,
Stockholm, Sweden), APPIAN,72 QMODELING,73

KINFITR,74 AMIDE,75 CARIMAS,76 COMKAT,77

KMTOOL,78 or TKMF.79 We hope that other new
emerging clinical applications of [18F] NaF PET80–87

may also benefit from this review, especially from the
SP-AIF model presented in Equation 3.
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14 BONE IMAGING USING [18F]NAF PET

F IGURE 10 (a) The scatter graph of Hawkins model lumbar spine Ki values after six months of treatment with the parathyroid hormone
(PTH) analog teriparatide plotted against the baseline measurements. Data is from the study of 18 postmenopausal women whose Patlak and
Hawkins model Ki measurements are shown plotted in Figure 8b. The mean percentage increase in Ki is 23.8%. (b) A similar plot of the
follow-up and baseline measurements of the lumbar spine mean standardized uptake value (SUVmean). The mean percentage increase in
SUVmean is 3.0%.

TABLE 1 Some clinical applications of [18F]NaF PET/CT

Metabolic bone disorders osteoporosis, Paget’s disease

Chronic kidney disease mineral and bone disorder (CKD-MBD)

Metastatic bone disease breast cancer, prostate cancer

Autoimmune diseases ankylosing spondylitis,
rheumatoid arthritis

Fracture healing

Atypical femoral shaft fractures

Orthopedic applications

Vascular calcification

Osteogenic bone disorder fibrodysplasia ossificans
progressiva (FOP)

Medication-related osteonecrosis of the jaw
(MRONJ)

6 EXAMPLES OF CLINICAL
APPLICATIONS

[18F]NaF PET/CT scans have been used to study a
wide variety of metabolic,metastatic,and other bony dis-
eases, often with particular attention paid to quantifying
response to treatment (Table 1).

Figures 8b and 9b showed data from one such
study, which looked at how postmenopausal women
with low bone density (i.e., osteopenia) at the spine
or hip responded to 6 months of treatment with teri-
paratide (TPT).TPT,a parathyroid hormone analog used
to treat osteoporosis, is a bone anabolic agent that
promotes bone formation and results in high tracer
uptake throughout the skeleton on the radionuclide bone
scan.60 Further data from the same study is shown
in Figure 10a, which shows Hawkins model lumbar

spine Ki measurements obtained from follow-up 60-
min dynamic scans acquired after 6 months treatment
with TPT plotted against the baseline measurements.
Figure 10b shows data from the same study plotted as
the 60-min lumbar spine SUV measurements.

There is a striking difference between the two sets
of findings, with an average response to treatment of
23.8% (P = 0.0003) for Ki compared with a 3.0%
(P = 0.84) change in SUV. The difference between the
Ki and SUV findings is explained by a 20% lower con-
centration of [18F]NaF in plasma following treatment
with TPT due to the greater proportion of the injected
tracer laid down in cortical bone in the peripheral skele-
ton. As explained in the Introduction, in circumstances
where a treatment or a disease process has a suffi-
ciently potent effect on bone metabolism to alter the AIF,
then a measurement of Ki gives a truer indication of the
state of the regional bone turnover than a measurement
of SUV. In a subsequent study, Frost et al.61 performed
60-min dynamic scans at the hips and a static scan at
the lumbar spine following 12 weeks of TPT treatment
in a similar group of postmenopausal women. Differ-
ent skeletal sites responded differently, with increases
of 50.7% (P = 0.001) in cortical bone in the femoral
shaft and 17.8% (P < 0.001) in the lumbar spine. Stud-
ies of response to treatment using biochemical markers
of bone turnover show that measurements of mark-
ers of bone formation reach their maximum response
after around 12 weeks of treatment. It is advisable not
to perform [18F]NaF PET scans to study response to
treatment earlier than this.

Another application that has attracted interest is the
potential of [18F]NaF PET/CT scans for the investiga-
tion of patients with CKD-MBD, in particular, whether
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BONE IMAGING USING [18F]NAF PET 15

measurements of lumbar spine Ki can differentiate
patients with high turnover disease from those with
adynamic bone disease (ABD).65,89 Existing diagnostic
methods based on measurements of PTH and bone-
specific alkaline phosphatase have low sensitivity and
specificity. The challenge has been to find a biomarker
that correlates with bone turnover and is superior to
PTH for evaluating bone metabolism in patients with
CKD. An interesting aspect of such studies is that, as
well as providing data on potential diagnostic thresh-
olds for Ki for the detection of ABD, they involve direct
measurements of bone turnover using bone biopsy
with tetracycline labeling at the iliac crest. Despite the
fact that these studies are small, with no more than
20-30 participants in each, and that the scatter plots of
Ki against histomorphometric measurements of bone
formation are inevitably quite noisy, there is a consistent
trend of a positive relationship, which confirms the
basic tenet that quantitative [18F]NaF PET provides a
measure of bone formation rate.

We have not included a table of typical Ki values
since numerical values are sensitive to the method
used (e.g., the systematic difference between the Pat-
lak and Hawkins model values shown in Figure 8b).
Values probably vary with age, gender, disease status
and treatment, and being too specific might be mis-
leading. Interestingly, we find little systematic difference
between women with and without osteoporosis. It is pos-
sible that a higher rate of bone turnover in women with
osteoporosis is countered by the smaller mass of bone
tissue.

7 CONCLUSION

In conclusion, we have described the procedures
involved in measuring bone metabolism with [18F]NaF
PET by using a short static scan combined with a
semi-population method of deriving the AIF and have
provided a spreadsheet to facilitate the calculations. We
hope that this simplified method will make the technique
more accessible to researchers and clinicians and
promote wider use of [18F]NaF PET in the clinic as well
as in research settings.
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