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INTRODUCTION

Osteoporosis is the most common metabolic bone disorder, with an estimated prevalence

of 13.1% to 27.1% of women and 3.3% to 5.7% of men over the age of 50 affected.!

As a systemic skeletal disease, osteoporosis results in bone fragility with increased risk for
fracture, primarily due to disintegration of the bone microarchitecture leading to a decrease
in bone mineral density (BMD) and a loss of trabecular connectivity.3~> This deterioration of
bone structure is the result of an aberrant bone remodeling process.

Normal bone remodeling consists of the replacement of old bone with new bone through the
process of bone resorption and bone formation (by osteoclasts and osteoblasts, respectively).
In a healthy adult, the amount of bone resorbed and formed is tightly regulated. From
childhood to early adulthood, the rate of bone formation exceeds resorption with BMD
peaking in the third decade of life. 24 After this point, the balance shifts to favor bone
resorption, and BMD slowly declines throughout the lifespan of a normal adult, with a
period of accelerated bone loss around the time of menopause in women %/ In patients with
osteoporosis, the degree of bone resorption is even greater than the degree of formation that
takes place during normal aging. Osteoporosis is defined by BMD that is < 2.5 standard
deviations below peak bone mass for an age- and sex-matched control group.>-$
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Biological Players in Osteoporosis

Bone mass is the net sum of bone formation and bone resorption. Both arms of the process
have been targeted in osteoporosis treatment. Drugs that promote formation (eg, parathyroid
hormone analogues) are known as anabolic agents, and those that inhibit resorption are
known as antiresorptive agents (eg, denosumab and bisphosphonates).* Although the cause
of osteoporosis can be simply understood by an imbalance between the relative rates of
bone formation and resorption, the molecular biology involved is complex. The molecular
interactions between osteoprotegerin (OPG), receptor activator of nuclear factor kappa-B
ligand (RANKL), and the receptor activator of nuclear factor kappa-B (RANK) are a well-
studied aspect of bone remodeling (shown by the bolded arrows in Fig. 1).5:10-1l RANKL
on the surface of osteoprogenitors/osteoblasts binds and activates the osteoclast RANK
receptor, which subsequently upregulates nuclear factor kappa-B to kick-start osteoclast
differentiation. Osteoblasts also secrete OPG, which acts as a decoy receptor for RANKL
and leads to decreased RANKL/RANK interactions.” Therefore, the relative levels of OPG
and RANKL production contribute to more bone formation or resorption, respectively.
Given this relationship, co-opting the interaction between RANKL and RANK (on the
osteoclast cell surface) with the drug denosumab, a monoclonal antibody against RANKL
that blocks RANKL-RANK interaction, is one of the main weapons in osteoporosis therapy
armamentarium.! 112

There are many other factors regulating bone formation and remodeling, as summarized

in Fig. 1. Briefly, it is recognized that osteocytes also play a key role in regulating bone
remodeling and response to mechanical loading. In addition, the osteocyte is increasingly
recognized as playing roles in osteoblast and osteoclast function as well as mineral
homeostasis, responding to and secreting several factors such as RANKL and FGF23, as
shown in Fig. 1.13:14.16 A major contributor to osteoporosis is the decrease in estrogen seen
in postmenopausal women.!7-18 Estrogen has numerous effects on bone remodeling through
interactions with the estrogen receptors (ERs). The decline of estrogen has been shown to
increase osteoblast apoptosis, increase pro-resorptive cytokines such as interleukin-6 (IL-6),
interleukin-1 (IL-1), tumor necrosis factor-a (TNF-a.), monocyte colony-stimulating factor,
and prostaglandin E2, which act to create an inflammatory environment and increased
osteoclastic activity!? (Fig. 1). Much like the RANKL/RANK interaction, the ERs have
been targets for osteoporosis therapy, either through estrogen or estrogen-like molecules
including selective ER modifiers that have various actions depending on their activity

at certain ER subtypes.292! Several other targets are emerging as potential causes and
treatments of osteoporosis, including micro ribonucleic acids (miRNAs), long noncoding
RNAs (IncRNA), circular RNAs (cirRNA), reactive oxygen species (ROS), and small
molecular inhibitors.!%-22

As previously mentioned, the normal skeleton peaks in BMD around the third decade

and then gradually declines until the end of life.223 This decrease in the bone formation/
resorption ratio leads to the gradual decrease in BMD, bone strength, and an increase in
fractures. It is also clear that an individual’s genetic background plays a major role in both
bone mass and bone strength, accounting for up to 50% of the determination of fracture
risk>-2427 (Fig 2).
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Additive to an individual’s underlying genetic risk for osteoporosis, are numerous
environmental factors including lactose allergies (poor calcium intake), underlying medical
conditions predisposing to vitamin D deficiency (gastrointestinal disorders), corticosteroid
treatment, chronic inflammation, and nutrient deficiencies have all been shown to affect

the biological interactions illustrated by Fig. 1 and linked to osteoporosis.>-'8 The current
guidelines to screen women over 65 and men over 70 is merely sufficient to detect an
already deteriorated skeleton, and largely misses the biological complexities that come
before it. 217 Although the current guidelines and tools are largely cost-effective and aid in
stratifying patients based on fracture risk, they miss the complex metabolic interactions that

may augment the ability to characterize bone health and better manage osteoporosis.

Impact of Osteoporosis and Current Management

It was estimated that around 12.3 million people in the United States over the age of 50
have osteoporosis, and nearly 30% of individuals who suffer a hip fracture die within 1
year.?8 There is a potential therapeutic window of opportunity to take steps to prevent
morbidity from osteoporotic fractures by detecting early changes in bone metabolism.
Given the significant degree of morbidity and mortality associated with osteoporotic hip
fractures, it is clear that there is a great need for a better predictor for these catastrophic
fractures.2?-30 Many clinical groups are recognizing the lack of clinical usefulness in
repeated dual-energy X-ray absorptiometry (DXA) scans for the monitoring and prediction
of fractures31-33 In fact, Hillier and colleagues found that 8 years of follow-up DXA scans
provided insignificant value to the care of patients with osteoporosis and did not help in
predicting future fracture risk any more than the initial DXA 32 It is clear, however, that
BMD is a good predictor of long-term fracture risk, especially when combined with other
risk factors. 2?34 However, the current use of DXA and other structural imaging modalities
have poor temporal resolution (predict fracture within a 10 year period), do not allow us

to catch bone deterioration early, and miss a lot of heterogeneity that could help to more
accurately predict fractures.

As an adjunct to the standard, newer imaging techniques and using radiopharmaceuticals
such as 18F-sodium fluoride (8F-NaF) PET/computed tomography (CT) may provide

an additional layer of information that could not only aid in detecting changes in bone
metabolism and remodeling but also better understand microarchitectural changes in bone.

CURRENT IMAGING MODALITIES IN OSTEOPOROSIS

This review briefly discusses the current imaging modalities available for screening,
diagnosing, and managing osteoporosis. First, we will discuss DXA and newer modalities
that assess bone structure. Finally, the authors discuss nuclear medicine technology

that allows us to incorporate bone metabolic information with bone architecture. Most
importantly, 18F-NaF PET/CT will be discussed as a powerful tool for assessing skeletal
metabolism and health.?3
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Dual-energy X-ray absorptiometry: Current screening method

Osteoporosis is most commonly evaluated by calculating a patient’s BMD using DXA

(Fig 3) to find the bone mineral content for a region of interest (ROI).3 Two different

X-ray beams, one low-photon and one high-photon energy, are passed through a ROI
(commonly the hip and lumbar spine) to create a pixel-by-pixel map of BMD.3¢ The United
States Preventive Services Task Force currently recommends all women over the age of 65
years, and men over 70, to be screened for osteoporosis with bone measurement testing

via DXA 37 The diagnosis of osteoporosis is given when a patient’s BMD falls into a
T-score of —2.5 or lower. Osteopenia, the precursor to osteoporosis, is characterized by a
T-score between —1.0 and —2.5. DXA remains a popular modality for clinicians due to the
accessibility and low radiation exposure to the patient. A DXA scan only exposes patients to
as much radiation as 3 hours of natural background radiation,3® which is comparable with a
musculoskeletal radiograph.3?

Quantitative computed tomography: Measuring the density in three-dimension

In the realm of osteoporosis imaging, CT is a more robust modality for analyzing bone
cortical and trabecular architecture as well as quantifying BMD. CT can provide information
on the three-dimensional (3D) structure of bone, allowing assessment of site-specific
differences in structure that may better predict fracture risk.*! Low-dose scan quantitative
CT (qCT) is an imaging modality that relies on standard CT imaging and a phantom
representing varying bone mineral concentrations as a standard. As the various mineral
content of the phantom is known, the Hounsfield unit (HU) can be calibrated to reflect
BMD, providing more accurate measures of BMD compared with using native HUs #2 There
has also been extensive research to develop “phantomless” methods of determining BMD .3
Although BMD measurements obtained from using phantoms or internal calibration
techniques have been shown to have variations from DXA-measured BMD, several groups
have shown its effectiveness. A case—control study found that combining phantomless qCT
BMD with finite element analysis could predict fractures with an area under the curve
(AUC) of 0.692.** Another group found that qCT combined with FEA was just as effective
as DXA in identifying patients at high risk for fracture.*>*> Although it is possible to
approximate BMD using these methods, it is difficult to precisely measure the BMD (Fig.
4).

Dual-energy computed tomography: Bone mineral density beyond the basics

Dual-energy CT (DECT) is an X-ray-based technology, similar to DXA, which collects

two images at two different X-ray energies and measures tissue-specific attenuation along

an X-ray spectrum.*? The main advantage of the DECT-based BMD measurement is that
there is no need for a phantom measurement, or internal calibrations, in order to measure
BMD. Similar to DXA, due to the dual spectrum of radiation emitted by the DECT machine,
attenuation constants for both of the CT energies can be used to directly calculate the
amount of calcium present in bone. Koch and colleagues recently found that DECT-derived
BMD values were significantly different from qCT-based measurements and were repeatedly
closer to the actual values of hydroxyapatite (HA).*6 Another advantage of DECT over
DXA is the ability to see bones in 3D resolution, providing for improved assessment of
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the bone architecture. There is a continual advancement of scanners and software packages
that can allow a 3D view of BMD. Compared with qCT, DECT shows promise in the
diagnosis and management of bone architecture, as well as density disorders without the
use of phantoms for BMD approximation. DECT-derived BMD measurements have been
recently shown to strongly predict 2-year fracture risk in patients with osteoporosis.#78
However, as with all X-ray-based modalities, the information gained from DECT is purely
structural and does not convey physiologic information which is crucial to tracking bone

disorders over time.

Metabolic Imaging with '8F-NaF PET/CT and 9°™T-MDP SPECT/CT

The aforementioned imaging techniques work well for quantifying bone architecture, but
as previously mentioned, there is a need for modalities that give insight to bone metabolic
activity.

I8F_NaF is a radiotracer that reflects skeletal metabolism and calcification. It was
introduced in 1962 for detection of osteogenic activity,”® but it was not until the 1990s

that NaF regained interest for bone scanning with the global increase in PET and PET/CT!
With a half-life of 110 minutes, '3F-NaF can be injected into the vein and visualized

by PET/CT. !8F-NaF is able to diffuse across membranes and '8F incorporates into HA
(representing bone remodeling) and is rapidly renally cleared.*® For those reasons, along
with the fact that PET scanners have superior resolution to single photon emission computed
tomography (SPECT), 18F-NaF is the preferred radiotracer for bone metabolic activity over
the older technetium 99m-methyl diphosphonate (**™T-MDP) SPECT/CT.>!-55 I8F_NaF
PET has traditionally been used to detect metastatic bone disease, such as bone metastases
from prostate cancer.’%7 Given its ability to evaluate bone turnover at the molecular level,
I8E_NaF-PET/CT has the potential to provide an alternative superior modality to imaging of
metabolic bone disorders to track changes with higher sensitivity.>3

Furthermore, there are several characteristics of 2™ T-MDP which make it a poor radiotracer
for osteoporosis. First, given it is a bisphosphonate, “™T-MDP is not rapidly metabolized

in vivo and relies heavily on renal clearance. This is an issue given renal function steadily
declines with age, allowing more of the radiopharmaceutical to enter the bone compartment,
thus overestimating osteoblastic activity.8-? In addition, *™TcMDP binds to plasma
proteins, which alters measurements, unlike with '8F-NaF PET imaging.>! In addition,

the half-life of “T-MDP is long compared with '8F-NaF, at around 6 hours. Thus, the
radioactive agent is in the body for longer periods of time and potentially subjecting the
subject to greater amounts of radiation .50

The remainder of this review expounds on the methodology of 8F-NaF PET/CT, as well as
its ability to give metabolic insight as well as morphologic characteristics, which may aid in
screening and managing osteoporosis.

18F-NaF PET/COMPUTED TOMOGRAPHY FOR BONE METABOLIC IMAGING

As alluded to, 18F-NaF is a reliable measure for assessing bone metabolism. After the
sodium and radiolabeled fluoride ions dissociate in vivo, the fluoride ion incorporates into
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the HA chemical structure as shown by Equation 1.53 As fluoride can only be incorporated
into sites of exposed, newly formed bone mineral, it is a direct measure of osteoblastic
activity. However, as osteoblast activity is tightly coupled to osteoclast activity, the amount
of 18F-NaF incorporated into bone mineral is also a strong reflection of osteoclast activity

and bone turnover.51-3

Calo(PO4)6(OH)2 +2F — Calo(PO4)6F2 +20H" (N

There are two methods for quantifying '8F-NaF uptake and bone turnover, with each having
their own pros, cons, and clinical utility.

Clinical 18F-NaF PET and Standardized Uptake Value

The first method, and most widely used in the clinic, entails calculating standardized uptake
value (SUV) 60 minutes after radiotracer injection, which reflects '8F-NaF concentration
(kBg/mL) in a ROI normalized to body weight (kg) and injection activity. The SUV is

a simple measure of bone turnover, where the SUV can be used as a relative measure

of how much newly formed HA is available for the reaction expressed as Equation 1.

This can provide useful information about bone metabolic state and bone formation. In

the clinic, SUV measurements are routinely used to monitor or detect metastatic bone
disease (ie, prostate cancer) and metabolic bone disease. 330! Static SUV measurements

are advantageous as they allow for shorter scan times, making it more comfortable for the
patient and less technically demanding on clinical staff 6!

While very useful when studying or comparing longitudinal data from focal bone lesions,
SUV measurements from !8F-NaF PET is not the best measure when comparing a
population with a systemic bone disorder (ie, osteoporosis and Paget’s disease) to a healthy
population, as SUV depends on plasma concentration (a point discussed later).6263 To

get around this dependence on plasma concentrations, more robust, kinetic methods have
been developed to better reflect bone metabolism and provide insights into morphologic
characteristics Fig. 5.

Dynamic '8F-NaF PET and Kinetic Modeling Parameters

By thinking of physiologic and biological systems from the viewpoint of kinetic

modeling, there is an opportunity to translate PET images into meaningful physiologic
parameters #9465 The foundation for kinetic modeling, as it relates to bone, comes from
thinking about where the !8F-NaF radiotracer is present from a microanatomical standpoint.
Given that NaF freely diffuses across cell membranes and has high tissue extraction (low
plasma protein binding), the flow of '8F-NaF can be modeled by the transfer of radiotracer
from the plasma into the bone environment, where there is then exchange between the bone
extracellular fluid (ECF) and between the ECF and newly mineralized bone 356! Further, the
exchange between the unbound pool of '8F-NaF and the newly mineralized bone depends on
the tightly coupled interactions of osteoblasts, osteoclasts, and osteocytes (see Fig. 1). This
exchange of I8F_NaF within the bone is illustrated in Fig. 6, where the plasma, ECF, and
newly mineralized bone compartments are denoted by C,, C1, and C2, respectively.

PET Clin. Author manuscript; available in PMC 2023 January 01.
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In the compartment model, the rate of transfer of 18F-NaF from the arterial compartment to
the ECF (C, — C1) is denoted by K, also referred to as the plasma clearance of 18F-NaF
to the ECF, and has units of mL min~! cm™3 (meaning of these parameters discussed later).
The parameters k, and k3 have units of min~! and represent the rate of transfer from the
ECF back to the plasma (C2 — C,) and from the ECF to the newly mineralized bone

(C1 — C2), respectively. Although the physiologic meaning of k; is not immediately clear
(discussed later), ks is a valuable measure of the efficiency of !3F-NaF uptake into the
mineralized compartment. Further, k4 also has units of min~! and represents the backward
rate of transfer of 8F-NaF from the newly mineralized bone compartment to the ECF (C2
— C1).50 Finally, it is important to not forget about total bone mineral, as the volume of
newly mineralized bone depends on total bone that is available to remodel. This entire model
can be simplified into a two-compartment schematic (Fig. 7), commonly referred to as the
Hawkins two-compartment bone model.®’

Now with a working model for the transfer of 18F-NaF throughout a bone ROI, the law
of conservation of matter can be applied to each compartment to obtain the differential
Equations 2 and 3.

dC

— = KiCyl0) = ka1 (1) = ka1 (1) + kaCaft) @
dc,
2 = ki) — kaCa(0) 3

Here, we have a solvable set of first-order differential equations. The solution to these
equations (Equations 4 and 5) is two functions for the concentration of 8F-NaF over time
within the ECF and new bone mineral compartment [C;(t) and C;(t), respectively].

C1(1) = Cof Ane™ 1 + Arpe™ | @

Ci(t) = CaAzz[e_al(I) + e—azt] )

Here, Ca is the initial spike in plasma concentration at time zero. Ay, Aj2, Ay, aq, and ap
are the algebraic functions of parameters Ky, kp, k3, and k465 .

In PET, we do not know the parameters (K1, ko, k3, or ky). After all, this is the information
we are trying to gain from the kinetic model. By measuring the SUVs within a ROI of
bone at various time points, we are effectively creating the plot of C;(t) + C(t), which

is defined as the tissue activity curve (TAC). C, can also be plotted by measuring the

SUV within an arterial ROI (ideally the artery that supplies the bone ROI) over a period
of time. This is defined as the arterial input function (AIF). With knowledge of our

kinetic model, computational methods and regression algorithms can be applied to the
TAC and AIF to estimate the parameter values that best fit the compartmental model.

PET Clin. Author manuscript; available in PMC 2023 January 01.
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Hawkins and colleagues proposed a method to measure plasma clearance of 8F-NaF using
60-min dynamic '8F-NaF PET scans, which are performed by acquiring multiple scans with
increasing time frames over the protocol duration.®’ This method uses a nonlinear regression
using the two-compartment kinetic model (described up to this point) to estimate the four
rate constants to describe the movement of 8F-NaF between the compartments. The kinetic
parameters can provide insightful bone physiology measures (Table 1).

K1 —Since the extraction efficiency of 18F-NaF into the bone compartment from the arterial
compartment is nearly 100%, the value of K; is a good estimate of bone perfusion and has
been shown to be in agreement with 130-H,O studies (the gold standard for blood flow
studies).00-:68

This perfusion parameter may be very useful in terms of osteoporosis, as bone perfusion

is crucial to maintaining skeletal health.99-70-77 Going back to osteoblast and osteoclast
coupling, it is reasonable to conclude that decreased blood supply, and subsequent increase
in catabolic molecules that may contribute to the increase in osteoclast activity. This is
supported by studies that find low bone perfusion is correlated with greater bone loss and
increased fracture risk.”!-’® It is also important to consider the ROI with higher blood flow.
When blood flow is high, there is insufficient time for the !3F-NaF to equilibrate with

the tissue, thus K can underestimate true bone perfusion in this case. This is illustrated

by the findings that K is lower than expected in the lumbar spine, a tissue ROI that

is highly metabolically active.%9:72 Therefore, K; can potentially give an extra layer of
useful information about bone perfusion or a data point to better normalize other parameter
measurements.

K;j—K; is the most widely used and reported parameter and is calculated from Equation 6.
Given the units of k3/(kp+k3) cancel, K; has the same units as K; of mL min~! mL~!.

K = K-
i= 1/€2T]€3 (6)

K; is also referred to as the net plasma clearance of 18F-NaF from the plasma to bone
mineral %7 Another way of thinking about K is that it is the volume of plasma cleared of
I8F_NaF per mL of bone per minute. This parameter is also widely referred to as a measure
of bone turnover and bone metabolic flux.”®80 Several groups have shown K; positively
correlated with bone histomorphometric data of bone turnover, such as osteoblast per bone
area, osteoclast per bone area, and bone formation rate (BFR), with 7 values between +0.49
and +0.63.7475 Given that K is associated with both osteoblast and osteoclast activity, this
parameter is best described as a measure of the coupling of bone remodeling processes and
does not necessarily inform about the direction of bone formation, which depends on the
relative rates of osteoblast and osteoclast activity. Therefore, calling K; bone metabolic flux
can be misleading since it does not tell you whether the mineral flux is positive or negative.

k2, k3, and kg —In the two-compartment model, k3 is the transfer of I8E_NaF from the
unbound ECF to the newly mineralized bone. k3 may be the most direct measure of
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mineralization rate and osteoblast activity as it represents the transfer rate of tracer from the
ECF to bone without the influence of other parameters. In a study of teriparatide treatment,
only k3 showed a significant increase, where no change was observed in Ky, ky, and ky,
indicating k3 was a sensitive measure of increased osteoblast function.*? The true usefulness
behind k, and k4 is not fully understood. In Paget’s disease, Cook and colleagues found that
as ks increased, k, decreased, reflecting the increased bone turnover.”® Also, it is thought

k, may provide insight into bone morphology. For example, Paget’s disease is accompanied
by less marrow space (due to increased bone volume and crowding of trabecular space), and
therefore the decrease in ky may be explained by the fact that it is more difficult for the
tracer to return to the blood pool.”270 k, is the rate of !3F-NaF flow from the new bone
mineral to the ECF. Although many groups neglect this parameter due to its near zero value,
others have shown that k4 may provide important data when assessing overall kinetics 3183
The non-zero value for k4 suggests that there is a small fraction of 8F-NaF that is weakly
bound to HA, and one study found that neglecting this value results in underestimation of
Ki.66

K4/ko as a measure of extracellular fluid volume—The ratio of K;/k; has been
proposed as a measure of the volume of distribution of !8F-NaF within the ECF
compartment. Assuming passive diffusion of fluoride between plasma and ECF, K/k,
would represent the volume of total bone ROI occupied by ECF. However, this is not a
great assumption, as fluoride is a small negatively charged molecule and is known to bind
hydrogen to create HF, which can cross cell membranes.%¢ Several groups have shown
that K/k; is positively correlated with the amount of marrow space (ie, lumbar vertebrae
trabecula displays higher relative K/k, than humoral bone).”?34 In one study, Puri and
colleagues argues that the reason K; values at the hip were three-fold lower compared with
the lumbar spine is due to the increase in K/k; seen at the spine. They found that there were
significantly greater K;/k; ratios at the lumbar vertebrae, suggesting more functioning red
marrow and relatively greater levels of 18F-NaF within the ECF.83

Interestingly, K /&, may also give some insight into the composition of the bone
marrow.%0-%9 For example, higher levels of marrow fat is negatively correlated with bone
perfusion, as fat replaces healthy red marrow and decreases the effective trabecular ECF
space. Thus, higher amounts of marrow fat would result in lower K/k, ratios. Given bone
marrow fat is correlated with age and osteoporosis, this could be yet another important
parameter, or means for making sense of other measures such as K; or SUVs of osteoporosis
patients.8

A Simpler Method: Patlak Plot

One of the drawbacks of the Hawkins method is it requires complex computational methods.
However, by assuming k4 is negligible, and 8F-NaF is irreversibly bound to the mineral
compartment, the model can be simplified 8687 The mathematics simplify, allowing the
clearance of 18F-NaF to the bone mineral compartment (K;) to be determined by a graphical
approach. To do this, the measured positron emission tomography (PET) activity within

the tissue ROl is divided by the plasma activity and plotted as a function of normalized
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time, which is the integral of the input curve from initial time of injection divided by the
instantaneous plasma concentration.%38! The slope of this plot is equal to K; (Fig. 8).

This simplified approach is widely used as a measure of K;, and several groups have shown
that K; from the Patlak method is highly correlated with K; obtained with the Hawkins
method 3691

Making Sense of the Methods

It is important to call attention to the differences between the values obtained from SUVs,
Patlak K;, and Hawkins K.

Several groups have found that there is no obvious correlation between SUV measurements
and age.9293 In fact, Kurata and colleagues found that the SUVmax in the humeral shaft
was positively correlated with advanced age, but the SUVmax in the lumbar spine was
negatively correlated with age %2 It is likely that these differences are due to several
factors, such as differences in regional blood flow and bone microarchitecture, in which
case kinetic data could provide the most insight.83-94 In addition, Blake and colleagues
point out a potential limitation of SUV measurement being the fact that a finite amount of
radiotracer must be distributed to bone throughout the body.* So, in systemic metabolic
diseases such as Paget’s disease and osteoporosis, there are multiple sites throughout the
skeleton that are competing for '8F-NaF, which competes for radiotracer.*> Therefore,
the SUV measurement may be underestimated at other sites throughout the skeleton.*9-62

To illustrate this point, a study of osteoporotic patients treated with teriparatide for 6

months found that the total plasma concentration of !8F-NaF decreased by 21%, resulting

in minimal change in SUV (3%). However, the K; obtained from the dynamic scan saw a
significant 24% increase .02 Therefore, the kinetic analysis, if done meticulously, can remove
the confounding influence of plasma concentration and provide perfusion status that can
improve the conclusions made on analysis of !3F-NaF PET data.

In a recent meta-analysis by Assiri and colleagues, it was found that the Patlak method had
the lowest precision error and allowed for fewer study participants to show a significant
treatment response.’” K; determined from the Hawkins method showed the highest precision
error, which is explained by the high precision errors of each individual parameter (around
30% or greater each).% It can be reasoned that the Patlak method has the best sensitivity for
clinical practice and research, but it can be argued that the variability of the other parameters
(K1, ko, k3, kg, and so forth) can explain intersubject differences in bone characteristics that
may be useful in predicting, or characterizing, bone health. Even with the Hawkins method,
K has the least precision error of the parameters and is the most widely reported parameter

to describe bone metabolism.3

18F-NaF PET/COMPUTED TOMOGRAPHY AS AN ADJUNCT FOR
SCREENING AND MONITORING OSTEOPOROSIS

To this point, we have reviewed the established methods of measuring bone turnover using
I8F_NaF PET/CT. The aim being to deliver an overall understanding of how each method
works, the insight that may come from the parameters as it relates to bone health, and
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the important considerations and nuances. This section presents the current evidence for
why 18F-NaF PET/CT may serve as a valuable upgrade to the available tools for managing
0Steoporosis.

A retrospective study of 139 patients (from CAMONA cohort) calculated a bone metabolism
score (BMS) using IBE_NaF-PET/CT. To do this, the authors segmented the entire femoral
neck, and then created a subsegment only capturing the cortical and trabecular bone. The
SUV within the segmented bone region was normalized by dividing it by the SUV of

the entire femoral neck to create the BMS. They found that women over the age of 50

had a significantly lower BMS. Further, they noticed that patients who were classified as
osteopenic (-1 < T < —2.5) had a wide spread of BMS, suggesting !8F-NaF-PET/CT may be
a valuable adjunct to DXA to provide insight into bone metabolism in the femoral neck and
be useful for assessing fracture risk in patients where bone mineral density (BMD) provides
inconclusive risk determination.® These findings echo other studies showing decreased
SUV and K; in osteoporosis patients3> (Fig. 9).

However, should there be a decrease in !3NaF PET signal in osteoporosis? After menopause,
biological bone turnover markers (osteoclast markers) are increased by 90%, whereas bone
formation markers are only increased by 45% .77 As there is increased overall bone
turnover and bone formation (just resorption outruns formation), one would expect an
increased '8F-NaF PET signal. However, the opposite is generally seen. To understand

this, one must consider the resolution of PET/CT imaging. For standard CT scans done in
clinical practice, the voxel size is around 2 mm?>, where the average trabecular thickness

is 50 to 400 um.?® Thus, the signal detected by PET is the summation of bone turnover
occurring within many bone remodeling units throughout the trabeculae. If the number of
trabeculae decreased significantly and the metabolic activity did not change (amount of
osteoclast—osteoblast activity per remodeling unit), then the signal would be decreased as
there are less remodeling units per voxel. In another example more similar to osteoporosis
(Fig. 10), there can be greater bone turnover per remodeling unit, but because there are less
trabecular (less bone surface area for bone remodeling units), the signal on 8F-NaF PET can
be less per voxel.

Given that '3F-NaF PET data are affected by bone microarchitecture, it is difficult to
compare the bone turnover data across populations with different bone morphology. There is
a great need for further research to better understand how bone morphology affects 18F-NaF
PET/CT data, so that it can be compared with healthy individuals. As mentioned, menopause
is a major factor for developing osteoporosis. With the average age of menopause occurring
at age 51 and the recommended screening age being 65, there is a potential 14-year

window of metabolic change that is largely unmonitored leading up to the development of
osteoporosis. Presumably, if an individual is in the early stages of osteoporosis (when bone
microstructure is still normal relative to age-matched controls), I8F_NaF PET would show
an increase in signal reflecting the increase in bone turnover (SUV and K;). However, once
microstructure declines, the '8F-NaF PET signal also declines, even though it is possible
that there is an increase in bone turnover. If !8F-NaF PET data can be adjusted by bone
architecture in the future, then it is possible that we will be capable of accurately monitoring
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relative bone turnover, which will improve monitoring disease progression and fracture risk
1,23,99

prediction.
The major outcome that clinicians aim to prevent in a patient with osteoporosis is bone
fracture; however, many patients who sustain fractures do not meet the BMD T-score
criteria for osteoporosis.!90-104 As previously alluded to, repeat DXA scans provide little
to no added benefit when assessing future fracture risk in patients with osteoporosis.32

It is increasingly recognized that bone turnover markers, such as alkaline phosphatase
(ALP), osteocalcin (OC), and carboxy terminal cross-linked telopeptide of type I collagen
(CTX), are increased in people with high fracture risk.'95-199 In a prospective cohort of

435 women, subjects who had ALP and CTX levels in the highest quartile had a 2-fold
increase in fractures, with relative risks of 2.4 and 2.3, respectively. Interestingly, Messa and
colleagues has shown that the K; from dynamic '3F-NaF PET is significantly correlated with
global bone turnover markers ALP and parathyroid hormone (PTH) of patients with renal
osteodystrophy (2 = 0.81 and 2 = 0.93, respectively).! 10 These markers only give a measure
of global bone turnover, where '8F-NaF PET/CT adds the ability to measure bone turnover
at site-specific locations with higher sensitivity which correlates with histomorphometric
data 5274110 p their study of 26 patients with end-stage renal disease and suspected renal
osteodystrophy, Aaltonen and colleagues showed that K; was significantly correlated with
histomorphometric measures such as osteoblast per bone surface (OB/BS) (12 =049),
osteoclasts per bone surface (OC/BS) (2 = 0.62), BFR (r2 = 0.63), and erosion surface per
bone surface (ES/BS) (2 = 0.57).7* Additional studies report an even higher correlation
between K; and BFR (2=0.71 and 2 = 0.65).110-111 Aaltonen and colleagues went on to
show that K; from '8F-NaF PET alone was able to differentiate patients with low turnover
versus non-low turnover (defined by histomorphometric analysis) with a sensitivity of 76%
and specificity 78% with an AUC of 0.82.74 It is important to note, these experiments were
carried out on bone from the same disease state and likely similar microstructure. Thus, if
I8E_NaF PET data can be adjusted by bone microarchitecture, then it has the potential to

be a powerful tool to noninvasively assess bone metabolism and potentially catch abnormal
bone metabolism before it leads to structural change.

Further, there is a great need for future studies to investigate the added value of dynamic
I8F_NaF-PET/CT and kinetic parameters in fracture risk prediction. It is likely that the
kinetic parameters (K1, ko, k3, k4, Kj, and K;/k,) may provide added information that can
more reliably and accurately characterize bone status and fracture risk. From our literature
review, there are no studies that integrate these parameters as a tool for characterizing bone
in a way to predict bone fractures or predict structural change.

Monitoring Response to Treatment

One of the most promising applications for !8F-NaF PET is monitoring response to therapy
for osteoporotic patients. As structural changes of bone can take years to improve or decline
with treatment, there is a need for an imaging technique with better sensitivity and temporal
resolution to monitor response to treatment! 12-113

First-line treatment for osteoporosis is antiresorptive therapy with bisphosphonates that bind
to HA binding sites on bone, stimulating apoptosis of osteoclasts and thereby inhibiting
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bone resorption. A study of 24 postmenopausal women with glucocorticoid-induced
osteoporosis examined the effect of treatment with alendronate, a bisphosphonate, on bone
metabolism via 8F-fluoride, demonstrated significant decreases in bone metabolism and
turnover in the lumbar spine.! 14 These metabolic changes are observed in !3F-NaF PET
before changes in ALP and BMD. In fact, SUV at the lumbar spine significantly decreased
as early as 3 months, whereas ALP did not significantly change until 6 months, and BMD
did not increase until 12 months.! !4 Further, a study of 18 women with T-scores less than
-2 treated with risedronate found similar findings to the prior study with K, net plasma
clearance to bone mineral displaying a significant decrease as soon as 6 months of treatment
on '8F-fluoride PET.?* To further illustrate the added sensitivity of dynamic !3F-NaF
PET/CT, this group also found that K; was not significantly affected by risedronate, whereas
k3/k,1k3 decreased by 18%.!1> This finding suggests the major effect of treatment was

on the available sites for radiotracer disposition, clearly showing a decrease in osteoblast
activity. It is clear that dynamic !3F-NaF PET parameters can provide valuable measures to
more accurately assess the desired treatment response of a therapeutic.

Studies have also been done to monitor response to treatment with teriparatide, a synthetic
PTH analog that works by activating both osteoblasts and osteoclasts, with preferential
activation of osteoblasts. Frost and colleagues randomized 27 osteopenic females (-1 < T

< —2.5) into two groups, where one received calcium and vitamin D and the other received
teriparatide along with calcium and vitamin D. They then performed 60-min dynamic '8F-
NaF PET scans at baseline and 12 months after treatment. They found that the teriparatide
group had a significant increase in K; at all ROIs analyzed, including the hip, lumbar spine,
femoral shaft, and femoral shaft trabecular.®3 Interestingly, this same study performed DXA
scans on the patients and found that BMD significantly increased at the lumbar spine, but
only modestly increased at the hip and did not increase at the femoral neck ROI. This
finding parallels the findings from clinical trials where teriparatide was shown to have the
greatest increase in BMD at the lumbar spine and not significantly affect BMD at the
hip.!16-118 By investigating further, other groups found that teriparatide actually decreased
cortical density by increasing turnover within the cortical region of the femoral neck while at
the same time increasing trabecular volume. Thus, DXA was unable to measure a difference
in BMD due to these opposing effects, despite great overall bone anabolic activity.!1® On
mechanical testing, the mechanical strength of the femoral neck ROI increased; however,
this increase in biomechanical strength was only observed at either 18 or 24 months.!16-117
Therefore, these findings suggest that teriparatide effect on bone structure can take up to 2
years, where the study by Frost and colleagues was able to report a significant increase in
bone anabolic activity as early as 12 months. This further supports the ability of '8F-NaF
PET to predict future bone structure and architecture, suggesting it is the optimal biomarker
for observing treatment response to teriparatide.

SUMMARY

Osteoporosis is a metabolic bone disorder characterized by a dysregulation of osteoblast,
osteoclasts, and osteocytes that leads to a fragile skeleton. The current standard of
characterizing osteoporosis by bone density and structural architecture at particular ROIs
is incapable of capturing this complex bone biology. These structural approaches (namely
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DXA) have their pitfalls in reliably predicting fractures. Patients with the same T-score have
different rates of fracture, and fractures in non-hip and non-vertebral bones are collectively
more common in osteoporotic patients.!! This is concerning and highlights the need for

a more sensitive imaging modality to better assess and categorize patients for fracture

risk. 18F-NaF-PET is a promising imaging modality for early detection and monitoring of
metabolic bone disorders that alter bone biology. '8F-NaF-PET can be used as a tool to
assess bone turnover and aid in characterizing bone morphology, as well as a tool to monitor
response to treatment. Here, we have laid out the various methods of 18F_NaF PET/CT for
assessing bone turnover. Although they each have their limitations, SUV measurements from
a static 18F-NaF PET/CT scan is likely the easiest and most clinically applicable method

to capture bone turnover throughout the skeleton. These static scans can sensitively assess
longitudinal progression of bone metabolism and treatment response. Dynamic !3F-NaF
PET/CT and kinetic parameter estimation is a more technically challenging technique but
may provide more useful research data, including estimates of bone perfusion, insights

into ECF space volume, and osteoblast activity. Even more powerful is the fact that all
kinetic parameters can be measured voxel-by-voxel within a larger ROI such as the femoral
neck. This high-resolution mapping of bone turnover has great potential by not only the
ability to reconstruct a 3D view of bone turnover but also assess treatment response, which
may have spatial heterogeneity. Further research must continue to explore ways to refine
kinetic !8F-NaF PET/CT data in a way that is clinically useful and comparable across
heterogeneous populations. Nevertheless, !8F-NaF PET/CT may prove to be a much needed
upgrade to the osteoporosis toolbox in the near future.
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KEY POINTS

While measuring bone mineral content via dual-energy x-ray absorptiometry
(DXA) and other modalities has proven useful in clinical management of
osteoporosis, these modalities largely miss the complex biology that describe
the pathophysiology of osteoporosis.

The fluoride ion of 18F-NaF exchanges for a hydroxyl group of
hydroxyapatite, making '8F-NaF PET/computed tomography (CT) a useful
tool to measure newly synthesized bone mineral and offers a 3D view of bone
metabolism.

Several methods exist for utilizing I8F_NaF PET/CT scans, with each their
own advantages, limitations, and challenges.

Dynamic scans and kinetic modeling offer a more robust measurement
of bone metabolism and provide estimates of bone perfusion and bone
extracellular volume that can help characterize bone health.

Despite current challenges, '8F-NaF PET/CT has already demonstrated to
be a sensitive readout for response to osteoporosis treatment, as well as
significantly correlated with more invasive measures of bone turnover.
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CLINICS CARE POINTS

Osteoporosis is the most common metabolic bone disorder that is
characterized by a disintegration of bone microarchitecture, predisposing
individuals to devastating fractures followed by severe loss of quality of life.

While a diagnosis of osteoporosis can be made by a bone mineral density
reading, the underlying cause of this structural change is extremely complex
and diverse, consisting of a myriad of biological factors that tip the scale of
bone metabolism to favor resorption.

Here, we introduce !8NaF PET/computed tomography as an emerging tool
that adds the ability to measure bone metabolism, which has already

been shown to monitor response to osteoporosis treatment more sensitively
compared to DEXA and other structural modalities.

With the continual advancement of PET technologies and the application of
kinetic modeling in the research setting, 18NaF PET/computed tomography
has the potential to provide an in vivo assay for bone turnover and other
useful parameters related to osteoporosis pathophysiology, including bone
perfusion and extracellular fluid volume

Taken together, !8NaF PET/computed tomography may emerge as an
invaluable clinical readout for characterizing bone health and allow for more
sensitive monitoring and screening for osteoporosis.
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Fig. 1.

Bfne modeling and remodeling are tightly regulated processes, involving the interactions
between osteoblast, osteoclasts, and osteocytes. The molecular interactions illustrated here
provide a brief overview of known regulating factors of bone metabolism. For simplicity,
osteoblasts can increase osteoclast activity by producing receptor activator of nuclear
factor kappa-B ligand (RANKL) and monocyte colony-stimulating factor (M-CSF). Other
factors that increase osteoclast resorption include interleukin-1 (IL-1), interleukin-6 (IL-6),
tumor necrosis factor-a (TNFa), prostaglandin E2, and reactive oxygen species (ROS).
Estrogen leads to a suppression of these inflammatory cytokines and ROS while also
directly stimulating osteoblasts and inhibiting osteoclasts. Further, osteoblasts can decrease
osteoclast activity by secreting osteoprotegerin (OPG). Factors that increase osteoblast
activity include bone morphogenic proteins (BMPs), parathyroid hormone (PTH, pulsatile
secretion), transforming growth factor-p (TGF-B), and wingless-related integration site
(Wnt) proteins. Osteocytes also receive signals from the environment, mechanical stress,
and local calcium to regulate osteoblast and osteoclast function via previously mentioned
factors.>:12-15 EGF23, Fibroblast Growth Factor-23. (Image created with BioRender.com)
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Structural Changes (Osteoporosis)

Fig. 2.

Early in life, the rate of bone formation exceeds the rate of bone resorption, allowing BMD
to peak in the third decade of life (green panel). After this peak, BMD slowly declines
with age. In osteoporosis, the decline in BMD is much more pronounced and is preceded

by complex biological dysregulation (yellow panel). Many factors have been linked to an

increase in osteoclast and decrease in osteoblast activity (green arrows signify stimulation

or upregulation, and red arrows signify inhibition or downregulation, which kick-starts a

subsequent decline in bone architecture red panel). (Image created with BioRender.com)
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Dual energy X-ray beams pass through

I

Fig. 3.
Diagram of the function of a DXA scan and BMD calculation. Two different X-ray beams,

one low-photon and one high-photon energy, are passed through a region of interest
(commonly the lumbar spine) to create a pixel-by-pixel map of BMD. The cumulative
BMD is then multiplied by the area for that region to get the Bone Mineral Content
(BMC) 3¢ (Adapted from Berger A. Bone mineral density scans40. BMJ. 2002 Aug
31;325(7362):484.)
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Fig. 4.
Cross-section of human subject undergoing qCT of a lumbar vertebrae with a phantom

(outlined by green rectangle) for calibration of Hounsfield units (HU) to bone mineral.
[lustrated here with permission from Brett and colleagues42 is a Cann—Genant phantom,
which consists of five various concentrations of potassium phosphate-equivalent phases.
Once calibrated to the phantom, the HU measurements can be used to estimate bone
mineral content within a region of interest (lumbar spine here). From BrettAD, Brown JK.
Quantitative computed tomography and opportunistic bone density screening by dual use of
computed tomography scans. J Orthop Translat. 2015 Sep 15;3(4):178—184.
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(/;g) Is a maximum intensity projection (MIP) of a !8F-NaF scan taken of a healthy 26-year-
old woman with normal distribution of radiotracer throughout the skeleton. Although (B) is
a scan of a 62-year-old woman, showing visible less '8F-NaF incorporation at the lumbar
spine and total hip, indicating the potential of 18F-NaF PET to detect low levels of bone
mineralization. (From Park PSU, Raynor WY, Sun Y, Werner TJ, Rajapakse CS, Alavi

A. 18F-Sodium Fluoride PET as a Diagnostic Modality for Metabolic, Autoimmune, and
Osteogenic Bone Disorders: Cellular Mechanisms and Clinical Applications. Int J Mol Sci.
2021;22(12).)33
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18ig:—NaF is exchanged from the arterial compartment (labeled C,) into an unbound
extracellular compartment (ECF) (labeled C1). The I8E_NaF within the unbound ECF is
also exchanged between the newly mineralized bone compartment (labeled C2), which
depends on the amount of new bone mineral available for incorporation of 18F-NaF. K
describes the rate of transfer of radiotracer from arterial compartment to the ECF, with units
of mL min~"cm™3. ks, k3, and k4 are the rate of transfer of radiotracer from ECF to the
arterial compartment, from the ECF to the new bone mineral, and from the bone mineral
back into the ECF space, respectively. (Image created with BioRender.com). Park, P.S.U.;
Raynor, W.Y.; Sun, Y.; Werner, T.J.; Rajapakse, C.S.; Alavi, A. 18F-Sodium Fluoride PET
as a Diagnostic Modality for Metabolic, Autoimmune, and Osteogenic Bone Disorders:
Cellular Mechanisms and Clinical Applications. Int. J. Mol. Sci. 2021, 22, 6504. https://
doi.org/10.3390/ijms22126504
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Fig.7.

The two-compartment model of bone (Hawkins model), a simplified schematic of Fig. 7.

(Image created with BioRender.com)
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The Patlak plot (used with permission from Blake and colleagues®8) represents a graphical
approach to solving for Kj;, which is estimated by plotting the tissue concentration
normalized to arterial concentration as a function of normalized time. Normalized time is the
integral of the arterial input curve divided by the instantaneous plasma concentration.8!
(From Blake GM, Siddique M, Frost ML, Moore AE, Fogelman I. Quantitative PET
Imaging Using (18)F Sodium Fluoride in the Assessment of Metabolic Bone Diseases and
the Monitoring of Their Response to Therapy. PET Clin. 2012 Jul;7(3):275-91.)
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Fig. 9.
(A) The coronal section of a CT scan (left), static 8F-NaF PET scan (middle), and a fusion
of the two (right) at the left hip of a healthy, 25-year-old woman. (B) The same image

sequence for a 62-year-old woman. Using the CT image to precisely segment the region of
the femoral neck, the amount of radiotracer uptake within that commonly fractured region
is easily quantified and can be used to track therapeutic response. (From Reilly CC, Raynor
WY, Hong AL, et al. Diagnosis and Monitoring of Osteoporosis With 18F-Sodium Fluoride
PET: An Unavoidable Path for the Foreseeable Future. Semin Nucl Med. 2018;48(6):535—
540.)
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Fig. 10.
Red ovals represent bone remodeling units. The greater the intensity of red is, the higher the

amount of bone turnover. When capturing '8F-NaF PET data per voxel, the output SUV is
equal to the sum of many bone remodeling units. For osteoporotic bone, with increased bone
turnover (per bone remodeling unit), the sum of activity on PET can be less than the sum of
activity on PET for healthy bone due to healthy bone having more bone surface area

PET Clin. Author manuscript; available in PMC 2023 January O1.



1duosnuep Joyiny 1duosnuepy Joyiny 1duosnuepy Joyiny

1duosnuepy Joyiny

Sheppard et al.

Kinetic parameters

Page 33

Table 1

Parameter

Units

Functional Definition

Biological Meaning

K,

ks

ks

ky

K, /k,

mL/min

- cnp

1/min

1/min

1/min

mL/min

- cn?

mL/cn?

Volume of '8F-NaF cleared from
plasma pool to ECF space per
unit time per unit tissue volume

[1]

Rate of transfer of '8F-NaF from
the ECF space back to arterial
compartment [1]

Rate of transfer of '8F-NaF
from the ECF space to newly
mineralized bone compartment

[1]

Rate of transfer of '8F-NaF

from the newly mineralized bone
compartment back to the ECF
space [1]

Volume of '8F-NaF cleared from
plasma pool to newly mineralized
bone per unit time per unit

tissue volume, represented as
bone perfusion (K;) multiplied
by the fraction of 'F-NaF that
incorporates into bone mineral
from ECF [1]

Volume of distribution of
I8F_NaF within the ECF
compartment per tissue volume

[1]

Given extraction efficiency of '8F-NaF is near 100% and is not bound to plasma
proteins, K; is closely related to bone blood flow (bone perfusion) [1,2]

Clinical Relevance/example: Low bone perfusion is significantly correlated with
increased bone loss and increased fracture risk [3.4,5]

Measure of how efficiently '®F-NaF moves back to the ECF space. Potentially
reflects bone microarchitecture and capillary permeability

Clinical Relevance/example: Unclear. Some speculate that can give insight
into bone morphology (more trabecular crowding in Paget’s disease — more
difficult for '8F-NaF to exchange into arterial compartment) [6]. It may also
correlate with capillary permeability [7]. A decrease in &k, may also reflect
I8F_NaF trapped within cells of ECF space (F~ — HF — diffuses though cell
membranes) [1,6]

Direct reflection of mineralization rate and osteoblast activity. Also is an
indirect measure of osteoclast function, since both are intricately coupled.

Clinical Relevance/example: In study of Teriparatide treatment, only &; showed
significant 1, suggesting it is a sensitive measure of expected increase in
osteoblast activity [1,8]

Represents a small fraction of '8F-NaF that is weakly incorporated into exposed
hydroxyapatite.

Clinical Relevance/example: Unclear. Near-zero value. Puri et al. has shown that
by neglecting its value, it underestimates 'F-NaF clearance into bone mineral

(K. [1]

Most reported parameter. Referred to as bone metabolic flux and a measure
of bone turnover. Directly related to bone perfusion (unlike &3), as well as

osteoblast activity.

Clinical Relevance/example: Significantly corelated with histomorphometry
data for bone turnover, such as osteoblast per bone surface, osteoclast per bone
surface, bone turnover rate, etc. [9]. Is significantly correlated with increased
coupling of osteoblasts and osteoclasts [1].

For a skeletal region of interest, it describes the volume that is occupied by ECF
space. As trabecular volume 1’s, Ky/k, ¥'s [1].

Clinical Relevance/example: Incorporates estimate of perfusion (K,) and
efficiency of '8F-NaF to transfer back to arterial compartment (k) to give
measure of how much tracer accumulates in ECF space. Gives insight into bone
3D structure. Bones with greater marrow space (vertebrae) have greater K;/k,
compared with bones with less marrow space (humerus) [7,10].
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