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ABSTRACT
The functional imaging technique of 18F-fluoride positron emission tomography (18F-PET) allows the noninvasive quantitative

assessment of regional bone formation at any skeletal site, including the spine and hip. The aim of this study was to determine if
18F-PET can be used as an early biomarker of treatment efficacy at the hip. Twenty-seven treatment-naive postmenopausal women with

osteopenia were randomized to receive teriparatide and calcium and vitamin D (TPT group, n¼ 13) or calcium and vitamin D only

(control group, n¼ 14). Subjects in the TPT group were treated with 20mg/day teriparatide for 12 weeks. 18F-PET scans of the proximal

femur, pelvis, and lumbar spine were performed at baseline and 12 weeks. The plasma clearance of 18F-fluoride to bone, Ki, a validated

measurement of bone formation, was measured at four regions of the hip, lumbar spine, and pelvis. A significant increase in Ki was

observed at all regions of interest (ROIs), including the total hip (þ27%, p¼ 0.002), femoral neck (þ25%, p¼ 0.040), hip trabecular ROI

(þ21%, p¼ 0.017), and hip cortical ROI (þ51%, p¼ 0.001) in the TPT group. Significant increases in Ki in response to TPT were also

observed at the lumbar spine (þ18%, p¼ 0.001) and pelvis (þ42%, p¼ 0.001). No significant changes in Ki were observed for the control

group. Changes in BMD and bone turnover markers were consistent with previous trials of teriparatide. In conclusion, this is the first study

to our knowledge to demonstrate that 18F-PET can be used as an imaging biomarker for determining treatment efficacy at the hip as

early as 12 weeks after initiation of therapy. � 2013 American Society for Bone and Mineral Research.
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Introduction

With the development of therapies for osteoporosis with

novel mechanisms of action and methods of delivery,

there is an increasing need for a biomarker of treatment efficacy

at clinically relevant skeletal sites to accelerate drug develop-

ment, particularly during early phase trials. Because of the strong

relationship between bone mass and fracture risk, change in

BMD is one of the principal outcomes in drug efficacy trials

of bone active agents. However, changes in BMD are typically

relatively small and have to be measured over many months,

typically years, and this long delay between treatment initiation
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and the assessment of treatment efficacy is unsatisfactory. In

contrast, changes in biochemical markers of bone turnover

(BTMs) are both rapid and large and it has been demonstrated

that early changes in BTMs predict BMD response and are

significantly associated with antifracture efficacy in clinical trials

of therapies for osteoporosis.(1,2) Although BTMs remain themost

practical choice for measuring bone turnover, they reflect global

skeletal function and cannot provide information on the effects

of treatment on bone turnover at specific sites of the skeleton or

differentiate treatment response at trabecular and cortical bone.

This is important because while trabecular bone loss and

vertebral fractures are synonymous with osteoporosis, about
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80% of all fractures occur at skeletal sites that are predominantly

cortical bone.(3) Considering the critical role of cortical bone in

bone strength,(4,5) the dominance of cortical over trabecular

bone loss associated with increasing intracortical porosity after

age 65 years,(6) and the common occurrence of nonvertebral

fractures, there is a need for a new methodology to investigate

treatment efficacy in cortical bone. An assessment of treatment

efficacy on cortical bone at the hip is key because of the

profound individual health and socioeconomic impact of hip

fractures.(7)

The functional imaging technique of 18F-fluoride positron

emission tomography (18F-PET) allows the noninvasive assess-

ment of regional bone formation(8,9) and overcomes the

important limitations of conventional techniques: It allows an

assessment of regional bone formation at clinically relevant sites

and, unlike bone biopsy, is noninvasive and can be readily

applied in a clinical setting. The use of 18F-fluoride PET for the

quantitative assessment of regional bone formation was first

introduced by Hawkins and colleagues in 1992.(10) After dynamic

PET imaging and measurement of an arterial plasma input

function, the net clearance of fluoride to the bone mineral,

termed Ki, can be calculated. It has been shown that Ki correlates

closely with histomorphometric parameters including the bone

formation and mineral apposition rate, and therefore provides a

quantitative assessment of regional bone formation.(8,9) The

long-term precision of 18F-PET is approximately 13%.(11) 18F-PET

has been used to investigate regional bone formation in patients

with metabolic bone disease including those with osteoporosis

and Paget’s disease.(12–17) It has also been used to examine

fracture healing and to assess bone viability after allogenic bone

grafts and joint replacement.(18–21) The most important role of
18F-PET is likely to be in clinical drug development, and a number

of studies have demonstrated that it is possible to quantify the

direct effects of long-term pharmacological treatments for

osteoporosis and other metabolic bone diseases on bone

formation rate at the spine and hip.(15,22–24)

The primary objective of this study was to determine if 18F-PET

can be used as an early noninvasive biomarker of treatment

efficacy at the hip by examining changes in regional bone

formation rate at the proximal femur in a prospective,

randomized, and controlled study of postmenopausal women

with osteopenia treated with the anabolic agent teriparatide for

12 weeks.

Materials and Methods

Subjects

Thirty treatment-naive postmenopausal womenwith amean age

of 60 years (range 51 to 71 years) with osteopenia were

randomized to receive teriparatide (Forteo, Eli Lilly, Indianapolis,

IN, USA) and calcium and vitamin D (TPT group, n¼ 15) or

calcium and vitamin D only (control group, n¼ 15). Of these

30 subjects, 27 completed the study (13 in the TPT group and

14 in the control group). Three subjects withdrew consent after

randomization and were not included in the statistical analyses.

All subjects commenced calcium (1200mg per day) and vitamin

D (800 IU per day) supplements at screening and continued
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these for the duration of the study. Subjects in the TPT group had

a short regimen (12 weeks) of treatment at the standard dose of

20mg/day, which they commenced at baseline once all study

procedures had been completed. The study consisted of three

phases: a screening phase of up to 4 weeks, a treatment phase of

12 weeks, and a follow-up phase of 6 weeks during which time

subjects in the TPT group discontinued teriparatide treatment.

Follow-up visits were scheduled at 4, 12, 15, and 18 weeks (visit

window� 7 days) after baseline.

All subjects had a T-score of between –1 and –2.5 at the

lumbar spine, femoral neck, and/or total hip and had osteopenia

as defined by the WHO criteria.(25) None of the subjects had

previously taken bisphosphonates or had any diseases known to

affect bone metabolism. Seven of the subjects (4 in the control

group and 3 in the teriparatide group) had taken hormone

replacement therapy (HRT) previously, for on average 7.0 years

(range 3 to 13 years), but all had discontinued HRT at least

12 months before enrollment. Two subjects had previously

sustained a low trauma fracture, but these occurred more than

12 months before baseline. Routine laboratory tests including

serum calcium, albumin-corrected calcium, alkaline phospha-

tase, phosphate, and parathyroid hormone were performed

at screening and were within normal limits for all subjects.

25-Hydroxy vitamin D was also assessed at screening and was

greater than 34 nmol/L for all subjects. Compliance with calcium

and vitamin supplementation was assessed by counting the

number of unused tablets at each follow-up visit. Compliance

with teriparatide treatment was assessed by measuring the

residual volume in the injection pens. Written informed consent

was obtained from all participants, and the study was approved

by the local Research Ethics Committee and UK Administration of

Radioactive Substances Advisory Committee.

Measurements of BMD and biochemical markers of bone
turnover

Dual-energy X-ray absorptiometry (DXA) scans were performed

at the lumbar spine (L1 to L4), bilateral hips including femoral

neck and total hip, and nondominant forearm using a Hologic

Discovery (Hologic, Bedford, MA, USA) at screening (visit 1) and

18 weeks (visit 6) after baseline.

Fasting blood samples were collected at baseline and all

subsequent visits for the analysis of biochemical markers of bone

turnover. Samples were collected at the same time of day at each

visit. Serum bone-specific alkaline phosphatase (BSAP), serum

procollagen propeptide of type 1 collagen (PINP), and serum

osteocalcin (OC) were measured as markers of bone formation.

Serum C-terminal telopeptide (sCTX) was used as a marker of

bone resorption. Bone-specific alkaline phosphatase was

measured by Metra BAP immunoassay (QUIDEL); the analytical

intra- and inter-run assay coefficients of variations are within

3.9% to 5.8% and 5.0% to 7.6%, respectively. PINP was measured

by a two-site immunoassay based on monoclonal antibodies

raised against purified intact human PINP and detecting both

intact mono and trimetric forms (but not fragments) on an

automated analyzer (Elecsys, Roche Diagnostics, Mannheim,

Germany); the analytical intra- and interassay coefficients of

variations are within 1.7% to 7.4% and 2.9% to 5.5%, respectively.
Journal of Bone and Mineral Research



Osteocalcin was measured by two-site immunoassay recogniz-

ing both the intact and the N-terminal Mid fragment on an

automatic analyzer (Elecsys); the analytical intra- and interassay

coefficients of variations are within 1.3% to 6.4% and 1.8% to

3.7%, respectively. Serum CTX was measured by two-site assay

using monoclonal antibodies raised against an 8 amino-acid

sequence from the C-telopeptide of human type I collagen by an

automatic analyzer (Elecsys); the analytical intra- and interassay

coefficients of variations are within 0.0% to 9.7% and 1.4% to

6.2%, respectively. Samples were stored at –708C and were

analyzed in the same batch.

18F-fluoride positron emission tomography

Full details of the acquisition and analysis of the 18F-fluoride PET

scans have been reported previously.(23)

Image acquisition

The PET scans were acquired on a GE Discovery PET/CT scanner

(General Electric Medical Systems, Waukesha, WI, USA) with a

15.4-cm axial field of view (FOV). Subjects were positioned supine

with both hips in the FOV (upper margin positioned approxi-

mately 1 cm above the acetabulum) and a low-dose computed

tomography (CT) image acquired for attenuation correction and

image segmentation. After an intravenous injection of 180MBq
18F-fluoride, a 60-minute dynamic scan consisting of twenty-four

5-second, four 30-second, and fourteen 240-second time frames

was commenced simultaneously with the bolus injection. At the

end of the dynamic scan, a single 5-minute static scan of the

lumbar spine (L1 to L4) was acquired, starting approximately 65

minutes after the injection of tracer together with a low-dose CT

scan for attenuation correction.

Image processing

The PET data were corrected for attenuation using CT data and

images reconstructed by filtered back-projection using a

Hanning 6.3-mm filter, resulting in 47� 3.27-mm slices for each

frame with a pixel size of 2.734mm for PET and 0.977mm for CT

scans in the transaxial plane, respectively. The dimension and

resolution of static PET and corresponding CT scans were the

same as the dynamic scans.
Fig. 1. 18F-fluoride PET images of (A) proximal femur with bladder masked; (B)

vertebral ROI showing the elliptical lumbar spine ROI; and (D) lumbar spine R
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Image analysis

The imaging scientist responsible for image analysis was blinded

to both treatment arm and study visit number. All activity

measurements were corrected for radioactive decay back to the

time of injection. For both dynamic and static PET analysis,

the bone regions of interest (ROIs) used for PET scan analysis

were segmented using the CT scan images.

The dynamic PET scan images of the proximal femurs (Fig. 1A)

were analyzed to obtain the plasma clearance to bone tissue (Ki)

in four ROIs: 1) a region of mixed trabecular and cortical bone

between the femoral neck and lesser trochanter anatomically

equivalent to the total hip ROI used in DXA scanning (total hip

ROI); 2) a region in the femoral neck with its orientation similar to

that defined in DXA scanning (femoral neck ROI); 3) an elliptical

fixed-size ROI (polar radius 9.81mm) of purely trabecular bone

within the trabecular section of the intertrochanteric region. The

distal border of this ROI was placed one slice above the lesser

trochanter with the entire ROI being outside the transverse

planes intersecting the bladder (hip trabecular ROI); 4) a 60-mm-

long annular cylindrical section of purely cortical bone in the

femoral shaft measured from just below the lesser trochanter

and excluding the medullary cavity (hip cortical ROI). There were

no significant differences in Ki between the left and right hip, so

results were averaged, providing amean value for both hips. Part

of the pelvis was also included within the PET scan FOV, so a ROI

was placed over the whole of the pelvis included in the PET scan

to obtain Ki at this skeletal site (pelvis). For the static scan analysis

of the lumbar spine (Fig. 1B), an elliptical ROI was placed in the

middle of each vertebra L1 to L4 excluding the end plates on the

corresponding CT segmented scan (Fig. 1C). Each PET frame was

then aligned to the corresponding CT scans. The regions were

projected on the PET scans to determine the average activity

concentration (kBq/mL) in each region (Fig. 1D). The final lumbar

spine ROI was based on the average of the four individual

vertebrae (lumbar spine).

The arterial plasma input function was estimated using a

semipopulation curve method based on direct arterial sampling

in 10 postmenopausal women.(26) Venous blood samples were

collected at multiple time points during the 1-hour scan

acquisition for the purpose of defining the terminal exponential

for the 0- to 60-minute dynamic scan. For each subject in the

present study, the population residual curve was scaled for

injected activity and, after adjusting the time of peak count rate
sagittal view of lumbar spine showing L1 to L4; (C) CT image of a lumbar

OI projected onto the 18F-fluoride PET image.
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Table 1. Baseline Study Group Characteristicsa

Variable Teriparatide Control

n 13 14

Age (years) 59.6 (4.8) 60.1 (4.6)

Years postmenopausal 11.7 (4.8) 11.4 (6.3)

Height (cm) 161.2 (7.8) 162.8 (5.3)

Weight (kg) 65.1 (8.2) 64.3 (9.0)

BMI (kg/m2) 25.1 (2.7) 24.2 (2.8)

Lumbar spine BMD T-score �1.68 (0.62) �1.36 (1.02)

Mean femoral neck BMD T-score �1.45 (0.59) �1.30 (0.78)

Mean total hip BMD T-score �0.97 (0.48) �0.84 (0.57)

Ultradistal forearm BMD T-score �1.33 (1.2) �0.88 (0.71)

Serum calcium (mmol/L) 2.32 (0.07) 2.32 (0.05)

Serum albumin-corrected

calcium (mmol/L)

2.32 (0.07) 2.30 (0.06)

Serum phosphate (mmol/L) 1.17 (0.11) 1.21 (0.14)

Serum alkaline phosphatase (IU/L) 69.38 (22.01) 73.14 (26.29)

Parathyroid hormone (ng/L) 38.31 (14.72) 44.64 (11.18)

25-hydroxy vitamin D (nmol/L) 77.00 (30.74) 63.71 (22.25)

BMI¼body mass index; BMD¼ bone mineral density.
aData are means (SD).
to the time determined from an ROI drawn on the dynamic scan

over the femoral artery, the scaled and time-adjusted population

residual was added to the individual’s terminal exponential curve

to obtain the 0- to 60-minute arterial plasma input function used

for kinetic analysis.(23,27)

The data from the PET dynamic scan were processed using

Patlak graphical analysis to estimate regional bone plasma

clearance of 18F-fluoride to bone tissue (Ki) at different sites

at the hip and pelvis. The Patlak plot, described in full

elsewhere,(12,19,28) is a graphical analysis technique that assumes

that 18F- is taken up by two compartments, a central compart-

ment that is in rapid equilibrium with plasma and a peripheral

bone mineral compartment that tracer enters without ever

leaving during the time of the measurements. The net amount of

tracer in the bone ROI is given by:

Ctissue ðTÞ ¼ Ki

Z T

0

Cplasma ðtÞdt þ V0 Cplasma ðTÞ (1)

where t is time, Ctissue(T) is the total amount of tracer in the bone

ROI at time T after injection, Cplasma(T) is the concentration of

tracer in plasma, Ki is the plasma clearance describing the rate of

entry into the peripheral compartment, and V0 is the volume

of distribution of tracer in the central compartment. To allow

for equilibration between tracer in plasma and the central

compartment, the value of Ki was determined by fitting the

dynamic scan data from 10 to 60minutes after injection.

A novel and validated method for estimating Ki using static

scan data only was used to estimate Ki at the lumbar spine,

described in detail previously.(29) Ki is estimated using the value

of Ctissue(T) in equation 1 obtained from a single static frame. A

value of V0¼ 0.44 for the lumbar spine regions was used based

on the mean value obtained for a previous study.(29) A

measurement of Ki rather than the calculation of standardized

uptake value (SUV), the most widely used index in PET oncology,

is preferable because we have previously shown that changes in

SUV do not necessarily reflect the true changes in metabolic

activity at the measurement site, particularly with potent bone

active agents such as TPT.(23)

The bone plasma clearance of 18F-fluoride to bone tissue, Ki,

has been shown to be highly correlated with indices of bone

formation, including the bone formation and mineral apposition

rate, and therefore provides a quantitative assessment of

regional bone formation.(8,9)

Statistical analysis

Baseline characteristics were expressed as the mean and

standard deviation (SD) and compared using Student’s t test.

Each variable was tested for normality and parametric and

nonparametric tests applied accordingly. Absolute values and

percentage change from baseline in BMD and the 18F-PET

parameter Ki were expressed as the mean and SD. The reported

percentage changes reflect the mean percentage change for

individual subjects rather than the percent difference in the mean

absolute values at baseline and 12 weeks (because of the

variations in baseline values, the latter is typically lower than the

former). Changes in BMD and Ki from baseline were evaluated

using a paired t test. Differences in changes from baseline in BMD
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and Ki between the TPT and control groups were evaluated using

an unpaired t test. Absolute values and percentage changes from

baseline in BTMs were expressed as the median and interquartile

range. Changes in BTMs from baseline were evaluated using a

Wilcoxon signed rank test. Differences in changes from baseline

in BTMs between the TPT and control groups were evaluated

using a Mann-Whitney U test. Correlations between changes in Ki
and changes in BTMs at 12 weeks follow-up for the TPT group

only were assessed using the Spearman rank correlation test.

A p value of 0.05 or less was considered statistically significant.

To determine sample size, a difference of 22% in Ki at the hip

(primary outcome) was assumed between the TPT and control

groups at 12 weeks and a standard deviation of 13%.(11) A total of

15 subjects in each group would provide more than 90% power

to detect a significance difference between groups with a type 1

error of p¼ 0.05.

Results

Study population

Baseline characteristics are shown in Table 1. All women were

postmenopausal with a mean time since menopause of 11.7 and

11.4 years for the TPT and control groups, respectively. All

subjects were classified as osteopenic at the spine and/or hip

with a mean lumbar spine T-score of –1.7 and –1.4 for the TPT

and control groups, respectively. Serum chemistry results were

within normal limits for all subjects. There were no significant

differences in any of the baseline characteristics between the

two study groups. One subject in the TPT group discontinued her

calcium and vitamin D supplements 4 weeks after her baseline

visit and did not recommence these for the remainder of the

study. Compliance with calcium and vitamin D supplements

averaged 98% (range 89% to 100%) for both study groups
Journal of Bone and Mineral Research



(excluding the subject who discontinued supplements).

Teriparatide treatment was well tolerated by all subjects and

treatment compliance averaged 89.7%. No serious adverse

events occurred during the study.

Bone density measurements and biochemical markers
of bone turnover

The follow-up BMD scans were performed 18 weeks after the

baseline visit and 6 weeks after the subjects in the TPT group

discontinued treatment. The mean percentage changes in BMD

at the lumbar spine, femoral neck, total hip, and ultradistal

forearm are shown in Table 2. There was a significant increase

in BMD at the lumbar spine and total hip in the TPT group,

averaging 2.6% and 0.9%, respectively, at 18 weeks. There were

no significant changes in BMD for either group at the femoral

neck or nondominant forearm.

After 12 weeks of teriparatide treatment, there were highly

statistically significant increases in PINP, OC, and sCTX in the TPT

group of þ86%, þ92%, and þ54%, respectively. Modest but

statistically significant decreases in PINP, BSAP, and OC were

observed in the control group. The changes in BTMs were

significantly greater for the TPT group compared with the control

group (Table 2, Fig. 2). After discontinuation of treatment at

12 weeks in the TPT group, levels of PINP, osteocalcin, and sCTX

decreased at 15 and 18 weeks but remained statistically higher

than baseline values at 18 weeks (Fig. 2).

Quantitative measurements of bone formation using
18F-fluoride PET

Mean plasma clearance of 18F-fluoride to bone, Ki, at baseline and

12 weeks and the percentage change for both the TPT and

control groups are shown in Table 2 and Fig. 3. A significant

increase in Ki was observed at all sites at the hip including the

total hip (þ27%, p¼ 0.002), femoral neck (þ25%, p¼ 0.04), hip

trabecular ROI (þ21%, p¼ 0.017), and hip cortical ROI (þ51%,

p¼ 0.001) in the TPT group. Baseline values of Ki at the lumbar

spine were on average twice that observed at the hip regions for

both study groups. Mean results at baseline for the pelvis were

similar to those observed at the femoral neck. Significant

increases in Ki in response to TPT were also observed at the

lumbar spine (þ18%, p¼ 0.001) and pelvis (þ42%, p¼ 0.001)

(Table 2, Fig. 3). No significant changes in Ki were observed for

the control group at any of the hip ROIs or at the pelvis or lumbar

spine. The changes observed for the TPT group were significantly

greater than those observed for the control group for all sites

with the exception of the femoral neck and hip trabecular ROI

(Table 2, final column).

The individual changes observed for the 13 subjects

randomized to receive teriparatide at the hip regions, pelvis,

and lumbar spine are shown in Fig. 4. Ki increased in 11 of 13

subjects at the hip ROIs. Two subjects showed decreases in Ki at

the total hip, femoral neck, and hip cortical ROI (Fig. 4A, B, D). Ki
at the hip trabecular ROI and pelvis also decreased for one of

these subjects (Fig. 4C, E). Ki increased at the lumbar spine in all

subjects in the TPT group (Fig. 4F).

There was a significant correlation between changes in Ki at

the hip cortical ROI and both PINP (r¼ 0.70, p¼ 0.008) and BSAP
Journal of Bone and Mineral Research 18F-PE
(r¼ 0.56, p¼ 0.046). No other significant correlations were

observed between changes in Ki and changes in BTMs.

Discussion

The purpose of this study was to investigate the role of 18F-PET as

an imaging biomarker of treatment efficacy at the clinically

important skeletal site of the hip. This is of particular interest

because of the recent acceleration of drugs being approved for

the treatment of osteoporosis. This study demonstrated that the

anabolic agent TPT is having a profound effect on bone as early

as 12 weeks from the initiation of therapy with highly significant

increases in regional bone formation, measured using 18F-PET, at

the hip, pelvis, and lumbar spine (Table 2, Fig. 3). Differences in

the magnitude of these increases were seen for different regions

within the hip and between the hip and both the pelvis

and lumbar spine, demonstrating significant heterogeneity in

response to treatment at different sites of the skeleton (Fig. 3).

Results from this study contribute significantly toward the

validation of the use of 18F-PET as a noninvasive imaging

biomarker of treatment efficacy at multiple sites of the skeleton.

In agreement with a previous single-arm study of postmeno-

pausal women with osteoporosis treated with TPT for 6 months

by the same authors,(23) percentage changes in Ki were greatest

at the hip (Table 2, Fig. 3). In a study by Moore and colleagues

using 99mTc-MDP bone scans to examine regional changes in

bone in response to teriparatide, greater increases in 99mTc-MDP

plasma clearance at the skull were observed compared with the

spine, and greatest visual increases in tracer uptake at the skull

and lower extremities on whole body bone scans.(30) Ki increased

at all hip sites in response to 12 weeks of teriparatide treatment,

ranging from 21% at the hip trabecular ROI to 51% for the hip

cortical ROI. Ki also increased at the pelvis (þ42.1%, p¼ 0.001)

and lumbar spine (þ17.8%, p¼ 0.001) (Table 2). An animal study

by Sato and colleagues of the effects of TPT on the proximal

femur also reported an increase in bone formation rate of 84%,

measured at the femoral neck cortex using conventional bone

histomorphometry, supporting the results obtained in the

present study showing that bone formation does increase

significantly in response to TPT at this skeletal site.(31) The reason

for a larger response, in terms of increase in Ki, in cortical regions

within the hip compared with those observed at other ROIs of

the hip, with a larger trabecular component, and at the purely

trabecular ROI within the lumbar vertebral body, may in part

be explained by the increase in intracortical and endocortical

bone surfaces seen after menopause and with aging.(6,32) In a

sophisticated study by Zebaze and colleagues using hrQCT, both

intracortical porosity and trabeculization of the cortex increased

with age, increasing the amount of intracortical surface exposed,

on which remodeling occurs.(6) Further data obtained using

postmortem femur specimens showed that in older women the

intracortical surface was larger than the trabecular surface in the

subtrochanteric region.(6) Because TPT stimulates bone forma-

tion through modeling, by direct apposition on endosteal and

periosteal surfaces and through endocortical and intracortical

remodeling, the availability of a large remodeling surface within

cortical bone along with the endocortical surface will increase
T AS A BIOMARKER OF TREATMENT EFFICACY AT THE HIP 1341
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Fig. 2. Median percent changes from baseline in bone turnovermarkersmeasured at 4, 12, 15, and 18weeks. Subjects in the TPT droup discontinued daily

TPT treatment at 12 weeks and did not receive any further treatment for the remainder of the study (shaded area). ap< 0.05 versus baseline using the

two-sided Wilcoxon signed rank test. bp< 0.05 TPT median % changes versus the control group calculated using the Mann-Whitney U test. (A) Serum

procollagen propeptide of type I collagen (PINP); (B) bone-specific alkaline phosphatase (BSAP); (C) osteocalcin (OC); (D) serum C-telopeptide of type I

collagen (sCTX).

Fig. 3. Mean percent change in regional bone formation (Ki) at the hip,

pelvis, and lumbar spine at 12 weeks. ap< 0.05 at 12 weeks versus

baseline calculated using the paired t test. bp< 0.05 TPT versus control

group using unpaired t test.
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bone formation rate at sites of predominantly cortical bone. The

increase in Ki observed at the pelvis was also large (þ42.1%) and

was greater than that observed at the total hip and femoral neck

(Table 2). This was unexpected, given the high proportion of

trabecular bone in the pelvis and in view of the general

observation of higher increases in Ki at sites of predominantly

cortical rather than trabecular bone. This could reflect the small

sample size because this study was not powered to detect

significant differences between skeletal sites in changes in Ki.

However, it could also reflect differences in anatomical structure

between the pelvis and proximal femur, the fact that the pelvis

consists of primarily low-density trabecular bone, and variations

in loading at the pelvis with load-induced stresses being up to

50 times higher in the cortical shell than in the underlying

trabecular bone.(33) The latter, combined with the known

synergistic effect of TPT treatment with loading,(34) could

indicate much of the increase in Ki at the pelvis is occurring

in cortical bone, although it is not possible to validate this

because of the limited spatial resolution of PET.
T AS A BIOMARKER OF TREATMENT EFFICACY AT THE HIP 1343



Fig. 4. Plots of the baseline to 12-week changes in Ki for the 13 individual subjects in the TPT group at the (A) total hip; (B) femoral neck; (C) hip trabecular

ROI; (D) hip cortical ROI; (E) pelvis; and (F) lumbar spine. The p values represent statistical significance of mean percent change from baseline calculated

using the paired t test.
A significant but modest increase in BMD was observed at the

lumbar spine (þ2.6%, p¼ 0.012) and total hip (þ0.9%, p¼ 0.012)

in response to TPT (Table 2). The early timing of the DXA scan

limits any useful comparison with other studies, but results from

the pivotal fracture trials of TPT showed that changes in areal

BMD are greatest at the lumbar spine, with only relatively modest

gains or even loss in BMD being seen at the hip.(35–38) As

observed in an earlier 6-month study of the effect of TPT

treatment at the lumbar spine,(23) there was a disparity between

the changes in regional bone formation and results from studies

of the effects of teriparatide on BMD at the spine and hip.(35–39)

The increases in BMD at the hip are relatively modest compared
1344 FROST ET AL.
with those observed at the lumbar spine.(35–39) These results

show that large changes in Ki, ie, an increase in bone formation at

the hip, do not necessarily translate into increases in bone

density, at least with TPT. The early net increase in Ki at the spine

is accompanied by a significant increase in lumbar spine BMD

(Table 2). This increase in BMD at the lumbar spine is consistent

with previous clinical trials of TPT.(39,40) The large early gains in

lumbar spine BMD in response to TPT has not been observed at

the hip or forearm, with evidence of a small decline in BMD

during the first 6 months of TPT or PTH 1–84 treatment.(35,40,41)

The diminished or lack of a response of BMD at the hip and other

long bones(42) is thought to be a consequence of the transient
Journal of Bone and Mineral Research



increase in cortical porosity that accompanies the increased rate

of remodeling with TPT.(31,43) This reduction in BMD is

compensated by direct endocortical and periosteal apposi-

tion(42,44) and increased trabecular bone volume.(45) These

competing factors of periosteal and endocortical apposition,

transient bone loss through intracortical bone remodeling and

increased trabecular bone volume, combined with any change in

hip BMD being confounded by changes in geometry,(44) results

in no change, a slight increase, or even a loss in hip BMD during

early treatment. This highlights the limitations of relying on bone

densitometric techniques alone, such as DXA or quantitative CT,

as a surrogate determinant of treatment efficacy, particularly at

sites of predominantly cortical bone and with anabolic agents,

such as TPT, which increase remodeling activity.

The early changes in Ki are consistent with the early changes

observed with BTMs in the large trials of TPT,(35,37) demonstrating

the early rapid and large rise in bone formation markers within

the first month of treatment and increases in bone resorption

occurring later at approximately 3 months, as observed in the

current study (Fig. 2). The rapid treatment offset effect found in

larger trials of TPT(46) was also observed with markers of bone

formation decreasing at 15 and 18 weeks after treatment

discontinuation at 12 weeks (Fig. 2). When the changes in BTMs

and Ki were compared, a significant correlation was only

observed between changes in Ki at the hip cortical ROI (TPT

group only) and changes in PINP (r¼ 0.70, p¼ 0.008) and BSAP

(r¼ 0.56, p¼ 0.046). The lack of a correlation between Ki at other

ROIs and BTMs is likely owing to the small sample size and the

fact that changes in BTMs reflect changes for the entire skeleton

and are likely to underestimate treatment response at skeletal

sites, which show large changes in response to a pharmacologi-

cal intervention. This further supports the use of 18F-PET because

it can be used to differentiate between the responses in

trabecular and cortical bone.

For 18F-PET to be used as a biomarker tool for the evaluation of

novel drugs, it must be demonstrated that Ki changes in

response to osteoporosis therapy in a predictable way according

to the known mechanism of action of the therapy.(1) Previous

studies have reported significant reductions in Ki at the lumbar

spine in postmenopausal women with low BMD treated with

the antiresorptive risedronate(22) and at the lumbar spine and

femoral neck in patients with glucocorticoid-induced osteopo-

rosis treated with alendronate.(24) Increases in Ki in response to

the anabolic treatment TPT have been observed in the current

randomized, controlled 12-week study and an earlier single-arm

study of the long-term (6 months) effect of TPT treatment at

the lumbar spine.(23) It must also be demonstrated that the

measurement parameter Ki is measuring a clinically relevant

biological process and that measurement precision is accept-

able. 18F-fluoride PET has been validated by direct comparison

with bone biopsy in one animal study(9) and one clinical study.(8)

Although small, results from these studies showed that Ki was

highly correlated with histomorphometric indices of bone

formation and mineral apposition rate,(8,9) which is consistent

with the known mechanism of uptake of fluoride ions in newly

forming hydroxyapatite crystals.(47) A study by the same authors

showed that the long-term precision of 18F-PET is approximately

13%.(11) The large changes in Ki observed in response to
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treatment combined with a long-term coefficient of variation

(CV) of 13% means that treatment efficacy can be assessed in a

relatively small number of subjects, making 18F-PET especially

suitable for pilot studies or an imaging substudy in larger trials

with BMD or fracture as the primary outcome. Furthermore,

unlike other imaging biomarkers in osteoporosis such as BMD by

DXA or QCT and trabecular microarchitecture measurements by

MRI or high-resolution pQCT, changes in response to therapy can

be measured within weeks rather than months or years.

In conclusion, this study demonstrates that 18F-PET can be

used as an imaging biomarker for determining treatment

efficacy at the hip and other skeletal sites, and at least for

anabolic agents, response to treatment can be assessed as early

as 12 weeks after initiation of therapy. 18F-PET offers important

advantages over conventional techniques including being

noninvasive and providing information on the effects of

treatment at clinically important skeletal sites. The precision of
18F-PET is comparable to that found for biochemical markers of

global bone metabolism, and this, combined with the large

changes observed in response to an anabolic agent, means that

treatment efficacy can be determined in a small number of

subjects. The measurement of treatment efficacy at the hip is

especially important because the loss of cortical bone in the

pathophysiology of osteoporosis-related fractures, particularly

after the age of 60 years, is increasingly being recognized. This

shift of focus from trabecular to cortical bone is also likely to

change treatment decision making, with different therapeutic

interventions being targeted according to the age of the patient,

and will also lead to the acceleration of the development of

bone-active agents that target cortical bone specifically.
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