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ABSTRACT
Teriparatide increases skeletal mass, bone turnover markers, and bone strength, but local effects on bone tissue may vary between

skeletal sites. We used positron emission tomography (PET) to study 18F-fluoride plasma clearance (Ki) at the spine and standardized

uptake values (SUVs) at the spine, pelvis, total hip, and femoral shaft in 18 postmenopausal women with osteoporosis. Subjects

underwent a 1-hour dynamic scan of the lumbar spine and a 10-minute static scan of the pelvis and femurs at baseline and after

6 months of treatment with 20mg/day teriparatide. Blood samples were taken to derive the arterial input function and lumbar spine Ki
values evaluated using a three-compartment model. SUVs were calculated for the spine, pelvis, total hip, and femoral shaft. After

6 months treatment with teriparatide, spine Ki values increased by 24% (p¼ .0003), while other model parameters were unchanged

except for the fraction of tracer going to bone mineral (k3/[k2þ k3]), which increased by 23% (p¼ .0006). In contrast to Ki, spine SUVs

increased by only 3% (p¼ .84). The discrepancy between changes in Ki and SUVs was explained by a 20% decrease in 18F� plasma

concentration. SUVs increased by 37% at the femoral shaft (p¼ .0019), 20% at the total hip (p¼ .032), and 11% at the pelvis (p¼ .070).

Changes in bone turnover markers and BMD were consistent with previous trials. We conclude that the changes in bone formation rate

during teriparatide treatment as measured by 18F� PET differ at different skeletal sites, with larger increases in cortical bone than at

trabecular sites. � 2011 American Society for Bone and Mineral Research.
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Introduction

The last 20 years have seen the development of a series of

increasingly potent new treatments for the prevention of

osteoporotic fractures.(1–8) Generally, these can be divided into

two types: (1) antiresorptive treatments such as bisphospho-

nates(1,2,4,6,7) that bring about a prompt decrease in biochemical

markers of bone resorption followed a few months later by a

reduction in bone formation markers(9) and (2) anabolic agents

(currently only parathyroid hormone)(5,10) that bring about a

prompt increase in bone formation followed a fewweeks later by

an increase in bone resorption.(11)

Many modern treatments for osteoporosis have a profound

effect on bone remodeling, and studies of bone turnover have an

important role in the evaluation of their effect on bone

quality.(12–16) Bone biopsy with double tetracycline labelling is

considered the gold standard for the direct assessment of bone

turnover activity, but it is complex, invasive, and costly, and

restricted to a single site, the iliac crest.(13–16) The most

commonly used and practical method is the measurement of

bone turnover markers (BTMs) in serum and urine, which have

the advantage of a large and rapid response seen in patients

commencing treatment for osteoporosis.(9,11)

Because BTMs provide information on the integrated response

across the whole skeleton, they cannot provide insight into the

changes that occur at specific sites such as the spine or hip or

differentiate between the responses in trabecular and cortical

bone. Radionuclide imaging provides a novel method of

studying regional bone metabolism.(17) One of the most widely

used techniques is 18F-fluoride positron emission tomography

(18F� PET) analyzed using the method described by Hawkins

et al.(18–23) In the Hawkins method, the bone time-activity curve
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and the arterial tracer input function are analyzed using a three-

compartment model to derive the regional bone plasma

clearance (Ki: units mL min�1 mL�1).

Bone plasma clearance quantifies the rate of 18F� uptake into

bone tissue in terms of its concentration in plasma, providing a

measurement that is responsive to changes in bone blood flow

and osteoblastic activity.(17) Plasma clearance is widely used to

study organ function, such as the use of glomerular filtration rate

(defined as the renal plasma clearance of inulin) to measure

kidney function. The use of bone plasma clearance measured

using 18F� PET to study bone formation was validated in two

reports that found high correlations between the bone kinetic

parameters obtained using 18F� PET and histomorphometric

indices of bone formation and mineral apposition rate.(24,25) A

simpler method of quantifying radionuclide studies that avoids

the need to take blood samples to find the plasma concentration

is to measure the uptake in the organ being studied. An example

is the gamma camera method of measuring the skeletal uptake

of 99mTc-methylene diphosphonate (99mTc-MDP) described by

Brenner et al.(26) For 18F� PET studies, an equivalent measure-

ment of bone uptake is provided by standardized uptake values

(SUVs), which normalize the concentration in the bone region of

interest for injected activity and body weight (SUV¼mean kBq/

mL x body weight [kg]/injected activity [MBq]).(27)

The only previous studies that used 18F� PET to examine the

regional effects of an osteoporosis treatment were a report by

Frost et al.(21) on the effect of risedronate on bone turnover at the

lumbar spine and a study by Uchida et al.(27) on the effects of

alendronate on bone metabolism at the spine and femoral neck

in glucocorticoid-induced osteoporosis. To date, no studies of an

anabolic agent have been reported. Recombinant parathyroid

hormone fragment rhPTH(1-34) (teriparatide) is an anabolic

therapy approved for use in women and men with osteoporosis

at high risk for fracture(5,28) that preferentially stimulates

osteoblast over osteoclast activity, resulting in new bone

formation and large increases in the rate of bone remodeling

as measured by BTMs and bone histomorphometry.(11–16)

In this study, 18F� PET imaging was used to assess the impact

of teriparatide on regional bone metabolic response at the

lumbar spine, pelvis, and proximal femur. The primary aims of

the study were to evaluate the effect of 20mg/day teriparatide

on 18F� plasma clearance at the lumbar spine in postmenopausal

women with osteoporosis and compare the effects of teripara-

tide treatment on SUVs at the spine, pelvis, hip, and femoral

shaft. Additional aims were to examine the correlations between

changes in 18F� plasma clearance with changes in BTMs and

BMD changes at the spine and hip.

Materials and Methods

Subjects

We recruited 20 postmenopausal women (mean age 65 years,

range 52–77) who had a BMD T-score of�2.5 or less at the spine

or hip and had osteoporosis as defined by World Health

Organization (WHO) criteria.(29) None of the women had

previously received any treatment for osteoporosis, and none

had any other disease that affected bone metabolism. Routine

laboratory tests of serum calcium, albumin-corrected calcium,

alkaline phosphatase (ALP), phosphate, parathyroid hormone

(PTH) and 25-hydroxy vitamin D were performed at baseline, and

all except PTH and vitamin Dwere repeated at 1-, 3- and 6-month

follow-up visits. Dynamic 18F� PET scans of the lumbar spine

followed by static scans of the pelvis and both upper femurs

were performed at baseline and at 6 months. Subjects

commenced treatment with 20mg/day teriparatide by sub-

cutaneous self-injection starting the day after their first PET scan

and continued for 6 months. The women also received daily

calcium (600–1200mg) and vitamin D (400–800 IU) for the

duration of the study. Compliance with teriparatide treatment

was assessed by measuring the residual volume in the injection

pens. Informed written consent was obtained from all

participants and the local Research Ethics Committee approved

the study.

Measurements of BMD and biochemical markers of bone
turnover

Dual-energy X-ray absorptiometry (DXA) BMD measurements at

the lumbar spine (L1-L4), femoral neck, and total hip were

performed using a Hologic Discovery (Hologic, Bedford, MA,

USA) at the baseline and 6-month visits. The long-term precision

was 1.6% for spine, 2.5% for femoral neck, and 1.6% for total hip

BMD.(30)

Blood and urine samples for BTMmeasurements were taken at

baseline, 1 month, 3 months, and 6months and were collected at

the same time of day at each visit. Serum bone-specific alkaline

phosphatase (bone ALP) and serum procollagen propeptide of

type 1 collagen (PINP) were measured as markers of bone

formation. Serum cross-linked C-telopeptide of type-I collagen

(sCTX) and fasting measurements of urinary cross-linked N-

telopeptide of type-I collagen normalized to creatinine (uNTX/Cr)

were used as markers of bone resorption. Bone ALP was

measured by paramagnetic particle immunoassay (Access 2,

Beckman Coulter, Brea, CA, USA) with an interassay coefficient of

variation (CV) of 5.2%. PINP was measured by electrochemilu-

minescent immunoassay (Roche Elecsys, Roche Diagnostics,

Basel, Switzerland; interassay CV: 3.7%). sCTX was measured by

electrochemiluminescent immunoassay (Roche Elecsys, Roche

Diagnostics), with an interassay CV of 4.0%. uNTX was expressed

as a ratio to urinary creatinine (uCr), which was measured by dry-

slide chemistry (Vitros 250, OrthoDiagnostics, Rochester, NY,

USA; interassay CV: 5.9%). Samples were stored at �708C and all

samples collected from each individual subject were analyzed in

the same batch.

PET image acquisition and analysis

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

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

15-cm axial field of view. Subjects were positioned supine with

four lumbar vertebrae (L1–L4) in the field of view, and CT images

were acquired for attenuation correction. After an intravenous

injection of 90 MBq of tracer, a 60-minute dynamic scan

consisting of twenty-four 5-second, four 30-second, and fourteen

240-second time frames was begun simultaneously with the

bolus injection. At the end of the dynamic scan, two 5-minute
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static scans of the pelvis and upper femurs with a total field of

view of 30 cm were acquired, starting 65minutes after injection

of tracer and together with CT images for attenuation correction.

All activity measurements were corrected for radioactive

decay to the time of injection. Regions of interest (ROI) in the

lumbar spine were defined by summing the final twelve 240-

second dynamic frames and placing an elliptical ROI within each

vertebral body, avoiding the end-plates and disk space, to

generate bone time-activity curves (units: kBq/mL). The final

lumbar spine time-activity curve for each subject was produced

by averaging results for the four individual vertebral bodies. The

bone time-activity curve was also normalized for injected activity

and the subject’s body weight to produce dynamic curves of the

mean standardized uptake value (SUVmean) in the bone ROI

between 10 and 60minutes after tracer injection.

The static PET scans of the pelvis and upper femurs were

analyzed to obtain values of SUVmean in four ROI: (1) a 60-mm

section of cortical bone in the upper femoral shaft measured

from just below the lesser trochanter; (2) 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;(31) (3) the whole of the pelvis; and (4)

trabecular bone in the fifth lumbar vertebra (L5). SUV figures for

L5 were obtained in the same way as those for L1–L4, by placing

an elliptical ROI within the vertebral body. SUV figures for the

pelvis and proximal femur were obtained by using the CT image

to identify the bone and define ROIs for the right- and left-upper

femoral shaft, the right and left total hip, and the pelvis, which

were then mapped onto the PET image. SUVs were calculated

separately for the right and left sides of the proximal femur

before averaging.

Arterial plasma input function

To obtain measurements of 18F� skeletal plasma clearance, the

arterial input function is required. Venous blood samples were

taken at 2, 4, 10, 20, 30, 40, 50, and 60minutes after tracer

injection, whole blood samples were centrifuged, and the

plasma concentration of 18F� (units: kBq/mL) measured using a

well counter that was cross-calibrated daily with the PET scanner

using 68Ge standards. The input function was estimated using a

semi-population curve method based on direct arterial sampling

in 10 postmenopausal women studied by Cook et al.(20) Cook

showed that for 18F� the tracer concentrations in arterial and

venous blood are equal by 30minutes after injection. A single

exponential was fitted to the 30, 40, 50 and 60-minute venous

plasma concentrations to define the terminal exponential for the

0- to 60-minute dynamic scan. Venous data for the 10 women

studied by Cook were analyzed in the same way, and

the terminal exponential was subtracted from the full arterial

curve measured by direct sampling to define the residual

curve representing the bolus peak and sum of the early fast

exponentials. The residual curves in the 10womenwere adjusted

so the times of peak activity concentration were coincident and

averaged to define the mean population residual curve. 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 to the time determined from an ROI drawn on the

dynamic scan over the aorta, the scaled and time-adjusted

population residual was added to the individual’s terminal

exponential curve to obtain the 0- to 60-minute arterial input

function used for kinetic analysis (Fig. 1).

18F-fluoride kinetic analysis

The data from the PET dynamic spine scan were processed using

the three-compartment model described by Hawkins et al. to

estimate the 18F� bone plasma clearance to the lumbar vertebral

bodies (Fig. 2).(18) In the Hawkins model, the rate constant

K1 describes the plasma clearance of tracer to the bone

extravascular (bone ECF) compartment, k2 the reverse transport

of tracer from the bone ECF back to plasma, k3 the forward

transport from bone ECF to the bone mineral compartment, and

k4 the reverse flow. The parameter Ki, representing the plasma

clearance to the bone mineral compartment, is calculated from

the following equation:

Ki ¼ K1 � k3=ðk2 þ k3ÞmLmin�1mL�1 (1)

SUVs provide amodel independent method of evaluating 18F�

skeletal kinetics.(22) For this purpose, the SUV data for the last 2

time frames of the dynamic study (52–60minutes) were

averaged to calculate the end-of-study spine SUVmean. SUVs at

65–75minutes for the upper femoral shaft and total hip sites

(mean of left and right sides), the pelvis, and L5 were taken from

the analysis of the static PET scans.

Fig. 1. Derivation of the 18F� arterial plasma input function by a semi-

population method after fitting a single exponential to the 30-, 40-, 50-,

and 60-minute venous blood measurements in each subject. The full

plasma input function is obtained by adding a curve representing the

bolus peak and fast exponentials derived from continuous arterial

sampling in 10 postmenopausal women studied by Cook et al scaled

for injected activity.(20) The time of peak concentration was set from the

time-activity curve of a region of interest (ROI) drawn over the aorta of the

dynamic spine scan. Venous blood points at 2 and 4minutes lie below the

arterial curve because venous and arterial bloods do not reach equili-

brium until 30minutes after injection.
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Statistical analysis

Baseline characteristics of the study population were expressed

as the mean and standard deviation (SD). The changes in BMD

and BTMs and measures of 18F� skeletal tracer kinetics were

expressed as the percentage change from baseline and, after

testing for normality, parametric or nonparametric tests were

used accordingly. Changes that passed the tests for normality

were expressed as the mean and SD and evaluated using the

paired Student t-test. Otherwise, the changes were expressed by

themedian and interquartile range (IQR) and evaluated using the

Wilcoxon signed rank test. Correlations between changes in the

bone kinetic parameters and changes in BMD and BTMs were

assessed using the Spearman rank correlation test. Changes in

the curves of 18F� plasma concentration and lumbar spine SUVs

against time between the baseline and 6-month PET scans were

assessed using a two-way repeated-measures analysis of

variance (ANOVA) test.(32) A p value of .05 or less was considered

statistically significant.

Results

Study Population

Baseline characteristics of the twenty women who participated

in the study are shown in Table 1. The subjects were all

postmenopausal, with a mean time since menopause of 17.7

years (range 2 to 33 years). The women all had osteoporosis at

the spine and/or hip, with a minimum T-score at the spine (L1–

L4), femoral neck, or total hip sites between �2.5 and �4.1. Six

out of twenty women (30%) had previously sustained a low-

trauma fracture, although these all occurred a minimum of

12 months before the baseline scan and none affected the
18F� uptake. Serum calcium, albumin corrected calcium, serum

phosphate, alkaline phosphatase, and PTH levels were within

normal limits for all subjects. Biochemical markers of bone

turnover at baseline were within the range expected for

postmenopausal women. Compliance with teriparatide treat-

ment over the 6-month period averaged 96% (range 70 to 104%).

Bone Density Measurements and Biochemical Markers
of Bone Turnover

The final follow-up studies were performed 6.0 months (range

5.5 to 6.4 months) after the baseline visit. The mean percentage

changes (SD) in BMD at the lumbar spine, femoral neck, and total

hip at 6 months were þ5.6 (5.4) % (p¼ .0002), �1.3 (3.8) %

(p¼ .13) and -0.6 (2.4) % (p¼ .27), respectively (Table 2). After

6 months of teriparatide treatment, there were highly statistically

significant increases in serum PINP, bone ALP, sCTX, and uNTX/

creatinine ratio (Fig. 3, Table 2). Some of the bone markers also

showed statistically significant changes at the 1- and 3-month

time points. Concentrations of serum ALP showed median

percent changes (IQR) from baseline ofþ4.9% (-4.9% – 15.5%) at

1 month (p¼ .28),þ16.1% (2.2% – 19.0%) at 3 months (p¼ .022)

and þ28.7% (6.8% – 44.6%) at 6 months (p¼ .0009).

Quantitative Measurements of Bone Metabolism using
18F-Fluoride

Baseline and follow-up 18F� PET studies were available for a total

of 18 women. Measurements of the 18F� plasma clearance to the

bone mineral compartment of the lumbar vertebral bodies

showed a highly significant change from baseline with a mean

percentage increase (SD) of 23.8% (22.4%) (p¼ .0003) (Fig. 4A,

Table 2). Mean values of the other kinetic parameters of the

three-compartment model before and after teriparatide treat-

ment and their statistical significance are listed in Table 2. Apart

from Ki, the only other statistically significant change was in the

ratio k3/(k2þ k3), representing the fraction of tracer in the bone

ECF compartment going to bone mineral, which increased by

23% from 0.33 to 0.40 (p¼ .0006).

In contrast to the highly significant changes in spine plasma

clearance measured by Ki, the changes in bone uptake as

measured by the SUVs at the end of the 60-minute dynamic

study were not significantly different from zero (Fig. 4B, Table 2).

The mean percent change (SD) in SUVs from baseline wasþ3.0%

(15.9%) (p¼ .84). A plot of the change in 18F� plasma

concentration from 10 to 60minutes after injection showed

that the 3% change in SUVs was explained by the combined

effects of the 24% increase in plasma clearance, with a 20%

decrease in 18F� plasma concentration (Fig. 5A). The two-way

repeated-measures ANOVA of the 18F� plasma data showed a

highly significant treatment effect (p¼ .0004) with no evidence

of an interaction term between treatment and time (p¼ .10)

(Fig. 5A). A similar analysis of the 10- to 60-minute SUV curves

showed no evidence of any treatment effect (p¼ .72) and no

interaction term (p¼ .98) (Fig. 5B).

Fig. 2. Three-compartment 4k bone kinetic model described by Hawkins

et al. for the analysis of 18F-fluoride PET dynamic bone studies.18 See

text for description of rate constants. Red cells¼ red blood cells;

ECF¼ extracellular fluid.

Table 1. Demographics and Baseline Characteristics (N¼ 20)

Characteristic Mean� SD

Normal

Range

Age (years) 65.3� 8.2 ----

Years Postmenopausal 17.7� 9.1 ----

Body Mass Index (kg/m2) 24.6� 3.3 ----

Number with Prevalent Fractures 6/20 (30%) ----

Lumbar Spine T-score �3.0� 0.7 ----

Femoral Neck T-score �2.0� 0.6 ----

Serum Calcium (mmol/L) 2.4� 0.1 2.15 – 2.55

Corrected Calcium (mmol/L) 2.4� 0.1 2.15 – 2.55

Serum Phosphate (mmol/L) 1.2� 0.1 0.9 – 1.4

Serum Alkaline Phosphatase (AP) (U/L) 75� 13 35 –129

Parathyroid Hormone (ng/L) 37 �15 10 – 65

25-Hydroxy Vitamin D (nmol/L) 62� 19 > 60

SD, standard deviation. Normal ranges are from Guy’s & St Thomas NHS

Trust Clinical Chemistry Department
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SUVs for L5 measured from the static PET scan confirmed the

finding from the dynamic spine scan that there was no

significant change in figures for trabecular bone in the vertebral

bodies (Table 2). In contrast, SUVs for cortical bone in the femoral

shaft increased by 36.9% (p¼ .0019) (Fig. 4C), and these changes

were statistically significantly larger than those measured at the

lumbar spine on the dynamic scan (p¼ .005). Changes in SUVs in

the total hip and pelvis were intermediate between those seen in

the femoral shaft and lumbar spine, with average increases of

19.8% for the total hip site (p¼ .032) (Fig. 4D) and 11.1% for the

pelvis (p¼ .070) (Table 2).

The Spearman rank correlation coefficients between changes

in spine plasma clearance and changes in BTMs after 6 months of

teriparatide therapy are shown in Table 3. None of the four

correlations were statistically significant, with p-values ranging

between .34 and .87. In contrast, 4 out of 6 correlations between

the changes in PINP, bone BSAP, uNTX, and sCTX were

statistically significant (p< .05). The Spearman correlation

coefficient between the changes in spine plasma clearance

and the BMD changes were not significant for the spine

(R¼ 0.253; p¼ .31), femoral neck (R¼�0.238; p¼ .34) or total hip

sites (R¼�0.364; p¼ .14).

Discussion

This study used 18F� PET imaging to evaluate the effects of

teriparatide treatment on bone metabolic response and to

examine the changes at a cortical bone site in the femoral shaft

and trabecular bone in the spine. Although bone biopsy is the

only method capable of demonstrating changes in bone

microarchitecture, its use is restricted to the iliac crest. BTMs

are an important means of obtaining information on changes in

bone resorption and bone formation, but the findings reflect the

integrated response across the whole skeleton. Radionuclide

imaging studies give a unique method of studying bone

turnover that is specific to the skeletal ROI chosen for study.

Dynamic 18F� PET imaging of bone is restricted by the 15-cm

axial field of view of the scanner, but after completion of a

dynamic scan to measure regional plasma clearance at a single

site such as the lumbar spine, a series of spot views can be

obtained to examine SUVs at any number of additional sites.

In the present study, dynamic PET scans of the lumbar spine

showed a 24% increase in 18F� plasma clearance after 6 months

of treatment with teriparatide. Radionuclide tracers such as 18F�

bind to newlymineralizing bone, thus serving as markers of bone

blood flow and osteoblastic activity.(17) The mechanism of

uptake in bone is the deposition of fluoride ions in newly forming

hydroxyapatite crystals at sites of bone formation, and hence the

component of bone turnover being measured by 18F� imaging is

osteoblastic activity. Equation 1 shows that the value of Ki can

change in response to a change in bone blood flow (K1) or a

change in the fraction of tracer entering the bone ECF

compartment going to bone mineral (k3/[k2þ k3]), or both.

The results of the present study showed no change in K1 but a

23% increase in k3/(k2þ k3), suggesting that the primary effect of

Table 2. Mean 18F-fluoride Kinetic Parameters, Bone Turnover Markers, and BMD at Baseline and After 6 Months Treatment With

Teriparatide

Baseline mean (SD) 6 months mean (SD) Mean % change (SD)a p Valueb

Dynamic spine scan

Ki (mLmin�1 mL�1) 0.035 (0.009) 0.043 (0.010) þ23.8 (22.4) % .0003

K1 (mLmin�1 mL�1) 0.106 (0.013) 0.108 (0.026) þ1.8 (18.9) % .65

k2 (min�1) 0.382 (0.229) 0.357 (0.185) þ8.3 (52.9) % .63

k3 (min�1) 0.177 (0.078) 0.229 (0.093) þ52.5 (81.7) % .069

k4 (min�1) 0.011 (0.004) 0.011 (0.004) þ21.1 (68.2) % .76

k3/(k2þ k3) 0.332 (0.074) 0.403 (0.094) þ23.4 (22.7) % .0006

SUVmean Spine (L1-L4) 5.66 (1.09) 5.70 (0.79) þ3.0 (15.9) % .84

Static hip scan

SUVmean Spine (L5) 6.92 (2.12) 6.80 (2.53) �1.9 (15.5) % .69

SUVmean Femoral shaft 2.07 (0.64) 2.77 (1.02) þ36.9 (40.3) % .0019

SUVmean Total hip 2.49 (0.93) 2.93 (1.22) þ19.8 (27.2) % .032

SUVmean Pelvis 3.71 (1.14) 4.11 (1.49) þ11.1 (20.7) % .070

Bone turnover markers

Bone ALP (ngmL�1) 10.0 (3.9) 20.2 (12.4) þ76.4% (28.1–152%) .0009

PINP (ngmL�1) 44.3 (19.3) 205.0 (138.3) þ258% (130–386%) .0003

sCTX (ngmL�1) 0.199 (0.141) 0.581 (0.525) þ218% (85–500%) .0005

uNTX (nmol BCE/mmol Cr) 70.6 (27.6) 112.0 (72.3) þ35.7% (6.1–123.0%) .007

DXA BMD

Spine BMD (g cm�2) 0.716 (0.078) 0.755 (0.080) þ5.6 (5.4) % .0002

Femoral neck BMD (g cm�2) 0.629 (0.067) 0.621 (0.066) �1.3 (3.8) % .13

Total hip BMD (g cm�2) 0.738 (0.068) 0.734 (0.070) �0.6 (2.4) % .27

aResults are mean and SD of the percentage change from baseline for individual subjects except for bone turnover markers which are the median and

interquartile range
bP values calculated using a paired t-test apart from bone turnover markers, which were calculated using the Wilcoxon signed rank test.
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teriparatide treatment was an increase in the density of sites for

tracer deposition in the bone mineral compartment, consistent

with increased osteoblastic activity. This interpretation of the

results is supported by two studies that examined the relation-

ship between Ki and bone histomorphometry and reported high

correlations with histomorphometric indices of bone formation

and mineral apposition rate but not with other indices.(24,25)

In contrast to the findings presented here for teriparatide,

Frost et al. reported an 18% decrease in Ki values at the lumbar

spine in 18 postmenopausal women treated with risedronate for

6 months.(21) As in the present study, bone blood flow was

unchanged, and the decrease in Ki was explained by an 18%

decrease in k3/(k2þ k3). In the only other study we are aware of

that used 18F� PET to examine the regional effects of an

osteoporosis therapy, Uchida et al. reported a 14% decrease in

SUVs at the spine and a 24% decrease at the femoral neck in 24

postmenopausal women treated with alendronate for 12months

for glucocorticoid-induced osteoporosis.(27)

In the present study, although there was a highly significant

change in 18F� plasma clearance at the lumbar spine, SUVs at this

site were almost unchanged. The 3% increase in SUVs after

6 months of treatment with teriparatide was explained by the

24% increase in spine plasma clearance being almost canceled

by a 20% decrease in 18F� plasma concentration. Unlike the

response to treatment shown by plasma clearance measure-

ments, which solely reflect the physiological changes occurring

at the chosen ROI, SUVs are a type of uptake measurement, and

the changes observed are influenced by the fact there is only a

finite amount of tracer available that has to be shared between a

large number of competing sites, including bone, kidneys, soft

tissue, and the vascular system. Therefore, the local changes in

SUVs are affected by the competition for the available tracer

across the entire body, including the rest of the skeleton.(33)

If the skeletal effects of teriparatide led to the same

percentage increase in regional plasma clearance values across

the whole skeleton, one would expect the change in spine Ki to

be partly explained by an increase in SUVs and partly by a

decrease in 18F� plasma concentration, with the latter reflecting

the larger proportion of the injected dose being laid down in

bone in response to treatment. A 24% increase in Ki values in the

spine with no change in SUVs suggests that the skeletal effects of

teriparatide must differ at different sites, with the small or absent

change in SUVs at the spine explained by greater increases in Ki
at other sites in the skeleton, which take up more of the injected

dose, leaving less available for uptake in the spine.

Independent evidence that the skeletal effects of teriparatide

treatment vary at different sites was reported by Moore et al.,

who found greater visual increases in uptake at the skull and

lower extremities on whole-body 99mTc-MDP bone scans and

four-times-larger increases in 99mTc-MDP plasma clearance at the

Fig. 3. Median percent changes from baseline of the bone turnover markers after 1, 3 and 6 months of teriparatide. Error bars show the interquartile

range. P-values are calculated using the two-sided Wilcoxon signed rank test. (A) Serum procollagen propeptide of type 1 collagen (PINP); (B) serum

bone-specific alkaline phosphatase (BSAP); (C) urinary cross linked N-telopeptide of type-1 collagen normalized to creatinine (uNTX/Cr); (D) serum

cross-linked C-telopeptide of type 1 collagen (CTX).
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calvarium than at the spine.(34) The present study also found

direct evidence for differences in the skeletal effects of

teriparatide at different sites, with a 37% increase in SUVs at

the femoral shaft compared with a 20% increase at the total hip

site, and an 11% increase at the pelvis but only 3% for the spine.

Unfortunately, it is not possible to infer the exact changes in Ki
from those in SUVs, since the relationship depends on factors

such as the relative contribution to SUVs of tracer in the bone ECF

compartment, as well as any differences in the regional value of

k4, and these can only be investigated by performing dynamic

scans. Assuming these factors are similar for different sites, the

predicted increase in Ki values would be 34% for the pelvis, 44%

for the total hip, and 65% for the femoral shaft, compared with

the 24% increase found at the spine.

Perhaps the most interesting finding of the present study was

the difference in SUV changes between the trabecular bone site

in the spine and the cortical site at the femoral shaft. Results for

the total hip site and the pelvis were intermediate between the

spine and femoral shaft and can be explained by the mix of

cortical and trabecular bone at these two ROI. An anabolic effect

of teriparatide on human cortical bone was previously reported

from bone biopsy studies,(13,14,16) although these were based on

bone samples taken from the iliac crest and not all histology

studies have shown such a pronounced effect on cortical

bone.(15)

There is a striking disparity between the present findings and

the results of bone densitometry studies of the effects of

teriparatide treatment at the spine and proximal femur.(5,35–38)

DXA scan results from the present study are consistent

with earlier findings from clinical trials that showed large

increases in lumbar spine BMDwith more modest changes at the

hip.(5,35,36) Results of total-body DXA scans, which are sensitive to

Fig. 4. Plots of the baseline to 6-month changes in individual subjects of: (A) Net 18F-fluoride lumbar spine plasma clearance (Ki) measured using

the Hawkins model; (B) Lumbar spine standardized uptake values (SUVs) (52–60minutes); (C) Femoral shaft SUV (65–75minutes); (D) Total hip SUV

(65–75minutes).
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the treatment effects on cortical bone across the whole

skeleton, also showed only a small increase in total body

bone mineral content.(5,35) Studies using quantitative computed

tomography (QCT) are a particularly sensitive means of

comparing the effects of teriparatide treatment on BMD at

trabecular and cortical bone sites in the spine and hip. The results

show a large treatment effect on trabecular bone at the spine, a

smaller effect on trabecular bone at the hip, and modest or

absent effects on BMD in cortical bone, especially the hip.(36–38)

There have been fewer studies of the effect of teriparatide

on cortical bone sites in long bones. Zanchetta et al. used

peripheral QCT to study the nondominant distal radius and

found increases in cortical bone mass and cross-sectional

moment of inertia.(39) In contrast, a study of subjects from the

Fracture Prevention Trial using DXA hip structure analysis (HSA)

showed only modest improvements at the femoral neck and

intertrochanteric sites, with no change at the femoral shaft.(40)

The present results imply that that changes in bone density

at different skeletal sites do not relate in any simple manner to

the changes in Ki and suggest that large increases in bone

formation rate may not necessarily translate into increases in

bone density.

The principal limitation of this study is the lack of dynamic PET

scan data at the hip to directly measure the effects of teriparatide

treatment on bone plasma clearance at the femoral neck, total

hip, and femoral shaft sites. Although it is a reasonable inference

from the SUV measurements that the changes in Ki in cortical

bone at the hip will be greater than at the spine, this requires

verification by dynamic PET scans of the hip. Another limitation is

that the present study did not include a control group.

Antifracture trials show that treatment with calcium and vitamin

D alone has a mild antiresportive effect,(2–4,6,7) and it is possible

that this may have slightly blunted the anabolic effects of

teriparatide reported in the present study.

In summary, we have used 18F� PET imaging to examine the

anabolic effects of teriparatide treatment on the rate of bone

formation at both trabecular and cortical sites. After 6 months of

treatment with teriparatide there was a 24% increase in 18F�

plasma clearance to bone mineral at the lumbar spine, with no

significant changes in the other parameters of the three-

compartment model except for the fraction of tracer going from

the bone ECF compartment to bone mineral. In contrast to spine

Ki values, SUVs, a measurement of bone uptake, increased by

only 3%. This finding implies that the response to teriparatide

varies between skeletal sites, with some sites showing

considerably larger changes in plasma clearance compared

with the spine. Measurements of SUVs in cortical bone in the

femoral shaft showed a 37% increase at this site, which was

statistically significantly greater than in the spine. Intermediate

results were found for the pelvis and total hip sites. The SUV

findings imply that treatment with teriparatide brings about

larger percentage changes in bone formation in cortical bone

Table 3. Spearman Rank Correlation Coefficients Between Changes in Ki and Changes in Bone Turnover Markers After 6 Months of

Teriparatide Therapy

PINP Bone BSAP uNTX sCTX

Ki 0.046 (p¼ .87) 0.124 (p¼ .65) 0.187 (p¼ .52) 0.256 (p¼ .34)

PINP – 0.873� (p< .0001) 0.780� (p¼ .0010) 0.503� (p¼ .040)

Bone BSAP – – 0.718� (p¼ .0026) 0.271 (p¼ .28)

uNTX – – – 0.443 (p¼ .098)

�p< .05 (two-tailed test)

Fig. 5. (A) Plot of mean 18F-fluoride venous plasma concentrations at 10, 20, 30, 40, 50, and 60minutes after injection plotted as the percentage of injected

dose per liter. 18F activity has been corrected for radioactive decay. The two curves show the data at baseline and after 6 months of treatment with

teriparatide. (B) Plot of mean lumbar spine standardized uptake values (SUVs) measured at 4-minute intervals (8–12; 12-16; 16–20; 20–24; 24–28; 28–32;

32–36; 36–40; 40–44; 44–48; 48–52; 52–56; 56–60min). The two curves show the data at baseline and after 6 months of treatment with teriparatide. Curves

were analyzed using a repeated-measures ANOVA.(32)

EFFECT OF TERIPARATIDE ON REGIONAL BONE FORMATION Journal of Bone and Mineral Research 1009



than in trabecular bone and are at striking odds with the

published findings from bone densitometry.
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