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Context: Biochemical markers of bone turnover may reflect bone
structure during anabolic treatment.

Objective: The objective was to evaluate associations between
changes in biochemical markers and structural and dynamic bone
parameters during teriparatide treatment.

Design: This study was a randomized, multicenter, double-blind,
placebo-controlled fracture prevention trial, with 20-month median
treatment duration for biopsy subset.

Setting: The trial was conducted at 11 clinical study sites.

Patients: Sixty-one postmenopausal women with osteoporosis who
had paired transiliac biopsy specimens participated in the study.

Interventions: Once-daily sc injections of either placebo or teripa-
ratide (20 or 40 �g) were administered.

Main outcome measures: The study measured: 1) serum and uri-
nary biochemical markers of bone formation [bone alkaline phospha-
tase and procollagen I C-terminal propeptide (PICP)] and resorption

(N-telopeptide and deoxypyridinoline); and 2) structural and dynamic
analyses of bone biopsies, including two-dimensional (2D) histomor-
phometry and three-dimensional (3D) micro-computed tomography
evaluations measured at baseline (n � 57) and 12 (n � 21) or 22 (n �
36) months.

Results: U-N-telopeptide/creatinine and serum-PICP correlated
with bone structure and dynamic indices at baseline, respectively.
Changes in bone alkaline phosphatase at 1 month correlated with
changes at 22 months in 2D wall thickness (r � 0.73; P � 0.001),
trabecular bone volume (trabecular bone volume per total volume,
BV/TV) (r � 0.58; P � 0.05), marrow star volume (r � �0.51; P � 0.05);
3D trabecular thickness (r � 0.49; P � 0.05), and BV/TV (r � 0.54; P �
0.05). Changes in PICP at 1 month correlated with changes in wall
thickness (r � 0.60; P � 0.01), and 2D BV/TV (r � 0.51; P � 0.05) at
22 months. Changes in markers at 6 or 12 months were not associated
with changes in structural or dynamic parameters.

Conclusions: Early (1-month) changes in biochemical markers of
bone formation, but not resorption, correlated with improvements in
bone structure after 22 months of teriparatide therapy. (J Clin En-
docrinol Metab 90: 3970–3977, 2005)

TERIPARATIDE (RECOMBINANT DNA origin) injec-
tion [recombinant human PTH (1–34)] is a bone-form-

ing agent for the treatment of osteoporosis. In the Fracture
Prevention Trial (FPT), daily self-injections of teriparatide (20
and 40 �g) reduced the risk of new vertebral and nonver-
tebral fractures by 65 and 53%, respectively, in postmeno-
pausal women with advanced osteoporosis (1). In the same
trial, a mean treatment time of 18 months of teriparatide
therapy stimulated both trabecular and cortical bone forma-
tion, resulting in increased trabecular bone volume and con-

nectivity, improved trabecular morphology with a shift to-
ward a more plate-like structure, and increased cortical bone
thickness (2). These changes in bone structure constitute a
reversal of osteoporotic bone structural changes and may
explain the reduction in fracture rates (2).

Once-daily injection of PTH induced pronounced in-
creases in biochemical markers of bone turnover (3–8). Bone
formation markers showed more rapid and larger increases
than resorption markers within the first 3 months of therapy,
suggesting an early imbalance of bone turnover in favor of
formation that remained positive over the first 6–12 months
of treatment (3–8).

There are several reports suggesting that biochemical
markers of bone turnover may reflect underlying changes in
bone histomorphometric parameters or bone mass (9–13).
Because of a rapid and early response, the decrease of bio-
chemical markers of bone turnover, particularly bone re-
sorption markers, has been correlated with the effects of
antiresorptive osteoporosis treatments, such as changes in
bone mass or fracture rates (14–20). Previous studies have
demonstrated a positive correlation between 1- to 6-month
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changes in bone formation markers and bone forming effects
of PTH reflected by 1- to 5-yr changes in bone mineral density
(BMD) (8, 21, 22). However, mineralization transients limit
the value of BMD measurements in the early phases of teripa-
ratide treatment (1, 22, 23).

The objective of this analysis, therefore, was to investigate
whether changes in biochemical markers of bone formation
and resorption correlate with bone structural improvements
observed after teriparatide treatment.

Subjects and Methods
Subjects

In the randomized, multicenter, double-blind, placebo-controlled
FPT (1), 1637 postmenopausal women with osteoporosis were treated
with once-daily injections of either placebo or teriparatide, 20 or 40 �g.
The primary endpoint of this study was the number of women who
experienced a new vertebral fracture. Secondary endpoints were non-
vertebral fracture and BMD, assessed by dual-energy x-ray absorpti-
ometry (DXA). The design and conduct of this trial have been previously
reported (1).

A total of 102 patients from 11 sites and five countries participated in
the biopsy substudy of the FPT; paired iliac crest biopsy specimens were
obtained from 61 patients. Quantitative and qualitative analyses of the
baseline characteristics and the efficacy response confirmed that the
substudy cohort was reflective of the entire FPT cohort (1, 2). Compar-
isons between the teriparatide-treated groups and the placebo group
from the two-dimensional (2D) histomorphometry and three-dimen-
sional (3D) micro-computed tomography (�CT) analyses have been
previously reported (2). Pairwise comparisons between 20- or 40-�g
teriparatide treatment groups showed no significant difference in clin-
ical outcome and structural variables; therefore, the teriparatide treat-
ment groups were pooled for the analyses (1, 2).

For the current analyses, paired specimens were included if at least
one parameter from 2D histomorphometry or 3D �CT could be evalu-
ated from both specimens; 57 paired biopsies (placebo group, n � 21;
teriparatide, n � 36) were adequate for evaluation. Biopsy samples were
analyzed by treatment duration: 21 paired samples were obtained at 12
months and 36 paired samples at 22 months of treatment. In the placebo
group, 19 patients had both 2D and 3D measurements, and 2 patients
had only 2D measurements. In the combined teriparatide group, 28
patients had both 2D and 3D measurements, four patients had only 2D
measurements, and four patients had only 3D measurements. One pa-
tient in the teriparatide group did not have markers of bone turnover
measured at 1 month; therefore, treatment correlations with markers of
bone turnover were based on the remaining 56 biopsy pairs.

Patients signed informed consent to the treatment and investigation
protocol, which was approved by the Institutional Review Board for
Research Involving Human Subjects, at each participating center.

Treatment

All enrolled patients were supplemented with a daily intake of 1000
mg elemental calcium and 400-1200 IU vitamin D3. Patients self-admin-
istered a once-daily injection of placebo for 2 wk and were then ran-
domly assigned to receive placebo or 20 or 40 �g teriparatide daily.
Because of the early termination of the FPT, the treatment duration was
shorter than originally planned (1). The median duration of treatment
for patients in this analysis was 20 months, with a range of 17–22 months.
However, for logistical reasons, there was an average 40-d period (range,
4–73 d) between the discontinuation of the study medication and all
measurements for the study end closeout visit. For the purpose of these
analyses, the length of the teriparatide treatment was defined by the time
that the second (follow-up) iliac crest biopsy was obtained.

Histomorphometry and �CT

The transiliac crest bone biopsies were carried out using a Bordier
needle trephine system, following in vivo double labeling with tetracy-
cline fluorochromes given orally in a 3:12:3 day sequence as published
earlier (2). The methods for biopsy specimen evaluations have been

published previously (2, 24–26). Biopsies were obtained from patients
at baseline, before receiving treatment. Patients were then randomized
to have a follow-up biopsy from the contralateral iliac crest after either
12 months or at study end. The 12-month biopsies (mean, 12 � 1 months;
range, 11–15 months) were performed in eight placebo patients and 13
teriparatide-treated patients. The biopsy at study end (mean, 22 � 2
months; range, 19–25 months) was performed in 13 placebo patients and
23 teriparatide-treated patients.

Static and dynamic 2D parameters were measured under light mi-
croscopy on 5-�m-thick biopsy sections stained with Goldner’s
trichrome. Both double tetracycline-labeled surface/BS (percent) and
single tetracycline-labeled surface (sLS/BS, percent) were measured.
The �CT image acquisition and analysis of the biopsy specimens were
performed as described previously (2, 24–26). All measured and derived
variables were expressed according to the standard nomenclature rec-
ommended by the American Society of Bone and Mineral Research
nomenclature committee (25).

The following 2D dynamic parameters, characterizing bone turnover,
were included: activation frequency, the probability of a remodeling
event occurring along a quiescent trabecular surface; mineral apposition
rate (MAR, micrometers per day, unadjusted for sLS); and mineralizing
surface/bone surface (MS/BS, percent) using the correction for the so-
called label escape (double tetracycline-labeled surface � 0.5 � sLS) (2).

Structural changes during teriparatide treatment were assessed using
both 2D and 3D indices. The static 2D histomorphometry parameters for
trabecular bone included in the current analysis were total bone volume
per tissue volume [trabecular bone volume per total volume (BV/TV)],
mean wall thickness (micrometers) of completed osteons, and marrow
star volume (cubic millimeters) (2). Cortical thickness (micrometers),
expressed as the average of evenly spaced measurements across each of
the inner and outer cortices, was also measured (2). The 3D structural
parameters included BV/TV, trabecular thickness (micrometers), tra-
becular number (per millimeter), structural model index, connectivity
density, and cortical thickness (2).

Biochemical markers of bone turnover

Biochemical markers of bone formation [serum bone specific alkaline
phosphatase (ALP) and serum procollagen I C-terminal propeptide
(PICP)] and resorption [urinary N-telopeptide (NTx) and urinary de-
oxypyridinoline (DPD)] were assessed at baseline and at 1, 3, 6, and 12
months and/or at study end. Serum samples and second-void urine
samples were collected in the morning, after an overnight fast.

Markers of bone turnover were measured using commercially avail-
able assays: bone ALP, Tandem-R Ostase Immunoradiometric Assay
(Beckman Coulter, Inc., Brea, CA); PICP, DiaSorin PICP Equilibrium RIA
(DiaSorin, Inc., Stillwater, MN); and NTx, Osteomark ELISA (Ostex
International, Inc., Seattle, WA); DPD, Pyrilinks-D assay (Metra Biosys-
tems, Mountain View, CA). Both NTx and DPD were corrected for
creatinine excretion (NTx/Cr and DPD/Cr, respectively). The intra- and
interassay coefficients of variation were: 4.2–6.8% and 7.4–7.9%, respec-
tively, for bone ALP; 2.7–3.1% and 5.4–7.0% for PICP; 4.5–6.6% and
6.7–14.8% for NTx; and 5.8–7.5% and 8.6–10.1% for DPD.

Statistical analysis

Patient demographics, relevant biopsy, and biomarker variables at
baseline were summarized by group mean and sd. The teriparatide
treatment groups were combined for analyses, as previously described
(2). Baseline analyses included both placebo- and teriparatide-treated
patients. Subgroup analyses to determine the effect of treatment dura-
tion were performed based on the timing of the second biopsy at 12 or
22 months.

Percent changes from baseline in biomarkers were summarized by
the descriptive statistics, median, and corresponding se of the median
(based on Bootstrap technique). Comparisons between placebo- and
teriparatide-treated patients in the percentage changes of biomarkers
were made using the Wilcoxon rank-sum test. To evaluate the correla-
tion between any two variables, Pearson correlation coefficients were
computed between the parameters. Tests were performed comparing
each correlation coefficient with zero. The �-level for significance was
0.05.

Correlation analyses between changes in biochemical markers and
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structural changes in the placebo group at any given time point were
used to validate the relationships in the treatment group, i.e. significant
correlations in the treatment group were considered valid if the com-
parable relationship was not significant in the placebo group.

Results
Baseline characteristics

Of 1637 randomized patients from the FPT (1), results from
21 placebo patients and 36 teriparatide-treated patients who
had biochemical marker measurements and iliac crest biop-
sies specimens, with at least one 2D or 3D index suitable for
analysis, are reported here. The baseline demographics, base-
line bone structural characteristics, and biochemical markers
of the subpopulation are summarized in Tables 1 and 2.
There were no statistically significant differences between
the treatment groups and placebo in any of the variables.
Likewise, there was no difference in the baseline character-
istics of the 12-month and 22-month biopsy subgroups (data
not shown).

Biochemical marker analysis

The bone-forming effect of teriparatide caused rapid in-
creases in bone ALP and PICP in the teriparatide-treated
group. Median percent changes from baseline are shown
over time for all four biochemical markers in Fig. 1. Bone ALP
continued to increase beyond 1 month, reaching a maximum
at 12 months of treatment, with a median increase of 74 � (se)
23%. Teriparatide treatment produced significantly larger
increases in bone ALP than placebo at all time points (P �
0.001). PICP reached its maximum median percent change of
62 � 10% at 1 month. The median percent increase of PICP
from baseline was significantly larger than the increases for
the placebo patients from 1 month through 6 months (P �
0.001).

This bone formation response was followed by subsequent
increases in markers associated with bone resorption (Fig. 1).
Significant increases in these markers, compared with pla-
cebo, commenced at 3 months. NTx/Cr reached maximum
values at 12 months, with a median increase of 201 � 95%
(P � 0.05). DPD/Cr response was earlier, with the maximum
increase occurring at 6 months (136 � 32%; P � 0.01).

Correlations between percent change of biochemical
markers of bone formation (bone ALP, PICP) and biochem-
ical markers of bone resorption (DPD/Cr, NTx/Cr) were
calculated to assess imbalance in bone turnover during
teriparatide therapy. The increase in bone ALP at 1 month
did not correlate with the increase of any of the respective
resorption markers. However, the increase in bone ALP at 3,
6, and 12 months significantly correlated with respective
increases in both DPD/Cr (r � 0.38, P � 0.05; r � 0.73, P �
0.001; r � 0.58, P � 0.001, respectively) and NTx/Cr (r � 0.63,
P � 0.001; r � 0.61, P � 0.001; r � 0.55, P � 0.001, respectively)
in the teriparatide-treatment group. Increases in PICP at 1
month and 3 months did not correlate with the increases of
the respective resorption markers; however, PICP at 6 and 12
months correlated with respective increases of both DPD/Cr
(r � 0.48, P � 0.05; r � 0.58, P � 0.001, respectively) and
NTx/Cr (r � 0.41, P � 0.05; r � 0.44, P � 0.01) in the
teriparatide group. These results suggest an early transient
dissociation (imbalance) between formation and resorption
markers during the first 1–3 months of teriparatide treatment
in favor of bone formation. No correlations were found be-
tween changes in formation and resorption markers in the
placebo group.

Correlations between biochemical markers of bone turnover
and 2D histomorphometry and 3D quantitative computed
tomography indices

Bone turnover before teriparatide treatment was assessed
by correlation of the baseline biochemical markers of bone
turnover and baseline dynamic histomorphometry param-
eters. Baseline PICP significantly correlated with activation
frequency (r � 0.39; P � 0.008) and approached significance
with mineralizing surface (MS/BS) (r � 0.28; P � 0.054).
Other biochemical markers did not show statistically signif-
icant correlation with the dynamic parameters at baseline.

The role of baseline bone turnover on bone structure was
assessed by correlation between baseline bone markers and
baseline static 2D and 3D indices. Of the four biochemical

TABLE 1. Baseline demographics and markers of bone turnover
of a subset of patients from the FPT who provided paired iliac
crest biopsies and had assessment of biochemical markers of bone
turnover

n Placebo n TPTD

Age (yr) 21 67.8 � 6.5 36 67.9 � 6.2
Years since menopause 19 20 � 8 29 21 � 8.0
Femoral neck DXA (g/cm2) 19 0.64 � 0.11 35 0.63 � 0.09
Lumbar spine DXA (g/cm2) 21 0.85 � 0.19 36 0.80 � 0.16
No. vertebral fractures 21 2.3 � 1.7 36 2.7 � 1.6
Bone ALP (�g/liter) 21 13.0 � 6.4 36 14.7 � 8.5
PICP (�g/liter) 21 117.8 � 34.6 36 120.4 � 57.5
NTx/Cr (nmol BCE/mmol) 19 46.2 � 24.1 20 45.6 � 21.4
DPD/Cr (nmol/mmol) 19 6.5 � 2.8 20 6.8 � 2.4

Data are presented as mean � SD. TPTD, Combined teriparatide-
treated group; bone ALP, serum bone ALP; NTx/Cr, Cr corrected
urinary N-terminal type 1 collagen cross-link peptide; BCE, bone
collagen equivalence; DPD/Cr, Cr corrected urinary deoxypyridinoline.

TABLE 2. Baseline 2D trabecular and cortical bone
histomorphometry and microstructure

n Placebo n TPTD

Structural parameters
2D BV/TV 18 0.18 � 0.06 28 0.15 � 0.06
2D W.Th (�m) 19 40.5 � 4.1 30 41.7 � 7.5
2D Ma.St.V (mm3) 16 20.9 � 27.2 27 29.6 � 31.7
2D Ct.Th (�m) 17 919.9 � 274.8 29 894.8 � 403.5
3D BV/TV 19 0.14 � 0.06 32 0.12 � 0.06
3D Tb.Th (mm) 19 0.15 � 0.04 32 0.15 � 0.04
3D SMI 19 1.77 � 0.54 32 1.95 � 0.49
3D Tb.N (mm�1) 19 1.28 � 0.21 32 1.22 � 0.27
3D CD (mm�3) 19 5.64 � 2.29 32 4.49 � 3.48
3D Ct.Th (mm) 18 0.86 � 0.27 25 0.81 � 0.30

Dynamic parameters
Ac.f (per yr) 18 0.41 � 0.23 28 0.37 � 0.23
MS/BS (%) 19 0.08 � 0.05 30 0.08 � 0.05
MAR (�m/d) 18 0.58 � 0.10 28 0.53 � 0.09

Data are presented as mean � SD. TPTD, Combined teriparatide
treated group; W.Th, mean wall thickness; Ma.St.V, marrow star
volume; Ct.Th, cortical thickness; Tb.Th, trabecular thickness; Tb.N,
trabecular number; SMI, structural model index; CD, connectivity
density; MAR, mineral apposition rate; Ac.f, activation frequency.
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markers measured, only NTx/Cr showed significant corre-
lations with structural parameters. Baseline NTx/Cr was
inversely correlated with baseline 2D and 3D cortical thick-
ness (r � �0.41, P � 0.01; r � �0.47, P � 0.01, respectively)
and with 3D trabecular bone volume (BV/TV) (r � �0.37;
P � 0.05), and was positively correlated with the 2D marrow
star volume (r � 0.46; P � 0.01). There were no significant
correlations between NTx/Cr and the other structural
parameters.

To further assess the role of baseline turnover in deter-
mining later structural changes during teriparatide treat-
ment, correlations between baseline bone markers and per-
cent change from baseline in structural and dynamic indices
were also calculated. There were no significant correlations
between any of the baseline markers and changes in dynamic
or structural parameters at any biopsy time point.

The relationship between early biochemical marker
changes and improvements in bone structure with teripa-

ratide therapy was assessed by correlating percent change
from baseline in markers to percent change from baseline in
structural indices. In the 22-month subgroup, changes in
bone ALP at 1 month were significantly positively correlated
with changes in 2D trabecular bone volume (r � 0.58; P �
0.05), 2D mean wall thickness (r � 0.73; P � 0.001), 2D
marrow star volume (r � �0.51; P � 0.05), 3D trabecular bone
volume (r � 0.54; P � 0.05), and 3D trabecular thickness (r �
0.49; P � 0.05) (Table 3 and Fig. 2). There were no significant
correlations between changes in bone ALP at 1 month and
changes in the structural parameters for the 12-month group.
Changes in bone ALP at 3, 6, and 12 months were not sig-
nificantly correlated with changes in 2D histomorphometry
or 3D �CT parameters at either biopsy time point.

Correlations between PICP at 1 and 3 months and struc-
tural indices showed less consistency. In the 22-month treat-
ment group, change in PICP at 1 month significantly posi-
tively correlated with changes in 2D mean wall thickness (r �

FIG. 1. The effect of teriparatide treatment on biochemical markers of bone turnover. A, Serum bone ALP; B, urinary DPD corrected for Cr
(DPD/Cr); C, serum PICP; D, urinary N-terminal type I collagen cross-link peptide corrected for Cr (NTx/Cr). Data are shown as median � SE.
Placebo, Dotted line; teriparatide, solid line. *, P � 0.05 vs. placebo; †, P � 0.01 vs. placebo; ‡, P � 0.001.
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0.60; P � 0.01) and 2D trabecular bone volume (r � 0.51; P �
0.05) (Table 3 and Fig. 3). Correlations between change in
PICP at 1 month and change in 2D cortical thickness (r � 0.72;
P � 0.05) and 3D connectivity density (r � 0.63; P � 0.05)
were significant at 12 months but not at 22 months. Change
in PICP at 3 months showed a significant inverse correlation
with the change in 2D marrow star volume in the 22-month
subgroup only (r � �0.61; P � 0.05). Changes in PICP at 6
and 12 months did not correlate with changes of any struc-
tural indices at either biopsy time point.

Changes in biochemical markers of bone resorption
(NTx/Cr and DPD/Cr) did not correlate significantly with
changes in any of the structural or dynamic parameters at
any measured time points. Similarly, none of the above cor-
relations were significant in the placebo group.

None of the correlations between changes in biochemical
markers of bone turnover and changes in 2D dynamic pa-
rameters were significant at any measured time points. There
were no statistically significant correlations between study
endpoint biomarkers and dynamic parameters.

Discussion

In a subset of postmenopausal women with osteoporosis
from the FPT (1), we demonstrated that early (1 month)
increases in biochemical markers of bone formation corre-
lated with improvements in bone structure after long-term
(22 months) teriparatide treatment. Consistent with the find-
ings of Delmas et al. (10), we have confirmed that increased
bone turnover is related to the deteriorating bone structure
before treatment. However, the structural improvements
during teriparatide treatment seem to be independent of the
increased baseline bone turnover.

In this analysis, teriparatide monotherapy resulted in
time-courses of the measured biochemical markers similar to
those when once-daily PTH (1–34) was administered con-
comitantly with estrogen (6, 8). Both histomorphometric and
biochemical data support early bone formation after initiat-
ing once-daily injections of PTH (2–8, 21, 27–29). We dem-

onstrated an early transient dissociation between biochem-
ical markers of bone formation and resorption (5, 6, 8), with
a subsequent delayed increase in bone resorption markers
(4–8). We recognize that the levels of biochemical markers
at study endpoint were influenced by the discontinuation of
teriparatide that occurred an average of 40 d before the
samples were obtained. Therefore, the true treatment effect
of teriparatide on the biochemical markers obtained at this
time point cannot be discerned.

Our results underscore the importance of early changes in
bone turnover on the overall effects of teriparatide (30). Re-
sults from a trial of teriparatide used after antiresorptive
therapy (23) and a teriparatide-alendronate comparator trial
(31) show that the maximal stimulation of bone turnover
takes place at 6 months and subsequently tapers off. There
was a doubling of the activation frequency in teriparatide-
treated patients at 6 months, with a return to the normal
range by 18 months (32). Thus, with this time course for
changes in dynamic parameters after teriparatide, the lack of
significant correlation between biochemical markers at 1 and
3 months and biopsy parameters pertaining to bone turnover
at 12 or 22 months is not unexpected. Jiang et al. (2) found no
significant changes in trabecular bone modeling, bone re-
sorption, and formation rates or labeling indices in a pooled
analyses of the biopsies obtained. Minimal or no effect on
these parameters after 12–36 months of once-daily PTH (1–
34) treatment has also been demonstrated by others (2, 6, 8).
The minimal effects of 15 months of teriparatide treatment on
bone formation rates observed in primates support these
findings (33).

We demonstrated that early 1-month changes in biochem-
ical markers of bone formation, particularly bone ALP, were
associated with improvements in indices of trabecular ar-
chitecture at 22 months but not at 12 months. Others have
also suggested that the early dominance of bone formation
over resorption may be important for subsequent structural
improvements after long-term treatment with teriparatide (8,
29, 34). These results are also consistent with findings that
both BMD increase and fracture risk reduction appear to be
more pronounced after longer duration of teriparatide treat-
ment (1, 6, 35).

In contrast to trabecular bone, the early changes of bone
formation markers did not correlate significantly with struc-
tural changes in cortical bone, though a significant increase
in 3D cortical thickness had been observed in these patients
(2). This lack of correlation may be explained by a different
relationship between dynamic changes in bone turnover and
bone formation within cortical and trabecular bone compart-
ments (36, 37).

Serum levels of biochemical markers of bone turnover at
6 or12 months were less strongly related to structural im-
provements at 12 or 22 months. Because the major increases
in PICP and bone ALP levels occur in the first 1–3 months of
treatment, it is not surprising that changes in biochemical
markers between 6 months and study end do not correlate
with improvements in bone structure. However, it is con-
ceivable that other biochemical markers of bone formation
(e.g. procollagen I N-terminal propeptide) might exhibit dif-
ferent correlation patterns with the changes of the structural
indices due to their different time courses (30).

TABLE 3. Correlations between changes in biochemical markers
of bone formation at 1 month and changes in 2D and 3D structural
parameters at study end (median of 22 months of teriparatide
treatment)

Bone ALP PICP

n r Pa n r Pa

2D BV/TV 16 0.58 �0.05 16 0.51 �0.05
2D W.Th 17 0.73 0.001 17 0.6 0.01
2D Ma.St.V 15 �0.51 0.05 15 �0.37 ns
2D Ct.Th 16 �0.14 ns 16 �0.32 ns
3D BV/TV 19 0.54 �0.05 19 0.43 ns
3D Tb.Th 19 0.49 �0.05 19 0.36 ns
3D Tb.N 19 0.31 ns 19 0.35 ns
3D Ct.Th 15 �0.2 ns 15 �0.34 ns
3D SMI 19 �0.2 ns 19 �0.28 ns
3D CD 19 0.19 ns 19 0.07 ns

Bone ALP, Serum bone ALP; W.Th, mean wall thickness; Ma.St.V,
marrow star volume; Ct.Th, cortical thickness; Tb.Th, trabecular
thickness; Tb.N, trabecular number; SMI, structural model index;
CD, connectivity density; ns, not significant.

a Statistical significance for the subpopulation in whom biopsy
samples were obtained at study end (22 months of teriparatide treat-
ment).
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A strength of this analysis is that the subset of women who
had bone biopsies and biochemical markers of bone turnover
had characteristics similar to those of the overall study pop-

ulation of the FPT. However, several potential confounders
may have limited the interpretation of these results. The bone
structural changes at the iliac crest may not be representative

FIG. 2. Correlations between percent change in serum bone ALP from baseline to 1 month and percent change in bone structural indices from
baseline to a mean of 22 months of teriparatide treatment. A, 2D trabecular bone volume (BV/TV); B, 2D wall thickness (W. Th.); C, 3D trabecular
bone volume (BV/TV); D, 3D trabecular thickness (Tb.Th); E, 2D marrow star volume (Ma.St.V)
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of the whole skeleton. Further, the sample size was relatively
small. In addition, patients may demonstrate not only a dif-
ferent bone formation potential per se but also show differ-
ences in response kinetics; therefore, an individual peak in-
crease in bone ALP or PICP, several weeks earlier or later
than the group peak increase, could seriously weaken a cor-
relation performed at a given time and with the number of
subjects involved. The incidence of fracture in the subset of
patients from whom biochemical markers were collected was
not sufficiently large to assess the relationship between the
observed changes in biochemical markers of bone formation
and fracture risk reduction. Because the FPT was discontin-
ued prematurely, the optimal length of teriparatide treat-
ment has not yet been determined (1).

In conclusion, our data indicate that the early dominance
of bone formation over resorption, after initiation of teripa-
ratide therapy, may be important for the observed improve-
ments in bone structure (29). Changes both in biochemical
markers and bone structure are surrogates of clinical out-
comes only; therefore, any association between those and the
fracture reduction observed on teriparatide treatment re-

mains to be evaluated. In addition, further data are needed
to assess the usefulness of biochemical markers in monitor-
ing teriparatide treatment.
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at 1 month; C, 2D marrow star volume (Ma.St.V) at 3 months.
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