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Abstract

Intermittent administration of parathyroid hormone peptides has anabolic skeletal effects and reduces fracture risk in postmenopausal women
with osteoporosis but the cellular and structural mechanisms by which these effects are mediated have not been fully established. In cancellous and
endocortical bone, there is evidence that both modelling and remodelling-based formation contribute to the increase in bone mass although the
contribution of these at different time points in the response to PTH has not been established. Despite the large increase in spine bone mineral
density, however, significant increases in iliac crest cancellous bone volume and trabecular thickness have not been consistently demonstrated,
possibly reflecting site-specific differences in PTH-induced skeletal effects and/or the large sampling and measurement variance associated with
assessment of iliac crest cancellous bone volume and structure. In iliac crest cortical bone, increased cortical thickness has been demonstrated, due
at least in part to increased endosteal bone formation; there is also some evidence for increased formation on periosteal surfaces. At some sites an
increase in cortical porosity may also occur and the overall effects on cortical bone strength, particularly at the hip, remain to be established.
Studies in iliac crest bone indicate a trend towards a lower mineralisation density of bone matrix and increased heterogeneity of mineralisation,
consistent with new bone formation. In addition, there is a reduction in mineral crystallinity and a shift towards more divalent collagen cross-links,
indicating a change towards a younger bone profile.

The potential clinical implications of these effects on bone are currently unknown. The stimulatory effect of PTH peptides on bone formation
may favour their use in low turnover bone disease and in states of advanced bone loss. Furthermore, if beneficial effects on cortical bone strength
are confirmed, efficacy at non-vertebral sites might be superior to those observed with antiresorptive drugs. Better definition of the effects of
intermittent PTH administration on cancellous and cortical bone remodelling and structure at different skeletal sites may inform these speculations
and is an important area for future research.
© 2006 Elsevier Inc. All rights reserved.
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Introduction

The recent development of bone forming agents has
provided an exciting new option for the prevention of
osteoporotic fractures. Daily administration of parathyroid
hormone (PTH) peptide 1-34 [1] and PTH 1-84 peptide [2]
reduces vertebral fracture risk in postmenopausal women with
osteoporosis and, for the former, a reduction in non-vertebral
fractures has also been demonstrated. Given the predominantly
catabolic skeletal effects of continuous PTH administration, the
mechanisms by which intermittent administration produce
anabolic effects are of considerable interest and have implica-
tions for the development of other bone forming agents.

Cellular and structural basis of anabolic skeletal effect of
intermittent PTH: cancellous bone

In the spine, intermittent administration of PTH induces
large increases in areal bone mineral density; for example,
subcutaneous administration of 20 or 40 pg daily of
recombinant human PTH peptide 1-34 to postmenopausal
women with osteoporosis was associated with a 10—15%
increase after a median treatment period of 19 months [1]. The
magnitude of these changes suggests that there is a substantial
increase in bone formation but the mechanisms by which this is
achieved remain incompletely defined.

In cancellous bone, increases in the amount of bone may
occur by remodelling-based or modelling-based bone forma-
tion. In the case of the former, the largest increases in bone mass
are achieved where an increase in remodelling rate is combined
with a positive remodelling balance, as shown in Fig. 1. It is
generally assumed that the positive remodelling balance is
attributable to an increase in the amount of bone within
individual bone remodelling units although a reduction in
erosion depth would have a similar effect, provided that the
amount of bone formed did not change. Modelling-based bone
formation occurs when bone is formed in the absence of prior
resorption (Fig. 1) and is generally not observed in normal adult
human bone [3,4].

Distinguishing between remodelling-based and modelling-
based bone formation is not straightforward because modelling-
based bone formation may occur on surfaces that are under-
going remodelling. Furthermore, if there is overspill of bone
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Fig. 1.

formation beyond the margins of bone remodelling units, the
appearance on histological sections may suggest modelling-
based rather than remodelling-based bone formation [4].
Notwithstanding these potential difficulties, two approaches
have been adopted to identifying these different mechanisms of
bone formation. The first relies upon the time course of the
increase in bone formation rate following PTH administration
and is based on the assumption that if evidence of increased
formation is seen earlier than the duration of the resorptive
phase of remodelling (i.e., approximately 6 weeks) then it can
reasonably be inferred that modelling-based formation has
occurred [4,5]. The second approach is based on the appearance
of the bone surface underneath the newly formed bone. In the
case of remodelling-based bone formation, this is irregular as a
result of the previous bone resorption; furthermore, interruption
of the collagen fibres, viewed under polarised light, indicates
that prior resorption has occurred [6]. Conversely, a smooth
surface is seen beneath bone formed by modelling and the
collagen fibres have a similar orientation to the adjacent bone
tissue [3,7]. Neither of these methods is without its problems; in
the case of the first, it could be argued that the process of bone
remodelling is accelerated by PTH and thus the duration of the
resorptive phase may be shorter than normal. Secondly, while
the presence of a crenated surface at the base of bone
remodelling units is a reliable sign of the remodelling process
it may be more difficult to identify surfaces on which modelling
has occurred and hence the contribution of the latter may be
underestimated. Finally, interruption of collagen fibres may be a
cutting artefact and requires confirmation in longitudinally cut
sections [8].

Evidence for the presence of modelling-based bone forma-
tion associated with intermittent PTH administration was first
reported by Hodsman et al. in postmenopausal women with
osteoporosis treated with cyclic hPTH (1-34), 50 pg daily, for
28 days every 3 months with or without sequential calcitonin
therapy. In bone biopsies obtained 28 days after the start of
treatment, double tetracycline-labelled surfaces and the surface-
based bone formation rate were significantly increased when
compared to controls, suggesting that bone formation had
occurred during this early phase on quiescent bone surfaces
[5,9]. Subsequently, Dempster et al. [10] reported the presence
of modelling-based bone formation, using the criterion of a
smooth cement line, on cancellous and endocortical bone
surfaces 28 days after initiation of teriparatide in postmeno-
pausal women with osteoporosis. Using the technique of
quadruple tetracycline labelling to study short-term (4 weeks)
treatment-induced changes in a single bone biopsy, Lindsay et
al. observed a combination of modelling and remodelling-based
bone formation, the latter predominating and accounting for
70% and 78% of bone formed in cancellous and endocortical
bone, respectively. Because the eroded perimeter was not higher
in PTH-treated women than in a control population, suggesting
that new remodelling sites were not being created, they
concluded that most of the new bone formation in the early
treatment period occurred at sites that were already undergoing
bone remodelling when treatment was started. In addition, they
hypothesised that overspill of bone formation beyond the limits



J.E. Compston / Bone 40 (2007) 1447-1452 1449

of the resorbed cavity accounted for a substantial proportion of
the modelling-based bone formation that was observed.

This possibility of “overspill” adds further complexity to the
distinction between modelling and remodelling-based forma-
tion because it might occur either as a consequence of reduced
apoptosis of osteoblasts already participating in the remodelling
process or as a result of activation of lining cells in the vicinity
of the remodelling unit, the latter perhaps being preferentially
located to sites adjacent to remodelling units as a result of the
local cytokine/growth factor environment. Modelling-based
formation may occur as a result of direct activation by PTH of
the lining cells to form active osteoblasts [11]; the observation
that chronic but not single pre-dosing with alendronate blunts
the anabolic response to intermittent PTH is consistent with this
hypothesis because chronic bisphosphonate exposure may be
required to reduce protein prenylation in osteoblasts and hence
impair their function [12].

These data indicate that at least in the early stages of
intermittent PTH therapy, modelling-based formation occurs in
cancellous and endocortical bone, probably often although not
exclusively occurring as an extension of remodelling-based
bone formation beyond the original margins of the resorption
cavity. In the first month or so of treatment, modelling
contributes up to one third of bone formation, but with longer
treatment periods it may become less prominent. Thus, in a
comparison of biopsies from postmenopausal women treated
for a median period of 19 months with either 20 or 40 pg daily
of teriparatide, Ma et al. [8] reported that modelling accounted
for only approximately 2.8% and 7.7% respectively of bone
formation in cancellous bone.

Whether the remodelling rate is increased as a result of PTH
administration is unclear. Because measurements of activation
frequency are formation based and rely on the assumption that
formation follows resorption, they are unreliable in the presence
of modelling-based bone formation. The lack of any increase in
eroded perimeter after one months treatment in the study of
Lindsay et al. [4] and after 6 and 18 months treatment when
compared to ALN in the study of Arlot et al. [13] would suggest
that the rate of remodelling is not increased. Conversely
Hodsman et al. [9] reported a significant increase in eroded
surfaces at both 28 days and 2 years after the start of treatment,
while Dempster et al. [14] demonstrated a significant reduction
on the endocortical surface after 18—36 months of treatment.
However, measurements of eroded surface are subject to large
measurement variance and, additionally, will be influenced if
there are changes in the duration of the reversal period.
Nevertheless, the increase in biochemical markers of bone
resorption following teriparatide therapy would support an
increase in remodelling rate. This occurs after the increase in
bone formation and reaches a peak between 6 and 12 months
[15], consistent with other evidence that modelling-based
formation is maximal early after treatment is started and that
the relative contribution of remodelling-based bone formation
increases thereafter.

From the available evidence therefore, three mechanisms by
which PTH increases bone mass can be proposed, although their
relative contribution at different time points during treatment

remains to be established. Firstly, true modelling, in which new
bone is formed on quiescent bone surfaces independent of
current remodelling activity, secondly mixed remodelling/
modelling in which there is overfilling of remodelling units
with extension of bone formation beyond the margins of the
resorption cavity and thirdly, an increase in remodelling rate
associated with a positive remodelling balance. Interestingly,
although an increase in mean wall width has been reported in
some studies, particularly in endocortical bone [8,9,14,16], this
finding has not been universal [13,17] and, where present, the
increase has generally been small. This may reflect the
predominance of bone structural units that had already been
completed before the onset of treatment and the extension of
bone formation laterally beyond the margins of the original
resorption cavity.

Effects of intermittent PTH on cancellous bone
microarchitecture

While antiresorptive agents maintain existing architecture
[18,19], anabolic agents have the potential to reverse structural
disruption. Investigation of the effects of intermittent PTH
therapy provides some evidence that may indeed occur, based
on measurements on connectivity and trabecular shape. Thus,
connectivity density in men and women with osteoporosis
treated with PTH (1-34) increased after 3 years treatment [14],
and in women with osteoporosis treated for a median of
19 months [17] connectivity density was significantly higher in
PTH-treated women than in those receiving placebo. Although
increased connectivity density may reflect trabecular plate
perforation or intra-trabecular tunnelling rather than restoration
of structure, the finding that there was also a significant
improvement in the structure model index, an indicator of the
proportion of rods and plates, is consistent with a trend
towards reversal of age-related changes in bone [17].
Interestingly, increases in trabecular thickness have often
been small and have generally failed to attain statistical
significance [4,8,9,13,14,17]; whether this reflects an increase
in trabecular number or perhaps topologically strategic
thickening of some trabeculae and thinning of others is
uncertain. Finally, although some studies have demonstrated an
increase in cancellous bone area and volume [17,20,21], this
finding has not been universal [4,9,14]. The reason for the
apparent discrepancy between these findings and the large
increases observed in spinal bone mineral density remains
unclear but possible considerations include site-specific
differences in PTH response and the large variability in the
measurement of iliac crest bone volume, due to both sampling
and measurement variance [22].

Effects of intermittent PTH on cortical bone

The small or even negative changes in bone mineral density
at sites containing large proportions of cortical bone contrast
sharply with the large increases observed at predominantly
cancellous sites such as the spine [1,23,24]. This initially led to
concerns that increases in cancellous bone mass might occur at
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the expense of cortical bone [20,25], but subsequent studies
indicate that at least at some skeletal sites, beneficial changes
occur in cortical bone architecture and the fracture reduction at
non-vertebral sites demonstrated in postmenopausal women
with osteoporosis would be consistent with this view [1,26].
Nevertheless, the effects of intermittent PTH on cortical bone
mass and architecture remain poorly defined.

Interpretation of the changes in bone mineral density at
cortical sites is complex because they are affected not only by
alterations in volumetric bone density but also in cortical width,
cortical porosity and bone size, which have independent and
differing effects on bone strength. In iliac crest bone an increase
in cortical width has been a consistent finding [9,14,17] but a
significant increase in cortical porosity was not demonstrated
[14,9,17]. At least some of the increase in cortical thickness at
this site can be accounted for by increased endosteal bone
formation and there is also some evidence for new bone
formation on the periosteal surface [10].

In a cross-sectional study, indices of cortical structure and
strength in the distal radius were assessed by peripheral
quantitative computed tomography (pQCT) in postmenopausal
women with osteoporosis who had been randomly assigned to
treatment with placebo or teriparatide, 20 or 40 pg/day [30]. In
the treatment groups total and cortical bone areas, total bone
mineral content and periosteal circumference were all sig-
nificantly higher than in the placebo group with greater polar
cross-sectional moments of inertia. While these data would be
consistent with beneficial effects of intermittent PTH at this site,
the cross-sectional design of the study limits the conclusions
that can be drawn.

In the femoral neck, measurements of volumetric bone
mineral density indicate an increase in cortical volume in the
femoral neck although areal bone mineral density was
unchanged and volumetric bone mineral density slightly
decreased after one years treatment with intermittent para-
thyroid hormone (1-84) [31]. Collectively, these data would be
consistent with an increase in cortical thickness associated
with increased cortical porosity; although increased cortical
porosity adversely affects bone strength, the beneficial effects
of an associated increase in cortical thickness may override
this effect [27], particularly if the increase in porosity occurs
predominantly in endocortical rather than periosteal bone
[28,29]. In addition, the finding in a longer study in men [32]
that areal bone mineral density in the proximal femur
increased during the second year of treatment with parathyroid
hormone may indicate that increased intracortical remodelling
is an early and transient phenomenon. Using hip structure
analysis, increases of femoral neck cross-sectional area were
reported in women treated with teriparatide with beneficial
effects on biomechanical parameters [33]. It should be noted
that the cross-sectional area is a measure of the surface area of
bone in the cross-section, not bone size; indeed, in this study
significant reductions in periosteal diameter were found in
teriparatide-treated women when compared to the placebo
group. Furthermore, the assumptions inherent in this metho-
dology again limit the strength of the conclusions that can be
drawn [34].

Overall, therefore, the current evidence indicates that
increases in cortical width occur in response to intermittent
PTH administration, at least at some skeletal sites. This change
may initially be accompanied by increased cortical porosity.
Increased endocortical bone formation contributes to the
increase in cortical thickness but whether similar changes
occur at the periosteum remains uncertain. Changes in cortical
bone are site specific and, in particular, may be influenced by
variations in load bearing at different sites. Thus, the
predominantly negative changes in bone mineral density in
the distal radius as opposed to positive changes in the proximal
femur would be consistent with the synergistic effects of
mechanical loading and intermittent PTH reported in animal
models [35,36].

Effects of intermittent parathyroid hormone on the bone
matrix/mineral composite

Aspects of bone composition and structure other than bone
mass and architecture that may affect bone strength include
matrix mineralisation and collagen cross-linking. The degree of
mineralisation and its distribution is closely related to bone
turnover, with an increase in both homogeneity and degree of
mineralisation in bone from individuals treated with bispho-
sphonates [37-39]. Using quantitative back-scattered electron
imaging and small angle X-ray scattering in paired iliac crest
biopsies from women before and after treatment with
intermittent PTH (1-34), Misof et al. [16] demonstrated a
trend towards lower mineralisation density and increased
heterogeneity, consistent with new bone formation, although
no significant changes in collagen/mineral structure were seen.

In a cross-sectional study in 38 postmenopausal women with
osteoporosis randomised to placebo or teriparatide, Fourier
transform infrared imaging was used to determine matrix
mineralisation, mineral crystal maturity and the ratio of
pyridinoline to dehydro-dihydroxy-lysinonorleucine collagen
cross-links in iliac crest bone [40]. Significant treatment effects
were seen in cancellous, endosteal and periosteal bone, with
lower matrix mineralisation and crystal maturity and a shift
towards more divalent collagen cross-links in women who had
been treated with teriparatide. While the biomechanical
consequences of these changes are currently unclear, they
indicate a change towards a younger bone profile and may
therefore contribute to the increase in bone strength and reduced
fracture risk associated with PTH therapy.

Potential clinical implications of mechanisms underlying
anabolic skeletal effect of intermittent PTH

The marked differences in mode of action between
antiresorptive drugs and intermittent PTH have potential,
although as yet unproven, therapeutic implications. The ability
of PTH to stimulate bone remodelling and modelling suggests
that it might be the treatment of choice in low turnover disease,
for example in bone disease associated with long-term
glucocorticoid therapy [41] and in some forms of renal
osteodystrophy [42]. Delmas et al. [43] recently reported that
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teriparatide-induced fracture reduction was independent of pre-
treatment bone turnover, thus supporting its efficacy in low
turnover osteoporosis, but further studies are required to
establish whether it is superior to antiresorptive agents in such
patients. Secondly, evidence for improvement [14,17], as
opposed to maintenance [18,19], of bone microarchitecture
following PTH administration indicates that it may be more
effective than antiresorptive drugs in individuals with severe
osteoporosis in whom substantial structural disruption has
already occurred. The very large increases in spine bone mineral
density might be expected to translate into greater anti-fracture
efficacy at this site although in the absence of head-to-head
studies with fracture outcomes this remains unproven and in fact
the magnitude of vertebral fracture reduction after 18 months
teriparatide therapy is similar to that observed after one year in
women treated with risedronate [44]. Finally, beneficial effects
on cortical bone may result in greater efficacy at non-vertebral
sites; however, these effects may be site specific and the effects
of PTH on bone structure in the proximal femur and on hip
fracture risk are currently undefined.
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