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Since our discovery in 2006 that acromegaly is associated with an increased risk of vertebral fractures, many authors have confirmed

this finding in both cross-sectional and prospective studies. Due to the high epidemiological and clinical impact of this newly discov-

ered comorbidity of acromegaly, this topic has progressively become more important and prominent over the years, and the pertinent

literature has been enriched by new findings on the pathophysiology and treatment. The aim of this narrative review was to discuss

these novel findings, integrating them with the seminal observations, in order to give the reader an updated view of how the field of

acromegaly and bone is developing, from strong clinical observations to a mechanistic understanding and possible prevention and

treatment.
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INTRODUCTION

In acromegaly, uncontrolled and excessive growth hormone
(GH) production [1], usually caused by a pituitary adenoma [2],
results in increased levels of insulin-like growth factor 1 (IGF-1)
[3] and triggers the occurrence of systemic complications,
mainly due to diagnostic delay with consequent impairment of
quality of life and survival [4]. In fact, besides abnormal growth
of bone and soft tissue, which determines the classical features
of this condition, in patients with acromegaly, an increased
prevalence of complications—mainly cardio-metabolic and re-
spiratory—is observed [5-7]. The treatment of acromegaly is
often challenging, and GH and/or IGF-1 levels cannot be nor-
malized in some cases [8,9] even with multidisciplinary man-
agement at pituitary tumors centers of excellence (PTCOEs)
[10,11]. In fact, patients diagnosed too late may often present
with large pituitary adenomas that cannot be entirely removed

by neurosurgeons [12], and subsequent medical and radiation
treatment may not achieve optimal biochemical and tumor mass
control [13]. In patients in whom biochemical control is not ob-
tained, but also sometimes in apparently controlled patients,
clinical disease progression may be observed [14]. Clearly, be-
sides optimization of treatment of the underlying disease fol-
lowing the most current guidelines [15], early diagnosis, appro-
priate follow-up, and the prevention and treatment of acromega-
ly complications constitute a key strategy for preserving quality
of life and reducing the mortality rate of affected patients [16].
Interestingly, GH and IGF-1 are among the most relevant hor-
monal modulators of skeletal metabolism [17], causing an in-
crease in bone turnover when produced in excess [18] and
thereby leading to clinically relevant structural damage both at
cortical and trabecular bone levels [19]. Therefore, in acromeg-
aly an increase in fracture risk, particularly at the vertebral level
[20], has been progressively and consistently reported in the last
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15 years [21,22], and this now represents one of the most rele-
vant systemic complications of the disease [23]. In fact, since
the first report of excess morphometric fractures in postmeno-
pausal women with acromegaly [21], many subsequent pa-
pers—including several from our group [24,25]—have con-
firmed, extended, analyzed the underlying mechanism(s) and
possible protective effect of treatment, making this one of the
hottest topics in the area of acromegaly management [26]. Due
to the current clinical impact of bone involvement in acromega-
ly and its increasingly wide literature coverage, it was felt nec-
essary to critically review and update the emerging evidence on
the pathophysiology, clinical history and presentation, diagnosis
and treatment of acromegaly-related osteopathy through this
paper. More recent methods for bone evaluation will also be
preliminarily and briefly reviewed in this paper, as they have
been demonstrated to show the potential of leading to a better
understanding of the pathophysiology and possibly prediction
and prevention of skeletal damage in acromegaly.

METHODS FOR THE EVALUATION OF
BONE HEALTH

It is now widely accepted that in most secondary forms of os-
teoporosis [27-30], and specifically in pituitary-driven skeletal
diseases [31-34], bone mineral density (BMD) measured with
dual-energy X-ray absorptiometry (DXA) may not be a reliable
predictor of fracture risk as opposed to postmenopausal osteo-
porosis [35]. The current thinking attributes this discrepancy to
a prevalent impact of pituitary and other hormone hyperproduc-
tion on bone quality with respect to bone quantity [36]. There-
fore, new tools such as vertebral morphometry for detecting
subclinical or previously undiagnosed vertebral fractures (VFs)
and methods for assessing bone quality have become funda-
mental in the modern approach to bone comorbidities in patients
with pituitary adenomas, as in those with acromegaly [37].
These methods are briefly reviewed below.

Assessment of morphometric vertebral fractures

VFs have emerged in the last decades as a hallmark of skeletal
fragility and are associated with a high risk of subsequent clini-
cal fractures, increased mortality, and decreased quality of life
[38] in the general population. Since back pain is a very com-
mon symptom and is generally self-limiting after a VF, the clini-
cal diagnosis, particularly in the case of not severe VFs may be
overlooked. Therefore, a proactive radiological and morpho-
metric diagnosis is currently the gold standard for investigating
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the prevalence and incidence of VFs in high-risk groups and
clinical trials [39]. Morphometric VFs are diagnosed on thorac-
ic-lumbar spine (LS) imaging (X-rays or magnetic resonance
imaging) and on DXA through qualitative and quantitative ver-
tebral shape assessment [40]. The classification of VFs as mild,
moderate, or severe is based, according to Genant [41], on a
height ratio decrease of 20%—25%, 25%—40%, and more than
40%, respectively. Very recently, in order to minimize radiologi-
cal and repeated x-ray exposure of patients, an opportunistic ap-
proach to morphometry based on the evaluation of chest imag-
ing performed on patients for other reasons, which we originally
proposed [30,34] has become the preferred approach, particu-
larly for research purposes but also in clinical practice.

Assessment of bone quality

Novel tools for assessing bone quality and resistance have re-
cently emerged as having added value for predicting fractures in
various forms of osteoporosis [42,43]. So far, some of these
tools have also been tested as fracture predictors in osteopathies
driven by pituitary hyperfunction [44] and specifically in acro-
megaly, since they could possibly overcome the abovemen-
tioned limitations of areal DXA evaluation in patients affected
by this disease [45]. Briefly, bone quality in acromegaly has
been assessed by high-resolution peripheral quantitative com-
puted tomography (HR-pQCT), a three-dimensional noninva-
sive imaging technique that scans the extremities and can assess
volumetric bone density and microarchitecture of cortical and
cancellous bone [46]. HR-pQCT is still mostly used for research
because it is expensive and not widely available [37]. Interest-
ing results have also been obtained with high-resolution cone-
beam computed tomography, which rapidly scans the extremi-
ties with a larger field of view but reduced image contrast be-
cause of artifacts, as compared to HR-pQCT [47]. Moreover,
the most popular and routinely used method for assessing bone
quality is undoubtedly the trabecular bone score (TBS), which
is a parameter directly obtained from LS DXA scans that signif-
icantly correlates with direct assessments of bone microarchi-
tecture, predicting fragility fracture risk in several conditions
[45]. Finally, bone microindentation, a micro-invasive method
that measures bone material strength by a probe on the tibial
surface, has also been tested in acromegaly [48].

PATHOPHYSIOLOGY OF BONE FRAGILITY
IN ACROMEGALY

GH may have direct effects on skeletal metabolism by stimulat-
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ing the local synthesis of IGF-1 in bone [17]; however, this pre-
dominantly occurs under endogenous parathyroid hormone
control [49]. Inasmuch, GH may also indirectly affect bone by
increasing the level of circulating IGF-1 [18]. Overall, despite
GH being by definition a bone anabolic hormone [49], its per-
sistent elevation and that of IGF-1 result in an increased bone
turnover with deterioration of bone status [50].

Direct GH effects on bone

GH stimulates osteoblastogenesis as opposed to adipogenesis
[51]. In fact, the expression of fetal antigen-1 is downregulated
by GH; this also increases the expression of bone morphogenet-
ic proteins, which together with Wnt play a positive role in os-
teoblastogenesis [52]. GH also directly stimulates the carboxyl-
ation of osteocalcin, which is an anabolic bone marker, and the
production and accumulation of osteocalcin in the bone matrix
[17].

Indirect GH effects on bone

Most of the systemic effects of GH are mediated by the GH-
stimulated hepatic production of IGF-1 with variable efficiency
based on different polymorphisms of the GH receptor [53],
which seems to be key for cortical bone health, while locally
produced IGF-I in the skeleton may be more important for tra-
becular bone structure [49]. IGF-I may also favor osteoblasto-
genesis through the stabilization of beta-catenin [54], a key
component of the Wnt canonical signaling pathway [49]. Ex-
pression of the receptor activator of nuclear factor kB ligand
(RANKL) is stimulated by IGF-1, which through this pathway
decreases the expression of osteoprotegerin, the RANKL decoy
receptor, which regulates osteoclastogenesis [55]. Finally, IGF-
1 also stimulates the activity and expression of 1a-hydroxylase
increasing serum levels of 1,25-dihydroxyvitamin D [56] con-
comitantly with GH-mediated effects on vitamin D-binding
protein (VDBP) production [57].

ASSESSMENT OF BONE HEALTH IN
ACROMEGALY

Conventional tools

One of the historical problems in the field of the clinical impact
of GH excess on bone has been the use of conventional tools for
assessing bone health. In fact, as a result of evaluating tradition-
al bone markers and bone densitometry through DXA, acro-
megaly was barely included among the causes of secondary os-
teoporosis due to the inconsistency in the evidence of altered
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parameters in different studies [58,59]. Based on these mislead-
ing data and on the pathophysiological concept of GH as an an-
abolic hormone [49] it is unsurprising that the paradoxical pos-
sibility that acromegaly patients could even be protected against
osteoporosis was initially considered [60]. Therefore, we will
rapidly review the historical evidence regarding classical bone
turnover markers (BTMs) and DXA in order to highlight the
limitations that were overcome by introducing novel methods of
skeletal assessment in this area, the results of which will be re-
viewed in the second part of this section.

Bone turnover markers

Bone turnover has been shown to be increased in acromegaly in
a meta-analysis finding significant differences in standardized
mean levels of classical BTMs of bone formation and resorption
between acromegaly and control subjects [50]. Moreover, vari-
ous studies on BTMs supported the notion of the occurrence of
an uncoupling of bone turnover in acromegaly with an excess
resorption versus bone formation [61]. However, likely due to
huge inter-individual variability in BTM assays [61], despite
these quite consistent findings with important pathophysiologi-
cal insights, no practical implications were inferred from the
above data in clinical practice. As well, the introduction of pos-
sibly novel BTMs has also not had a relevant clinical impact so
far. In fact, low sclerostin and high Dickkopf-1 (DKK-1) levels
were found to be associated with altered bone structure in acro-
megaly [62-64] and inconsistently with either GH/IGF-1 levels
or with VF risk [65,66].

DXA bone mineral density

DXA BMD of the LS may be overestimated in acromegaly due
to the very frequent concomitant joint degenerative disorders,
which are characterized by osteophytes and facet joint hypertro-
phy in the presence of bone enlargement [18]. BMD in the LS
was reported to be decreased, normal, or increased in acromeg-
aly [58,59,66], whereas it was reported to be increased in the to-
tal hip and femoral neck [67]. This reflects what has already
been reported in other endocrinopathies, in which it is well
known that DXA BMD does not predict fracture risk in a reli-
able fashion [68-70]. In biochemically controlled patients, VF
progression was not found to be associated with BMD results or
with prospective changes in BMD [71]. However, a decrease in
femoral neck BMD was reported in acromegaly patients with
incident VFs [72]. Therefore, DXA BMD testing may still have
arole in fracture prediction in such patients at baseline and dur-
ing follow-up (Fig. 1) [72].
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Fig. 1. Proposed diagnostic and follow-up approach to bone comorbidities in acromegaly. DXA, dual-energy X-ray absorptiometry; BMD,

bone mineral density.

Assessment of bone quality in acromegaly

Several studies have shown lower TBS in patients with acro-
megaly as compared to control subjects in the absence of signif-
icant difference in BMD [73], regardless of the presence of VFs
[74] and not necessarily influenced by disease activity [75,76].
HR-pQCT bone microarchitecture data in acromegaly were sig-
nificantly associated with disease activity, while altered micro-
structure was also found in eugonadal patients [46]. Interesting-
ly, recent HR-pQCT studies also found increased cortical poros-
ity and decreased cortical bone strength [77]. On the other hand,
CBCT studies reported significantly lower bone volume/trabec-
ular volume ratio, greater mean trabecular separation, and corti-
cal porosity in fractured versus. non-fractured acromegaly pa-
tients [47]. Bone microindentation studies also found lower
bone material strength index values in biochemically controlled
patients with acromegaly as compared to healthy controls [48].
In fact, this finding may be consistent with persistently altered
material properties of cortical bone even after biochemical nor-
malization. Interestingly, hip structure analysis recently also re-
vealed a persistently significant decrease in cortical thickness,
which may imply endocortical trabecularization and may poten-
tially explain the increased incident VF risk following effective
treatment [78]. In contrast VFs in active acromegaly may be
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caused by impaired trabecular structure, which may improve af-
ter treatment [78].

CLINICAL PRESENTATION OF BONE
INVOLVEMENT IN ACROMEGALY

Morphometric vertebral fractures

Prevalence

Since our seminal observation in 2005 [21], many authors from
different areas of the world have confirmed that thoracic and LS
fragility VFs constitute one of the most epidemiologically and
clinically relevant comorbidities of acromegaly, with a reported
prevalence of up to 60% of patients (increased 3- to 8-fold as
compared to the general population) [79-81], affecting slightly
more males than females, and being associated with biochemi-
cal activity of the disease but not with DXA BMD [21-23].

Incidence

In a 3-year controlled perspective study 42% of acromegaly ver-
sus 3.8% of non-acromegaly subjects were found to be affected
by incident VFs [72]. VF progression was also frequently report-
ed in biochemically normalized patients, particularly in males
with more than two VFs at enrollment [71].

Copyright © 2023 Korean Endocrine Society



Acromegaly and Bone E n M

Predictors
Hypogonadism, a decrease in femoral neck BMD, and prevalent
VFs at the beginning of follow-up may predict incident VF occur-
rence only in patients with controlled/cured acromegaly, whereas
in patients with active acromegaly, the incident fracture risk was
only significantly associated with active disease duration [72].
The incidence of VFs was also significantly increased in pa-
tients who were enrolled with active disease versus those with
controlled acromegaly at study entry [72]. Therefore, biochemi-
cal control appears to be an important protective factor for skel-
etal damage. VFs may occur early in the natural disease history
[25] and therefore normalization of biochemical activity should
be mandatorily achieved as quickly as possible after the diagno-
sis, although this may not be enough to avoid fractures due to
the known issue of diagnostic delay [24,82]. Additionally, con-
comitant diabetes mellitus, another common comorbidity of ac-
romegaly [83], as well as a cause of bone fragility per se [84],
was reported to increase the risk of fracture in active disease
[85]. Moreover, in patients with active acromegaly on different
medical treatments, incident VFs were more frequent in those
with active disease independently of the type of therapy [86].
Recently, we showed that prevalence of radiological thoracic
VFs was associated with elevated presurgical random GH levels
in patients recently diagnosed with acromegaly [25]. Moreover,
another recent study suggested that a diagnostic delay >10
years may be a quite strong predictor of incident VFs [24].
Therefore, more recent guidelines suggest that vertebral mor-
phometry should be performed at diagnosis in all patients with
acromegaly (Fig. 1) [4]. Morphometry should also be repeated
during follow-up, particularly in patients with active disease or
untreated hypogonadism and densitometric osteoporosis or
prevalent VFs (Fig. 1) [72].

Clinical fractures in acromegaly

Recently, in a Korean population-based cohort prospective study
including more than 1,700 patients with acromegaly followed
up for more than 8 years, the risk of clinical vertebral and hip
fractures was evaluated in comparison with 8,885 age- and sex-
matched controls [87]. Interestingly, patients with acromegaly
were found to have significantly higher risks of clinical vertebral
(hazard ratio [HR], 2.09) and hip (HR, 2.52) fractures than con-
trols. As reported for morphometric VFs, clinical VFs also oc-
curred early during follow-up [87]. Interestingly, the multivari-
able-adjusted HRs were higher for clinical hip fractures (ranging
from 2.29 to 3.36) than for VFs (from 1.69 to 2.70) [87].
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TREATMENT OF ACROMEGALY-RELATED
OSTEOPATHY

Estrogens in postmenopausal women and androgens in
hypogonadal males

Both postmenopausal females [21] and males [22] with acro-
megaly have been reported to be at increased risk of VFs. In
males, hypogonadism has been reported to have a negative im-
pact on fracture occurrence, although to a lesser degree than ac-
tive disease duration [22]. Therefore, although specific data are
missing, based on bone protective effects of sex hormones in
postmenopausal and male osteoporosis [88,89] either estrogen
or androgen replacement should be considered in hypogonadal
subjects if not contraindicated, particularly in case of subjects
already bearing a prevalent morphometric VF, which—as men-
tioned above—is a strong predictor of subsequent fractures. In
this light, the possible IGF-1-lowering effect of estrogens and
estrogen receptor modulators [90] may also facilitate the optimi-
zation of biochemical control, which may synergize with the
correction of hypogonadism in lowering fracture risk.

Vitamin D and anti-osteoporotic agents

Vitamin D is a crucial hormone with skeletal and extraskeletal
effects [91]. The most relevant skeletal action of vitamin D is an
increase in intestinal calcium absorption and bone mineraliza-
tion [92]. Its deficiency, when severe, may cause rickets in chil-
dren and osteomalacia in adults. Less severe deficiency of vita-
min D increases osteoporosis and fracture risk in the general
population [93].

Active acromegaly and treatment with somatostatin receptor
ligands (SRLs; as a possible result of induced malabsorption of
lipophilic substances [94]) have been reported to be risk factors
for vitamin D deficiency [95,96], with significant positive cor-
relation between IGF-1 and 25 hydroxy-vitamin D (250HD)
levels in biochemically active patients [97]. Additionally, the re-
ported increase in acromegaly of VDBP [57] is likely to cause a
decrease in free vitamin D levels. Moreover, in many countries
where food is not supplemented with vitamin D [98] a high
prevalence of hypovitaminosis D in the general population is
observed, particularly in the elderly [99]. Finally, whereas sup-
plementation with vitamin D, which is in general based on oral
cholecalciferol [100] administration, in the whole population
has not been proven to be protective against bone events [101]
it has been found to have positive effects on bone in subjects
with poor vitamin D status and high fracture risk [102] such as
those with excess glucocorticoids [103].
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Recently, in a prospective study, active acromegaly patients
showed a lower response in terms of serum free vitamin D levels
to a single dose (150,000 IU) of oral cholecalciferol (and delta
250HD was negatively correlated with biochemical activity of
the disease) as compared to similar number of controls matched
for age, sex, and body mass index [104]. These data suggest that
active acromegaly may cause a state of relative vitamin D resis-
tance, as already observed in Cushing’s disease [105].

Moreover, also very recently, in an Italian longitudinal, retro-
spective, and multicenter study, acromegaly patients supple-
mented with cholecalciferol based on general population guide-
lines [100] (based on clinical judgment at a median dose of
8,500 IU/week) were reported to have a lower incidence of VFs
(14.3%) after a median follow-up of 94 months than untreated
patients [26]. The final median 250HD level was significantly
lower in patients with incident VFs (28.6 ng/mL) than in pa-
tients without incident VFs (34.2 ng/mL). The fracture-protec-
tive effect of cholecalciferol was confirmed in logistic regres-
sion analysis (odds ratio, 0.16; 95% CI, 0.03 to 0.79) [26].
These findings suggest that at least in regions with a high preva-
lence of vitamin D deficiency, such as Italy [106], 2SOHD
should be measured in all acromegaly patients and in case of
poor vitamin D status, supplementation with a standard dose of
cholecalciferol should be started (Fig. 1).

As a matter of fact, this study was the first to show at least an
association between the long-term use of standard doses [100]
of a bone-active hormone such as cholecalciferol and a reduc-
tion in incident VFs, in acromegaly [26]. This is good news,
since methods of preventing VFs in acromegaly—besides im-
proving biochemical control (see below)—remain an open issue.

In fact, evidence on potential effects of bone-sparing agents
in acromegaly-related osteopathy is limited (the abovemen-
tioned study on cholecalciferol was carried out in patients un-
treated with bone-active agents [26]) and based on retrospective
observational data [107]. It was hypothesized that since the bio-
chemical mechanism underlying the increased risk of fractures
in acromegaly is suspected to be an increase in bone turnover,
the use of anti-resorptive drugs could have been the most bene-
ficial treatment [108]. However, it was recently retrospectively
observed that any type of bone-sparing therapy (either anti-re-
sorptive with bisphosphonates and denosumab or anabolic with
teriparatide) was able to lower the incidence of VFs only in bio-
chemically active patients [107]. Nevertheless, despite the lack
of specific evidence and guidelines on anti-osteoporotic treat-
ment in acromegaly-related osteopathy, it has to be noted that if
a bone-active treatment is felt to be indicated in a patient with
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acromegaly, a combination with cholecalciferol should be used,
as in the general population [109].

Moreover, since cholecalciferol administration was also re-
ported to be safe in patients with acromegaly [26], as in the gen-
eral population [100] it could be useful to include in guidelines
that vitamin D assessment and administration may be managed
at every endocrine center (Fig. 1) while the indication and
choice of specific anti-osteoporotic therapies should be respon-
sibility of the bone expert within the PTCOE [110,111].

Finally, since GH deficiency has been found to be a strong risk
factor for prevalent [112] and incident [113] VFs, the use of GH
replacement therapy should be considered in patients with acro-
megaly and prevalent VFs made GH-deficient by treatment [114].

Acromegaly treatment

Medical therapy has become an important option over the years
as the second- or third-line treatment of acromegaly, but can
also be used in some instances as primary therapy [115-117].
First-generation SRLs such as octreotide or lanreotide are gen-
erally used as first-line medical therapy, particularly in Europe
[118,119], whereas high doses of octreotide or lanreotide
[120,121], pegvisomant [122,123], or a second-generation SRL
(pasireotide) [124] according to guidelines [125] may be used
as second-line therapy in patients partially or not at all con-
trolled with first-generation SRLs [126]. The medical therapy of
acromegaly has been reported to have positive impact on the
cardiorespiratory complications of acromegaly [127], likely via
improved biochemical control [128]. Recently, the impact of
medical therapies for acromegaly on skeletal fragility has also
been analyzed in depth [129,130].

In cross-sectional [86] and prospective studies [129], obtain-
ing biochemical disease control by either first-generation SRLs
or pegvisomant was linked to a decreased VF risk. Recently, it
was reported that patients treated with pasireotide showed de-
creased incidence of VFs as compared to those treated with
pegvisomant, independently of IGF-1 values and the degree of
biochemical control [130], suggesting that pasireotide may po-
tentially directly and positively influence bone metabolism by
decreasing both GH and systemic and local IGF-1 levels [130].

On the other hand, the decrease in incident VFs under treat-
ment with pegvisomant was closely related to biochemical dis-
ease control [129]. The observed gap in VF prevention in favor
of pasireotide may be due to possible detrimental effects of high
circulating GH on bone due to the mechanism of action of
pegvisomant [131].

Overall, although the acromegaly treatment-specific effects
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on skeletal end-points in acromegaly are not yet fully elucidated,
the data seem to suggest that improvement of bone status may
be mediated by IGF-1 reduction/normalization under pegviso-
mant whereas it could be partly independent from systemic IGF-
1 under pasireotide. Therefore, since second-line medical thera-
py with pasireotide may be more effective in preventing VFs
than pegvisomant, it can be inferred that bone status may also
influence the choice of treatment, as already proposed for tumor
dimensions and diabetes mellitus [125]. In fact, it can be hy-
pothesized that pasireotide could preferentially be used in sub-
jects with persistently active disease and high risk of VFs.

CONCLUSIONS

Due to the insufficient fracture predictivity of DXA BMD, ver-
tebral morphometry, possibly in combination with bone quality
assessment, currently appears mandatory in the evaluation of
bone status in patients with acromegaly (Fig. 1) and due to the
high epidemiological relevance of VFs in acromegaly, guide-
lines with these recommendations should be implemented not
only in PTCOE:s at diagnosis and follow-up, particularly in the
case of patients with prevalent VFs. The involvement of both
trabecular and cortical bone in the detrimental skeletal effect of
excess GH and IGF-1 has been reported; thus, explaining the
recently reported increased prevalence of both VFs and clinical
hip fractures. Moreover, cortical bone damage could also ex-
plain the persistence of increased fracture risk in biochemically
controlled acromegaly. The use of cholecalciferol has been as-
sociated with decreased risk of incident VFs in acromegaly [26],
whereas modernly defined tight biochemical control [131] and
the use of pasireotide in active acromegaly patients may also be
important protective factors against skeletal events in this clini-
cal setting [130].
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