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Abstract

Objective Vascular calcification shares many features with skeletal mineralisation and shares an inverse relationship with
osteoporosis (skeletal de-mineralisation). However, medications that reduce bone loss (anti-resorptives) have had inconsist-
ent effects on extra-skeletal mineralisation (i.e. vascular and valvular calcification). As such, this paper aims to synthesise
existing literature examining the effect of anti-resorptive treatments on extra-skeletal (vascular and valvular) calcification
across populations.

Methods Medline and Embase were searched (inception to October 2024) for studies that assessed the association between
anti-resorptive medication use and vascular/valvular calcification. Pooled standardised mean differences (SMDs) with 95%
confidence intervals (CI) were calculated for all outcomes, using random-effects model. Leave-one-out sensitivity analyses
were performed for internal validity.

Results Of 4071 articles screened, 33 were included in the review, and 15 (2344 participants) had data available for meta-
analysis. Anti-resorptive use was associated with non-significant, small magnitude improvements in abdominal aortic calcifi-
cation (decreased value), coronary artery calcification (decreased value) and ejection fraction (increased value) but significant
small reduction in aortic valve area (representing less calcification on the valve) with standardised mean difference of —0.45
(95% confidence interval (CI)—0.99; 0.08, ?=84%),— 1.19 (95% CI—2.92; 0.55, I’=91%),—0.67 (95% CI—1.72; 0.38,
F=94%), 0.26 (95% CI—0.14; 0.66, I*=62%) and 0.56 (95% CI 0.07; 1.06, I*=76%), respectively.

Conclusion The significance of small positive effect of anti-resorptives on aortic stenosis is clinically uncertain. Despite
strong biological links between vascular calcification and skeletal mineralisation, anti-resorptives do not appear to have a
strong favourable influence on extra-skeletal mineralisation. This suggests that mechanisms that link vascular calcification
with osteoporosis may be acting in pathways not influenced by anti-resorptives.

Summary This systematic review and meta-analysis summarises the effect of anti-resorptives on vascular and valvular calci-
fication. There is a small, positive effect of anti-resorptives on aortic stenosis, though this is of uncertain clinical importance.
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Abbreviations
SMD Standardised mean difference

CI Confidence interval

CVD Cardiovascular disease

AAC Abdominal aorta calcification

BMD Bone mineral density

CKD Chronic kidney disease

PRISMA Preferred Reporting Items for Systematic
Reviews and Meta-analyses

BMI Basal metabolic index

BP Blood pressure

DM Diabetes mellitus

HF Heart failure

HTN Hypertension

AMI Acute myocardial infarction

TIA Transient ischaemic attack

ACEi Angiotensin-converting enzyme inhibitor

ARB Angiotensin receptor blocker

CAC Coronary artery calcification

AVA Aortic valve area

EF Ejection fraction

IMT Intima-media thickness

AS Aortic stenosis

Introduction

Cardiovascular disease (CVD) and osteoporosis share many
risk factors such as ageing, smoking, unhealthy diet (high
sugar, high saturated fat, low protein), low levels of exercise
and increased weight leading to speculation for common
causative pathways [1]. One of the most frequently described
links between CVD and osteoporosis is vascular calcifica-
tion. Indeed, there is a strong inverse relationship between
vascular calcification and bone mineral density (BMD).
For example, calcification in the abdominal aorta (AAC) is
associated with reduced BMD at various clinically relevant
sites, and increased fracture risk at multiple clinically rel-
evant sites [2]. The biological mechanism that drives vas-
cular calcification is reminiscent of mineralisation of the
skeleton involving calcium deposition by vascular smooth
muscle cells that have undergone cellular transdifferentia-
tion and appear phenotypically as osteoblast-like cells [3].
Given that osteoporosis treatments target well-described key
drivers of bone loss, it has thus been speculated that these
same treatments could favourably influence the incidence
and progression of extra-skeletal mineralisation. Specifi-
cally, osteoporosis treatment targets osteoclast action (these
would include the anti-resorptive agents—bisphosphonates,
which mediate osteoclasts apoptosis; denosumab which is
a monoclonal antibody against RANKL that inhibits bone
resorption and osteoclast activity via the RANK/RANKL
pathway), and osteoblast action (teriparatide is a parathyroid
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hormone (PTH) analogue that upregulates osteoblastogenic
growth factors; romosozumab is a monoclonal antibody
sclerostin antagonist that works to promote osteoblast pro-
duction) [4-6]. To this end, several studies have explored
the hypothesis that osteoporosis treatments could influence
extra-skeletal mineralisation, albeit with heterogeneous
responses [1, 7]. Much of the literature in this area has been
directed towards understanding pathogenesis and treatment
options in patient with chronic kidney disease (CKD). This
is understandable given the burden of extra-skeletal calci-
fication in this patient group, owing to the underlying bone
and mineral disturbance from their CKD. Given that renal
bone disease has its own distinct pathophysiology, there is
a need to understand the overall effect of anti-osteoporosis
medications in all patient groups, whose underlying bone
and mineral pathophysiology could be reversed by avail-
able anti-osteoporosis treatments. A recent meta-analysis
attempted to address this topic but was limited in its scope
of included trials. This meta-analysis only included two tri-
als with anti-resorptive agents which showed mixed results
[8]. Another systematic review focused solely on the effect
of anti-osteoporotic medications on coronary artery calci-
fication (CAC) only and did not investigate other forms of
vascular calcification and as such this study is limited by
assessing only one calcification outcome [9]. Their review
which included four observational studies and one ran-
domised controlled trial (RCT) with a total of 377 patients
also showed mixed results. Furthermore, very little attention
is given to valvular calcification with respect to understand-
ing extra-skeletal mineralisation in osteoporosis, despite sev-
eral observational studies demonstrating potential for slower
progression of valvular calcification in patients receiving
anti-resorptive medications [10, 11]. It has been hypothe-
sised that the pathophysiology behind valvular and vascular
calcification belong to the same causal pathway, and for this
reason, there is a need to systematically and comprehen-
sively examine the evidence for anti-resorptive medications
on extra-skeletal (valvular and vascular) calcification across
indications. Therefore, we aimed to synthesise existing lit-
erature examining the effect of anti-resorptive medications
on the calcification process on valves and arteries, at clini-
cally actionable sites, in any population.

Materials and methods
Data sources and searches

We searched two databases (Medline and Embase) from
inception to 15 October 2024 for relevant papers. There were
no language restrictions. Studies were identified using the
search strategy detailed in Supplementary Table 1. Records
were then stored using a citation manager and duplicates
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were removed. All titles and abstracts were screened before
evaluating the eligibility of the full texts. Manual screen-
ing of cited references of eligible texts and online related
article lists were also done to identify publications that were
potentially relevant.

Study selection

This systematic review and meta-analysis was conducted
according to the Preferred Reporting Items for Systematic
Reviews and Meta-analyses (PRISMA) statement, and it is
registered with PROSPERO (CRD42024518650) [12]. We
included studies that specifically reported any of the fol-
lowing outcomes: incidence and/or progression of vascular
calcification (at any site) or incidence and/or progression of
(any) valvular calcification (including any echocardiographic
measure of such) or progression of ejection fraction. Studies
were included if the trial was randomised or a controlled
prospective cohort study and provided any of the above out-
comes. Specific exclusion criteria included non-controlled
studies, systematic reviews, reviews, conference abstracts,
letters, case reports and animal or cell-based studies.

Data extraction and quality assessment

Data was extracted by a single reviewer (HZL) using a data
extraction form and was checked for accuracy by another
reviewer (AJR). We obtained data on the total number of
enrolled patients, treatment used; comparator used; patient
demographics (age, sex, basal metabolic index (BMI),
blood pressure (BP), alcoholic, smoking status); medical
conditions (diabetes mellitus (DM), hypertension (HTN),
hyperlipidaemia, coronary artery disease, peripheral artery
disease, heart failure (HF), CKD, osteoporosis, chronic liver
disease, previous aortic stenosis, previous acute myocardial
infarction (AMI), previous percutaneous coronary interven-
tion, previous coronary artery bypass graft, previous stroke/
transient ischaemic attack (TTA) and malignancy); medi-
cations (statins, angiotensin-converting enzyme inhibitor
(ACEi)/angiotensin receptor blocker (ARB), steroids, vita-
min D, calcium, phosphate binder) and osteoporotic features
(baseline vertebral BMD, baseline lumbar spine BMD, base-
line femoral neck BMD, previous vertebral fracture); and
outcomes of interest with units of measurable change (AAC
volume, CAC volume and Hu, aortic valve area and ejection
fraction). Potentially relevant but missing data was sought
directly from study authors via email.

Two independent reviewers (HZL and AJR) used the
Cochrane Collaboration risk-of-bias tool for randomised
trials to assess risk of bias [13]. This tool evaluates bias
across seven domains: random sequence generation, alloca-
tion concealment, blinding of participants and personnel,

blinding of outcome assessment, incomplete outcome data,
selective reporting and other bias (e.g. representativeness).
A judgement of low, unclear or high risk of bias was made
for each domain. An overall risk of bias per study was eval-
uated based on the following criteria: low—all domains
low; low/unclear—all domains low except for one that was
unclear; unclear—greater or equal to two unclear domains;
high—any domain was high. The Newcastle-Ottawa Scale
was used to assess risk of bias in cohort studies [14]. This
scale evaluates bias across three broad domains: selection
of cohorts, comparability of cohorts and the assessment of
outcome of the studies. A judgement of overall good, fair
or poor quality was determined for each study according to
the ‘star system’. Good-quality studies were evaluated as
having three or four stars in the selection domain and one or
two stars in the comparability domain and two or three stars
in the outcome domain. Fair quality studies were evaluated
as having two stars in the selection domain and one or two
stars in the comparability domain and two or three stars in
the outcome domain. Poor-quality studies were evaluated as
having zero or one star in the selection domain or zero stars
in the comparability domain or zero or one stars in the out-
come domain. For studies where there were inconsistencies
between the reviewers regarding the overall risk of bias, a
consensus meeting was held to resolve disagreements.

Data synthesis and analysis

Studies were suitable for meta-analysis if they initially satis-
fied the inclusion—exclusion criteria and reported at least one
outcome of interest. Analyses were performed separately by
outcome of interest. We meta-analysed data for outcomes
that were reported in at least three studies. Data was pooled
together in an inverse-variance model assuming random-
effects (and fixed/common effects reported for completeness)
where a standardised mean difference (SMD) for the overall
effect estimate was obtained together with the 95% confidence
interval (95% CI). For studies which examined at different
anti-resorptive treatments (for example using a bisphospho-
nate and using denosumab), where pooled results were not
provided, we reported our analysis using both treatments in
separate analyses. This was done for Geers et al. (2024) where
the authors looked at treatment with denosumab or alendronate
and so we reported our analysis first using the denosumab data
and then again using the alendronate data [15]. Heterogeneity
was evaluated by calculating the tau? statistic (an estimate of
the between-study variance) and the proportion of total vari-
ability due to between-study heterogeneity was evaluated by
the I statistic. All data were computed using the meta pack-
age in R (version 4.1.3). For assessment of internal validity,
a leave-one-out sensitivity analysis was performed for each
analysis. Finally, assessment of publication bias was done by
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Fig.1 PRISMA flowchart
visual inspection of a funnel plot. In certain instances, key  Included studies

data such as a standard deviation or error was not reported
in published papers. An example of this is Hill et al. (2002)
where change in coronary artery calcification (CAC) volume
was recorded but the variation for the mean effect was not [16].
In such instances, these data were sought directly from authors,
where no timely response was forthcoming (2-week response
deadline given); the missing data was imputed from the linear
prediction of a model including study mean and populations,
in an effort to include as much known literature as possible
to minimise publication bias (i.e. avoid exclusion of a known
publication).

Results
Literature search

The literature search yielded 6373 results, and 2302 dupli-
cates were removed, leaving 4071 records for title and
abstract screening. Reports were excluded due to being
irrelevant (n=3914), no full text (n =35), non-human stud-
ies (n=42), ineligible study design (n=47) and case reports
(n=06). Additional hand searching found another six eligible
articles. Overall, 33 studies [11, 15—46] were included in the
qualitative analysis (Fig. 1).

@ Springer

There were no restrictions to the population and we col-
lected data on studies that included any patients (general
population/community dwelling older adults) (n =29),
patients with osteoporosis (n = 6), patients on haemo-
dialysis (n =38), patients on post-menopausal (n=38),
patients with aortic stenosis (n =4), patients with type 2
DM (n=2), patients with CKD (n=2), patients at high
risk for atherosclerotic aortic plaques (n=1), patients on
bisphosphonate therapy (n=1), patients with pseudoxan-
thoma elasticum (n =2), patients with secondary hyperpar-
athyroidism (n =2) and patients with AMI (n=1). Twelve
studies used alendronate, eight studies used etidronate,
eight studies used denosumab, three studies used iban-
dronate, three studies used zoledronate, two studies used
risedronate, one study used calcitonin and one study used
teriparatide (Table 1).

Ten studies were conducted in the United States of Amer-
ica (USA), seven in Japan, two in Australia, two in Neth-
erlands, two in Spain, one in Denmark, one in Italy, two
in Taiwan, one in Iran, two in the UK and one in Turkey.
The smallest study included 12 patients [19] and the larg-
est study included 141,202 patients [35]. Follow-up time
varied between a minimum of 1 month and a maximum of
3.9 years (Table 2).
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Table 1 Literature summary

All studies, n  Studies included
in meta-analysis,
n

Characteristics

Year of publication
Pre-2010
2010-2016
2017-2024

Setting

— 00 m—
w \S)
3 9]

Any

Osteoporosis
Haemodialysis
Post-menopausal

Aortic stenosis

T2DM

CKD

Bisphosphonate therapy
Hypercholesterolaemia
Kidney transplant recipients

Pseudoxanthoma elasticum

PR =~ — — DA 00 N —
N = = 0 00 = AN U A O

Secondary hyperparathy-
roidism
Incident AMI 1
Region
North America 6
Europe 11
Asia 14
Oceania 2

=]

S o W A

Number of patients
<100 22 11
> 100 11 4
Study design
Cohort 19 10
Case control 1
RCT 13 5

AMI acute myocardial infarction, CKD chronic kidney disease, RCT
randomised controlled trial, 72DM type 2 diabetes mellitus

Literature quality

Cohort studies were rated as good/good (n =9), good/fair
(n=3), fair/fair (n=>5) or fair/poor (n=1) quality by both
reviewers (Supplementary Table 2). A case control study
included was rated as good by both reviewers (n=1)
(Supplementary Table 3). RCTs were rated as low/low
(n=2), low/low-unclear (n=35), low-unclear/low-unclear
(n=2) and low/high (n=4) risk of bias by both review-
ers (Supplementary Table 4). There was some publica-
tion bias as visualised in the funnel plots (Supplementary
Figs. 1-6).

Background of skeletal risk

Table 3 provides a summary of patient characteristics in
terms of their background skeletal risk (baseline vertebral
BMD (n=06), lumbar spine BMD (n=9), femoral neck BMD
(n=9), previous vertebral fracture (n=2), vitamin D intake
(n=28), calcium intake (n=11) and phosphate binder intake

(n=Y5)).
Background of cardiovascular risk

Table 4 provides a summary of patient characteristics
in terms of their cardiovascular risk (DM (n=19), HTN
(n=12), hyperlipidaemia (n=15), HF (n=2), CKD (n=10),
osteoporosis (n=9), previous MI (n=2), previous stroke or
TIA (n=3)).

Outcomes of interest

Data were collected from 33 studies. Seven studies reported
CAC; eight studies reported AAC; one study reported com-
mon carotid artery calcification; two studies reported mitral
annulus calcification; one study reported iliac arteries cal-
cification; one study reported lower limb arterial calcifica-
tion; one study reported femoral artery calcification; one
study reported total arterial calcification; nineteen reported
aortic calcification (any site); five studies reported aortic
valve area (AVA) (Table 2). Three studies reported ejection
fraction (EF). EF is not strictly a marker of vascular/valvu-
lar calcification; we reasoned that EF would be influenced
by valvular and vascular calcification and is included as an
exploratory, hypothesis generating endpoint. Of interest, six
studies reported on carotid intima-media thickness (IMT),
but, as this represents atherosclerotic plaque not necessarily
calcified, we chose to not analyse these data. Furthermore, as
there was not a specific search term for IMT, we also cannot
be certain that we have captured all literature reporting on
osteoporosis medications and IMT.

Major findings from the included studies are described
in Table 2. Etidronate resulted in less progression in coro-
nary artery, femoral artery, thoracic and abdominal aortic
calcification in seven studies [17, 19, 26, 29, 34, 41, 43].
Alendronate resulted in less progression in AAC and aortic
stenosis in two studies [11, 28], and no difference in progres-
sion of CAC, aortic calcification and aortic stenosis in five
studies [15, 16, 24, 30, 37]. Ibandronate resulted in no dif-
ference in AAC progression in one study [18]. Risedronate
resulted in less progression in AAC and vascular calcifica-
tion in two studies [23, 42]. Denosumab resulted in less pro-
gression in CAC and AAC in three studies [32, 35, 46], and
no difference in AAC, aortic stenosis and CAC progression

@ Springer



Osteoporosis International (2025) 36:779-799

784

[OpId[edey[e
pUE 9)JUOIPISLI J3ueyo INAZL
UM DYV ul JO 9jeI—UuoIs ‘onjo1odoa)so Apmys 010C ‘ueder
uorssar3ord sso| -sa1301d DYy judwiea:n oN JeuoIpasry  ‘fesnedousw-1sod  YN/OOT/T°69/€T  AN/OOT/+OL/ET Ieak | [RUOTIBAIOSQQD  ‘[B '} BMBZEURY]
uauIom
1apjo ut sggON ()
P (QVD DVL NH () <s3I05s
OVIN ‘DAVY) UuoneoyId[ed St Kderoyy
UonEdYId[Ed Tef pauydp DV (dgDN) @reuoyd
-NOSBAOIpIRD UL PUB DV L DVIN -soydsiq Surure) AN Apms 600 VSN
uorssarsord sso] DIAV DAV AN d4ON  -uod-usfoniu uQ /001/0°C9/96¥€  AN/OOT/0°L9/YIC sreak 7 [eUOneAISqO ‘e 10 yeLrew[g
sajeu (%) uors
-oydsoydsiq yyim  -sax3oid uonoery Apmys
SISOUQ)S d1)I0R Ul uonodafo ‘(;wo) (1) 91UOIPISLI SISOUQ)S [BUOTIBAIISQO 600Z ‘VSN
uorssar3oxd sso7  uorssargord YAV AN ‘() 9euoIpud[y  OnIoE 9ATRISUASS(] ANZIN/IN/9L MANZAN/IN/S Syuow GF €7 aAnadsonay  ‘[e "1° nynuwseuu]
(%) uorssargoxd s10je[npOwW
juauean uornoely uonodfo 10)dooar uaSon
sisotododyso yim  “(u) DYIN ‘(1eak -S90 QAT)O9[OS Apmys
SISOUQ)S J1}I0R Ul /o) uors ‘UruoIoTed [BUOTIBAIISQO 600C ‘VSN
uorssardord sso -sa1301d YAY juounean oN  ‘sqjeuoydsoydsig Kuy MAN/OL/E TS/LE AN/ES/9°18/81 SR ()1 F°C aAnoadsonay “Te 19 Jor1u[oyS
a3ueyd
91BU0IPN a3ejuoorad
)M UOTJBOTIO[RD UBIW—UOIS
OT)IOE UT UOTS -so1301d uon 900¢ uedep
-s01301d SS9 -BOYIO[ED OOy  JUSWBAI} ON SreuoIpnyg SISATeIpowae | MNZAN/IN/9 MANZAN/IN/9 Ieaf | 104 ‘Te 10 IYSoALry
JJeuOIpPUEQT YIIM 93ueyo
uorssaidoid Jyy JO 9jeI—UoIS S00T “yrewr
UL 90USISfJIp ON -sa1501d DYV 0Qade[d ajeuoipueqp  [esnedousw-1sod  €Z/IN/9'0L/STI  T1T/AN/LOL/EIT sreaf ¢ 1D¥ -usq e e oyue,
()
9jeuoIpPNO a3ueyd 21008
M DD ut OvDO—uols Apms +00¢
uorssar3oid sso| -sa1301d Dy  usWEAN ON SreuoIpnyg SISATeIpOWwaR ANAT/ET19/12 AN/L1/T€9/SE sAkep 17 F88¢ [euonearasqO  ‘ueder ‘e 39 BNIN
(yyuowr 1od
2100s ur a3ueyd)
dnoi3 jonuoo 10 ny ‘(yyuowr Jod
QJRUOIPUS[ER YJIM  9I0DS UT 93UeYD)
uoissa13ord JyD QWIN[OA—UOIS Apms 00T
UL 90USIofJIp ON -sa1501d DyD  JudUnEAN ON QIBUOIPUI[Y onoiodoaisg  AN/AN/0'09/9S  MN/IAN/OTY/9S sypuowt [*y¢ [eUONBAISSAO VSN T8 W IITH
(%
JIoOUIS/9, A[eWaf (9 1ovjows/y,
/a8e/oz1s) dnoi3  orewoj/ede/ozIs) Apmnjs jo Ieok
Surpuy Jolejy sowoon  uostredwo) JuoweAI], uonendod Jojeredwo)  dnoiS juounear], porrad owin UBAIN odAy Apmg  ‘Anunoo ‘sioyiny

soydesSowap Apmis g 3jqelL

pringer

AQs



785

Osteoporosis International (2025) 36:779-799

opneredrid)
0 paredwod
QJBUOIPI[OZ YIIM

LINI pnoIed ut (wur) uorssaIgd opnereduay, Apmys 6102 ‘Arei1
uorssaor3oxd sso7  -oxd TN pnoie)  judwea:n oN ‘9jeuoIpe[oz  [esnedoudw-1sod  ¥N/OOT/0°0L/0T  AN/OOT/0°0L/0T Ieok | [eUOTIRAIISQO ‘Te 10 110ssed
JJeuOIpUIE
IO qeWISOUdP
M LI photes
pue JyD ut ) QJBUOIPUI[Y 610¢
QOUQIAJJIP ON SJUQAD 9SIQAPY AN ‘qewunsoua(g SISATRIPOWOR | ANZINZAAN/O - ANZINA TL/9% Ieok | 1D ‘ueder ‘Te 10 L19ST
() uors
9jeuOIPNO -sax3oxd AT
M AT prioTes pnored ‘a3ueyo
puE UOIBOYIO[Ed a3ejuaorad 810C
KI19)I€ [RIOWS) UT —UuoneoyIofed wnonse[d ‘spueIoyjoN ‘Te
uorssar3ord sso| KI9)Ie [BIOWD,] 0qade[d JeUOIPNE  BUWOYIUBXOPNAS] AN/IS/0°LS/LE AN/IS/0°LS/LE Ieak | 104 19 Sinquouery]
QleuoIpude 93ueyo o3k
s DYV ur -juoorod—uors syuardroax Apms 107 ‘uedep
uorssa1r3oxd ssao| -sa1301d DYy juswEaIn ON JreuoIpudly  juerdsuer Koupry MN/LS/6°TS/L MN/08/8°TS/S Ieof | [eUOnRAIISqO ‘Ie 10 oJowrey
21008
oqooerd 10 UuoneOYIO[ed
qewnsouap YIM  OTNIOR Ul dFueyd
uorssa13oid Dyy UBW—UOIS onoiodoayso $10Z ‘VSN
UL 90USISJIp ON -sa1801d DYV 0Qadeld qewnsoua  ‘[esnedousw-1sod  SH/AN/O'YL/C8L  8F/001/0 LIRS syjuowr 9¢ LOd ‘[e "1 uos|auwes
unejseAlole pue 93ueyo a5k QjeuOoIpn
QJRUOIPTId YIIM -juadrad—uors pue unej
JVV pue d108Ioy) -sa1301d DYy -SeAloly BIwow €107 ‘ueder
ur uorssarSoxd sso pue OI0BIOY],  UNRISBAIO}Y reuoipnyg  -[orasojoyoradAy  MN/AN/T'19/CL AN/THY6S/9€ Ieaf | IDY  ‘[e 10 ereyemey]
dnoi3 jonuood 10
sareuoydsoydsiq
m uorssargord Apms
SISOUQ)S O1I0k [eUOTIBAIISQO 10T ‘VSN
ur oouarip oN  uorssaioid YAY  jusunean oN - sojeuoydsoydsig  pesnedouswi-}sod  YNAN/G6'SL/61C  ANSAN/S'SL/IGTT s1eak ] aAnoadsonay ‘I8 10 KOsy
oqooed 10
9JRUOIPUIE IIM
uorssargord uon (nH)
-eoyIO[Rd OnIoe  uorssargord uon 0107 ‘erensny
UL 9OUSISHIp ON  -BOYIO[ED S1IoY 0Qadeld QIBUOIPUI[Y axo AN/9E/T°6S/ST AN/TE/099/ST sypuowr 8| LOd ‘[e 19 JuLeSsSnO,
(%
JIOOWIS/9, A[eWf (9 Iovjows/y,
/a8e/oz1s) dnoi3  orewoj/ede/ozIs) Apmis jo Teak
Surpuy Jolejy sowoon  uostredwo) JuoweAI], uonendod Jo0jeredwo)  dnoiS juounear], porrad owin UBAIN odAy Apmg  ‘Anunoo ‘sioyiny

(ponunuoo) zsjqey

pringer

As



Osteoporosis International (2025) 36:779-799

786

qewnzos
-OwoT IIM
DV pue J1oeIoy) uorssaI3 onoiodoayso Apms 7202
Ul uorssaIgoig -oxd 21008 VD AN qewinNsoud(] Pue SISA[IPOWoRH ANZAIN/IN/O AN/SE/OTLIET Ieaf | [euonearasqO  ‘ueder ‘e 10 oyieg
oqaoerd
10 9)eUOIpU[E
10 qewnsouap
y)m uorssardord 120C ‘wop
SISOUQ)s d11I0R (;uo) QJRUOIPUIY -3ury payun
UL 22UAIRJIP ON  uolssarSord VAY 0Qadeld ‘qewmnsousq SISOUQ)s ONI0Y AN/OT/OCTLIOS  AN/IT/STL/O0T syjuout ¢ LOd ‘[e 19 opemeq
a3ueyd 93eIuad
qewnsouap -lod—so3ueyo
)M UOTJBOTIO[ED UonBOYIO[LD Apnjs 120T ‘ueder
oIe J1)I0® SSO] [oIe ONJOY  JUSWIBAI) ON qewnsouaJ SISATRIpOWORH AN/ET/1°89/0€ AN/ST/6°59/8C syuow ()¢ [RUOTIBAIISQQ ‘e 19 p[nzng
QJRUOIPASLI
10 9)eUOIpURql
‘QreuoIpuae QJeUOIPISTY
PIM NSHTINY ‘djeuoIpueqy AN AN 020t ‘uredsg ‘Te
Ul 9JUaI9yIp ON AV 3u9pIou] AN *91BUOIPUS] Y TNV USpIouL  /2Z/8°99/C19°LTT  /LT/8799/06S ‘€T s1eak 41 [0NUOS ose  1J9 I[[AYIONZZBIN
93ueyd 938U
-lod—soa3ueyo
UonBOYIO[RD
[eLIS)IE T8I0}
pue s3o[ oy}
SJRUOIPTId YIIM JO SALISYI. ‘Sl
DVV pue o1oeIoy) -19)Ie OBI[T
‘uoydrs prjoreds ‘erIoe ‘saLIa)Ie 0202
‘eLId)IE [RIO) UI ATRUOIOD ‘A19)Ie wnonse[d ‘SpUBTIYION
uorsso1301d ssoT  PrIoIed UOWWOD) 0qode[q JeuOIPNE ~ BWOYIUBXOPNAsd AN/IS/O°LS/LE MN/IS/0°LS/LE Ieok | 109 ‘Te 10 ensireqg
ogooe[d 10
QJBUOIPI[OZ YIIM
uorssaidoid Qyy (u) o1010do9)so pue 0207 ‘eren
UL 9JUAIJIP ON () <SATUBYD DYV 0Qadeld ajeuoipaoz  [esnedouswr-1sod  YN/OOT/L'TL/RIT AN/OOT/ETLIVET sreaf ¢ LOd -sny ‘[e 19 1)
(%) uors
JeuoIpus[e Pyim  -sarfoxd uonoey
SISOUQ)S J1}I0E Ul uonoafos ‘(,wo) onorodoayso Apmys 00T ‘uely
uorssaor3ord sso7  uorssarord YAY  judwiean oN QJRUOIPUI[Y PUE SISOUS ONIOY  YN/OOT/L'89/SE  AN/00T/9°69/LE s1edk 7 [RUOT)BAIISQQ ‘T8 10 LIYSIY
qewnsouap ny ‘() wsiproiAyyered
yIm DHyD ur QWIN[OA—UOTS -10dAy Arepuooss Apms 020T ‘uem
uorssardoid sso| -sa1301d QYD uSWEAIN ON qewinsoud(] Ppue SISA[EIPOWoRH MN/LS/SHS/1T MN/98/1°29/12 syjuow 9 [eUONIBAIISQO) TR, ‘[ "1@ Uay))
(%
JIOOWIS/9, A[eWof (9 Iovjows/y,
/a8e/oz1s) dnoi3  orewoj/ede/ozIs) Apms jo Teok
Surpuy Jolejy sowoon  uostredwo) Juow}eAI], uonendod Jojeredwo)  dnoiS juounear], porrad owin UBIN odAy Apmg  ‘Anunoo ‘sioyiny

(ponunuoo) zsjqey

pringer

AQs



787

Osteoporosis International (2025) 36:779-799

UONEBOYIO[ED BLIOR JI0RIOY) DV ‘[BLI) PA[[OIIUOD PISTWOPURI 7)Y ‘PR11odal jou YA ‘UONBIYIO[ED SN[NUUE [BNIW DY/ ‘SSIUNIIY) RIPAW-RWNUL, [ j/] ‘UOT)
-BOYIO[ed AIo)Ie AIeUO0IOD DY) ‘UONEOYIO[Ed SULI QATEA OIIIOE DYAY ‘UOTIBOYIO[ED QAEA OTIOB DAY ‘BOIE dA[RA JIOE YAV ‘UOTIOIRJUT [IPIedOAW QINoe [y} ‘UONBOUIO[ED J1)I0E [BUropqe JVY

qewnsouap nH (o) wisiproiAyyered
s Dy ut QWIN[OA—UOIS -10dAy Arepuooss Apms 207 ‘uem
uorssar3oxd sso| -so1301d DY)  jJudwEAN ON qewnsoud(] PuUe SISA[eIPOWoRH AN/LS/8HS/T1T AN/ES/Y6S/47T syjuowr 9 [eUOTIRAIOSQO)  -TBT, ‘[ 10 Uay))
uorssargord
UOTJBOYIO[ED o1}
-I0® 10 DY) YIIm uorssaigord
Pa1eIO0SSE JoU UuoneOYIO[Rd 20 ‘wop
QIe 9JRUOIPUS[E  ONJIOE ‘N{—UOIS QJRUOIPUI[Y -3ury] payun
IO qRWUNSOUd( -sa1301d JvD 0qade[d ‘qewunsoud(g SISOUQ)S ONIOY AN/OT/0TLIOS  AN/1T/S TLI00T SyIuow $7g 109 ‘[e 19 SI99D)
QreuoIpueqr
0) paredwod
9JRUOIPI[OZ YIIM
LIAT prioIed ur (wrur) onorodo9)so pue €10T Arein
9SBAIOIP 19)eaID) LINI phole  9jeuoipueqp ajeuoIpaoz  [esnedouour-1sog €1/001/0°L9/0€ L1/001/%°99/0¢ syqpuowr 7| LOd ‘Te 19 1[ouu0n
JjeuoIp
-ude YIM LINT () Apms 800¢ ‘Aoxng,
P1IOIED UI 3SBAIIA(] LINI pnoIe)  juswjean oN SJRUOIPUI[Y s1so10dod)sQ AN/OOT/AN/EE MAN/OOT/AN/6E syuowr 7| [eUONIBAIISqO ‘Ie 12 nSoqeD
9JeuOIPNO
A DYV Ul Apms #00¢ ‘ueder
uorssar3oid sso7  uorsserSord DYy jusumeaIn oN QreuoIpnyg sisAerpowoe  MN/AN/T Z9/01 MAN/IAN/S 69/8 syIuowr 7| [eUOTIRAIISqO ‘Te 10 eqryse
91BUOIPISLI a3ueyd
)M SUOTIBOYTO 2100S UONEOY syuardroar 0107 ‘ureds
-[eo IB[NOSEA SSO] -IO[BD IR[NOSBA  JUSUIEAT) ON reuoIpasry  juerdsuen Aoupry| AN/TT/L0S/6% N/LUY LYIZS sypuowr g | IDY ‘[ 19 eso13o1I0],
9jeuOIPNO
PIM DYV ul Aprs 900¢ ‘ueder
uorssarSord sso7  uoissaSord DYy jusunean oN reuoIpNH SISATeIpowoR ANZIN/LL9/6  ANJIN/T€9/CT syluowr G¢ [BUOTIBAIISQQ ‘Ie 19 eqrysey
jusunEeoI)
Ou 10 9JeUOIPU[R Apms
ym LN proIed (wur) uorssard [BUOTIBAIISQO £00T ‘Aoyang,
UI QOUAIRHIP ON  -01d LIAIT PRose) AN seuoIpuely  [esnedouour-jsog AN/IN/IN/O 0€/001/6°6S/1L Sypuow 7+ €1 aAnoadsonay ‘Te 19 1seqIpPQ
JreUOIPTId
UM LN prnoied (wur) uorssard INAZL Apms 0007 ‘uedep
uroseardd@  -oxd JIAJ pnore)  juaunear) oN QreuoIpng pue eruado9)sQ AN/OL/8°09/LS AN/LLI9T9/LS IRk | [RUOTIBAIOSQQD  ‘TB 19 BWRATIYSOY]
(%
JIOOWIS/9, A[eWf (9 Iovjows/y,
/a8e/oz1s) dnoi3  orewoj/ede/ozIs) Apmis jo Teak
Surpuy Jolejy sowoon  uostredwo) JuoweAI], uonendod Jo0jeredwo)  dnoiS juounear], porrad owin UBAIN odAy Apmg  ‘Anunoo ‘sioyiny

(ponunuoo) zsjqey

pringer

As



788

Osteoporosis International (2025) 36:779-799

Table 3 Background of skeletal risk

Authors, country, year Baseline vertebral Baseline lumbar spine BMD, g/em®  Baseline femoral neck BMD,  Previous Vitamin D intake ~ Calcium intake Phos-
BMD, g/ em” (treat- (treatment/control) g/(:mZ (treatment/control) vertebral fracture  (treatment/ (treatment/ phate
ment/control) (treatment/ control) control) binder

control) intake
(treat-
ment/
con-
trol)

Hill et. al, USA, 2002 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/

NR

Nitta et. al, Japan, 2004 0.941+0.125/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/

NR
Tanko et. al, Denmark, 2005 NR/NR 2.5 mg oral: 0.827 +0.099 2.5 mg oral: 0.717 +0.103 NR/NR Yes/yes Yes/yes NR/
20 mg oral: 0.841+0.112 20 mg oral: 0.726+0.093 NR
0.5 mg IV: 0.791 +£0.099 0.5 mg IV: 0.706 +0.094
1.0 mg IV: 0.796 +0.095/oral: 1.0 mg IV: 0.721 £0.089/
0.797+0.118 Oral: 0.701£0.102
1V: 0.796 +£0.091 IV: 0.711+£0.086
Ariyoshi et. al, Japan 2006 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Skolnick et. al, USA, 2009 NR/NR NR/NR NR/NR NR/NR NR/NR 9/12 NR/
NR
Innasimuthu et. al, USA, 2009 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Elmariah et. al, USA, 2009 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Kanazawa et. al, Japan, 2010 NR/NR 0.74440.127/0.919+£0.124 0.558+0.056/0.637+0.081  NR/NR 13/0 0/0 NR/
NR
Toussaint et. al, Australia, 2010 171 0.40+1.48/0.37 +2.11 —1.28+0.98/-126+1.38  NR/NR NR/NR 5/6 1711
Aksoy et. al, USA, 2012 NR/NR NR/NR NR/NR NR/NR 146(67)/151(69)  179(82)/180(82)  NR/
NR
Kawabhara et. al, Japan, 2013 NR/NR 0.85 +0.06/atorvastatin: 0.85+0.06 0.64 +0.08/atorvastatin: NR/NR NR/NR NR/NR NR/
Combination: 0.85+0.07 0.63+0.07 NR
Combination: 0.64 +0.10
Samelson et. al, USA, 2014 NR/NR 0.733 (0.063)/0.738 (0.077) 0.731(0.098)/0.715 (0.101) 201(24)/175(22)  843/782 843/782 NR/
NR
Okamoto et. al, Japan, 2014 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Kranenburg et. al, Netherlands, 2018 ~ NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Iseri et. al, Japan, 2019 NR/NR Denosumab: 0.876 (0.716-1.139) Denosumab: 0.496 Denosumab: 10 NR/NR NR/NR NR/
Alendronate: 0.797 (0.735-0.919)/ (0.440-0.580) Alendronate: NR
NR Alendronate: 0.523 7/NR
(0.477-0.564)/NR
Passeri et. al, Italy, 2019 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Chen et. al, Taiwan, 2020 NR/NR 0.74+0.04/0.91 £0.04 0.47+£0.03/0.64 +£0.03 NR/NR NR/NR 21721 21721
Alishiri et. al, Iran, 2020 NR/NR NR/NR NR/NR NR/NR 37/33 37/33 NR/
NR
Cai et. al, Australia, 2020 NR/NR 0.64(0.09)/0.66 (0.07) 0.53(0.06)/0.54 (0.06) NR/NR NR/NR NR/NR NR/
NR
Bartstra et. al, Netherlands, 2020 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Mazzucchelli et. al, Spain, 2020 NR/NR NR/NR NR/NR NR/NR 582/3084 583/3185 NR/
NR
Suzuki et. al, Japan, 2021 —0.84/-0.85 NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Pawade et. al, United Kingdom, 2021  NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Saito et. al, Japan, 2022 NR/NR NR/NR NR/NR NR/NR NR/NR 4/NR 7/NR
Koshiyama et. al, Japan, 2000 0.769(0.017)/0.987 NR/NR NR/NR NR/NR NR/NR NR/NR NR/
(0.034) NR
Delibasi et. al, Turkey, 2007 0.765+0.016/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Hashiba et. al, Japan, 2006 2.36+0.11/2.17+£0.20 NR/NR NR/NR NR/NR 713 NR/NR 75
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Table 3 (continued)

Authors, country, year Baseline vertebral Baseline lumbar spine BMD, g/cm?

Baseline femoral neck BMD, Previous Vitamin D intake Calcium intake Phos-

BMD, g/t em? (treat- (treatment/control) g/(:mZ (treatment/control) vertebral fracture  (treatment/ (treatment/ phate
ment/control) (treatment/ control) control) binder
control) intake
(treat-
ment/
con-
trol)
Torregrosa et. al, Spain, 2010 NR/NR NR/NR NR/NR NR/NR 52/49 52/49 NR/
NR
Hashiba et. al, Japan, 2004 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Celiloglu et. al, Turkey, 2008 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Gonnelli et. al, Italy, 2013 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Geers et. al, United Kingdom, 2024 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/
NR
Chen et. al, Taiwan, 2024 NR/NR 0.76+£0.19/0.91 +£0.18 0.50+0.16/0.64 +£0.12 NR/NR NR/NR 24/21 24/21

BMD bone mineral density, /V intravenous, NR not reported

in three studies [15, 27, 37]. Zoledronate resulted in no dif-
ference in AAC progression in one study [33].

Meta-analysis

Fifteen studies, including a total of 2344 patients, had data
available for meta-analysis (Fig. 2A-E). Specifically, studies
that reported aortic calcification (any site) were not able to
be analysed as varying units of measurements were used, for
example, reporting on a percentage of the cohort that expe-
rience regression/progression of calcification as opposed
to some measure of change in calcification. Therefore, we
focused our analysis on outcomes for which units of measur-
able change were reported for a more targeted and clinically
relevant analysis. Other studies not included were due to a
lack of control group or specific results that were required
for analysis. Parameters like mitral annular calcification and
pulse wave velocity were unable to be analysed due to a lack
of sufficient data.

Abdominal aorta calcification

Six studies, including 1815 patients, reported on change in
AAC as an outcome of anti-resorptive therapy [23, 27, 28,
34,36, 41]. Suzuki included patients on haemodialysis and
treated them with denosumab; Hashiba included patients
on haemodialysis and treated them with etidronate; Bar-
tstra included patients with pseudoxanthoma elasticum
and treated them with etidronate; Okamoto included
patients with kidney transplant and treated them with
denosumab; Samelson included post-menopausal and
osteoporotic patients and treated them with denosumab
as a secondary analysis of a larger fracture reduction trial;
Kanazawa included patients who were post-menopausal,

were osteoporotic and had type 2 diabetes mellitus. When
pooled together, the rates of AAC progression were similar
(SMD = —0.45 [95% confidence interval — 0.99 to 0.08,
tau’>=0.33; n=935; I =84%; Fig. 2A]), where SMD rep-
resents the difference in the change in vascular outcome
(AAC) between treatment and control groups. Focusing
specifically on patients on etidronate, four studies with a
total of 1721 patients studied the effects of etidronate on
change in AAC [23, 27, 28, 36]. When pooled together,
the rates of AAC progression were similar (SMD = —0.41
[95% confidence interval —1.24 to 0.41, tau>=0.58,
n=2889; I’=89%; Fig. 2B]). Focusing specifically on
haemodialysis patients, four studies with a total of 1736
patients, studied the effects of haemodialysis on change
in AAC [23, 27, 28, 34]. When pooled together, the rates
of AAC progression were similar (SMD = —0.08 [95%
confidence interval 0.31 to 0.16, tau>=0.019, n=898;
I?=2%; Fig. 2C)).

Coronary artery calcification (volume)

Four studies, including 239 patients, reported on change
in volume of CAC (CAC-volume) as an outcome of anti-
resorptive therapy [16, 19, 32, 34]. Chen included patients
who were on haemodialysis and had secondary hyperpar-
athyroidism and treated them with denosumab; Hill included
osteoporotic patients and treated them with alendronate;
Ariyoshi included patients on haemodialysis and treated
them with etidronate; Bartstra included patients with pseu-
doxanthoma elasticum and treated them with etidronate.
When pooled together, the rates of CAC-volume progression
were similar (SMD = — 1.19 [95% confidence interval —2.92
to 0.55, tau’=2.96; n=120; I’=91%; Fig. 2A]), where
SMD represents the difference in the change in vascular
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Table 4 Background of cardiovascular risk

Authors, DM (treatment/  HTN (treatment/ HLD (treatment/  HF (treat- CKD (treat- Osteo- Previous MI  Previous
country, year control) control) control) ment/ ment/con- porosis (treatment/ stroke or TIA
control) trol) (treat- control) (treatment/
ment/ control)
control)
Hill et. al, NR/NR NR/NR NR/NR NR/NR NR/NR 56/56 NR/NR NR/NR
USA, 2002
Nitta et. al, 8/NR NR/NR NR/NR NR/NR NR/NR 35/NR NR/NR NR/NR
Japan, 2004
Tanko et. al, NR/NR NR/NR NR/NR NR/NR NR/NR 263/NR  NR/NR NR/NR
Denmark,
2005
Ariyoshiet. NR/NR NR/NR NR/NR NR/NR NR/NR 6/NR NR/NR NR/NR
al, Japan
2006
Skolnick et.  5/8 18/33 NR/NR NR/NR NR/NR 18/6 NR/NR NR/NR
al, USA,
2009
Innasimuthu NR/NR NR/NR NR/NR NR/NR NR/NR 8/NR NR/NR NR/NR
et. al, USA,
2009
Elmariah et.  20(9)/461(13) 80(37)/1449(41) 100(47)/1432(41) NR/NR NR/NR 214/NR  NR/NR NR/NR
al, USA,
2009
Kanazawa et. 13/13 NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
al, Japan,
2010
Toussaint 14/15 23/25 NR/NR NR/NR 25125 NR/NR  NR/NR NR/NR
et. al,
Australia,
2010
Aksoy et. al, 34(16)/30(14) 98(45)/97(44) 74(34)/7(32) NR/NR 5(2.3)/5(2.3) NR/NR  NR/NR NR/NR
USA, 2012
Kawahara et. 26/atorvastatin: 10/atorvastatin:  NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
al, Japan, 26 11
2013 Combination: 26 Combination: 9
Samelsonet. 217(25.7)/203 692(82.1)/652 542(64.3)/525 NR/NR NR/NR NR/NR  NR/NR NR/NR
al, USA, (26.0) (83.4) (67.1)
2014
Okamoto et.  2/3 4/5 NR/NR NR/NR 5/7 NR/NR  NR/NR NR/NR
al, Japan,
2014
Kranenburg  NR/NR NR/NR NR/NR NR/NR 0/0 NR/NR  Treatment: NR/NR
et. al, Neth- 113 (13.4)
erlands, Control: 94
2018 (12.0)/
Treatment:
113 (13.4)
Control: 94
(12.0)
Iseri et. al, Denosumab: 20  NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
Japan, 2019 Alendronate: 9/
NR
Passeri et. al, NR/NR Zoledronate: 5 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR
Italy, 2019 Teriparatide: 6/5
Chen et. al, 3/2 19/20 NR/NR NR/NR 21/21 NR/NR  NR/NR NR/NR
Taiwan,
2020
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Table 4 (continued)
Authors, DM (treatment/  HTN (treatment/ HLD (treatment/  HF (treat- CKD (treat- Osteo- Previous MI  Previous
country, year control) control) control) ment/ ment/con- porosis (treatment/  stroke or TTIA
control) trol) (treat- control) (treatment/
ment/ control)
control)
Alishiri et. al, 10/10 NR/NR NR/NR 0/0 NR/NR 37/33 NR/NR NR/NR
Iran, 2020
Cai et. al, NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
Australia,
2020
Bartstra et. NR/NR NR/NR NR/NR NR/NR 0/0 NR/NR NR/NR NR/NR
al, Nether-
lands, 2020
Mazzuc- 6398/19,460 12,157/50,503 11,045/41,217 876/2967  900/2817 NR/NR  NR/NR 1574/6171
chelli et.
al, Spain,
2020
Suzuki et. NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
al, Japan,
2021
Pawade et. Denosumab: 12 Denosumab: 35  Denosumab: 34 NR/NR Denosumab: 0/0 NR/NR Denosumab: 9
al, United  Alendronate: Alendronate: Alendronate: 6 Alendronate:
Kingdom, 11/12 38/41 22/35 Alendronate: 5/6
2021 4/2
Saito et. al, 6/NR NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
Japan, 2022
Koshiyama  57/57 28/25 NR/NR NR/NR NR/NR NR/NR  Denosumab: 3/5
et. al, 8
Japan, 2000 Alendronate:
5/4
Delibasi et. 0/NR NR/NR NR/NR NR/NR 0/NR NR/NR  NR/NR NR/NR
al, Turkey,
2007
Hashiba et. 3/2 NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR
al, Japan,
2006
Torregrosa NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
et. al,
Spain, 2010
Hashiba et. 3/4 NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
al, Japan,
2004
Celilogluet. NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR
al, Turkey,
2008
Gonnelli et.  NR/NR NR/NR NR/NR NR/NR NR/NR NR/NR  NR/NR NR/NR
al, Italy,
2013
Geers et. Denosumab: 12 Denosumab: 35  Denosumab: 34 NR/NR Denosumab: 0/0 NR/NR Denosumab: 9
al, United  Alendronate: Alendronate: Alendronate: 6 Alendronate:
Kingdom, 11/12 38/41 22/35 Alendronate: 5/6
2024 4/2
Chenet.al, NR/NR NR/NR NR/NR NR/NR 24/21 NR/NR  NR/NR NR/NR
Taiwan,
2024

CKD chronic kidney disease, DM diabetes mellitus, HF heart failure, HLD hyperlipidaemia, HTN hypertension, MI myocardial infarction, NR
not reported, T/A transient ischaemic attack
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A
Anti-Resorptive Placebo Standardised Mean
Study Total Mean SD Total Mean SD Difference SMD 95%-ClI
Suzuki et al. 2021 28 1250 20.00 30 46.30 21.90 —— -1.59 [-2.18;-0.99]
Hashiba et al. 2006 9 4900 5585 12 129.00 136.00 — -0.70 [-1.60; 0.19]
Bartstra et al. 2020 37 -220 2320 36 9.60 32.70 —— -0.41 [-0.88; 0.05]
Okamoto et al. 2014 5 140 24.25 7 5.00 27.10 —— -0.13 [-1.28; 1.02]
Samelson etal. 2014 843 0.40 110 782 0.40 1.00 0.00 [-0.10; 0.10]
Kanazawa etal. 2010 13 4.00 16.00 13 2.00 16.00 —— 0.12 [-0.65; 0.89]
<>
Chen etal. 2020 21 -165.38 10880 21 38735 16556 —— -3.87 [-4.93;-2.81]
Hill et al. 2002 56 55.02 20.00 56 7262 19.10 . -0.89 [-1.28;-0.50]
Ariyoshi et al. 2006 6 420.00 2395.00 6 1590.00 16955.00 — -0.09 [-1.22; 1.04]
Bartstra et al. 2020 37 0.00 1110 36 0.00 17.40 - 0.00 [-0.46; 0.46]
<o
Heterogeneity: 12 = 91%, T = 1.1337, p <0.01 I I I f I
4 2 0 2 4
Favours Anti-Resorptive Favours Placebo
B
Anti-Resorptive Placebo Standardised Mean
Study Total Mean SD Total Mean sD Difference SMD 95%-CI
Suzuki et al. 2021 28 1250 20.00 30 46.30 21.90 —- -1.59 [-2.18;-0.99]
Okamoto et al. 2014 5 140 2425 7 500 27.10 -0.13 [-1.28; 1.02)
Samelson et al. 2014 843 040 110 782 040 1.00 0.00 [-0.10; 0.10]
Kanazawa et al. 2010 13 400 16.00 13 2.00 16.00 i 0.12 [-0.65; 0.89]
Chen et aI.2020 21 -165.38 108.80 21 387.35 165.56 —=— -3.87 [-4.93; -2.81]
Hill et al. 2002 56 55.02 2000 56 7262 19.10 = -0.89 [-1.28; -0.50]
Common effect n < 1.25 [-1.61: -0.88]
idom eff e ——— 2.34 [
| T T 1

Heterogeneity: I = 95%, v* = 1.9840, p < 0.01

Fig.2 A Forest plot of standardised mean difference for change in
abdominal aortic calcification (AAC) and coronary artery calcifica-
tion (volume) (CAC-volume). B Forest plot of standardised mean
difference for change in abdominal aortic calcification (AAC) and
coronary artery calcification (volume) (CAC-volume) in patients on
etidronate. C Forest plot of standardised mean difference for change
in abdominal aortic calcification (AAC) and coronary artery calcifi-

outcome (CAC-volume) between treatment and control
groups. Focusing specifically on patients on etidronate,
two studies with a total of 154 patients studied the effects
of etidronate on change in CAC (CAC-volume) [16, 32].
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cation (volume) (CAC-volume) in patients on haemodialysis. D For-
est plot of standardised mean difference for change in coronary artery
calcification (Hu) (Geers et al. (denosumab users)) and coronary
artery calcification (Hu) (Geers et al. (alendronate users)). E Forest
plot of standardised mean difference for change in aortic valve area/
aortic stenosis (AVA-AS) and change in ejection fraction (EF)

When pooled together, the rates of CAC-volume progression
were similar (SMD = —2.34 [95% confidence interval —5.26
to 0.58, tau>=4.27, n=77; I’=96%; Fig. 2B]). Focusing
specifically on haemodialysis patients, four studies with a
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Fig.2 (continued)

total of 185 patients studied the effects of haemodialysis
on change in CAC (CAC-volume) [16, 34]. When pooled
together, the rates of CAC-volume progression were simi-
lar (SMD = —0.46 [95% confidence interval — 1.33 to 0.42,
tau®=0.0.35, n=93; I’ =88%; Fig. 2C]).

Coronary artery calcification (Hu)

Three studies, including 218 patients, reported on change in
volume of CAC (CAC-Hu) as an outcome of anti-resorptive

Favours Anti-Resorptive Favours Placebo

therapy [15, 16, 46]. Chen included patients who were on
haemodialysis and had secondary hyperparathyroidism and
treated them with denosumab; Hill included osteoporotic
patients and treated them with alendronate; Geers included
patients with aortic stenosis and treated them with either
denosumab or alendronate. When pooled together, the rates
of CAC-Hu progression were similar (when including those
treated with denosumab in Geers et al.) (SMD = —0.28 [95%
confidence interval — 2.09 to 1.53, tau’=2.48; n=112;
I?=97%; Fig. 2D]) and CAC-Hu (when including those
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Fig.2 (continued)

treated with alendronate in Geers et al.) (SMD = —0.67
[95% confidence interval —1.72 to 0.38, tau®=0.784;
n=104; >=94%; Fig. 2D]), where SMD represents the
difference in the change in vascular outcome (CAC-Hu)
between treatment and control groups.

Aortic valve area (aortic stenosis)

Four studies, including 353 patients, reported on change in
aortic valve area or aortic stenosis (AVA-AS) as an outcome
of anti-resorptive therapy [11, 20, 21, 37]. Skolnick had no
specific exclusion criteria for the population and treated
the patients with bisphosphonates, calcitonin or selective
oestrogen receptor modulators; Pawade included patients
with aortic stenosis and treated them with denosumab or
alendronate, but helpfully provided data for ‘any antiresorp-
tive use’; Alishiri included patients with aortic stenosis and
osteoporosis and treated them with alendronate; Innasimuthu
included patients with aortic stenosis and treated them with
alendronate or risedronate. When pooled together, there
was a significant small increase in AVA-AS (SMD =0.56
[95% confidence interval 0.07 to 1.06, tau’=0.18; n=165:
F=76%: Fig. 2E]), where SMD represents the difference
in the change in vascular outcome (AVA-AS) between
treatment and control groups. This means that the rate of
progression in stenosis was marginally slower in those on
anti-resorptives.
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Ejection fraction

Three studies, including 201 patients, reported on percent-
age change in EF as an outcome of anti-resorptive therapy
[11, 20, 21]. Skolnick had no specific exclusion criteria for
the population and treated the patients with bisphospho-
nates, calcitonin or selective oestrogen receptor modula-
tors; Innasimuthu included patients with aortic stenosis
and treated them with alendronate or risedronate; Alishiri
included patients with aortic stenosis and osteoporosis and
treated them with alendronate. When pooled together, there
was no increase in EF (SMD =0.26 [95% confidence inter-
val—0.14 to 0.66, tau>=0.038; n=63; I’=62%; Fig. 2E]).

Sensitivity analysis

To account for clinical heterogeneity (e.g. study populations
and interventions trialled), a leave-one-out sensitivity analy-
sis was conducted for the above outcomes (Supplementary
Table 5). Exclusion of Samelson only resulted in an over-
all significant reduction in AAC. Exclusion of any study
except Hill resulted in an overall significant reduction in
CAC-volume. Exclusion of any study except Hill resulted
in an overall significant reduction in CAC-Hu (Geers et al.
(denosumab users) and Geers et al. (alendronate users)) and
overall significant increase in AVA-AS. Exclusion of Skol-
nick only resulted in an overall significant increase in EF.
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Discussion

In this systematic review and meta-analysis, we attempted to
evaluate whether anti-resorptive medications could influence
the incidence or progression of various measures of vascular
and valvular calcification. We demonstrated that there was
significant, small favourable effect on AVA and non-signifi-
cant, small favourable effects on AAC, CAC (volume), CAC
(Hu) and EF associated with anti-resorptive use. A recent
review also concluded that there is currently insufficient
evidence to support the correlation between anti-resorptive
use and CAC which we have again demonstrated but have
extended on these previous findings by quantifying the puta-
tive association and inclusion of a broader range of indica-
tions to explore whether specific indications influence the
overall outcome [9]. Taken together, these results indicate
that the putative mechanisms that have been hypothesised to
link vascular calcification with osteoporosis may be acting
in pathways not influenced by anti-resorptives. Therefore, it
could be speculated that interventions that target the shared
causative pathways of both osteoporosis and vascular calci-
fication (such as smoking, inflammation) may be more likely
to yield favourable effects on both outcomes. While there is
a small magnitude positive effect of anti-resorptive use on
aortic stenosis, the clinical significance is still uncertain.

It should be noted that we did demonstrate small, signifi-
cant favourable effects on AVA and small, non-significant
favourable effects on AAC, CAC (volume), CAC (Hu) and
EF. The small number of studies and patients enrolled in the
included studies possibly account for the weak findings and
one may speculate that inclusion of further and larger trials
may alter outcomes and thus further research is warranted
to explore this possibility.

In the case of bisphosphonates (which accounts for the
majority of included trials), there is plausible biological evi-
dence for them having favourable effects on vascular calcifica-
tion. Bisphosphonates inhibit the farnesyl pyrophosphate syn-
thase enzyme which acts downstream of HMG-CoA reductase
in the malonate pathway of cholesterol synthesis [47]. Statins
(inhibitors of HMG-CoA reductase) have well described effects
on reducing plaque burden and clinical outcomes; thus, it is
assumed that bisphosphonates would deliver similar benefit.
Indeed, a secondary analysis of a large fracture reduction trial
demonstrated reduced myocardial infarction mortality in those
treated with zoledronate [48]. However, the results of our meta-
analysis and previous meta-analysis of statins on calcification
outcomes do not support this as the mechanism [49-51]. We
observed a subtle difference in the effect of anti-resorptives on
CAC versus AAC, where the effect was more pronounced in
CAC. This could possibly reflect a small study effect (epiphe-
nomenon). However, further analysis was done focusing on the
effect of etidronate also showed a more positive effect in CAC.

As etidronate is a non-nitrogen-containing-bisphosphonate,
the main mode of action is slightly different—interfere with
the mitochondrial adenosine diphosphate (ADP)/adenosine
triphosphate (ATP) translocase [52]. However, during the pro-
cess, it binds to hydroxyapatite crystals which helps in ectopic
mineralisation that potentially reducing vascular and valvular
calcification [34]. It has also been shown to reduce arterial cal-
cification in patients with pseudoxanthoma elasticum [34, 53].
Furthermore, in a trial examining etidronate in thoracic and
abdominal plaques, there appeared to be differential effects of
the bisphosphonate on these sites [26]. Etidronate appeared to
reduce abdominal plaques (distal vessel) but have little impact
on thoracic plaques (proximal). We speculate that a similar
phenomenon may be occurring, albeit with the associations
reversed. That is to say, more proximal vessels such as the
coronary vessels are being favourably altered, while the dis-
tal vessels such as the abdominal aorta are not. This could be
related to the different vessel architecture/cellular constituents
between the aorta and the coronaries and how bisphosphonates
interact with them [54]. A separate analysis was also done to
look at the effects of anti-resorptives on patients undergoing
haemodialysis considering the extra-skeletal burden in CKD
patients. Though insignificant, CAC was more favourable to
anti-resorptives compared to AAC.

We demonstrated small, non-significant effects on EF.
EF is not a direct marker of vascular/valvular calcification
but was included as an exploratory, hypothesis-generating
endpoint as the calcific burden on valvular or coronary
structures would negatively impact EF. Analysis of effects
of anti-osteoporosis medications on ejection fraction is
included opportunistically in the setting of our primary aim.
We hypothesise that peripheral vascular calcification (e.g.
AAC) would affect total peripheral resistance, augmenting
afterload which may promote ventricular remodelling, ulti-
mately resulting in dilated cardiomyopathy. As such, EF may
be preserved in this instance, but may predispose to declines
in EF in untreated disease (such as advancing atherosclerotic
disease). Hence, any small effect of anti-resorptives on EF
may thus be reflective of an overall mixed effect of differ-
ing homeostatic forces. There might be a small reduction in
total peripheral vascular resistance that would occur from
a reduced peripheral vascular calcification burden together
with a preserved EF due to left ventricular hypertrophy and
improved myocardial perfusion from reduced coronary cal-
cification burden. It should be noted, however, that heart
failure and ejection fraction itself have multiple aetiologies
and contributing factors and this may account for why no
meaningful change in response to anti-resorptive treatment
(assumed to the reduce calcification) was observed.

Our study also demonstrated small, significant favourable
effects on change in aortic stenosis (there was a slower pro-
gression of valvular disease in patients on anti-resorptives
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compared with those who were not), but the clinical sig-
nificance is uncertain. This reflects the possibility that anti-
resorptives act on the same pathway and have the same effect
on valvular and vascular calcification. Previous animal stud-
ies also showed that bisphosphonates were able to inhibit
vascular and valvular calcification [55]. Interestingly, there
is a recent case report of an older osteoporotic women expe-
riencing rapid progression of previously very stable aortic
stenosis after commencing an anabolic agent (a parathyroid
hormone analogue), suggestive of direct mineral metabolism
effect on the pathophysiology of valvular calcification [56].
PTH results in increased renin secretion, reactive-oxygen
species production and endothelin levels which could all
result in hypertension and induce valvular stiffening, con-
tributing to valvular calcification [57].

Previous meta-analyses on this topic had showed differing
findings. Meta-analyses in 2016 and 2017 demonstrated that
bisphosphonates were able to reduce arterial wall calcifica-
tion. Kranenburg further found that bisphosphonates were
also able to reduce the risk of cardiovascular mortality and
all-cause mortality [58, 59]. In our meta-analysis, we revealed
that anti-resorptive therapy provided significant, small favour-
able effects on AVA and non-significant, small favourable
effects on AAC, CAC (volume), CAC (Hu) and EF. This con-
trasts with the meta-analyses mentioned. More clinical trials
with a long follow-up period need to be conducted to reason-
ably conclude the role of anti-resorptive therapy in vascular
calcification—further understanding the relationship between
anti-resorptive therapy and valvular/vascular calcification
may allow clinicians to better tailor osteoporosis therapies to
individual patient risk factors and comorbidities, particularly
those pertaining to valvular/vascular calcification.

While our review focused mainly on anti-resorptive medi-
cations, there has been ongoing discussions about the utility
of vitamin D and its role in vascular calcification. In fact,
vitamin D and CVDs have a U-shaped association between
them [60, 61]. With insufficient vitamin D, it triggers a pro-
inflammatory reaction which causes stress on the endothe-
lium, leading to calcification or through inhibition of vas-
cular smooth muscle cell (VSMC) into osteoclast-like cells
[60, 61]. Excessive vitamin D instead causes calcification
through differentiation of VSMC into osteoblast-like cells
or with concomitant increases in calcium and phosphate [60,
61]. Hence, the biphasic actions of vitamin D make it espe-
cially vital to ensure patients have a healthy level of vitamin
D to prevent vascular calcification and CVDs.

Our study has some limitations. Despite inclusion of many
studies (33), only 15 of the papers had data included in the
final meta-analysis totalling 2344 patients. Therefore, there is
potentially a large amount of un-analysed, already published
data and so overall findings are incomplete from this perspec-
tive. We urge and encourage custodians of these data to con-
sider reporting on these outcomes. Also, the relatively small
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sample size of our data analysis may not be entirely reflective
of the total population using anti-resorptives that may be at
risk of vascular/valvular calcification. The wide confidence
intervals of our results confirm this probable data limitation.
In addition, as we placed no restrictions on study populations,
our study extracted data from a heterogeneous cohorts (for
example, pseudoxanthoma elasticum). This could potentially
skew our dataset as different populations could have differ-
ent risk factors that put them at increased risk of osteoporo-
sis or valvular/vascular calcification or indeed have differ-
ing responses to anti-resorptives. However, we believe that
inclusion of this diversity of cohorts only serves to increase
the generalisability of our findings. Another further limita-
tion was the heterogeneity of outcomes included. As there
are few studies published that directly address the topic of
anti-resorptive effects on valvular/vascular calcification in
randomised settings, we collected a variety of outcomes that
could be considered subclinical markers of valvular/vascu-
lar calcification in an effort to collect as much relevant data
as possible. Random effects models were employed in an
attempt to overcome this heterogeneity which generates con-
servative estimates. Some of the data collected were used
for secondary analyses to affirm the primary outcomes that
were statistically significant. For instance, EF was reported
as an exploratory endpoint which had a non-significant small
increase. This may be due to the vastly differing aetiologies
of heart failure that are not directly related to extra skeletal
calcification. There was also substantial heterogeneity in the
outcomes for and changes in AAC, CAC (volume), CAC-Hu
(Geers et al. (denosumab users) and Geers et al. (alendronate
users)) and AVA (tau2=0.33, 2.96, 2.49, 0.784 and 0.18,
respectively). We also performed leave-one-out sensitivity
analyses to explore small study effects and indication specific
effects. Furthermore, some of the published papers had miss-
ing data that we were unable to collect. For example, some
of the standard deviations (SDs) had to be imputed based on
the mean of the studies included in the analysis. Data on the
background of patients with osteoporosis were also limited.
Hence, future studies could aim to include relevant informa-
tion such as DEXA measurements, previous fractures and
use of vitamin D or calcium, so that a deeper analysis could
be undertaken to look at risk factors or any potential new
associations linking risk factors, anti-resorptive medications
and valvular/vascular calcification. Lastly, the follow-up of
patients included in the analyses was relatively short, rang-
ing from 6 months to 2 years. As calcification is a long and
slow process that takes several years, the data obtained from
these studies could potentially lead to misleading results. Dif-
ferent studies also used differing methods of measurement
for calcification which may have a big measurement error in
comparison with real changes that occur in the human body.

In conclusion, this systematic review and meta-analysis
identified non-significant, marginal effects of osteoporosis
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medications on markers of vascular calcification and signifi-
cant, marginal effects of osteoporosis medications on valvu-
lar calcification; but studies were limited by small sample
sizes, short follow-up durations, heterogeneous populations
and outcome reported limiting interpretation about whether a
true effect can be seen. Given significant biological evidence
for osteoporosis mechanisms being involved in extra-skeletal
calcification, our data would do well to be corroborated in
future trials with larger sample size with longer follow-up
times in cohorts representative of those taking osteoporosis
medications and at risk of valvular/vascular calcification.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00198-025-07468-3.

Author contribution HZL and AJR designed the study and developed
the study protocol and tools. HZL and AJR were responsible for data
collection. HZL,, KL, RH, NN, PRE and AJR analysed data and wrote
the manuscript. All authors contributed to the conceptualization of the
research questions, interpretation of the results and manuscript writing.
All authors read and approved the final manuscript.

Funding Open Access funding enabled and organized by CAUL and
its Member Institutions.

Data availability Data used for this study can be accessed upon request
from the Principal Investigator (Dr. Alexander J. Rodriguez) at Alex-
ander.Rodriguez@monash.edu.

Declarations
Conflict of interest None.

Open Access This article is licensed under a Creative Commons Attri-
bution-NonCommercial 4.0 International License, which permits any
non-commercial use, sharing, adaptation, distribution and reproduction
in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Com-
mons licence, and indicate if changes were made. The images or other
third party material in this article are included in the article’s Creative
Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons
licence and your intended use is not permitted by statutory regula-
tion or exceeds the permitted use, you will need to obtain permission
directly from the copyright holder. To view a copy of this licence, visit
http://creativecommons.org/licenses/by-nc/4.0/.

References

1. Seeto AH, Tadrous M, Gebre AK, Lewis JR, Fink HA, Ebeling
PR et al (2023) Evidence for the cardiovascular effects of osteopo-
rosis treatments in randomized trials of post-menopausal women:
a systematic review and Bayesian network meta-analysis. Bone
167:116610

2. Gebre AK, Sim M, Rodriguez AJ, Hodgson JM, Blekkenhorst LC,
Szulc P et al (2021) Abdominal aortic calcification is associated
with a higher risk of injurious fall-related hospitalizations in older
Australian women. Atherosclerosis 328:153-159

3. Cannata-Andia JB, Carrillo-Lépez N, Messina OD, Hamdy NAT,
Panizo S, Ferrari SL et al (2021) Pathophysiology of vascular

10.

11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

calcification and bone loss: linked disorders of ageing? Nutrients
13(11):3835

Kim B, Cho YJ, Lim W (2021) Osteoporosis therapies and their
mechanisms of action (Review). Exp Ther Med 22(6):1379

Vall H, Patel P, Parmar M (2024) Teriparatide. StatPearls. Treas-
ure Island (FL): StatPearls Publishing. Copyright © 2024, Stat-
Pearls Publishing LLC

Krupa KN, Parmar M, Delo LF (2024) Romosozumab. StatPearls.
Treasure Island (FL): StatPearls Publishing. Copyright © 2024,
StatPearls Publishing LLC

Seeto AH, Abrahamsen B, Ebeling PR, Rodriguez AJ (2021) Car-
diovascular safety of denosumab across multiple indications: a
systematic review and meta-analysis of randomized trials. J Bone
Miner Res 36(1):24-40

Murali S, Smith ER, Tiong MK, Tan SJ, Toussaint ND (2023)
Interventions to attenuate cardiovascular calcification progression:
a systematic review of randomized clinical trials. J] Am Heart
Assoc 12(23):e031676

Saunders SL, Chaudhri K, McOrist NS, Gladysz K, Gnanenthiran
SR, Shalaby G (2024) Do bisphosphonates and RANKL inhibitors
alter the progression of coronary artery calcification? A system-
atic review. BMJ Open 14(9):e084516

Sterbakova G, Vyskocil V, Linhartova K (2010) Bisphospho-
nates in calcific aortic stenosis: association with slower pro-
gression in mild disease—a pilot retrospective study. Cardiology
117(3):184-189

Alishiri G, Heshmat-Ghahdarijani K, Hashemi M, Zavar R, Fara-
hani MM (2020) Alendronate slows down aortic stenosis progres-
sion in osteoporotic patients: An observational prospective study.
J Res Med Sci 25:65

Matthew JP, Joanne EM, Patrick MB, Isabelle B, Tammy
CH, Cynthia DM et al (2021) The PRISMA 2020 statement:
an updated guideline for reporting systematic reviews. BMJ
372:n71

Julian PTH, Douglas GA, Peter CG, Peter J, David M, Andrew
DO et al (2011) The Cochrane Collaboration’s tool for assessing
risk of bias in randomised trials. BMJ 343:d5928

Stang A (2010) Critical evaluation of the Newcastle-Ottawa scale
for the assessment of the quality of nonrandomized studies in
meta-analyses. Eur J Epidemiol 25(9):603-605

Geers J, Bing R, Pawade TA, Doris MK, Daghem M, Fletcher AJ
et al (2024) Effect of denosumab or alendronate on vascular calci-
fication: secondary analysis of SALTIRE2 randomized controlled
trial. ] Am Heart Assoc 13(18):¢032571

Hill JA, Goldin JG, Gjertson D, Emerick AM, Greaser LD,
Yoon HC et al (2002) Progression of coronary artery calcifica-
tion in patients taking alendronate for osteoporosis. Acad Radiol
9(10):1148-1152

Nitta K, Akiba T, Suzuki K, Uchida K, Watanabe R, Majima
K et al (2004) Effects of cyclic intermittent etidronate therapy
on coronary artery calcification in patients receiving long-term
hemodialysis. Am J Kidney Dis 44(4):680-688

Tank6 LB, Qin G, Alexandersen P, Bagger YZ, Christiansen C
(2005) Effective doses of ibandronate do not influence the 3-year
progression of aortic calcification in elderly osteoporotic women.
Osteoporos Int 16(2):184—-190

. Ariyoshi T, Eishi K, Sakamoto I, Matsukuma S, Odate T (2006)

Effect of etidronic acid on arterial calcification in dialysis patients.
Clin Drug Investig 26(4):215-222

Skolnick AH, Osranek M, Formica P, Kronzon I (2009) Osteopo-
rosis treatment and progression of aortic stenosis. Am J Cardiol
104(1):122-124

Innasimuthu AL, Katz WE (2011) Effect of bisphosphonates on
the progression of degenerative aortic stenosis. Echocardiography
28(1):1-7

@ Springer


https://doi.org/10.1007/s00198-025-07468-3
http://creativecommons.org/licenses/by-nc/4.0/

798

Osteoporosis International (2025) 36:779-799

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Elmariah S, Delaney JA, O’Brien KD, Budoff MJ, Vogel-Claus-
sen J, Fuster V et al (2010) Bisphosphonate use and prevalence
of valvular and vascular calcification in women MESA (The
Multi-Ethnic Study of Atherosclerosis). J Am Coll Cardiol
56(21):1752-1759

Kanazawa I, Yamaguchi T, Hayashi K, Takase H, Shimizu T, Sug-
imoto T (2010) Effects of treatment with risedronate and alfacal-
cidol on progression of atherosclerosis in postmenopausal women
with type 2 diabetes mellitus accompanied with osteoporosis. Am
J Med Sci 339(6):519-524

Toussaint ND, Lau KK, Strauss BJ, Polkinghorne KR, Kerr PG
(2010) Effect of alendronate on vascular calcification in CKD
stages 3 and 4: a pilot randomized controlled trial. Am J Kidney
Dis 56(1):57-68

Aksoy O, Cam A, Goel SS, Houghtaling PL, Williams S, Ruiz-
Rodriguez E et al (2012) Do bisphosphonates slow the progression
of aortic stenosis? J Am Coll Cardiol 59(16):1452-1459
Kawahara T, Nishikawa M, Kawahara C, Inazu T, Sakai K, Suzuki
G (2013) Atorvastatin, etidronate, or both in patients at high risk
for atherosclerotic aortic plaques: a randomized, controlled trial.
Circulation 127(23):2327-2335

Samelson EJ, Miller PD, Christiansen C, Daizadeh NS, Grazette
L, Anthony MS et al (2014) RANKL inhibition with denosumab
does not influence 3-year progression of aortic calcification or
incidence of adverse cardiovascular events in postmenopausal
women with osteoporosis and high cardiovascular risk. J Bone
Miner Res 29(2):450-457

Okamoto M, Yamanaka S, Yoshimoto W, Shigematsu T (2014)
Alendronate as an effective treatment for bone loss and vascu-
lar calcification in kidney transplant recipients. J Transplant
2014:269613

Kranenburg G, de Jong PA, Bartstra JW, Lagerweij SJ, Lam MG,
Ossewaarde-van Norel J et al (2018) Etidronate for prevention of
ectopic mineralization in patients with pseudoxanthoma elasti-
cum. J Am Coll Cardiol 71(10):1117-1126

Iseri K, Watanabe M, Yoshikawa H, Mitsui H, Endo T, Yamamoto
Y et al (2019) Effects of denosumab and alendronate on bone
health and vascular function in hemodialysis patients: a rand-
omized, controlled trial. J Bone Miner Res 34(6):1014-1024
Passeri E, Mazzaccaro D, Sansoni V, Perego S, Nano G, Verdelli
C et al (2019) Effects of 12-months treatment with zoledronate or
teriparatide on intima-media thickness of carotid artery in women
with postmenopausal osteoporosis: a pilot study. Int J Immuno-
pathol Pharmacol 33:2058738418822439

Chen CL, Chen NC, Wu FZ, Wu MT (2020) Impact of denosumab
on cardiovascular calcification in patients with secondary hyper-
parathyroidism undergoing dialysis: a pilot study. Osteoporos Int
31(8):1507-1516

Cai G, Keen HI, Host LV, Aitken D, Laslett LL, Winzenberg T
et al (2020) Once-yearly zoledronic acid and change in abdominal
aortic calcification over 3 years in postmenopausal women with
osteoporosis: results from the HORIZON Pivotal Fracture Trial.
Osteoporos Int 31(9):1741-1747

Bartstra JW, de Jong PA, Kranenburg G, Wolterink JM, Isgum I,
Wijsman A et al (2020) Etidronate halts systemic arterial calcifi-
cation in pseudoxanthoma elasticum. Atherosclerosis 292:37-41
Mazzucchelli R, Rodriguez-Martin S, Garcia-Vadillo A, Crespi-
Villarias N, Gil M, Rodriguez-Miguel A et al (2020) Risk of acute
myocardial infarction among new users of bisphosphonates: a
nested case—control study. Osteoporos Int 31(12):2403-2412
Suzuki S, Suzuki M, Hanafusa N, Tsuchiya K, Nitta K (2021)
Denosumab recovers aortic arch calcification during long-term
hemodialysis. Kidney Int Rep 6(3):605-612

Springer

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

Pawade TA, Doris MK, Bing R, White AC, Forsyth L, Evans E
et al (2021) Effect of denosumab or alendronic acid on the pro-
gression of aortic stenosis: a double-blind randomized controlled
trial. Circulation 143(25):2418-2427

Saito T, Mizobuchi M, Kato T, Suzuki T, Fujiwara Y, Kanamori
N et al (2023) One-year romosozumab treatment followed by one-
year denosumab treatment for osteoporosis in patients on hemo-
dialysis: an observational study. Calcif Tissue Int 112(1):34-44
Koshiyama H, Nakamura Y, Tanaka S, Minamikawa J (2000)
Decrease in carotid intima-media thickness after 1-year therapy
with etidronate for osteopenia associated with type 2 diabetes1. J
Clin Endocrinol Metab 85(8):2793-2796

Delibasi T, Emral R, Erdogan MF, Kamel N (2007) Effects of
alendronate sodium therapy on carotid intima media thick-
ness in postmenopausal women with osteoporosis. Adv Ther
24(2):319-325

Hashiba H, Aizawa S, Tamura K, Kogo H (2006) Inhibition of the
progression of aortic calcification by etidronate treatment in hemo-
dialysis patients: long-term effects. Ther Apher Dial 10(1):59-64
Torregrosa JV, Fuster D, Gentil MA, Marcen R, Guirado L,
Zarraga S et al (2010) Open-label trial: effect of weekly rise-
dronate immediately after transplantation in kidney recipients.
Transplantation 89(12):1476-1481

Hashiba H, Aizawa S, Tamura K, Shigematsu T, Kogo H (2004)
Inhibitory effects of etidronate on the progression of vascular cal-
cification in hemodialysis patients. Ther Apher Dial 8(3):241-247
Celiloglu M, Aydin Y, Balci P, Kolamaz T (2009) The effect of
alendronate sodium on carotid artery intima-media thickness and
lipid profile in women with postmenopausal osteoporosis. Meno-
pause 16(4):689-693

Gonnelli S, Caffarelli C, Maggi S, Rossi S, Siviero P, Gandolini
G et al (2013) The assessment of vertebral fractures in elderly
women with recent hip fractures: the BREAK Study. Osteoporos
Int 24(4):1151-1159

Chen C-L, Liou E-S, Wu M-T (2024) Denosumab decreases epi-
cardial adipose tissue attenuation in dialysis patients with second-
ary hyperparathyroidism and low bone mass. Cardiorenal Med
14(1):113-122

Martin TJ (2000) Bisphosphonates - mechanisms of action. Aust
Prescr 23(6):130-132

Reid IR, Horne AM, Mihov B, Stewart A, Garratt E, Wong S et al
(2018) Fracture prevention with zoledronate in older women with
osteopenia. N Engl J Med 379(25):2407-2416

Shahraki MN, Jouabadi SM, Bos D, Stricker BH, Ahmadizar F
(2023) Statin use and coronary artery calcification: a systematic
review and meta-analysis of observational studies and randomized
controlled trials. Curr Atheroscler Rep 25(11):769-784

Zhao Y, Nicoll R, He YH, Henein MY (2016) The effect of statins
therapy in aortic stenosis: meta-analysis comparison data of RCTs
and observationals. Data Brief 7:357-361

Lai R, Ju J, Lin Q, Xu H (2020) Coronary artery calcification
under statin therapy and its effect on cardiovascular outcomes:
a systematic review and meta-analysis. Front Cardiovasc Med
7:600497

Grey A, Reid IR (2006) Differences between the bisphosphonates
for the prevention and treatment of osteoporosis. Ther Clin Risk
Manag 2(1):77-86

Ferrante EA, Cudrici CD, Rashidi M, Fu YP, Huffstutler R, Car-
ney K et al (2024) Pilot study to evaluate the safety and effec-
tiveness of etidronate treatment for arterial calcification due to
deficiency of CD73 (ACDC). Vasc Med 29(3):245-255



Osteoporosis International (2025) 36:779-799

799

54.

55.

56.

57.

58.

Teronen O, Heikkild P, Konttinen YT, Laitinen M, Salo T,
Hanemaaijer R et al (1999) MMP inhibition and downregulation
by bisphosphonates. Ann N Y Acad Sci 878:453—465

Price PA, Faus SA, Williamson MK (2001) Bisphosphonates alen-
dronate and ibandronate inhibit artery calcification at doses com-
parable to those that inhibit bone resorption. Arterioscler Thromb
Vasc Biol 21(5):817-824

Solomon A, Birkenfeld S (2021) Rapid progression of aortic
stenosis after initiation of teriparatide treatment: a case report.
Cardiovasc Endocrinol Metab 10(1):56-58

Rossi GP (2011) Hyperparathyroidism, arterial hypertension and
aortic stiffness: a possible bidirectional link between the adrenal
cortex and the parathyroid glands that causes vascular damage?
Hypertens Res 34(3):286-288

Caffarelli C, Montagnani A, Nuti R, Gonnelli S (2017) Bispho-
sphonates, atherosclerosis and vascular calcification: update

59.

60

61.

and systematic review of clinical studies. Clin Interv Aging
12:1819-1828

Kranenburg G, Bartstra JW, Weijmans M, de Jong PA, Mali WP,
Verhaar HJ et al (2016) Bisphosphonates for cardiovascular risk
reduction: a systematic review and meta-analysis. Atherosclerosis
252:106-115

Wang J, Zhou JJ, Robertson GR, Lee VW (2018) Vitamin D in
vascular calcification: a double-edged sword? Nutrients 10(5):652
Zittermann A (2014) Vitamin D and cardiovascular disease. Anti-
cancer Res 34(9):4641-4648

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Effect of osteoporosis medications on vascular and valvular calcification: a systematic review and meta-analysis
	Abstract
	Objective 
	Methods 
	Results 
	Conclusion 
	Summary 

	Introduction
	Materials and methods
	Data sources and searches
	Study selection
	Data extraction and quality assessment
	Data synthesis and analysis

	Results
	Literature search
	Included studies
	Literature quality
	Background of skeletal risk
	Background of cardiovascular risk
	Outcomes of interest
	Meta-analysis
	Abdominal aorta calcification
	Coronary artery calcification (volume)
	Coronary artery calcification (Hu)
	Aortic valve area (aortic stenosis)
	Ejection fraction
	Sensitivity analysis

	Discussion
	References


