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Abstract
Background: Disuse is a cardinal sign of various neurological diseases like stroke, cerebral palsy, and amyotrophic
lateral sclerosis. Disuse leads to reduced mechanical loading of the skeleton, and a substantial and significant loss of
bone mass quickly materializes. Several animal models have been proposed to investigate the pathogenesis of
disuse-induced bone loss and to test new pharmaceutical targets to counteract it. As animal models may overcome
several of the limitations in observational studies conducted in patients and allow for measurements not possible in
humans, the primary objective of the present study is to provide a comprehensive overview of the available animal
models of disuse-induced bone loss.
Methods/design: This is a protocol for a systematic review of animal models of disuse-induced bone loss. An
exhaustive search will be performed on PubMed and Embase in order to identify relevant studies. The primary
outcome will be the method of disuse induction. The secondary outcomes will be related to bone samples and
anatomical sites investigated, methods used to analyze and quantify bone loss, and bibliographic information. The
protocol adheres to the current guiding principles of the Preferred Reporting Items for Systematic Review and
Meta-analysis Protocols (PRISMA-P) 2015 statement. Extracted data will be analyzed with descriptive statistics, and all
the methods used to induce disuse will be described in detail with a narrative synthesis.
Discussion: This systematic review will provide an overview of available animal models of disuse-induced bone loss
and discuss the different methods used to quantify and analyze the bone loss. Since bone loss caused by disuse is
a hallmark of various diseases from different medical specialties, this overview will be of great benefit for all
researchers planning to conduct disuse animal studies in the future.
Systematic review registration: PROSPERO CRD42020157452.
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Background
The use of animals to model diseases has a longstanding
tradition and is a cornerstone of preclinical research [1].
Animal models provide a unique opportunity to perform
experiments under controlled conditions with a uniform
population. It enables a framework for high reproducibility,
allows to perform measurements not possible in humans,
advances science by elucidating disease pathogenesis, and
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makes it possible to test and explore new pharmaceutical
targets [2].
Inability to perform normal weight-bearing and locomotion quickly results in a loss of bone mass due to reduced mechanical stimulation. The rapid nature of bone
loss is underlined by several clinical studies reporting
dramatic reductions in bone mineral density of up to 8%
after few weeks of disuse following severe spinal cord injury [3, 4]. Disuse-induced bone loss is characterized by
a reduced bone mineral density, deteriorated trabecular
microarchitecture, and subsequent increased risk of
complex fractures [5].
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Animal models of disuse-induced bone loss have been
used since the early twentieth century, where several authors independently have observed bone loss subsequently to nerve transection or limb immobilization
with plaster of Paris [6–8]. Since Allison and Brooks
conducted the landmark study in 1921 comparing the
effect of brachial plexus transection and immobilization
using plaster of Paris in dogs [7], several other animal
models have been proposed like limb immobilization
using elastic bandages [9], the widely used hypokinetic
hindlimb unloading model mimicking spaceflight
invented by Morey-Holton from the late seventies [10],
and the chemical nerve denervation by botulinum toxin
injections proposed by Chappard et al. in 2001 [11] to
study the effect of disuse and non-weight bearing on
bone tissue [7, 10, 11]. Animal models of disuse are important in pre-clinical research to elucidate the underlying pathogenesis of bone loss, discover new targets for
pharmaceutical treatment options, and test new treatment regimens. In addition, the use of animal models
overcomes some limitations of clinical studies like loss
of patients to follow-up, patient invariability, and nonadherence to the study protocol. Another advantage of
animal models is the ability to perform more detailed
μCT or DXA analyses of bone tissue without radiation
concerns and to evaluate whole bone samples instead of
small bone biopsies. Since a vast number of human diseases are characterized by reduced mobility and subsequent bone loss [12–14], there is an immense potential
for animal models of disuse-induced bone loss in various
medical specialties.
The aim of the present review is to give a comprehensive and systematic overview of the various animal
models of disuse-induced bone loss, a detailed narrative
synthesis of each unique animal model, and a discussion
of the methodology used to quantify and analyze the
bone loss.

Methods
This protocol was written in accordance with the
current guiding principles outlined in the Preferred
Reporting Items for Systematic Review and Metaanalysis Protocols (PRISMA-P) 2015 statement [15] and
has been registered in the PROSPERO database
(CRD42020157452).

Research question

This is the first systematic review to provide a comprehensive and complete overview and narrative synthesis of animal models of disuse-induced bone loss and discuss the
evolution of methods employed to analyze the bone samples. The following questions will be addressed:
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 What kind of animal models are used to study

disuse-induced bone loss?
 Which methods are used to analyze bone samples

from animals subjected to disuse-induced bone loss?
 Which changes or developments in the

methodology of animal models of disuse-induced
bone have occurred over time?
Disease of interest

The diseases of interest are disuse-induced osteoporosis
and osteopenia.
Population studied

This systematic review will examine all in vivo animal
models of disuse-induced bone loss.
Intervention

Disuse-induced bone loss by any form of human intervention that results in altered habitual musculoskeletal
function, reduced voluntary movement, or mechanical
unloading.
Outcome measures

The primary outcome will be the method of disuse induction and any related methodological details about it.
The secondary outcomes will be bone samples and anatomical sites investigated, methods used to analyze and
quantify bone loss, and bibliographic information about
the publication.
Information sources and search strategy

PubMed and Embase will be comprehensively searched
with no starting date restriction or language restriction.
The search strategy consists of four blocks. The first
block includes keywords for bone and skeleton. The second block includes numerous keywords related to disuse. The third block contains the search filter developed
by Hooijmans et al. for PubMed [16] and by de Vries
et al. for Embase [17] to include all studies on animal experimentation. Finally, the fourth block excludes nonoriginal research publications (Table 1). In addition,
Google Scholar and personal file archives will be
searched for relevant publications not indexed in
PubMed or Embase. The search strategy was developed
in close collaboration with an expert librarian and information specialist in systematic reviews. Following advice
from the expert librarian, we chose not to include MeSH
terms or the keywords osteoporosis and osteopenia to
limit the number of unrelated articles.
Study selection
Screening phases

All titles and abstracts will be screened for eligibility by
two independent reviewers (MBB and JST) using the
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Table 1 Search string for PubMed and Embase
Block
1

PubMed

Embase

(bone*[tiab] OR skeleton*[tiab])

(bone*:ab,ti OR skeleton*:ab,ti)

(immobilisation*[tiab] OR immobilization*[tiab] OR disuse*[tiab] OR
“non ambulating”[tiab] OR restraint*[tiab] OR unloading*[tiab] OR
“non weight bearing”[tiab] OR “non load bearing”[tiab] OR “non
loadbearing”[tiab] OR paralyzed*[tiab] OR paralysed*[tiab] OR
monoplegic*[tiab] OR paraplegic*[tiab] OR hemiplegic*[tiab] OR
tetraplegic*[tiab] OR quadroplegic*[tiab])

(immobilisation*:ab,ti OR immobilization*:ab,ti OR disuse*:ab,ti OR “non
ambulating”:ab,ti OR restraint*:ab,ti OR unloading*:ab,ti OR “non
weight bearing”:ab,ti OR “non load bearing”:ab,ti OR “non
loadbearing”:ab,ti OR paralyzed*:ab,ti OR paralysed*:ab,ti OR
monoplegic*:ab,ti OR paraplegic*:ab,ti OR hemiplegic*:ab,ti OR
tetraplegic*:ab,ti OR quadroplegic*:ab,ti)

Search filter for animal experimentation developed by Hooijmans
et al. [16]

Search filter for animal experimentation developed by de Vries et al.
[17]

(“letter”[publication type] OR “comment”[publication type] OR
“editorial”[publication type] OR review[publication type])

(“conference abstract”/it OR “conference paper”/it OR “conference
review”/it OR “review”/it OR “editorial”/it OR “letter”/it OR “note”/it)
AND [embase]/lim NOT [medline]/lim

AND
Block
2

AND
Block
3
NOT
Block
4

online abstract screening tool abstrackr [18]. Prior to the
abstract screening, the two reviewers will perform a pilot
screening of 150 random articles from the dataset retrieved from PubMed and Embase in order to ensure
uniform interpretation of the inclusion and exclusion
criteria. After the initial title and abstract screening, a
full-text screening will be performed of the included
studies by the same reviewers. Discrepancies will be resolved by discussion or by a third independent arbitrator
(MB). The study selection process will be illustrated
using a PRISMA flow diagram.
Inclusion and exclusion criteria
Type of study design

Any original pre-clinical research study conducted
in vivo in animals may be eligible for inclusion if an animal model of disuse-induced bone loss has been used
and if the effect on calcified bone tissue has been
investigated.
Type of publications

Publications without new original data like letters to the
editor, commentaries, editorials, and reviews will be excluded. Solitary case reports and conference proceedings
will also be excluded.
Type of animals

All animal models of disuse-induced bone loss are eligible for inclusion, regardless of sex, species, strain, comorbidity, or genetic modifications.

like hibernation only will not be examined in this systematic review. Disuse can be any form of intervention
resulting in a state of altered habitual musculoskeletal
function, reduced voluntary movement, or mechanical
unloading.
Type of outcome measures

Studies are included if they report any outcome measure
related to the effect of disuse on calcified bone tissue.
Since the systematic review focus on animal models of
disuse-induced bone loss, studies reporting outcome measures only related to non-calcified bone tissue like bone
marrow, cartilage, and blood vessels will be excluded.
Prioritized list of exclusion criteria
Title and abstract screening

1.
2.
3.
4.

Not
Not
Not
Not

an original study
an animal study
related to disuse-induced bone loss
studying outcomes related to bone tissue

Full text screening

1.
2.
3.
4.
5.

Not
Not
Not
Not
Not

an original study
a full research article or retrievable
an animal study
related to disuse-induced bone loss
looking at outcomes related to bone tissue

Data extraction, collection, and management
Type of intervention

Animals must have been subjected to disuse-induced
bone loss caused by human interventions.
Therefore, studies investigating bone loss in relation to
normal physiological states of inactively or dormancy

Data from eligible studies will be extracted by MBB and
JST using a predefined extraction scheme under the following headings: bibliographic information, animal characteristics, disuse and study characteristics, bone
samples, and methods used to quantify and analyze the
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disuse-induced bone loss. Data from graphs will be extracted using the program WebPlotDigitizer or similar
available software. The data extracted is outlined below
in italic:
Bibliographic information

PubMed ID, Embase ID, first author, and year of publication will be extracted in order to identify individual
studies. The number of authors and journal names will
also be collected.
Animal characteristics

Type of animal, strain, sex, age and mean bodyweight at
study start, feeding scheme (pair-fed or ad libitum), comorbidities, and genetic modifications will be recorded. If
numerical values are presented as an interval, the mean
value will be calculated and reported instead.
Disuse and study characteristics

The method used to induce disuse, number of disuse
methods used, anatomical body part affected by disuse,
and duration of the study; inclusion and number of animals in the baseline, control, and disuse groups, methods
of randomization/stratification to each group, and sample size and power calculations to support the used number of animals per group; and finally, references to
previously published articles using the same method of
disuse-induction and statement of study approval from a
relevant animal ethics committee will also be extracted.
Bone samples

Bones investigated listed by anatomical name, bone sites
investigated (metaphysis, epiphysis, diaphysis, etc.), and
the total number of bones and bone sites investigated.
Methods used to quantify and analyze the disuse-induced
bone loss

Measurement of bone length, dual-energy X-ray absorptiometry (DXA), single-photon absorptiometry (SPA), microcomputed tomography (μCT), synchrotron radiation μCT,
mechanical testing, finite element analysis, peripheral
quantitative computed tomography (pQCT), dynamic and
static bone histomorphometry, immunohistochemistry,
bone biomarkers in blood and urine, ash weight, electron
microscopy, and gene expression, this list is not exhaustive,
and methods not mentioned will be added to the predefined extraction scheme used to store and managed data
during the extraction process.
Data analysis and synthesis

Data will be analyzed with descriptive statistics using
GraphPad Prism 8.1.1 (GraphPad Software, San Diego,
CA, USA). Interrater reliability will be evaluated using
Cohen’s kappa coefficient or percentage of agreement.
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In addition, all methods of disuse-induced bone loss will
be described in detail using a narrative synthesis to give
a comprehensive overview. Moreover, the advantages
and disadvantages of the respective animal models will
be discussed. The use of different animal models will be
shown in a diagram to provide a visual overview of the
prevalence of the various animal models. Animal model
data will also be tabulated subdivided by the method of
disuse induction to clearly display differences in sex,
strain, study duration, details, technical aspects of disuse
induction, etc. Trends in the most used methods and
techniques to evaluate bone loss due to disuse will be illustrated in a diagram to provide a brief overview of the
technological improvements from the first primitive materials testing machines and bone ashing to the contemporary advanced 3D tools like high-resolution ex vivo
and in vivo μCT.
Risk of bias

Since this systematic review is explorative in its nature
and seeks to provide a comprehensive overview of existing animal models, no thorough risk of bias assessment
or strength of the body of evidence using GRADE is
planned. However, it will be assessed, whether the animals are allocated to groups at random and whether the
groups are similar at baseline.

Discussion
Animal models in pre-clinical research are widely used
to elucidate underlying disease pathogenesis and explore
new targets for pharmaceutical treatment [1, 2, 19, 20].
Identification and selection of the optimal animal model
for an experiment are arguably one of the most critical
steps during initial study planning and preparation. Consulting online databases and previously published articles
in the pursuit of a comprehensive overview of known
animal models can be very time consuming and exhausting [21]. Systematic reviews of animal models are thus
highly relevant to assist researchers in identifying and
selecting the most suitable animal model. In osteoporosis research, animal models have been used for more
than a century and have helped to elucidate the underlying disease mechanisms and explore new targets for
treatment. Since several risk factors have been associated
with osteoporosis like age [22], menopausal status [23],
hormonal dysregulation [24], malabsorption [25], side effects to medication like prednisolone [26], smoking [27],
low BMI [28], immobilization [29], and disuse [30], it is
crucial to select the appropriate animal model. Previous
studies have revealed that the magnitude of bone loss
varies between the different models used [7, 11, 31]. In
addition, it has also been established that the bone loss
observed by a particular disuse model is strain-specific

Brent et al. Systematic Reviews

(2020) 9:185

underlining the importance of the genetic background of
the animals used [32, 33].
Taking the complexity of osteoporosis and disuseinduced bone loss into consideration, this systematic review seeks to establish a comprehensive overview of animal models of disuse-induced bone loss and the
methods applied to quantify and analyze the subsequent
changes in calcified bone tissue.
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2.
3.

4.

5.
6.

Strengths and limitations
The strength of the review is a systematic approach to
search for articles in two major databases (PubMed and
Embase), where the screening for eligible articles are
performed by two independent reviewers without any
language or date restrictions. The review will provide an
extensive overview of animal models of disuse-induced
bone loss and assist researchers in choosing the most
suitable animal model. The main limitation of the review
is that articles not indexed in PubMed or Embase might
not be found and assessed for inclusion. Another possible limitation is potentially relevant articles not using
keywords or phrases in their titles, or abstracts will not
be retrieved by our search string.
Abbreviations
BMI: Body mass index; DXA: Dual energy X-ray absorptiometry;
GRADE: Grading of Recommendations Assessment, Development and
Evaluation; pQCT: Peripheral quantitative computed tomography; PRISMAP: Preferred Reporting Items for Systematic Review and Meta-analysis Protocols; SPA: Single photon absorptiometry; μCT: Micro computed tomography
Acknowledgements
We thank research librarian and information specialist Annette Balle
Sørensen from Aarhus University for valuable insights and help in
developing the search strategy.
Authors’ contributions
MBB is the project manager, guarantor, and drafted the manuscript. MBB and
JST developed the search and methodological strategy and screened eligible
abstracts and full-text articles. MBB, MB, and JST read, provided feedback,
and approved the final manuscript.
Funding
The authors received no specific funding for this work.
Availability of data and materials
Not applicable.

7.

8.
9.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Ethics approval and consent to participate
Not applicable.
20.
Consent for publication
Not applicable.

21.

Competing interests
The authors declare that they have no competing interests.
22.
Received: 25 March 2020 Accepted: 29 July 2020
23.
References
1. Barré-Sinoussi F, Montagutelli X. Animal models are essential to biological
research: issues and perspectives. Future Sci OA. 2015;1(4):FSO63.

24.

Denayer T, Stöhrn T, Van Roy M. Animal models in translational medicine:
validation and prediction. New Horizons Transl Med. 2014;2:5–11.
Giangregorio L, McCartney N. Bone loss and muscle atrophy in spinal cord
injury: epidemiology, fracture prediction, and rehabilitation strategies. J
Spinal Cord Med. 2006;29:489–500.
Warden SJ, Bennell KL, Matthews B, Brown DJ, McMeeken JM, Wark JD, et al.
Quantitative ultrasound assessment of acute bone loss following spinal cord
injury: a longitudinal pilot study. Osteoporos Int. 2002;13:586–92. https://doi.
org/10.1007/s001980200077.
Brent MB, Brüel A, Thomsen JS. PTH (1–34) and growth hormone in prevention
of disuse osteopenia and sarcopenia in rats. Bone. 2018;110:244–53.
Pottarf JL, Pottorf JL. An experimental study of the bone growth in the dog.
Anat Rec. 1916;10:234–5.
Allison N, Brooks B. Bone Atrophy. An experminetal and clinical study of the
changes in bone which result from non−use. Surgery. Gynecol Obstet. 1921;
33:250–60.
Howell JA. An experimental study of the effect of stress and strain on bone
development. Anat Rec. 1917;13:233–52.
Lindgren JU. Studies of the calcium accretion rate of bone during
immobilization in intact and thyroparathyroidectomized adult rats. Calcif
Tissue Res. 1976;22:41–7.
Morey ER. Spaceflight and bone turnover: correlation with a new rat model
of weightlessness. Bioscience. 1979;29:168–72. https://doi.org/10.2307/
1307797.
Chappard D, Chennebault A, Moreau M, Legrand E, Audran M, Basle MF.
Texture analysis of X-ray radiographs is a more reliable descriptor of bone
loss than mineral content in a rat model of localized disuse induced by the
Clostridium botulinum toxin. Bone. 2001;28:72–9 http://www.ncbi.nlm.nih.
gov/pubmed/11165945. Accessed 8 July 2019.
Kujala UM, Hautasaari P, Vähä-Ypyä H, Waller K, Lindgren N, Iso-Markku P,
et al. Chronic diseases and objectively monitored physical activity profile
among aged individuals–a cross-sectional twin cohort study. Ann Med.
2019;51:78–87.
Musich S, Wang SS, Ruiz J, Hawkins K, Wicker E. The impact of mobility
limitations on health outcomes among older adults. Geriatr Nurs (Minneap).
2018;39:162–9.
Pearson OR, Busse ME, Van Deursen RWM, Wiles CM. Quantification of
walking mobility in neurological disorders. QJM Mon J Assoc Physicians.
2004;97:463–75. https://doi.org/10.1093/qjmed/hch084.
Moher D, Shamseer L, Clarke M, Ghersi D, Liberati A, Petticrew M, et al.
Preferred reporting items for systematic review and meta-analysis protocols
(PRISMA-P) 2015 statement. Rev Esp Nutr Humana y Diet. 2016;20:148–60.
https://doi.org/10.1186/2046-4053-4-1.
Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M. Enhancing search
efficiency by means of a search filter for finding all studies on animal
experimentation in PubMed. Lab Anim. 2010;44:170–5.
de Vries RBM, Hooijmans CR, Tillema A, Leenaars M, Ritskes-Hoitinga M. A
search filter for increasing the retrieval of animal studies in Embase. Lab
Anim. 2011;45:268–70.
Wallace BC, Small K, Brodley CE, Lau J, Trikalinos TA. Deploying an
interactive machine learning system in an evidence-based practice center:
abstrackr. In: IHI’12 - Proceedings of the 2nd ACM SIGHIT International
Health Informatics Symposium. New York: ACM Press; 2012. p. 819–23.
https://doi.org/10.1145/2110363.2110464.
Ferreira GS, Veening-Griffioen DH, Boon WPC, Moors EHM, De Wied CCG,
Schellekens H, et al. A standardised framework to identify optimal animal
models for efficacy assessment in drug development. PLoS One. 2019;14:
e0218014. https://doi.org/10.1371/journal.pone.0218014.
Hackam DG, Redelmeier DA. Translation of research evidence from animals
to humans. J Am Med Assoc. 2006;296:1731–2.
Wood MW, Hart LA. Selecting appropriate animal models and strains:
making the best use of research, information and outreach. 2007. http://
www.asas.or.jp/jsaae/jsaae/zasshi/WC6_PC/paper303.pdf%5Cn http://altweb.
jhsph.edu/wc6/paper303.pdf. Accessed 20 Mar 2020.
Demontiero O, Vidal C, Duque G. Aging and bone loss: new insights for the
clinician. Ther Adv Musculoskelet Dis. 2012;4:61–76. https://doi.org/10.1177/
1759720X11430858.
Ji M-X, Yu Q. Primary osteoporosis in postmenopausal women. Chronic Dis
Transl Med. 2015;1:9–13. https://doi.org/10.1016/j.cdtm.2015.02.006.
Rosen CJ. Endocrine disorders and osteoporosis. Curr Opin Rheumatol.
1997;9:355–61. https://doi.org/10.1097/00002281-199707000-00014.

Brent et al. Systematic Reviews

(2020) 9:185

25. Katz S, Weinerman S. Osteoporosis and gastrointestinal disease.
Gastroenterol Hepatol. 2010;6:506–17 http://www.ncbi.nlm.nih.gov/
pubmed/20978554. Accessed 25 June 2020.
26. Briot K, Roux C. Glucocorticoid-induced osteoporosis. RMD Open. 2015;1.
https://doi.org/10.1136/rmdopen-2014-000014.
27. Hollenbach KA, Barrett-Connor E, Edelstein SL, Holbrook T. Cigarette
smoking and bone mineral density in older men and women. Am J Public
Health. 1993;83:1265–70. https://doi.org/10.2105/AJPH.83.9.1265.
28. Xiang BY, Huang W, Zhou GQ, Hu N, Chen H, Chen C. Body mass index and
the risk of low bone mass-related fractures in women compared with men:
a PRISMA-compliant meta-analysis of prospective cohort studies. Medicine
(United States). 2017;96. https://doi.org/10.1097/MD.0000000000005290.
29. Minaire P. Immobilization osteoporosis: a review. Clin Rheumatol. 1989;8(2
Supplement):95–103. https://doi.org/10.1007/BF02207242.
30. Bartl R, Bartl C, Bartl R, Bartl C. Immobilisation osteoporosis (disuse
osteoporosis, disuse atrophy). In: Bone disorders: Springer International
Publishing; 2017. p. 287–9. https://doi.org/10.1007/978-3-319-29182-6_43.
31. Sun X, Yang K, Wang C, Cao S, Merritt M, Hu Y, et al. Paradoxical response
to mechanical unloading in bone loss, microarchitecture, and bone
turnover markers. Int J Med Sci. 2015;12:270–9. https://doi.org/10.7150/ijms.
11078.
32. Amblard D, Lafage-Proust MH, Laib A, Thomas T, Rüegsegger P, Alexandre
C, et al. Tail suspension induces bone loss in skeletally mature mice in the
C57Bl/6 J strain but not in the C3H/HeJ strain. J Bone Miner Res. 2003;18:
561–9. https://doi.org/10.1359/jbmr.2003.18.3.561.
33. Lodberg A, Vegger JB, Jensen MV, Larsen CM, Thomsen JS, Brüel A.
Immobilization induced osteopenia is strain specific in mice. Bone Rep.
2015;2:59–67. https://doi.org/10.1016/j.bonr.2015.04.001.

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

Page 6 of 6

