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Foessl et al. Bone Phenotyping Approaches

Frontiers in Endocrinology | www.frontiersi
A synoptic overview of scientific methods applied in bone and associated research fields
across species has yet to be published. Experts from the EU Cost Action GEMSTONE
(“GEnomics of MusculoSkeletal Traits translational Network”) Working Group 2 present an
overview of the routine techniques as well as clinical and research approaches employed
to characterize bone phenotypes in humans and selected animal models (mice and
zebrafish) of health and disease. The goal is consolidation of knowledge and a map for
future research. This expert paper provides a comprehensive overview of state-of-the-art
technologies to investigate bone properties in humans and animals – including their
strengths and weaknesses. New research methodologies are outlined and future
strategies are discussed to combine phenotypic with rapidly developing –omics data in
order to advance musculoskeletal research and move towards “personalised medicine”.
Keywords: bone and skeletal diseases, phenotyping, imaging, animal models, GEMSTONE, COST
INTRODUCTION

Bone metabolism and its regulation involves complex
interactions and crosstalk across multiple tissues, physiological
n.org 2
systems and pathways from fat and muscle to the immune
system and gut-bone axis (1–3). With this knowledge and
based on the recent advances in our understanding of genetics
and genomics, this narrative overview of technological evidence
December 2021 | Volume 12 | Article 720728
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intends a practical information for young researchers and/or
scientists outside the respective bone areas to enable crosstalk
between the disciplines.

The ultimate goal is to translate between clinical and
preclinical research and aim for mutual interaction and
development of future diagnostic and therapeutic approaches,
drug development and risk assessment. This task is being
undertaken by experts from the EU Cost Action GEMSTONE
(“Genomics of MusculoSkeletal traits Translational Network”).
One remit is to facilitate interaction between researchers in
animal and human bone science and establish common
phenotypic terminology across different spheres of expertise,
thus enabling translational comparability of phenotypic
signatures. The first step in this process, undertaken by
GEMSTONE working group 2, Phenotyping, is to curate a
comprehensive catalogue of bone phenotyping methods used
within GEMSTONE in human and give a compressed overview
on comparable methodology used in mice and zebrafish studies.

In this publication, we summarise the current state of the art,
identify gaps in knowledge and suggest future directions/needs to
be addressed. We provide insights in how the presented animal
models can be used to model bone disease and complement
human studies in order to advance bone phenotyping.
Integrating the aims of this working group and the larger
GEMSTONE action, we briefly outline how –omics
technologies can contribute to the phenotypic dissection of
skeletal traits. Finally, we offer our perspective on triangulation
of the diagnostic evidence and lay out strengths and limitations
of the respective techniques.

Discrepancies in the translation of clinical and preclinical
research results are an important issue that complicates the
understanding and progress in the care for patients with bone
disease but also in associated disciplines in the bone field. Bone
diseases are complex and multifactorial and require more than
the just traditional methods to aim for new horizons with future
diagnostic and therapeutic approaches.

Phenotyping and endophenotyping can be mechanistically
oriented towards drug development, targeted treatment or
prognostically oriented towards treatment stratification and
treatment decisions. With this expert view on phenotyping
methods across species, we aim for building bridges between
animal and human bone science to establish common
phenotypic terminology including growth-specific aspects,
enabling translational comparability of phenotypic signatures
for all researchers involved.

There are many open questions and unmet needs in the
field of bone diseases in humans, such as the achievement
of an optimal peak bone mass, robust evaluations of bone
strength in clinical practice, including cross-validation between
measurement methods and more holistic approaches in
diagnosis as well as personalized, tailored treatment (4). An
increased understanding of perspectives in animal models might
help to solve a number of these open questions, as they are
important issues for millions of people, e.g., diagnosis and
treatment in children, adolescents or young adults, questions
of the ideal use of current imaging techniques including new
Frontiers in Endocrinology | www.frontiersin.org 3
technologies to measure bone quality and strength, the
interaction of epigenetic factors and the microbiome with bone
quantities and qualities and future treatment options. Many new
aspects might be answered by specific animal models, which are
described in more detail.

Mice models are popular in studies of skeletal physiology due
to their relatively low cost, high rates of reproduction, and ease of
handling and care (5). They also provide the opportunity to
collect phenotype data not available from humans, and to study
the effect of single, specific interventions that are not possible in
patients such as changes to diet, age, or genetics (6).

A number of features of bone biology are shared between the
mouse and human skeleton. Like humans, mice experience age-
related bone loss (5). They also undergo similar patterns of bone
turnover and bone healing to humans (7, 8). However, there are
differences that should be considered such as the lack of
Haversian organisation and non-closure of growth plates at
skeletal maturity (6).

Mice have a high homology to the human genome, making
them suitable models for many human genetic disorders (6, 7).
Manipulation of the mouse genome has allowed for the creation
of models for numerous human musculoskeletal diseases.
Transgenic and gene-targeted mice have allowed for studies of
global overexpression or deletion of genes of interest for decades,
but more recent technologies are making more specific genetic
manipulation possible. The Cre-lox system applies for cell-
specific and temporal deletion of target genes. In this system,
LoxP sites are inserted on either side of the target gene or
sequence, and when bred to a mouse expressing the Cre
recombinase the relevant segment of DNA is excised in the
desired cell type or developmental stage (9). CRISPR/Cas9 is the
most recently developed technology and uses adapted bacterial
proteins which cleave double stranded DNA at specific sites,
offering a quick and accurate option for gene editing (10).

An additional model for bone research are small teleost fish
such as zebrafish (Danio rerio) and medaka (Oryzias latipes).
This model has been increasingly used to interrogate the biology
of human skeletal conditions. Here, we will focus on zebrafish as
an emerging and alternative model system used for the study of
molecular mechanisms and gene function associated with
human skeletal diseases. Zebrafish show conserved physiology
compared to mammals and display advantages as animal model,
such as the generation of a high number of embryos per cross
(over 150), their rapid and transparent embryonic development
that combined with the availability of a number of bone specific
transgenic lines, allow in vivo cell trackability (11, 12). Moreover,
genetic manipulation in zebrafish is relatively simple and highly
efficient. Evaluation of the first bones in larval stages and adult
whole skeleton can be performed in high-resolution with
reasonably high throughput (13, 14). Zebrafish have been used
for genetic and drug screening, and they pose an attractive model
system to accelerate functional validation of human-
omics findings.

Despite being evolutionarily more distant from humans than
mice, zebrafish share key bone similarities, showing the same
bone cell types (osteoblasts, osteocytes osteoclasts and
December 2021 | Volume 12 | Article 720728
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chondrocytes) and types of ossification (intramembranous and
endochondral) as those found in mammals, with the advantage
that the first bones and cartilage are available for studies from the
3rd day of development (11). During ageing, zebrafish show bone
macro and microstructure reminiscent of osteoporosis (15) and
osteoarthritis (16). Furthermore, non-invasive bone fracture
experiments in zebrafish allow investigation of bone healing
and fracture repair (17, 18). At the molecular scale, zebrafish
bone is reminiscent of mammalian bone up to the level of aligned
mineralized collagen fibrils (19). Zebrafish also show some
differences that should be considered. Unlike in humans,
zebrafish bones do only show few bones with trabeculae,
whereas long bones are absent. The bone marrow in zebrafish
is fatty and does not harbour a site for haematopoiesis, but blood
vessels invade the bone marrow similar to mammals (20).
Zebrafish have growth plates, but the main source of
longitudinal growth relies on cartilage proliferation and not
from accumulation of hypertrophic chondrocytes, as only a
small portion of chondrocytes become hypertrophic (21).

For further information and details, see also the GEMSTONE
WG3 publication on “Gene & Therapeutic Discoveries in Bone
Mass Disorders”.

Insights into mouse and zebrafish biology and pathophysiology
will allow for a better understanding for human investigations and
open clinical questions. There are substantial differences between
the views of experts in human disease on various aspects of bone.
Therefore, a translational approach for new research reducing the
discrepancy between the animal and human models is highly
warranted. Even in case, techniques cannot be directly compared,
they may be tailored to specific research questions in the future.

Many links liaise this publication to those of Working Group 3
and 4 of the GEMSTONE COST Action with important details to
many topics mentioned in this manuscript. This comprehensive
overview allows us to better classify and detect bone diseases,
predict disease progression using radiographic and clinical scores,
clustering (identification of different groups/phenotypes of
patients with bone diseases), pinpoint the most important
characteristics that could affect disease progression and identify
patients who will be rapid progressors for the development of late
sequelae, e.g. multiple fractures. This paper aims to link the
knowledge and understanding of different aspects of bone
disease from various expert viewpoints, contributing to a solid
basis for further and more effective cooperation between various
specialities to enable a personalized care in this field in the future.
1 MUSCULOSKELETAL PHENOTYPING
OF BONE CONDITIONS

Musculoskeletal phenotyping is a broad and multi-faceted process
that provides essential information for establishing a diagnosis of
bone conditions, with or without bone fragility and muscle
weakness. For all common or rare forms of musculoskeletal
disorders, a comprehensive evaluation of clinical and functional
aspects is required since fragility depends on much more than
bone mineral density (BMD) alone (Figure 1).
Frontiers in Endocrinology | www.frontiersin.org 4
1.1 Medical History and Physical
Examination
A fragility fracture in children or adults is often the first sign of
an underlying primary or secondary disease. A detailed medical
history and thorough clinical examination can provide valuable
insights into the overall state of musculoskeletal health. The
content of the medical history depends on a patient’s age. In a
child, family history of bone fragility, joint laxity or hearing loss
gives essential clues towards the presence of genetic disorder,
such as osteogenesis imperfecta. For humans of all ages, a history
of back pain can relate to the presence of low-impact vertebral
fractures, which may in turn increase the risk for future fractures.
In addition, chronic or acute underlying conditions such as
rheumatoid arthritis, diabetes, malabsorption, hypogonadism
or premature menopause and stroke and neural damage may
cause cytokine-, glucocorticoid- or immobility-induced
metabolic disease that in turn can affect skeletal and muscular
strength. The physical examination includes anthropometry,
inspection of limbs and spine for deformities, assessing sclerae
and teeth, palpation of spine and extremities along with
observing the patient’s posture, limb length, muscle tone and
mass, balance, joint mobility and gait. The spine is assessed for
tenderness, and deformities (such as scoliosis, hyperkyphosis, or
hyperlordosis). Decreased mobility and low lean mass predict
low bone mass in humans according to the mechanostat theory
(22). Sarcopenia, pain, presence of gait, balance and vision
disturbances therefore provide important information on the
risk of falling and future fractures. These parameters may be
summarized in the concept of Patient Reported Outcome
Measures from Questionnaires (PROMs) or Clinician Reported
Outcome Measures (CROMs), respectively (see Figure 1) and
may include a large number of additional terms, including
psychological and social approaches. For more detailed
phenotyping in genetic musculoskeletal diseases, see also,
“Careful patient phenotyping is key to disease discovery” in the
publication by GEMSTONE WG3.

Limitations: Taking a thorough medical history and
assessing a deep clinical phenotype is time consuming and
requires profound expertise of an experienced examiner.
Studies may not even employ sufficient clinical phenotyping or
time into this important investigation. An additional limiting
factor may be a lack of knowledge and patients´ recall bias as well
as the non-availability of x-rays or other clinical imaging for the
clinician to confirm a patient’s fracture history and assess the
radiological bone phenotype.

Strengths: Medical history and careful physical examination
provide essential hints for the further diagnostic workup and
avoid unnecessary or repetitive testing.

In mice models, detailed records and breeding charts should
be kept for all mouse colonies, and these can and should be used
as a proxy for medical history. These detailed colony records
allow tracing of recurring skeletal problems or fractures. Physical
examination is equally important in mice as in humans, and
should include inspection of their condition, behaviour and
environment. In regard to the skeleton and muscle tonus, this
inspection should include examination of the incisors, gait
December 2021 | Volume 12 | Article 720728
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abnormalities or lameness, and manually manipulating of the
limbs (23).

In zebrafish, the skeleton can be regionalized into functional
groups including the craniofacial skeleton and the vertebral
column (together with the tail fin, being parts of the axial
skeleton), and fins (pectoral, dorsal, anal fins). Since different
genetic mutations often affect several skeletal compartments,
it is common to perform skeletal phenotyping as a whole (13).
Gross skeletal deformities such as scoliosis, hyperkyphosis,
hyperlordosis, emaciation, as well as peculiar swimming
patterns, are readily visible (16). Severe abnormal spinal
curvature can be detected as the fish swim in the tank. It can
be argued that “family history” is as relevant for the genetically-
modified fish as for the mice of inbred lines; although the exact
parents are usually not known for every specific fish, parental
pairs usually come from well-documented strains/established
mutants. Although there may be a lack of one-to-one
relationship with the fish musculoskeletal phenotype during
aging, the latter is measurable (24).

1.2 Questionnaires and Patient-Reported
Outcome Measures
Patient-reported outcome measures (PROMs), which are
collected using questionnaires are essential to comprehend the
full extent of how musculoskeletal diseases influence the quality
of life. In adults, questionnaires are often used to systematically
collect information on self-reported socio-demography, medical
Frontiers in Endocrinology | www.frontiersin.org 5
conditions, family and fracture history, medication use, lifestyle
such as dietary intake, smoking habits, alcohol consumption,
physical activity and quality of life. Such information is
important given that environmental factors, in combination
with genetic susceptibility contribute to general frailty and risk
for fracture.

In premenopausal women, there might be special attention to
pregnancy and lactation based on hormonal changes and
challenged calcium metabolism, due to the nutritional
demands of the foetus and neonate (25–27). Female specific
questions may address age at menarche, cycle abnormalities and
conditions such as gestational diabetes (28) and preeclampsia,
also for the child (29). In men, hypogonadism and other
endocrine disturbances, but also exogenous toxins might be
asked for. In children and adolescents, where heritable forms
of osteoporosis are mostly diagnosed, questionnaires are not
commonly used and emphasis is put on family history and
physical examination.

A wide variety of patient-reported outcomes (pain, mobility,
anxiety/depression, fatigue, peer relationship, physical function,
sexual function) are available and can be collected as part of the
European Registry for Rare Bone and Mineral conditions
(https://eurr-bone.com). This EU initiative will provide
extended phenotype information and increase knowledge
about rare bone disorders.

Limitations: The quality of the patient interview is critical for
the successful diagnostic support. Many PROMs questionnaires
FIGURE 1 | Synopsis of clinical phenotyping. ALP, alkaline phosphatase; Biodex, muscle strength by isodynamic dynamometer; CT, computed tomography; CTX,
serum crosslaps; DM, diabetes mellitus; DXA, dual energy x-ray absorptiometry; FRAX, fracture risk assessment tool (https://www.sheffield.ac.uk/FRAX/); HGS,
handgrip strength; HRpQCT, high-resolution peripheral quantitative CT; PINP, N-terminal propeptide of type I procollagen; PPAR, peroxisome proliferator-activated
receptor agonists; pQCT, peripheral quantitative CT; QUS, quantitative bone ultrasound; SPECT, single photon emission computed tomography; SSRI, selective
serotonin reuptake inhibitors; TBS, trabecular bone score; VFA, vertebral fracture assessment; biochemical parameters include 25OHD, 25-hydroxy-vitamin D; PTH,
parathyroid hormone; [see also Bone Turnover Markers (BTMs)].
December 2021 | Volume 12 | Article 720728
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are validated and tested in a population-based setting and they
are preferable over non-validated questionnaires. However,
regular, systematic collection and assessment of PROMs in a
clinical setting takes time and resources, which may not be
available to doctors and patients alike. Self-reported information
may not be well formulated to provide sufficient levels of detail,
therefore, recall bias and other uncertainties have to be taken
into consideration.

Strengths: PROMs questionnaires are widely available and at
relatively low costs, and they are easy to administer, allow for
repeated assessments and may use different formats (in person,
postal, telephone, or electronic).

1.3 Fracture History
Family and personal fracture history are strong risk factors for
fragility fractures in humans of all ages and can give hints to
frailty in the elderly and genetic disorders and abnormalities in
children. This reflects the genetic component of risk for fracture,
particularly for hip fragility fracture (30).

Predicting the ‘first fracture’ is still challenging, since the
majority who fracture do not have osteoporosis (31). A first
fracture of any type doubles the risk of a new fracture (32). The
timeframe for a new fracture is partially dependent on age and
type; for a first fracture in young adulthood, the next may be 20
years ahead, but for an octogenarian, 2-3 years. Stress fractures –
including both fatigue fractures (from abnormal, or repetitive
loading on normal bone) and insufficiency fractures by normal
loading on abnormal bone (33) - are important events in a
patient’s history and should be an additional indication for a
thorough clinical exploration for potential secondary causes (34).
Fracture type and location are of particular relevance. Lower
limb and vertebral fractures are typical for young children with
osteogenesis imperfecta, vertebral fractures associated with back
pain in acute lymphoblastic leukaemia and distal femur fractures
in immobilized persons.

Limitations: Recall of elderly patients fracture history may be
poor. Silent vertebral fractures can also come with little or no
symptoms or they may be non-specific and therefore prone to be
misinterpreted or overlooked (35).

Strengths: Information is easily ascertained in a healthcare
setting and the well-established link with family history and
previous fracture should be sufficient to merit bone
characterization and potential pharmacological and/or non-
pharmacological musculoskeletal management via a Fracture
Liaison Service (FLS) (36).

In mouse models, most studies describe changes in material
properties and histology at a certain timepoint (37). Therefore,
fracture history for an individual mouse will not be evaluated.
However, in the context of mouse strains, probability and time until
a fragility fracture occurs might provide important information.

In the zebrafish skeleton, ribs and fins should be given
attention when analysing fractures. Zebrafish models for
osteogenesis imperfecta e.g. show recurrent fractures in the ribs
and fins (38–40). Rib fractures can be evaluated through life
using radiographs, as well as analysing the fins under a
transmitted light microscope. Fracture recurrence can be
annotated longitudinally.
Frontiers in Endocrinology | www.frontiersin.org 6
1.4 Functional Tests
The functional assessment of an increased risk of fall via the
muscle-bone unit involves evaluation of a) muscle force using
tools such as dynamometer, leg press and chest press; and
b) physical performance using tools such as 30sec or 6min
walk test (gait speed test), chair rise test, short physical
performance battery (SPPB) and timed-up-and-go test (TUG)
(reviewed in detail elsewhere) (41).

In children, the chair rise test, the 30sec or 6min walk test or
the BOT™-2 (Bruininks-Oseretsky-Test of Motor Proficiency,
second edition) test are commonly used.

Limitations: The results of the functional tests are largely
influenced by the presence of chronic diseases and the patient’s
cooperation as well as trained health care personnel.

Strengths: The dynamometer and the gait speed tests can be
of greatest utility given the fact they can be used in research
settings, in specialist clinical settings and in primary care settings
at very low expenditures. These techniques provide valuable
information on muscle mass and function, important
determinants of falls and fragility fracture risk.

In mice, gait analysis can be used to detect abnormalities in
speed, stride length, and limb-force profile (42). This technique
has been used to measure altered stride length, velocity and limb
angle after fracture fixation in mice (43). For muscle mass and
strength assessment, multiple methods such as grip strength test
(44), wire hang test (45), treadmill test (46), vertical pole test (47)
and swimming endurance (48). Additionally, invasive methods
include in vitro and in situ muscle force measurement (49).

Adult swimming behaviour analysis in the fish provides
information on how the skeletal system is functioning as a
whole (bone and muscles), with potential measurements of
angle achieved during the swim, velocity achieved after tail
propulsion, as well the time that it takes for exhaustion and
induction of fractures (50).

1.5 Fracture Risk Prediction Tools
For a potential prediction of future fragility fractures,
information gathered from the above described tools can be
used with risk calculators that combine several risk factors, with
or without BMD testing, e.g. the Fracture Risk Assessment Tool
(FRAX®) algorithm1, the Garvan Fracture Risk Calculator2 and
QFracture®3. These tools provide a valuable risk stratification for
the screening and management of osteoporotic patients (51). As
an example, the FRAX®-based community screening in the
elderly is increasingly used to provide individualized 10-year
probability estimates of hip and major osteoporotic fractures
(52). However, to date, there is no consensus on the
discriminative ability of these tools to predict fragility fracture
risk, except FRAX® with BMD, Garvan with BMD and
QFracture® (53). Furthermore, the holistic approach of data
collection together with physical and clinical measurements
could help the construction of frailty index scores (54, 55) to
December 2021 | Volume 12 | Article 720728
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identify subjects at higher risk of fragility fractures (56), and
mortality (57).

In children, such prediction programs have not been
developed since the underlying conditions vary in nature;
osteoporosis can be transient (e.g., acute leukaemia) or
permanent (genetic). For example, vertebral fractures may
spontaneously reshape in a leukemic child if the remaining
growth potential suffices but this would be highly unlikely in a
child with osteogenesis imperfecta (58).

Limitations: Some tools might be less representative for a
number of important factors, such as probably an individual
bone turnover. A lack of medical history data or the number of
prior fractures might result in over- or underestimating a
person’s personal risk.

Strengths: Community screening is more easily feasible and
patients may be more adherent to bone-active treatment options
in view of numeral risk estimation.

In a quadrupedal mouse model, studying bipedal fracture risk
and the link between muscle mass/strength and falls is difficult.
However genetically modified models, as well as induced fracture
models, allow for the study of changes in motion and function of
the muscle bone unit which may provide insight into
human cases.

Zebrafish fractures, their numbers and recurrence can be
easily evaluated in vivo and longitudinally. As in mammals,
fractures that happen early in life would indicate higher risks
of fracture recurrence in zebrafish. Nevertheless, there are no
estimates available, yet, for fracture risk predictions in zebrafish.
2 BONE DENSITY AND IMAGING - 2D

Many different imaging modalities have been used to quantify
bone density, strength, fracture risk and remodelling (Table 1).
Some of these methods are specific for the human, but many can
be used as well (in modified form) for animals (Figure 2).
Essentially, imaging methods can be 2D (slices or projections)
or 3D. In this section we focus on the 2D imaging methods while
the next section deals with 3D methods.

Different options are available for 2D bone assessment based
on imaging in humans, which include plain radiography, bone
densitometry by dual energy x-ray absorptiometry (DXA), bone
scintigraphy, as well as vertebral fracture assessment (VFA) and
trabecular bone score (TBS) based on lumbar spine DXA. The
different imaging modalities have specificities in their local
availabilities, as well as varying advantages and disadvantages
depending on the technology, like radiation exposure, spatial
resolution and the information that can be obtained.

2.1 Plain Radiography
Conventional and digital x-rays are widely available and are
frequently used as the first-line overview for imaging almost all
pathological changes in the bone e.g. to assess bone structure and
morphology in case of a suspected vertebral fracture. The main
feature of osteoporosis in radiographs is increased radiolucency
of the trabecular bone and cortical thinning, though this is
Frontiers in Endocrinology | www.frontiersin.org 7
mostly subjective and with low specificity, found at advanced
stages of osteoporosis when bone mass is substantially reduced or
bone mass accrual was insufficient as in osteogenesis imperfecta
(OI) (59), and shows other mechanical or inflammatory changes
of the vertebrae.

The Genant classification of vertebral fractures has been
implemented using a semi quantitative technique (60) in five
subtypes (OF1-5) (61) based on lateral vertebral imaging with a
relatively low interobserver variation [see Vertebral Fracture
Assessment (VFA)].

Limitations: The biggest disadvantage of plain radiography for
assessing changes in the bone structure is the 2D nature, resulting
in superposition of three-dimensional structures consisting of soft
tissue and hard tissue onto a 2D plane. Thus, the interpretation
can be difficult due to the superposition of shadows (62, 63).
Another drawback is the limited resolution (order 200 microns)
and the inability to discriminate between low bone mass and
mineralization defects. As for all the techniques involving x-rays,
there should be careful consideration between examination
outcome and radiation dosage.

Strengths: Nevertheless, plain radiographs are widely
available and some additional software techniques for bone
density estimation from radiographs are under development.
Generally, radiography is the first assessment due to the wide
availability of the equipment, and the low cost (64). Radiographs
may also provide an initial differential diagnosis covering also
scoliosis assessment and other diseases of the spine presenting
with back pain.

In mouse, 2D radiography is a highly sensitive method to
study bone properties. The x-ray microradiography imaging is a
useful tool for phenotyping. With this technique an X-ray tube
with a small spot size (around 10 microns) is used that enables
magnified projections of bone details. It can be used to assess
changes in bone size and cortical thickness, and if used with
appropriate standards, it can also provide a quantitative measure
of mineral content (65). It also has the ability to detect cortical
thinning and bone loss as seen in humans suffering osteoporosis
(66). Lateral x-ray imaging has been applied in high-throughput
format to identify bones with altered length and mineral content
(66). It has the benefit of being fast and non-destructive, but
drawbacks include that it only provides a two-dimensional image
and may be affected by poor or inconsistent positioning of the
animal or bone.

In zebrafish, radiographs are useful for rapid evaluation of
skeletal deformities and bone density. As an example for the
power of the technique, Fisher et al. have identified the zebrafish
mutant Chihuahua (chi) (mutation in the a1 chain of collagen type
I) through a zebrafish forward genetic screening in which the
authors leveraged from radiographies to screen a high number of
adult zebrafish for skeletal abnormalities (67). Radiographs allow
longitudinal studies of the zebrafish spine. Imaging takes a few
seconds, allowing anesthetized zebrafish to be imaged without
water, and followed by full recovery. However, due to the small
size of the zebrafish bones, many aspects of bone morphology,
microarchitecture, and mineralization, are limited in radiographic
analysis, while µCT captures all these metrics.
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TABLE 1 | Comparison of 2D imaging and bone density techniques between species.

Imaging
technique

Human Mouse/rat models Zebrafish models

Strengths Limitations Strengths Limitations Strengths Limitations

Plain
radiographs

Widely available 2D analyses availability 2D image Longitudinal skeletal
assessment

Detailed aspects of bone
morphology and density are not
captured due to the imaging
resolution, overlay with soft tissues,
and small bones in zebrafish

Additional density
estimation in
development

Potential
superposition

Poor or inconsistent
positioning of the
animal or bone.

Relative bone
density estimation

Low cost Low cost and rapid
imaging for high-
throughput
screenings

Moderate radiation
dose

Full fish recovery
after imaging

DXA Low radiation Artefacts from bone
(fractures),
osteophytes, vascular
calcifications and
other superpositions

Most suitable
method for BMD
measurement in
small animals

General anaesthesia
needed

N.A. N.A.

Fast and highly
reproducible
measurements

2D information only Poor edge detection
and accuracy for very
small animals (<50 gr)

Widely available and
full automatization

No differentiation of
trabecular vs cortical
compartments

Accurate positioning
of the animals and
placement of the
region of interest can
be challenging

WHO/ISCD definition
for osteoporosis/
osteopenia Individual
longitudinal
monitoring possible

No correction for
bone size or skeletal
maturity (e.g. in
children)

Measurements
affected by size and
weight of the animal

TBS Non-invasive No direct relation to
fracture risk published

N.A. N.A. N.A. N.A.

Tool for trabecular
bone structure

Improvement of risk
prediction via FRAX

Discrimination in
secondary
osteoporosis e.g. in
diabetes mellitus

Potential artefacts

VFA Information on
vertebral fractures

Lateral positioning of
patient sometimes
difficult

N.A. N.A. N.A. N.A.

Low radiation
exposure

QUS Transportable No WHO definitions
of osteoporosis/
osteopenia

N.A. N.A. N.A. N.A.

Quick Many different devices
– no standardization

Non-invasive Individual monitoring
difficult

radiation free No direct translation
to bone structure

Inexpensive
It can be used apart
from specialised
centres

Bone
scintigraphy

Widely available Potential false positive
results

Mainly use of
SPECT (see Single-
Photon Emission
Computed
Tomography
(SPECT))

Mainly use of SPECT
(see Single-Photon
Emission Computed
Tomography (SPECT))

N.A. N.A.

Inferior to SPECT in
3D questions
Frontiers in E
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DXA, dual energy x-ray absorptiometry; FRAX, fracture risk assessment tool; QUS, quantitative ultrasound; SPECT, Single-photon emission computed tomography; TBS, trabecular bone
score; VFA, vertebral fracture assessment.
N.A., not applicable.
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2.2 Dual Energy X-Ray
Absorptiometry (DXA)
DXA provides a two-dimensional (2D) representation of bone,
but also information about body composition including lean and
fat mass. Measurement sites include the lumbar spine, hip, radius
and whole body. Though anterior-posterior scans are generally
obtained, lateral spine scanning is also performed to assess
vertebral morphology and fractures (see Vertebral Fracture
Assessment (VFA). The DXA image comprises a series of pixels
containing information about mineral content. Total mineral
content within a region of interest is defined, from which bone
mineral density [BMD, in g/cm2, also often noted as areal BMD
(aBMD)] is obtained after dividing bone mass by bone area.
aBMDmeasured by DXA predicts fracture risk in adults (68), for
which this method is widely used for clinical and research
purposes. In clinical settings, aBMD is compared to a young
reference cohort of the same ethnic background and sex,
generating a T-score. The International Society of Clinical
densitometry (ISCD) defines osteoporosis in adults as a T
score ≤2.5, representing 2.5 standard deviations below the
young reference mean value (69). Another score reported from
DXA measurements is the Z-score. This score quantifies the
Frontiers in Endocrinology | www.frontiersin.org 9
number of SDs above/below the mean value of an age and sex
matched population. This score is not used for the diagnosis of
osteoporosis but provides information about an individual’s
fracture risk compared to peers (70). Volumetric bone mineral
density (mass per volume, (vBMD)) also noted as bone mineral
apparent density (BMAD) is strongly correlated with bone
strength in experimental studies (71). Although DXA just
provides an ‘areal’ density, this remains the most common
technique of assessing bone strength clinically. BMD
thresholds also contribute, but less than in adults, to the
diagnosis of osteoporosis in children (58, 72). In children,
aBMD data require adjustment for body size to avoid
misinterpretation from size artefacts, by using lumbar spine
BMAD and total body less head (73). The ISCD definitions of
osteoporosis in children are mainly based on the presence of
fractures (74). Hip structural analysis (HSA) (75, 76), has been
developed to derive other parameters related to bone strength,
for example by calculating femoral neck width (77). Finite
element analysis has also been applied to hip DXA images,
which may provide additional information on fracture risk
(78). In addition, current DXA devices enable specific
morphological features to be assessed such as vertebral
FIGURE 2 | Bone imaging techniques in humans; mice and fish. CT, computed tomography; µCT, microCT; DXA, dual energy x-ray absorptiometry; FE, finite
element analysis; HRpQCT, high resolution peripheral quantitative computed tomography; MRI, magnetic resonance imaging; pQCT, peripheral quantitative CT; QCT,
quantitative CT; QUS, quantitative bone ultrasound; SPECT, single-photon emission computed tomography.
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fractures and osteophytes. Due to the strong relationships with
fat and particularly lean mass, DXA scans provide regional body
composition measures which are particularly useful in evaluating
android and gynoid fat distribution (79). In fact, DXA is
considered the gold standard method for body composition
assessment in clinical practice due to its advantages of high
accuracy and precision, low cost, low radiation dose and short
scan time. It has a variety of clinical applications, such as
diagnosis and follow-up of lipodystrophy and sarcopenia, as
well as being widely used in research studies of body
composition. Further technologies based on DXA are analyses
of fractures by Vertebral Fracture Assessment (VFA), and the
trabecular bone score (TBS) described in section Vertebral
Fracture Assessment (VFA) and Trabecular Bone Score (TBS).

Limitations: BMD can be artificially elevated by collapsed
vertebrae or mineral deposits at sites that do not contribute to
bone strength, such as osteophytes and aortic calcification. In
addition, due to its 2D nature, DXA is unable to capture the
complex 3D morphological characteristics of skeletal elements.
For instance, the trabecular vs cortical compartments cannot be
differentiated and DXA gives no information on the bone
microarchitecture (80). Moreover, DXA measurements are not
corrected for skeletal size, hence DXA underestimates BMD in
humans and animals with short stature, and overestimates BMD
in those with tall stature. Such artefacts are not generally
corrected for in adult medicine and in many animal studies. In
children or growing animals alike, interpretation of DXA results
requires adjustment not just for age and sex but also for body or
bone size, and skeletal maturity (bone age or pubertal status).

Strengths: DXA scans use very low radiation doses and a fast-
scanning mode, making this method suitable for research as well
as clinical use. Derivation of commonly used measures such as
BMD is fully automated and highly reproducible, enabling small
changes to be detected in longitudinal studies.

In mice, as in humans, DXA is the most commonly used
method for measuring BMD (81). DXA has been demonstrated
to be accurate and precise in measuring total bone and bone
mineral content in mice (82). It has been used to characterise the
bone loss in multiple models of post-menopausal osteoporosis in
mice (83). Benefits in animal characterization include the ability
for live imaging, its low cost, relatively fast speed, and low-
radiation emission. Limitations of the application of DXA in
animal models are the low resolution of the technique, and the
need for correct (sometimes repeated) positioning.

For zebrafish, techniques of bone density measurements are
reflected in section MicroCT (µCT).

2.3 Vertebral Fracture Assessment (VFA)
VFA uses lateral DXA imaging of the thoracic and lumbar spine
for the presence of vertebral fractures (VF). Images can be
obtained at the same time as areal (aBMD) measurement. The
radiation exposure is lower than in plain radiographs of the spine
(84). According to the ISCD, Genant’s semi-quantitative fracture
assessment is the method of reference for the diagnosis of VF on
VFA or other lateral spine imaging (74, 85–87).

Limitations: In some devices, the analysis requires a lateral
positioning of the patient, which is sometimes not feasible. This
Frontiers in Endocrinology | www.frontiersin.org 10
limitation can be solved by the use of a “C-arm”, allowing supine
lateral spine imaging. The upper thoracic vertebrae (Th4 to Th7)
might be poorly visible.

Strengths: The low radiation exposure of VFA is an advantage
in all, but especially in paediatric patients (according to the latest
ISCD paediatric recommendations (74, 88), as well as the
combination of both aBMD and VFA in one session.

In mouse, VFA is not used in the mouse skeletal phenotyping.
In zebrafish, vertebral fractures can be assessed longitudinally

through radiographs and post-mortem through µCT and whole
mount staining (Alizarin Red S staining). Although vertebral
fractures in zebrafish are not commonly observed, compressive
forces applied ex vivo, anteroposterior at the vertebral column
and visualized using µCT, have demonstrated points of stress in
the vertebrae where it is subjected to fracture in zebrafish (89).
Recently, a non-invasive method to induce fractures in zebrafish
has been established. By using physical pressure applied to the fin
rays of the anaesthetized fish, one can easily cause fin fractures
(90). This allows the assessment and the study of fractures from
the initial moment that they happened.

2.4 Trabecular Bone Score (TBS)
Trabecular bone score (TBS) is a texture-based index that
provides an indirect assessment of trabecular bone
microarchitecture. It is calculated based on the pixel gray-level
variations in lumbar spine DXA images (78, 91). While this
index is increasingly used in adult human patients, there are no
animal studies to date, except ex vivo comparisons with porcine
vertebrae (92). TBS provides additional information on fracture
risk and is mainly used in secondary osteoporosis, e.g. in diabetes
(93) and ankylosing spondylitis (94). However, the proportion of
risk prediction in a more general osteoporosis approach warrants
further studies, and also depends on the software used (TBS
iNsight®, Version 4.0) with a 54% (OR 1.54; 95% CI, 1.18 to 2.00)
increase of having a major osteoporotic fracture (MOF) for each
standard deviation decline in TBSv4.0 values (95). Chronological
age and TBS are related; significant age-related changes seem to
occur with a turning point to higher TBS values at age 8 in girls
and age 10 in boys (96). The use of the TBS has not yet been
sufficiently explored or recommended for clinical use in children,
(see the current ISCD position at iscd.org/learn/official-
positions, last access Dec 2020). Assessment of TBS at other
bone sites than the lumbar spine might be an interesting
development (97), also in view of comparisons with animal
measurements and high-resolution (peripheral) quantitative
computed tomography HR(p)QCT or bone biopsies including
state-of-the-art histomorphometry.

Limitations: TBS is used as an add-on tool to DXA-scans;
patterns for specific osteoporosis risk prediction are warranted.
An independent contribution of TBS to fracture prediction
seems to be small (98), and potential artefacts can be due to
collapsed vertebrae.

Strengths: The respective software is a widely used non-
invasive tool for indirect assessment of trabecular bone
structure based on already existing compatible DXA scans.
TBS might allow for a discrimination of patients at risk, e.g.
in secondary osteoporosis, where DXA alone does not.
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The inclusion of TBS into the Fracture Risk Assessment Tool
(FRAX®) may improve the fracture prediction beyond FRAX®

without TBS.
In mice and zebrafish, TBS or similar scores are not

currently used.

2.5 Quantitative Ultrasound (QUS)
QUS provides a measure of bone quality and quantity (99).
Broadband ultrasound attenuation (BUA, dB/MHz) reflects
anisotropic characteristics of trabecular bone, and speed of sound
(SOS,m/s) refers to the division of soundwaves by the length of the
bone and transmission time. Some devices combine BUA and SOS
values to provide a quantitative ultrasound index (QUI) or stiffness
index (STI). Though providing a distinct measure to DXA-
evaluated BMD, QUS and DXA have similar predictive value for
hip fracture risk in elderly populations (100). QUS is used to assess
easily accessible bones like the calcaneus, which is the most widely
usedmeasurement site, andpatella, tibia,metatarsal boneatweight-
bearing sites, as well as phalanges and radius (101). Clinically, QUS
is used as a screening tool for osteoporosis. QUS has also provided
major insights for genetic discovery, through its incorporation in
UK Biobank, based on estimated bone mineral density (eBMD,
g/cm2) derived as a linear combination of SOS and BUA (102).
The device is not recommended for routine use in children
and adolescents.

Fracture sonography is a special field of application of
medical ultrasound diagnostics (sonography) for the detection
of bone fractures. In addition, there are other applications of
bone sonography, such as osteoporosis diagnostics and for the
representation of callus. In patients younger than 12, proximal
humerus or clavicle fractures can be visualized by ultrasound due
to the changes at the bone surface (103).

Limitations: AsWHOdefinitions of osteoporosis and osteopenia
require DXAmeasurements (104), confirmation of QUS findings by
DXA measurement is needed. A lack of standardization hampers
result comparison, in view of the many different QUS devices
available and of the influence of environmental conditions
(temperature etc.). Furthermore, in contrast to DXA, the
precision of QUS is insufficient for monitoring individual patients
(101). QUS cannot assess bone structure.

Strengths: Advantages of QUS include being transportable,
quick, non-invasive, radiation free, inexpensive, and useful for
large population screening studies even apart from health
care centres.

In mice and zebrafish QUS is not used.

2.6 Bone Scintigraphy
Bone scintigraphy detects an increase in osteoblastic activity or
vascularization, which may be associated with osteoporotic
fracture or localized bone lesions. Radionuclides such as
technetium-99m [99m Tc], often linked to a bone-avid tracer
molecule such as bisphosphonates, e.g. 99mTc-methylene
diphosphonate (MDP) emit gamma-radiation in proportion to
their attachment to a target structure. This technology may
supplement radiographs with additional information about
recent/old fractures or may identify radiographically occult
injuries and differential diagnoses such as metastatic disease (63).
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Limitations: Bone scans are a sensitive technique, but may
produce false positive results and cannot determine the extension
of a fracture, whereas SPECT is superior in the detection of
vertebral fractures (see section CT-Based Techniques).

Strengths: Bone scintigraphy is widely available in specialized
nuclear medicine departments and may be used to address
clinical questions not only for oncological diagnosis. It can
discriminate recent from healed spinal fractures and
demonstrate evidence for radiographically difficult to assess
fractures, e.g. atypical femoral fractures (105). Furthermore,
positive tracer uptake is reported in areas that subsequently
develop osteonecrosis of the jaw (ONJ) (106).

In mice, radioactive methods are widely used, but mainly in
context with SPECT (see section CT-Based Techniques).

In zebrafish, scintigraphy is nor used mainly due to the water-
based environment.
3 BONE DENSITY AND IMAGING - 3D

Development of three-dimensional (3D) methods for bone
imaging allowed for new approaches in bone phenotyping,
such as computed tomography (CT), single-photon emission
computed tomography (SPECT) and magnetic resonance
imaging (MRI) (Table 2). Implementation in clinical use and
research protocols depend on local availability and technical
knowledge. For scientific purposes, international cooperation of
researchers might be an additional benefit by bringing bone
scientists together.

3.1 CT-Based Techniques
3.1.1 Computed Tomography (CT)
Computed tomography is a sectional imagingmethod that allows a
representationof soft tissues, bones andvessels. Thanks to the spiral
technology (except QCT), clinical CTs produce small isotropic
voxels, which enables a high spatial resolution in any spatial
direction. The multiplanar slicing also allows sagittal and coronal
representations of high quality and 3D visualization provides
structural and morphological information. The x-ray-based
imaging technique is widely used for characterization of
degenerative changes, vascular and soft tissue calcifications (84).
Thevoxel size varies according to themethod, e.g., 250 -1000µmfor
clinical whole-body CTs, 50 - 80 mm for HR-pQCT [see High
Resolution Peripheral Quantitative Computed Tomography (HR-
pQCT)] and 10 - 30 µm for microCT (see MicroCT, used for
instance for microscopic bone structure analysis on bone
biopsies) (107).

Quantitative CT enables the measurement of volumetric
BMD (vBMD) at the spine and any bone, and allows separate
evaluation of cortical and trabecular bone. Further details are
available in Quantitative CT.

Limitations: CT scans involve high radiation exposure. A
direct comparison with DXA is not possible.

Strengths: CT scans are widely available and can be used for the
characterization of morphological changes and differential diagnoses.

In mice and zebrafish, clinical CT scanners are not used due
to the low resolution (See µCT section MicroCT).
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3.1.2 Single-Photon Emission Computed
Tomography (SPECT)
Non-quantitative bone scintigraphy using 99mTc-MDP may be
combined with CTs for Single-photon emission computed
tomography SPECT)/CTs. Standardized uptake volume (SUV) is
also used for bonemetabolismmeasurements. The range of SUV in
normal lumbar spine is roughly coherent with 18F-fluoride in
positron emission tomography (PET). In addition, it correlates
Frontiers in Endocrinology | www.frontiersin.org 12
positively with Hounsfield units (HU) of the lumbar spine and
negatively with age (108). As a fusionmethod SPECT/CT has been
shown to be superior to SPECT alone in the identification of
vertebral lesions especially in distinguishing acute fractures in a
multiple fracture setting (109) and is consistent with MRI in
patients with osteoporotic vertebral compression fractures (109).

Limitations: SPECT should be avoided in children unless
oncologic or inflammatory conditions are suspected (110).
TABLE 2 | Comparison of 3D imaging techniques between species.

Imaging
technique

Human Mouse/rat models Zebrafish models

Strengths Limitations Strengths Limitations Strengths Limitations

CT Widely available High radiation exposure See µCT below See µCT
below

N.A Low resolution
Morphological use No direct comparison to 2D

methods (e.g. DXA)Concomitant differential
diagnosis

SPECT/CT Correlation of skeletal
standardized uptake values
(SUVs) and BMD possible

Not useful in children due to
radiation and inflammation
concerns radiation exposure

Good spatial
resolution

Radiation N.A. N.A.

Useful for bone
growth and repair
Non-invasive and
longitudinal
tracking of
changes

QCT Volumetric bone density
information

Considerable costs See µCT below See µCT
below

See µCT below See µCT below

Can be used for continuum
FE models

Higher radiation dosage

Long operational time
pQCT Evaluation of cortical and

trabecular bone density,
structure and strength

Thresholding and difficulties
with standardisation at distal
sites

See µCT below See µCT
below

See µCT below See µCT below

Relatively low radiation
dose

Size artefacts by partial
volume effect
Needs adjustment for bone
length

HR-pQCT Only existing non-invasive
imaging method obtaining
bone microarchitecture

Only for distal extremities See µCT below See µCT
below

See µCT below See µCT below

Fast and safe Movement artefacts
Low radiation dose 3 µSv/
scan

Manual analysis required due
to potential inaccurate
estimatesGood reproducibility No

side effects
MicroCT
(µCT)

In bone specimen, fast and
non-destructive
assessment

Ex vivo use in humans only Most suitable
method for
skeletal
measurement

Time-
consuming

Most suitable method for skeletal
measurements as well as
assessment of individual bone
morphologies

High radiation
allows only ex vivo
bone assessment

Excellent reproducibility and
accuracy

Lack of specificity for soft
tissues

Stabilization
required
Radiation
exposure

MRI No radiation exposure No direct comparison to 2D
methods (DXA)

Longitudinal
assessment

Long
scanning
time

Bones and muscles can be
visualized

Aquatic flow cell
system is needed
for in vivo scanning

Widely available Low
resolution
due to small
sample

Low resolution

Well-defined morphological
tools

Difficult in use
December 2021 | Volume
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Strengths: The correlation of skeletal standardized uptake
values (SUVs) and BMD suggests its use for clinical and
research purposes (108).

In mice, SPECT scanners designed for pre-clinical models,
can have a spatial resolution of <0.5mm due to pinhole and
multi-pinhole collimators (111). This is useful when used in
combination with CT scanning (SPECT/CT) which allows co-
registration of the area of activity, and the skeleton, hence areas
of new bone formation or high bone turnover (112). Multi-
pinhole SPECT has successfully been used to track bone growth
and repair in a mouse model for 12 weeks – specifically to track
the temporal and spatial positioning of hydroxyapatite
deposition in a bone defect mouse model (113). Benefits of this
technique in mice are the non-invasive character allowing
longitudinal tracking of changes in individual animals, which
may reduce cost, animal numbers and inter-animal variability.
Fast scan times (minutes) require less time under anaesthetic.
However, exposure to radiation is required and this may be
significant if repeated scans are taken.

In zebrafish, as for other radioactivity-based measurements,
no special scintigraphy technology is available due to the water-
based environment.

3.1.3 Quantitative CT
Quantitative CT (QCT) enables 3D imaging of bone in vivo while
providing quantitative information about the spatial bone
density distribution at a resolution of around 0.5 mm (114,
115). The possibility to calculate vBMD provides a true density
measure of the whole bone cross-section, in contrast to areal
BMD obtained from DXA. QCT images can also be used as the
basis for Finite Element (FE) models (116, 117). With such
models, the bone geometry is represented by a large number of
sub-volumes (the ‘elements’), typically one or a few mm3 in size.
As the QCT resolution is not enough to resolve the trabecular or
cortical microstructure, these models represent bone as a
‘continuum’ in which the bone microstructure is homogenized
and represented by its density only (116, 118). Using such
models, it is possible to calculate the bone stiffness, the stresses
in the bone and the bone strength for a specified set of forces
(‘boundary conditions’) (116, 119, 120). Such loading conditions
can represent physiological loading (e.g. vertebral forces in the
spine, or hip joint forces) to calculate physiological stress values in
the bone tissue, or can represent loading conditions that typically
lead to fracture (e.g. a fall) to calculate bone strength. QCT can be
used in clinical trials aiming at quantifying the effects of drugs or
other treatments on bone strength or in research studies
correlating e.g. nutrition, lifestyle or genetic factors with bone
strength. In addition, images can be analysed as an “add-on”
screening tool in cases where QCT images are made for other
reasons, e.g. during virtual colonoscopyor cardiovascular research
focus, in which vertebrae are in the field of view (116, 121, 122). In
both human and animal, FE modelling of bone in young versus
older ages may differ. In particular, the growth plate can lead to
artefacts, as thesemay appear as gap regions. In addition, the tissue
mineralization in young versus old bone can differ, which may
require using different empirical relationships to translate density
to material properties.
Frontiers in Endocrinology | www.frontiersin.org 13
Limitations: QCT images involve considerable costs,
radiation dose and operational time. QCT based FE is not
suitable as a screening tool (120). It is not possible to account
for bone microstructure (other than its mere density), and thus
empirical relationships between bone density and material
properties are needed. Routine use of QCT in children is
not established.

Strengths: A particular strength of QCT-based continuum FE
models is that the technique is based on well-validated
mechanical principles. This is in contrast to stochastic
relationships that predict bone strength from bone density and
structural parameters, for which no underlying theoretical
relationship exists.

QCT based continuum FE is less suitable for small animals
because of the smaller size of their bones (123). Thereby, the
assumption that the bone microstructure can be homogenized to
a continuum becomes less accurate. The resolution is not enough
to resolve thin cortices. For small animals, the use of high-
resolution micro-finite element analysis (micro-FE) therefore is
more appropriate.

See section 3.1.6 MicroCT (µCt).

3.1.4 Peripheral Quantitative CT (pQCT)
Peripheral quantitative CT (pQCT) is used to image the radius
and tibia. The spatial distribution of fat, muscle and bone within
the cross section is obtained after applying density thresholds for
each of these tissues. At diaphyseal sites, cortical bone indices are
obtained including cortical vBMD, periosteal circumference and
cortical thickness, as well as muscle and fat cross-sectional area
(124). In addition, estimates of cortical bone strength can be
generated, such as cross-sectional moments of inertia. At the
distal radius (i.e. metaphysis), trabecular vBMD is obtained at a
pre-defined central region of the medullary space.

Limitations: A disadvantage is the poor standardisation at
distal sites (positioning of reference line relative to the growth
plate), which in children and growing animals limits
reproducibility. In addition, in humans and animals alike, the
partial volume effects (the situation where a voxel volume is only
partially filled by bone tissue) lead to size artefacts, i.e. cortical
vBMD is artificially reduced in individuals with reduced cortical
thickness as a larger part of the voxel is not within the bone
tissue. Adjustment for bone length may be required for subjects
with tall or small stature, to correct for bone size.

Strengths: The ability of pQCT to evaluate cortical and
trabecular vBMD, structure and strength variables separately
represents an important advantage compared to DXA scans, and
has provided the basis for separate genetic studies of cortical
vBMD (125), trabecular vBMD (126) and cortical thickness
(127). This may be even more important for the assessment of
bone conditions where the relations between cortical and
trabecular bone are shifted (128). Furthermore, pQCT scans
are associated with a relatively low radiation dose, making this
method suitable for clinical studies.

In mouse models, pQCT is useful to accurately measure both
trabecular and cortical vBMD, as well as predicting bone strength
(129). pQCT has been shown to be accurate and precise in mouse
models, confirmed by both µCT and histology (130). It can be
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used in vivo on live animals. There is however the potential for
errors in vBMD measurements based on specimen thickness and
positioning (129, 131).

See section 3.1.6 MicroCT (µCt).

3.1.5 High Resolution Peripheral Quantitative
Computed Tomography (HR-pQCT)
Like the class ica l pQCT, HR-pQCT assesses bone
microarchitecture in the cortical and trabecular compartments,
but with higher resolutions of 82 mm for the first-generation
devices and 61 mm for the second-generation devices (132, 133).
Depending on technical developments, the clinically
standardized volume of interest (VOI) is to be set to 9.5 mm
in length for the first generation and 10.2 mm for the second-
generation of devices. In adults, the beginning of the VOI is
situated at a fixed distance proximally from a reference line
through the joint at the distal cortex of radius and tibia (134).
Thus, in taller individuals, the VOI is relatively more distal and
has greater cross-sectional and trabecular areas as well as thinner
cortices. For HR-pQCT imaging, the participant’s extremity is
placed in a cast, which reduces motion. The cast is then inserted
into the device and is fixed in position, while the x-ray source
rotates around the extremity. The scanning time is around
2.5 min for these standard measurements. Cortical and
trabecular vBMD, cortical and medullary cross-sectional area,
cortical thickness, cortical porosity, trabecular spacing (Tb.Sp),
trabecular number (Tb.N = 1/Tb.Sp) and Tb.Sp standard
deviation are typically reported and satisfactorily accurate
(135). For the first generation HR-pQCT only Tb.N was
directly measured, while other parameters were derived from
Tb.N and BV/TV using standard methods adapted from
histomorphometry (134). For the second generation all
parameters were measured directly. HR-pQCT is used for
longitudinal assessment of changes in bone microarchitecture,
e.g., of age-related bone loss (136). However, bone loss at the
endocortical bone surface results in trabecularisation of the inner
cortex and errors in estimation of cortical and trabecular
bone loss (137). More recent software permits to transfer the
initial endocortical contour on the follow-up scans and assess
bone loss in the cortical and trabecular compartment. HR-
pQCT scans may be used for micro-FE analysis to estimate
bone strength (138, 139). In addition, vascular and tissue
calcifications are targets of HR-pQCT measurements and
currently under development.

Limitations: For now, HR-pQCT is available only for distal
extremities, although with the second generation scanning of
areas up to the knee and elbow has become possible as well (140,
141). As HR-pQCT is sensitive to movements, some scans have
to be excluded due to poor quality. The occurrences of
movement artefacts are higher for radius than for tibia scans,
probably because the sitting position is less comfortable.
Furthermore, the necessity to stay in a resting position without
any movement of the scanned limb might be challenging
especially in the elderly patient with tremor and people with
pain in joints may have trouble being positioned. Any x-ray
based method is not conclusive in areas with metallic or other
implants (133).
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In the structural analysis, identification of the endocortical
limit between cortical and trabecular compartments by software
is challenging (142). Thus, estimates of cortical thickness and
area and that of trabecular area may be inaccurate. Manual
analysis is time-consuming and has only moderate-to-good
reproducibility. However, the endocortical limit on the HR-
pQCT scan is not always evident even for experts and the
manual analysis does not improve its identification. Several
algorithms assess cortical porosity, but they are based on
unverified assumptions (143–145).

Strengths: HR-pQCT is the only existing non-invasive
imaging method obtaining bone microarchitecture in clinical
studies. It is fast and safe (low radiation dose 3 µSv/scan), has
good reproducibility (<1% for vBMD, <4% for structural
variables) and gives no side effects (146).

HR-pQCT permits to assess the structural basis of the effects
of the risk factors of osteoporosis (e.g., sex steroid deficit), predict
fragility fracture and the effect of anti-osteoporotic treatments on
bone (147–149). The biomechanical parameters assessed by
micro-FE can improve fracture prediction (148). Scanning
protocols for children are being developed.

For mouse and zebrafish context see section 3.1.6
MicroCT (µCt).

3.1.6 MicroCT (µCT)
Micro-computed tomography (MicroCT or µCT) is a high-
resolution imaging modality that offers quantitative analysis of
trabecular and cortical bone morphology in animals and human
specimens. First introduced in the late 1980s (150), µCT now has
become the gold standard for the evaluation of bone
microarchitecture throughout species.

The method, such as the other CT-methods, is based on the
use of x-rays to create cross-sections of an object. For µCT voxel
sizes lower than 10 mm can be obtained (151). The degree of x-
ray beam absorption is recorded, so that the 3D structure of the
object can be visualized and numerous bone structural
parameters can be quantified with a high degree of accuracy,
such as cortical and trabecular vBMD, cortical thickness, and if
used at high enough resolution/voxel size, cortical porosity.

As an ex vivo imaging modality in humans, µCT enables 3D
characterization of small bone specimens acquired from bone
biopsies, or of larger cadaveric specimens such as vertebrae (152,
153). Studies have shown that µCT can reproducibly quantify 3D
microarchitecture of the trabecular and cortical bone in iliac crest
biopsies, demonstrating significant changes in 3D trabecular
structural parameters in postmenopausal samples, including a
decrease in BV/TV, an increase in trabecular separation and a
shift from platelike to rodlike structure (154). µCT quantification
of bone structure from iliac crest biopsies is an important end
point in longitudinal drug efficacy studies (155). Assessment of
3D trabecular and cortical structural characteristics may improve
our ability to understand the pathophysiology of osteoporosis, to
test the efficacy of pharmaceutical intervention, and to predict
bone biomechanical properties.

Limitations: Due to the high radiation exposure, the use in
humans is restricted to ex vivo measurements and thereby limits
the clinical application of µCT. High-resolution scans produce
December 2021 | Volume 12 | Article 720728

https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Foessl et al. Bone Phenotyping Approaches
large amounts of data that require support for data acquisition,
processing and management. Even though a considerable
limitation of the µCT technology is the lack of specificity for
soft tissues, it can be combined with contrast agents for the
visualization and quantification of soft tissues like vascular
structures and bone marrow adiposity within the bone
specimens (156, 157).

Strengths: Compared with histology, µCT has many
advantages as larger volumes are analysed, 3D-measurements
can be performed faster with higher resolution, excellent
reproducibility and accuracy. The assessment of bone
morphology is non-destructive and does not require fixating
agents, enabling subsequent analyses of specimens for histology,
mechanical testing and biochemical analysis.

In mice, µCT is a widely used method for analysing bones of
small animal models in vivo and ex vivo, due to its high
resolution, with the ability to achieve resolutions as small as 1-
micron (158) and identifying body composition. Guidelines for
µCT assessment of rodent bone specimens have been
recommended including sample preparation, image acquisition,
processing and analysis (159).

Ex vivo µCT can be used to measure cortical and trabecular
vBMD, cortical thickness, and if used at high enough resolution/
voxel size, cortical porosity (160). It has been used at high-
throughput format to identify bones with altered BV/TV,
trabecular thickness (Tb.Th) and trabecular number (Tb.N)
(66) and can be used for longitudinal assessment of the same
animal over time due to the non-destructive character. It can be
performed on living animals, although long scan times do
require large doses of anaesthetics and radiation (above 400
mGy/scan) can affect osteoblasts and subsequent evaluation of
bone formation (161, 162).

In adult zebrafish, µCT is a well-established and widely used
tool for the detection of skeletal abnormalities (13, 40, 163–165).
Due to the small size of the bones in zebrafish, the visualisation of
the skeleton through standard µCT has been mostly limited to
skeletally mature animals. The use of contrast agents, such as
AgNO3, has been shown useful for the visualisation of earlier
ages of the zebrafish skeleton, as well as for soft tissue [28]. 3D
tissue mineral density (TMD) reflects the amount of mineral per
unit volume of bone tissue and is used to measure cortical TMD
in zebrafish. TMD values of 450-600 mg HA/cm3 have been
reported in the vertebrae of adult zebrafish (13) which is
noticeably less than the TMD values of 800-1000 mg HA/cm3
in the cortical bone of adult mice (166) or human cancellous
bone (167). These differences in TMD have been attributed to
differences from human bone in material properties and
mineralization dynamics (12) and as a possible reflection of
adaptation to mechanical loading and bi- or quadrupedalism in
terrestrial mammals (168). In parallel with TMD, values of the
vertebrae length, area, volume, thickness and other
measurements of shape are often used for phenotypic
characterisation of the zebrafish vertebral column (13, 164,
169). The vertebral column, as a major skeletal structure of the
zebrafish adult skeleton, is most commonly studied by µCT.
However, it is also used for the analysis of other parts, such as the
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zebrafish craniofacial skeleton (11, 164, 170, 171). Semi- to full
automation of bone segmentation from µCT imaging data would
allow rapid and robust analysis. In this line, a supervised
segmentation algorithm (Fish-µCT) enables segmentation of
each vertebrae and profiling of phenotypic measures (13, 39).

3.2 Magnetic Resonance Imaging
of Bone (MRI)
Magnetic resonance imaging is an intersectional imaging
method. It technically uses a combination of a strong magnetic
field (1.5-9T) and stimulation of protons by radiofrequency
pulses. MRI provides high contrast resolution and better soft
tissue display than computed tomography. Due to different
imaging techniques, like fat suppression, it provides a high
sensitivity for findings like periosteal edema and bone marrow
changes as well as intracortical signal abnormalities (172).
Frequent findings in acute and subacute vertebral fractures are
vertebral edemas with a low signal on T1-weighted images (WI,
using basic pulse sequences in MRI) and a high signal on T2-WI,
and high signals on STIR (Short tau inversion recovery), while
old fractures show the opposite (109). MRI has been analysed for
“M-scores”, deviated from signal to noise ratios (SNR) in the
vertebrae L1-L4 as compared to T-scores using DXA. The SNR in
L1–L4 is negatively related to BMD, but the cut-off value for M-
scores is still under debate (173). Some of the novel MRI imaging
techniques are able to quantify bone composition and may
generate precise phenotypes of bone changes related to age
(174). Future developments should define calibration
phantoms for routine imaging. Artificial intelligence (AI)
algorithms may be used for existing images to identify patients
at risk for bone fractures.

Limitations: MRI requires expensive equipment and training.
A direct comparison to 2D DXA is not possible, and limited
resolution is often not sufficient for morphological analysis.
Especially high field MR scanners (over 7T) are not widely
available and costly, therefore only accessible in well-equipped
institutions. In general, this equipment is exclusively used for
research purposes. MR examinations are time-consuming due to
the longer scanning time and therefore more susceptible to
motion artefacts, which can affect the accuracy of evaluations.
Furthermore, MR is very susceptible to artefacts caused by
metallic implants, for example postoperatively in the case of
spondylodesis, which in turn reduces image quality and makes
partial evaluations impossible.

Strengths: MR technologies are widely available, at least in
developed countries. There is no radiation exposure, therefore
repeated and large areal scans are possible. Well-defined
morphological tools may help to characterize significant changes in
clinical work-up. A powerful strength of magnetic resonance is the
excellent soft tissue imaging. It is superior for imaging muscle
pathologies and, through special techniques such as the Dixon
technique (175), for quantifying adipose tissue and muscle mass in
a reasonable time frame, which might also add important
information in connection with osseous pathologies. Furthermore,
cartilagedamageanddegenerative aswell as inflammatorychanges in
articular cartilage and intervertebral disc tissue can be identified and
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quantified, which is not technically possible to the same extent using
computer tomography.

MRI is a useful tool in mouse phenotyping as it allows
concurrent imaging of soft tissue (cartilage, bone marrow,
muscle, fat) and bone with good spatial resolution. MRI has
been used to image bone injuries in mice with good distinction
between the bone, soft tissue and injury sites, with a good signal-
noise ratio (176). MRI is particularly useful for monitoring
endochondral fracture healing, which involves a cartilaginous
tissue callus (177). MRI has the benefit of providing 3D images,
and allowing longitudinal assessment of single animals.
Disadvantages include a long scanning time (up to hours), the
potential for artefacts at the bone-soft tissue interfaces, and low
resolution due to the size of the sample (176, 178).

MRI has not been widely used in zebrafish. However, recent
studies demonstrated the use of the imaging technology for
longitudinal and non-invasive studies. 3D scans covering the
thoracic region of the same adult zebrafish at an isotropic voxel
resolution of 31 µm allowed longitudinal studies of the zebrafish
heart. Bone and muscles were observed with MRI (179). To
overcome the limitations of the aquatic system, a flow cell system
has been developed for MRI imaging, allowing to monitor the
zebrafish during the scan and to fully recover the animal (180).
However, the methodology needs to be further improved to
establish it as a routine bone assessment in zebrafish.
4 BONE BIOPSY AND LOCAL
MEASUREMENTS

Investigations at the tissue level have a long tradition for
histology and several microscopic technologies which are
important in clinical practice for the differential diagnosis of
disease entities. However, new approaches will help to expand
our understanding of bone properties using microindentation
(see Microindentation) or compositional bone matrix analyses
via quantitative backscattered electron microscopy imaging
(qBEI) and vibrational spectroscopy (see Compositional Bone
Matrix Analysis Using Quantitative Backscattered Electron
Microscopy Imaging (qBEI) and Vibrational Spectroscopy) –
these new approaches and their use in human and animal
bone research is of increasing importance.

4.1 Histology
Histology of bone biopsies provide qualitative information about
bone cells, matrix (e.g. the orientation of collagen fibres),
mineralization and bone marrow. Evaluation of bone biopsy
should comprise its histological (visual, qualitative) and
histomorphometric (quantitative) assessment (181). The biopsy
should be examined for the presence of mast cells and cancer
cells infiltrating the bone marrow or the bone. It should be noted
if the bone has the normal lamellar texture or if woven bone is
present (182).

Limitations: Histology only provides information on the 2D
structure of tissues and cells which can lead to an over- or
underestimation of morphological features. However, the
Frontiers in Endocrinology | www.frontiersin.org 16
stacking of layers can be applied to regain 3D-information. It
is a destructive method, and only the remaining parts of an
embedded sample can be analysed with other techniques than
the histological assessment.

Strengths: Histology is one of the most established and
versatile methods to identify different types of tissues, and
osseous cell components at high resolution. Various staining
protocols are readily available for the detection of bone matrix
alterations due to diseases or treatment.

In mouse and zebrafish studies, histology is widely used. As
with human studies, it can provide information on cell type and
number, bone matrix and mineralisation and help to characterize
specific disease models.

4.2 Histomorphometry (Static
and Dynamic)
In addition to specific histology, a histomorphometric evaluation of
bone modelling and remodelling can provide quantitative
information about mineralization disorders, metabolic bone
diseases, and secondary bone diseases including cancer. “Static”
bone histomorphometry (HM) consists in counting cells and
measuring bone tissue components. For “dynamic” purposes, oral
tetracyclines are administered separated by 10-12 days. Tetracycline
is incorporated into new bone at the “mineralization front”, and its
fluorescence allows for the assessment of bone turnover (183–185).

Histomorphometry from patients requires bone biopsies
obtained standardly from the iliac crest under local or (in
children) general anaesthesia.

Bone samples are processed without prior decalcification
according to published protocols. The stains should allow the
differentiation between mineralized bone tissue and osteoid, and
the identification of bone and marrow cells by using several
methods, with Goldner’s trichrome and toluidine blue being
most widely used. Solochrome cyanine R allows the observation
of bone texture under polarized light. Unstained sections are
prepared for the observation of the tetracycline labels by
fluorescence microscopy. May-Grünwald-Giemsa or toluidine
blue are used for the analysis of bone marrow and especially for
the identification of mast cells and TRAP-staining is common to
assess osteoclast parameters.

Quantitative analysis is performed on complete and unbroken
samples. Measurements are performed by using automatic or
semi-automatic image analysers. Parameters can be measured
separately on periosteal, cortical, endocortical and cancellous
bone. The bone histomorphometric parameters with
abbreviations have been standardized by the American Society
for Bone and Mineral Research (ASBMR) Histomorphometric
Nomenclature Committee (186, 187).

For some specific diagnoses histomorphometric examination
is required. For example, osteomalacia shows an accumulation of
osteoid i.e. non-mineralised bone. While the experienced
examinator can give the diagnosis of osteomalacia without
quantification, the degree of the delay of mineralization
requires HM. Hyperparathyroidism (HPTH) is associated with
high bone turnover and an increased amount of immature bone
showing a diverged picture from the usual lamellar structure
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referred to as woven bone, as well as marrow fibrosis. An
important indication for bone biopsies is chronic kidney
disease (CKD) with potential high or low turnover conditions.
In mild CKD, changes may be similar to HPTH with woven bone
and peri-trabecular marrow fibrosis, referred to as osteitis
fibrosa. Osteomalacia and adynamic bone disease are showing
with low turnover features in bone histomorphometry. Both
conditions require careful therapy adaptation. Bone fragility
disorders such as osteogenesis imperfecta are associated with
typical static and dynamic HM. Reference values of healthy
children and adolescents (188), adult osteoporosis (183) as well
as patients with OI type 1 (189) are used for interpretation of
HM results.

Limitations: This invasive method depends on established
procedures and trained personnel. Localised bone diseases like
Paget’s disease of bone and fibrous dysplasia are usually not seen
in iliac biopsies. Analysis is performed on an iliac bone sample, an
unloading site not prone to fracture in contrast to vertebra, forearm
or femoral neck. Despite differences in microarchitecture and
turnover between iliac crest and the other skeletal sites, significant
correlations were found (190).

Strengths: Bone HM remains the only method allowing the
study of bone at the tissue and cell levels to enable measurements at
intermediary levels of organization of bone i.e., the osteon. It also
remains the only established method to diagnose osteomalacia.

In the study of mouse bone, both static and dynamic
histomorphometry are widely used mostly on sections of the
distal femoral metaphysis and, for cancellous bone, in the
appendicular skeleton. Several staining methods are used to
measure osteoblast parameters, such as Toluidine blue or Von
Kossa and McNeal stain (191). Osteoclast parameters
additionally are measured using the TRAP staining (192). In
dynamic histomorphometry, bone formation and apposition
rates are calculated using a timed fluorescent agent which is
incorporated into newly formed bone, much like described for
human studies. Fluorochromes such as calcein, tetracycline and
alizarine red (193), can even be combined for double labelling
that has demonstrated both increased and reduced bone
formation and mineral apposition rates in cortical and
trabecular bone (160, 192).

A s i n human and m i c e , s t a t i c a nd dyn am i c
histomorphometry are used in zebrafish. Vertebral endplates
are active sites of bone formation, providing a suitable region for
typical static bone histomorphometry (50). Number of
osteoblasts per bone perimeter (N.Ob/B.Pm), osteoid thickness
(O.Th), osteoid surface per bone surface (OS/BS) and osteocyte
density (N.Ot/B.Ar) can be assessed (40). As zebrafish are
transparent during skeletogenesis and through juvenile stages,
bone staining are often readily observed in whole-mount,
alleviating the time and resources required for tissue
sectioning. Alizarin Red and Calcein staining are used to label
mineralizing tissues (194), which can be monitored in vivo in
bones that are optically accessible, such as early developing
vertebrae, growing vertebrae, scales and adult fin rays. Pulse
labelling with Alizarin and Calcein can demarcate bone
formation between labelling periods (50, 195–197), similar to
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dynamic histomorphometric approaches in mammals.
Mineralised bone can also be assessed by Von-Kossa staining
and activity of alkaline phosphatase (ALP) (198). Cartilage is
frequently visualized using Alcian Blue (199–201). Moreover, the
use of transgenic lines also allows in vivo assessment of specific
cell types, including osteoblasts (202, 203), osteocytes (203) and
osteoclasts (204, 205). Osteoclast activity can be observed in
whole-mount or histological sections using TRAP staining (206).

4.3 Microindentation
Micro- and nano- indentation have been used in many studies to
quantify the modulus (stiffness) and hardness (resistance to
yielding) of bone tissue (207, 208). A limitation of these
techniques is that they can be applied only to extracted bone
samples or biopsies. Reference Point Indentation (RPI) estimates
the resistance of the cortical bone to fracture (209, 210). It is
based on the hypothesis that the microindentation of the bone
surface induces the separation of mineralized collagen
microfibers and the initiation of micro-cracks (211). Whereas
this measure is related to the resistance of bone tissue to fracture,
it is incompletely understood which mechanical properties of
bone are captured by RPI. For this reason, measurements
typically quantify a parameter called Bone Material Strength
index (BMSi) units representing the ratio between the
penetration of the probe into the bone and its penetration in a
methyl methacrylate reference phantom (209, 210). In RPI, a
probe is applied to the outer surface of the cortical bone of the
tibia under local anaesthesia to produce a microindentation (of a
size similar to a resorption lacuna), and thus, to measure the
distance the probe can penetrate the bone. The higher this
distance, the less the bone is able to resist the formation and
propagation of micro-cracks, and thus the weaker it is (210).

Two distinct RPI techniques exist (208). The first to be
developed was the cyclic reference point microindentation
(CMI) using the BioDent™ device (211). CMI was used in the
first human clinical studies and is currently the most used
technique in animal studies (209). The second technique called
impact microindentation (IMI) is conducted with the
Osteoprobe R device (212). IMI was developed for in vivo use
in clinical studies exclusively from 2013 on (210), and in larger
animals (209). As the two techniques differ in mechanical
challenges, and do not exactly measure the same mechanical
properties, the preclinical results from CMI cannot be
extrapolated to clinical results from IMI (209).

Limitations: The use of IMI in the clinical practice is still
hampered by methodological and technical limitations and the
lack of reference values validated according to ethnicity, sex and
geographical regions. The development of standardized
procedure (213) and future prospective multicentre studies will
clarify the benefit of the methods for the assessment of the
pathophysiology and the response to treatment interventions
(208–210).

Strengths: This technique holds great promise as it provides
clinicians a minimally invasive, simple and safe tool for assessing
the material properties of bones in vivo (209). Existing data
support IMI as a valuable technique for the assessment of bone
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fragility in research studies and possibly for its follow-up (209,
210). Importantly, IMI has been proposed as an additional tool
to assess and comprehend bone quality, instead of replacing the
existing techniques (208–210).

In mice, micro- and nanoindentation is not a commonly used
technique, but has been used to assess bone homeostasis and
bone repair following micro-damage (214, 215). Among the
techniques, RPI is used most frequently. Benefits are the
capacity for longitudinal, in vivo assessment of the mechanical
properties of bone. However, during ex vivo technique
validation, it has been shown that RPI testing data is poorly
correlated with fracture data from traditional biomechanical
testing, and has relatively large variability (216, 217).

In zebrafish, nano-indentation is used instead of micro-
indentation due to the small size of the zebrafish bones (vertebral
length~ 500 µm, andwidth~ 50 µm). It allows the determinationof
local mechanical properties in sagittal or transverse planes of
individual zebrafish bone (40, 218–220). Specifically, the modulus
of elasticity, hardness, andmodulus-to-hardness ratio (E/H; used as
a surrogatemeasure bone fracture toughness (221) can be extracted
and correlated to compositional parameters. In this context, an
increase inmineralization under physiological conditions, e.g. with
aging, results in an increasing elasticity of zebrafish vertebrae,
homologous to human and mammalian bone in general.
However, in case of a more disoriented bone matrix, e.g. due to
collagen pathologies, an altered organization of the mineral has
been correlated with a decrease in mechanical performance. Given
the high resolution of nano-indentation experiments, i.e.
penetration depth of several 100 nm with a Bercovic tip,
heterogeneities in mechanical performance can be assessed, e.g.
vertebral end plate region vs. vertebral centrum.

4.4 Compositional Bone Matrix Analysis
Using Quantitative Backscattered
Electron Microscopy Imaging (qBEI)
and Vibrational Spectroscopy
Blocks from bone biopsies can be analysed using quantitative
backscattered electron microscopy imaging (qBEI). For qBEI,
specimens are commonly embedded, polished coplanar and
coated with carbon to provide stable electron conductivity.
Assessed is bone mineralization density distribution (BMDD),
reflecting the calcium content of cortical and trabecular bone
matrix (222–224). With qBEI, the phenotype of several
conditions can be further delineated, for example the typically
elevated bone tissue density in osteogenesis imperfecta (223).
Using a backscattered electron (BSE) detector, variations of
intensity of the BSE-signal are measured. Backscattered
electrons interact mainly with the sample surface, whereby the
intensity is dependent on the local mean atomic number of the
sample. Calcium, being the heaviest element in bone, is used to
quantify the degree of mineralization based on a linear
correlation between the calcium content and the grey value of
the BSE image. With the help of reference materials, the
brightness and contrast of the image are calibrated and the
mean calcium weight percent distribution can be determined
based on the grey value histograms of the BSE image, which
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allow to assess the average calcium content in the mineralized
bone tissue area (Camean), the heterogeneity of mineralization
(Cawidth), as well as areas of high and low mineralization (Cahigh
and Calow, respectively).

Whereas qBEI provides compositional information mainly on
the inorganic component of bone, vibrational spectroscopy can be
used for the simultaneous analysis of mineral- and protein-related
parameters in bone. The identification of molecular components
based on their energy-specific vibrations is used in both Fourier-
Transform Infrared spectroscopy and Raman spectroscopy (225). In
the context of bone quality assessment, vibrational spectroscopy is a
specialized tool to evaluate the “structural fingerprint” for the
identification of molecular bonding involved. During vibrational
spectroscopy, the sample is irradiated with a specific wavelength,
which leads to changes in the vibrational modes of specific
molecules, allowing to detect mineral-related components in a
spectrum (peaks of phosphate, carbonate) and protein-related
components (peaks of amide I and II, phenylalanine,
hydroxyproline and proline). Typical Raman and FTIR
parameters of bone quality include the mineral-to-matrix-ratio
(e.g. phosphate-to-amide I, indicative of the degree of
mineralization), the carbonate-to-phosphate ratio (indicative of
carbonate substitution in the crystal lattice), and crystallinity (fill-
width-at-half-maximum of the phosphate peak, related to crystal
size), e.g. with different reactions of bound-water compartments for
collagen and mineral-bound water. Certain aspects of collagen are
also assessable (226). For a more in-depth view also on strengths
and limitations, please see e.g (227).

Limitations: Electron microscopy is a complex method,
depending on specific clinical/research questions and requires
established highly specialized procedures and trained personnel.
Moreover, both qBEI and vibrational spectroscopy are generally
limited to 2D information.

Strengths: True bone density distribution at the tissue level is
measured. Additional information on molecular components
and mineralisation enables for new approaches in the
interpretation of bone metabolism and structure.

For studying mouse bone, backscattered electron scanning
electron microscopy is particularly useful. Resin embedded samples
have been used to determine local tissue level mineralisation of bone
and the high resolution allows for the investigation of lacunar
properties, such as their size and appearance of their surface.
Osteoblasts and osteocytes bound to the surface of the specimen
can be assessed for their various phenotypic stages. Macerated, non-
embedded samples can be used to identify changes in
microarchitecture and surface values (192, 227).

Similar to performing qBEI and vibrational spectroscopy in
humans, zebrafish bones can be investigated in terms of calcium
content and heterogeneity of mineralization as well as Raman
spectral parameters. For instance, an increased calcium content
has been observed after exercise of zebrafish, as well as in
zebrafish OI models (40). Raman and Fourier-transform
infrared (FTIR) spectroscopy (19) imaging in zebrafish have
shown that zebrafish bone contains carbonated hydroxyapatite
as well as other mineral phases, similar to mammalian bone.
Moreover, in a zebrafish model of OI, lower matrix maturity is
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confirmed through reduced collagen maturity and altered
carbonate-to-phosphate ratio using FTIR (40).

4.5 Immunohistochemistry of Bone (IHC)
Immunohistochemistry (IHC) allows to determine the cellular
localization of proteins and their expression within tissues (228).
This technique requires two phases: 1) specimen fixation and tissue
processing and 2) interpretation and quantification of the obtained
expression (229). Tissue properties can be analysed in depth,making
it possible to studynot only bone but also the surrounding tissues like
cartilage, muscle and tendons. There are different approaches in
immunohistochemistry analysis and reporting and for some IHC
markers like bonemorphogenic proteins (BMP), osteocalcin (OCN),
osteopontin (OPN), and few others scoring systems are available
(230), which may include IHC markers of the surrounding tissue.
Sequential antibody immunostaining for quantification is used to
detect antigens of interest. This is a complementarymethod to in situ
hybridization histochemistry (ISHH) which detects cellular nucleic
acids based on the formation of double-stranded hybrids between a
nucleic acid fragment (the probe) and a DNA or RNA sequence
present within bone cells (231).

Limitations: Decalcified bone samples are widely used for
IHC. However, during the decalcification process, the integrity of
the trabecularnetwork is lost,whichcancause changes in theoverall
appearance of the bonemorphology. Careful specimen preparation
and analysis by experienced researchers should be applied. As an
alternative, methyl methacrylate embedding retains the mineral
fraction of the bone tissue. However, the hard embedding makes
sectioning more difficult and epitope retrieval complex (228). The
process of optimization of the method for each target can be
relatively time-consuming, costly and labour intense.

Strengths: For humans, a great variety of antibodies are available
and established for IHC. On its own and in combination with
different antibodies and other staining techniques, this enables a
multitude of possibilities to visualize complex interactions.

In mouse studies, IHC can provide useful information on the
temporo-spatial expression of key factors important for
musculoskeletal development and function. However, careful and
experienced specimen handling of the small mouse samples is
needed due to the tendency for samples to detach from slides.
IHC has been used to locate many important antigens in bone such
as SOX9, OSX and sclerostin (232, 233). As in humans, decalcified
bone specimens are most commonly used.

Immunohistochemistry is applied in histological sections (234)
andwhole-mount zebrafish samples, often performed in larval stages
and dissected adult tissues (171, 235–237). While a plethora of
antibodies are available for human and mice proteins, only few are
available for zebrafish.Antibody tests andprotocoloptimizationneed
to be performed in zebrafish as for mice and human samples.
5 BIOCHEMISTRY FOR
BONE PHENOTYPING

In patients, a number of general laboratory analyses are necessary to
assess a patient’s general health and potential causes of secondary
Frontiers in Endocrinology | www.frontiersin.org 19
bone disease (238, 239). These include a full blood count,
erythrocyte sedimentation rate (ESR) or C-reactive protein (CRP),
markers of liver and kidney function and markers of calcium/
phosphate metabolism. Further, optional tests include serum
proteins (including electrophoresis; to exclude multiple myeloma),
markers of thyroid function (to exclude thyrotoxicosis), sex
hormones (to exclude hypogonadism) and measurement of free
cortisol in 24-hour urine for screening for Cushing’s syndrome.
Some additional tests might be useful to exclude other pathologies,
e.g. celiac disease via transglutaminase antibodies or systemic
mastocytosis via serum tryptase and/or urine methyl histamine.

Limitations: Optional laboratory parameters require a
diagnostic plan for the individual patient to be useful and may
be more expensive.

Strengths: Differential diagnoses are frequently based on the
knowledge about general health conditions and should be
available in acceptable quality.

In mice, most studies use a defined mouse model for distinct
research questions. Therefore, it is not necessary to perform
biochemistry for the diagnosis of a disease in this context.
However, biochemistry can be performed on blood and plasma
samples. Other than in humans, the amount of blood obtained from
the living animal can be a limiting factor for such tests. They are
therefore mostly performed with terminal blood collection in mice.

In zebrafish, although neither pregnancy nor lactation exist, the
sex-hormonal changes and sexual-development milestones
(analogous to “puberty” or “post-reproductive” age) are well
characterized. Sex in zebrafish (as well as amphibians and
reptiles) is not determined by a particular chromosome, but by
the interaction between gene and environment. Sex hormones are
well studied, hypogonadism could be easily obtained and well as
orchid- and ovariectomy. Catecholamines, mineralocorticoids and
microelements are measured similarly to mammals, as well as
thyroid stimulating hormone and its receptor (13). Blood can be
collected from the adult zebrafish through the aorta and
decapitation. Recently, it has been shown that repeated blood
collection can be performed from the same adult zebrafish
longitudinally for the measurements of triglycerides and glucose
(240). Due to the small size of zebrafish, a limitation of the method
is the total blood sample volume that can be collected at time,
≤0.4% of body weight per week for repeated measurements.

5.1 Controllers of Bone Mass
and Mineralisation
Many factors are involved in the regulation of bone mineralization,
among them calcium, phosphate, calcitriol, fibroblast growth
factor 23 (FGF23) and parathyroid hormone (PTH). A major
clinical problem worldwide is vitamin D deficiency, which has
attracted considerable interest over the last two decades (241).
Active Vitamin D is the main supplier of bone minerals to bone
tissue. In patients with sufficient vitamin D levels, additional
supplementation has no effect on bone (242). Hence, recent
studies in osteoporosis have seriously questioned the routine use
of vitamin D supplementation for the purpose of preventing
osteoporotic fractures (243). Bone mineralization disorders in
general (osteomalacia/rickets) can easily be excluded, diagnosed
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and treated - there is global consensus for what constitutes
sufficient vitamin D levels and calcium intake for the prevention
of osteomalacia and rickets (244).

The calcium sensing receptor senses decreased dietary calcium
supply and increases PTH secretion. Hence, PTH levels are
inversely correlated with 25-hydroxycholecalciferol [25(OH)D]
levels and dietary calcium supply. However, while PTH is
generally known as an indicator of vitamin D status, there is no
consensus regarding the accuracy of measuring PTH to determine
vitamin D depletion (245). Dietary calcium supply is the likely
reason for this (245). Through an unknown phosphate sensing
mechanism, FGF23 controls renal phosphate reabsorption. Bone
hypo-mineralisation (osteomalacia, rickets) only develops when
serum phosphate is low (246) and is accompanied by elevated
(bone) alkaline phosphatase and PTH concentrations.

Laboratory analysis of calciotropic hormones, mainly 25-
hydroxycholecalciferol (25(OH)D) as a surrogate for the
individual pool of vitamin D and several metabolites including
the active 1,25-dihydroxycalciferol (1,25(OH2)D) have gradually
undergone worldwide standardization with European and U.S.
quality and accuracy methods including reference samples used
as gold standards for both mass spectrometry and enzyme-linked
assays (247). PTH measurements have undergone considerable
development over the years, discriminating between the entire
molecule and distinct fragments. Currently used assays identify
intact PTH and assays for subforms are still available for
specific questions.

Limitations: There is an urgent need to define non-invasive
diagnostic criteria for osteomalacia (248). There is some
discussion about the analytical approaches and the conversion
of units used e.g. in 25(OH)D measurements. There is no single
biochemical marker that represents normal bone mineralization.

Strengths: Bone mineralization disorders can be excluced by
simple blood tests.

In mice, assays are available for testing serum levels of vitamin
D and PTH in mice. Although these tests have been used in the
study of dietary intervention and bone health, they are not
regularly used in the routine monitoring of bone health in mice
(249). On the other hand, a particular benefit of mouse models for
studying skeletal disease is that they have less natural variation
than humans. Identical diets, environments and genetics mean
that mice should have minimal variation in vitamin D or
PTH levels.

In zebrafish, measurements have not yet been performed in
vivo in longitudinal studies. Upon fish decapitation, blood and
serum readings could be potentially performed for levels of PTH,
calcium phosphate (dependent on food intake), FGF23 levels and
vitamin D. It would be interesting to test if such assays could be
performed using small volumes of blood/serum that can be
collected from zebrafish allowing longitudinal studies.
5.2 Bone Turnover Markers (BTMs)
Systemic markers of bone turnover (BTMs) reflect bone
remodelling in adults (250), but also a combination of bone
remodelling, modelling and 3-dimensional bone growth in
children (251) (Figure 3).
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Bone formation markers such as osteocalcin (OC), and N-
terminal and C-terminal propeptides of type I procollagen (PINP,
PICP) are proteins secreted by osteoblasts and represent the
activity of bone formation. PINP is also expressed in other
tissues (e.g., skin) and during fibrotic processes. Therefore, its
concentrationmaybe elevated in skin diseases and in case of active
fibrosis (e.g., liver, lungs, heart) (252). Bone alkaline phosphatase
(bone ALP) is an ectoenzyme present on the outer surface of
osteoblasts. Their serum levels are correlated positively with
histomorphometric measures of bone formation (e.g., osteoid
surface, appositional rate, mineralization) (253).

The markers of bone resorption activity comprise C-terminal
and N-terminal telopeptides of type I collagen (CTX, NTX),
deoxypyridinoline (DPD) and hydroxyproline (HPro). They are
products of bone collagen degradation. Blood and urinary levels of
bone resorptionmarkers reflect the activity of bone resorption. They
are correlated positively with histomorphometric measures of bone
resorption and decrease rapidly after administration of an anti-
resorptive agent (254). Among bone resorption markers, CTX is the
most specific for bone. Tartrate-resistant acid phosphatase 5b
(TRAP5b) is an enzyme expressed by osteoclasts. It is an
indicator of the presence (number) of osteoclasts, but not
necessarily of their resorptive activity. Therefore, in some
situations (osteopetrosis, treatment with cathepsin K inhibitors),
discrepancy between the TRAP5b concentration and the levels of
collagen degradation products may be observed (255, 256).

Serum PINP and CTX are defined as the reference markers of
bone formation and bone resorption (257).

Limitations: Their specific technical and analytical limitations
are categorized in two main groups (258):

Analytical variability: Despite the reduced analytical coefficient
of variation (CV) of the techniques used to measure these markers,
lack of a uniform standardization technique has resulted in
difficulties in comparing values obtained by dissimilar methods in
different laboratories. The intra-individual biological variability of
BTMs is still of concern, especially when therapeutic approaches
should be chosen based on a single measurement.

Pre-analytical variability: The BTMs’ preanalytical variability
due to uncontrollable and controllable factors should be
considered during their clinical interpretation. Uncontrollable
factors are for instance age, sex, renal function, growth rate,
pubertal or menopausal status, comorbidities or recent fracture.
The use of appropriate reference ranges, in particular in children,
and suitable adjustments can help overcome this variability to
some extent. Controllable factors are for instance food intake/
fasting status, circadian and menstrual cycle or exercise. The
effects of these factors can be minimized by standardizing the
timing and conditions of sample collection.

Measurements of BTMs are not helpful for diagnosis of
osteoporosis, bone fragility or skeletal dysplasia. For instance,
only 20% of osteoporotic women had serum CTX-I concentration
exceeding the upper limit of the reference values in
premenopausal women (259). However, elevated BTM levels
(especially urinary bone resorption markers and bone ALP)
may point to more rapid bone loss and higher risk of hip
fracture in adults, mainly in postmenopausal women (260, 261).
On an individual level, BTMs may be helpful for monitoring
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anti-osteoporotic treatments in adults (262) and children (263).
Circadian rhythms and fasting are important factors in the
clinical validation - blood samples for PINP can be collected at
any time of the day due to only a slight circadian variation
comparable to the measurement error of the assay (264). By
contrast, blood CTX decreases rapidly after breakfast (265) and
blood for CTX assay must be collected in the fasting status in the
morning before 10 am.

In children, specific age- and development-associated
reference ranges are used for most of the markers but the
diagnostic value is limited (266).

Strengths: BTMs are non-invasive to bone. They closely
monitor systemic bone turnover and are increasingly
established and accessible. Standardization of the analytes is
ongoing, but assay results may differ between providers.

BTMs are easily measured in mice using ELISA or
commercially available assays. In an ovariectomized mouse (as
a model of osteoporosis) OC and CTX provided conclusive
outcomes on bone turnover when compared to µCT imaging
(267, 268). Although serum BTMs hold the benefit of allowing
multiple tests to be taken from one animal over a time course, it
should be considered when planning an experiment whether
more useful data can be gained by qPCR or western blot of bone
tissue post mortem.
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Bone formation (osteocalcin, alkaline phosphatase) and
resorption markers (TRAP) are measured ex vivo through
immunoassays in whole-mount, dissected tissues and on
histological sections. For in vivo studies Alizarin Red and
Calcein can be used to measure bone formation as well as the
use of transgenic lines for osteocalcin, and TRAP line labelling
osteoclasts (205, 269). In vivo longitudinal studies for such
markers through blood and serum collection have not yet been
performed in zebrafish.
6 NEW PHENOTYPING AND
FUTURE ASPECTS

For the purpose of personalized medicine and to avoid a “one
size fits all” approach, a differentiated pattern of patients’
characteristics might be a goal for future investigations based
on age, sex and ethnicity and other background information,
which should be taken into consideration. Duration of exposure
to any harmful agent or environmental condition is important
during the life course and of great interest from the epigenetic
perspective. In the young, damaging environmental exposures
have not yet accumulated. One example is obesity, where
FIGURE 3 | Bone turnover markers and players in bone turnover/mass balance. bALP; bone alkaline phosphatase, Ca2+; calcium/ionised calcium, CTX; C-terminal
telopeptide of type I collagen, DPD; deoxypyridinoline, FGF23; fibroblast growth factor 23, HPro. hydroxyproline, PINP and PICP; N-terminal and C-terminal

propeptides of type I procollagen, PO2+
4 ; phosphate, PTH; parathyroid hormone, TRAP5b; tartrate-specific acid phosphatase type 5b.
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duration of exposure in relation to bone health is something
comparatively little is known, but which could be explored in
animal models.

There are numerous important new angles, e.g. the view on
bone health early in life, shown by the recent insights in the
paediatric field. Children with severe illness or skeletal disorders
often have short stature, scoliosis, joint contractures and bone
deformities. Hence, despite size adjustment, DXA data can be
falsely low or unobtainable. Therefore, clinical assessment of
bone health and research studies focus on defining bone
phenotypes from bone biopsy, x-rays and vertebral fractures
and less on DXA. This is improving our understanding of bone
physiology of rare diseases. For example, skeletal effects
associated with transgender pharmacotherapy have not yet
been widely studied. Issues include start-time for treatment,
particularly with regard to puberty, and the short- and long-
term effects from cross-sex therapies on mineral metabolism.

Looking to the future, amoreholistic approach tomusculoskeletal
health is needed given the multifactorial, polygenic nature of
osteoporosis, to facilitate healthy aging/frailty prevention.
6.1 Future Developments in 2D
and 3D Imaging
To date, bone mass measured by DXA is the most widely used
bone phenotypic measure for genetic population studies of
osteoporosis, in large part due to the ubiquitous presence of
DXA scanners, which are widely used clinically and in large scale
population studies. More recent genetic studies have examined
other related phenotypes including hip geometry and shape (270).
Looking to the future, DXA scans are likely to contribute to
genetic studies of other age-related musculoskeletal conditions.
For example, a range of other phenotypes, more closely related to
osteoarthritis, are currently being generated in hip and knee DXA
scans from approximately 100,000 individuals fromUK Biobank4.
However, a broad number of new technical approaches are
under development.

For mammalian and fish studies, an optical coherence
tomography (OCT) and synchrotron radiation microcomputed
tomography (SR-µCT) may be developed for future use. OCT
provides non-invasive high-resolution three-dimensional (3D)
images of biological tissue and quantification of chromophores
in tissues (271). Fish and human bones contain hydroxyapatite
crystals so it can be compared and quantification of BMD is
possible to obtain by comparison to sample with known
hydroxyapatite levels. Better resolution (100 nm) can be
achieved with synchrotron equipped mCT technologies (SR-
mCT) with better assessing of bone micro-architecture (11).

Among recently developed MRI techniques is ultrashort echo
time (UTE) MRI. Clinical MRI cannot detect water bound to
organic matrix, or the free water in the pores of the Haversian
system of cortical bone due to the very short apparent transverse
relaxation times (T2 *). Therefore, a new class of sequences,
ultrashort-TE (UTE) sequences have been developed recently,
with TEs of less than 100 µs. This is much shorter than TEs of
4https://www.ukbiobank.ac.uk/.
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conventional sequences. These sequences can be used to detect
water signals from within cortical bone (272, 273).

PET scanning can be used for some analyses in bone, and has
been used in animal models to assess changes in e.g. bone
vascularity or stress fractures (274). However, the reduction of
radiation and dose exposures are critical in medical and research
imaging, since high doses of radiation are associated with DNA
damage. Multiple researchers are actively engaged in the
development of clinical total-body PET hardware, promising
improvements in dose reductions, reduced scan times, and
quantitative kinetic modelling capabilities (275).

Artificial intelligence as new methods for automatic image
segmentation, and prediction of fracture risk shows promising
clinical value (276). Advances in artificial intelligence (deep
learning) also perform well in classifying skeletal radiographs
(277). Drug and genetic screening as well as longitudinal studies
in zebrafish would benefit from AI, towards implementing novel
platforms for gene functional validation through rapid skeletal
phenotypic assessment.

6.2 Contribution of -omics Technologies
to the Phenotypic Dissection of
Musculoskeletal Traits
Historically, genome-wide association studies (GWAS) and next
generation sequencing have revolutionized genetic diagnostic
services and our understanding of common and rare bone
diseases. For example, there are now 20+ genes identified that
cause osteogenesis imperfecta through whole genome, exome
and RNA sequencing and thousands of genetic variants arising
from meta-analyses of the Genetic Factors of Osteoporosis
(GEFOS) consortium, and the UK Biobank.

Nevertheless, several steps are needed before GWAS
discoveries can be translated to biologic processes underlying
the genotype-phenotype relationship. First, variants identified by
GWAS need to be linked to the gene(s) in the region. Second,
such target genes [identified through GWAS or whole exome
sequencing (WES)] need to be placed in the context of pathways
affected by the genetic variation. Third, functional, mechanistic
studies need to establish how the given alteration of the biologic
pathway(s) results in a phenotype.

It is here, where the confluence of a roadmap of gene functional
evaluations and a detailed assessment of the laboratory and
musculoskeletal phenotype can provide mechanistic insight into
the relevant biological processes underlying disease. Multi-omics
approaches are used to identify laboratory, phenotypic, disease-
specific signatures.

Here we provide a succinct overview of multi-omics layers
and their importance for bone phenotyping:

Genomics and Epigenomics: Gene coding regions (underlying
most Mendelian disorders) make up less than 3% of the human
genome while, approximately 90% of the single-nucleotide
polymorphisms (SNPs) that are associated with human disease
lie within intergenic or intronic regions. As such, genetic variation
(polymorphisms, insertion/deletions and mutations) in intergenic
regions, such as enhancers, can strongly affect gene expression,
demonstrating a tight regulatory network between the coding and
noncoding parts of the genome.
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Epigenetic changes at DNA level include methylation, where
methyl groups are added to the DNA molecule and change DNA
activity, e.g. the repression of gene transcription without change
of the DNA sequence. Important examples for these effects
include genomic imprinting, X-chromosome inactivation, or
repression of transposable elements. Effects on bone have been
described in ageing (278) and oncology (279), but also
increasingly during metabolic challenges, such as chronic
kidney disease (280).

Another important epigenetic modification among others is
considered histone tail modifications, where covalent post-
translational modification (PTM) of nuclear histone proteins
occur via methylation, phosphorylation, acetylation,
ubiquitination, crotonisation, or sumoylation processes. These
changes are currently addressed in a number of bone fields, such
as bone and cancer as well as inflammation and rheumatic
diseases (281). As an example, for bone/vasculature
calcification interactions, a crosstalk between osteogenic
transcription factors and histone deacetylases has been
described. The inhibition/activation of histone deacetylases
might help to develop potential therapeutic interventions in
future (282).

For more specific information, see also the publication of
GEMSTONE WG3 “Gene & Therapeutic Discoveries in Bone
Mass Disorders”.

Transcriptomics: RNA Sequencing, gene expression, eQTLs,
Non-coding RNAs (lncRNA and miRNA)

Non-coding RNAs (ncRNAs) are recent candidates to
become future diagnostic bone biomarkers (283). ncRNA
transcripts vary in length from around 22 nucleotides for
microRNAs (miRNAs) to more than 200 nucleotides for long
non-coding RNAs (lncRNAs). They are found in tissues, but
importantly also in body fluids, where they are easier accessible
for detection (283, 284).

Different types of ncRNAs are involved in several processes
like DNA replication (285, 286), translation (287), RNA splicing
(288) and transcriptional regulation (289). Especially miRNAs
and lncRNAs are in focus as biomarkers for many conditions,
including osteoporosis with some commercially available assays
(290–292). They are stable in the bloodstream and protected
from RNAse digestion. In the exosomal fraction of body fluids,
both miRNAs and lncRNAs are enriched, indicating potentially
active secretion of these RNA species from their cells of origin
(293, 294).

miRNAs are best studied for their involvement in the control
of bone formation and homeostasis through their regulatory
functions in osteoblast and osteoclast development (295), not
only in metabolic bone diseases, but also in case of cancer and
bone metastases. Currently, ncRNA assays are not routinely used
and require in most cases a dedicated lab with established PCR
procedures. However, ncRNAs may help in the multi-omics
phenotype characterization of rare bone diseases and defining
disease state in common bone diseases.

Proteomics and metabolomics: The protein contents, i.e. the
proteomes, of tissues and cells logically occupy a central position
within the biologic processes underlying genotype-phenotype
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relationships. Proteomes can be studied qualitatively and/or
quantitatively at a large scale by proteomics (296). Nowadays,
mostly based on the use of liquid chromatography and mass
spectroscopy methodologies, proteomic approaches can be
employed for protein identification and quantification in
samples as diverse as tissues, blood and cells, to provide a
comprehensive and quantitative information on their
proteomes (296). Therefore, a closer inspection of the bone
proteome by proteomics is surely a fundamental tool to put in
place towards the phenotypic dissection of musculoskeletal traits.
For instance, proteomic approaches can help detect changes in
the signal transduction of bone cells, in the regulatory
mechanisms that govern bone cell differentiation, among other
cellular and tissue processes enrolled in bone metabolism in both
physiologic and pathological contexts (297). Accordingly up to
now, several studies have made important contributions to our
knowledge of the bone proteome, as well as, of the proteomes
of individual bone cells (reviewed in (297–299). A special
emphasis has been given to identify proteomic changes in
osteoporosis (300).

Modern metabolomic analysis (analytical chemistry and
bioinformatics) is capable of detecting hundreds of metabolites
in human serum and hence identify novel biomarkers and
biochemical signatures of disease. These topics are further
described in the publication of GEMSTONE WG4.

Microbiomics: Animal studies using germ free mice,
antibiotics, probiotics (i.e., microorganisms which confer a
health benefit on the host) or prebiotics (i.e., nutrients capable
to modify the gut microbiota) have shown that the complex
community of microbes colonizing the gastrointestinal tract
may regulate bone mass (301, 302). The impact of major
alterations of the gut microbiota has been evaluated using
either germ-free mice raised in sterile isolators and completely
devoid of microbiota, or rodents depleted of gut microbiota by
antibiotic use. These rodent models may be inoculated with
specific microbes or communities of microbes to examine the
effects they trigger on the skeleton in their host. All these
studies using germ free mice or antibiotic treated mice
exemplify extreme situations and it might be more
physiological to look at the bone effects of treatments
resulting in minor but specific changes of an already present
gut microbiota. Probiotics and prebiotics given to rodents with
an already present gut microbiota have been used to
demonstrate that specific changes in the gut microbiota may
protect against ovariectomy-induced and inflammation-
induced bone loss (303). To characterize the skeletal
phenotypes in these rodent bone loss models, standard
analyses including DXA of areal BMD, MicroCT of cortical
and trabecular bone parameters in the axial and appendicular
skeleton, static and dynamic bone histomorphometry, bone
strength estimates using three-point bending tests of long
bones, in vitro studies of primary cultures of osteoblasts and
osteoclasts precursors as well as analyses of circulating BTMs
can be used (304).

The first promising findings of two randomized clinical
probiotic treatment trials recently revealed that certain probiotic
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treatments had some bone sparing effects on DXA measurements
of areal BMD at the lumbar spine (305) or by CT measurements
of volumetric BMD of the distal tibia in humans (306).

The results from the first human cross-sectional association
studies between the gut microbiota composition and bone related
parameters have yielded conflicting results, most likely as some
of the studies were underpowered and not adjusted for major
confounders affecting the gut microbiota composition. Large-
scale population-based studies assessing the association between
the gut microbiome composition, as assessed by cost efficient 16S
rRNA sequencing, and DXA-derived phenotypes adjusting for
relevant confounders including lifestyle factors, diet and
medications are underway. Furthermore, meta-genome wide
association studies using state of the art sequence methodology
in combination with other -omics platforms should be
performed to characterize functional gut microbiota signatures
associated with human bone health in detail. In addition, these
analyses should not be restricted to DXA-derived areal BMD but
include bone architecture and dimensions, specific cortical and
trabecular bone parameters and incident fracture risk.
CONCLUSION AND THE TRIANGULATION
OF [DIAGNOSTIC] EVIDENCE: THE PATH
TO PERSONALIZED MEDICINE

Understanding complex systems such as the skeleton requires the
integration of multiple layers of evidence arising from a
combination of analytical methods, in humans and animals, as
outlined in this publication. Integration across many disciplines is
required to solve outstanding questions and create a “deep
phenotype” which accurately captures disease signatures. Key to
this is translatability – whether across methodologies or species –
and synchronization of efforts. The ‘triangulation of evidence’ (307)
can overcome logistical and ethical constraints related to
experimental design and speed the rate at which the reality of
personalized medicine is attained. Looking to the future, there are
several areas where the utility of animal models is obvious. For
example, skeletal effects associated with transgender
pharmacotherapy have not yet been widely studied. Issues include
start-time for treatment, particularly with regard to puberty, and the
short- and long-term effects from cross-sex therapies on mineral
metabolism. Further, on a broader scale ‘duration of exposure’ to a
given risk factor during the life course is of interest for skeletal
health from an epigenetic perspective. In the young, damaging
exposures have not yet accumulated, while with age, these
contribute to accelerated biological aging. In conclusion, the idea
of triangulation of evidence emerges as a solid way to weigh the
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robustness of each layer of evidence, but most importantly to gain
insight from the integrated systems perspective. Similarly, the
triangulation approach helps to overcome severe logistical and
ethical constraints on experimental design potentially arising at
each level. Once etiologic validity has been satisfactorily established
across the different dimensions, the next challenge is to amalgamate
these into a “deep phenotype”. This assembled deep phenotype will
pave the road to find drug targets and clinical applications,
ultimately charting the course toward personalized medicine
approaches, for each of us.
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