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Abstract: Advanced laboratory methods play a crucial role in bone research, allowing researchers and
scientists to study the complex biology and nature of the skeleton. Dual-energy X-ray absorptiometry
(DXA) is a non-invasive method of measuring bone mass, which is an important parameter for
the diagnosis and treatment of several bone diseases. Micro-computed tomography (µCT) is a
very high-resolution technique that can be used to investigate the 3D microstructure of trabecular
bone. Dynamic bone histomorphometry is used to assess histological indices of bone formation
and resorption using fluorochromes embedded into newly formed bone. Mechanical testing is used
to measure bone strength and stiffness, providing important information about bone quality and
fracture risk. All these methods are widely used in preclinical in vivo studies using rodents and in
most clinical studies. Therefore, it is important for both researchers and scientists within the field of
bone biology, and those in neighboring fields, to be familiar with their use, strengths, limitations, and
important technical aspects. Several guidelines and protocols about the topic have been published,
but are very exhaustive. The present review aimed to provide instructions for early-career researchers
and outline important concepts and technical aspects of DXA, µCT, dynamic bone histomorphometry,
and mechanical testing in bone research.

Keywords: dual-energy X-ray absorptiometry (DXA); micro-computed tomography (µCT); histology;
bone strength; skeleton

1. Introduction

Bone research is a multidisciplinary field of study that focuses on structure, func-
tion, skeletal development, and bone cells, as well as prevention and treatment strategies
for bone-related diseases such as osteoporosis. The field is complex, rapidly evolving,
and requires in-depth background knowledge about the use of advanced laboratory tech-
niques, and this can be overwhelming for researchers and scientists outside the field of
skeletal research.

In 1994, the World Health Organization (WHO) published revised diagnostic criteria
for osteoporosis in post-menopausal women that for the first time included the use of dual-
energy X-ray absorptiometry (DXA) to assess bone mass [1]. These criteria (T-score ≤ −2.5)
have been widely accepted and are used in clinical medicine to provide intervention
thresholds for treatment and as inclusion criteria in clinical trials of new pharmaceutical
countermeasures [2]. In contrast to clinical medicine, preclinical skeletal biomedicine
studies in rodents have embraced the use of micro-computed tomography (µCT) to study
delicate microstructural parameters and asses the true 3D nature of bone. Similarly, dy-
namic bone histomorphometry and destructive mechanical testing of bone samples are
extensively used in preclinical research.

The present review aimed to briefly and conveniently introduce the use of DXA to
assess areal bone mineral density (aBMD) and bone mineral content (BMC), µCT to assess
3D trabecular microstructure and cortical morphology, dynamic bone histomorphometry
to assess various histological indices of bone formation and resorption, and destructive
mechanical testing to assess maximum bone strength. All these methods are widely used in
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skeletal research and are among the most used investigative methods in preclinical in vivo
studies of skeletal deterioration from disuse in rodents [3,4]. Moreover, guidelines and
statement papers are referenced and highlighted to easily redirect readers to more in-depth
and detailed resources that are available elsewhere.

2. Dual-Energy X-ray Absorptiometry (DXA)

Bone mineral density can be measured using DXA because soft tissue and bone have
different attenuation coefficients to X-rays [5,6]. Two X-rays with different energy levels
are emitted from a radiation source aimed at the sample placed in front of a radiation
detector. It is not possible to determine the amount of attenuation attributed to bone alone
from a single X-ray passing through the sample [7]. Measurement of the transmission
factors at two distinct energies allows the areal densities (i.e., mass per unit of projected
area) of two different types of tissue (hydroxyapatite as bone mineral and soft tissue) to be
deduced because the X-ray attenuation coefficient depends on both atomic number and
photon energy. Hence, when two X-rays are used, the attenuation from soft tissue can be
subtracted from the total absorption, leaving the attenuation attributed to bone and vice
versa [5]. The DXA system is connected to a computer for analysis, where the raw data are
processed to produce a map of aBMD that is computed pixel by pixel over the whole scan
area and provides an image of the bone mineral density distribution (Figure 1) [5,6].

Since DXA uses 2D projections of the total distribution of BMC, it does not allow for
a direct portrait of the 3D structure of bone. The 2D nature of DXA warrants careful and
identical placement of bone samples when performing multiple scans since differences in
bone area will substantially affect the calculation of aBMD. However, DXA is relatively
simple to use, results are rapidly obtained, and the specimen is only exposed to low
radiation compared to µCT for the quantitative analysis of changes in bone [8].
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Figure 1. DXA of the whole femur of rats injected with saline (Ctrl) or botulinum toxin type A (BTX). 
Purple color represents low bone mineral density and yellow color represents high bone mineral 
density. Note how the femoral bone mineral density is noticeably lower in the BTX-injected immo-
bilized hind limb compared with Ctrl. Adapted from [9]. 

Newer DXA systems can compute a trabecular bone score (TBS) calculated from 2D 
projection images [10]. TBS has been evaluated in ex vivo studies of human cadaveric ver-
tebrae for correlation analyses with trabecular microstructure obtained by µCT (maxi-
mum r2 = 0.67 for connectivity density) [11]. Instead, µCT can be used to measure 3D bone 
microstructure directly. Another limitation of DXA is that it might underestimate aBMD 
if excessive soft tissue is present on the bone samples, and fat tissue is also a major con-
straint on the accuracy [12]. Adipose tissue differs from lean tissue in its X-ray attenuation 
coefficient due to its higher hydrogen content. Variations in the soft tissue composition 
along the X-ray beam’s path through bone when compared to the nearby soft tissue refer-
ence area can therefore result in errors in the aBMD measurements. Therefore, soft tissue 

Figure 1. DXA of the whole femur of rats injected with saline (Ctrl) or botulinum toxin type A
(BTX). Purple color represents low bone mineral density and yellow color represents high bone
mineral density. Note how the femoral bone mineral density is noticeably lower in the BTX-injected
immobilized hind limb compared with Ctrl. Adapted from [9].

Newer DXA systems can compute a trabecular bone score (TBS) calculated from 2D
projection images [10]. TBS has been evaluated in ex vivo studies of human cadaveric
vertebrae for correlation analyses with trabecular microstructure obtained by µCT (maxi-
mum r2 = 0.67 for connectivity density) [11]. Instead, µCT can be used to measure 3D bone
microstructure directly. Another limitation of DXA is that it might underestimate aBMD if
excessive soft tissue is present on the bone samples, and fat tissue is also a major constraint
on the accuracy [12]. Adipose tissue differs from lean tissue in its X-ray attenuation coeffi-
cient due to its higher hydrogen content. Variations in the soft tissue composition along the
X-ray beam’s path through bone when compared to the nearby soft tissue reference area can
therefore result in errors in the aBMD measurements. Therefore, soft tissue must carefully
be removed from all bones before DXA scanning to minimize inaccurate estimations [5].
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Finally, it is important to regularly perform quality assurance of the DXA scanner according
to the manufacturer’s guidelines to ensure valid results.

No complete standardized protocol or guideline exists for the use of DXA in pre-
clinical biomedicine research. However, Shi et al. published a guideline for the use of
DXA to analyze trabecular bone-rich regions in mice [13]. They compared the correlation
between BMC estimates from DXA with those obtained from micro-computed tomography
(µCT) and found a strong correlation for the distal femur and proximal tibia (r = 0.85 and
r = 0.88), respectively.

For the use of DXA in a clinical setting, Lewieck et al. published best practice guide-
lines to ensure high-quality acquisition, analysis, or interpretation of DXA data [14].

3. Micro-Computed Tomography (µCT)

The first µCT system was conceived in the early 1980s [15] and was first used to
examine the 3D architecture of bone in 1989 [16]. The method allows for an extremely
detailed investigation of cortical morphology and trabecular microstructure (Figure 2). The
µCT system utilizes X-rays that travel through the bone sample to record a 2D projection
on a detector placed behind the sample. The sample is rotated on a rotational stage in
order to produce projections from all angles. Specialized computer software is then used to
reconstruct a 3D volume from all the 2D projection images [17].
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Green represents the 1000 µm high volume of interest (VOI) at the distal femoral metaphysis. (B) 
Blue represents a VOI at the distal femoral epiphysis (approximately 490 µm high). (C) Purple rep-
resents an 820 µm high VOI at the femoral mid-diaphysis. (D) Orange represents the VOI at the L4 
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Figure 2. Examples of cortical and trabecular 3D reconstructions of a mouse femur and L4 vertebra
scanned with high-resolution µCT (µCT 35, Scanco Medical, Wangen-Brüttisellen, Switzerland).
(A) Green represents the 1000 µm high volume of interest (VOI) at the distal femoral metaphysis.
(B) Blue represents a VOI at the distal femoral epiphysis (approximately 490 µm high). (C) Purple
represents an 820 µm high VOI at the femoral mid-diaphysis. (D) Orange represents the VOI at the
L4 vertebral body (approximately 2000 µm high). Dimensions are not to scale. Adapted from [18].

Since the attenuation of X-rays is dependent on atomic number, tissues with different
X-ray attenuation can be separated [19]. However, attenuation is most pronounced where



Osteology 2024, 4 123

the bone sample is most dense and thickest because photons with higher energies are
required to penetrate denser and thicker bone. Consequently, beam hardening effects
might arise because only high-energy photons are left to contribute to the mean X-ray
beam energy level. However, beam hardening effects can be reduced by placing a 0.5 mm
aluminum filter between the micro-focus X-ray tube and the bone sample to narrow the
photon energy spectrum.

It is essential to carefully consider the optimal voxel size to use for µCT scanning.
Density artifacts can materialize if µCT scans are conducted using inappropriately large
voxels. Volumetric bone mineral density (vBMD) might be underestimated due to the
partial volume effect, and the object thickness is overestimated if a voxel size that is too large
is used [17,20]. Moreover, if a voxel size that is too large is used relative to the microstructure
of interest, the µCT scans will appear blurry, and delicate details might be lost (Figure 3).
This effect is even more pronounced after lowpass filtration and segmentation.
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Figure 3. (A–E) µCT (µCT 35, Scanco Medical, Wangen-Brüttisellen, Switzerland) scans of the same
bone using different voxel sizes. The distal femoral metaphysis from a mouse used in a previously
published study was scanned using identical settings, except for the voxel size [21]. The scan
settings were high-resolution mode (1000 projections/180◦), X-ray tube potential of 55 kVp, current
of 145 µA, integration time of 800 ms, and isotropic voxel sizes from 3.5 µm to 18.5 µm. Beam
hardening effects were reduced using a 0.5 mm aluminum filter. Note how the cortical and trabecular
microstructure becomes less well-defined when the voxel size increases and delicate details are lost.
Scale bars = 1 mm.

One might argue that the smallest possible voxel size should always be used; however,
this will inevitably result in larger data sets, more wear on the X-ray tube, and longer
acquisition times. In theory, the Nyquist sampling theorem states that the sampling distance
must be less than half the desired resolution distance. In practice, the manufacturer of
the µCT system usually recommends using a voxel size not only two times smaller but
also at least six times smaller than the size of the structure of interest (Scanco Medical,
Wangen-Brüttisellen, Switzerland) [22]. Therefore, the desired voxel size used must be
chosen carefully to ensure an optimal trade-off between scan time and voxel size.

The information content of a voxel depends on the sensitivity of the charge-coupled
device detector and the signal-to-noise ratio (SNR). The total number of photons for each
projection is dependent on the integration time, tube current, and number of times each
projection is repeated (frame-averaged). The SNR can be improved by increasing the frame
averaging and integration time, but this comes with a trade-off of higher radiation exposure
and longer scan times (Figure 4) [17].

Another potential source of error is the incorrect delineation of volumes of interest
(VOIs) to separate trabecular and cortical bone. For VOIs including trabecular bone,
contours may be drawn manually a few voxels away from the endocortical surface and
semi-automatically morphed across slices. The slices should then be visually inspected
to ensure that the semi-automatic morphing contours have not drifted to include cortical
bone. Other options include irregular anatomical contouring at the edge of the endocortical
bone surface or a regular, uniformly shaped VOI, such as a cylinder or circle, delineated
within the trabecular network (Figure 5).
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Figure 4. (A–F) µCT (µCT 35, Scanco Medical, Wangen-Brüttisellen, Switzerland) scans using different
integration times. The distal femoral metaphysis from a mouse used in a previously published study
was scanned using identical settings, except for the voxel size [21]. The scan settings were high-
resolution mode (1000 projections/180◦), X-ray tube potential of 55 kVp, current of 145 µA, isotropic
voxel size of 3.5 µm, and integration times from 100 ms to 3200 ms (800 ms frame-averaged up to
four times). Using a low integration time resulted in an increased signal-to-noise ratio (SNR). The
bone segments depicted in the figure were segmented using a fixed threshold of 574 mg HA/cm3.
The threshold was identified as the minimum point between the marrow (black) and the bone (white)
peak in the attenuation histogram. X-axes on the attenuation histograms are not to scale. Note how
higher integration time results in less noise and, therefore, a narrower histogram. Scale bars = 1 mm.
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Figure 5. Three different contouring methods to delineate trabecular bone. (A) Irregular anatomical
contouring a few voxels away from the endocortical bone surface. This method is more suitable
when morphing the volume of interest (VOI) between slices and minimizes the need for slice-by-slice
correction from “line drift” into cortical bone. (B) Irregular anatomical contouring at the very edge of
the endocortical bone surface. This method ensures that all trabecular bone is encompassed in the VOI,



Osteology 2024, 4 125

but it increases the risk of cortical “line drift” when morphing between slices. (C) Regular and
uniform, non-anatomical method to contour quickly and easily. A cylindrical VOI is contoured in the
middle of the trabecular-rich region of interest. A disadvantage of this method is that a substantial
amount of trabecular bone is outside the VOI. Image acquired at 3.5 µm, 55 kVp, 145 mA, and 800 ms
integration time (µCT 35, Scanco Medical, Wangen-Brüttisellen, Switzerland). Scale bar = 100 µm.

Several guidelines and protocols for the use of µCT to assess rodent bone or dentoalveo-
lar microstructure in biomedicine research have been published [17,20,23,24]. Nevertheless,
the authoritative Journal of Bone and Mineral Research (JBMR) guideline by Bouxsein et al.
should be followed to ensure consistency and standardized terminology when reporting
results from in vivo µCT studies in rodents [17]. Table 1 is an adapted and short version of
the minimum required reporting for such studies, µCT scan acquisition, and outcomes for
trabecular bone microstructure and cortical morphology. The complete reporting guideline
is available elsewhere [17].

Table 1. Minimum parameters that should be reported for in vivo rodent studies using µCT, µCT
scan acquisition, 3D outcomes of trabecular bone microstructure, and cortical morphology. Adapted
from Bouxsein et al. [17].

Minimum Reporting Requirements for Micro-Computed Tomography (µCT)

µCT scan acquisition

Variable Description: Standard
unit

Voxel size
Basic discrete 3D unit of µCT image. The 3D volume
represents two dimensions within the slice and slice

thickness.
µm3

X-ray tube potential (peak) Applied peak electric potential of X-ray tube that
accelerates electrons for generating X-ray photons. kVp

Integration time Duration of each tomographic projection. ms

Trabecular bone microarchitecture
Bone volume fraction

(BV/TV)
Ratio of the segmented bone volume to the total

volume of the region of interest. %

Trabecular number
(Tb.N)

Measure of the average number of trabeculae per
unit length. 1/mm

Trabecular thickness
(Tb.Th)

Mean thickness of trabeculae, assessed using direct
3D methods. mm

Trabecular separation
(Tb.Sp)

Mean distance between trabeculae, assessed using
direct 3D methods. mm

Cortical morphology
Total cross-sectional area

(Tt.Ar)
Total cross-sectional area inside the periosteal

envelope. mm2

Cortical area
(Ct.Ar)

Cortical bone area = cortical volume (Ct.V) ÷
(number of slices × slice thickness). mm2

Relative cortical bone area
to tissue area
(Ct.Ar/Tt.Ar)

Cortical area fraction. %

Cortical thickness
(Ct.Th) Average cortical thickness. mm

4. Dynamic Bone Histomorphometry

The foundation for dynamic bone histomorphometry was established in 1957, when
it was discovered that tetracycline is deposited in vivo into bone and that its fluorescence
can be studied in undecalcified sections [25]. Later, Harold Frost (1921–2004) [26,27] and
others [28,29] developed and refined different approaches to study histological bone remod-
eling using fluorescence microscopy. Since the initial studies with tetracycline, several other
fluorochromes have been used successfully to label bone, such as alizarin, calcein green and
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blue, xylenol orange, doxycycline, and rolitetracycline (Figure 5) [30,31]. Today, dynamic
bone histomorphometry is widely used by both basic scientists and clinicians.

The method is commonly used to assess mineralizing surface (MS/BS), mineral apposi-
tion rate (MAR), and bone formation rate (BFR/BS). To quantify the number of intersections
with bone surfaces and the presence of single or double fluorochrome labels, an unbiased
2D counting frame and a randomly orientated line grid can be superimposed on the field
of view, as demonstrated by Vegger et al. [32]. MS/BS denotes the amount of bone surface
undergoing active mineralization and is calculated as the number of intersections with
double fluorochrome labels plus half the number of intersections with single labels divided
by the total number of intersections with an intact bone surface. MAR provides information
about the average amount of bone mineral apposition and is calculated as the distance
between the midpoints of two consecutive fluorochrome labels divided by the inter-labeling
period. BFR/BS is the bone formation rate per unit of bone surface and is calculated as
MS/BS × MAR [33].

If two fluorochromes are injected sequentially to generate double labels, it is important
to inject them an appropriate number of days apart to be able to distinguish their individual
fluorescence correctly. An inter-labeling period of 4 or 7 days can be used for mice and
rats, respectively. When using double fluorochrome labels, there is also an inherent risk
of “label escape” where only one fluorochrome label is present because formation either
began after the first label was given or stopped before the second was given [34].

The visualization of fluorescent bone labels can be complicated by the pale green
autofluorescence that calcified bone emits under ultraviolet light (Figure 6).
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toxin (BTX)-induced hind limb disuse and treated with parathyroid hormone 1–34 (PTH) and growth
hormone (GH) in combination [35]. The rat was injected subcutaneously with tetracycline (yellow),
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can be distinguished from the bright green calcein fluorochrome labels (white arrows). (B) Red
HC-mFISH single-band filter. A red single-band filter can be used to enhance the visibility of alizarin
fluorochrome labels if they appear dim. Scale bars = 100 µm.

However, this can be overcome by increasing the camera exposure time or using
fluorochromes in sharp contrast to pale green. Alternatively, narrow bandpass filters can be
used. Tetracycline (yellow), alizarin (red), and calcein (green) were used in the experiment
depicted in Figure 6, and these fluorochromes are relatively easy to distinguish from the
pale green autofluorescence emitted by calcified bone. Alternatively, a red HC-mFISH filter
(AHF Analysentechnik, Tübingen, Germany) for alizarin labels and a BV-2A filter (Nikon,
Tokyo, Japan) for calcein labels can be used as needed to more easily distinguish these
bone-specific fluorochromes. Similarly, other filters exist for fluorochromes with different
emittance spectrums.

Dynamic bone histomorphometry is very labor-intensive and repetitive and is thus
an attractive target for computational optimization using artificial intelligence (AI). The
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use of AI in bone research is rapidly evolving and has recently been reviewed in detail
elsewhere [36].

The authoritative guideline on the standardized nomenclature system for bone his-
tomorphometry, including static and dynamic parameters, was updated in 2012 by the
ASMBR Histomorphometry Nomenclature Committee [33].

5. Mechanical Testing

The mechanical behavior of bone is determined by its geometrical shape and the
properties of the material that it consists of [37]. The geometrical shapes of bones are very
heterogeneous. Long bones comprise a large diaphysis, which almost exclusively contains
cortical bone, and a smaller and wider portion towards the joints called the metaphysis,
with a rich trabecular network. In contrast, irregular bones such as vertebrae mainly
comprise a dense trabecular network surrounded by a thin layer of cortical bone [38].

Bone is a prime example of a material with spatial gradients in composition and
structure. The material of bone consists of minerals, hydroxyapatite, the framework
protein type I collagen (>90% of the organic component of bone), many other so-called non-
collagenous proteins, and water [39]. Bone tissue exhibits a hierarchical structure that varies
over various length scales (hierarchical structure in decreasing size: whole bone; compact
and trabecular bone; osteonal and circumferential lamellar bone; structural organization of
fibers into parallel arrays; woven, lamellar, or root dentin structures; mineralized collagen
fibril arrays; mineralized collagen fibrils; collagen fibrils; and crystals) [37]. It is also
a graded material as it may differ from one place to another either continuously or in
distinct stages in terms of its composition, structure, and mechanical qualities. Because of
the combination of these two characteristics, a material type is created that is extremely
complex and cannot be adequately characterized by a single material property value.

Bending tests are by far the most common methods used to test whole bones; they are
particularly used to characterize the mechanical behavior of small experimental animals
such as mice and rats. Most investigations of the mechanical performance of whole bones
from preclinical animal studies are conducted using 3-point bending tests. However,
torsional loading and impact loading are also used, though less frequently [40].

For the 3-point bending test, when vertical load is applied to the mid-diaphysis of
a long bone, one side of the bone undergoes tension, while the other side is loaded in
compression (Figure 7) [37]. Fractures originate from the tension side and then progress to
the compression side where the load is applied because bones are stronger in compression
than in tension [41]. Long bones bear some resemblance to a tube, for which resistance
towards bending is directly related to material stiffness and the moment of inertia. The
cross-sectional moment of inertia (I) of a tube depends on the inner radius (ri) and outer
radius (ro) and is given as follows [37]:

I =
π

4
·
(

r4
o − r4

i

)
Consequently, small increases in the outer radius will substantially increase the mo-

ment of inertia and thus the bone strength.
The maximum load to failure is determined as the highest force achieved at any point

during compression testing (Figure 8). Load and deformation are linearly proportional
until the yield point is reached. When the yield point is exceeded, the slope of the curve
will start to decrease, and the bone will undergo plastic deformation that renders the bone
unable to return to its original shape after unloading [42]. The plastic deformation results in
irreversible structural damage such as slippage of cement lines, microcracks, and nanoscale
damage of crystals and molecular arrangement. In contrast, elastic deformation occurs
until the yield point, where the bone can elastically return most of the energy required for
deformation and return to its original structure and shape [37,42].
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The process of torsion testing a whole bone involves firmly embedding the tested
epiphyseal ends in rectangular or cylindrical plastic material blocks that are fitted into the
grips of the torsion testing machine [44,45]. This allows an approximate determination
of the shear modulus of bone. One of several testing devices is used to apply a torque
(twisting moment) to one of these grips while the other is kept firm. The load and angular
deformation are then recorded [46]. In contrast, predicting how bones will behave under
sudden loads in non-physiological directions (such as falling or high-velocity impact)
requires simulating trauma-associated loading conditions, which demands high strain
rates [47]. This fact prompted the development of a class of impact-type loading devices,
such as pendulum loading, which involves dropping a precisely known-weight hammer
from a known height (so that its potential energy is known) and hitting the bone sample
with it. The results of these experiments can be used to determine how resistant whole
bones are to impact loading at different configurations [41].

Destructive mechanical testing is the “gold standard” for determining bone strength
and is an invaluable tool in preclinical research, but the method has some important
inherent limitations. Mechanical testing results in the destruction of the bone sample,
which renders it impossible to repeat the test if necessary. However, finite element models
based on 3D data obtained with µCT can use the skeletal microstructure to predict bone
strength non-destructively. Studies have shown that 80–90% of the variance in mechanical
bone strength can be predicted by the finite element analysis estimate (vertebra: r2 = 0.78,
proximal femur: r2 = 0.82, and distal radius: r2 = 0.92), and the method has been validated
in both rodent and human bone samples [48]. Another limitation of mechanical testing is
the inability to determine the relative contribution of bone density, material properties, and
morphology to bone strength, and the method is unsuitable for clinical studies in humans.
Finally, bone samples should be stored fresh-frozen for mechanical testing since storage in
formalin or alcohol fixation changes the plastic mechanical properties of bone [49].

No authoritative guideline for mechanical testing exists for in vivo studies using
rodents. However, several exhaustive reviews and protocol articles with illustrious figures
have emerged, and readers are kindly referred to these for a more in-depth explanation of
the mechanical testing of bones in biomedical science [9,37,42,50].

6. Conclusions

In vivo biomedical research uses a wide variety of advanced laboratory methods
to investigate skeletal biology. Frequently used methods, such as DXA, µCT, dynamic
histomorphometry, and mechanical testing are important to be familiar with for researchers
and scientists conducting preclinical and translational bone research. The present review
offers a concise introduction and richly illustrated brief overview of these methods and
discusses their strengths, limitations, and technical nuances.
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