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Calibration of Micro-CT Data for Quantifying Bone Mineral
and Biomaterial Density and Microarchitecture

Bruno Koller (0<1) and Andres Laib

Scanco Medical AG, Bassersdorf, Switzerland
e-mail: bkoller@scanco.ch

Abstract

With the awareness of the importance of the bone architecture to the overall stability
of bone, micro-CT has become the gold standard for 3D static histomorphometry
in bone research over the past 10 years. Nevertheless, bone densitometry is still the
method of choice in the clinical environment. It is, however, anticipated that only
a combination of the two methods, densitometry and morphometry, will improve
the diagnosis and treatment of patients. This chapter introduces the calibration of
micro-CT for quantification of bone mineral and material density at both organ and
tissue levels and its impact in bone and mineral research based on bone biopsy. This
approach may also be widely applied to measure the density of other appreciated
materials.

A Need for Quantification of Bone Material Density

Our early micro-CT mainly provided measurements of structural or microarchitec-
tural futures of bone and related materials to supplement our pQCT (Densiscan),
which measured volumetric bone mineral density (BMD) at organ level (Lai et al.
2005a,b). As the demands on quantification of bone material density at tissue level
became increasingly high (Gong et al. 2005; Lai et al. 2005b), consequently we added
densitometric features to our micro-CT device, and developed the XtremeCT, a new
PQCT densitometry system that assesses bone microarchitecture (Fig. 1).

Micro-CT and Xtreme(T Features

For both high-resolution micro-CT and Xtreme CT systems, the techniques and pro-
cedures are more or less identical and consist of the following features: Firstly, both
systems must have a very good stability over many years. This is achieved with self-
calibration and control of the signal before each measurement. Quality-control (QC)
phantoms are provided to control the stability of the systems.
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Figure 1. Human tibia (a) and radius (b) scanned at 300 um voxel size by pQCT (Densiscan)
compared with human tibia (c) and radius (d) scanned at 82 with XtremeCT

C

Secondly, due to the polychromatic beam of X-ray sources, the beam-hardening
artifact has to be addressed very carefully. The beam hardening effect leads to a de-
pendence of the density readout from the object size. Densities, therefore, may vary
between smaller and larger people or smaller and larger biopsies just because of their
size. This artifact is eliminated by filtering the primary beam and by applying a correc-
tion function to the measured signal. By applying special beam-hardening correction
curves that are adapted to scanning bone, the cupping artifact can be avoided, and the
gray-scale image values are homogeneous throughout the region of interest (Fig. 2).

Thirdly, CT systems can measure the absorption of the X-rays, but not directly the
density of the material; however, assuming a proper beam-hardening correction, the
density is linearly correlated to the absorption (within our energy range); therefore,
we can measure reference materials of known density and then apply a conversion
function to the bone measurements.
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Figure 2. Dry excised distal rat femur. a Without specialized beam-hardening correction.
b With beam-hardening correction for bone

Evaluation of Bone Mineral Density at Organ and Tissue Level

For the purpose of BMD measurement, we designed reference phantoms made of five
different hydroxyapatite (HA) densities for the whole line of our micro-CT scanners
(Fig. 3), which only vary in size for the different instruments; therefore, we are able to
cross-calibrate all our systems. The whole procedure of density calibration can also
be applied to different materials and reference phantoms, so users can build their
own calibration sets, e. g., for Al, Mg, or scaffold scanning. Since all our systems are
calibrated, they provide true volumetric BMD for both patients and bone specimens.

The DXA densitometry is limited to areal BMD measurement. This means one
cannot distinguish between different parts or regions within the bone. Calibrated mi-

Figure 3. Quality control and density calibration phantom (a) and its CT scan (b)
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Figure 4. Local changes in BMD
within a bone sample

1138 mg HA/cecm

crotomography now offers true volumetric densitometry for apparent density (bone
and marrow space) within different regions of the specimen. In addition to the appar-
ent density, we can also measure the material density within the cortex and trabecular
bone at organ level and even local changes of bone matrix density at tissue level, i. e.,
within a single trabecula.

For material density measurements, it is very important to have a very high reso-
lution, as otherwise partial-volume effects may affect the results. For this reason, the
outermost layer is excluded from analysis for achieving precise results. This is shown
by measuring different bone specimens using micro-CT and then ash. An example
of local changes within a bone sample is illustrated in Fig. 4.

Evaluation of Structural Parameters

Once the object is scanned and segmented, the whole 3D structure can be visualized.
In contrast to traditional 2D histomorphometry, the trabecular bone structure can
now also be quantified in 3D, and therefore one does not have to rely on any model
assumptions about the shape of bone anymore (no plate model assumption).

By filling the trabeculae with overlapping maximal spheres (Hildebrand and
Ritegsegger 1997a,b) the local thickness of the bone at each place can be calculated
as the diameter of the biggest sphere that fits inside the bone at this place. The mean
value of all local thickness values then gives trabecular thickness (Tb.Th). Since this
calculation is done for every point of bone, histograms of local thickness values can
also be plotted. Applying the same technique to the marrow space, trabecular sepa-
ration Tb.Sp is calculated, and the histogram of local separations can be given. From
the histogram, the homogeneity of the trabecular network can now be quantified as
the standard distribution of Tb.Sp: Tb.Sp.SD is large for networks that are less regular
and contain large “holes” (Laib et al. 2002).
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Figure 5. The determination of Tb.Th, Tb.Sp and Tb.N

Trabecular number is usually defined as the number of trabeculae an observer
meets per millimeter of flight-path through the bone, averaged over all directions
of the flight. By determining the mean distance of the skeletonized structure and
inverting this number, Tb.N can now be quantified without model assumptions, e. g.,
Tb.N = 3 trabeculae per millimeter of flight length, i. e., the distance between the
midpoints of the trabeculae is 0.333 mm, thus 1 divided by 0.333mm is the desired
Tb.N of 3 [1/mm]; (Fig. 5).

With the method of Odgaard and Gundersen (1993), the topology of the trabec-
ulae can be assessed, and the number of connections and the connectivity density
(number of connections divided by total volume) can be calculated based on Euler
numbers. When trabecular bone is visualized, it is interesting to note that some bone
sites look more plated-like (e. g., human femoral head), whereas other bone sites have
distinctly rod-like bone (e. g., human spine). This feature of bone architecture can
now be quantified with the structure model index (SMI; Hildebrand and Riegseg-
ger 1997a,b) with perfectly plate-like bone having an SMI of 0, and perfectly rod-like
bone having an SMI of 3. Values of SMI in-between denote a mixture of plate- and
rod-like bone, or bone with “rods” with elliptical cross-section.

Triangulating the surface model of bone then allows to also quantify bone surface
and assess the potentially active remodeling surface of trabecular bone (Hildebrand
and Laib 1999; Lorensen and Cline 1987).

Conclusion

The interests on quantification of bone material density at tissue level in vivo for hu-
man became increasingly high in bone and mineral research. The new generation of
pQCT, i. e, the XtremeCT is developed, which is able to assess both bone microar-
chitecture and BMD at both organ and tissue levels.
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