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Micro-CT examination of human bone:
from biopsies towards the entire organ
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Summary. Micro-CT systems are available that facilitate ex vivo examinations of human specimens
as big as entire vertebrae, with spatial resolutions in the 10-micrometer range. This opens a new
way for looking at entire bones in 3D. Accurate description of the internal microarchitecture of the
entire organ can be obtained, at spatial resolutions previously achievable only on excised biopsies.
These high resolution scans produce large datasets and come with costs and benefits, which have
to be considered in the successful planning of an experiment. The aim of this paper is to present
examples of human vertebrae scanned at high resolution (17 pm/pixel), allowing the visualization
and quantification of the microarchitecture, and to discuss some aspects of using high resolution
scans of such large specimens. The datasets were down-sampled to 34 pm and 68 um pixel size, and
their morphometric parameters compared to those obtained at 17 um pixel size, in relation to data
size and calculation time.
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Riassunto ( Esame dell’osso umano mediante la microtomografia computerizzata: dalle biopsie all’or-
gano intero). Oggi esistono sistemi di microtomografia computerizzata in grado di consentire esami
ex vivo di campioni umani grandi come intere vertebre, con una risoluzione spaziale che rientra nella
gamma dei 10 micrometri. Queste tecniche permettono I’apertura verso un nuovo modo di analizzare
I’osso in 3D e consentono di ottenere una descrizione accurata della micro architettura interna di un
organo intero sfruttando risoluzioni spaziali prima ottenibili solo per mezzo di biopsie escisse. Tali
scansioni ad alta risoluzione producono una grande quantita di dati e sono accompagnate da costi
e benefici che devono essere considerati nella pianificazione di un esperimento. Lo scopo di questo
lavoro ¢ di presentare esempi di vertebre umane scannerizzate ad alta risoluzione (17 um/pixel), di
quantificarne e visualizzarne la micro architettura e di discutere alcuni aspetti legati all'utilizzo di
scansioni ad alta risoluzione per campioni cosi grandi. I datasets sono stati ricampionati a 34 um/
pixel e 68 um/pixel ed i loro parametri morfometrici sono stati confrontati con quelli ricampionati a
17 um/pixel, e discussi in relazione alla dimensione dei dati ed al tempo di calcolo.

Parole chiave: vertebre, ossa, micro-CT, risoluzione spaziale, biopsia.

INTRODUCTION

Biomedical imaging is seeing a continuous increase
in its applications. This is mainly due to the advances
in technologies, which facilitate investigations at in-
creasingly higher spatial resolution, thanks to devel-
opments in sensors, electronics, micro-mechanics,
faster computers, bigger hard drives, more memory,
optimized software; and this list is far from being
exhaustive. The advent of X-ray microtomography
(micro-CT) is a breakthrough in terms of non-de-
structive imaging, due to its capability of giving a
qualitative and quantitative characterisation of the
examined sample in two and in three dimensions in

the micrometer range. One of the main fields of ap-
plications of micro-CT is in the investigation of bone
structures. Bone is a hierarchical material, for which
depending on the level of investigation, at the organ
level (500 um), structural level (50 um), tissue level (5
um) or cellular level (0.5 pm), the corresponding spa-
tial resolution might be used [1]. Micro-CT images
contain information about material and structure of
the examined sample that can be used in combination
with other examination techniques, such as mechani-
cal testing or finite element modelling, for the investi-
gation of the behaviour of the specimen under load,
in relation to its composition and structure [2-5].
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Spatial resolution is one of the determinants for accu-
rate quantification of bone microarchitecture [6-9]. For
simplicity, in the remainder of this manuscript the terms
“spatial resolution” and “pixel size” will be used inter-
changeably, despite not being synonymous [10]. The
pixel size of the projection image used during scanning
and the external dimensions of the scanned specimen
are linked together, in particular in a cone-beam scan-
ning geometry. The first micro-CT systems using com-
mercially available X-ray sources were in vitro systems,
in which the specimen was placed on a rotating sam-
ple holder, with a fixed X-ray source-detector system
[11, 12]. These systems were capable of imaging bone
cubes of 8 mm side, at a pixel size 50 um [11, 13]. In the
following years systems with increased spatial resolu-
tion became available, and 10-20 um pixel size became
a typical setting for micro-CT characterization of the
microarchitecture of human bone samples, validated
with 2D histology and 3D physical phantoms [14-16].
However, despite the increase in spatial resolution, for
almost 2 decades the typical specimen dimensions were
in the range of about 10 mm in cross-sectional length
and up to 20 mm in height, in part also due to design
limitations of the systems (among these, the detec-
tor and CCD camera size), and this is still the typical
specimen size for many of the desktop in vitro scan-
ners used today. This means that a core (biopsy) has
to be physically extracted from the bone to be exam-
ined. Developments in desktop micro-CT have made in
vitro systems available capable of scanning specimens
with diameters two or three times larger as in the past,
fully contained in the field of view, with resolution in
the 5-20 um range. Similarly, custom made systems at
the synchrotron have been shown to be capable of scan-
ning large specimens. An intact human femur (which
has typical lengths up to 50 cm) was placed on the sam-
ple holder, and the proximal part (13 cm wide) imaged
at high resolution (22 um pixel size) [17].

Desktop in vivo micro-CT systems are available, for
in vivo imaging of small animals, such as rats and mice
[18-21]. The source-detector system rotates around the
animal, similar to a clinical scanner for humans. The
pixel size in these scanners can be as small as 9 um,
maintaining a large field of view (eg, 68 mm diam-
eter, scanning length up to 100 mm and more). These
systems are also used for ex vivo or in vitro purposes;
due to their gantry design, these are capable of fitting
whole excised human bones in their specimen chamber,
for example human vertebral bodies, for scans at high
resolution [22-24]. For a review of micro-CT scanners
available on the market and their capabilities, please
see the work by Stock et al. [10], or visit the manufac-
turers’ websites.

Thus, nowadays micro-CT systems can facilitate
scans of entire excised human bones as large as hu-
man vertebrae, totally contained in the field of view,
with resolutions in the 10-20 um pixel range [22, 25,
26], as opposed to previous systems limited at inves-
tigating excised bone cores at this resolution. This
extraordinary capability now available to research-
ers, however, comes also at a cost: data acquisition,

data processing and data management. Higher reso-
lution and increasing specimen dimensions mean an
increasing challenge for operators and the analysis,
which cannot be overlooked. For reducing compu-
tational costs during the analysis, down-sampling
of the datasets might be a viable option, as done in
some studies [27, 28].

The aim of this paper is to present examples of hu-
man vertebral bodies scanned at high resolution (17
um pixel size), allowing the visualization and quan-
tification of the microarchitecture, and to discuss
aspects of using high resolution scans of such large
specimens, in relation to datasize and calculation
times. The datasets were downsampled to 34 um and
68 um, and their morphometric results compared to
those obtained at 17 um pixel size.

MATERIALS AND METHODS

Specimens

Lumbar vertebral body specimens (L3) from five
embalmed cadavers of mean (SD) age at death 83
(7) years were used in this investigation, which are
part of an ongoing study, with preparation details
explained elsewhere [22]. All samples were free of
any serological conditions. Approval to use the
specimens for research purposes was granted by the
Human Research Ethics Committee at the Royal
Adelaide Hospital, South Australia, in accordance
with the Declaration of Helsinki, 1975. The micro-
CT scanning and analysis procedures have been de-
scribed elsewhere [22, 26], and are outlined below.

Micro-CT examination

Scanning and reconstruction

Five L3 vertebrae were used for micro-CT scanning.
These were dissected from the spine by means of a
bandsaw, and the posterior elements were removed from
each isolated vertebral body. The micro-CT system used
was an in vivo animal scanner (Skyscan 1076, in vivo
micro-CT scanner, Skyscan NV, Kontich, Belgium), as
described previously [22, 26]. During scanning, the ver-
tebral body was fixed on a carbon bed, having the speci-
men axis in common with the rotation axis of the sys-
tem. Scan settings: source voltage 80 kVp, current 120
PA, rotation step 0.5°, full rotation over 180° 0.5 mm-
thick aluminium filter for beam hardening reduction.
The isotropic pixel size was 17.4 um, exposure time 0.59
seconds, 4 frames averaging. Each vertebra was scanned
in three consecutive, automated steps, imaging a third
of the specimen’s height at each scan step, producing a
total of 1266 projection images (422 projections at each
scan step). Each projection was 1048%3936 pixels in size
(length X side), saved as a 16 bit tiff file (7.9 MB each).
The cross-section images were then reconstructed by
means of a filtered back-projection algorithm (NRecon
software, V 1.4.4, Skyscan, Kontich, Belgium). For
each vertebra a stack of up to 2000 cross-sections was
reconstructed (1800 on average), corresponding to a
maximum reconstructed height of 35 mm (32 mm on
average), with an inter-slice distance of 1 pixel (17.4
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Fig. 1 | Micro-CT cross-section image of a human vertebral body,
at 17.4 um pixel size (3936 X 3936 pixel, 68.5 X 68.5 mm).

um), recreating the full height of the vertebrae. The re-
constructed axial cross-section images were of 3936 x
3936 pixels each, with 17.4 um pixel size (68.5 X 68.5
mm), saved as 8 bit (256 grey levels) BMP files (14.7 MB
each file, Figure I). Details regarding dimensions of the
cross-sections and size of the reconstructed datasets are
summarized in Table 1. For each specimen, the total
scanning time was approximately 3 hrs, and reconstruc-
tion time was on average 30 hrs, respectively. The recon-
structions were done on a computer equipped with two
dual core Intel Xeon 5160 CPUs, each running at 3.00
GHz, 4 GB memory, OS Windows XP 64 bit. For each
vertebra, the generated data size was 9.7 GB for the pro-
jection images, and up to 29 GB for the reconstructed
cross-section images (26 GB on average).

Morphometric analysis,

Sfull resolution (17 um pixel size)

The volume scanned by micro-CT comprised the entire
vertebral body. From the stack of contiguous cross-sec-
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tion images, a volume of interest (VOI) containing only
trabecular bone was extracted (software CT Analyser V
1.8.0.5, 64 bit Skyscan, Kontich, Belgium). The VOI was
constructed from a stack of regions of interest (ROI)
encompassing the whole trabecular bone compartment
in each slice, excluding the cortex. It extended through
the whole vertebra, starting at a distance of 1 mm from
both endplates, and corresponded to an average height
of 20 £ 2 mm (1127 + 104 sections, mean + SD). For
calculation of the morphometric parameters, the cross-
section images were segmented (thresholded) into bone
and non-bone using a uniform threshold algorithm,
with a single threshold value applied to all specimens
[22, 26]. The morphometric parameters were calculated
both using 2D methods based on slice by slice calcu-
lations (model-dependent), as well in 3D using direct
model-independent methods as follows (software CT
Analyser).

In 2D, for each slice, the trabecular bone volume
fraction (BV/TV, %) was calculated as the sum of
the pixels marked as bone within the ROI, divided
by the total area of the ROI [29]. The trabecular
thickness (Tb.Th, um), trabecular separation (Tb.
Sp, um) and trabecular number (Tb.N, 1/mm), were
calculated using bone area and bone perimeter cal-
culations, based on the plate model, as described in
detail by the guidelines of the American Society of
Bone and Mineral Research [29].

In 3D, the BV/TV was calculated as the voxels
segmented as bone divided by the voxels constitut-
ing the examined VOI, using the marching cubes
method [30]. The Tb.Th and Tb.Sp were calculated
using direct model-independent methods using the
sphere-fitting algorithm, whereas Tb.N was calcu-
lated as Tb.N = (BV/TV)/Tb.Th [31-33]. Also the
Structure Model Index (SMI) was calculated, which
provides information describing the topology of the
examined structure in 3D, with values ranging from
0 (plate like) to 3 (rod-like), and values in between
indicating an intermediate structure composed of
plates and rods [34].

For each vertebra, the extracted VOI for the calcula-
tion of the morphometric parameters was on average
6 GB in file size (Table 1). The morphometric calcu-
lations of the parameters in 2D (model-dependent)

Table 1 | Details of reconstructed micro-CT cross-section images and datasets, at 17 umlpix and at downsampled pixel sizes

17 pm/pix
Single cross-section image:
image dimension (mm) 68 x 68
image dimension (pix) 3936 x 3936
file size (8-bit bmp) 14.7 MB
Dataset of cross-section images, file size:
Entire vertebra (H= 32 + 2 mm) 26.4 GB
trabecular VOI* (H= 20 + 2mm) 6.3 GB

34 pm/pix 68 pm/pix
68 x 68 68 x 68

1968 x 1968 984 x 984
3.7 MB 0.9 MB
3.3GB 423 MB
591 MB 102 MB

*the trabecular VOI was constructed from a stack of cross-section images, which were resized to the trabecular ROI boundaries; H = height.
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were straightforward (CT Analyser) (average calcula-
tion time per specimen: 29 minutes). The 3D param-
eters were more calculation intensive, in particular for
the model-independent Tb.Th and Tb.Sp (on average,
90 hrs per specimen for all the 3D parameters).

The cortical thickness (Ct.Th, um) was calculated
in 3D, using the model-independent thickness meth-
od based on the sphere-fitting algorithm [32]. Similar
to the trabecular bone, the full resolution dataset (17
um pixel size) was a computationally intensive task
(calculation time 30 hrs per specimen).

Morphometric analysis on downsampled

datasets (34 and 68 um pixel size)

Next, the reconstructed vertebral datasets were
down-sampled by a factor of two (34 um pixel size),
obtaining trabecular VOI datasets of 591 MB in size
on average (full cross-sectional image datasets 3.3 GB
on average, Tuble 1) (software TConv v 2.1, Skyscan,
Kontich, Belgium). Over these trabecular VOI data-
sets, the morphometric parameters were recalculat-
ed, with lower calculation times (on average, 3 min
for 2D parameters, 76 min for 3D parameters, per
specimen). Also the calculation time for the Ct.Th
was decreased (on average, 38 min per specimen).

A further down-sampling by a factor 4 (68 um
pixel size) was performed on the original cross-sec-
tion images, which per specimen gave VOI datasets
of 102 MB on average (entire down-sampled dataset
423 MB on average, Table 1). The calculation times
over these VOI datasets were much lower (on aver-
age, 30 s for 2D parameters, and 4 min 30 s for 3D
parameters, per specimen). The calculation times for
the Ct.Th were also decreased (31 s per specimen).

Statistics

Descriptive statistics were collated, with average val-
ues and standard deviations for each morphometric

parameter calculated on the original dataset and on
the two down-sampled datasets.

The values of the morphometric parameters were
tested for normality by means of a Shapiro-Wilks
test. To test for differences in morphometric param-
eters at varying pixel size, on the normally distrib-
uted data a one-way ANOVA for repeated measures
was performed, whereas on the not normally dis-
tributed data a non-parametric Friedman test was
performed. For those morphometric parameters
showing statistical significance in these tests, further
analysis was done, to test for differences between the
data at lower resolutions (38 um and 68 pm pixel
size) and data at highest resolution (17 pm pixel
size); a paired t-test was performed for the normally
distributed data, whereas a Wilcoxon signed rank
test was performed for the not normally distributed
data. The significance level was set to p = 0.05.

RESULTS

A three-dimensional micro-CT representation of
an entire vertebral body, the trabecular bone com-
partment and the cortical compartment, over which
the morphometric parameters were calculated, is
shown in Figure 2A-C. In Figure 2 D a cylindrical
sub-volume (10 mm diameter, 20 mm height) of
trabecular bone extracted from the vertebra micro-
CT dataset is shown, analogous to a virtual bone
biopsy.

The values of the morphometric parameters for
both the trabecular and cortical bone compart-
ment showed significant changes with varying
pixel size, both in 2D and in 3D (p < 0.05). Table
2 reports a summary of the analysis at each pixel
size, with average values, standard deviations, and
p values for the comparisons with the 17 pm/pixel
dataset.

Fig. 2 | Three-dimensional micro-CT
images of a vertebral body scanned
at 17.4 um pixel size. (A) entire
vertebral body (B) trabecular bone
compartment (VOI) within the
endplates, over which the trabecular
bone morphometric parameters
were calculated (C) cortical bone
compartment, superior-inferior
view (D) cylindrical subvolume of
trabecular bone, 10 mm in diameter,
20 mm in height.



Table 2 | Morphometric parameters (average * SD) calcu-
lated at 17 umlpix and at downsampled pixel sizes

17 pm/pix 34 pm/pix 68 pm/pix
2D
BV/TV (%): 52+16 52+16 49+17*
Tb.Th (um): 57+5 61 + 5* 69 + 4%
Tb.Sp (um): 1135391 1215+ 410" 1503 = 535*
Tb.N (1/mm): 0.90 + 0.24 0.84 +0.23*  0.69 +0.21**
3D
BV/TV (%): 51+16 49 +1.6" 4215
Tb.Th (um): 133+ 2 165 + 6 203 = 11*
Tb.Sp (um): 1342 +362 1375+ 367** 1477 +382*
Tb.N (1/mm): 0.38 £0.12 0.30 £ 0.10*  0.21 = 0.08**
SMI: 1.78 £ 0.32 1.83 £ 0.29* 2.01 £ 0.25*
Ct.Th (um): 231 =26 265 + 28 360 + 35***

Comparison with data at 17 umlpix
*: p <0.05 paired t-test

**: p <0.01 paired t-test

**%: p <0.001 paired t-test

#: p <0.05 Wilcoxon signed rank test

In Figure 3 graphs are shown, with the percentage
changes calculated for each parameter relative to the
17 pm/pixel dataset.

DISCUSSION

Examination of whole human bones in the 10-
micrometer range in three dimensions opens a new
method of looking at bones. High resolution imag-
ing of large samples produces a large amount of
data, which has to be stored on hard drives, loaded
into memory, and for which data managing becomes
an important point in a study, in particular if a high
number of specimens have to be investigated.

As shown in this study, the micro-CT scan of a whole
human vertebra at high resolution (17 pm pixel size)
produces an amount of data for which the calculation
of morphometric parameters can be challenging, de-
pending also on the available software and hardware
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capabilities. Depending on the morphometric param-
eter and on the software implementation, calculation
of parameters in 3D (model-independent) can be a
major computational task, compared to parameters
in 2D (model-dependent).

To speed up the calculations, a down-sampling of
the datasets was performed. By considering the higher
resolution scan at 17 um as the most accurate, down-
sampling the reconstructed dataset to 34 pm and 68 pm
pixel size introduced some expected loss in accuracy
in the morphometric parameters (7able 2, Figure 3),
as previously described in the literature [6, 7]. With in-
creasing pixel size, independently of the methods used
for the calculation (either 2D or 3D), the values of BV/
TV and Tb.N showed a statistically significant decrease,
whereas Tb.Th and Tb.Sp showed significant increase.
Similarly, Ct.Th and SMI showed significant increase
with increasing pixel size. In 3D, Ct. Th and Tb.Th were
the parameters most sensitive to pixel size change (+
56% and + 53%, respectively, at 68 wm with respect to
17 um pixel size), whereas SM1 and Tb.Sp were the least
sensitive (+ 13% and + 10, respectively, at 68 um with
respect to 17 um pixel size). Regarding the actual values
of the morphometric parameters calculated in 2D and
3D, as shown in Table 2, differences are noticeable in
values between 2D methods and 3D (direct) methods,
in particular for Tb.Th. This is likely due to the plate
model assumptions in 2D, as discussed extensively in
the literature [15, 32]. Indeed, the SMI, with a value of
1.8, indicates that the examined trabecular structure is
more rod-like than plate-like.

Nonetheless, down-sampling of the dataset was
very effective for speeding up calculations. A change
in isotropic voxel size by a factor of 2 changes the
whole volume by a factor of 8, with direct effect on
hard drive space and on calculation times. Indeed,
down-sampling the dataset to 34 um/pixel (factor
2) reduced the calculation times of the 3D morpho-
metric parameters from several hours (days) to a few
hours per vertebra; down-sampling to 68 pm/pixel
(factor 4) gave results within a few minutes. Similarly,
if the dataset is to be used for finite element analysis,
where often a voxel-conversion is done, a pixel size
of 17 um for specimens of this size is beyond the ca-
pabilities of common FEA application softwares

60+ —O—BV/TV —8—Tb.N 60~ —O—BV/TV —8—ThN
50 ——Th.Th 50 —/—Th.Th —@—SMI
2 40- ——ThSp g 40 ——Tb.Sp ——Ct.Th
2 e 30
o o 20+
(9} 9
= i
5 510
N x Oa&e=—73
£ > -10
5 5 20-
o 8 30 Fig. 3 | Percentage changes of the
o o 40 morphometric parameters at varying
N ® - pixel size, with reference to the
-50 T T ! -50 T T ! 17 umlpixel dataset.
17 34 51 68 17 34 51 68

Pixel size (um)

Pixel size (um)

Left: 2D parameters.
Right: 3D parameters.
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and computers, for which the datasets are typically
down-sampled to 60 um/pixel, and run on super-
computers (eg., 880 processors in parallel, 1800 GB
memory [24, 28]). It is clear that with increasing
resolution, specimen size and amount of data to be
analysed, the capabilities in terms of hardware and
software have to be scaled accordingly as well. As
a test, the morphometric calculations were repeated
on a desktop computer with superior specifications
compared to the first one used, equipped with two
quad-core Intel Xeon E5640 CPUs, each running
at 2.66 GHz, 48 GB memory, OS Windows 7, 64-
bit, available at the School of Computer Science,
Engineering and Mathematics, Flinders University.
The calculation times were further reduced, in par-
ticular for the 3D calculations at full resolution (on
average, 12 hrs for trabecular bone parameters, 3 hrs
for Ct.Th). Down-sampling the datasets did further
reduce calculation times (at 34 um pixel size: 40 min
for the trabecular bone parameters and 11 min for
Ct.Th. At 68 um pixel size: 3 min for the trabecular
bone parameters and 48 s for Ct.Th). The calcula-
tion times for 2D parameters were comparable to
those obtained with the first computer used.

On the other hand, if it is likely a major effort, and
if then for practical reasons the dataset might pos-
sibly be down-sampled for the analysis [27, 28], one
might ask whether it is really necessary to use a high
resolution scan. The answer depends on the research
question, on the minimum acceptable error for the
study purpose, and on the resources available in terms
of time, operators, and computer capabilities.

Human trabecular bone can have structures as thin
as 80-100 um, especially in anatomical sites such as
the vertebrae, and using a resolution capable of re-
solving these structures is important for accurate de-
scription of the specimen [32]. It has been shown that
for quantifying trabecular bone microarchitecture,
scanning at high resolutions (20 um pixel size) and
following down-sampling to lower resolutions, (eg. to
50 um and 110 pum [8]), gives better outcomes (mi-
nor effect of artificial thickening and of loosening of
trabecular struts) than direct scanning of the speci-
mens at lower resolution [8]. On down-sampled da-
tasets, it was shown that for a pixel size ranging from
14 pm up to 175 um, depending on the morphometric
parameter, there is a monotonic increase or decrease
in values, suggesting that with proper calibration,
values of higher resolution parameters can be re-
stored [6]. Similarly, investigations on cortical poros-
ity have shown resolution-dependent outcomes, with
down-sampled datasets giving more accurate results
compared to datasets obtained from lower resolution
scans (investigated pixel size between 5 and 40 pm)
[35]. Hence, studies in the literature suggest that high
resolution scans are more likely to ensure a higher ac-
curacy in the description of the specimens even after
down-sampling, compared to low resolution scans
with similar large pixel size.

The data produced by a micro-CT scan of a whole
bone gives extraordinary freedom of choice: regions

of interest can be extracted ad hoc, ranging from
the largest possible volume of interest including the
whole organ to sub-volumes of various shapes [22,
36], parallelepipeds [24], or cylinders [37, 38]. The
latter are equivalent to virtual biopsies, for which if
a high resolution scan is done, a subsequent extrac-
tion of a smaller VOI produces a data size analo-
gous to a high resolution scan of a cored sample
(Figure 2 D). An advantage over real biopsies is the
possibility of simply placing the region of interest
via software within the specimen, with the choice
of later changing its position, size and shape, and
as such not having the need of coring the sample.
This gives also the possibility of focusing on diverse
subregions within the same bone [22, 36, 37]. For
example, the cortical and trabecular bone can be an-
alysed separately (Figure 2B-C), and their relative
contribution to the overall mechanical behaviour of
the bone in combination with mechanical testing or
FEA analysed [28, 39], which would be difficult to
achieve otherwise.

In the present case, the scan and reconstruction at
17 um pixel size for entire human vertebral bodies oc-
cupied 36 GB on average (9.7 GB scanning, 26.4 GB
reconstruction). If a number of 15 or 20 specimens
have to be investigated, as is often done in studies, the
data size easily enters the TB range for this resolu-
tion. Apart from the computational component re-
lated to generating experimental results, also the pure
data managing itself, that is transferring data and cre-
ating backups, can be quite time and resource con-
suming for datasets as large as these. However, due to
continuous developments in technologies, datasets of
this size might become normality, depending also on
the experiments and research question.

As a further trial, a full scan at 9 pm isotropic pixel
size was done on one vertebra (full vertebral height of
32 mm). The data acquisition time was 9 hrs, generat-
ing 39 GB in projection images (rotation step 0.5°, 1266
files, each tiff file 7872 x 2096 pixels, 32 MB). Each re-
constructed cross-section image was big 60 MB (7872
x 7872 pixels, equal to 68 mm x 68 mm, 9 pm pixel
size), saved as 8 bit bmp each, interslice distance 1 pixel.
The total cross-section reconstruction time was 7 days
(NRecon, Skyscan), generating 213 GB of data (3550
bmp cross-sections, reconstruction of full vertebral
height, 32 mm). It can be expected that by using high
speed solutions provided by the manufacturer includ-
ing cluster-reconstruction, the time needed for cross-
section reconstruction might substantially be reduced
for these very large datasets. Nonetheless, data analysis
in 3D for one entire vertebra of this size at this pixel
size (9 um, 213 GB) is a major effort, and performing a
study on 15 (or more) entire human bones of this size at
this high resolution, might be at the limit of practicality
(if not beyond), of most laboratory capabilities today.
Again, apart from down-sampling the dataset, this is
likely a technological hurdle that might be overcome,
depending also on the study purpose.

A limitation of this study is the low sample size.
The specimens were obtained from cadavers with



a relatively advanced age at death, and as such are
more representative of an aged population sub-
group [32]. The analysed vertebrae were harvested
from five different cadavers, thus providing some
inter-individual diversity in the study. As the aim
was to present examples of micro-CT scans of large
human specimens as big as entire vertebral bodies,
at high resolution, and to discuss aspects related to
data size and calculation times, this sample size can
be considered adequate for the purpose.

It has also to be acknowledged that clinical CT
systems, which compared to micro-CT systems
have larger fields of view and pixel sizes in the or-
der of 0.5-1 mm, are increasing in spatial resolution.
Although their increase in resolution for in vivo
scans on humans is limited by the related increase in
radiation dose [40], clinical CT systems with a pixel
size of 82 um are available, for scanning peripheral
parts of the human body, such as the wrist and an-
kle. This enables in vivo quantification of the bone
microarchitecture in patients, in terms of trabecu-
lar bone and cortical bone, with a spatial resolution
that approximates that of low-resolution micro-CT
[41]; these systems are also increasingly used for re-
search purposes ex vivo [36, 37].

In conclusion, in having access to micro-CT sys-
tems capable of making scans of large volumes such
as entire bones at resolutions in the 10-micrometer
range, researchers might also consider aspects in re-
lation to the research question, available resources,
hard drive space, efforts, and also to financial costs
linked to this analysis, in particular if the examina-
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