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Liquid plays an important role in bone that has a complex 3D hierarchical pore structure. However, liquid
(water) is difficult to discern from e.g an organic matrix by X-ray imaging. Therefore, we use a correlative
approach using both high resolution X-ray and neutron imaging. Human femoral bone with liquid adsorbed into
some of the pores was imaged with both the Neutron Microscope at the ICON beamline, SINQ at PSI, and by lab-
based pCT using 2.7 pm voxel size. Segmentation of the two datasets showed that, even though the liquid was
clearly distinguishable in the neutron data and not in the X-ray data, it remained challenging to segment it from
bone due to overlaps of peaks in the gray level histograms. In consequence, segmentations from X-ray and
neutron data varied significantly. To address this issue, the segmented X-ray porosities was overlaid on the
neutron data, making it possible to localize the liquid in the vascular porosities of the bone sample and use the
neutron attenuation to identify it as HoO. The contrast in the neutron images was lowered slightly between the
bone and the liquid compared to the bone and the air. This correlative study shows that the complementary use
of X-rays and neutrons is very favorable, since HyO is very distinct in the neutron data, while D0, H20, and
organic matter can barely be distinguished from air in the X-ray data.

1. Introduction

Bone is a hierarchical composite material composed mainly of
collagen, nanocrystalline apatite, and water [1-6]. It is replete with a
porous network of blood vessels and cells, which are housed in lacunae
that are interconnected by canaliculi [7]. The cells in the bone are
responsible for the bone remodeling, which is a process where old bone
is replaced with new. The lacuno-canalicular network in bone is filled
with fluid, which contains ions and nutrients important for the function
of bone [6,8-10]. To understand for example, how intercellular
communication works in bone or how bone remodeling process is

* Corresponding author.

initiated; we need to study the complex porous network of large canals,
smaller channels, and all the way down to the cellular level and the
transport of liquid herein.

Imaging is a great tool for visualizing complex hierarchical struc-
tures, like bone, as it directly shows the structure in question by
providing spatially resolved information even in 3D with computed to-
mography. X-rays are the most common imaging modality used to study
bone, since it is readily available and provides excellent contrast be-
tween mineralized tissue, soft tissue, and air. With absorption as
contrast mechanism, X-rays are highly sensitive to the material density,
which allow for distinguishing between different levels of

E-mail addresses: majaoester@inano.au.dk (M. @stergaard), ebna@dtu.dk (E.B. Naver), delia.schuepbach@psi.ch (D. Schiipbach), anders.kaestner@psi.ch
(A. Kaestner), markus.strobl@psi.ch (M. Strobl), mb@biomed.au.dk (A. Briiel), jst@biomed.au.dk (J.S. Thomsen), Soren.Schmidt@ess.eu (S. Schmidt), hfpo@
fysik.dtu.dk (H.F. Poulsen), luku@dtu.dk (L.T. Kuhn), hbirkedal@chem.au.dk (H. Birkedal).

https://doi.org/10.1016/j.bone.2023.116837

Received 22 March 2023; Received in revised form 30 June 2023; Accepted 4 July 2023

Available online 6 July 2023

8756-3282/© 2023 The Author(s). Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:majaoester@inano.au.dk
mailto:ebna@dtu.dk
mailto:delia.schuepbach@psi.ch
mailto:anders.kaestner@psi.ch
mailto:markus.strobl@psi.ch
mailto:mb@biomed.au.dk
mailto:jst@biomed.au.dk
mailto:Soren.Schmidt@ess.eu
mailto:hfpo@fysik.dtu.dk
mailto:hfpo@fysik.dtu.dk
mailto:luku@dtu.dk
mailto:hbirkedal@chem.au.dk
www.sciencedirect.com/science/journal/87563282
https://www.elsevier.com/locate/bone
https://doi.org/10.1016/j.bone.2023.116837
https://doi.org/10.1016/j.bone.2023.116837
https://doi.org/10.1016/j.bone.2023.116837
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bone.2023.116837&domain=pdf
http://creativecommons.org/licenses/by/4.0/

M. Ostergaard et al.

mineralization of bone. However, in some cases, X-rays are not the
optimal modality option for imaging bone samples. Metal implants in
bones often introduce artifacts in the resulting images because metal is
much denser than mineralized bone. Here, neutron imaging would be
preferable, as the neutron interaction cross sections do not scale with
atomic number, and neutrons are therefore less sensitive to the much
denser metal implants [11-15]. In addition, neutrons are sensitive to the
isotope composition, so there is potential to control the image contrast
this way. This is useful when exploring liquid transport in various ma-
terials [16-18] and will be utilized in this study to identify the type of
liquid.

The contrast of water is also part of the scope of this article, as a piece
of bone was imaged with neutron microscopy after D,O uptake experi-
ments [19]. As X-rays and neutrons interact differently in the inspected
materials, the information obtained from X-ray and neutron imaging
will be different. Thus, a comparative study using both X-rays and
neutrons can be advantageous, especially for materials that display
different contrast in the two modalities, like water [14-16,20].
Combining the information gathered by X-rays and neutrons has pre-
viously been performed for studying bone [13,21,22], but advances in
this field can be beneficial and make correlative neutron and X-ray even
more powerful.

Previous studies of bone by neutron imaging have used relatively
large voxel sizes so that vascular canals were not visible. For example,
Schwarz et al. [21] used 272 pm voxel size to study vertebrate remains,
Tornquist et al. [13] made use of the fact that metals generally (but not
always) absorb neutrons less than for X-rays to avoid metal artifacts in a
study of the bone/implant interface with a 18.6 pm voxel size. Tornquist
et al. [20] showed that the degree of hydration of bone by heavy water
impacts the attainable contrast-to-noise ratios on rat tibiae and trabec-
ular bovine bone plugs using a 7.15 pm voxel size; vascular spaces
within the cortical bone was not visible in the presented data. Silveira
et al. [16] compared uptake of DoO with HoO-wet samples of fish bone
with and without osteocytes. They used an effective voxel size of 7.6 pm,
which meant osteocyte lacunae were indetectable; no vascular signa-
tures are visible in the published images. The authors used differential
imaging (difference between images of DO and H5O containing sam-
ples) to quantify the D,0O uptake and thereby elegantly obtain a measure
of the water permeability in the bones even if the porosity behind it was
not directly observed. These previous works highlight several advan-
tages of the different contrast mechanisms between X-ray and neutron
imaging but did not resolve vascular spaces. In the present study, we
therefore investigate human femoral bone using both X-ray and neutron
microscopy with a 2.7 pm voxel size that allows detecting vasculature in
both imaging modalities. We will highlight the contrast differences of
H,0 in the porosities of bone when measured with neutron microscopy
compared to lab-based X-ray microscopy. In addition, we will highlight
the advantages of dual modality imaging and show that correlative
analysis of the two image modalities affords deeper insights into the
material than either on their own.

2. Experimental
2.1. Bone samples

Human bone was obtained from the Body Donation Program at
Department of Biomedicine, Aarhus University. Required permission
was obtained from the Scientific Ethical Board of the Region of Central
Denmark (1-10-72-113-15).

A rod (@ = 5 mm) was obtained from the shaft of a human femur and
prepared so that the vascular canals were mainly oriented along the
length of the cylindrical sample. The rod was obtained by drilling a
frozen piece of femoral bone with a trepan. Then, the rod was prepared
in a cylindrical shape with semi-parallel ends using a water-cooled band
saw equipped with a diamond blade (Exakt Apparatebau GmbH, Nor-
derstedt, Germany). In the body, the water content of bone is around 20
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% (by volume) [23], but the sample was kept dry until it was partially
infused with D30 (Eurisotop) while in a custom-built sample holder
using a pump (~1 mL/h) (see [19]) and after a considerable amount of
time imaged by 3D neutron microscopy. In between D50 infusion and
imaging, the sample was kept dry and in air and can thus be considered
dry, except for the possible adsorbed/infused water, when imaged.
Thereafter, the sample was stored in air until it was reimaged by 3D X-
ray microscopy. We chose this approach to explore the capability of
combined X-ray and neutron 3D microscopy to identity the type of liquid
in the sample.

2.2. Neutron microscopy

High-resolution 3D absorption-based neutron microscopy [24] data
were collected from a bone sample with pores previously infused with
D,0. A tomographic dataset was collected at the Imaging with COld
Neutrons (ICON) beamline [25] at the Swiss Spallation Neutron Source
(SINQ), Paul Scherrer Institute (PSI). The sample was placed 5 mm from
the detector and a white neutron beam (L/D = 342, L: distance from
collimating pinhole to sample, D: diameter of collimating pinhole) was
used to collect 625 projections covering 360°. Each projection was
collected with an exposure time of 90 s, repeated 4 times, and averaged
before reconstruction giving a total acquisition time of 65 h. In this time,
no efforts were made to isolate the sample from the environment so that
the bone was considered to be ‘dry’ except for the infused D20, that
could isotope exchange to HyO by interaction with water in the atmo-
sphere, and/or possible adsorbed water. The combination of a
157Gd,0,S:Tb scintillator screen, a magnifying lens, and a CCD camera
(Andor Technologies iKon L) resulted in an isotropic voxel size of 2.7
pm.

The neutron data were corrected with open beam data (white image)
and dark current data and they were dose corrected [26-28]. Ring
removal was conducted using wavelet ring removal [29], after which
outlier removal was conducted prior to reconstruction using the filtered
back-projection algorithm and a Hamming filter [28]. All these steps
were performed in MuhRec [28]. The data were then filtered using the
inverse scale space (ISS) filter [30] using total variation regularization in
the processing tool KipTool [31]. Further image analysis was carried out
in MATLAB (v9.11.0.1837725 (R2021b), MathWorks Inc., MA, USA)
and Dragonfly (v2021.3, Object Research Systems (ORS) Inc., Montreal,
Canada). A sigmoidal fit of several sample edges in several slices was
performed. A mean of all the distances between 10 % and 90 % of the
fitted sample edges was used as an estimate of image resolution. Before
the thickness mesh calculation and renderings, the neutron data were
segmented in Dragonfly. Three segmentations, tentatively assigned to
air, bone, or liquid, were obtained after thresholding at gray levels 1.4
em ! and 3.5 cm™! The two binary volumes corresponding to air and
liquid were morphologically opened and closed with a series of sphere
kernels starting at 3 voxels and ending at 9 voxels. This removed both
the small features and the holes in the segmentations stemming from
noise. Then the two segmentations were merged and the air outside the
sample was digitally removed. From this data stack, containing both air
and liquid filled porosities, renderings were performed and a thickness
mesh could be calculated.

2.3. X-ray microscopy

The bone sample was investigated by X-ray micro tomography using
a Xradia 620 Versa X-ray microscope (ZEISS, Germany) with a LE2 (low
energy) filter, a power of 4.5 W, and an accelerating voltage of 50 kV.
With an exposure time of 12 s, 3201 projections were collected while
rotating the sample 360°. An optical magnification of x0.4 and no pixel
binning was used to match the neutron microscopy voxel size of 2.7 pm.
The source-to-sample distance was 10 mm and the sample-to-detector
distance was 116 mm. The reconstructions were conducted with TXM
Reconstructor Scout-and-Scan software (v16.1.13038, ZEISS, Germany)
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using a cone beam adapted filtered back projection (FBP) algorithm with
a beam hardening constant of 0.15 and scaling bounds [—0.1; 0.4]. Since
the sample was placed close to the source and the machine has a cone
beam, cone angle effects affected a significant part of the field of view.
Therefore, two scans were obtained with an overlap of 70 % and sub-
sequently stitched together with the Scout-and-Scan software (ZEISS,
Germany). Each scan took 13 h, resulting in a total measurement time of
26 h. The start and end slices of the stack were carefully chosen to match
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the start and end slices in the neutron stack and this neutron-matched
data were retained for further analysis. To align the neutron and X-ray
data, both 3D data sets were placed with the center-of-mass in the center
of a zero-padded stack. Then, the X-ray 3D data were rotated using the
imregtform-function of MATLAB in steps of 1° in the x,y-plane (transverse
to the beam direction) and 0.2° in the 2,y- and x,z-planes (longitudinally
to the beam direction) to find the best rotation and tilt angles as eval-
uated by image difference. To match the neutron data completely, the X-
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Fig. 1. Neutron microscope and X-ray data. (a) Transverse and (b) longitudinal virtual slices of neutron microscopy data. Black holes are pores without liquid and
light gray holes are pores with liquid. Gray levels range from —1 cm ™! to 7 cm ™. (¢) 3D rendering of the segmented pores of the neutron microscopy data. Blue pores
are filled with H,0, while red pores are empty. (d) Transverse and (e) longitudinal virtual slices of X-ray microscopy data. The blue arrow indicates osteonal bone,
while the orange arrow indicates interstitial bone. Note the cone angle artifacts at the top of (e) indicated with yellow arrow. Gray levels ranges from 5000 a.u. to
60,000 a.u. The X-ray data stack has been rotated, tilted, and scaled to match neutron microscopy data. (f) 3D rendering of the segmented vascular porosities in the X-
ray microscopy data. Note that the difference in gray level ranges is a result of completely different contrast mechanisms in the datasets, and therefore the gray level
values cannot be compared. (g) Typical transverse and (h,i) longitudinal virtual slices of overlaid pore segmentations as detected by neutrons and X-rays,
respectively, displayed as RGB images. The segmentation of the X-ray data is depicted in red, the segmentation of the neutron data for the empty pores in green, and
the segmentation for the H,O filled pores in blue. Slices contain both combinations of aforementioned base colors and the base colors them self. (For interpretation of
the references to color in this figure legend, the reader is referred to the web version of this article.)
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ray data were downscaled by a factor of 1.0226. After this, we used a
custom-made function to scan through the slices in all three dimensions
of the X-ray data to match the respective neutron data slices and shifted
the X-ray data stack accordingly. Then, the data were upsampled by a
factor of four in order to ascertain the best rotation and tilt angles, this
time with steps of 0.2° in all three dimensions. After a successful
alignment of the X-ray data to match the neutron data, both datasets
were segmented using MATLAB, and exported to Dragonfly for
rendering and calculation of a thickness mesh.

3. Results

The sample originate from the femoral shaft and therefore consists
purely of compact (cortical) bone, so the only void spaces visible at this
resolution originate from blood vessels (Fig. 1). Additionally, bone
contains an interconnected cellular network, not observed at this reso-
lution [7,32]. The bone sample was imaged with neutron microscopy
after the D,O uptake experiments [19]. Fig. 1a—c presents virtual slices
and a 3D rendering of the neutron images. Inspecting the virtual slices in
Fig. la-b it is possible to observe voids with both lower and higher
attenuation contrast than the surrounding bone. These correspond to
vascular canals filled with air or liquid, respectively. The liquid initially
infused in the bone porosities was D20, however the higher contrast of
the liquid compared to bone (Fig. 1a-b) suggests HoO and not D50 in the
porosities. This is ascribed to isotope exchange of D;O by HyO by
interaction with water in the atmosphere and/or condensation of at-
mospheric water in the pore space. Due to the contrast between H,O and
bone in this measurement, it is possible to segment the empty canals (red
in Fig. 1¢) and the canals containing HoO (blue in Fig. 1¢). This required
using either morphological operations (see Experimental), more crude
smoothing methods or similar. After these additional post-processing
steps, the resulting segmentation lacks some of the pore space found
in the X-ray segmentation (Fig. 1g-i), which is further discussed below.
The neutron gray level histogram (Fig. 2a) displays four separate dis-
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which both correspond to air/background (the two different background
gray levels in Fig. 2a) and two distributions around 2.5 cm ™, which
correspond to either bone or H,O. However, the last two peaks are not
clearly discernible in the histogram (Fig. 2a). Consequently, the bone
and H,0 peaks must partially overlap. This testifies to the need for
additional post processing steps to analyze the distribution of air/water
in the pore spaces fully. The high contrast of the H>O containing pores
reflect that H,O was indeed infused into the bone in the experiment.
However, due to the overlapping distributions (Fig. 2a), it cannot be
excluded that the H,O had partially infused into the bone matrix itself,
which would mean that the high contrast signal would represent not
only pores but also deuterated bone matrix. Below we will apply
correlative X-ray/neutron analysis and show that the H,O was localized
to the pores within the resolution of the measurements.

X-ray microscopy was performed several months after the D20 up-
take experiments in order to allow the sample to dry. Hence, we assume
that the sample does not contain any D,0 or H,O. However, we would
not be able to identify D,O conclusively using X-rays. Indeed, in the
histogram (Fig. 2b), a peak is visible around 2 x 10* as a shoulder at
slightly higher absorption contrast than air. This peak corresponds to a
material that is denser than air, but less dense than mineralized bone.
Therefore, it must correspond to some organic residues in the bone, H,0,
or D,0. This reflects the relative low ability of X-rays to distinguish low-
Z materials compared to neutrons, where isotope contrast achieves this
with ease. Thus, for the X-ray microscopy data, only one segmentation
was performed, separating air/organic/water from bone. This segmen-
tation will be used for correlative analysis of the neutron microscopy
data below. The vascular spaces are clearly seen in transverse and lon-
gitudinal virtual slices through the bone (Fig. 1d and e) due to the high
contrast between air and bone matrix, illustrating how easy these two
material phases can be separated (Fig. 1g—i). Therefore, it is evident that
more information can be gained from the data, if the X-ray segmentation
is combined with the neutron data, where liquid information is easily
available. In the X-ray data, the vascular pores are surrounded by newer,
less mineralized osteonal bone (blue arrow in Fig. 1d), which has a lower

0.8 1
Normalized neutron gray level

(c)

0.2 0.4 0.6

Fig. 2. Histograms of the gray levels of (a) ISS filtered neutron microscopy attenuation data in units of cm ' and (b) X-ray microscopy data. Bin width is 0.05 for
neutron data and 1 for X-ray data. Note that the gray levels cannot be compared between the two histograms. (c¢) Bi-variate histogram of normalized neutron and X-

ray gray levels. Bin width is 0.002 in both directions.
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mineral density than the older more mineralized interstitial bone found
between the osteonal bone (orange arrow in Fig. 1d), see [33] and ref-
erences therein. The difference between osteonal bone and interstitial
bone is clearly discernable in the X-ray data, in both Fig. 1d—e and in
Fig. 2b as a shoulder, reflecting the high sensitivity of X-rays to the
concentration of heavy elements (here the calcium and phosphorous in
the bone apatite-like mineral) rising with the atomic number Z as Z*.
However, it should be emphasized that this clear distinction between
high and low mineral content is made possible by the long measurement
time in the present experiment (~26 h); a standard lab-based pCT
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measurement would not clearly display the mineralization differences.
The segmented pore space is shown in Fig. 1c. We note that the gray
values of the X-ray and neutron histograms in Fig. 2 cannot be directly
compared since they are results of different probe-sample interaction
mechanisms. In addition, the results from the two experiments are
shown on different scales. The X-ray data has arbitrary values while the
neutron data has values resembling the attenuation coefficient of the
probed material. The neutron data is stored as 32-bit floating-point
values, while the X-ray data is stored as 16-bit unsigned integers,
already here creating a difference in the data range between the two
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Fig. 3. Pore thickness based on the two segmentations. (a) Transverse and (b) longitudinal virtual slice of a sub-volume of the thickness mesh from the neutron
segmentation. (c¢) 3D rendering of sub-volume of thickness mesh from the neutron segmentation. (d) Transverse and (e) longitudinal virtual slice of a sub-volume of
thickness mesh from the X-ray segmentation. (f) 3D rendering of sub-volume of thickness mesh from X-ray segmentation. (g) Histogram of the pore thickness from the
two segmentations. The bin width is 4 pm.
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data sets. In addition, the X-ray data is manually scaled through the
choice of gray level window of data to be reconstructed. Thus, even
though the neutron histogram in Fig. 2 appears to span fewer gray levels
than the corresponding X-ray histogram, this is incorrect. The two
datasets were scaled differently and were retained on their respective
gray scales during all analyses.

The X-ray data were easily segmented to air and bone, as these two
peaks do not overlap in the histogram (Fig. 2b). However, segmenting
the neutron data is a bigger challenge, as the peaks for air, bone, and
liquid overlap in the histogram (Fig. 2a). Using morphological openings
and closings, a segmentation was obtained (Fig. 1c) that resembled the
segmentation obtained from the X-ray data (Fig. 1f). From these two
segmentations, the pore spaces were obtained. In the segmented X-ray
data, 7.9 % of the voxels are labelled as pores, whereas the segmented
neutron data (filled with either air or liquid) labelled only 5.6 % of the
voxels as pores. This difference between the two segmentations is clearly
visible in Fig. 1g-i. In order to obtain insights into the location and/or
origin of the difference between the two segmentations, a thickness
mesh was calculated to quantify the local extend of the porosities. In
general, the pores in the neutron segmentation appear thinner than the
pores in the X-ray segmentations (Figs. 3a—f and 1g-i). This is supported
by the pore thickness histograms, which show that the pore thickness in
the X-ray segmentation peaks at a higher value (median: 66.6 pm) than
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the neutron segmentation (median: 61.3 pm) (Fig. 3g). A paired t-test
(MATLAB), established that the resulting thickness measures were
significantly different (p < 0.001). Even though the sample is the same
in the two measurements, the segmentations separating bone from pore
space does not result in the same pore volumes. Thus, this proves the
benefits of having a correlative study with two modalities com-
plementing each other.

In order to visualize the liquid in the pores, the neutron data were
overlaid with the segmented X-ray data to mask the putative pore space
in the neutron data (Fig. 4a-b). A histogram of the intensity in the
segmented pores is shown in light gray (Fig. 4g). Two separate peaks
(see Supplementary Fig. 2) are present in the pore gray level histogram,
corresponding to liquid and air, indicating an easy segmentation be-
tween these two, following the use of the X-ray segmentation as a mask.
A histogram of the neutron data masked by the bone volume identified
by X-ray segmentation is included in dark gray (Fig. 4g). This histogram
presents a single peak at a gray level between the air and liquid peaks in
the unmasked neutron data histogram. Again, the higher attenuation of
the liquid compared to bone indicates that the liquid is HoO rather than
D20 and as the liquid gray value distribution (Fig. 4g) peaks around 3.5
em !, we can indeed assign the liquid to be H2O in the porosities
[34-36]. The D20 has isotope exchanged to HyO between the infusion
and measurement time, since the sample has been stored without any

Fig. 4. Filtered neutron microscope data masked
with X-ray data segmentation. (a) Transverse and (b)
longitudinal virtual slices of segmented vascular po-
rosities in neutron data masked with X-ray data seg-
mentation. Scale bar equals 1 mm and gray level
ranges from —4 em! to 8 em™ L () Rendering of
filtered neutron microscopy data masked with X-ray
data segmentation. (d) Transverse and (e) longitudi-
nal virtual slices of segmented bone in neutron data
masked with X-ray data. Gray level ranges from —4
em ! to 8 em™!. (f) Rendering of filtered neutron
microscopy bone data masked with X-ray data. (g)
Histogram of the neutron gray levels of the vascular
porosities in neutron data masked with X-ray data in
light gray using left y-axis and of the bone in the
neutron data in dark gray using right y-axis. Bin width
is 0.05 in both cases.
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measures to preserve the deuteration state. In addition, this testifies to
the possibility of separating air, bone, and HyO using segmentation of
the neutron data only, but as the histogram peaks overlap (Fig. 4g), the
segmentation might not be easy, which is also evident from the previous
sections. Thus, correlative information is advantageous, as the X-ray
data is easy to segment and enables a segmentation of the three con-
trasting phases in the neutron data, which elevates the combined
analysis.

A main point of this study is the high neutron data quality with a
voxel size of 2.7 pm. To emphasize this, both the resolution and contrast
in the images are examined. The resolution of the neutron images is
found to be 16.14 + 7.53 pm (see Supplementary Fig. 3). In order to
investigate the contrast between the different material phases in the
filtered neutron microscopy data, the contrast-to-noise ratio (CNR) was
calculated following the procedure of Tornquist et al. [13,20] with

CNR = %‘mz(";s;ﬂ where S;_; 2 is the gray level distributions of the
std(Sq )" +std(S2

contrasting phases (Table 1). Since Ho0 has the highest intensity and the
air/background has the lowest intensity in the data, it is reasonable that
the highest CNR is found between these two. The CNR for bone against
air/background and for HyO against bone, are lower and nearly the
same, respectively, indicating that bone pores would appear with both
air and HyO as background. Since the CNR for HyO against bone is
lowest of the two, HyO slightly reduces the contrast in the data. How-
ever, the CNR for bone against air/background in the X-ray is un-
matched. It should be remembered that the X-ray data is manually
scaled through the choice of gray level window of data to be recon-
structed. Nevertheless, the CNR for H;O or organic matter against air/
background in the X-ray data is low compared to the CNR for bone
against air/background. This indicates the advantage of using both X-
rays and neutrons in this case.

To analyze the contrast in the data further, the mean of 10 lines
through a virtual slice in the neutron microscopy data is plotted (Fig. 5).
As is evident from the histograms (Fig. 4d), the air has the lowest in-
tensity, the HoO has the highest intensity, while the bone has an inter-
mediate intensity. For comparison, the mean of 10 lines though the same
virtual slice in the X-ray data is also plotted in Fig. 5. The X-ray data have
much higher intensity values that the neutron data. As air and H,O has
similar, low X-ray absorption values, the plot reveals the position of the
pores in the bone. As the CNR values hinted at, the two peaks of H20 to
the right in Fig. 5 (blue arrows) has a lower absolute amplitude than the
two air peaks to the left (green arrows), showing again, that the H,O
marginally reduces the contrast in the images. Nevertheless, the contrast
between H3O and air is high in the neutron data, indicating that HoO is a
good candidate as a contrast agent for investigating liquid transport in
the vascular canals of bone in radiography mode and possibly in 3D in
the future even if acquisition times are currently playing against this.

4. Discussion

In the present work, a single bone sample was imaged with both
neutron and X-ray microscopy using near-equivalent voxel sizes to

Table 1

Contrast-to-noise ratio for different contrasting material phases
in the filtered neutron microscopy data and for the X-ray data,
respectively.

Contrasting material phases CNR

Filtered neutron data

H,O0 vs air/background 2.54
Bone vs air/background 1.60
H,0 vs bone 1.03
X-ray data

Bone vs air/background 9.94
H,0/organic vs air/background 1.81
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enable a correlative study. The use of a 2.7 pm voxel size allowed
mapping of the vascular spaces in the sample in contrast to previous
neutron imaging results [13,16,20,21]. The segmented X-ray data were
used as a mask to isolate vascular porosities in the neutron data to afford
improved segmentation of the neutron data and enable differentiating
H,0 -filled and empty pore spaces (Fig. 4g).

The analysis showed that, within the resolution of the experiment,
the Hy0 was restricted to the vascular network in the bone (Fig. 4).
Additionally, when HyO is overly abundant, like in the porosities, the
contrast between bone and H>O was reduced compared to air vs bone.
Even if the HyO and bone peaks in the gray level histogram overlap,
application of morphological operations allows for segmenting air,
bone, and H,0. In a previous study [19], the D;O was used as a contrast
agent for an in-situ experiment and then isotope exchanged to H2O. Even
though it reduced the contrast slightly compared to air, H>O can still be
considered as a good candidate for in-situ measurements, as it has a
higher neutron attenuation than both air and bone, enabling a separa-
tion of all three phases. Most likely, D,O would have performed in a
comparable manner. However, using DO as a way to hydrate bone
samples before mechanical testing, the hydration protocol is key, as
described by Tornquist et al [20] They soaked bone in salinized D20
(0.9 % NaCl), while we pumped D-0O through the sample. The soaking
applied by Tornquist et al. may lead to partial deuteration of the bone
matrix, which was avoided by the protocol applied in the present study.
Insufficient hydration of bone samples can be detrimental to the analysis
and reduce the contrast to a point where it is difficult to image the
trabecular structures of the bone [20]. Both for D,O-soaked bone with
reduced contrast and for in-situ flow experiments with D50, correlative
studies with two modalities would prove useful. The present data
highlights differences between neutrons and X-rays, as the neutrons
clearly capture the liquid as something different from bone and can
differentiate DoO and HyO, whereas X-rays is unable to distinguish D50,
H20, and organic matter in the presence of the high contrast mineralized
bone matrix. In contrast, X-rays catch the mineralization differences
between osteonal and interstitial bone well, while the neutrons are less
sensitive to the concentration of these heavy elements (Ca and P).
Hence, both modalities have their strengths and weaknesses, and by
combining them, the “best of both worlds” can be achieved. However, it
should be noted that the X-ray data only shows mineralization differ-
ences because we applied long exposure times resulting in a measure-
ment time of ~26 h. A standard lab-based pCT measurement would
normally only take a couple of hours, but will result in little to no visual
difference between osteonal and interstitial bone. Since the Neutron
Microscope detector can reach a spatial resolution below 5 pm [24], as
the leading instrument in its field [24], extensive X-ray measurements
are appropriate.

In order to obtain the benefits of bi-modal X-ray and neutron imaging
at the same instrument or even at the same time, some places offer X-ray
imaging within the neutron beamline. This is true for both NEUTRA [37]
and the neutron imaging instrument ICON at the Paul Scherrer Institute
(PSI) in Villigen, Switzerland [38]. Corresponding options have mean-
while also been implemented at the NeXT instrument at Institut Laue-
Langvin (ILL) in Grenoble, France [39] and the NeXT system at the
National Institute of Standards and Technology (NIST), Gaithersburg,
MA, USA [40]. Measuring the neutron and X-ray data simultaneously
means that the acquisition time for such a complementary dataset would
significantly decrease, making bi-modal X-ray and neutron imaging a
relevant option. As the sample is fixed in space in these facilities, rela-
tively little post-processing is needed to register the two datasets,
compared to the present study where the sample is mounted and
measured twice. Further developments in this neutron-X-ray tomogra-
phy field would be beneficial, both in regards to image registration and
resolution. An analogous case is PET-CT, where a PET (positron emission
tomography) and a CT (computed tomography) scanner are combined
into one instrument reaping the benefit of both imaging modalities.

An alternative route to take, would be improving post-processing in
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Fig. 5. Line plot across sample (a) Virtual neutron slice with line in question marked. Green arrows indicate empty pores and blue arrows indicate H,O filled pores.
Scale bar equals 1 mm and gray level ranges from —4 cm ! to 8 em ™. (b) Mean of 10 lines across virtual slice (five above and four below line depicted in (a)) in both
neutron (bottom) and X-ray (top) microscopy data. Green arrows indicate empty pores and blue arrows indicate H,O filled pores. (For interpretation of the references
to color in this figure legend, the reader is referred to the web version of this article.)

software for example using digital volume correlation (DVC) algorithms
to register two datasets with different modalities even though it is
mostly used for in-situ analyses and 4D time-lapse data [41-43]. By
automating the post-processing, the utilization of neutron micro-
tomography in combination with a lab-based X-ray micro-tomography
would be an efficient approach [44]. Digital volume correlation
methods applied to lower resolution data or radiographies may also be
beneficial for future in situ neutron imaging experiments to follow the
liquid transport in bone [14,15]. However, the present study clearly
shows that even without optimized post-processing algorithms, the
methodology is already very powerful.

5. Conclusion

A correlative study was performed using 3D neutron and X-ray mi-
croscopy on a bone sample infused with D,O using a 2.7 pm voxel size to
enable 3D mapping of vascular porosities in bone. Segmentations of the
two modalities showed clear differences, as the neutrons were able to
image the liquid, while the vascular porosities were clearly distin-
guishable with both modalities, where X-ray microscopy provided
higher resolution and signal-to-noise ratio. Hence, each modality has its
advantage and when using a material that look different in the two
modalities, like D20 or H50, one can achieve the best of both worlds by
combining the complementary information obtained from each dataset.
When segmenting the neutron data using the X-ray data it was possible
to localize the liquid in the vascular porosities of the bone sample and
determine that the infused DO had isotope exchanged to HyO.
Furthermore, there were no indication of HyO had permeated into the
bone matrix. The neutron contrast of pores was reduced when these
were filled with H,O compared to air. As HyO is very distinct in the
neutron data and as DO, H20, and organic matter can barely be
distinguished from air in the X-ray data, the complementary use of both
X-rays and neutrons is very favorable.
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