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Abstract. In osteoporosis research, the number and size of lacunae in
cortical bone tissue are important characteristics of osteoporosis devel-
opment. In order to reconstruct lacunae well in X-ray microscopy while
protecting bone marrow from high-dose damage in in-vivo experiments,
semi-permeable X-ray filters are proposed for dose reduction. Compared
with an opaque filter, image quality with a semi-permeable filter is im-
proved remarkably. For image reconstruction, both iterative reconstruc-
tion with reweighted total variation (wTV) and FDK reconstruction from
penalized weighted least-square (PWLS) processed projections can re-
construct lacunae when the transmission rate of the filter is as small as
5%. However, PWLS is superior in computation efficiency.

1 Introduction

In today’s aging society, there has been a dramatic increase in the occurrence of
osteoporosis and related diseases. Osteoporosis is a “progressive systemic skeletal
disease characterized by low bone mass and microarchitectural deterioration of
bone tissue, with a consequent increase in bone fragility and susceptibility to
fracture”, as described by WHO. To investigate the development of osteoporosis
and its corresponding treatment, the microanalysis of bone tissue is necessary. In
this work, tibial bones from aging mouse models are used, which in general have
very fine structures. A mouse tibial bone mainly contains exterior cortical bone
tissue and interior bone marrow. The number and size of lacunae in the cortical
bone tissue are important characteristics of osteoporosis development. Therefore,
the bone tissue region is of interest for osteoporosis research. The bone marrow
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consists of hematopoietic cells, marrow adipose tissue and supportive stromal
cells, which is vital for the health of mice.

With modern X-ray microscopy (XRM) systems, high resolution images are
reconstructed with a voxel size up to 500nm, which allows the investigation of
bone structures in nano-scale in a nondestructive manner [1]. However, such a
high resolution reconstruction requires around 2000 projections with acquisition
time up to several hours. The large amount of X-ray dose will damage bone
marrow [2] and thereby affects the natural osteoporosis development in in-vivo
experiments. Therefore, we aim to avoid the high dose exposure to bone marrow
while preserving the good image quality of exterior cortical bone tissue.

For dose reduction, collimators are widely used in computed tomography
(CT) for region-of-intrest (ROI) imaging. They are typically placed to block ex-
terior X-ray exposure for interior tomography [3]. However, in our application,
since the exterior region is of interest, blocking the X-rays for the central bone
marrow area leads to insufficient measured data for the exterior area as well,
which is an exterior tomography problem [4]. Image reconstruction for exterior
tomography is very challenging because of data truncation and missing data.
Therefore, semi-permeable collimators, commonly called X-ray filters [5], are
proposed for our application. In this work, the image quality using filters of dif-
ferent transmission rates and different reconstruction algorithms is investigated.

2 Materials and Methods

2.1 Filter design

The attenuation of X-rays in a filter follows the Beer-Lambert Law

Ic = I0e
−η, (1)

where I0 is the intensity of the incident X-ray without filtration and Ic is the
X-ray after filtration. η is the filter attenuation determined by the X-ray energy
E, the filter material type (defining the mass attenuation coefficient µm(E) and
the density ρ), and the filter thickness l

η = µm(E) · l · ρ. (2)

The mass attenuation coefficient µm and the density ρ for different materials
are available in the NIST Standard Reference Database 1261. We further denote
the filter transmission rate by α = Ic/I0 = e−η. In order to design a filter with
a transmission rate α, the filter thickness needs to be l = − ln(α)/(ρ · µm). For
example, with a photon energy of 40KeV, aluminum has µm = 0.5685 cm2/g
and ρ = 2.70 g/cm3. Thus, an aluminum filter with a transmission rate of 5%
requires a thickness of around 2.0 cm.

In a cone-beam XRM system, we denote the source-to-isocenter distance by
D1 and the filter length by L0. The filter is placed between the X-ray source

1 https://www.nist.gov/pml/x-ray-mass-attenuation-coefficients
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Fig. 1. Illustration of the effects by an opaque filter and a semi-permeable filter.

and the isocenter with distance Dc to the source. During a 360◦ scan, a circular
area with a diameter of L = L0 ∗D1/Dc is affected by the filter. In practice, the
filter length or position can be adjusted according to a preliminary scan using
two orthogonal views to align the affected area close to the bone marrow area.

If an opaque filter is applied, i.e. α = 0, it changes the angular coverage of
X-rays at different locations. Particularly, a point with a distance of d (d > L) to
the isocenter has an angular range of θ = π − 2 arctan(L/d) for X-ray coverage,
as displayed in Fig. 1(a). The closer the points are to the affected area (d → L),
the smaller θ is. Therefore, it is very challenging to reconstruct them.

However, with a semi-permeable filter, i.e. 0 < α < 1, the point still has a full
X-ray coverage, but with fewer X-ray photons passing through it (Fig. 1(b)). Due
to the reduced number of photons, the X-ray projections contain more quantum
(Poisson) noise. According to the Beer-Lambert Law, the detected intensity for
the filtered region is as follows

I(u, v, β) = Ic · e
−p(u,v,β) = α · I0 · e

−p(u,v,β), (3)

where I(u, v, β) is the ideal number of X-ray photons at detector pixel (u, v) given
the rotation angle β, and p(u, v, β) is the total attenuation of the imaged object
along the path from the X-ray source at angle β to the detector pixel (u, v).
However, due to quantum noise, the actual detected photon number follows a
Poisson distribution

IPoi = P(I(u, v, β)), (4)

where P(λ) is a Poisson random variable with a mean parameter λ.

2.2 Image reconstruction

In this work, we investigate three algorithms for image reconstruction from fil-
tered data: conventional FDK, iterative reconstruction with reweighted total
variation (wTV) regularization [6], and FDK with penalized weighted least-
squares (PWLS) [7].

The objective function for wTV with a semi-permeable filter is

min ||f ||wTV, subject to ||Acf − pc|| < ec, and ||Anf − pn|| < en. (5)
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where ||f ||wTV is the wTV term defined in [6], pc and pn are the filtered and
non-filtered projection vectors respectively, Ac and An are their corresponding
system matrices respectively, and ec and en are two error tolerance parameters
to account for different levels of noise. For image reconstruction with an opaque
filter, the data fidelity term ||Acf − pc|| < ec is omitted. The above objec-
tive function is optimized by alternating simultaneous algebraic reconstruction
technique (SART) and the gradient descent of the wTV term [6].

The PWLS objective function in the projection space can be described as [7]

min(p̂− p)⊤Λ−1(p̂− p) +
1

2

∑

i

∑

m∈Ni

(p̂i − p̂m)2, (6)

where p is the measured projection vector, p̂ is the denoised projection vector,
i and m are projection pixel index, and Ni is the four-nearest neighbor of the
i-th pixel. The iterative algorithm in [7] is applied to solve the above objective
function. Afterwards, FDK is applied for image reconstruction.

2.3 Experimental Setup

We investigate the effect of different filters using a mouse tibial bone in a simula-
tion study. The projection data are simulated in a XRM system with a source-to-
isocenter distance 10mm and a source-to-detector distance 25mm. The detector
has 2000 × 2000 pixels with a pixel size of 2.0µm. Poisson noise is simulated
considering an initial exposure of 5× 106 photons at each detector pixel without
any filters, i.e. I0 = 5 × 106. In this work, only monoenergetic X-rays are con-
sidered. The reconstruction volume has a size of 1024× 1024× 300 voxels with
an isotropic voxel size of 1.34µm.

For reconstruction, the parameter en is set to 5 × 10−5 for Poisson noise
tolerance. The other noise tolerance parameter ec is set to 5 × 10−5, 2 × 10−4,
5 × 10−4, 10−3 and 5 × 10−3 for α = 1, 25%, 10%, 5% and 1%, respectively. For
the wTV regularization, 10 iterations of SART + wTV are applied to get the
final reconstruction.

3 Results

The reconstruction results of one example slice without any filter or with an
opaque filter are displayed in Fig. 3. With the current intensity I0 = 5 × 106,
FDK reconstructs the bone very well from non-filtered data. The zoom-in ROI
in Fig. 2(b) illustrates that although the image suffers from noise, the major
lacunae can still be recognized. For wTV and PWLS, they can reconstruct the
bone better with a higher SSIM value of 0.996 and 0.961 respectively, since both
of them can suppress Poisson noise. The lacunae in the wTV and PWLS ROIs
are also recognized better than those in FDK.

Due to the missing data when using the opaque filter, streak artifacts occur in
the cortical bone tissue in Figs. 2(e)-(g). In addition, some regions have apparent
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Reference FDK wTV PWLS

(a) (b) SSIM = 0.857 (c) SSIM = 0.996 (d) SSIM = 0.961

(e) SSIM = 0.500 (f) SSIM = 0.824 (g) SSIM = 0.533

Fig. 2. Reconstruction results of one example slice without any filter (top row) and
with an opaque filter (bottom row) using different reconstruction algorithms, window:
[0, 6.25× 10−5]/µm. A square ROI containing 6 lacunae is zoomed in.

wrong intensity values, appearing over bright or dark. No matter which algorithm
is used, the majority of lacunae are not reconstructed.

The reconstruction results of the example slice with filters of different trans-
mission rates are displayed in Fig. 3. When the transmission rate α = 0.25%,
Poisson noise is observed in the FDK reconstruction in Fig. 3(a), especially at
the bone marrow area. Consequently, only the locations and sizes of large la-
cunae can be determined. For α ≤ 10%, the lacunae in the zoom-in ROIs are
hardly visible in Figs. 3(b)-(d).

For wTV, in Figs. 3(e)-(h) where α varies from 25% to 1%, Poisson noise
pattern is not observed in any of the images. Moreover, the lacunae can still be
distinguished even though α is as low as 5%. When α = 1%, the lacunae in the
ROI lack contrast, although they can be seen to some degree.

PWLS reduces Poisson noise in measured projections. Therefore, in the recon-
structed images for α between 25% and 5%, lacunae are observed well. However,
for α = 1%, the lacunae in the ROI are only partially visible (Fig. 3(l)).

4 Discussion

With an opaque filter, independently from the reconstruction algorithm, most
lacunae are not reconstructed. Using FDK with a transmission rate α smaller
than 25%, most lacunae are obscured by Poisson noise. PWLS and wTV are
both able to reconstruct lacunae well even when α is as small as 5%. However,
PWLS is more efficient than wTV. Therefore, using PWLS with a 5% filter is
an optimal option in terms of computation efficiency and image quality.
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α = 25% α = 10% α = 5% α = 1%

(a) SSIM = 0.643 (b) SSIM = 0.459 (c) SSIM = 0.314 (d) SSIM = 0.088

(e) SSIM = 0.995 (f) SSIM = 0.995 (g) SSIM = 0.994 (h) SSIM = 0.981

(i) SSIM = 0.957 (j) SSIM = 0.953 (k) SSIM = 0.944 (l) SSIM = 0.925

Fig. 3. Reconstruction results of the example slice with filters of different transmission
rates, window: [0, 6.25 × 10−5]/µm. The top, middle and bottom rows are for FDK,
wTV and PWLS, respectively.
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