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3
Beam filtration for object-tailored

X-ray CT of multi-material
cultural heritage objects

Computed Tomography (CT) is a non-invasive X-ray imaging technique. The scanning
setup consists of an X-ray source, a detector and a rotation stage on which the object
of interest is mounted. A single X-ray image, also called radiograph or projection, is
created by shooting X-rays at the detector, with the object in between. Part of the
radiation is attenuated by the object, based on material properties such as density,
thickness, and atomic composition. The resulting image on the detector is an overlay
of the materials in the direction of the X-rays. For a CT scan, the object is rotated,
while 2D X-ray images are taken at small angular intervals. Afterwards, computer
algorithms are used to create a tomographic reconstruction of the data. This is a
3D representation of the interior of the object, a grey scale map where the pixel/CT
values represent the relative densities of materials in the object. This 3D image can
for example be viewed as a stack of 2D images, called slices, which show a virtual
cut through the object [79, 83]. Since the development of X-ray CT, its applications
broadened from the medical sector to various other fields, e.g. manufacturing industry,
food industry, and material sciences [196].

This chapter is based on:
M. B. Kiss, F. G. Bossema, P. J. van Laar, S. Meijer, F. Lucka, T. van Leeuwen, and
K. J. Batenburg. “Beam filtration for object-tailored X-ray CT of multi-material cultural
heritage objects”. Heritage Science 11.1 (2023), p. 130.
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Computed Tomography in Cultural Heritage Computed tomography has also proved
to be a powerful non-invasive tool to analyse cultural heritage objects [34]. It has been
successfully applied to a variety of such objects over the past decades: for example,
wooden statues for dendrochronology research [49] and large wooden objects [24,
167], Egyptian funerary masks [192], antique glass [61], musical instruments [50, 185],
ancient basketry [9], anthropological studies [135, 143] and historical paintings [146,
193]. In cases where it is not possible to see the interior of an object using visual
inspection, CT enables museum professionals to obtain 3D information about the
interior of the object. In particular, CT scanning gives a much more detailed overview
than radiography because it is three-dimensional, allowing to isolate specific features
and parts by virtually cutting through the object in any location and direction. These
insights can help with the conservation or restoration of the objects, as well as provide
contextual information on the object’s history or making process [209].

Challenges specific to CT in Cultural Heritage Cultural heritage objects exist in a
wide variety and have characteristics which present challenges for CT scanning: multi-
scale internal features, a diversity of sizes and shapes, and multi-material objects
[23]. The last challenge is even greater when the multiple different materials of the
object have varying densities, especially when one of the materials is a metal [86].
A multi-material object might be for example made out of fabric, leather, metal
thread and different kinds of beads as well as designed in a multi-layered way. Hidden
intermediate layers that could give insight into the object’s history and making process
might be difficult to analyse. Additionally, the actual dimensions and characteristics of
these layers are usually not visible from the outside. Investigating these characteristics
using X-ray radiographs (2D X-ray projections) will only give a limited amount of
information, whereas CT-scanning will be more informative. Acquiring CT scans of
these objects with standard lab/museum CT scanners in an untailored way yields
images with heavy visual errors (see Figure 3.1) called image artifacts1.

Difference to medical CT challenges Although both the medical and the cultural
heritage sector need an acceptable image quality for interpretation and face similar
challenges in the CT acquisition, they are fundamentally different [34, 70]. In medical
CT scans the scanned subjects (humans) are similar with respect to their anatomy
and the material composition. The human body is generally more homogeneous with
respect to its density distribution compared to cultural heritage objects. Although
metals may be present in the form of prostheses, these are confined to specific regions
whereas metals in cultural heritage can also occur scattered throughout the object.
Furthermore, the energy regime of the photons is different and improvements to
medical CT have been extensively researched, e.g. the tuning of tube voltage and
current, using filters and software-based artifact correction algorithms [156]. Lastly,
the medical sector lacks an extensive adaptability of acquisition parameters since
commercial CT scanners are used that have a limited number of adjustable settings.

1The word artifact is used in this work only in reference to visual errors in CT images, not in reference
to an object shaped by human workmanship (sometimes referred to as ’artefact’).
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Figure 3.1: Heavy visual errors (image artifacts) exhibited by an untailored CT scan of a multi-
material cultural heritage object.

In contrast, objects scanned in the cultural heritage sector are all different in size and
material composition and there is limited knowledge on what is in the object and
what it is made of. As CT scans are typically carried out with laboratory-setups, the
acquisition parameters can be adjusted and researchers can interactively investigate
the effect of these parameter choices [231]. We will show that the aforementioned
challenges can be overcome by tailoring the acquisition parameters to the object
under study. This enables not only cleaner and more expressive 2D X-ray projections
(radiographs) but also more informative reconstructions. Therefore, it is advisable to
analyse the objects to be scanned for taking possible causes of image artifacts into
account (cf. "Background" section).

Contributions The contributions of this work are as follows: Firstly, we briefly
introduce several of the key factors that influence computed tomography image
formation in the context of cultural heritage objects to make this work accessible to a
broad audience including museum professionals as well as X-ray imaging specialists.
We address the underlying physics and discuss the use of filters to manipulate the
emitted X-ray beam to improve image quality for these multi-material objects. This
can be achieved with limited resources in a low-cost DIY fashion as described in the
"Hard- and software" section. Secondly, we give a qualitative analysis of the influence
of the CT acquisition parameters illustrated with two case study objects from the
textile collection of the Rijksmuseum, Amsterdam, The Netherlands (cf. "The case
studies" section), which were scanned at the FleX-ray Lab of the Centrum Wiskunde
& Informatica, Amsterdam, The Netherlands. With this we provide insights and
intuitions on how to design a CT scan and on choosing suitable acquisition parameters,
illustrated by these case studies. Thirdly, we extract a general concept of steps for
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museum professionals to design an object-tailored CT scan for individual cases.

As this work is positioned at the interface between scientific imaging and cultural
heritage, it will be necessary to sometimes make certain obvious statements, to ensure
a common ground of understanding between professionals with different backgrounds
and technical knowledge.

3.1 Background
In this section we will address how the multi-material nature of cultural heritage
objects presents a challenge for CT imaging that can lead to reduced image quality
and errors in the perception or representation of information called image artifacts.
These image artifacts can hinder effective reconstruction and visualization of the
acquired data but also limit the information or complicate its interpretation. The
three main factors that contribute to lower image quality are (i) the polychromatic
X-ray spectrum and metal artifacts; (ii) the contrast between materials; (iii) noise
and detector saturation.

3.1.1 Polychromatic X-ray spectrum and metal artifacts
The X-ray beam used for CT imaging commonly has a polychromatic nature, meaning
that the beam emitted from the X-ray source emits a spectrum of photon energies.
Exceptions for these polychromatic beams can be found in specialized synchrotron
facilities which generate a monochromatic beam, with photons of one specific energy.
Furthermore, the attenuation of X-ray photons traversing a material is energy depen-
dent. The attenuation coefficient of materials commonly present in cultural heritage
objects decreases as the photon energy increases. [5]

The standard computational models used in CT imaging rely on the assumption
that the X-ray beam is monochromatic, assigning a single attenuation coefficient to
each material. However, the polychromatic nature of the X-ray beam leads to an
error in the attenuation coefficients and the linear relationship between them and the
material thickness due to the energy-dependence of the attenuation. This is called
beam hardening and causes a variety of image artifacts. [35, 158]. Two signs of these
beam hardening image artifacts are "cupping" and "streaking". When regions in
the scanned sample appear brighter (higher density) at the edges than at the center
(decreased brightness) this is called a cupping artifact. Streaking artifacts show as
dark and light streaks around structures with a high density. Visual examples of both
image artifacts can be found in Figure 3.2.

An extreme example of such dense materials are metals. The attenuation coefficients
of metals are much higher than those for lighter materials such as ceramics, wood,
or textiles and can lead to incomplete attenuation profiles. In particular, around the
K-edge of metal elements - a sudden increase in X-ray absorption when the energy
of the X-rays is just above the binding energy of the innermost electron shell - the
absorption properties change substantially and cause errors in the reconstructed CT
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Figure 3.2: Simulated scans without (top row) and with (bottom row) beam hardening, showing
that dark streaks occur along the lines of greatest attenuation, and bright streaks occur in other
directions. Also note the subtle "shadows" beneath the surface, which is caused by beam hardening
and is called cupping artifact. Reprinted with permission from [21].

image. Metal objects in the field of view can therefore also lead to severe streaking
image artifacts. This is due to a combination of beam hardening and photon starvation
but can also originate in extreme contrasts within the radiographs. Photon starvation
is an effect where the attenuation of a material is so high that almost no signal for a
given X-ray beam is detected behind the object in some of the orientations. Without
a measured signal, star-like streaks originating in the metal structure appear in the
CT reconstruction (cf. Figure 3.2).

3.1.2 Contrast between materials
The concept of contrast is generally hard to measure and quantify. A common aim
when conducting CT scans is to have a high difference in absorption between the
features of interest inside the object and their surroundings, including the scanning
medium (air, sand, water, etc.) [174]. A high contrast-to-noise ratio (CNR) enables
visual interpretability and might be very case-dependent. For many materials common
in cultural heritage the absorption curve has a steeper slope for lower photon energies.
Therefore, lower photon energies in the X-ray beam enable more contrast between
the different materials [142]. This property can be utilized to achieve higher contrast
between the different materials by creating a beam spectrum with photons whose
energy is low but sufficient to penetrate the object.

3.1.3 Noise and detector saturation
In a CT scan, all angular projections are acquired using a fixed exposure time and
source current, which jointly determine the beam intensity that reaches the detector
after interacting with the object. When acquiring the projection images, it must be
ensured that for each individual projection the detector measures a sufficient signal
across the X-ray image, while at the same time not saturating the detector at any
particular location.
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For a given exposure time, the maximum source intensity is limited by the values
measured at the detector without an object present between the X-ray source and the
detector (the so-called "flat-field"), which should not trigger detector saturation. The
minimum suitable values for intensity and exposure time can be found by rotating the
object to find the line of sight that has the largest attenuation, resulting in the lowest
signal at the detector across the full CT scan. As a rule of thumb, this value should
be at least a factor 2-3 greater than the signal measured with the source turned off
(the so-called "dark-field") or around 5% of the total count range [188].

It is noteworthy that the photons in the low-energy range of the spectrum contribute
to detector saturation, while at the same time may hardly contribute to the actual
signal measured while scanning the object. Filtering out these photons at the source
can therefore be useful in improving penetration of the object while avoiding detector
saturation. Within these limits, increasing the beam intensity will lead to a higher
signal-to-noise ratio (SNR) of the projections, resulting in reduced noise in the
reconstructed CT image.

3.2 Methods
In this section we describe the concepts and resources used for the investigation of
the two case study objects.

3.2.1 Concept of beam filtration
As described in the background section, the interplay between a broad beam spectrum
and the energy-dependent absorption of the sample’s materials can create a range
of image artifacts. In this section, we discuss the concept of beam filtration which
is the placement of materials into the X-ray beam that modify the spectrum of the
beam. We describe how beam filtration can reduce the low-energy portion of the X-ray
spectrum, commonly referred to as "pre-hardening the beam", and allows mainly
higher energy X-rays to pass through the scanned object. This narrows the standard
beam spectrum for CT imaging as well as shifts its mean photon energy towards higher
energies, minimizing image artifacts due to beam hardening and avoiding saturation
of the detector.

The filtration of the beam typically happens at or near the X-ray tube window in the
direct path of the X-ray beam. The filters applied to the X-ray beam are commonly
thin sheets of metal, such as aluminum (Al), copper (Cu), iron (Fe), tin (Sn), and
tungsten (W), but studies have shown that combination filters of different materials
and thicknesses are even more effective in reducing the image artifacts [77, 87, 96].
These compound filters combine the different attenuation characteristics of various
materials and result in more effective filtering by reducing intensity of low-energy
photons over a wider band. One well-established compound filter is the so-called
Thoraeus filter, which consists of tin, copper and aluminum at varying thicknesses.
This compound filter can effectively filter out photons carrying an energy of 1.5 keV
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Figure 3.3: Beam spectra of a tungsten target X-ray source with an X-ray exit window made of
300µm Beryllium simulated by TASMIP software [22]. a) at different tube voltages 50kV, 75kV,
90kV (A continuous distribution of energies composed of Bremsstrahlung photons and discrete lines
of characteristic radiation [for tungsten 58 and 69keV] can be seen. The maximal photon energy
of the beam spectrum is determined by the tube voltage. This maximal energy though is hardly
represented by photons, while most of the photons are at roughly one third of this peak energy); b)
at tube voltages of 50/75kV filtered with either aluminum, copper or tin of varying thicknesses (see
legend); c) at varying tube voltages 60, 65, 70, 75kV filtered with a Thoraeus compound filter of Sn
0.25mm, Cu 0.5mm, Al 0.5mm

to 70 keV [93]. In practice, very low energy photons are filtered out already by the
X-ray tube exit window itself. In Figure 3.3 the beam spectra of a tungsten target
X-ray source operated at different tube voltages and with different filters are shown.

3.2.2 Hard- and software
This explorative study is a collaborative work of conservators, curators and researchers
from the Rijksmuseum, Amsterdam, and CT imaging scientists from the Centrum
Wiskunde & Informatica (CWI) Amsterdam. All scans were conducted in the custom-
built FleX-ray Lab at CWI, which contains a highly flexible X-ray CT scanner,
developed by TESCAN XRE NV [216]. Generally, this laboratory is used to conduct
proof-of-concept studies in the field of mathematics and computer science [43]. The
scanner has three main components: i) a cone-beam microfocus X-ray point source
emitting polychromatic X-rays between 20 keV and 90 keV with a tube current between
10 µA and 1000 µA; ii) a rotation stage, on which samples of different sizes (up to
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Figure 3.4: Scanning setup for the case study objects in the FleX-ray scanner

40 cm×40 cm×40 cm) can be mounted; and iii) a CMOS (complementary metal-oxide
semiconductor) flat panel detector with a CsI(Tl) scintillator (Dexella 1512NDT,
[131]) with 1536 x 1944 pixels, 74.8 µm2 each, onto which the X-rays are projected.
The off-set counts (“dark currents”) and the maximal readout of this detector are
given by ∼ 1, 000 and 65,000 counts respectively. Translation stages enable all three
components to move independently from one another. An image of the scanning
set-up is shown in Figure 3.4.

We point out that the maximum tube voltage available for the FleX-ray scanner is
lower than other commercial systems that range between 40 to 225 kV. The purpose
of this work however is to investigate the two case study objects and to give general
guidance on designing object-tailored CT scans. Particular results will be dependent
on the individual scanners used. Specifically, the available maximum tube voltage
will have a strong impact on the ability to penetrate the objects. For some of the
experiments in this work the maximum tube voltage of the FleX-ray scanner limits
the shaping of the beam spectrum tailored to the given materials in the objects
but because of their small thickness, it was possible to reduce the metal artefacts
sufficiently to reveal the layers and other materials in the object.

For the purpose of beam filtration we designed an extension to the current FleX-ray
Lab setup to have a stable, exact and reproducible way of filtering the X-ray beam.
The key idea is to attach a tool on the X-ray tube that enables to place various
filters into the beam line. These filters should be held in a fixed position and also
the use of multiple filters of different materials and thicknesses should be possible.
Therefore, we modelled a beam filter holder for 3D printing, which can be mounted on
the tube, and corresponding filter frames in which the filter materials can be clamped
in. Similarly to a slide projector these filter frames can then be placed into one of
five slits of the beam filter holder. We designed the filter frames so that they are
always tightly positioned within the slits and can host filter materials with a thickness
ranging between 0.1 and 4.0mm. The technical drawings can be found in Figure 3.5
and the construction files can be made available upon request.
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Figure 3.5: Technical drawings of the 3D-printed DIY filter holder.

For the processing of the CT data and 3D reconstruction in this article, the FleXbox
software [118] was used. First the data was flat- and dark-field corrected using the
corresponding recorded dark-fields (D) and flat-fields (F). Each projection image
consists of raw photon counts per detector pixel. With the dark-fields we correct
for the off-set counts of the detector system and the flat-field images are used to
normalize pixel-dependent sensitivities of the detector. This way the projection images
(P) can be corrected and converted into a beam intensity loss image I following the
Beer-Lambert law with the following formula:

I =
P −D

F −D
(3.1)

After applying the negative logarithm a reconstruction was obtained using the FDK
algorithm [59]. Apart from the flat- and dark-field corrections the data was not post-
processed with any computational processing filters to correct/reduce image artifacts.
Our purpose in this study is to single out the impact of the different acquisition
settings on the image formation.

3.3 Experiments and results
In this section we show the influence of different filters and acquisition parameters on
the CT image formation and give general guidance on choosing suitable acquisition
parameters.
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3.3.1 The case studies

To demonstrate the need for an object-tailored acquisition process for cultural her-
itage objects, we have chosen two case study objects from the textile collection of
the Rijksmuseum, Amsterdam, The Netherlands. The objects under investigation
were a late 16th-century green velvet purse [169] (case study object 1) and an early
17th-century purple velvet knife holder [170] (case study object 2) which are shown in
Figure 3.6. In the following section we will investigate the influence of CT acquisition
parameters on the image formation and give general guidance on how to scan these
objects. Restricted by the limited time that the cultural heritage objects were available
for scanning at our institution we calculated the maximal exposure time available
to each scan and kept it at a static value across all scans to be able to conduct
all the scans in the different acquisition modes within the available time. Keeping
the exposure time constant across different measurements furthermore allowed for
a better comparison between the scans and with this we show the necessity for an
object-tailored CT acquisition.

To our knowledge there is currently no suitable framework that would give a good
indication of improved image quality for visual interpretation and analysis for cultural
heritage objects. As there is no ground truth to compare reconstructions to, and
as the interplay between artifacts, noise, and contrast will lead to complications for
any quantitative metric such as PSNR, SSIM or MSE, we chose to focus here on
qualitative evaluation in the context of the ability to answer specific questions about
the object based on the CT-images.

The aim of the CT scans was to uncover information about very thin layers within
the objects. Therefore, we chose the full detector resolution with 1911× 1520 pixels
with no hardware binning and used 2881 projections (motivated by the Nyquist-
Shannon theorem [94]) for both case studies. All projections have been taken with
one frame without averaging. Furthermore, 50 dark- and flat-fields both before and
after the scans have been acquired for all case study scans to allow for an adequate
pre-processing of the projection data according to formula 3.1.

To be able to detect very thin layers with our scans we aimed to have a voxel-size
within our object of 54.9 µm (green velvet purse) and 45.0 µm (purple velvet knife
holder) and positioned the object and detector accordingly. Due to this choice of
resolution the objects did not fully fit on the detector in the vertical direction. There-
fore, we conducted scans with the detector and source at different heights, to obtain
tiled scans of the full object. These were first reconstructed independently and then
the resulting volumes were stitched together using the merging capabilities of the
FleXbox software [118]. For the velvet purse we used two and for the knife holder four
vertical tiles. The total scan time and data size amounted to 163 min and 201.3 GB for
the six scans of case study 1 and 138 min and 184.4 GB for the five scans of case study 2.
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Figure 3.6: Case study objects "Green velvet purse" (BK-KOG-29 [169]) and "Purple velvet
knife holder" (BK-NM-3086 [170]) from the textile collection of the Rijksmuseum, Amsterdam, The
Netherlands.

Case study object 1: "Green velvet purse"

At first sight, this peculiarly shaped object looks like a case for a pair of scissors with
a small, leather lined purse on its front with a drawstring. However, the fact that
it is not possible to open the case itself complicates probing this hypothesis. Of the
three examples surviving in the Netherlands (Rijksmuseum BK-KOG-29, Amsterdam
Museum KA-18660, and Oranje-Nassau Museum) two are covered with plain velvet
and the third is embroidered with seed pearls and gold thread. Other examples, in
France (Musée de Cluny, Paris) and Italy (Bargello, Florence) are similar to the Dutch
examples. In the Amsterdam Museum example, three coins were found, one of which
dates from 1591, indicating that it might have served as a purse for coins. Besides the
function as a scissor-case or purse, the strong resemblance of the object’s shape to a
phallus makes an erotic connotation possible as well [8].

Through the use of CT scans, we hoped to determine how the purse was made, which
materials were used and what gives it its shape. One of our main research questions
was whether the object box is empty, indicating it might have been a case, or if there
is something inside and if so, what. The answers to these questions can be found in
the section Significance for the image interpretation and analysis of the object.

The purse has dimensions of roughly 11.0 cm in length, 7.5 cm in width and 3.0 cm
in thickness. The materials used are velvet on the exterior with metal eyes on the
top, as well as leather lining in the pouch on the front. The velvet is adorned with a
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Figure 3.7: From left to right, top to bottom: Radiographs of the "Green velvet purse" with
different tube voltages between 20kV and 50kV in 5kV steps with the same tube current (1000µA),
same exposure time (200ms) and no filtration.

drawstring of braided gold thread with a silver core. These metal parts in particular
make it difficult to scan and have to be investigated with radiographs to make sure that
there is limited photon starvation and that sufficient radiation reaches the detector.

Insights and intuitions on the scan design and acquisition parameter choices. To de-
termine the minimal photon energy necessary to penetrate the object, we empirically
determined the rotation of the scanned object under which we observe the lowest
detector counts. This corresponds to the largest attenuation in the line of sight and
was found to be in the orientation visible in Figure 3.7 where the braided gold/silver
wire balls overlay the drawstring outline. In this orientation we increased the tube
voltage with steps of 5kV while observing the minimal detector count.

We observed that for tube voltages between 20 and 40 kV the object is not well
penetrated resulting in dark/occluded areas where almost no signal was detected
behind the object in this line of sight. When using tube voltages above 40 kV we see a
sudden increase in the minimal count which implies that a minimal photon energy of
40/45 keV is needed to penetrate all regions of the object in this orientation and in the
current configuration of Source-Object-Distance (SOD) and Source-Detector-Distance
(SDD). Simultaneously, we observed that without filtration the detector is saturated
for a tube voltage of 50 kV and a tube current of 1000 µA.

Furthermore, we reviewed the material composition of the scanned object, i.e. silver
and gold, and their main K-edges lie at 25.51 keV and 80.72 keV. To exclude these
photon energies, the tube voltage should be set below 80 kV and the filtration should
be chosen such that it filters out all photons below an energy of e.g. 30 keV to exclude
the silver K-edge. We point out that a tube voltage of 80kV is low for these materials
and realize that such low tube voltages are a limiting factor for penetrating thick
layers of metal but for our particular CT-system the tube voltages available are bound
by regulatory requirements. However, thin layers of metal as presented by the case
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study objects can also be penetrated with the available tube voltages and enabled
still acceptable results. With higher tube voltages it might then be advisable to filter
out photons with an energy lower than e.g. 85 keV.

To give the readers of this work insights and intuitions on how different choices of
acquisition parameters would influence the resulting radiographs and reconstructions
we designed in total six CT scans for the "Green velvet purse". The six conducted
scans include two untailored and unfiltered acquisitions, three single-material filtered
CT scans as well as one with a Thoraeus compound filter.

For the untailored scans a standard choice simply based on the radiographs and
the measured detector signal would result in an unfiltered scan with a tube voltage
of 50 kV and a tube current of 700 µA. A second choice aiming for better object
penetration would be choosing a higher tube voltage of 75 kV as well as a reduced
tube current of 200 µA to avoid saturation of the detector.

For the filtered scans common filter choices would for example be thin sheets of
aluminum filtration to filter out very low-energy photons [61] or to use small amounts
of copper or tin filtration at higher tube voltages. Lastly, we conducted a scan with a
Thoraeus compound filter. To have enough signal we set the maximal tube current of
1000 µA for all of them.

The case study object has not been moved between the different acquisitions to avoid
the necessity to register the reconstructed image volumes. If the object would have
been moved between the scans a registration of the image volumes would be necessary
to be able to compare the scans directly with each other since the orientation of
the 2D slices might be slightly different. Therefore, the acquisition parameters were
changed digitally and the replacement of the chosen filtration was carried out very
carefully avoiding to touch the scanned object. All scans have been conducted in
the “High Power”-mode of the FleX-ray scanner which uses a focal spot size below
45 micrometer for operations up to 90W [43]. The exposure time selected for all the
scans was limited by the total available scanning time and had to be restricted to a
static value of 200ms. All other details of the scan settings for this case study that
we selected for illustrative purposes can be found in Table 3.1.

Furthermore, all six corresponding beam spectra used for scanning the case study
1: "Green velvet purse" can be found in Figure 3.3. The main insight from this is
that the mean photon energy in the spectra shifts continuously to higher energies
from ∼ 25 keV to ∼ 60 keV from scan 1 to scan 6. This means that a higher fraction
of the X-ray photons within the beam spectra have sufficient energy to be able to
penetrate the object and that dependent on the chosen filtration the severity of photon
starvation artifacts will be reduced.

Radiographs and reconstructions of case study 1: "Green velvet purse". In the follow-
ing section we will show radiographs and the reconstructions of these six CT scans and
analyse them. In Figure 3.8, two horizontal cross-section slices from the reconstruction
at different heights in the object and the radiographs of all the different scans (1-6)
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are presented. We have selected these two cross-sections because they show two levels
of severity of the beam hardening and metal artifacts. Once caused by four and once
by eight metal trimmings visible in the slices.

In the radiographs for the different acquisition parameters it is visible that changing
the tube voltage from 50 kV to 75 kV led to an increased object penetration. Adding
aluminum filtration decreased the overall signal but there is no other change in the
radiograph observable. Adding stronger filtration leads to less occlusion in the radio-
graph, which remains only noticeable where multiple metal parts of the velvet purse
overlap in the line of sight. However, it also significantly decreases the number of
counts and the radiographs appear darker and noisier. The shown projection images
have not been adjusted in brightness/contrast level to visually illustrate the decreasing
detected signal. Therefore, it is hard to see that there is an increased penetration of
the metallic parts of the velvet purse. In the reconstruction the increased penetration
of the object can be observed more clearly and how this helps the analysis of the object.

Analysing the reconstruction slices shows an overall image quality improvement from
scan 2 towards scan 6. Adding aluminum filtration shows almost no visible difference.
The reconstructions of the scans with 75 kV tube voltage show a better penetration
of the object but with no filtering there are severe beam hardening and metal image
artifacts visible in the cross-sections. With increasing filtering these image artifacts
decrease while the noise level rises. Finally, scan 6 has almost no image artifacts within
the purse and only small and reduced image artifacts on the corner trimmings. This
can be explained by the fact that the minimal photon energy necessary to penetrate
the object was determined to be 40/45 keV and the chosen Thoraeus filtration filters
out photons with energies between 1.5 keV ≤ Ephot ≤ 40 keV. For the second slice
with eight metal trimmings the image artifacts within the left and right part of the
purse are almost fully removed but in the middle still heavy image artifacts can be
observed. This is due to the overlap of multiple metal trimmings in the line of sight
for most of the projection images. Although scan 6 exhibits a higher noise level and
even shows beginning ring artifacts due to very low detector signal, the reconstruction
cross-section slices provide more interpretable information for the cultural heritage

Table 3.1: Acquisition parameters of the scan of case study 1: "Green velvet purse"

Scan 1 Scan 2 Scan 3 Scan 4 Scan 5 Scan 6
Beam parameters
Tube voltage 50 kV 50 kV 75 kV 75 kV 75 kV 75 kV
Tube current 700 µA 700 µA 200µA 1000 µA 1000µA 1000 µA

Filters None Al 0.5mm None Cu 0.5mm Sn 0.25mm

Sn 0.25mm
Cu 0.5mm
Al 0.5mm

Camera settings
Exposure time 200ms
Nr. of projections 2881
Nr. of averages 1
Geometry
Source-Object-Distance (SOD) 447mm
Source-Detector-Distance (SDD) 609mm
Object voxel size 54.9µm
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Figure 3.8: From left to right, top to bottom: Two reconstruction cross-sections and one radiograph
for all six conducted scans of the "Green velvet purse" with the specific acquisition parameters listed
in Table 3.1. The cross-section images shown are taken from slice 1698 and slice 2108. Additionally,
comparisons of zoomed-in regions and histograms of scan 1, 3, and 6 of slice 1698 illustrate the
improved quality of the object-tailored scan 6.
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object’s analysis because of the limited beam hardening and photon starvation artifacts.
This is also visible in the histograms of the reconstructed slices (cf. Figure 3.8 which
show that less pixels have negative or very high values in comparison to the majority
of the pixels in the object-tailored scan 6. With more available scanning time the
noise level can be compensated by increasing the exposure time but could not be done
for our experiments because of time restrictions regarding the scanning of the cultural
heritage objects.

Significance for the image interpretation and analysis of the object. Through the object-
tailored CT scan (scan 6), in which the shadows caused by the metal thread trimmings
were filtered out, it was possible to closely examine the interior of the purse. In both
the unfiltered and filtered reconstructions, it became clear that the purse itself is not
hollow, but instead stuffed with several layers of a certain material. Counting the
layers and identifying the material of this stuffing was complicated in the unfiltered
scan, due to the image artifacts introduced by beam hardening. In the filtered recon-
struction, it was possible to identify 11 layers of a non-woven material. The fact that
this material showed irregular thicknesses, no evidence of weaving, and no different
properties on its different sides, as would be the case for leather, strongly suggests
that felt was used.

It was possible to identify a leather lining on the pouch on the front of the object. The
CT scan, however, clearly revealed that this lining was only attached at the top and
bottom of the pouch, and detached throughout the rest of the pouch (cf. Figure 3.8).
The velvet is furthermore damaged in certain parts, and repaired with a paper-like
material with a matching green colour.

The object-tailored CT scan allowed through its artifact reduction for an easier analy-
sis of the cultural heritage object, for the identification of the filler material based
on its structural characteristics as well as provided insights into its build-up. While
it was possible to disprove the hypothesis of the purse being hollow and made for
holding scissors or other small objects, its precise use remains unknown for now.

Case study object 2: "Purple velvet knife holder"

This early-17th century purple velvet knife holder is elaborately decorated with gold
and silver embroidery, and freshwater seed pearls in floral motifs. The removable cap
reveals golden decorations of two hands holding a flaming heart and three internal
compartments, the contents of which are unfortunately lost. The question arises
what it could have contained, besides presumably a knife and a fork, the case being
too narrow to contain a spoon unless quite small and shallow. The materials used,
and type of decorations present, are reminiscent of a contemporaneous pouch at the
Rijksmuseum (BK-NM-11110).

The CT scan was conducted to investigate the construction and material composition
of the velvet knife holder. The shape and depth of the third cavity might provide
insight into what kind of third object the case once held. Additionally, we wanted
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Figure 3.9: Radiographs of the 0 degree and 90 degree position of the knife holder with same tube
voltage (35 kV), the same tube current (1000µA), same exposure time (100ms) and no filtration.

to discover if the textile was pre-embroidered and how it was attached to the case.
The answers to these questions can be found in the section Significance for the image
interpretation and analysis of the object.

The Rijksmuseum knife holder has dimensions of roughly 22.0 cm in length, a maximum
of 3.4 cm in width and a maximum of 2.5 cm in thickness. The relevant materials used
are paper or wood in its interior, with a velvet exterior decorated with gold and silver
thread as well as small pearls.

Insights and intuitions on the scan design and acquisition parameter choices. For this
second case study object, the availability of prior information of scanning a similar
object (case study object 1) in terms of materials (velvet, leather, gold/silver threads)
simplified the scan design process. In contrast, the dimensions of this object were a
bit different. A reconstruction with a standard, untailored parameter selection, which
exhibits severe image artefacts, was already shown in Figure 3.1. Here, we will focus
on the importance of choosing the correct rotation and the trade-off regarding the
fine tuning of the tube voltage. The impact of the different parameter choices will be
shown with the corresponding beam spectra, radiographs and reconstructions.

The purpose of the radiographs shown in Figure 3.9 is to illustrate the importance
of quantitatively determining the respective minimal count that corresponds to the
largest attenuation in the line of sight. Although it might be non-intuitive the 0 degree
position is causing a higher attenuation than the one in the 90 degree position. With-
out determining this rotational position there might be lines of sight where the object
is not penetrated sufficiently. This can lead to image artifacts due to photon starvation.

After finding this rotational position we determined the minimal photon energy needed
to penetrate the object again. We observed that the needed minimal photon energy
is 35/40 keV and that with no filtration for a tube voltage of 60kV our detector was
already saturated. For a tube voltage of 50 kV we saw sufficient minimal detector
signal when not taking the object’s characteristics into account. But with prior
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knowledge from the previous case study we decided again to use a "Thoraeus filter"
and to stay below a tube voltage of 80 kV because of the K-edges of gold.

To illustrate the trade-off between the reduction of beam hardening image artifacts,
improved contrast, and reduced noise we designed four CT scans with identical
acquisition parameters which only differ in their respective tube voltage (see Table
3.2). To have enough signal we had to choose the maximal tube current of 1000 µA
for all of them. The exposure time selected for all the scans was limited by the total
available scanning time and had to be restricted to a static value of 200ms

Table 3.2: Acquisition parameters of the scans of case study 2: "Purple velvet knife holder"

Scan 1 Scans 2-5
Beam parameters
Tube voltage 50 kV 60/65/70/75 kV
Tube current 500 µA 1000µA

Filters None

Sn 0.25mm
Cu 0.5mm
Al 0.5mm

Camera settings
Exposure time 200ms
Nr. of projections 2881
Nr. of averages 1
Geometry
Source-Object-Distance (SOD) 234mm
Source-Detector-Distance (SDD) 389mm
Object voxel size 45.0 µm

The impact of the different parameter choices can be already seen in the corresponding
beam spectra in Figure 3.3 and will be described and illustrated in more detail in the
radiographs and reconstructions in Figure 3.10. When looking at the four different
beam spectra it can be seen that three important changes are introduced: (i) The
change of the maximal photon energy in the spectrum; (ii) the change of the mean
photon energy in the spectrum; (iii) the change in overall intensity of the beam. This
will influence the penetration of the X-ray photons in the object, the contrast of the
images, and the overall SNR.

Radiographs and reconstructions of case study 2: "Purple velvet knife holder". In
Figure 3.10 we show the results of our investigation trying out different tube voltages
between 60 and 75 kV while keeping all other acquisition parameters the same. This
was done since for many materials common in cultural heritage the absorption curve
has a steeper slope for lower photon energies. This leads to higher contrast between
the different materials. The radiographs in Figure 3.10 show, similarly to the beam
spectra in Figure 3.3, that with lower tube voltage also the overall signal decreases
which makes the radiographs a bit more noisy. For tube voltages of 60 or 65 kV the
signal measured by the detector is very low and is even close to the dark currents of
our detector.

At the same time the change of tube voltage influences the extent of the beam
hardening image artifacts due to the shift of the mean and maximal photon energy in
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Figure 3.10: From top to bottom: Reconstruction slices and radiographs of the "Purple velvet knife
holder" of scans 2 - 5 with the specific acquisition parameters listed in Table 3.2.The cross-section
images shown are taken from slice 1084.
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the beam spectrum. Whereas for scans 4 and 5 there are almost no image artifacts
present in the inside of the object, scans 2+3 show more dominant image artifacts.
Also, the beam hardening image artifacts in the cavities close to the outer casing are
more prominently visible for these two. Nevertheless, there is an increased contrast
noticeable between the different materials. This shows that there is a trade-off between
having less image artifacts, improved contrast and reduced noise. Scan 4 exhibits a
reduction of beam hardening effects with overall acceptable noise as well as contrast
levels and was found qualitatively the best trade-off between these objectives.

Significance for the image interpretation and analysis of the object. A clear improve-
ment is noticeable when comparing the unfiltered reconstruction slices of scan 1 with
the filtered reconstruction slice of scan 4. In the scan 1 reconstruction (as presented
in Figure 3.1), features of the inner structure are hard to interpret as a result of the
image artifacts introduced by beam hardening. In the scan 4 reconstruction, however,
these features are more well-defined and easier to distinguish.

This difference in scan quality, supplemented with visual observation of the object,
allowed us to gain a better understanding of the materials used and the construction
of the object. The three compartments are separate cylindrical shapes, made from
(possibly stiffened) paper, that are inserted into a leather outer shell that holds them
together. The velvet exterior is attached to this leather outer shell, presumably using
glue. The middle cylinder, or cavity, gets pressed together by the adjoining cavities, as
the case gets narrower towards its bottom. The shape of the cavities did not give any
indications on what the third object could have been that the knife holder once held.
The crisp features of the filtered reconstruction allowed us to investigate whether the
leather outer shell had any holes, indicating that the exterior was embroidered after
attaching it to the object. As no holes were found, however, we concluded that the
pearls and floral motifs were applied to the velvet prior to it being glued to the object.
The golden plated strips running along the sides of the case covering the seams could
perhaps be added after application, as these are most likely glued onto the velvet as
opposed to being stitched.

3.3.2 General concept of steps for an object-tailored CT scan
With the insights and intuitions we gained while investigating the two case study
objects, testing various acquisition parameters and observing their influence on the
CT image formation, we reflected on a general concept of steps for designing an
object-tailored CT scan. Although all investigations were carried out for a specific
CT system as well as specific objects and need to be optimized for individual cases,
the following six steps can guide cultural heritage professionals through the process of
finding suitable CT acquisition parameters:

1. Determine a suitable SOD and SDD to achieve the desired resolution in the CT
reconstruction of the object under investigation. Please be aware that a later
change in the tube current or exposure parameters might affect the focal spot
size and reduce your resolution.
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2. Empirically determine the rotational position with the lowest detector signal
which corresponds to the largest attenuation in the line of sight.

3. Investigate the minimal photon energy needed to penetrate the object in this
rotational position by slowly increasing the tube voltage while observing the
minimal detector signal.

4. Choose adequate filtration that can filter out the low energy part of the spectrum.

5. Exclude the K-edges of any metals within the object by adjusting the tube
voltage accordingly.

6. Calculate the maximal feasible acquisition time per projection image of the
detector from the total available scanning time to achieve the highest SNR
that satisfies the given time and saturation constraints. Also, consider taking
multiple frames for averaging each projection, if the total available scanning
time allows for that.

7. Find a balance for the trade-off between the reduction of beam hardening image
artifacts, improved contrast, and reduced noise by adjusting the tube voltage
and tube current within the given boundaries.

3.4 Discussion and conclusion
In this study we have introduced how the multi-material nature of cultural heritage
objects exhibit challenges for CT scanning and presented several key factors that
influence CT image formation. We addressed their underlying physics and discussed
how the concept of beam filtration can improve the image quality of CT scans.
Illustrated on two case study objects the influence of CT acquisition parameters was
investigated and we gave general guidance on how to design a CT scan and how
to choose suitable acquisition parameters. We showed that an object-tailored CT
acquisition of two case study objects yielded a clear image quality improvement and
helped the cultural heritage experts in their analysis. Lastly, we extracted a general
concept of steps for museum professionals to design an object-tailored CT scan for
individual cases.

Despite the clear image quality improvement of this object-tailored method compared
to an untailored CT acquisition, the main disadvantages are firstly that through
the filtering the beam intensity is reduced, which results in a decreased SNR, and
secondly that the beam hardening problem cannot be completely eliminated [87]. To
counter the degraded X-ray signal and greater image noise, longer exposure times and
averaging can be used [92]. Depending on the available scanning time and capabilities
of the scanning facility these disadvantages can therefore be mitigated. Overall, the
object-tailored choice of acquisition parameters can help though to produce a cleaner
image by absorbing the lower energy photons that do not reach the detector and that
tend to scatter more. The beam filtration also enables the use of a higher voltage,
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current and longer exposure times since it prevents the X-ray detector to become
saturated through the low-energy photons in the beam spectrum.

The results presented in this manuscript are of course for a specific CT system as
well as specific objects and need to be tailored to new individual cases. With the
concept of steps for an object-tailored CT scan design we provided a short guidance
for this, while the two case studies provide insights and intuitions on choosing suitable
acquisition parameters that take the objects’ characteristics into consideration and
improve image quality in CT reconstructions.




