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Voxel Size Calibration for High-resolution CT

Marek Zemek1, Pavel Blažek1, Jan Šrámek
2
, Jakub Šalplachta

1
, Tomáš Zikmund1, Petr Klapetek1,2, Yoshihiro Takeda3,

Kazuhiko Omote3, Jozef Kaiser1

1Central European Institute of Technology, Brno University of Technology, Brno, Czech Republic, e-mail:
marek.zemek@ceitec.vutbr.cz, pavel.blazek@vutbr.cz, jakub.salplachta@ceitec.vutbr.cz, tomas.zikmund@ceitec.vutbr.cz,

jozef.kaiser@ceitec.vutbr.cz

2Czech Metrology Institute, Department of Primary Nanometrology and Technical Length, Brno, Czech Republic, e-mail:
jsramek@cmi.cz, pklapetek@cmi.cz

3Rigaku Corporation, 3-9-12, Matsubara-cho, Akishima-shi, Tokyo, 196-8666, Japan, e-mail: y-takeda@rigaku.co.jp,
omote@rigaku.co.jp

Abstract

In cone-beam X-ray computed tomography (CT), distances between the source, object, and detector influence the visual fidelity
and voxel size of a reconstructed volume. Calibration using reference objects is an appropriate tool for preventing errors in the
estimates of these distances. There is, however, a lack of such objects for high-resolution systems with a small field of view
(FoV). In this work, we propose a method to measure the distances mentioned above, improving the determination of voxel size.
We use a custom reference object suitable for a FoV of around one millimeter. Many approaches have been developed for this
calibration task and discussed in the literature, but none apply to CT scanners with a small FoV and a cone-beam magnification
close to one. The proposed method thus aims to provide a calibration procedure for such devices. A Rigaku Nano3DX CT
scanner has been calibrated through this method and used for practical validation of the method’s accuracy. Results have shown
that this approach allows for accurate calibration, which leads to improvements in reconstruction quality and accuracy of voxel
size determination.

voxel size, calibration, nano-CT

1 Introduction

In cone-beam CT, knowledge of the CT system’s geometry is important for a variety of reasons. Differences between the exact
geometric parameters and those assumed during tomographic reconstruction lead to errors in the reconstructed data. Two of the
most important geometric parameters of a CT device are its source-detector distance (SDD) and source-origin distance (SOD).
The first refers to the distance between the X-ray source and detector, while the second is the distance between the source and the
sample volume’s center, or origin, which ideally coincides with the machine’s axis of rotation [1]. Accurate knowledge of these
distances leads to potentially higher quality reconstructions, as well as a better determination of the voxel size, which is crucial
for dimensional measurement [2].

The voxel size (v) of a tomographic reconstruction can be determined as

v =
p

M
, (1)

using the detector pixel pitch (p), and cone-beam magnification (M), the ratio of SOD and SDD. Besides deviations in the
estimates of these two parameters, the true value of v is affected by X-ray source drift, thermal expansion of CT components,
detector and stage tilt, and more [2]. Calibration of the CT hardware can minimize errors in v caused by many of these factors.
One can approach the calibration task in various ways. In some cases, reference instruments such as laser interferometers can
be used for precise measurement of distances between CT system components. Other methods are based on imaging a reference
object and analyzing its radiographs or volumetric data [3].

Currently, state-of-the-art voxel size calibration consists of scanning a reference object before the actual CT measurement and
adjusting the voxel size using distances between reference features in this preliminary scan [4]. This procedure helps avoid errors
due to poor repeatability of the kinematic system, or thermal drift due to instability of the CT scanner’s environment on longer
time scales [5]. Various designs consisting of ball plates or ball bars are often used as reference objects for such calibration
protocols [4, 6]. The distance between centers of two balls is a suitable reference because it is assumed to be independent of
surface determination [2] and significantly dependent on the geometry of the CT scanner.

Voxel size calibration is well established for cone-beam micro-CT devices with FoVs in the order of 10 mm and more, with
plenty of suitable reference objects available [6]. Challenges occur when performing CT measurements at resolutions around a
micron or lower, with FoVs of only a few millimeters and smaller; devices operating at this scale can be referred to as nano-CT
[7].
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The lack of sufficiently small reference objects suitable for calibration is a major hurdle. Some of the smallest currently
available calibration phantoms consist of ruby spheres with a diameter of 0.5 mm [6, 8]. Phantoms with smaller ruby spheres
were manufactured [9], but performing traceable reference measurement at such a small scale is a difficult task. The time needed
to perform a single measurements is considerable, which further complicates matters. The exposure times necessary at such
resolutions often reach 30 seconds per projection, leading to scan times of more than 10 hours for one dataset [10].

An alternative approach consists of calibrating a CT machine through analyzing projections of a reference object. Such
calibration methods commonly yield a number of parameters that describe various aspects of a particular CT scanner’s geometry.
In terms of voxel size calibration, the most relevant parameters are the SOD and SDD. Once these are known accurately,
Equation 1 is used to calculate a CT reconstruction’s voxel size indirectly. A rudimentary example of how to measure the SDD

is presented in [1], where two radiographs of a reference object are imaged at different known positions and compared to yield
a distance estimate. In addition to this example, works by Noo et al. [11], von Smekal et al. [12], Sawall et al. [13], Zhao
et al. [14], Zhang et al. [15], Yang et al. [16], Illemann et al. [17], Ferruci et al. [19], and Bircher et al. [18] are only some
of many possible approaches to CT scanner calibration. These go beyond measuring only the SOD and SDD, as they attempt
to describe a calibrated scanner’s geometry completely. Zhao et al. [14] use several projections of a Two-Piece-Ball phantom
at a single position to estimate the system geometry. Zhang et al. [15] propose a method based on imaging a wire phantom
at different magnifications, obtaining the SDD and SOD in the process. Illemann et al. [17] use projections of a metal grid
obtained at different magnifications to calculate the SDD and SOD, using a laser interferometer to determine the difference of
SODs between positions. An approach based on imaging a reference object at different magnifications is also used by Bircher et
al. [18]. These methods were developed for a conventional cone-beam geometry with high magnification M, and the phantoms
used are often complex and relatively large. Some nano-CT scanners, however, utilize a different geometric setup, which notably
features much smaller values of M [20, 21]. These factors, along with the need for smaller reference objects, make the methods
above inapplicable to such devices.

In this work, we propose a projection-based calibration method for voxel sizes of CT measurements with high resolution and a
small FoV. A CT scanner’s SDD and SOD are measured using radiographs of a reference object, which are then used to calculate
the voxel size. The measurement is based on other known values – the pixel pitch of the detector, the reference dimension of
the object, and the difference between distances at which the radiographs are acquired. The reference object used is a custom
phantom utilized in a previous work [22]. The method takes into account the particular hardware used in our laboratory, the
Rigaku Nano3DX [24], which has a fixed SOD and only allows for changes in the SDD. It is, however, not restricted to this
hardware. The main advantage of the proposed approach is its applicability to nano-CT systems with values of M close to one. In
addition to that, the time necessary for calibration is shorter than calibration using volumetric CT data [22]. We test the feasibility
of this method and evaluate its accuracy by acquiring and analyzing CT volumetric data after calibration.

2 Materials and Methods

2.1 Manufacturing and Reference Measurement of Calibration Phantom

The proposed method uses a phantom consisting of two ruby balls of nominal diameter 0.3 mm, which was used in a previous
study [22]. The phantom was measured using a SIOS NMM-1 nano-CMM machine with tactile sensor (a ruby sphere of diameter
0.12 µm) [23]. The measurement was repeated 10 times in different positions of the measurement space. Data evaluation was
based on sphere fitting, performed by the NMM-1 software. The measured center-to-center distance between the phantom’s
spheres is (579.18 ± 0.06) µm. Uncertainty of measurement was determined by the substitution method [31] with a confidence
interval of 95%. A radiograph of the phantom is shown in Figure 3(A).

2.2 The Rigaku Nano3DX

The Rigaku Nano3DX X-ray microscope is capable of imaging samples at resolutions smaller than a micrometer. It can
produce X-rays of various energies, utilizing multiple anode targets made of copper, molybdenum, or chromium [24]. Unlike
conventional high-resolution CT scanners, which place the sample relatively close to the source of radiation and far from the
detector, the Nano3DX utilizes an "inverse" setup, with a large SOD and comparatively very small difference between SOD and
SDD. This leads to the SDD and SOD values being very close in value, resulting in a shallow cone angle of the X-ray beam
and an M close to one. This allows for greater stability of measurement and higher X-ray flux since the focal spot can be larger
[20, 21]. X-rays are then converted to visible light by a scintillator screen and magnified using optical elements, such as in [32].
Choice of the optical element influences the pixel pitch p and size of the FoV, with the smallest achievable pixel pitch being 0.27
µm in a FoV of 0.9 mm by 0.7 mm. Larger FoVs can also be achieved by using different optical elements with a larger p. The
scanner’s SOD is fixed, and only the SDD may be changed by shifting the detector unit along an axis orthogonal to the detector
plane, as shown in Figure 1.
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Figure 1: Illustration of the Nano3DX setup. Two different XD positions are shown, one of them being the reference SDD0.

3 Voxel Size Calibration Procedure

The proposed method can be divided into two parts: acquiring projection data of the phantom and analyzing this data to
calculate the SOD and SDD. The first part corresponds to the first three steps of Figure 2, while the second summarizes the rest.
The acquisition step consists of aligning the phantom with the detector plane and acquiring the phantom’s radiographs at multiple
distances of the detector from a reference position (δ ). Here, this reference is the smallest SDD allowed by the machine that is
being calibrated. From this point forward, this reference is denoted by SDD0.

Several projections are acquired at each of several different values of δ to increase the method’s robustness. All images are
then processed to extract the distance between the projections of centers of both spheres (dp), resulting in a set of dp at several
δ . From these values and the pixel pitch p, SDD0 is calculated. Then, the reference distance between the centers of spheres of
the phantom (d) is used to obtain the SOD. Some prior knowledge is required in order to calculate the SOD and SDD, namely
the value of p, d, and the various δ . The detector is assumed to be well-aligned – the ray hitting its center is orthogonal to the
detector’s plane.

Figure 2: A schematic showing the major steps of the proposed method.

The phantom must be aligned with the detector, meaning the line connecting the centers of both spheres is parallel to the
detector plane. If this is not ensured, dp becomes skewed towards smaller values. The phantom is aligned in two steps: first,
rough alignment is performed, which is then refined. In the first step, the phantom is rotated so that in projection images, both
spheres overlap. Rotation of the sample stage by 90◦ from this position then aligns the phantom at angle αrough. This process
of rough alignment is manual – an operator checks the overlap of spheres visually. The value of δ at which this alignment is
performed is not important, but lower δ are preferable, as the radiographs are at their sharpest there.

Once αrough is known, a scan is performed in a small angular range around this angle. Distances dp are then extracted from all
images using the procedure described later in this section. When plotted as a function of angle, these distances form the peak of
a sine-like curve. A third-degree polynomial is then fit through these points. This function is used for its ease of calculation and
satisfactory approximation of a sine curve on a limited interval. A finer estimate of the phantom’s correct orientation, α f ine, is
then found as the argument at the polynomial fit’s maximum in the scanned range.

Once the phantom is aligned, the next step is to ensure it is centered in projections, and both spheres are fully in the FoV.
Multiple projections are acquired at a single value of δ , and the same is then done at several different δ values.

The set of projections is then processed one by one. First, filtering is performed to suppress noise. Next, the phantom is
segmented from the background. Projections of the phantom have a histogram with distinct peaks, so structures of interest and
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the background are clearly differentiated by their grayscale values. In such a case, simple histogram-based global thresholding
methods are appropriate [27]. Incorrectly segmented pixels often appear in the binary image. The denoising procedure applied
earlier reduces this effect, but does not remove it completely. These pixels are isolated or form small groups, so their detection
and removal is easy; pixels forming areas smaller than a predetermined size are simply removed. This improves the performance
of subsequent steps of the method, particularly the fitting of circles.

The phantom’s outline is then extracted from the binary image by selecting only perimeter pixels — those that are non-zero,
but contact at least one zero-valued pixel by their edge. The next step is separating the outline into two parts: spheres and
the supporting structure. The spheres lie on a flat surface, which, viewed from the side, roughly forms a line in the projection
image. This line is detected by Hough-transforming the outline image, and knowledge of its position and orientation allows
the algorithm to set a border in the image, separating spheres from the rest of the phantom. To ensure proper separation, the
border is set as follows: two lines are found that are parallel to the result of the Hough transform and intersect the spheres’
outlines at their narrowest and widest points. A border is then set halfway between these two lines, and everything below it
is removed, leaving only two circular-arc-shaped outlines behind. These correspond to the boundary between ruby and air, the
highest-contrast interface in the image.

The coordinates of pixels forming these circular arcs are now assumed to be points lying on a circle’s perimeter. This is a
simplification since cone-beam projections of spheres are generally ellipses, not circles [28]. In this case, however, due to the
shallow cone angle, the eccentricity of these ellipses is so small that they are simplified as a circles with negligible error [28].
Thus, a circle is fit through each of the two arcs by using the Taubin method [29]. The fit is then further refined by the Levenberg-
Marquardt scheme [30]. Once the circles are fit, Euclidean distance between their centers in pixels is calculated. Finally, this
distance is converted from pixels to a physical distance by multiplication with the pixel pitch p.

In this manner, a value of dp is obtained for each acquired projection. These values are a linear function of δ , since M is
defined by the ratio of SDD to SOD. The SOD stays constant, and only the SDD is modified by changing δ . In other words, dp

can be described as:
dp(δ ) = k ·δ +q. (2)

Therefore, a line is fit through the measured dp values to get estimates of k, the slope of the linear function, and q, the vertical
axis intercept. If two values of dp are known for two different positions δ , it is possible to calculate the SDD at one of these
positions. Since a linear function has been fit on the data, calculation of SDD0 is simplified to

SDD0 =
q

k
, (3)

Then, SDD values for different detector positions can be calculated by simply adding the corresponding value of δ . Once a value
for SDD is obtained, SOD is calculated using the reference sphere center distance d as

SOD =
d

k
. (4)

4 Results and Discussion

The proposed calibration procedure was applied to the Nano3DX CT scannerwith a Molybdenum target. To ensure the
phantom fit into projections at all chosen δ in its entirety, the FoV used was 1.8 mm by 1.4 mm, with a p of 0.54 µm. To
align the phantom with the detector plane, αrough was found and a scan between αrough − 10◦ and αrough + 10◦ with an angular
step of 0.5◦ was performed to obtain α f ine. Centering of the phantom in projections was only approximate, as for values of M

close to one, small deviations result in negligible error. Flat-field correction was performed automatically by the Nano3DX’s
software every time δ was changed. Throughout acquisition, sufficient signal was ensured by adhering to the manufacturer’s
guidelines for setting proper exposure times. This has to be checked and adjusted after every change of δ , because the flux of
detected signal decreases with increasing δ .

Processing was performed using Matlab (with several major steps shown in Figure 3), and tomographic volumes were recon-
structed through the ASTRA toolbox [33, 34]. Non-local means was used to filter projections [25]. This denoising method is
particularly suitable, as it tends to preserve edges in images, while also being effective at denoising [26]. For segmentation of the
phantom, an approach based on the balanced histogram thresholding algorithm was used [27].

A total of 30 projections of the reference phantom were acquired, ten for each of three different δ of 1 mm, 10 mm, and 20 mm.
A linear fit was then performed. All 30 values were used for fitting, but the variances of distances measured at each δ are too
small to be visible in Figure 4.

Values of all three sets of distances correspond very well with the linear fit (as shown in Figure 5), which is not the case for
higher values of δ . Performance of the segmentation and sphere fitting procedure used is not optimal in such cases. The data is
likely too degraded by blur caused by the unsharpness phenomenon [35] due to the large focal spot size. This is why values of δ

up to only 20 mm were used for calibration, even though the Nano3DX allows for δ up to 50 mm.
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Figure 3: Processing of individual projections. A) projection image of the phantom at an δ of 1 mm. B) segmented image of
the phantom. C) an outline extracted from the segmented image. Parts of the outline corresponding to the sphere-background
interface are separated from the rest at one dividing line, shown here in green. D) circles are fit on the outlines and the distance
between their centers is calculated.

Results of the calibration procedure are listed in Table 1. These values were then used in the reconstruction and analysis
of three CT scans of the calibration object, which were performed at δ distances of 1, 1.5, and 2 mm immediately after the
calibration procedure. These δ were chosen to cover a range in which typical CT measurements are performed. Furthermore,
binning was applied to the acquired projection data, resulting in an effective detector pixel pitch of 1.08 µm. This sped up the
acquisition process, at the cost of a larger p.

Distances between sphere centers were calculated in the context of the calibrated geometry and then compared to the reference
distance. Results are given in Table 2. The measured distances deviate from the reference by at most 0.05 µm, which is well
within the 95% confidence interval of the phantom’s reference dimension. This deviation equates to 5% of a single voxel for a
distance measurement spanning more than 500 voxels.

The calibrated voxel size appears to be slightly biased towards smaller values. This may be caused by an inherent inaccuracy
in the method of determining the position of a sphere’s center, which has been discussed by Clackdoyle et al. [28]. Other reasons
may include slight deviations in d, p, or the various δ values. These are assumed to be known exactly, but effects such as thermal
expansion may cause small shifts in their true values. Therefore, a constant known temperature should be maintained inside the
scanner throughout the calibration process and subsequent measurements. In the Nano3DX, this is achieved by air-conditioning
the measurement chamber.
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Figure 4: Linear fit of the distances between centers of the spheres’ projection as a function of δ .

Table 1: SDD and SOD of the Rigaku Nano3DX with a Molybdenum target, measured using the proposed method.

Distance Measured values [mm]

SDD 264.93 + δ

SOD 263.35

Table 2: Distances between centers of the phantom’s spheres calculated from CT volumes at three different XD distances.

Scan number δ [mm] SDD [mm] Distance between centers [µm] Reference distance [µm] Error [µm]

1 1.00 265.93 579.16 579.18±0.06 -0.02

2 1.50 266.43 579.15 579.18±0.06 -0.03

3 2.00 266.93 579.13 579.18±0.06 -0.05

Figure 5: Box plot visualization of deviations of the measured values from the linear fit in Figure 4.

5 Conclusion

A method was proposed for calibrating the SOD, SDD, and voxel size of a CT machine using projections of a reference object.
This method is suitable for scanners with a small FoV, and M close to one. The method was applied to calibrate a Rigaku
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Nano3DX scanner, using a custom phantom introduced in an earlier contribution. This phantom consists of two ruby spheres
which are a known distance apart, and it is suitable for high-resolution machines with a small FoV. As the method is based
on analyzing projection data, it is faster than a CT reconstruction-based approach. Therefore, it can potentially speed up the
calibration process and increase the quality of reconstructed data by providing more accurate estimates of SDD and SOD for
the reconstruction algorithm. Results of the method were tested on CT scans of the object and yielded satisfactory results. The
projection data used for calibration must be of sufficient quality, however. For instance, blur due to unsharpness degrades the
sharpness of projection images, skewing the results. This can be avoided by keeping the detector reasonably close to the sample
at all times.
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