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Abstract 
Tomography systems for non-destructive testing (NDT) in industrial applications need a specific 
quality assurance protocol. Specific phantoms have been chosen to establish the test protocol of our 
own-developed tomograph system in the technological center Aimen.  
The principal image quality parameters to monitorize are the spatial resolution, noise and contrast 
sensibility. The system noise can be also considered a uniformity measurement, from the mean value 
of different regions of interest’s noise values. Contrast sensibility is defined from the signal to noise 
ratio, which must be calculated for different acquisition parameters. 
The system allows varying the object-to-source distance, so the phantoms are used to characterize the 
magnification (along with the pixel size) in the tomography system.  
The study for characterizing these parameters is carried out for different acquisition parameters in the 
CT system. The different materials of the phantoms (steel, aluminium and PMMA) allow the 
characterization of image quality values for different industrial materials, as those inspected in a NDT 
department. This analysis is repeated over a time period to finally fix a specific quality assurance 
protocol and its periodicity. 
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1  Introduction 
Industrial tomography systems are becoming usual in NDT applications, within different areas of 
interest, and usually oriented to specific production. The Technological Centre AIMEN is oriented to 
welding technology and different research areas. Different pieces (in terms of size and density) must be 
analyzed: welds, aeronautical, biological probes, etc. Therefore, a customized CT/DR system was 
developed for inspecting different pieces by adjusting every acquisition (time, magnification) and 
energy parameter. Both the hardware and the software (reconstruction by the filtered backprojection 
algorithm, FBP) along with a specific visualization tool, were developed in collaboration with the 
University of Santiago de Compostela. 
As every imaging system, our own-developed tomograph requires a quality assurance protocol to 
provide the reliability our inspection services and researchs demand. The principal imaging parameters 
to monitorize are the spatial resolution, uniformity, noise and contrast sensibility [1-2]. Artifacts must 
also be characterized, as those of beam hardening in high attenuation pieces. On other side, since the 
system magnification is variable (the rotary stage is fixed to a horizontal linear stage to vary the object 
to detector distance) the scale must be calibrated, thus giving the pixel size in length units. Recently in 
2012, Spanish standards have been published following European ones related with tomography in 
non-destructive testing, EN 16016-1:4 [3-6], related with the corresponding ISO standards. 
 
The aim of this work is to establish simple tests to calculate basic parameters to monitorize the 
behaviour and time evolution of the CT system and to analyze the correction needs for maintaining the 
initial tomographic image quality. 
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2  Methods and Materials 
The analysis of image parameters and establishment of a quality control protocol is based on imaging 
phantoms of different materials: steel (Fe), aluminium (Al) and PMMA (for low-density pieces). In 
this way, the image quality parameters are set for a range of different attenuation values, and they are 
studied for different values of energy, magnification (pixel size) and projections (see Table 1). 
 

Energy (kV) 50, 100, 150, 180, 225 
Number of projecctions 360, 900, 1200 
Pixel size, mm (magnification) .16 (5), .2 (4), .4 (2), .5 (1.6), .6 (1.33) 

Table 1: Different acquisition parameters for our CT quality control. 

2.1 Phantoms 
Uniform blocks are used for calculating the uniformity, spatial resolution, contrast sensitivity and 
image to noise ratio. Steel and aluminium blocks are cilinders of 25 mm, 45 mm diameter respectively. 
PMMA phantom is a rectangular block of 35.5 mm x 45 mm section size.  
The energy values for the study vary depending on the material: 180, 225 keV for Fe, 100, 150, 180, 
225 keV for Al and 50, 100, 150, 180, 225 keV for PMMA. 

2.2 Image parameters 
The system image quality parameters to study are the uniformity, noise, wire detectability, contrast 
resolution, beam hardening correction, spatial resolution, magnification scale and alignment (of 
detector center-rotation axis). These values are analyzed completely once a year, for different energies, 
number of projections for image acquisition and magnification (scale), following Table 1.  
The parameters and the corresponding calculations are explained below. The images for measurements 
are the reconstructed ones for the different phantoms, with grey levels in units of cm-1 (linear 
attenuation coefficient dimensional units). No further calibration (for example, to Hounsfield units) is 
used since it will go beyond the scope, industrial non destructive testing, of our CT.  

2.2.1 Magnification 
An object of known dimensions is radiographed in consecutive magnification positions. The inverse of 
the magnification is linear dependent with the horizontal position of the reference object. Performing 
the linear fit (by least squares method) the parameters for calculating the pixel size (in mm or other 
length units) are obtained, thus leading to a known dimensioning accuracy. 

2.2.2 Alignment 
The detector center to rotation axis and x-ray focus alignment is decisive for a correct tomographic 
reconstruction and very important for all the magnification values. A first rough alignment is 
performed aided with a laser source, and later checked by imaging of a thin wire. The sinogram 
(tomographic data before reconstruction) is a sine curve and it must be centered in the central channel 
of the detector (640 in this case). Moreover, the reconstructed image must be a point if every element 
is correctly aligned.  

2.2.3 Detectability 
A set of wires from industrial IQI (image quality indicators) are imaged to control the detectability for 
Fe and Al. Wire diameters are 0.1, 0.125, 0.16, 0.2, 0.25, 0.32 and 0.4 mm. It should be remembered 
that a feature smaller than a single pixel can affect it to such an extent that it will appear with a visible 
contrast relative to adjacent pixels. In this way, the individual detectability will be greater than the 
spatial resolution from the f50 parameter, and accounts for the smallest feature resolved. 
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On the other side, a set of duplex wires is used to establish the detectability of close features, giving 
another value for the blurring process of the CT system. The wire diameters and spacing are: 0.10, 
0.13, 0.16, 0.20, 0.26, 0.32, 0.40, 0.50, 0.64, 0.80, 1.00, 1.26 and 1.16 mm. The IQI image shows that 
detectability alone is often non sufficient, since features must be discriminated (detected and resolved).  

2.2.4 Uniformity 
The uniformity is calculated from 5 different regions of interest (roi) in the phantom image. The 
uniformity is the mean value (in units of cm-1, linear attenuation coefficient) for every roi divided by 
the mean value of the area covering the whole phantom image. The maximum of these values will be 
computed as the final uniformity value (dimensionless). 

Beam hardening corretion 
The uniformity value is also used to analyze the beam hardening contribution and its correction by 
software filtering. This filtering corrects the measured signal to the expected signal without beam 
hardening with a polinomial fit. The fit calculation is performed separately for Al and Fe pieces, by 
imaging a step-phantom with different widths. The measured signal is fitted to the expected theoretical 
one [7], after adjusting the x-ray energy and the attenuation coefficients (from the NIST database [8]). 
After the correction, the comparison between corrected and non corrected uniformity values, as well as 
the line profiles of the reconstructed images, gives the contribution of this filtering.  

2.2.5 Noise 
Noise measurement is computed as the mean value of noise values of different background rois in the 
images. Noise individual values are computed as the standard deviation of the pixels’ values. 

2.2.6 Contrast 
Contrast is determined from the signal to noise ratio (SNR) and the simple definition as the relative 
difference of a feature from the background, as a percentage. 
The signal to noise ratio (SNR) accounts for the contrast resolution, and it is calculated as the ratio of 
the mean value and noise (as the standard deviation) of a given region of interest covering the phantom 
image. The established contrast value is calculated as the ratio of the mean values of similar rois 
covering the block piece image and the background. 

2.2.7 Spatial resolution 
The spatial resolution is defined as the f50 parameter from the modulation transfer function (MTF), 
calculated from the edge spread function (ESF).  
This parameter is calculated from the procedure described in the standards [2]. First, different line 
profiles are acquired for the phantom image. These profiles are aligned and averaged (to reduce system 
and quantization noise) obtaining the ESF profile. The system line spread function (LSF) is obtained 
by the discrete derivative of the ESF and finally the system modulation transfer will be obtained by the 
discrete transformation of the LSF.  The f50 parameter is the spatial frequency, in units of line pairs per 
mm (lp/mm) for the 0.5 value of the normalized MTF (by convention, MTF is normalized to unity). 
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Figure 1: MTF calculation: example of an ESF profile (right), averaged ESF (left). 

  
Figure 2: MTF calculation: LSF (left) and finally normalized MTF (right) 

 
The PSF function accounts for the blurring function describing the image system, that is, the response 
of the system when imaging an ideal point object, while the MTF describes its differential ability to 
reproduce spatial frequencies. It is used to measure system performance and the effect on the effective 
contrast of small features. 

3  Results 
For simplicity, only the global characteristics and image parameters of magnification 4 (pixel size 0.2 
mm) and 225 keV (X-ray source maximum energy) are shown below, along with their analysis. 

3.1 System magnification 
The linear fit for the magnification values and the horizontal position of the piece are:  

M-1 = 5.3·10-4 dfo + 3.8·10-17 

dfo stands for object to source distance (in mm). This magnification scale is fixed on an initial 
calibration of the CT system and checked periodically (once a year) through measurement of a piece of 
known dimensions.  

3.2 Alignment 

The alignment is checked for every magnification value, by imaging a thin wire. The sinogram must be 
centered in the central detector channel (640), as shown in Figure 3. 
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Figure 3: Sinogram of the wire (left) and corresponding reconstructed image (right). 

3.3 Detectability 

 
Figure 4: Example of IQI reconstructed CT slice (left) and duplex IQI profile from reconstruction (right) 
 
Number of wires detected 1200 projections 900 projections 

Duplex IQI 4  (up to 0.8 mm) 3 (up to 1 mm) 

Fe 7 (up to 0.1 mm) 7 (up to 0.1 mm) 

Al 5 (up to 0.16 mm) 5 (up to 0.16 mm) 

Table 2: Wire detectability of the system. The smallest feature detected is smaller than the pixel size for this 
magnification value (pixel size of 0.2 mm). 

3.4 Uniformity 
Material 1200 proj 900 proj 360 proj 

Steel 1.36 + 0.04 1.35 + 0.04 1.27 + 0.04 

Steel - beam hardening corrected 1.30 + 0.02 1.29 + 0.02 1.25 + 0.02 

Aluminium 1.072 + 0.003 1.074 + 0.003 1.069 + 0.002 

Aluminium - beam hardening corrected 1.085 + 0.002 1.086 + 0.003 1.086 + 0.003 

PMMA 1.012 + 0.001 1.011 + 0.001 1.012 + 0.001 

Table 3: Uniformity results for Fe, Al, PMMA and for beam hardening Fe, Al corrections. 
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Uniformity values are dimensionless. For this energy (225 keV), decreasing values (reflecting a better 
uniformity) can be found for Fe (see also Figure 5), while for Al the differences are negligible. This 
comes from the fact that the beam hardening effect at this energy is not important for the Al width. 

 
Figure 5: Fe phantom profiles with and without beam hardening correction 

3.5 Noise 

Noise values were computed from the reconstructed images of the steel phantom (background values). 
From Table 4 it can be seen that the differences between different projections are negligible. 

 1200 proj 900 proj 360 proj 

Mean of noise values (cm-1) 0.0076 + 0.0008 0.0080 + 0.0008 0.0080 + 0.005 

Table 4: Noise values from reconstructed images 

3.6 Contrast 

• Signal to noise ratio, SNR = mean(roi)/std(roi)    (std: standard deviation) 
Material 1200 proj 900 proj 360 proj Mean value 

Steel 46.5 46.4 43.1 45.3 + 1.5 

Aluminium 366.6 397.5 284.3 382.8 + 10.8 

PMMA 968.8 781.6 447.0 732 + 190 

Table 5: SNR measured values 

The SNR values increase for diminishing densities. These values shows the beam hardening effect, 
which causes a “cupping” reconstructed image, is considerably more important in the Fe block than in 
the Al and PMMA ones.  

• Contrast value, C = mean(piece)/mean(background) 
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Figure 6:  Scheme of the background area for contrast measurement. 

 
Material 1200 proj 900 proj 360 proj Mean value 

Steel 118.2 115.5 117.7 117.1 + 1.1 

Aluminium 49.0 50.9 47.3 49.0 + 1.2 

PMMA 62.1 63.8 1.9 62.6 + 0.8 

Table 6: Contrast measured values. 
 
The significant difference is between the Fe results and the Al, PMMA ones. This accounts clearly for 
the higher attenuation on the Fe block. 

3.7 Spatial resolution 
f50 (lp/mm) 1200 proy 900 proy 360 proy Mean value 

Steel 0.225 0.226 0.222 0.224 + 0.001 

Aluminium 0.114 0.139 0.108 0.120 + 0.012 

PMMA 0.186 0.189 0.177 0.184 + 0.004 

Table 7: Spatial resolution as the spatial frequency (in line pairs per mm) for the 50% of the normalized MTF 
 
The f50 values are low, as expected from the detectability of the duplex IQI. 0.8 mm and 1 mm (see 
Table 2) are equivalent to 0.25 and 0.31 lp/mm, making these results to be compatible. 

4  Discussion 
The different values and characteristics of the system give a quantitative performance of the CT 
imaging. Moreover, the similarity between the parameter’s measurements for different number of 
projections shows that for routine testing the whole set of measurements can be minimized.  
To follow this trend, and to establish a simpler quality assurance control, the acquisition parameters are 
restricted to relevant values in relation with the phantom’s materials (see Table 8). 
We have established the system image quality parameters through the obtained values as well as the 
testing periodicity (Table 2). These values will be analyzed once a year to determine the image 
derivation and to readjust the specific quality assurance protocol. 
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Parameters  Material Projections Periodicity Energy (keV) 

Uniformity 
Noise  
SNR, contrast 
Wire detetability 

Fe, Al, PMMA             
Fe, Al, PMMA 
Fe, Al, PMMA 

Fe, Al, IQI duplex 

900 
900 
900 

900, 1200 

Monthly 225 Fe, Al / 100 PMMA 
225, 100 
225, 100 

225 

Beam hardening (uniformity) 
 
Spatial resolution 

Fe, Al / Fe, Al step 
 phantoms 

Fe, Al, PMMA 

900, 
 radiography 

900 

6 months 225 
 

225 

Magnification scale 
Alignment (rotation ax-det.center) 

Fe block 
Fe wire 

Radiography 
900  

Yearly 225 
225 

Table 8: Measurements, acquisition parameters and periodicity for the CT QA protocol 

5  Conclusions 
The development of the protocol for the quality control of the AIMEN computed tomography system 
was established from the characterization and measurement of different parameters. Following the 
international standards regarding industrial tomography, several key parameters were chosen and 
simply established from uniform phantoms of Fe, Al and PMMA. In this way, the complete set of 
measurements was finally simplified in parameters and requirements to get a useful guide (see Table 8) 
for a reliable image quality control. This document also includes the geometrical calibration 
(magnification scale and alignment of the rotation axis and detector center), what is needed because of 
the variable magnification of our system. In addition, software filtering for beam hardening correction 
in Fe and Al pieces is checked with uniformity measurements. 
From the first results presented and with a quality assurance guide created, it is intended to generate an 
extense database of these measurements to study the derivation in time of the CT image quality. 
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