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Quantitative computed tomography along with densitometry is used to assess mineral density and
strength of bone tissue. Raw data obtained by computed tomography are converted by software
using convolution kernels. It is known that the use of convolution kernels can significantly change
tissue density, which is measured in Hounsfield units. The beam-hardening effect is described
in literature: when x-ray passes through an object, the absorption of lower-energy x-ray photons
occurs. Therefore, scanning objects “in the air” without surrounding soft tissues of the human
body gives distorted Hounsfield units relative to their real values. This work is aimed at assessing
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the effect of various convolution kernels, beam-hardening effect, as well as other CT scanner set-
tings for Hounsfield units. In this work, we studied samples of trabecular bone tissue of the femoral
heads and calibrated samples of an aqueous solution of dipotassium hydrogen phosphate with
known mineral density. Trabecular bone tissue samples of the femoral heads and calibrated sam-
ples of an aqueous solution of dipotassium hydrogen phosphate with known mineral density were
scanned on Toshiba Aquilion 64 scanner. The samples were scanned in various modes: at differ-
ent tube currents, “in the air” and inside the calibration phantom. The resulting images processed
by the FC17 and FCO03 convolution kernels were analyzed. It was shown that tube current mag-
nitude practically does not affect the Hounsfield units. Different convolution kernels demonstrate
significantly different Hounsfield units when scanning the same samples “in the air”. It has been
confirmed that the beam-hardening effect significantly affects the Hounsfield units and should be
considered when evaluating bone mineral density. No differences were found in measurements
“in the air’ and in the phantom at a significance level of 5% for the FC03 kernel, which confirms
the fact that FCO3 is intended to correct the beam-hardening effect. An ambiguous relationship
was noted between the Hounsfield units and the mineral density for low-density samples when
scanned with the FCO3 kernel. FC17 kernel, in comparison with FCO03, is considered more prefer-
able and suitable for assessing bone mineral density. However, pre-calibration with phantom is
required for a wide range of preset mineral densities. Regression dependencies were obtained
for recalculation of Hounsfield units from experiments “in the air” to Hounsfield units of the same
samples scanned in surrounding tissues (in the phantom).

Keywords: computed tomography, quantitative computed tomography, bone mineral density,
Hounsfield unit, convolution kernel.

Received: 15.12.2019 / Accepted: 22.01.2020 / Published: 01.06.2020

This is an open access article distributed under the terms of Creative Commons Attribution
License (CC-BY 4.0)

DOI: https://doi.org/10.18500/1816-9791-2020-20-2-205-219

INTRODUCTION

Quantitative computed tomography (QCT) along with dual energy x-ray absorptiom-
etry (DXA) are used to assess mineral density and strength of bone tissue. According to
computed tomography (Hounsfield units), bone density is known to strongly correlate
with volume mineral density [1,2] as well as with the mechanical strength of bone
tissue [3,4]. Asynchronous QCT is the most advanced technology that allows obtaining
data on the bone mineral density (BMD) of patients without simultaneously scanning a
calibration phantom, conducting periodic calibrations of an asynchronous phantom [5,6].

When performing computed tomography (CT), the projections of the scanned object
(synograms) using the reconstruction kernel are converted into a series of images. The
result is parallel slices located at equal distances from each other. Further, these data
are converted by means of convolution kernels. Convolution kernels are used to achieve
greater visual expressiveness of objects on the tomogram. In other words, they are
needed for a more detailed and informative presentation of objects of a certain density
range. For example, there are kernels designed for soft tissue and kernels for bone
tissue [7]. The use of convolution kernels can significantly change the Hounsfield units
(HU) of tissues relative to their initial values [8]. Different convolution kernels change
HU differently [4,7,9]. Therefore, the problem of choosing an appropriate convolution
kernel when performing QCT is nontrivial. Manufacturers of CT do not allow to upload
raw data that has not been processed using convolution kernels. Moreover, mathematical
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descriptions of such kernels are not available in the public literature.

According to the literature, not only the type of convolution kernel affects the abso-
lute values of the Hounsfield units (HU). Tube voltage, table height and field of view
(FOV) also have a significant impact on quantitative scan results [10]. It is also known
that different CT scanners give different Hounsfield units for the same objects, which
complicates the problem of calculating the BMD [10].

The beam-hardening effect is described in literature: when x-ray passes through an
object, the absorption of lower-energy x-ray photons occurs [11]. Therefore, when scan-
ning bones not surrounded by soft tissues of the human body (“in the air”), HU are
overestimated [12]. This effect can be avoided by scanning objects in special phantoms
that simulate human body. There are computational algorithms that allow one to elimi-
nate the beam-hardening effect. Such algorithms are implemented by manufacturers of
CT scanners into convolution kernels. However, the effectiveness of these algorithms is
not well understood, and their mathematical description is not presented in the literature.

The domestic and foreign scientific groups and companies develop and use various
phantoms for calibrating CT scanners [4, 13, 14]. Phantoms are special devices that
simulate soft tissues of the human body. Special calibrated samples with known mineral
density are placed inside these phantoms. Scanning such phantoms allows one to develop
a relationship between the Hounsfield unit and mineral density of the scanned object.

The objectives of this work were:

— to illustrate the work of convolution matrices (the simplest version of the convo-
lution kernel) on the example of spine CT images;

— to assess the influence of various convolution kernels, the beam-hardening effect,
as well as some other settings of CT scanners on HU of the femoral heads tra-
becular bone tissue and calibrated samples of an aqueous solution of dipotassium
hydrogen phosphate [14] with known mineral density.

1. MATERIALS AND METHODS
1.1. Threshold filters and convolution kernels to CT images application

Within the framework of this section, we will consider CT images as an N x M
matrix
i(1,1) ... i(N,1)
I = : :
(1, M) ... i(N,M)
that corresponds to the horizontal (N) and vertical (M) image dimensions in pixels.
The numbers i(z,y) at the nodes of the matrix represent the number of the shades
of gray color from O to a certain maximum value (corresponding to the pixel of the CT
image), where O corresponds to black and the maximum value corresponds to white.
This paper illustrates and evaluates the effect of two types of image transformations:
the “threshold cutoff” and the “detection of boundaries”.
The simplest method is “threshold cutoff”. With this conversion, image sections that
do not correspond to a given range of interest are replaced with some fixed color (for
example, black).

inew (T, Y) = i(v,y), t<i(z,y) <t
et 0, otherwise,

where t; and t, are the left and right boundaries of the range of interest (in terms of
tissue density).
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Using this transformation, all areas of the CT image, except those that have the
density of interest (for example, bone tissue), can be excluded from consideration

A more complex example is the boundary detection transformation. This is a pro-
cessing aimed at identifying image points in the vicinity of which a change in brightness
occurs. This algorithm is most effective in cases where the brightness change in the
figure is insignificant, so the visualization of the boundaries of the objects is improved
due to the conversion.

As a rule, a discrete 2D convolution with a kernel specified by matrix is used for this
processing. The operation is indicated as follows: I,., = k % I, where k is a matrix with
dimensions of (2a + 1)z(2b+ 1), where @ and b are positive integers. Such convolution
operation is defined as follows:

new(T,y) = Z Z k(u,v) *i(z —u,y —v).

u=—a v=—>b

Each pixel of the new image is obtained from the corresponding pixel of the original
image, taking into account its neighboring pixels, which are no more than a pixels along
the Ox axis and no more than b pixels along the Oy axis.

This paper shows the application of convolution ma-
trices ki, ko, k3 to the original image (Fig. 1) of the
patient’s spine CT

1 -1 -1 0 -1 0
bh=(-1 8 —1|, k=|[-1 6 -1/,
1 -1 —1 0 -1 0 |
2 10 )
ks= -1 1 1
0 1 2

Fig. 1. Sagittal CT scan of the
lumbar spine The source image is shown in Fig. 1 was processed
using an application written in Python. In the software,
the image was presented in matrix form, which was then convoluted with the kernels
given by the matrices kq,ks,k3. The original images were obtained by exporting DICOM
images to a PNG image containing grayscale from 0 to 256. As a result of the software,
three processed PNG images were obtained from the source file.

1.2. Experiments on CT scanner

Samples of trabecular bone tissue of the femoral heads, taken during surgical treat-
ment of arthrosis of the hip joints of NIITON SSMU patients, were scanned on a
Toshiba Aquilion 64 CT scanner. The bone tissue transfer of NIITON SSMU patients
was approved by the ethics committee and was carried out under the agreement on
the implementation of the project approved by Russian Foundation for Advanced Re-
search Projects in the Defense Industry. Calibrated samples of an aqueous solution of
dipotassium hydrogen phosphate with known mineral density were also scanned on CT
scanner.

Samples of the trabecular bone and an aqueous solution of dipotassium hydrogen
phosphate (KyH PO,) were scanned on a CT scanner table (“in the air”) and in the
calibration phantom PHK (PHantom Kalium). PHK is a special test object, which is a
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cylinder filled with liquid with the ability to simulate the subcutaneous fat layer of a
human [14]. Samples of Ky;H PO, and the phantom were provided by “Scientific and
Practical Clinical Center for Diagnostics and Telemedicine Technologies” of the Moscow
Department of Health.

Five samples of trabecular bone tissue and eight samples of Ky H PO, simulating a
specific BMD were scanned. There were four cylindrical specimens with mineral density
50 mg/sm?, 100 mg/sm?, 150 mg/sm?® and 200 mg/sm? simulating trabecular bone and
four hexahedral samples with mineral density 250 mg/sm?, 350 mg/sm?, 450 mg/sm?
and 550 mg/sm? simulating cortical bone.

Before scanning, each trabecular bone tissue sample was wrapped in a thin layer
of plastic film so that water could not enter the bone tissue and could not change
its density, and also so that the bone tissue could not dry in the air. Circular thin
plastic plates with a low X-ray density and a thickness of 4 mm were placed between
the trabecular bone samples during scanning in the phantom. Scanned samples were
installed in the center of the phantom using a retaining frame. The phantom was filled
with deionized water. Figure 2 shows the samples on the table of a CT scanner and “in
phantom”.

a b c
Fig. 2. Samples before scanning in CT scanner: a — on the table of the CT scanner, “in the
air”; b — in the retaining frame of the phantom PHK; ¢ — on the table of the CT scanner
inside the phantom PHK filled with water, “in phantom”

Scanning of the samples was carried out in various modes (Table 1). Each scan was
repeated three times. The table of the CT scanner was fixed in such a position that the
scanned samples were located in the center of the aperture of the CT scanner.

Table 1
Investigated CT scan modes and settings
Scanning modes “In the Air” | “In phantom”
Voltage 120 kV
Tube current 40 mA 300 mA 300 mA
Convolution kernel | FC17 | FC03 | FC17 | FC03 | FC17 | FC03
FOV 400 mm

Slice thickness in each scan was 1 mm. The HU were analyzed using RadiAnt
DICOM Viewer 5.0.1. For each sample and each scanning mode, average HU and
standard deviation were obtained.
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Figure 3 shows the region of interest (circles or ellipses) over which HU in slices of
scanned samples were averaged; a standard tool Region-Of-Interest of RadiAnt DICOM
Viewer 5.0.1 was used.

a b c

Fig. 3. Areas of interest: a — cylindrical sample of an aqueous K2HPO4 solution;
b — a hexahedral sample of an aqueous Ky H POy solution; ¢ — trabecular bone sample

For each sample, from four to ten values of the average cross-sectional numbers of
HU were obtained, which were then converted to the average HU for each sample.
Statistical processing [15, 16] of the results was performed in Microsoft Excel.

2. RESULTS
2.1. Convolution matrices application

The new image containing only the boundaries of the vertebrae and some other
objects (Fig. 4, a) was obtained after applying the convolution kernel k(1) to the
matrix of the original image in Fig. 1.

The new image containing only the boundaries of the vertebrae and some other
objects (Fig. 4, b) was obtained after applying the convolution kernel k5(1) to the
matrix of the original image in Fig. 1.

The new image containing only the boundaries of the vertebrae and some other
objects (Fig. 4, c¢) was obtained after applying the convolution kernel k3(1) to the
matrix of the original image in Fig. 1.

|9

Fig. 4. Sag1ttal CT scan of the lumbar spine after convolution kernels ki (a), ko ()
and ks (c) application

2.2. Experiments in CT scanner

Mean HU values of HU and standard deviation (SD) for each trabecular bone or
KyH PO, sample were obtained (Tables 2 and 3) with a series of CT scans using various
scanning modes.
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Table 2

Mean HU and SD for three experiments for calibrated KoH PO, samples at various
scanning modes

Volume “In the Air” “In phantom”
mineral 40 mA 300 mA 300 mA
density, FC17 FCO03 FC17 FCO03 FC17 FCO03
mg/sm® ["Mean | SD | Mean | SD | Mean | SD | Mean | SD | Mean | SD | Mean | SD
983.1 | 289 | 760.3 | 13.9 | 986.3 | 29.6 | 762.1 | 14.3 | 687.0 | 14.7 | 705.7 | 12.0
550 9849 | 29.6 | 760.3 | 13.9 | 984.7 | 28.7 | 762.4 | 13.6 | 686.8 | 14.0 | 705.8 | 12.3
984.4 | 29.4 | 760.0 | 14.8 | 985.4 | 29.6 | 760.1 | 14.7 | 686.8 | 13.8 | 705.7 | 12.7
834.8 | 23.1 | 613.0 | 144 | 8374 | 24.0 | 612.6 | 154 | 572.8 | 124 | 583.4 | 114
450 836.4 | 25.0 | 611.1 | 15.4 | 836.4 | 24.3 | 612.6 | 15.3 | 574.7 | 12.8 | 585.2 | 11.5
836.0 | 24.8 | 612.6 | 14.6 | 8379 | 25.5 | 610.8 | 16.1 | 574.0 | 124 | 584.6 | 11.0
679.9 | 19.3 | 4585 | 16.1 | 679.8 | 18.3 | 459.8 | 15.6 | 454.7 | 10.7 | 459.0 | 10.1
350 678.9 | 18.6 | 458.3 | 16.0 | 679.4 | 18.0 | 459.9 | 15.4 | 443.0 | 11.1 | 446.9 | 10.6
680.4 | 21.1 | 456.0 | 18.6 | 680.9 | 20.1 | 458.4 | 16.0 | 455.6 | 11.1 | 459.3 | 10.6
513.0 | 13.3 | 300.9 | 15.0 | 513.0 | 12.3 | 302.5 | 14.3 | 331.0 | 10.3 | 321.0 | 11.0
250 5134 | 13.3 | 301.7 | 146 | 512.6 | 12.1 | 302.4 | 14.1 | 331.2 | 10.3 | 320.3 | 11.0
512.7 | 13.0 | 301.3 | 15.0 | 513.9 | 13.4 | 300.3 | 15.3 | 331.3 | 10.1 | 320.6 | 11.0
421.1 | 11.3 | 226.1 | 20.1 | 423.0 | 10.8 | 229.2 | 194 | 272.2 | 8.2 | 259.6 | 8.2
200 421.6 | 10.8 | 2270 | 19.8 | 422.6 | 10.8 | 2286 | 194 | 271.8 | 84 | 259.2 | 8.2
4222 | 114 | 226.0 | 20.8 | 426.2 | 13.2 | 227.2 | 206 | 271.8 | 8.6 | 2594 | 8.6
3342 | 82 | 1452 | 174 | 3364 | 9.2 | 1446 | 184 | 2064 | 7.8 | 196.8 | 8.0
150 3340 | 84 | 1452 | 174 | 3362 | 86 | 1452 | 184 | 2064 | 8.2 | 196.6 | 8.2
3354 | 96 | 1432 | 186 | 336.6 | 9.2 | 144.0 | 182 | 206.8 | 8.4 | 196.6 | 8.4
2370 | 6.0 | 2048 | 52 | 2386 | 56 | 2064 | 4.2 | 1346 | 76 | 1286 | 8.0
100 236.8 | 6.2 | 205.0 | 5.2 | 238.0 | 5.6 | 2056 | 4.0 | 1348 | 8.0 | 1282 | 8.0
2374 | 6.2 | 2056 | 54 | 2382 | 56 | 2060 | 4.2 | 1344 | 7.8 | 127.8 | 8.0
1390 | 40 | 1084 | 3.0 | 139.2 | 3.2 | 1088 | 2.2 63.2 8.0 60.6 8.0
50 138.8 | 4.0 | 1084 | 3.0 | 1394 | 2.8 | 109.0 | 2.0 63.4 7.6 60.6 8.0
1386 | 40 | 1086 | 34 | 1394 | 3.2 | 1084 | 2.2 63.2 8.0 60.4 8.0
Table 3
Mean HU and SD for three experiments for trabecular bone samples at various
scanning modes
“In the Air” “In phantom”
Sample No 300 mA 300 mA
FC17 FCO03 FC17 FCO03
Mean | SD | Mean | SD | Mean | SD | Mean SD
1 633.2 | 172.7 | 331.2 | 133.5 | 420.0 | 139.4 | 405.8 126.6
631.2 | 170.3 | 361.0 | 185.5 | 417.3 | 130.8 | 400.3 126.8
639.2 | 177.0 | 360.5 | 136.7 | 413.6 | 150.6 | 395.2 140.4
2 739.4 | 140.8 | 426.0 | 119.6 | 456.5 | 107.3 | 436.5 103.8
731.2 | 136.8 | 432.6 | 124.0 | 458.0 | 127.3 | 441.0 100.5
756.0 | 156.6 | 432.6 | 127.4 | 452.5 | 111.3 | 437.3 105.3
3 264.0 | 934 | 136.0 | 46.8 | 144.8 | 54.3 | 139.3 53.0
2604 | 944 | 1355 | 47.1 | 143.3 | 56.8 | 140.0 51.0
261.3 | 89.6 | 134.1 | 449 | 146.0 | 58.8 | 139.0 52.8
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End of Table 3

“In the Air” “In phantom”
Sample No 300 mA 300 mA
FC17 FCO03 FC17 FCO03
Mean | SD | Mean | SD | Mean| SD | Mean | SD
4 782.0 | 159.0 | 502.2 | 135.2 | 527.2 | 125.0 | 540.8 | 122.8

781.0 | 158.0 | 502.5 | 136.0 | 527.5 | 124.5 | 541.0 | 123.0
783.0 | 159.0 | 503.0 | 135.5 | 527.0 | 123.0 | 539.0 | 122.5
5 802.0 | 196.4 | 499.0 | 163.4 | 554.6 | 141.0 | 561.2 | 141.8
801.0 | 196.0 | 500.0 | 164.0 | 554.5 | 142.0 | 561.5 | 142.0
800.0 | 197.0 | 498.0 | 163.0 | 555.0 | 141.5 | 562.0 | 141.0
6 774.2 | 166.6 | 444.2 | 133.6 | 503.5 | 127.3 | 510.5 | 126.0
774.0 | 167.0 | 444.0 | 134.0 | 504.0 | 127.5 | 510.0 | 125.0
775.0 | 166.0 | 443.0 | 133.0 | 503.0 | 128.0 | 511.0 | 127.0
7 190.0 | 135.5 | 101.0 | 79.5 | 100.0 | 69.8 | 99.8 | 65.0
191.0 | 135.5 | 101.0 | 80.0 | 100.0 | 70.0 | 99.0 | 65.0
190.0 | 136.0 | 102.0 | 79.0 | 99.0 | 69.0 | 100.0 | 66.0
8 484.6 | 129.2 | 213.0 | 87.0 | 314.6 | 91.0 | 310.2 | 88.0
485.0 | 129.0 | 214.0 | 87.0 | 315.0 | 91.0 | 310.0 | 88.0
484.0 | 130.0 | 213.0 | 88.0 | 314.0 | 90.0 | 309.5 | 89.0

The values in Tables 2 and 3 were analyzed using statistical methods. The task was
to evaluate how strongly different convolution kernels, different tube current values, and
also the beam-hardening affect the HU of the same samples.

The hypothesis about the normal distribution of the examined data from Table 2
using the Kolmogorov — Smirnov criterion was confirmed at 5% significance level. This
allowed a further analysis using the parametric Student’s t-test.

2.3. “Inthe air”

To test the hypothesis that there were no differences in Hounsfield units “in the
air” for 40 mA and 300 mA tube current, the Student’s t-test was used for paired
observations. This hypothesis was confirmed at a significance level of 5% for both
investigated convolution kernels (FC17 and FCO03). The correlation coefficients between
the corresponding data sets in the case of both kernels exceeded the value of 0.999,
which in this case also indicates the coincidence of the measurement results.

Application of the same criterion to test the hypothesis that the Hounsfield numbers
“in the air” coincided for different kernels (FC17 and FC03) at a fixed tube current
value (40 mA and 300 mA) showed a shift in the measurements at less than 0.001%
significance level.

The determined x-ray density (HU) is higher for the FC 17 convolution kernel.
This difference is caused by beam hardening correction applied in the FCO3 convolution
kernel (CT Manual Toshiba 14.1.5. P. 204). The effects are not described in detail.

Nevertheless, a high correlation was found between the samples for different kernels
(0.963 in case of 40 mA tube current and 0.959 in case of 300 mA tube current), which
indicates the presence of interdependencies. This was confirmed by the linear regression
equations:
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For 40 mA tube current:

Hupcos = 0.66 * Hupcrr, R% = 0.978.
For 300 mA tube current:
Hupcos = 0.64 « Hupcyr, R% = 0.978.

The Chow test at a significance level of 5% showed the absence of structural shifts
in two regressions for different tube current values, which indicates the coincidence of
the dependencies.

[t was shown that an increase in density does not always entail an increase in
Hounsfield units for calibrated samples
with mineral density corresponding to tra- 1000
becular bone. This conclusion is valid for 900
scans “in the air” processed with FCO3 800
kernel for both tube currents (Fig. 5, Ta- 400
ble 2). A nonlinear dependence was not- ¢
ed for mineral density values of 50-250 5,
mg/ml. Correct interpretation of experi- 400
mental data for a given density range is
difficult. 200

In phantom (for the both FCO3 and 100
FCI17 kernels) this effect was absent in 50 150 250 350 450 550

—s—Fcl7 -+-Fc03

300

the same way as in the air with FC17
kernel. The reason for this “paradoxical”
dependence of Hounsfield units on volume

Fig 5. Hounsfield units’ dependence (vertical)
of KoH PO, samples on their mineral density
(horizontal mg/sm?). Scanning “in the air”,

mineral density is the calculated nature
of HU.

300 mA (color online)

2.4. “In phantom”

Student’s t-test was used for paired observations to test the hypothesis of coincidence
of measurements made “in phantom’ with different kernels (FC17 and FCO03) at a fixed
300 mA tube current. There were no differences in measurements at 5% significance
level. The value of the correlation coefficient was 0.999.

2.5.

Student’s t-test for paired observations was used to test the hypothesis that the
results of measurements performed “in the air” and “in phantom” for each kernel (FC17
and FCO3) coincided at fixed 300 mA tube current.

A statistically significant difference in measurement results “in the air” and “in
phantom” at significance levels of less than 0.001% was found for the FC17 kernel. It
was shown that there were no differences in measurements “in the air” and “in phantom”
at 5% significance level for the FCO3 kernel.

The obtained regression dependences made it possible to recalculate HU of Ky H PO,
samples from “in the air” experiments into HU of KyH PO, “in the phantom” for both
FC17 and FCO3 kernels. Regression dependences are demonstrated in Fig. 6 a, b.

”’In the air” versus “in phantom”
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Fig. 6. Regression dependences of recalculation of HU from “in the air” (horizontal axis) to
“in phantom” (vertical axis) for calibrated KoH PO, samples and trabecular bone samples:
a — for FC17 kernel (solid line y = 0.7xx—40.8, R? = 0.99 is a linear regression for Ko H PO,
samples, dotted line y = 0.7 x 2 — 33.9, R? = 0.97 is a linear regression for trabecular bone
samples); b — for FCO3 kernel (solid line y = 1.0x2+422.0, R? = 0.94 is a linear regression for
K>H PO, samples, dotted line y = 0.9%2+7.0, R? = 0.96 is a linear regression for trabecular
bone samples) (color online)

3. DISCUSSION

In this paper, it is shown that processing of CT images using discrete convolution
matrix can significantly change them (Fig. 4 a, b, ¢). This is very important for optimal
visualization. Convolution kernels of CT scanners are much more complicated, since they
can include the sequential use of several convolution algorithms. It should be understood
that such processing can slightly shift the contours of the objects which is shown in
Fig. 4, c.

Unfortunately, image conversion by convolution kernel is an irreversible operation.
This means that even if one has the exact formula for direct image conversion, no
algorithm allows restoring the original image. Moreover, manufacturers of CT scanners
do not disclose the mathematical formulas of the convolution kernels and the conditions
for their use.

This paper also investigated the influence of various effects and CT scanner settings
on HUs of trabecular bone tissue samples and KyH PO, samples with known mineral
density. A series of scans were carried out on Toshiba CT with samples “in the air”,
that is, on the table of the CT scanner without taking into account the surrounding
tissues, and “in phantom” that simulates human soft tissues.

In this work, the effect of FOV and slice thickness were not investigated, since it
was previously shown [10] that a change in these parameters has practically no effect
on HU.

At the same time, these [10] and other authors [4] noted a significant dependence
of the HU on the convolution kernel, as well as the presence or absence of the environ-
ment of the scanned samples; and the influence of the object geometry on its density,
expressed in HU during CT scanning. It was associated with the beam-hardening effect
and its adjustment during the image reconstruction [11].

In this work, it was shown that the tube current practically does not affect HU. Dif-
ferent convolution kernels give significantly different HUs when scanning “in the air»”
of the same samples. At the same time, the absence of differences in measurements “in
the air” and “in phantom” at a significance level of 5% for FCO3 kernel was shown,
which confirms the fact that it was developed to correct “beam-hardening” effect [7].
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However, at low mineral densities of the scanned samples, an ambiguous relationship
was observed between HU and mineral density (Fig. 5). Such an ambiguity was not
found for the FC17 kernel; therefore, we consider it more preferable and suitable for
estimating BMD in comparison with the FCO3 kernel under the conditions of the per-
formed experimental work. This is important for acquiring phantom scan data from air
scan data for bone samples.

The nonlinearity of this filter can be verified by qualitatively analyzing the depen-
dence for FC17 in Fig. 5. At high concentrations, a slight underestimation of HU occurs.
But this is enough for patients to record underestimated BMD values in comparison
with conventional densitometry.

The beam-hardening effect significantly affects the HU and should be considered
when evaluating BMD which could be seen from data in Tables 2 and 3. The difference
in HU for FCO3 and FC17 kernels for the same samples when scanning “in the air”
reached 130% (on average about 56%) for Ky H PO, samples and up to 128% (on average
about 81%) for trabecular bone samples tissue.

The difference in HU in case of FC17 kernel for the same samples when scanning
“in the air” and “in the phantom” reached 120% (on average about 65%) for KyH PO,
samples and up to 90% (on average about 61%) for samples of sponge bone tissue. At
the same time, the character of the dependence of HU on mineral density was com-
pletely preserved (Fig. 5). This made it possible to obtain an almost “ideal” regression
dependence for a given filter when comparing scans “in the air” and phantom modes
(Fig. 6 a).

Nevertheless, the regression dependences in Fig. 6 a, b make it possible to recalcu-
late the HU from the “in the air” experiments into HU for the same samples considering
the surrounding tissues (“in phantom”). The dependences for calibrated samples and tra-
becular bone tissue samples for FC17 kernel practically coincide, which is confirmed
by the same angles of inclination of these lines. For FCO3 kernel, the line angles for
calibrated and trabecular bone samples differ insignificantly. It is more efficient to use
FC17 kernel, which does not have pronounced nonlinearity in the initial portion of the
curve of the dependence of HU on the mineral density.

The data obtained during phantom modeling allow scanning bone tissue “in the air”
and recalculating the obtained data into mineral density, or into Hounslield units “in
phantom” imitating a patient. For these purposes, the FC17 convolution kernel is more
suitable. This greatly simplifies the scanning procedure.

CONCLUSION

In this paper, it was shown that tube current value does not significantly alfect
HU during CT scanning. It was revealed that different convolution kernels of a Canon
(Toshiba) CT scanner give significantly different HU when scanning “in the air” for the
same bone tissue samples and calibrated samples with known mineral density. It has
been confirmed that “beam-hardening” effect significantly affects the HU and should be
considered when evaluating the BMD. We did not reveal differences in measurements
“in the air” and “in the phantom” at a significance level of 5% for the FCO3 kernel,
which confirms the fact that it was developed to correct the effect of “beam-hardening”.
An ambiguous relationship was found between the HU and the mineral density for the
FCO3 kernel when scanning samples with a low mineral density. Therefore, we consider
the FC17 convolution kernel (in comparison with FC03) of the Toshiba CT scanner to
be more preferable and suitable for assessing BMD under the given experimental condi-
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tions. Regression dependencies were obtained for recalculation of HU from experiments
“in the air” to HU of the same samples considering the surrounding tissues.
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Lnsi oueHKN MUHepanbHOM NNOTHOCTY Y MPOYHOCTY KOCTHbIX TKaHel Hapsay ¢ AeHCUTOMeTpuei
NPUMEHSETCA KONMMYECTBEHHAS KOMMbIOTEPHAs Tomorpadoms. «Colpble» OaHHbIE, NONyYEHHble
Mpu KOMMbIOTEPHON TOMOrpadhum, NpeobpasytoTcs NporpamMMHbIM obecrneyeHreM ToMorpacdpa
NMOCPEeLCTBOM CBEPTOYHbIX (KOHBOMIOLMOHHBIX) sOep. W3BeCcTHO, 4TO Mpu MpUMEHEHWN
KOHBOJIOLUMOHHbBIX Siep MOXEeT CYLEeCTBEHHO M3MEHSTbCS MAOTHOCTb TKaHel, BblpakeHHas
B eluHunuax XayHccunga. OnucaH adpdekT «ynpodHeHuss nyda» (beam-hardening ef-
fect): mpM NPOXOXIEHUN PEHTreHOBCKOrO nyya 4epe3 OObeKkT MPOUCXOLOUT MOroweHme
(POTOHOB PEHTFEHOBCKOrO M3nyyeHusi ¢ 6onee Hu3kow sHeprvei. [10aToMy ckaHupoBaHue
00bEKTOB «Ha BO3ayxe» 6e3 OKPYXEHUS| MArKUX TKaHeih Tena yenoBeka HaeT UCKaXEeHHble
ymcna XayHccpunga OTHOCUTENbHO WX peanbHbiX 3HadveHuid. JaHHas paboTa HaleneHa Ha
TO, 4TOObl OLEHWUTb BAUSIHAE Pa3/MYHbIX KOHBOJOLMOHHBIX s4ep, adhdekTa «ynpoYHEHUS
nyya», a TakXxe OpyrMx napametpoB HACTPOWKM KOMMbIOTEPHOrO ToMorpada Ha enuHULbI
XayHccounga rybuatoit KOCTHOM TKaHW ronoBok 6enpa u kanmbpoBaHHbIX 06pasLoB BOAHOMO
pactBopa rugpooptodpocdarta Kanusi ¢ U3BECTHOW MuHepanbHon nnoTHocTbio. ObpasLbl
rybyaToi KOCTHO TKaHW ronoBok 6eapa n kanubpoBaHHble 06pasubl BOLHOrO pacTeBopa
rnopoopTogpocara kanms ¢ U3BECTHON MAHEPANbHON NMNOTHOCTLIO CKAHMPOBANN HA KOMIMbHO-
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TepHoM ToMorpadpe Toshiba Aquilion 64. CkaHnpoBaHue 06pasLoB OCYWECTBSN B Pa3/INYHbIX
pexumax: Mnpu pasHOM TOKe, «Ha BO34yxe» W BHYTPM KanubpoBoyHoro dhaHtoma. [lpm
9TOM aHanM3upoBanucb pesynbTupylowmne n3obpaxeHus, 0bpaboTaHHbIE KOHBOMIOLMOHHBIMU
aapamn FC17 n FCO3. Bbino nokasaHo, YTO BEMYMHA TOKa MPaKTUYECKN He BANSET Ha Yucna
XayHcpunpa. PasnuyHble KOHBOMIOLMOHHbIE SApa AEMOHCTPUPYIOT CYLECTBEHHO pasHble
yncna XayHcdpmnmna npu CKaHMpoBaHUW «Ha BO3OyXe» OOHMX U TeX Xe obpasuos. ddpdpekT
«beam hardening» CylweCTBEHHO BNMSET Ha yucna XayHcdungoa u OONXEH Y4UTbIBATbCS Npwu
OLleHKe MMHEepanbHOWM NAOTHOCTWN KOCTHOW TKaHW. He BbISBNEHbI pa3nmymsa B U3MEPEHUSX «Ha
BO34yxe» W B (paHTOMe Ha ypoBHe 3Ha4dumocTu 5% ana sgpa FCO3, 4to moateepxnpaer TOT
PakT, 4TO OHO NpenHa3Ha4YeHo ANs KOPPeKTMPOoBKM adpdhekTa «beam-hardening». OgHako
MpW Manbix MUHepasnbHbIX MAOTHOCTAX CKaHWpyeMblx 06pa3sLoB OTMevaeTcsl HeOLHO3HA4Has
3aBMCUMOCTb MEX Y Ynucnamm XayHccounna v MuHepanbHoi nnoTHocTbio ana sapa FCO03. Anpo
FC17 cuntaem 6onee npefnoyTUTENbHBLIM Y NPUrO4HLIM ONS OLEHKM MUHEPANbHOR MNOTHOCTM
KOCTHOW TKaHW C y4eTOM MpeLBapuTEbHON KannbpoBKy C MOMOLLbIO ¢DaHToOMa LS WMPOKOro
JvanasoHa 3a4aHHbIX MUHepanbHbIX MNOTHOCTEN. MNonyyYeHbl perpeccMoHHble 3aBUCUMOCTY AN
nepecyeTa ymcen XayHcdumnoa n3 aKCreprMeHTOB «Ha BO3ayxe» B YAcna XayHcunaa Tex xe
06pasLoB C y4EeTOM OKpyXatowWwmx TkaHel (B dpaHToMe).

Knroyesble cnoBa: KOMMbloTepHasi ToMmorpadousi, KOMMYECTBEHHasi KOMMbloTepHas
TOMOrpadgousi, MUHepasnbHas NIOTHOCTb KOCTHOM TKaHM, Yucno XayHcdmnna, KOHBOMOLUMOHHOE
a0po0.
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