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ARTICLE INFO ABSTRACT

Through the development of correlations between the X-ray scanning parameters,
image quality (IQ), and radiation dose, bone X-ray radiography has been optimized.
The IQ and radiation dose absorption (RDA) are maximized when the X-ray tube pa-
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rameters (voltage, current, and exposure period) and sample-detector distance (SDD)
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are raised. For the purpose of maximizing bone X-ray radiography, the optimal trade-
off between maximum IQ and minimal RDA was discovered, and the associated X-ray
scanning settings were chosen. The study of the effects of X-ray tube voltage, X-ray
current, X-ray exposure time, and SDD resulted in the formulation of the X-ray scan-
ning parameters. Both the 1Q and the radiation dose deposition rise as all X-ray tube
settings are increased. For the purpose of maximizing X-ray radiography through de-
creasing the radiation dosage, the X-ray scanning parameters, such as the X-ray tube
voltage of 100 kV, X-ray tube current of 100 A, X-ray exposure time of 1 sec, and the
SDD of 80 cm, were obtained. With these settings, the RDA was less than 1.00 mSv and
the permissible diagnostic reference dose, radiation dose standards were met using
this radiation dose.

Keywords: Bone X-Ray Radiography; Sample-Detector Distance; Image Quality; Radi-

ation Dose Absorption; X-Ray Exposure Time

Introduction

The X-ray radiation is defined as electromagnetic radiation ca-
pable of passing through the object and reveals the interior struc-
ture of that object in the form of an image. This type of radiation
was discovered by the German scientist Wilhelm Rontgen Carl A
[1]. X-ray radiation is extensively used in medical and industrial ap-
plications primarily due to its ability to penetrate dense materials
such as bones and reveal their actual anatomy Umadevi [2]. The
X-ray radiation is transmitted through the patient during medical

diagnosis. X-ray radiography is one of the common imaging tech

niques that employ X-ray radiation to reveal the internal structures
of the objects. Abnormalities or diseases such as tooth decay, lung
cancer, cervical cancer, kidney stones, blood clots and cardiac dis-
eases are usually diagnosed through X-ray examinations such as
dental X-ray, pelvis X-ray, chest X-ray and abdominal X-ray examina-
tions (RSNA, 2010). The importance of acquiring high quality im-
ages in medical imaging is a necessity to enable ultimate accurate
diagnosis. The X-ray radiation is characterized as ionizing radiation
due to its ability to ionize atoms. lonizing radiation is generally haz-
ardous to the human body Desouky, et al. [3].

Copyright@ RL Njinga | Biomed ] Sci & Tech Res | BJSTR. MS.ID.007383.

37667


https://biomedres.us/
https://dx.doi.org/10.26717/BJSTR.2022.46.007383

Volume 46- Issue 4

DOI: 10.26717/BJSTR.2022.46.007383

The X-ray photons passing through the human body undergo
absorption inside the cell tissues. Subsequently, the ionization of
biological molecules takes place. The alteration of molecules inside
the body occurs and accordingly causes damage to the cells Ullman
[4]. The concept of optimization in X-ray radiography examinations
is the process of finding the best compromise between the quali-
ty of the radiograph and RDA for the particular X-ray examination
Nyathi [5]. The objective of optimization in X-ray radiography is
to enhance the desired benefits of this imaging technique without
compromising the well-being of the patients. The strategies of op-
timization are often implemented in X-ray radiography as a tool to
ensure that negligible radiation exposures are maintained during
examinations. The reduction of radiation exposures to patients in
X-ray examinations is a difficult process because the purpose of ex-
amination itself is often the deciding factor between the amounts
of radiation exposure required to produce a certain level of 1Q Uff-
mann [6]. Optimization is necessary for reduction of radiation dos-
es and ensuring that sufficient information is attained at an ideal
quality of the image in a certain X-ray examination for a specified

medical or industrial purpose.

Ideally, it is meaningless to use X-ray radiography to obtain the
image of a certain defective bone if the surrounding soft tissues
will receive high levels of radiation dose Hendee [7,8]. To achieve
optimization of IQ, optimum balance between X-ray tube voltages,
X-ray tube current, exposure time and source detector distance
should be study in correlation with harmful effects inflicted into the
patient’s body during the X-ray examination. This study explores
the optimization of the quality of the image obtained from a bone
X-ray radiography procedure with minimized radiation dose depo-
sition in the surrounding soft tissue. The effect of X-ray scanning
parameters will be established and thereafter optimization will be
explored. The establishment of the X-ray scanning parameters that
will yield the best quality image at minimized radiation dose will
be studied. In addition, the X-ray scanning parameters, and the in-
sightful knowledge of the use of phantoms and real samples to ex-
plore means of optimizing the X-ray radiographs and the associated
RDA will be examined.

Materials and Methods

The Micro-focus X-ray machine used in this study is based at
South African Nuclear Energy Corporation (Necsa) radiation sci-
ence unit. The machine is an imaging modality that allows the ac-
quisition of the interior information of an object non-destructive-
ly and non-invasively Hoffman [9]. The main components of this
system are X-ray tube, a sample holder/stage and 2D high system
resolution flat panel detector encapsulated within the lead-lined
cabinet Hoffman [9]. The function of the lead-lined cabinet is to
maintain the radiation dose below 1 micro-Sievert per hour Hoff-

man [9]. The power rating of Micro-focus X-ray machine is approxi-

mately 30 W which allows the scanning of quite a variety of samples
with different densities. The system consists of a voltage range of
30 kV-225 kV and a beam current of 0-1 mA. The focal spot on the
anode metal target ranges up to 0.003 mm. The flat panel detector
installed in the Micro-focus X-ray machine consists of a 16-bit dy-
namic range of up to 65335-pixel value. The X-ray experiments in
which the acquisition of radiographs of phantoms and real samples
was done by varying each X-ray scanning parameter while others
were kept constant.

The same X-ray scanning settings used to acquire the radio-
graphs of phantoms and real samples were used to measure the
RDA with radiation dose detector (Identifinder Ultra of physical
dimension 25 cmx9 cmx8 cm and weight of 1250g). The back-
ground radiation was measured before the experiment ICX Tech-
nologies [10]. The measurements of radiation dose were achieved
by placing the Identifinder Ultra detector on the sample stage of the
X-ray machine and the X-ray scanning parameter of interest were
varied exactly the same way as it was varied during the acquisi-
tion of radiographs. The actual samples used were body parts of
a rat obtained at Wits University, South Africa. The samples were
the rat humeri (arm bone), femora (thigh bone), tibias (shinbone)
and skulls (complete rat head). The samples were stored in 10 %
buffered formalin solution in plastic containers for preservation
purpose. The use of musk as a precautionary measure to reduce in-
halation of the formalin solution in areas with poor ventilation was
adhered to throughout the study. The width of each rat bone was
measured using the Vernier Calliper. The samples were gathered
together before the experiment and each sample was dried using a
paper towel prior to scanning.

The defined thickness of acrylic glass was used to replace the
soft tissue of the rat limb bones. The thickness of acrylic glass was
tailored according to the thickness of the actual rat tissue. Three
phantoms of different thicknesses were designed using alumini-
um metal and acrylic glass. The different thicknesses of aluminium
metal and acrylic glass were representing the average of different
thicknesses of rat limb bones, human palm bones and human limb
bones. The aluminium block was embedded inside the acrylic glass.
The phantoms representing the thicknesses of the human limbs
and palm were designed in accordance with Huang, et al., (2012);
Singh, et al. (2014); Osborne, et al. [11]; Garrido Varas & Thompson
(2011); Pan, (1924); Higgins, (1895); Alexander & Viktor, (2010)
and Cuk, et al. (2012). The average of the three thicknesses of the
compact bone of the human limbs and soft tissues were calculated.
This thickness was used to tailor the thickness of aluminium met-
al and acrylic glass to design the phantom representing the thick-
ness of the human limbs. The thicknesses of the soft tissues and
compact bone of the human palm were obtained from Singh, et al.
(2014); Osborne, et al. [11]; Garrido Varas & Thompson, (2011);
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Pan, (1924); Higgins, (1895) and Alexander & Viktor, (2010) to de-
sign the phantom.

Each thickness of the real tissues was multiplied by 2 (X-ray
beams will transverse the phantom twice during transmission).
Each sample was dried before the scan. The samples and phan-
toms were supported using polystyrene foam material during the
scan as illustrated in (Figure 1). The mass attenuation coefficient of
the polystyrene foam material causes negligible X-ray attenuation.
Hence, this material was adopted for support and stabilization of
the sample during the scan. (Figure 1) shows the polystyrene foam
material supporting the samples or phantoms which were posi-

Figure 1: Positioning of the sample and phantoms on the stage.

Results and Discussion

As revealed in (Figure 2), the IQ of the phantoms simulating the
human limbs, rat limbs and the real samples of the rat tibia, femur,
and humeri, increased with an increase in the X-ray tube voltage
from 30 kV to 175 kV. No image was formed within the X-ray tube
voltage range of 30 kV - 50 kV during the imaging of the skull. Also,
no images of the human palm phantom were formed within the
range of 30kV to 40kV. The I1Q was not evaluated for X-ray tube volt-
ages that did not produce any images. Low X-ray tube voltages pro-
duce low energy X-ray photons, and these photons are completely
attenuated by some of the thickness of the samples and phantoms.
Hence, there was no image formation during the scan of some of
the rat samples and human palm phantom. According to the ob-
servations made in (Figure 2), the phantoms and the rat samples
responded similarly to the X-ray exposure, as there was a linear in-
crease in 1Q throughout the increase in X-ray tube voltage. Although
no radiation dose was absorbed from 30kV - 60kV, radiation dose

tioned properly on the stage inside the Micro-focus X-ray machine
during the scan. The stage was tilted prior to scanning using the
external control panel of the Micro-focus X-ray machine for optimal
spatial resolution. This adjustment ensures that the sample is ful-
ly visualized in the 2D radiograph’s field of view. The Identifinder
Ultra detector was positioned along with the samples and phan-
toms on the stage in relation to the X-ray source at the specified
SDD during the measurements as shown in (Figure 1). The X-ray
scanning parameters that were used to acquire the radiographs of
rat samples and phantoms were also used to measure the radiation
dose Thermo Fisher Scientific [12].

increased as the X-ray tube voltage was increased from 60 kV to
175 kV as shown in (Figure 3). This similar trend between the sam-
ples and phantoms is due to the small difference in the material
composition and thicknesses.

However, throughout the increase in RDA, rat samples ab-
sorbed more radiation dose than phantoms. The 1Q was maximized
as the RDA for both phantoms and rat samples increased as seen
in (Figure 4). The maximum quality images of the phantoms were
acquired with low RDA, whereas the acquisition of the high-qual-
ity images of the rat samples were acquired with high RDA. The
difference in the maximization of IQ in relation to radiation dose
between the phantoms and the samples is due to the density of the
actual tissues (bones and soft tissues) and materials that were used
to simulate them (aluminium and acrylic glass). The density of al-
uminium (0.0027g/cm?®) that was used to simulate bones in phan-
toms was less than the density of the dominant mineral (Calcium
~1.54 g/cm3) found in actual bones of the samples used in this
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study (Figure 3). The RDA of the rat samples and the phantoms ver-  in (Figure 3). The optimal quality images were acquired with the
sus X-ray tube voltage investigation the optimal quality images in  X-ray tube voltage above 100 kV in (Figure 2), the corresponding
(Figure 4). were formed at RDA above 20.28 pSv, this radiation dose  radiation dose at 100 kV in (Figure 3) is 29.99 uSv.

corresponds to the X-ray tube voltage of 90 kV and above as shown
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Figure 3: The RDA of the rat samples and the phantoms versus X-ray tube voltage investigation.
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Figure 4: IQ of the radiographs of the rat samples and phantoms versus radiation dose for X-ray tube voltage investigation.

This radiation dose is within the limit of radiation reference
level that was stipulated by Dianna D. Cody, 2018, in which the radi-
ation reference level less than 100 pSv was suggested when acquir-
ing the radiographs of the hand, wrist and the finger. In this regard,
the findings of this study suggest that the X-ray tube voltage of 100
kV with X-ray tube current of 100 pA, X-ray exposure time of 1 sec
and maximum SDD of 80 cm can be safely used for optimization
of bone images in X-ray radiography. (Figure 5) shows that the ac-
quisition of the radiographs of the rat samples and phantoms were
done by varying the X-ray tube current from 5 pA-190 pA. During
the investigation of the X-ray tube current, the X-ray tube voltage
was constant at 100 kV, X-ray exposure time at 1 second, SDD at 50
cm. There was a small dissimilarity between the maximization of
the IQ of the actual samples and phantoms throughout the increase
in X-ray tube current from 5 pA-190 pA as seen in (Figure 5). The
relationship between 1Q and X-ray tube current is linear. Howev-
er, few points are observed to be deviating from the linear trend
at X-ray tube current values between 5 pA-20 pA. Although there
was an insignificant difference in IQ between the rat samples and
phantoms, the RDA between the phantoms and rat samples was
considerably different as seen in (Figure 6).

The phantoms used in this study absorbed low radiation dose
than the rat samples as the X-ray tube current was increased from 5
nA-190 pA. The RDA was very minimal below the X-ray tube current
0f100 pA, this region constitutes low quality images, whereas the
region above the X-ray tube current of 100 pA produced high quali-

ty images. The specific relationships were observed independently
between 1Q and radiation dose as the X-ray tube current was in-
creased as seen in (Figures 5&6). This phenomenon implies that the
thicknesses of the bone and soft tissue simulating materials were
responding similarly to the actual tissues of the samples under the
X-ray exposure when X-ray tube current was varied. Unlike the rat
samples, high quality images of the phantoms were acquired with
low radiation absorption in (Figure 7). The difference in the atomic
numbers is responsible for the variation in 1Q and RDA between
the phantoms and samples in (Figure 7). The rat samples consist of
bones and bone tissues are made up of calcium with atomic number
20, aluminium metal with atomic number 13, was simulating the
bone tissue in the phantoms. The high atomic number molecules
absorb more X-ray radiation than low atomic number molecules
Dendy, et al. [13].

Hence, (Figure 7). shows that the samples absorbed more radi-
ation dose than phantoms in this study. The findings of this study do
not correspond with the findings of Olubamiji [14], who concluded
that no significant change in IQ can be achieved through variation
of X-ray tube current. In this study, the quality of radiographs was
successfully increased by increasing the X-ray tube current between
5 pA and 190 pA with the X-ray tube voltage of 100 kV, X-ray tube
exposure time of 1 second, SDD of 80 cm and no X-ray filtration. The
optimum quality radiographs were obtained with the X-ray tube
current of more than 100 pA. The implication there of is that when
high X-ray tube voltage (such as 100 kV) is considered when ac-
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quiring optimized radiographs of the bones, the corresponding se-
lection of low X-ray tube current (lower than 100 pA) values should
also be considered. However, the findings of this study shows that
high quality images are acquired with the X-ray tube current of
above 100 pA; the constraint thereof is the RDA. 3000 uSv-5000 pSv
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is a designated diagnostic reference when acquiring radiographs of
the human skull Vano, et al. [15]. The optimal radiographs of the
rat bones and phantoms obtained in this study occurred at an ab-
sorbed radiation dose less than the diagnostic reference dose at 12
uSv and 59 pSv with the X-ray tube current of 100 pA [16-25].
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Figure 5: The IQ of the radiographs of the rat samples and phantoms as the X-ray tube current is varied.
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Figure 6: The RDA of the rat samples and phantoms versus X-ray tube current investigation.
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Figure 7: The IQ of the radiographs of rat samples and phantoms versus RDA for X-ray tube current investigation.

Therefore, this X-ray current with the X-ray tube voltage of
100kV can be used for optimization in X-ray radiography without
harming the well-being of the patient. The quality of the images of
both the rat samples and phantoms was increasing when the X-ray
tube exposure time was increased from 0.267 second to 4.000 sec-
onds. A linear relationship between the 1Q, RDA and X-ray tube ex-
posure time as presented in (Figure 8& 9). The increase in X-ray ex-
posure time in (Figure 8) increases the IQ for both the samples and
phantoms. Although the phantoms absorbed less radiation dose
than real samples, a linear relationship between radiation dose and
exposure time was observed in (Figure 9). The RDA of both phan-
toms and samples increased with different slopes at 30.08 & 7.64.
High quality images of the phantoms were acquired with low ra-
diation dose as shown in (Figure 10). The optimal images in (Fig-
ure 10). were acquired between the RDA of 8.00 pSv to 132.00 pSw.
This RDA correspond to X-ray exposure time between 1 second to 4
seconds as seen in (Figures 8&9) shows that the images that were
obtained at the X-ray exposure time of 4 seconds are more optimal
for both phantoms and samples [26-33].

The radiation dose of 31.00 uSv and 132.00 uSv were ab-
sorbed by the phantoms and rat samples respectively when the
optimal quality images were acquired at the X-ray exposure time
of 4 seconds. The radiation reference level of 100 pSv for X-ray ex-

aminations of the hand, thumb, knee and the wrist. According to

these studies, the acquisition of optimized bone radiographs was
achieved at an X-ray exposure time of 4 second, X-ray voltage and
current of 100 kV and 100 pA and SDD of 80 cm. The IQ of all the
rat samples and phantoms had a slight increase throughout the
increase in SDD, meaning the quality of all the images was almost
constant as the samples and phantoms were approaching the X-ray
source as seen in (Figure 11). Although a slight increase in 1Q was
observed when the SDD was increased from 42 cm to 100cm, all the
images of phantoms had much higher quality than all the images of
the rat samples. Although the images of the rat skull had the least
1Q throughout the investigation, all the images of the rat samples
had the same maximum quality at the SDD of 100 cm. The phantom
representing the human limbs had the least IQ when compared to
other phantoms from 42 cm to 95 cm [34-48].

At 100 cm, the quality of the images of this phantom increased
to maximum quality images. However, the quality of the images of
the phantoms simulating the thickness of the human hand (palm)
and rat limbs were the same throughout the increase in SDD from
42 cm to 100 cm. As seen in (Figure 12), the real samples absorbed
more radiation dose than the phantoms. The radiation dose in-
creased throughout the increase in SDD with respect to the IQ.
Although the images were optimal at the SDD between 40 cm to
100 cm as seen in (Figure 11), the RDA rapidly increased for both
phantoms and actual rat samples (Figure 12). At the SDD of 80 cm
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and 100 cm, the obtained RDA for the rat samples were 58.61 uSv
& 113.61 pSv and the phantoms were 31.11 uSv & 73.06 uSv re-
spectively. As shown in (Figure 13), there is a trend between the
RDA and the related IQ of the rat samples and the phantoms. Apart
from the thickness of the phantoms, other dimensions of the phan-

toms were bigger than that of the actual rat samples. This brings
about the discrepancies as seen in the plot (Figure 13). The height
of acrylic glass and aluminium of phantoms were 6 cm and 3 cm
whereas the average height of the rat tibia, femur and humeri was
2.5 cm [49-58].
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The specification stated by Busch et al. 2004 indicate that in
conventional X-ray radiography, the images of the shoulders, upper
arm and lower leg should be obtained with the distance of 100 cm
to 150 cm between the film and the focus (commonly known as
FFD). According to Busch et al. 2004 the X-ray tube voltage should
be within the range of 60 kV to 75 kV and the X-ray exposure time
less than 100 milliseconds. As study by Dianna, 2018 indicate that
the radiation reference level of less than 100 pSv should be speci-
fied by for X-ray examinations of the human limbs. In this studies,
the optimal quality images of the rat samples and the phantoms
were obtained with RDA of 58.61 puSv and 113.61 puSv for SDD of 80
cm and 100 cm. At the SDD of 100 cm, the obtained RDA was slight-
ly greater than 100 pSv and at the SDD of 80 cm, the obtained RDA
was below the reference limit with a value of 58.61 pSv [59-67].

Conclusion

The optimization of bone X-ray radiography was achieved
through the establishment of the relationship between X-ray scan-
ning parameters IQ and radiation dose. Increasing the X-ray tube
parameters (voltage, current and exposure time) and SDD max-
imized the IQ and the RDA. The best compromise between maxi-
mum [Q and minimized RDA was found and the corresponding
X-ray scanning parameters were selected for optimization of bone
X-ray radiography. The selected X-ray scanning parameters were
established through the investigations of the effect of X-ray tube
voltage, X-ray current, X-ray exposure time and sample detector
instance. The increase in all the X-ray tube parameters increases
both the IQ and the radiation dose deposition. The slight increase
in IQ can be achieved by the increase in the SDD while consider-
ing the rapid accumulation in radiation dose deposition. The X-ray
scanning parameters such as the X-ray tube voltage of 100 kV, X-ray
tube current of 100 pA, X-ray exposure time of 1 sec and the SDD of
80 cm were selected for optimization of X-ray radiography through
reduction of radiation dose.
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