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ABSTRACT

Background: The purpose of this study was to find the accurate absorbed dose
in the femur bone marrow during the X-ray radiography for constant mAs and
AEC techniques. Materials and Methods: The DOSXYZnrc was used to simulate
radiation doses in two human femurs during diagnostic radiography. EGSnrc
> Original article phantoms produced from actual CT images of human femurs were modified by
adding seven micrometre layers of marrow tissues. The X-ray machine was
simulated using BEAMnrc using 30 billions particles for different combinations
of energies and filters. The resultant data was used to in DOSXYSnrc
simulations to evaluate the absorbed dose in the human femur. Results: In
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inches SID, the bone marrow absorbed dose was found to be 0.186 mGy for
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13(1): 61-65 Conclusion: 1t was confirmed that the radiation dose is lower when the AEC
exposure technique is used as opposed to using constant mAs technique. For
the AEC technique, typical dose to the bone marrow was found to be ~ 0.05
mGy, decreasing with both kVp settings and beam filtration. For constant mAs
technique, the typical dose to bone marrow is found to be higher, ~ 0.2 mGy,
decreasing with the amount of filtration used but increasing with the kVp
setting.
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radiation. If the red blood cells are affected, the
patient becomes anaemic, and requires
transfusions, if the white blood cells are affected,

Bone marrow produces the blood cells, i.e., the body will lose its defense against infections
the white blood cells, red blood cells and plate- and if platelet cells are damage, the probability
lets. All of these components are sensitive to of internal bleeding will be increased (). To find
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the absorbed dose to bone marrow, a method to
convert CT numbers into elemental weights of
human tissues was introduced by Schneider et
al. These data were later used as input for
Electron Gamma Monte Carlo shower codes,
EGS4. Seventy one types of human tissues were
considered for their functional relationships
between tissue elements and CT numbers. Any
missing data lying between the main points
were derived through interpolation. The
maximum errors predicted for carbon and
oxygen weights were up to 14%. These errors
are less than 5% for the rest of the elements (2,
In 2005, Verhaegen & Devic evaluated the
inaccuracies in CT segmentations using
phantom for energies ranging from 250 kVp to
15 MV. Their research concludes that
inaccuracies in CT data used in simulations
produces as high as 40% errors in radiation
doses for 250 kVp X-ray, with lesser error for
higher energy radiation. This amount of
disparity implies that CT calibration with proper
phantom is essential 3). In 2005, a new model
was introduced to provide a three-dimensional
geometry for Monte Carlo simulations in bony
tissues based on micro CT images. For energy
interval between 50 to 200 keV, it was found
that the absorbed fractions to red marrow
diverge from those estimated using previous
techniques of spongiosa transport (4. In 2006,
ICRP updated two digital phantoms which have
already been recommended to use in the field of
radiation protection fields. MAX or male adult
and FAX or female adult voxel are the phantoms
which have been updated with new organs and
tissues data (5. In 2007, Vanderstraeten etal
developed one of the most important researches
about the human material compositions. They
found a method to convert CT numbers to tissue
parameters using a CT number calibration
technique. The converted data were then
utilized in a Monte Carlo Treatment Planning
system: MCTP. Using these data, total amounts
of evaluated errors were found to be ~ 5% (©). In
2007, Bhatti et al measured the chromosome
translocations in blood lymphocytes during the
diagnostic procedures. Translocations were
counted in 1800 metaphase cells and reported
in term of cell equivalents, CE, per person. The
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results shows that mean dose to the red
marrows is 1.9 cGy. A linear relationship
between the dose to red marrow and
translocations was also found, the slope of which
is 0.15 excess translocations per 100 CE per cGy.
For instant, there would be around 8
translocations per 100 CE for 5 cGy dose to red
marrow (7). Our earlier Monte Carlo simulation
work on the absorbed dose in femur bone
phantom during X-ray radiography was
described elsewhere ®. In the current work, the
absorbed dose in marrow of the femur during
radiography = was  calculated using CT
information of actual human.

MATERIALA AND METHODS

In this study, the egsphant phantoms, i.e. the
digital phantom used in the DOSXYZnrc
simulations were constructed from real human
femur CT data using CTCREATE ). Five tissues,
listed in table 1, were defined to assist the
conversion of the CT images to egspahnt
phantom file (egsphant). In the first, the voxel
size for the egsphant phantom was set to
0.28x0.18%0.3 cm3. The phantom file was then
modified by manually adding seven columns of
data representing bone marrow at the location
right after bone tissues. The thickness of each
added layer was defined to be 1 um. This
modification was carried out to minimize the
effect of voxel averaging of absorbed dose,
enabling more accurate determination of
maximum absorbed dose in the bone marrow.

The DOSXYZnrc simulation code was then
used to estimate the absorbed dose in the bone
marrow. The particle phase-space files needed

Table 1. Density data of various tissues in human

femur used for the egsphant file (10 (2
Ti Density
issue
Lower (g/cm’) Upper (g/cm’)

Air:  AIR700ICRU |0.001 0.044
Muscle 1.01 1.1
Spongy Bone 1.1 1.14
Cortical Bone 1.14 2.088
*Bone Marrow 1.03 1.03
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for this simulation were obtained from separate
simulations for a Philips X-ray machine by the
authors described elsewhere (11). A total of 30
billion particles from the phase space files were
used for this simulation using 600 particle
recycle times. To evaluate possible errors due to
the high number of particle recycling, the
simulation was repeated ten times using
different random number seeds. The simulations
were carried out on a Debian Linux cluster, with
3 Intel cores i7 CPU (24 total number of cores)
model number 2600, 3.40 GHz with 24 GB RAM.
Two additional human femurs were simulated to
find the bone marrow absorbed dose in the head
and the body of femur using similar procedures.
For these simulations, the voxel size of all
egsphant phantoms was 0.5x0.5x0.5 cm3. These
egsphant phantoms were also modified to
include the micrometer-thick bone marrow
layers. The simulations for these phantoms were
then carried out to determine the absorbed dose
in bone marrow during X-ray radiography using
both constant mAs and AEC techniques. For
these simulations, three diagnostic X-ray
energies, viz 102, 85 and 70 kVp with

1.20

combinations of four different filters were used.
The simulation results of radiation doses as a
function of kVp values and filters for head and
body of the femur were transformed to relative
doses for both constant mAs and automatic
exposure control (AEC) techniques to reflect
clinical considerations.

RESULTS AND DISCUSSION

The depth dose curves for the femur
phantom and modified femur phantom
(phantom with marrows) are depicted in figure
1. It appears from the plot that the absorbed
dose decreases in the muscle until 1.7cm depth,
followed by a rapid increase of the dose due to
increase absorption in the cortex bone. The dose
falls again after ~2.2cm depth due to lower
density spongy bone, specified to be ~1.12 g/
cm3 while the density of cortex bone is ~1.27 g/
cm3. Comparing the dose values of the
phantoms with and without the additional
layers of bone marrow reveals no significant
disparity between the two, the maximum
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Figurel. Depth dose for a typical human femur from 0 to 10 cm along the Z axis for femur phantom and
modified femur phantom included the data of bone marrows.
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disparity being 4.96%, observed at the depth of
7.54 cm. This provides a support that the data at
the locations of marrows are reliable.

The dose plots for marrows are exploded for
clarity, located at the top right side of figure 1.
The femur surface dose found here, 1.317 mGy,
lies within the interval of entrance dose values
reported by Schandorf etal 0.3 to 1.7 mGy
table 2 (12),

Current work by wusing micrometer-
dimension voxel in the Monte Carlo simulation.
Thus, to our knowledge, it can be deduced that
the results of this work contains the most
accurate reported values for absorbed dose in
marrow of the femur head during a diagnostic
radiography. Due to dose averaging effect in
voxels, the accuracy of the results in current
work is also better than what have been report-
ed using 200 pm thick layers of marrows (7).

The results for DOSXYZnrc simulations for
automatic exposure control (AEC) technique are
illustrated in figure 2(a), confirming higher

Table 2. The absorbed dose in the head of femur for
85 kVp X-rays, 50 mAs at 100 cm SSD.

Femur surface] Maximum |Maximum dose
Absorbed dose

dose (mGy)

dose to bone| to marrows

1.317 £0.017 |3.753 £ 0.034] 1.360 + 0.096
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marrow doses for lower kVp settings and softer
X-ray beams. The lower kVp, however, results in
lower radiation dose to marrow for constant
current (mAs) technique (figure 2(b)). Holding
constant mAs, the dose is confirmed to increase
with kVp. To use the obtained results for the
constant mAs technique under practical
radiography conditions, the exposure settings
must be renormalized for mAs settings, source
to image distance (SID) and object to image
distance (OID). For exposure settings of 85 kVp
and 6 mAs at 48 inch (121.92 cm) SID, with OID
of 9 cm and femur thickness of 12.5 cm, the
calculated maximum absorbed dose in femur
bone marrow, using the linear relation between
dose and mAs and inverse square law, is 0.186
mGy. For the AEC technique in femur
radiography, the typical exposure settings are
200 mA at 48" (121.92 cm) (8), In this case the
bone marrow absorbed dose for 10 ms exposure
are 0.0308 mGy, 0.0484 mGy and 0.0698 mGy
for 70 kVp, 85 kVp and 102 kVp respectively.

CONCLUSION

To determine the absorbed dose in the femur
bone marrow, Monte Carlo codes were used. In
the head of the femur, the absorbed dose in the
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Figure 2. (a) The relative absorbed dose to bone marrow of femur head and body using automatic exposure
control (AEC) technique and (b) the absolute absorbed dose to bone marrow using constant mAs technique. The
filters are: Filter 1 (2.5 mmAl), Filter 2 (4.5 mmAl), Filter 3 (3.5 mmAI+0.1 mmCu) and Filter 4 (3.5
mmAIl+0.2mmCu).
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bone marrow for 85 kVp, with 50 mAs at 100
SSD, was found to be 1.360 mGy, i.e,, ~36% of
maximum absorbed dose in the cortex bone of
the femur. For the constant mAs technique, the
dose to femur bone marrow ranges from 0.356
mGy to 2.403 mGy, with higher dose for higher
kVp settings. The dose was also found to
decrease with the amount of filtration used. For
automatic exposure control (AEC), however, the
relative dose was found to be lower for both
higher kVp settings and increased filtration.
When the constant mAs technique was applied
for femur radiography, using settings of 85 kVp
and 6 mAs at 121.92 cm SID, the maximum
femur bone marrow absorbed dose was found
to be ~0.186 mGy. With the AEC technique, the
maximum bone marrow absorbed dose to femur
for 10 ms was found to be 0.0308 mGy, 0.0484
mGy and 0.0698 mGy for 70 kVp, 85 kVp and
102 kVp respectively.
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