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Abstract
Objective: The objective of this article is to introduce a simplified and swift 
method to satisfactorily estimate the half- value layers (HVL), quarter- value layer 
(QVL), and tenth- value layer (TVL) from the x- ray spectra emitted by any diag-
nostic radiology or kV radiotherapy x- ray tubes.
Methods: A CdTe x- ray and Gamma detector (X- 123 CdTe, AmpTek Inc.) is 
used to measure the x- ray spectra at four different x- ray energies (low, mid, 
high energy x- rays) with different external filtering. The software “SpekCalc GUI” 
(Developed in McGill University, Montreal, Canada) is also used to obtain the 
simulated x- ray spectra. Both measured and simulated spectra are used to com-
pute the HVL thicknesses of Aluminum by a mathematical method presented 
in this article. Next, the HVL thicknesses for corresponding tube potentials are 
also measured by calibrated ionization chamber and varying thicknesses of alu-
minum plates. Finally, the computed and measured HVL, QVL, and TVL thick-
nesses are compared to evaluate the efficacy of the presented method.
Results: The results show acceptable concordance between computed and 
measured quantities. The disagreement rates between measured HVL and the 
values derived mathematically from the x- ray spectra are 10 to 90 micrometers 
of Aluminum at tube potentials of 31 kV to 120 kV. As it is shown, a negligible 
discrepancy is observed between the analytical estimation and the experimental 
assessments.
Conclusion: The HVL is an essential component in the evaluation of the quality 
of an x- ray beam. However, its measurement could occasionally be challenging, 
time- consuming, or uncertain due to some technical difficulties. Although the 
scope of this study is not to undermine the value of conventional and widely ac-
cepted practice to determine the HVL thickness, the introduced method provides 
the fast, more convenient, and comparably reliable technique to estimate the 
HVL, QVL, and TVL by employing the given x- ray spectrum.
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1 |  INTRODUCTION

To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.
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1 |  INTRODUCTION

The standard quality assurance and patient dose re-
duction closely depend on the x- ray beam quality. 
Determination of the half- value layer (HVL) is usually 
performed to assess the x- ray beam quality. However, 
HVL or other measures like QVL and TVL are not a 
quick procedure, and in a few circumstances, such 
as computed tomography (CT) or in some Automated 
Exposure Control (AEC) devices, could be an arduous 
task. The HVL measurement in CT is usually done in 
nonrotating exposure mode that needs the assistance 
of the service engineer to disable the rotating nature of 
the CT device. In many newer fluoroscopy units, plac-
ing the aluminum foil in front of the source triggers the 
automatic tube potential and current readjustment to 
maintain brightness control on the detector.

Additionally, the HVL measurement must be per-
formed under special conditions such as narrow x- ray 
beam and minimal scattering from surrounding ob-
jects. Controlling the x- ray scatter might be challenging 
in various equipment due to fixed objects around the 
device at the operational site. Moreover, it is noted by 
the manufacturers that the accuracy of the ionization 
chamber (IC) is linked to the x- ray energies and expo-
sure rate. The ionization chambers at the best operat-
ing condition usually carry ±4% tolerance in calibration 
accuracy with pre- identified x- ray beam hardness, as 
well as ±5% tolerance in x- ray energy and exposure 
rate dependence. However, the increasing thicknesses 
of high attenuating materials such as Aluminum or 
Copper block the low- energy photons and conse-
quently alters the accuracy of the calibrated ionization 
chambers. Additionally, the unknown amount of x- ray 
scattering passing through the varying thickness of alu-
minum plates, the position of the x- ray source in the 
unit, and the difficulty of keeping the exposure settings 
constant in some equipment collectively result in tech-
nical challenges in measuring the accurate HVL, QVL, 
or tenth- value layer (TVL). Bremsstrahlung x- rays are 
produced by electrons striking an anode target in the 
x- ray tube. In the 1920s, Hendrik Kramers discovered 
a formula for the continuous spectral distribution. Since 
the days of Kramers, many scientists have attempted 
to simulate the x- ray spectra to avoid the complexity 
of experimental x- ray spectroscopy.1– 7 By advancing 
the simulation precision over many years, more ac-
curate simulated x- ray spectra are currently available 
and could be used with high certainty. Additionally, an 
authentic x- ray spectrum can always be measured by 
high- performance x- ray spectroscopy devices.

Considering all complexities for measuring the HVL 
in different circumstances, we will introduce a simple 
analytical technique to estimate the HVL, QVL, or TVL 
by using the pre- known x- ray spectra. Presumably, this 
approach has been previously adopted by many schol-
ars to estimate the HVL without measuring the real 

quantity through the experimental attempt. However, to 
the best of our knowledge, it is never explicitly eluci-
dated in the literature. The comprehensive explanation 
of the procedure in this article would enable everyone 
to straightforwardly perform the HVL estimation, with-
out lengthy experimental procedure but with decent 
precision.

2 |  MATERIALS AND METHODS

The x- ray photons either pass through or are absorbed/
scattered by the objects. The x- ray interaction with the 
matter is related to the number of atoms per volume 
unit of the object and, consequently, the probability of 
photons being absorbed or scattered by that object 
which can be defined as the linear attenuation coef-
ficient of the object.8,9 The final x- ray exposure after 
passing through the object can be described by the 
Beer- Lambert equation as follows:

where, I0 is the x- ray exposure without interacting by at-
tenuating object at a defined distance, I is the measured 
x- ray exposure at the same plane when the object of thick-
ness εx ε is in the path of the x- ray beam and � is the lin-
ear attenuation coefficient of the attenuating object. Since 
the linear attenuation of an object heavily depends on the 
x- ray photon energy, in a polychromatic x- ray beam, the 
Beer- Lambert equation can be extended as follows:

where, �E is the linear attenuation coefficient of the ob-
ject at the photon energy of E. Although the x- ray absorp-
tion by air is insignificant, the photon absorption by air 
should also be considered for precise HVL estimation be-
cause the experimental HVL measurement is not being 
done in the vacuum. The x- ray mass energy- absorption 
coefficient of the air is solely used to determine the x- ray 
exposure at a distance without an object in the path of the 
beam. The following equation can be utilized to estimate 
the x- ray exposure without the attenuating object:

where, S (E) is the normalized x- ray spectrum and 
(

�

�

)

E(en−Air )
 is the mass- energy absorption coefficient of 

the air for the x- ray photon energy of E. When an x- ray 
photon passes through the object (usually Aluminum to 
evaluate the beam quality within the diagnostic x- ray en-
ergy), it is scattered and absorbed by the object. 

(1)I= I0e−�x

(2)∫ IdE = ∫ I0(E)e
−�E . x dE

(3)I1 = ∫ E. S (E) .

(

�

�

)

E(en−Air )

dE
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To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.
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Therefore, the x- ray exposure after passing through the 
object with thickness εx ε can be determined by:

HVL is the thickness of the object that reduces the 
x- ray exposure by one- half after x- ray photons pass 
through the object. By the definition of HVL, the mea-
sured value for I2 equals one- half of I1. Therefore, from 
equations 3 and 4, the HVL can be estimated by solving 
equation 5 for x:

The QVL and TVL are also computable by the equa-
tion above if we solve the equation with a constant of 1

4
or 1

10
on the right side of the equation, respectively. Due 

to the nature of measured x- ray spectra which they are 
discrete quantity rather than continuous dataset, equa-
tion five can be rewritten as a discrete equation by any 
desired keV interval:

As it is anticipated, the smaller the keV increment, the 
less error and uncertainty will be introduced by compu-
tation. For simplicity, we estimate the HVL, QVL, or TVL 
by using the normalized spectrum in energy level (E) of 
1 keV intervals. The introduced error by one keV x- ray 
energy gap is expected to be trivial. The linear attenua-
tion coefficients of aluminum (�E) and air mass energy- 
absorption coefficients 

(

�

�

)

E(en−Air )
 for each energy 

level should be available for HVL calculation by this 
method.

The XCOM program provided by the National 
Institute of Standard and Technology (NIST) is uti-
lized to extract the aluminum mass attenuation coef-
ficients at desired x- ray energy levels.10 The air mass 
energy- absorption coefficients for x- ray energies of 
1keV to 20MeV are also provided by NIST.11 The NIST 
data set for air mass energy absorption coefficients 
does not cover all energy levels, and within the di-
agnostic x- ray energy range, there are only 11 data 
points that are presented by the NIST. For interpo-
lation accuracy, the air mass energy- absorption co-
efficients for interested x- ray photon energies were 
individually fit utilizing the least- square technique12,13 
and the expressions:

Where, ai are the constants derived from solving five 
equations at five different x- ray photon energies. The 
calculated air mass energy absorption coefficients at 
various x- ray energies and the exploited linear attenua-
tion coefficients for the Aluminum within the diagnostic 
x- ray energy range are tabulated in Appendix A.

At the initial step, we measured the x- ray spectra at 
various tube potentials and filtration with the cadmium 
telluride (CdTe) x- ray detector (X123- CdTe Complete 
X- ray & Gamma Ray detector, Amptek). The device 
has a detector area of 25 mm2, 25 µm thick graphite 
plus 100 µm thick Beryllium window, and it provides 
the channel resolution of up to 8K. The multiple layer 
collimator (Amptek, Bedford, MA) with stainless steel 
housing, Brass spacer, and two Tungsten Collimator 
disks are used on the spectrometer during the spec-
troscopy. The Tungsten disks are made of alloy HD17 
(90% W, 6%Ni, and 4% Cu) with 2 mm thicknesses, 
1000 µm, and 200 µm holes, respectively. The utilized 
spectrometer measures the received number of x- ray 
photons in energy resolution of 0.04 kV. We utilized 
a micro- focus X- ray source (Hamamatsu Photonics, 
Model L9181- 06), which can provide up to 300 μA tube 
current and 130 kV tube voltage. The x- ray source has 
a tungsten (W) anode target, a Beryllium output win-
dow with thickness of 0.5 mm, and provides a focal 
spot size of 50 μm or smaller, depending on the tube 
output power. The x- ray spectrum at any tube potential 
is measured for five consecutive times with a resolution 
of 4096 channels, and the average values are reported 
as the ultimate result. The relevant channels to x- ray 
energy interval are combined to include the total num-
ber of photons in 1 keV increment.

Two physical effects may alter the recorded raw 
spectrum: (a) escape of secondary x- ray photon from 
the Cd or Te atoms and (b) loss of efficiency due to 
attenuation in the Beryllium window and the trans-
mission through the detector. The secondary x- ray 
photons, which are developed in the detector by inter-
action with Cd or Te, escape the detector and reduce 
the measured energy. The difference between the 
actual number and the detected number of photons, 
N∆(E), at the energy of E, can be determined by:

where p represents the four escape lines with energies 
Ep, fp (E) is the probability of characteristic photon escap-
ing at energy E, and Nr (E) is the real number of photons 
at the energy level of E. The escape peak correction is 
performed by stripping procedures which is discussed in 
detail in the literature14 on a channel- by- channel basis.

The correction tool (XRS- FP, Amptek) utilizes the 
described algorithm to make the required correction on 
escape peak as well as efficiency loss for the recorded 

(4)I2 = ∫ E. S (E) .

(

�

�

)

E(en−Air )

. e−�E . x dE

(5)

∫ E. S (E) .

(

�

�

)

E(en−Air )

. e−�E(AL) . x dE =
1

2 ∫ E. S (E) .

(

�

�
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E(en−Air )

dE
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∑
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. e−�E . x =
1

2

∑

E. S (E) .
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(
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E(en−Air )

= a1 + a2E −4.5 + a3E −3.5 + a4E −2.7 + a5E −1.6

(8)

NΔ (E) =
∑

p

fp
(

E + Ep

)

Nr

(

E + Ep
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−
∑

p

fp
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E − Ep
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. Nr (E)



OMOUMI et al. 3232 |   HILLIARD et AL.
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To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.
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raw spectrum. We used the XRS- FP software to ren-
der the real spectra from the raw spectra recorded 
by the spectrometer. Thereafter, measured spectra 
at specified tube potential or filtration are normalized 
by desired keV intervals. The attenuation and mass 
energy- absorption coefficients are energy- dependent, 
and therefore median point for each x- ray energy level 
are used to roughly cancel out the variations in any 
given one keV range.

HVL, QVL, and TVL for any given x- ray exposure 
were measured in the lab using narrow beam ge-
ometry, calibrated ionization chambers, and vary-
ing thickness of aluminum slabs.15,16 The Dedicated 
Mammography Chamber (10X6- 6M, Radcal®) is used 
for low energy beams. The Leakage and Low- Level 

Measurements Chamber (10X6- 180, Radcal®) is used 
for the mid- energy and the high- energy x- ray beams. 
Incident x- ray exposure without placing the Aluminum 
foil in the x- ray beam at the distance of 69 cm is mea-
sured several times, and the average value is re-
corded as I0. The varying thickness of aluminum foils 
are added in the x- ray path one after another, and the 
average values for the x- ray exposures are recorded 
for each step. The HVL, QVL, and TVL are estimated 
from collected x- ray exposure data at the same plane 
by curve fitting.

The simulated x- ray spectra are generated by using 
the software SpekCalc Pro version. This software 
provides the simulated x- ray spectra emitted from a 
Tungsten anode. It operates between 0 and 300 kV 
and offers filtration of W, Cu, Al, Sn, Ta, Be, air, and 
water. The theoretical approach that has been used 
to calculate the emitted x- ray spectra in this software 
was developed at the Institute of Cancer Research in 
UK.17,18

For the mathematical estimation of HVL, QVL, and 
TVL, solving equation 6 for εx ε could be difficult and 
almost impractical by the analytical method. A propri-
etary multi- paradigm programming language and nu-
merical computing environment (MATLAB, MathWorks) 
is used to solve the equation by a numerical method, 
using the midpoint algorithm by iteration task. The flow-
chart presented in Figure 1 is the applied algorithm to 
solve the equation, and the source code in MATLAB is 
available upon request.

3 |  RESULTS

Figure 2 shows four normalized x- ray spectra that were 
measured by Amptek x- ray spectrometer and the cor-
responding spectrum simulated by SpekCalc software. 
The x- ray exposures under specified conditions at the 
distance of 69 cm from the source are measured con-
sequently with varying thickness of aluminum slabs. 
Plotted exposure values can be found in Figure 3. The 
horizontal dotted lines are placed at the corresponding 
HVL values.

The calculated HVL, QVL, and TVL derived from 
measured x- ray spectra and the corresponding values 
measured by a calibrated ionization chamber in the ex-
periment are presented in Table 1. The disagreement 
between the measured HVL and computed HVL from 
the measured x- ray spectra for 31 kV and 59 kV x- ray 
beams is 0.01 mm of aluminum while the disagree-
ment between these two values for 89 kV and 120 kV 
x- ray beams are 0.05 mm and 0.09 mm of aluminum, 
respectively.

Table 1 also shows the computed HVL, QVL, 
and TVL derived from simulated x- ray spectra in 

F I G U R E  1  The applied numerical algorithm to solve the 
equation 6 for HVL thicknesses. The Value of 0.50 is replaced by 
0.25 or 0.10 to estimate the QVL and TVL thicknesses, respectively
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1 |  INTRODUCTION

To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.
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contrast to measured values by a calibrated ioniza-
tion chamber for the same experimental settings. 
Similarly, the disagreement between the measured 
HVL and computed HVL from the simulated x- ray 
spectra for 31 kV and 59 kV x- ray beams is 0.01 mm 
of aluminum. The disagreements between these 
two values for 89 kV and 120 kV x- ray beams are 
0.06 mm and 0.08 mm of Aluminum, respectively. 
The measured and estimated values for the QVLs 
and TVLs for corresponding x- ray energies are also 
reported in Table 1.

4 |  DISCUSSION ON CONCLUSION

The x- ray beam quality or penetration ability of uti-
lized radiation is usually characterized by illustrating 
the thickness of Aluminum or copper that reduces the 
intensity of x- ray to one- half. A polychromatic x- ray 
beam is generally used in diagnostic or therapeutic 
radiology, and x- ray photons at various energies are 
absorbed or scattered differently. Hence, the meas-
urement of HVL under certain experimental conditions 
is widely accepted by medical physicists. However, the 
narrow beam implementation, the position and the dis-
tance of ionization chamber from the source and the 
attenuating material, the presence of scattering mate-
rial in the vicinity of the chamber, the calibration ac-
curacy of utilized detector, the energy dependence or 
the exposure rate dependence of the ionization cham-
bers, the ability of equipment to emit stationary and 
constant x- ray exposure during the experiment, etc. 
sometimes introduce technical challenges to readily 
measuring the HVLs.

On the other hand, the HVL measurement might 
be questionable due to the issues related to the en-
ergy dependence and the calibration accuracy of 
ionization chambers, while the x- ray spectra contin-
ually become harder by adding additional aluminum 
foils in the HVL measuring procedure. As it is shown 
in the results, the calculated values for HVL, QVL, 
and TVLs from the x- ray spectra are usually smaller 
than the measured ones. This might be expected 
due to various reasons, including but not limited to 
unknown scattering rate during the experiment or 
issue with calibration in the ion chamber when the 
beam continually gets harder during the experiment 
by adding the additional aluminum filters. Another 
concern in experimental measurement is the robust-
ness of the curve fitting model to estimate the exact 
values. Theoretically, the reduction rate for the x- ray 
exposure shall follow the Beer- Lambert equation, 

F I G U R E  2  The x- ray spectra at four different tube potentials 
(a:31 kV, b:59 kV, c:89 kV, and d:120 kV) measured by X- 123 CdTe, 
AmpTek spectrometer (Dashed line) and simulated spectra for 
corresponding potentials by the software SpekCalc GUI (Solid line)
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1 |  INTRODUCTION

To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.

K E Y W O R D S
bolus electron conformal therapy, electron beams, intensity modulation

J E L  C L A S S I F I C A T I O N
87.55de; 87.55D- ; 87.55ne; 87.55Qr; 87.56N

6 |   OMOUMI et al.

but the calibration issue for various x- ray spectra 
and the scattered x- ray photons slightly distort the 
exponential curve. Hence, the applied fitting model 
for the generated curve may also have some impact 
on the HVL, QVL, and TVL estimation. For instance, 
in Table 1, all the measured values are greater than 
calculated values, with one exception of QVL for 
120 kV beam. The reason could be the fitting model 
for the imperfect exponential curve caused by rel-
atively thicker filtration for 120 kV beam during the 
experiment.

The proposed method in this article provides a 
consistent approach to calculate the HVL, QVL, and 
TVL in a variety of situations such as high- energy 
x- ray breast imaging, CT scan studies, clinical ra-
diographic equipment with fixed AEC feature, inev-
itable x- ray scattering from the surrounding objects 
in diagnostic radiology or radiation therapy sites, 
etc. with adequate precision. If the measured x- 
ray spectra are being used to calculate the HVL, 
the accuracy of the measured spectrum must be 
confirmed as the spectroscopy itself is a sensitive 
procedure, and a well- experienced operator is a 
fundamental requirement. Correspondingly, if the 
simulated x- ray spectra are used to estimate the 
HVL by this method, the robustness of the x- ray 
simulating method shall be upheld to avoid any im-
precise results.

Needless to point out, the conventional HVL mea-
surement is widely accepted in the field, and the 
scope of this work is not to undermine the current 
practice or to suggest replacing it with the mathe-
matical HVL estimation. Additionally, the novel solid- 
state diagnostic dosimeters are increasingly being 
used in clinical practice. The significant advantage 
of these dosimeters over the traditional ionization 
chambers is their capability to identify the air kerma, 
tube voltage, exposure time, and HVL from single 
irradiation, and accommodate the problems asso-
ciated with the backscatter radiation. However, a 
relatively noticeable error is expected when mea-
surement involves the x- ray beams filtered by vari-
ous materials, Copper, for instance.19 Nevertheless, 
this straightforward method could be an appropriate 
solution and provides a fast and convenient esti-
mation of HVL, QVL, or TVL with decent precision, 
when the HVL measurement is challenging due to 
given conditions or expresses the possibility of dis-
putable values if the measured or simulated x- ray 
spectra are available.

F I G U R E  3  Plotted measured x- ray exposures at four different 
tube potentials (a:31 kV, b:59 kV, c:89 kV, and d:120 kV) passing 
through varying thicknesses of aluminum foils at Source to 
chamber distance of 69 cm, tube currents equal to 300 µA
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1 |  INTRODUCTION

To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.
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TA B L E  1  The measured HVL, QVL and TVL (in millimeter of aluminum) vs. corresponding estimated values by mathematical 
calculation, using the measured x- ray spectra and the simulated x- ray spectra. The examined x- ray energies cover low, mid, and high- 
energy x- ray beams with varying external filtrations. The percentage differences between measured and calculated values are shown inside 
the parentheses

31 kV
0.7 mm Al filter

59 kV
1.3 mm Al filter

89 kV
2.9 mm Al filter

120 kV
4.0 mm Al filter

Measured Values HVL 0.51 1.31 2.99 5.05

QVL 1.23 3.38 7.66 12.21

TVL 2.47 7.36 16.21 25.23

Calculated by Measured Spectra HVL 0.50 (−1.96%) 1.30 (−0.76%) 2.94 (−1.67%) 4.96 (−1.78%)

QVL 1.22 (−0.81%) 3.33 (−1.48%) 7.57 (−1.17%) 12.35 (+1.15%)

TVL 2.43 (−1.62%) 7.28 (−1.09%) 16.10 (−0.68%) 24.80 (−1.70%)

Calculated by Simulated Spectra HVL 0.50 (−1.96%) 1.30 (−0.76%) 2.93 (−2.0%) 4.97 (−1.58%)

QVL 1.22 (−0.81%) 3.33 (−1.48%) 7.57 (−1.17%) 12.30 (+0.73%)

TVL 2.42 (−2.02%) 7.28 (−1.09%) 16.10 (−0.68%) 24.65 (−2.30%)
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1 |  INTRODUCTION

To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.
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APPENDIX A

Dry air mass- energy absorption and Aluminum 
linear attenuation coefficients 7.5 keV to 149.5 keV

E (KeV)
(

�

�

)

E(Air )
(cm2/g) μAl (cm−1)

7.5 1.151E+01 1.638E+02

8.5 7.839E+00 1.138E+02

9.5 5.559E+00 8.224E+01

10.5 4.075E+00 6.129E+01

11.5 3.069E+00 4.691E+01

12.5 2.365E+00 3.671E+01

13.5 1.858E+00 2.926E+01

14.5 1.484E+00 2.372E+01

15.5 1.203E+00 1.950E+01

16.5 9.879E−01 1.624E+01

17.5 8.206E−01 1.367E+01

18.5 6.888E−01 1.164E+01

19.5 5.836E−01 9.992E+00

20.5 4.986E−01 8.656E+00

21.5 4.294E−01 7.555E+00

22.5 3.724E−01 6.642E+00

23.5 3.251E−01 5.881E+00

24.5 2.855E−01 5.239E+00

25.5 2.522E−01 4.694E+00

26.5 2.240E−01 4.227E+00

27.5 2.000E−01 3.827E+00

28.5 1.794E−01 3.482E+00

29.5 1.616E−01 3.179E+00

30.5 1.463E−01 2.918E+00

31.5 1.330E−01 2.689E+00

32.5 1.213E−01 2.494E+00

33.5 1.111E−01 2.308E+00

34.5 1.022E−01 2.150E+00

35.5 9.425E−02 2.009E+00

36.5 8.725E−02 1.883E+00

37.5 8.104E−02 1.770E+00

38.5 7.552E−02 1.668E+00

39.5 7.059E−02 1.576E+00

40.5 6.619E−02 1.494E+00

41.5 6.224E−02 1.419E+00

42.5 5.869E−02 1.351E+00

43.5 5.549E−02 1.289E+00

44.5 5.261E−02 1.232E+00

45.5 5.001E−02 1.180E+00

46.5 4.765E−02 1.132E+00

47.5 4.551E−02 1.089E+00

48.5 4.357E−02 1.048E+00

49.5 4.180E−02 1.011E+00

E (KeV)
(

�

�

)

E(Air )
(cm2/g) μAl (cm−1)

50.5 4.020E−02 9.768E−01

51.5 3.873E−02 9.449E−01

52.5 3.740E−02 9.155E−01

53.5 3.618E−02 8.882E−01

54.5 3.507E−02 8.626E−01

55.5 3.404E−02 8.388E−01

56.5 3.311E−02 8.167E−01

57.5 3.225E−02 7.959E−01

58.5 3.147E−02 7.765E−01

59.5 3.075E−02 7.584E−01

60.5 3.009E−02 7.414E−01

61.5 2.948E−02 7.255E−01

62.5 2.892E−02 7.104E−01

63.5 2.841E−02 6.961E−01

64.5 2.794E−02 6.828E−01

65.5 2.750E−02 6.702E−01

66.5 2.711E−02 6.580E−01

67.5 2.674E−02 6.470E−01

68.5 2.641E−02 6.362E−01

69.5 2.610E−02 6.259E−01

70.5 2.581E−02 6.162E−01

71.5 2.555E−02 6.070E−01

72.5 2.532E−02 5.984E−01

73.5 2.510E−02 5.900E−01

74.5 2.490E−02 5.822E−01

75.5 2.471E−02 5.746E−01

76.5 2.455E−02 5.673E−01

77.5 2.439E−02 5.606E−01

78.5 2.426E−02 5.538E−01

79.5 2.413E−02 5.476E−01

80.5 2.401E−02 5.417E−01

81.5 2.391E−02 5.358E−01

82.5 2.382E−02 5.304E−01

83.5 2.373E−02 5.250E−01

84.5 2.366E−02 5.198E−01

85.5 2.359E−02 5.150E−01

86.5 2.353E−02 5.101E−01

87.5 2.348E−02 5.055E−01

88.5 2.343E−02 5.012E−01

89.5 2.339E−02 4.969E−01

90.5 2.336E−02 4.928E−01

91.5 2.333E−02 4.888E−01

92.5 2.330E−02 4.850E−01

93.5 2.329E−02 4.812E−01

94.5 2.327E−02 4.777E−01

95.5 2.326E−02 4.742E−01
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1 |  INTRODUCTION

To date three types of electron conformal therapy (ECT) 
have been studied, bolus ECT (BECT), segmented- 
field ECT, and modulated electron radiation therapy 
(MERT).1 Each has advantages and disadvantages 
compared with the others; however, only BECT tech-
nology is widely available in today's clinic. In BECT, a 
variable thickness bolus abutting the patient surface 
is used to modulate laterally the therapeutic range, for 
example, R90, so that the 90% dose surface conforms 
to (circumscribes) the patient planning target volume 
(PTV). BECT offers the potential for lower whole body 
dose, reducing secondary cancer risks, and equal or 
lower dose to nearby critical structures, reducing nor-
mal tissue complications, as compared to that of inten-
sity modulated x- ray therapy (IMXT).

Historically, electrons have been an important mo-
dality for (1) the treatment of skin, lip, head, and neck 
tumors, (2) boost doses to superficial lymph nodes, 
and (3) postmastectomy chest wall irradiation.2– 5 
Since the onset of 3D treatment planning, BECT has 
been shown useful for posterior chest wall6– 8; post-
mastectomy chest wall7,9– 11; ear, parotid, and buccal 
mucosa7,12; nose13; and extremities (hand and foot).8 
As a result, BECT is currently available from two 
companies that provide bolus design software, which 
integrate with one's treatment planning system,8,14 
and bolus fabrication methods (milled or printed).6,8

The typical BECT treatment and delivery process 
consists of patient immobilization, CT scanning, PTV and 
normal tissue delineation, beam design, bolus design, 
dose calculation, bolus fabrication, and quality assur-
ance.6 Bolus design is typically an iterative optimization 
process.8,14 Physical quality assurance following fabri-
cation can be made by bolus thickness measurement 
at multiple off- axis locations. Clinical, dosimetric quality 
assurance can be made using a repeat CT scan from a 
CT simulator or pre- treatment cone beam CT to perform 
a patient dose calculation with bolus in place.6,13

Clinical experience has demonstrated that in some 
cases, the upstream bolus surface is sufficiently irregular 
to cause undesirable dose heterogeneities in the PTV, that 
is, volumes of increased dose (hot spots) and decreased 
dose (cold spots). However, Kudchadker et al.7 showed 

that the introduction of modest intensity modulation (70%– 
100%) across the beam, followed by moderate redesign of 
the bolus, can significantly reduce PTV dose heterogene-
ity while maintaining a dose distribution conformal to the 
PTV. Hence, intensity modulated BECT, that is, IM- BECT, 
can conform the therapeutic dose surface (e.g., 90%) to 
the distal PTV surface, while producing a reasonably uni-
form dose in the PTV (≈10%– 15% dose spread).

Recently, Hogstrom et al.15 developed a simple, po-
tentially economical method for design and fabrication of 
a passive radiotherapy intensity modulator for electrons 
(PRIME) device,16 analogous to the utilization of x- ray com-
pensators for IMXT prior to the widespread availability of 
x- ray multi- leaf collimators (MLCs).17,18 The objective of this 
paper is to describe a process that should be suitable for 
planning and delivery of IM- BECT. The process, detailed 
and demonstrated for two patient sites, includes adding 
techniques for design, fabrication, and quality assurance of 
the intensity modulator19,20 to the current BECT process.6

2 |  METHODS

Methods for planning and delivering IM- BECT are 
demonstrated using data from two patients previously 
treated using BECT. For each patient, treatment plan-
ning was done using research versions of a BECT 
bolus design system in which the ability to utilize inten-
sity modulators was added. The intensity modulators 
(PRIME devices) resulting from the treatment plans 
were fabricated, then the process of clinical quality 
assurance of the fabricated intensity modulators was 
demonstrated by comparing dose calculations with 
measurements beneath the intensity modulators in a 
water phantom. Planning and delivery techniques, that 
is, bolus and intensity modulator design, patient dose 
calculation, fabrication of intensity modulator, and qual-
ity assurance, are presented.

2.1 | Patient data

Two anonymized patient CT data sets (HIPAA com-
pliant) were selected for two sites, postmastectomy 
chest wall and temple. Each patient had been treated 

Conclusion: These results demonstrated the feasibility of translating IM- BECT 
to the clinic using the techniques presented for treatment planning, intensity 
modulator design and fabrication, and quality assurance processes.

K E Y W O R D S
bolus electron conformal therapy, electron beams, intensity modulation

J E L  C L A S S I F I C A T I O N
87.55de; 87.55D- ; 87.55ne; 87.55Qr; 87.56N

   | 9OMOUMI et al.

E (KeV)
(

�

�

)

E(Air )
(cm2/g) μAl (cm−1)

96.5 2.325E−02 4.710E−01

97.5 2.325E−02 4.677E−01

98.5 2.325E−02 4.645E−01

99.5 2.325E−02 4.615E−01

100.5 2.325E−02 4.586E−01

101.5 2.326E−02 4.556E−01

102.5 2.327E−02 4.529E−01

103.5 2.328E−02 4.502E−01

104.5 2.330E−02 4.475E−01

105.5 2.331E−02 4.448E−01

106.5 2.333E−02 4.424E−01

107.5 2.335E−02 4.399E−01

108.5 2.337E−02 4.375E−01

109.5 2.340E−02 4.351E−01

110.5 2.342E−02 4.329E−01

111.5 2.344E−02 4.308E−01

112.5 2.347E−02 4.286E−01

113.5 2.350E−02 4.264E−01

114.5 2.353E−02 4.243E−01

115.5 2.356E−02 4.224E−01

116.5 2.359E−02 4.205E−01

117.5 2.362E−02 4.186E−01

118.5 2.365E−02 4.167E−01

119.5 2.368E−02 4.148E−01

120.5 2.371E−02 4.129E−01

121.5 2.375E−02 4.111E−01

122.5 2.378E−02 4.094E−01

123.5 2.382E−02 4.078E−01

124.5 2.385E−02 4.062E−01

125.5 2.389E−02 4.046E−01

126.5 2.392E−02 4.030E−01

127.5 2.396E−02 4.013E−01

128.5 2.399E−02 3.997E−01

129.5 2.403E−02 3.981E−01

130.5 2.406E−02 3.968E−01

131.5 2.410E−02 3.954E−01

132.5 2.414E−02 3.938E−01

133.5 2.417E−02 3.924E−01

134.5 2.421E−02 3.911E−01

135.5 2.425E−02 3.897E−01

136.5 2.428E−02 3.884E−01

137.5 2.432E−02 3.870E−01

138.5 2.436E−02 3.857E−01

139.5 2.439E−02 3.843E−01

140.5 2.443E−02 3.833E−01

141.5 2.447E−02 3.819E−01

E (KeV)
(

�

�

)

E(Air )
(cm2/g) μAl (cm−1)

142.5 2.450E−02 3.806E−01

143.5 2.454E−02 3.795E−01

144.5 2.458E−02 2.807E−01

145.5 2.461E−02 3.771E−01

146.5 2.465E−02 3.760E−01

147.5 2.469E−02 3.749E−01

148.5 2.472E−02 3.738E−01

149.5 2.476E−02 3.725E−01
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