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Abstract
The study is aimed at a verification of dose changes for a computed tomography automatic tube-current modulation

(ATCM) technique. For this purpose, anthropomorphic phantom and Gafchromic� XR-QA2 films were used. Radio-

chromic films were cut according to the shape of two thorax regions. The ATCM algorithm is based on noise index (NI)

and three exam protocols with different NI were chosen, of which one was a reference. Results were compared with dose

values displayed by the console and with Poisson statistics. The information obtained with radiochromic films has been

normalized with respect to the NI reference value to compare dose percentage variations. Results showed that, on average,

the information reported by the CT console and calculated values coincide with measurements. The study allowed

verification of the dose information reported by the CT console for an ATCM technique. Although this evaluation

represents an estimate, the method can be a starting point for further studies.
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1 Introduction

Until the early 2000s, whole-body computed tomography

(CT) scanners required manual selection parameters such

as tube potential, tube current, rotation time, and pitch.

Recognizing that the automatic-exposure control (AEC)

features used in radiography could play an important role

in CT technology, manufacturers developed specific CT

AEC techniques.

In general, AEC applies to two aspects of parameter

selection: overall exposure control and tube-current mod-

ulation. Overall exposure control increases the overall dose

levels for larger patients and decreases the dose levels for

smaller patients to obtain a comparable image quality. To

penetrate larger patients and thicker body parts, the inci-

dent X-ray beam intensity needs to be increased to reach

the detectors. On the other hand, for smaller patients, the

X-ray beam intensity can be decreased and dose levels can

thus be reduced [1].

Automatic Tube-Current Modulation (ATCM) tech-

niques enable automatic adjustment of the tube current in

the x–y plane (angular modulation, Fig. 1a) or along the z-

axis (longitudinal modulation, Fig. 1b) according to the

size and to the attenuation characteristics of the body part

being scanned and to achieve a comparable image quality

in all slices acquired. The combination of the two tech-

niques allows three-dimensional current modulation (3D-

ATCM) [2]. Unfortunately, owing to rapid technologic

advances, vendors have developed ATCM techniques that

use slightly different metrics to assess image quality and

proprietary nomenclature [3]. Some manufacturers employ
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a simple measure of image noise, while others use a

measure related to a reference image that accepts higher

noise levels in more attenuating parts with higher contrast.

However, the main principle is to manage image quality

and radiation dose by adapting the tube current to the

shape, size, and attenuation of the patient [4, 5].

Several studies have presented the variation in patient

dose with patient size under ATCM operation [6–9] and the

optimization of image noise and dose as a function of

patient size [10, 11]. Most of the studies reference to the

variation of volume CT dose index (CTDIvol) (or dose–

length product, DLP), the standard index for dosimetry in

CT, which is currently displayed at the time of selection of

the parameters, before a clinical CT examination. How-

ever, CTDIvol and DLP have recently been called into

question, as they do not take into account the significant

technological advances in CT, including ATCM

techniques.

Based on these remarks, the proposed work is aimed at

two objectives: (1) to verify that the CTDIvol and the DLP

values reported by the CT scanner console actually reflect

the dose distribution within the patient using radiochromic

films and an anthropomorphic phantom and (2) to verify

that the results coincide with the requirements of the

quantum noise theory on which the ATCM technique is

based.

2 Materials and methods

Our study focused on the ATCM technique developed by

GE Healthcare (Milwaukee, WI., USA). This technique

provides longitudinal AEC (AutomA) and angular AEC

(SmartmA). Based on each patient’s attenuation values

measured from the scan projection radiograph (SPR), the

tube current is adjusted to preserve the same noise level in

each image on the x–y–z-axis [12].

For the purposes of this study, Gafchromic� XR-QA2

films, two-dimensional dosimeters that change color when

exposed to ionizing radiation and an anthropomorphic

phantom were used. Other studies with similar experi-

mental setup and with satisfactory results are reported in

the literature [14, 15].

2.1 Automatic-exposure control mechanism
and quantum noise theory

The GE ATCM technique aims to maintain the image

quality throughout the scan using the noise index (NI)

parameter. Based on attenuation values for each patient

measured from the SPR, the tube current is adjusted to

preserve the same noise level on each slice. Changing NI

modifies the range of milliampere over which the ATCM

varies during each gantry rotation [4].

The AutomA module uses a single SPR for determining

patient size, anatomic shape and attenuation characteristics

to adjust tube current along z-axis. The SmartmA module,

adjusts the tube current for different projection angles

within each X-ray tube rotation. For each rotation (4

times/turn), the system calculates each x and y current

value in mA from the relation between the long and short

axes of the patient, based on the SPR image.

To use AutomA, SmartmA, and their combination, the

operator must specify an NI value and current (mA) range

in terms of a minimum and maximum tube-current value.

These limits define the current modulation range.

The NI parameter allows an operator-desired image

quality to be set, and it is referenced to the image noise,

i.e., the standard deviation (SD) expressed in Hounsfield

units (HU) of a region-of-interest (ROI) in the central

region of the image of a uniform phantom with the

patient’s attenuation characteristics. The algorithm pre-

serves the same image noise level as the attenuation values

change from one rotation to the next [12].

The NI can be expressed in HU, because it approximates

the SD in HU on CT images of a phantom. However, the

SD in a real image is sometimes different from the operator

selected NI. NI, in fact, adjusts the tube current (i.e.,

quantum noise), but image noise depends also on other

factors such as electronic noise, patient characteristics, tube

Fig. 1 Angular (a) and longitudinal (b) tube-current modulation
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voltage, filtration, reconstruction filter, slice thickness

pitch, and matrix dimensions [16].

The NI, based on Poisson statistics, is proportional to the

inverse dose (D) square root. Thus, as NI is decreased to

reduce the noise, the radiation dose must increase. Related

to the number of X-ray photons per voxel, N, the following

relation for the SD of the photon count measured, r, is
valid:

r ¼
ffiffiffiffi

N
p

:

The relative noise, measured on the CT scanner console

in an ROI of the image, is defined by

r
N

/ 1
ffiffiffiffi

N
p ¼ NI / 1

ffiffiffiffi

D
p :

Each examination protocol is performed using a refer-

ence image noise index (NIref) value recommended by the

manufacturer. This image noise index may be modified by

the CT operator if images at a lower or a higher noise,

compared to the reference, are desired. This NI modifica-

tion alters the patient radiation dose. To calculate the dose

difference (DD) between acquisitions performed using

NIref and the modified noise index (NIe), the following

equation may be used:

DD
D

¼ 1� ð1þ eÞ2

ð1þ eÞ2
; ð1Þ

where e is defined as [16]

e ¼ NIe � NIref

NIref
:

Using the expression (1), it is possible to make a pre-

liminary calculation the percentage dose change resulting

from the difference between an NI value and a reference NI

value. A significant increase of image noise might not

necessarily worsen the overall image quality while allow-

ing, however, a decrease in the total delivered dose. On the

other hand, a slight improvement of image quality may not

significantly increase the clinical information content,

resulting, however, in an unnecessary dose increase.

Equation (1) will be used to calculate the predicted dose

variations obtained by modifying the NI.

2.2 GafChromic� XR-QA2 film calibration
and processing

The GafChromic� XR-QA2 series is optimized for radi-

ology energies (20–200 kVp) and doses (0.1–20 cGy) and

is designed as a tool for quality assurance [13]. The char-

acterization of the film, which is beyond the scope of this

work, has been duly performed as reported in the previous

studies [17–20]. In particular, it has been verified that the

dose dependence (e.g., from the tube current) of the film

response is not influential, introducing an uncertainty of

less than 0.5%. With regard to the angular dependence of

the film response, some studies have verified that it can

introduce significant uncertainties in particular configura-

tions [21, 22]. However, it has been verified that a com-

plete scan, which corresponds to the real irradiation

conditions in CT, introduces overall uncertainty of 2%

[21]. In addition, experimental maps were normalized with

respect to the reference dose map, thus obtaining dose

variations relative to the reference noise value.

For calibration, 3 cm 9 3 cm film samples were irra-

diated at increasing air kerma values from 1 to 150 mGy

using a conventional X-ray tube, reproducing an effective

energy value near to that used in CT to minimize the error

due to film energy dependence.

Twenty-four hours after radiation exposure, the films

were digitized with a commercial optical scanner (Epson

Expression 10000XL). This procedure allowed us to obtain

images in which the air kerma calibration was applied for

post-processing [17–19, 23].

2.3 Anthropomorphic phantom study

For the purposes of this study, a male Alderson Rando

(AR) phantom was used. The AR phantom, composed of

tissue-equivalent material, represents an adult with a height

of 175 cm and weight of 73.5 kg, and is transected hori-

zontally into 2.5 cm-thick slices. This configuration makes

it suitable for insertion of radiochromic films between slabs

[24].

Radiochromic films were cut to the shape of two slabs of

the AR phantom in two different anatomical regions

(shoulders and mid-thorax). The choice was based on dif-

ferent tissue compositions, respectively, higher bone con-

tent and higher lung content.

ATCM is available with the CT scanner used for the

measurements reported here (GE Optima CT660). The

modulation algorithm is based on the antero-posterior (AP)

SPR of the patient. It has been shown that an AP SPR

ensures the lowest dose levels [25]. A thorax acquisition

protocol was selected, as it represents one of the most

important applications of ATCM techniques.

To select the NI values to be used, a preliminary study

was carried out with a senior radiologist to visually analyze

image quality by varying the NI. In this way, three

important values of NI with comparable image quality

were identified: 13 (recommended by the manufacturer), 10

(lower noise), and 16 (higher noise). For these three values

of NI, a quantitative evaluation of image quality was per-

formed on different ROIs in different positions within the

phantom. The image quality evaluation was performed by

analyzing median and SD values (expressed in HU) of ten

ROIs, each of an area of 1 cm2, in different sections of the

186 S. Spampinato et al.



phantom, from the shoulders to the mid-thorax; ROIs were

placed in areas of soft tissue, lungs, and near bony inter-

faces. The positions of the ten ROIs were the same for the

three (NI = 10, 13, and 16) different scans, guaranteeing

meaningful comparisons of SD and median values. All the

CT acquisition parameters, with the exception of the NI,

were kept constant. The scans were performed in helical

mode with a pitch of 0.984, voltage of 120 kV, collimation

of 40 mm, Scan Field Of View (SFOV) Large Body, and a

rotation time of 0.6 s. The minimum and maximum current

values were set as 100 and 400 mA, respectively. A total of

six films were irradiated: three UP (shoulder region) and

three DOWN (mid-thorax region), as shown in Fig. 2.

The CT scanner console shows before an exam, and in

the final DICOM (Digital Imaging and Communications in

Medicine) Dose Report, the CTDIvol and DLP values

calculated on the basis of the acquisition parameters. These

values allow comparisons of dose variations between val-

ues calculated theoretically using e and values measured

experimentally with the AR phantom and radiochromic

films.

The irradiated films were digitized with flatbed scanner

using the following acquisition parameters: resolution of

72 dpi, color depth of 48 bit, TIFF format, and all color

and correction filters turned off. The image processing and

calibration was performed with the open source software

ImageJ 1.49n (National Institutes of Health, Bethesda,

MD). The data analyses were performed with Origin 8

(OriginLab Corporation, Northampton, MA). The dose

matrices obtained for NI equal, respectively, to 10 and 16

were normalized with respect to the NIref dose matrix (13).

3 Results

The results of the quantitative study of image quality and

the theoretical–experimental comparison of dose are pre-

sented below.

3.1 Image quality evaluation

Table 1 shows median values obtained in the three scans

and the differences calculated with respect to the reference

values (NI = 13). Median values are indicative of the

location of ROI (soft tissue, lungs, or bony regions). For

some ROIs, in fact, the correspondence between NI and SD

is valid, while for others, this does not occur. This could be

influenced by the composition of the analyzed tissue: if

composition is ‘‘similar’’ to water, the correspondence

between NI and SD should be more valid.

The median values and the range of the differences

between the standard deviations, which in the presence

only of quantum noise should correspond to NI, are 2.3

[0.1–4.8] and - 3.1 [- 5.5 to ? 6.1] for NI = 10 and

NI = 16, respectively. Though the median values corre-

spond to the difference in NI, the range of values is wide

and confirms the presence of other factors contributing to

noise. It is interesting to note that, especially in the case of

the image ROI of the lungs, the median value correspon-

dence with the NI difference no longer holds.

3.2 Experimental results

Table 2 shows CTDIvol and DLP values reported by the CT

scanner console for the selected NI values, keeping con-

stant all other acquisition parameters. The percentage

changes were calculated with respect to NIref. Improving

image quality (NI = 10), the dose reported by the CT

scanner console increases by 63%. Similarly, increasing

image noise (NI = 16), the dose decreases by about 40%.

Figure 3 shows false color contour plots of experimen-

tally measured dose relating to (1) NI = 10 and (2) NI = 16

normalized to the NI = 13 dose matrix. The color scales

are from 0 to 250 for NI = 10 and from 0 to 150 for

NI = 16. This choice allows better appreciation of the

differences, both positive and negative, in the two cases.

For NI = 10, higher doses are present at the mid chest

(marked DOWN in Fig. 3), with differences hot spots of

200%, particularly at the surface of the AR phantom.

On average, for NI = 10, the dose increases approxi-

mately 50–60% for the shoulder region (UP) and 50–70%

for the mid-chest region (DOWN). Similarly, for NI = 16,

reductions of 30–40% of the dose for the shoulder region

(UP) and of 25–35% for the mid-chest region (DOWN) are

present. Therefore, the analysis allows us to deduce that the
Fig. 2 Experimental setup for the AR phantom irradiation
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ATCM performance is more effective for the shoulder

region (UP), since it permits a more efficient decrease the

dose, moving NI upwards compared to reference, while

moderating the dose increase as NI moves in the opposite

direction compared to the reference.

3.3 Theoretical and experimental comparison

Using Eq. (1), it is possible to calculate the percentage

dose variations due to NI variation from NIref. Increasing

the quantum noise, thereby increasing NI to 16, the cor-

responding e value is ? 0.23. Substituting this value in the

expression (1), the dose decrease is 35%. On the other

hand, decreasing the quantum noise and changing NI to 10,

the e value is –0.23, and the corresponding dose increase is

70%.

Although the modulation current effect should ensure a

consistent image quality throughout the entire scan, the

dose distribution is not uniform within the patient, as

simulated by the AR phantom. This study is limited by the

analysis of only two individual sections, which, however,

correspond to two significant regions in the thorax. Table 3

summarizes the results obtained in the three cases: theo-

retical, experimental, and those reported from the CT

scanner console.

4 Discussion

Automatic-exposure control (AEC) techniques reduce the

radiation dose to the patient based on their physical

dimensions and tissue absorption properties. The use of

ATCM techniques is already common in CT imaging of the

torso, as well as in the head and neck regions, thus allowing

a considerable reduction of the dose to the patient

[2, 3, 6–8, 10, 11].

Dosimetry in CT is still a complex issue. The standard

reference indices are CTDIvol and DLP metrics, reported

before and at the end of an exam in a DICOM Dose Report.

However, these two parameters have recently been called

into question. First, they do not take into account signifi-

cant technological advances, including ATCM techniques.

Moreover, these metrics do not consider the actual patient’s

size, but only scanner output parameters [26]. The Asso-

ciation of American Medical Physics (AAPM) has intro-

duced the Size-Specific Dose Estimate (SSDE), a new

index that represents a more realistic dose estimate

[27, 28].

However, when ATCM techniques are used, the

assessment of the SSDE is not very straightforward. A

more accurate estimate can be achieved if a slice-by-slice

evaluation of the constant water-equivalent patient diam-

eter is made and the tube current–time product for each CT

image is known. [1]. The application of this procedure is

Table 1 Median values and standard deviations measured in 10 different ROIs within the phantom for the reference NI (13), decreasing noise

(10) and increasing noise (16)

ROI # NI = 13 (ref) NI = 10 NI = 16

Median SD Median Difference median SD Difference SD Median Difference median SD Difference SD

1 11.9 14.2 10.7 1.2 11.8 2.4 11.1 0.8 19.7 - 5.5

2 5.2 18.5 4.0 1.2 13.7 4.8 9.8 - 4.6 21.6 - 3.1

3 11.5 14.5 9.3 2.2 11.5 3.0 10.1 1.4 17.5 - 3.0

4 3.3 12.0 4.8 1.5 8.9 3.1 3.0 0.3 14.1 - 2.1

5 - 0.9 13.3 3.6 4.5 11.1 2.2 2.2 - 3.1 17.4 - 4.1

6 - 704.1 14.4 - 707.5 3.4 13 1.4 - 706.4 2.3 16.6 - 2.2

7 - 8.5 10.9 1.0 9.5 9.5 1.4 - 3.2 - 5.3 13.9 - 3.0

8 - 662.9 4.5 - 658.9 4.0 44.4 0.1 - 669.9 7.0 38.4 6.1

9 1.9 12.1 3.3 1.4 10.5 1.6 2.9 - 1.0 15.7 - 3.6

10 16.1 12.2 12.1 4.0 8.8 3.4 14.8 1.3 16.6 - 4.4

All values and differences are expressed in HU

Table 2 CTDIvol and the DLP values reported by the CT scanner

console

NI CTDIvol (mGy) DLP (mGy cm) % Difference

13 11.26 420.61 –

10 18.47 689.93 ? 64

16 7.72 288.38 - 32

Percentage variation calculation compared to the reference (NI = 13)

is required for the other comparisons
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not simple, and dose comparisons on the basis of this index

are not yet widespread.

Several studies have evaluated dose variations using

different ATCM techniques in terms of CTDIvol and DLP,

proving a certain benefit for patient dose sparing

[4, 15, 29]. Since these metrics are not entirely represen-

tative of the current absorbed dose, it is interesting to

evaluate how the CT scanner console predictions are ver-

ified within the patient in terms of real dose distribution.

Based on these observations, the present work aimed to

evaluate experimentally dose variations in an anthropo-

morphic phantom using the GE Healthcare ATCM tech-

nique. The parameter related to image quality is the Noise

Index, representative of the quantum noise, which can be

varied to improve or worsen the image quality. The study

had two particular objectives that are to verify that mea-

sured dose changes correspond to those (1) calculated with

Poisson statistics underlying the NI theory and (2) provided

by the CT scanner before the examination in terms of

CTDIvol and DLP.

For this purpose, Gafchromic XR-QA2 radiochromic

films were used. The main advantage is the possibility of

acquiring dose maps with high spatial resolution. In addi-

tion, radiochromic films can be easily inserted into an

anthropomorphic phantom without perturbing the system.

Other authors have used similar setups for dose evaluations

in CT, obtaining satisfactory results. [14, 15].

Starting from a reference protocol (recommended by the

manufacturer) with an NI equal to 13 (NIref), the image

noise was decreased (NI = 10) and increased (NI = 16) so

as not to affect significantly the image quality. Quantitative

study on the image quality allowed us to verify that the SD

Fig. 3 Measured experimental dose maps, normalized to the reference NI value (NI = 13) relating to a NI = 10 and b NI = 16 for two sections,

shoulders (UP) and the chest (DOWN)

Table 3 Results of dose variation derived from Poisson statistics

(theoretical), relative variation of the dosimetric indices reported from

the console (CTDIvol and DLP), and average measured dose variation

for two sections: shoulders (UP) and the chest (DOWN)

Dose variation

NI Theoretical (%) Console (%) Experimental (%)

16 - 40 CTDIvol

DLP

- 32 Up - 30 to 40

Down - 25 to 35

10 ? 70 CTDIvol

DLP

? 64 Up ? 50 to 60

Down ? 60 to 70

Dosimetric changes with computed tomography automatic tube-current modulation techniques 189



measured in different ROIs within the phantom does not

always correspond to the NI provided by the scanner, tes-

tifying that quantum noise is not the only noise component

contributing to noise in the CT image.

The values obtained by Poisson statistics can be com-

pared with the dosimetric data reported by the CT scanner

console before the examination.

Table 3 shows CTDIvol and the DLP values for the

selected NI values, keeping constant all other acquisition

parameters. The percentage changes were calculated with

respect to NIref. Improving image quality (NI = 10), the

dose reported by the CT scanner console increases by 63%.

Similarly, increasing image noise (NI = 16), the dose

decreases by about 40%.

The values reported by the CT scanner console are in

agreement with values previously calculated using Poisson

statistics. Although the result was expected, the compar-

ison is a validation of the correct operation of the ATCM

algorithm. The values reported by the CT scanner console

are, in fact, developed from CTDIvol values measured with

the standard procedures. Comparing these results with

measurements performed with the AR phantom, the

agreement is good and confirms the reported data both

theoretically and from the CT scanner console. Excluding

some hot spots and colder regions, the agreement is valid

on average by 10%. However, as previously mentioned, the

distribution is not uniform in all sections and the increase

or decrease of the dose is not the same everywhere. In

particular, the modulation algorithm seems more effective

for shoulders than for mid-thorax, where it always recorded

a higher dose. However, the overall estimate provided by

the CT scanner console and the DICOM Dose Report at the

end of the examination is on average a good approximation

of dose variations due to an appropriate choice of NI. The

protocol optimization, which is not covered by this study,

strongly depends on the particular ATCM technique used

and on operator choices. Literature provides some tips for

good development of ATCM systems [5], but at present,

there is not a standard method and the optimization is

entrusted to the experience of the operator.

The main limitation of the study was the lack of analysis

of dose distribution in the absence of tube-current modu-

lation. This measurement would have shown the advan-

tages of using this technique in clinical practice.

Furthermore, this study is also limited to the analysis of

two anatomical sections, and therefore, it does not give a

complete overview. However, the results may represent a

starting point for future studies regarding this topic and, in

general, to dose distribution analysis in CT. In general, the

methodology proposed is applicable to any ATCM tech-

nique, correlating dose variations provided by the CT

scanner with experimental values. Radiochromic films,

moreover, allow the creation of high-resolution dose maps

more easily than other detectors (i.e., thermoluminescence

or optically stimulated luminescence dosimeters), and are

suitable for dose measurements in anthropomorphic

phantoms.

5 Conclusions

Dosimetry in CT is currently based on indices (CTDIvol
and DLP) which do not take into account the size of the

patient or consider new technological developments such

as ATCM techniques. The study enabled us to verify that

the percentage variations of CTDIvol and DLP reported by

the CT scanner console after an examination with ATCM

techniques, as well as the theoretical values calculated

according to quantum noise theory, correspond to varia-

tions measured experimentally with the use of an anthro-

pomorphic phantom and radiochromic films. Further

studies may be conducted to obtain information on absor-

bed doses to individual organs using ATCM or organ

effective modulation (OEM) techniques to assess their

actual benefits.
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