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The effect of out-of-plane patient shielding on CT radiation exposure and tube

current modulations, a phantom study across three vendors

Rautiainen Jari, Juntunen Mikael A K, Kotiaho Antti O

ABSTRACT
Objective

The aim of this study was to evaluate how out-of-plane patient shielding affects radiation
exposure parameters and tube current modulation on different vendors’ computed tomography
(CT) scanners.

Methods

Helical CT scans were performed using two homogenous phantoms to mimic patient attenuation.
Four CT scanners from three vendors were investigated by varying the distance of the patient
shield from the border of the imaging volume. Scans were performed with a shield placed before
and after the localizer. Changes in volume Computed Tomography dose index (CTDl,), Dose-
length product (DLP), and tube current-time products were studied.

Results

Out-of-field lead shield increased the CTDI,, and DLP values for each scanner at least for one scan
setting when the shield was present in the localizer. The most notable changes were recorded
with >1.3 pitch values when the shield was closest to the scanned volume (2.5 cm), and the scan
direction was towards the shield.

Conclusion

The usage of patient shields in the localizer CT scans can disturb TCM even when placed 7.5 cm
away from the edge of the scan.
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INTRODUCTION

The use of in- and out-of-plane patient shielding in computed tomography (CT) has been under
critical discussion during recent years, and different organizations have implemented their
recommendations. The recommendations for using patient shielding are based on the practices
introduced several decades ago and are justified by risks due to ionizing radiation (1. A recent
publication by the British Institute of Radiology recommends that “the use of patient shielding in
CT is not generally advised” ), Similarly, the American Association of Physicists in Medicine
advocates that no additional fetal, gonadal, or bismuth shields should be used in diagnostic X-ray
imaging due to potential risks of degrading image quality and increase in the patient radiation
dose (34, As the recommendations for the usage of shields vary, it is not uncommon that the
practices of using the patient shields also vary %), However, there have been significant
developments in X-ray imaging technology, which provide alternative means for reducing the
patient radiation dose (1),

Adaptive or dynamic collimation is a standard technique in modern wide-array CT scanners to
reduce the radiation dose due to the overscanning effect in spiral or helical CT imaging 9. Helical
scanning is favored especially in body imaging as scanning times are shorter and lesser motion
artifacts are introduced in comparison to axial CT scans (19, Dose savings by dynamic collimation
increase with higher pitch factors and smaller scan ranges (7:8),

Out-of-plane patient shielding with lead aprons is another technique to further reduce the
exposure of the tissue outside the imaging volume. A pulmonary embolism CT scan of a pregnant
patient is a plausible scenario where lead aprons may be considered to reduce the exposure to the
fetus(®11). In a previous Monte-Carlo study, significant uterus dose savings of 20 to 56% were
reported when a lead apron was placed around a patient’s abdomen(*2. Furthermore, patient
shields have been shown to reduce the radiation doses outside the scan range from 19.1 to 4.3%
in pediatric chest CT, depending on how close to the scan range the shield has been positioned(!3),
Breast shielding has also been recommended during head CT with over 80 to 90% organ dose
reduction to the dose-sensitive breast tissue(#16), |n addition, breast shielding has also been
recommended during abdominal and neck CT(17), Yet, for the adult chest CT, the reduction in the
effective dose has been shown to be only 4% when lead shields have been placed on the abdomen
in a phantom study (18),

However, the shield must not be placed inside the scanned field of view (FOV) due to a potential
increase in primary beam exposure owing to an increase in the tube current as a result of
automatic exposure control systems (AEC)(Y). Another study of fetal doses during pulmonary
embolism CT scans reported no increase of dose to the fetus due to the presence of lead®9).
Nevertheless, there is a potential risk for tube current increase despite proper shield placement
outside the primary scanning range. In a previous phantom study, an increase of fetal dose was
demonstrated when the patient shield was applied before the localizer images close to the
planned scan region and a lower dose was reported without shielding(29,
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If shields are used in clinical work, the practice may require positioning of the shields before the
acquisition of the localizer images to ensure that the lead apron is not in the scan region or to
avoid repositioning of the patient, thus affecting TCM(13.21.22) The aim of this study was to
evaluate how additional out-of-plane patient shielding affects radiation exposure parameters and
tube current modulation inside the imaged volume. CTDlI,, DLP and tube current-time product
values on different vendor’s CT scanners were determined, depending on the proximity of the
shield, scan direction, selected pitch, and by placing the shield before and after the localizer using
an abdomen-based protocol.

MATERIALS AND METHODS

Phantoms

Two (33.5 x 22.5 x 16.3 cm (length x width x height)) phantoms filled with nickel chloride solution
(TL Unified Phantom, GE Healthcare, Milwaukee, USA) were positioned lengthwise and adjacent to
each other on the CT scanner bed (Figure 1 a)). The phantoms were positioned in the isocenter
with the aid of alighment lasers. The phantoms were chosen so that the attenuation of the object
would be constant longitudinally and that the lead-free shield apron (Model 60x70 cm NL,
ScanFlex, Medical AB) with 0.5 Pb equivalency at 100 kVp would lie on top of the phantoms
without becoming wrinkled. The phantoms’ water-equivalent diameter was approximately 22 cm
which would correspond to a 15-year-old tissue-equivalent abdomen phantom(23). Phantoms were
marked with 2.5 cm intervals so that the apron could be positioned accurately.

CT scans

Four CT scanners from three vendors were investigated by varying the distance of the apron from
the scan range, the scan direction, and the pitch values. Shield placement was investigated
separately by positioning the lead apron before and after the localizer, and comparing the tube
exposure in each slice obtained with these strategies. The investigated CTs were Revolution CT
and Discovery 690 (GE Healthcare, Milwaukee, USA), Somatom Definition Flash (Siemens
Healthcare, Erlangen, Germany) and Aquilion One Vision Edition (Toshiba Medical Systems,
Otawara, Japan). For the Revolution CT scanner, two different collimations, 40 and 80 mm, were
also investigated. For the Toshiba and GE Discovery scanner 40 mm collimation, and for the
Siemens scanner 38.4 mm collimation was used. Helical CT scans were performed with angular-
longitudinal tube current modulation: SmartmA for GEs, CareDose4D for Siemens and
SureExposure3D for Toshiba.

Reference image quality or noise level, depending on the vendor, were set so that a reference
scan with 0.6 pitch, 0.5 s rotation time, and 100 kVp peak tube voltage without the lead apron
would yield a CTDl,, (32 cm) of 1.5 mGy. For the Siemens scanner with 2.0 and 3.2 pitch scans, a
0.28 s rotation time was used. The specific scan and image reconstruction parameters for each CT
device are listed in Table 1. The scan range was set to 10 cm, with start and end positions being
constant for each scan. Radiation exposure (CTDI,, and DLP) evaluations were performed with
varying apron to edge of the scan range distances (2.5, 5, 7.5, and 10 cm) (Figure 1 b). In addition,
to test the effect of scan direction on exposure, scans were performed towards and away from the

http://www.rpd.oupjournals.org



Page 5 of 25 Radiation Protection Dosimetry Submitted Manuscript

apron (Figure 1b). For each apron distance, separate anterior-posterior and lateral scouts were
obtained.

Subsequently, the CTDI,, and DLP values were obtained from the dose reports provided by the CT
scanners. Tube current-time products (mAs) were acquired from the reconstructed thin slice
images using Matlab (v. 9.4, The MathWorks Inc., Natick, MA, 2018) by multiplying the tube
current and the exposure time for each slice. The relative change in CTDI,, and DLP was calculated
in comparison to the reference scans obtained without aprons being present in either the localizer
or the helical CT scan for each pitch value.

RESULTS

The most notable changes in the CTDI,, and DLP values were generally recorded with larger pitch
values when the patient shield was in the localizer and closest to the scanned area (2.5 cm), and
the scan direction was towards the shield (Tables 2-4). In contrast, when the shield was positioned
after the localizer, changes in CTDIvol and DLP were within 3% compared to the reference scans
for each lead apron position (Tables S1-510).

With the Toshiba scanner, the largest change in CTDI, value was +46.7%, whereas when the
shield was 5 cm or further away, the changes in CTDI,, were less than 10%. Smaller pitch values
did not seem to have a substantial effect on the results.

The Siemens scanner produced notable differences in the radiation output. Only when the apron
was positioned 10 cm from the edge of the scan, the differences in CTDI,, and DLP were less than
4% compared with the reference scan without the shield (Table 3). When the apron was at 7.5 cm,
the DLP was still increased by 28.6% with 1.4 pitch and scan direction towards the apron.

When the GE Revolution scanner was used with 40 mm collimation, the differences in CTDI,, and
DLP values were less than 5% when the apron was positioned 5 cm or further away from the edge
of the scan (Table 4). The largest differences (+37.7%) occurred with the largest pitch (1.375) when
the apron was at 2.5 cm from the scanned volume and when the scan direction was towards the
shield. When the collimation was increased to 80mm, the differences to the reference scan were
more noticeable than with the 40 mm collimation. With the 80 mm collimation, the apron had to
be positioned at a 10 cm location in order to get less than a 5% increase in DLP for every pitch and
scan direction set-up compared to the reference scan. With the Discovery scanner, the CTDI,, was
246.7% larger compared to the reference scan at the highest pitch setting and scan direction
towards the shield when the shield was at 2.5 cm place. When the shield was at 2.5 cm, every scan
showed over a 126% increase in CTDI,, and DLP when compared to the reference scan.

Tube current time-product curves (Figure 2) show how the increase of mAs values can occur
several centimeters before the end of the scan in our set-up. The increase was relatively constant
throughout the scan region for the Toshiba scanner with 40 mm collimation, while for Discovery
with 40 mm collimation and Revolution with 80 mm collimation, the increase in tube current-time
product occurs over 5 cm before the scan ends. Flash and Revolution with 40 mm collimation
started to raise the mAs at the latest position at about 2 to 3 cm before the end of the scan.
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DISCUSSION

In the present work, the effect of out-of-plane patient shielding on radiation exposure and tube
current modulation was evaluated on different modern CT scanners. A uniform phantom was
scanned using an abdomen-based protocol, and the distance of the lead shield from the imaging
plane and the imaging direction was varied. The effect of different helical pitch values and
collimation settings were also investigated. Previous studies have mainly focused on dose
reduction in the out-of-plane organs, and the information on the exposure changes in the imaging
plane is limited when lead aprons are applied. In this study, all CT scanners showed an increase in
tube current when the lead apron was placed before the localizer at the closest position at a 2.5
cm distance from the scanned volume. The effect was pronounced especially at high pitch values
(> 1.3). Moreover, when the distance between the shield and the scan area was increased to over
5 cm, the changes in the exposure values generally decreased, depending on the scanner type,
pitch, collimation, and scan direction. When the apron was placed after the localizers, no such
tube current increase was observed with any of the CT scanners.

Previously, a higher dose to the patient has been reported in a phantom study investigating fetal
doses with Siemens SOMATOM Definition Flash CT when patient shielding was placed next to the
scan area compared to scan without shielding(2%). The increase in the effective dose, CTDI,,;, and
DLP was approximately 50% when using patient shielding, pitch factor of 1.5, and tube current
modulation. With a comparable pitch factor of 1.4 and with the shield at a 2.5-cm distance, an 80-
90% increase in CTDI,, and DLP were observed in this study. In addition, the most notable
changes in the tube current occurred in the scan region closest to the shielding and when the scan
direction was towards the shield. The results of this study are consistent with the previous
findings(29), Siemens CARE Dose 4D uses localizer images and real-time pre-projection data for the
determination of tube current modulation, which most likely increases the dose next to lead
aprons if they are included in the localizers, and the scan direction is towards the shield?!. Similar
results have been shown where CARE Dose 4D increases mAs values upfront when approaching a
region of higher attenuation (4. A comparable increase in mAs values was observed with the
other scanners when the direction was towards the shield, which may be caused by a similar tube
current modulation strategy to CARE Dose 4D. However, each vendor has different characteristics
in the behavior of AEC?%). The difference between exposure values using 1.4 and 3.2 pitch factors
is most likely explained by the differential efficacy of the dynamic collimator at high pitch
settings®.

Similar to Siemens Flash, the GE Revolution CT scanner showed the greatest increases in mAs at
2.5 -5 cm shield distance and scan direction towards the shield, especially at 80 mm collimation
and high pitch. Larger beam collimation and higher pitch are known to be associated with
increased exposure(2®). A narrower beam covers a shorter longitudinal distance per rotation and
thus enables faster changes in TCM?!. Furthermore, the changes in the tube current were
emphasized in the volume close to the lead apron. The difference in the results between Siemens
and GE’s Revolution and Discovery may be explained by the manufacturer-specific behavior of
AEC, and the potential differences in the dynamic collimation mechanism may influence the
results®. It should be noted that the GE scanners have different X-ray tubes, which might also have
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a significant role in the different results between Revolution 40 mm and Discovery at 40 mm
collimation.

The Toshiba scanner showed the smallest differences between the scans. The greatest change in
TCM and increase of the tube current near the edge of the lead apron was observed at 2.5 cm
shield distance, scanning direction towards the apron and pitch of approximately 1.4, similarly as
with Siemens and GE scanner.

The aim of out-of-plane shields is to reduce the overall patient dose. As the shields are not
included in the scanned region, their function is to reduce the amount of external scatter to the
patient, which has been questioned as the majority of radiation burden to the out-of-field organs
is from internal scatter(29), In this work, for the 10 cm distance between the edge of the scan range
and the lead shield, there was practically no effect on the scan CTDI,, or DLP compared to the
reference scans in all scanners when the shield was placed before the localizer. With the lead
apron at a 10 cm distance, the dose savings to tissues outside scanning volume has been shown to
be minimal, about 4% and only 0.2% compared to the total scan dose'3. Moreover, there is usually
a safety margin of 5-10 cm required to ensure that the lead apron is not accidentally placed in the
primary X-ray beam, thus questioning the need for the usage of patient shielding®3. So far, patient
shielding has been applied to subjects at most risk to the radiation, i.e., pediatric and younger
patients and pregnant women. However, it has been shown that the dose to the fetus might
increase when performing a standard pulmonary embolism CT scan if the shield is in the
localizer?®. Instead, focusing on the selection of the scan parameters or shortening of the scan
length could be more effective strategies to optimize the radiation exposure than the usage of the
lead aprons'?2°, In addition, alternative approaches for overall dose reduction other than
shielding, such as breast displacement during coronary CT and organ exposure modulation, have
been shown to be effective(27-29), Despite the risks associated with the out-of-plane shields,
several legislative documents or recommendations still recommend or suggest that the shield
should be considered for use, even within 5 cm from the edge of the scan(®).

In helical CT scan mode, the amount of overscanning and thus the extra radiation dose compared
to axial mode increases if a larger pitch factor and width of collimation is selected(®7?), However,
helical scans have a few benefits over axial scans. Helical scanning of volumes larger than 160 mm,
which is the current upper width limit for wide-array detectors, is faster and less susceptible to
motion artifacts than axial mode(19), In addition, dynamic collimation reduces the amount of out-
of-plane radiation exposure to tissues (7). Nevertheless, with shorter scan lengths, it is possible to
reduce the overradiation and the effective dose with the axial scanning mode(26:39), Yet, most
efforts in dose optimization should be focused on patient positioning and centering, selection of
tube current and voltage, collimation, pitch, and scan range31-34),

Prior research has demonstrated radiation dose savings if aprons are positioned after the localizer
images have been scanned®®?), It is true that dose savings might be possible and that exposure
values are not affected by the shields but there are other factors that should be taken into account
before decision on lead apron placement is made. In practice, shields may be positioned before
obtaining the localizer images to confirm proper placement and distance of the apron or to avoid
patient movement between the scout and the actual CT scan(322), Some radiographers find lead
aprons heavy to handle and that they do not fit optimally to the patient shape, which may result in
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improper placement or sliding of the shield from the covered region®%), and possibly
compromising image quality if exposed to the primary beam. It has been reported that multiple
localizers are sometimes used when fine-tuning the apron position, which results in additional
radiation burden due to unnecessary localizer scan and a possible increase in exposure of the
actual scan as in our results(?3). Nevertheless, the aforementioned risk factors and relatively minor
gains and dose benefits with patient shielding should be considered when deciding whether to use
shielding.

This study was limited by the lack of actual patient data; however, the effect of lead apron on TCM
has been observed in the past on diagnostic images from our institution in the scanners included
in this study (data not shown). In addition, the phantom was selected owing to its homogeneity so
that the changes in TCM on different scans would be due to lead apron and not due to possible
uncertainties in apron positioning or the scan volume. A low tube output of 1.5 mGy CTDI, was
selected to avoid TCM to reach tube current limit. Different body size phantoms and image
quality, and exposure levels were not examined, which might provide further information on the
TCM properties when scans are performed with aprons. Additionally, the image quality and effect
of different dynamic collimators were not investigated.

In conclusion, based on the results of this study, patient shielding can cause severe disturbance in
the tube current modulation of a CT even when shield is placed 7.5 cm away from the edge of the
scan. As the lead aprons may increase the radiation exposure of the CT scan compared to
relatively minimal achievable dose savings, the discontinuation of this shielding practice should be
considered.
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Figure legends

Figure 1. a) Placement of lead apron on phantoms. b) Scout image illustrating the scan range,
scan directions (away and towards), water-equivalent diameter (WED) of 21.9 cm, and the tube
current-time products ranging from 41.5 mAs to 94.5 mAs for this particular case. The dashed
lines indicate the lead apron positions (2.5, 5, 7.5 and 10 cm from the edge of the scanned
region).

Figure 2. Tube current-time product values with lead apron at scan position 2.5 cm from Toshiba
Aquilion One (a), GE Discovery (b), Siemen Flash (c, also including scan position at 5 cm) and GE
Revolution (d) with 40 mm and 80 mm collimation demonstrate scanned region with the largest
variation in DLP compared with the reference scans at 1.4 pitch. The legend shows the distance
of the lead apron from the scanned region and the corresponding DLP change compared to the
reference in brackets. The location of the lead apron is on the side of the slice location at 100
mm.
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Table 1. Scan parameters for the tube current modulation evaluation

Vendor and model = Beam collimation (mm) Pitch Slice thickness Image quality paramenters
(mm)/interval (mm)
GE Revolution 40/80 (64/128x0.625 0.516/0.984/1.375 (40 0.625/0.625 NI 27, (with following parameters: 100 kV,
(Performix HDw mm) mm) SmartmA 35-700), STND kernel, Asir 40 %)
tube) 0.508/0.992/1.375 (80
mm)
Siemens Somatom = 38.4 (128x0,6 mm and 0.6/1/1.4/3.2 0.6/0.6 Quality Ref. mAs 168 at 100 kV. CARE Dose 4D
Definition Flash 2x128x0.6mm with 2.0 average strength. 130f/3 SAFIRE
and 3.2 pitch)
Toshiba Aquilion 40 (80x0.5 mm) 0.64/0.95/1.388 0.6/0.6 SD 16.00 (with following SureExposure
ONE Vision parameters: Recon FC 18, Image Thickness 5.0,
Dose Reduction AIDR3D STD, XY 3D)
GE Discovery 690 40 (64x0.625mm) 0.516 /0.984/1.375 0.625/0.625 NI 46, (with following parameters: 100 kV,

SmartmA 30-700, Recon mode Full, Plus IQ
Enhance, STND kernel, Asir 40%)
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Table 2. CTDI,, (MGy) and DLP (mGy*cm) values and their relative change in scans obtained
placing the patient shield to the localizer images at distances of 2.5, 5, 7.5 and 10 cm from the
edge of the scanned region, compared with reference scans taken without patient shields
compared with reference scans from Toshiba scanner (40 mm collimation).

Shield position  scan direction pitch CTDl,o (% change) DLP (% change)

towards 0.638 1.5(0) 21.9(-1.8)
towards 0.95 1.2 (0) 18 (0)
towards 1.388 22 (46.7) 35 (46.4)

25cm
away 0.638 1.5 (-6.3) 22.3(-2.2)
away 0.95 1.3(8.3) 18.8 (4.4)
away 1.388 1.6 (6.7) 25.8(7.9)
towards 0.638 1.5(0) 21.9 (-1.8)
towards 0.95 1.2 (0) 18 (0)
towards 1.388 1.5(0) 23.9(0)

5cm
away 0.638 1.5 (-6.3) 22.3(-2.2)
away 0.95 1.3(8.3) 18.8 (4.4)
away 1.388 1,5 (0) 24.8 (3.8)
towards 0.638 1.5(0) 21.9 (-1.8)
towards 0.95 1.2 (0) 18 (0)
towards 1.388 1.5(0) 23.9 (0)

7.5cm
away 0.638 1.5 (-6.3) 22.3(-2.2)
away 0.95 1.2 (0) 18 (0)
away 1.388 1.5 (0) 24.8 (3.8)
towards 0.638 1.5(0) 21.9(-1.8)
towards 0.95 1.2 (0) 18 (0)
towards 1.388 1.5(0) 23.9 (0)

10cm
away 0.638 1.5 (-6.3) 22.3(-2.2)
away 0.95 1.2 (0) 18 (0)
away 1.388 1.5(0) 23.9(0)

CTDl,, = Volume Computed Tomography Dose Index, DLP = Dose Length Product
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Table 3. CTDI,, (mGy) and DLP (mGy*cm) values and their relative change in scans obtained
placing the patient shield to the localizer images at distances of 2.5, 5, 7.5 and 10 cm from the
edge of the scanned region, compared with reference scans taken without patient shields from
Siemens scanner (38.4 mm collimation).

Shield position scan direction pitch

CTDl,o (% change) DLP (% change)

towards 0.6 2(32.4) 22.5(32.4)
towards 1.0 2.9(97.3) 36.5(97.3)
towards 1.4 2.9 (95.9) 36.5 (86.2)
towards 2.0 (DS*) 2.6 (55.5) 38.4 (55.5)
towards 3.2(DS) 2.3(41.1) 37.9 (41.4)

2.5cm
away 0.6 1.5(0) 17 (0)
away 1.0 1.5(6.9) 19.5(3.7)
away 14 1.5(5.5) 21.5(10.8)
away 2.0(DS) 2.6 (57.9) 39(57.9)
away 3.2(DS) 2.4 (47.9) 39.8 (48.5)
towards 0.6 1.5(0) 17 (0)
towards 1.0 2(37.7) 25.5 (37.8)
towards 1.4 2.7 (81) 3.5(80.6)
towards 2.0(DS) 1.7(4.9) 26 (5.3)

5 em towards 3.2(DS) 1.8(11.7) 30(11.9)
away 0.6 1.5(0) 17 (0)
away 1.0 1.5(2.8) 18.8 (0)
away 1.4 1.5(2.7) 20 (3.1)
away 2.0(DS) 1.8(6.7) 26.4 (6.9)
away 3.2(DS) 1.9(16.6) 31.4(17.2)
towards 0.6 1.5(0) 17 (0)
towards 1.0 1.5(0) 18.5 (0)
towards 1.4 1.9 (29.3) 25.2 (28.6)
towards 2.0(DS) 1.7(1.8) 25(1.2)

5 em towards 3.2(DS) 1.7(2.5) 27.4(2.2)
away 0.6 1.5(0) 17 (0)
away 1.0 1.5 (4.2) 19 (1.1)
away 1.4 1.5(2.7) 20(3.1)
away 2.0(DS) 1.7(1.8) 25 (1.2)
away 3.2(DS) 1.7(2.5) 27.4(2.2)
towards 0.6 1.5(0) 17 (0)
towards 1.0 1.5 (0) 18.3 (-1.1)
towards 1.4 1.5(0) 19.6 (0)

10 cm towards 2.0(DS) 1.7(1.8) 25(1.2)
towards 3.2(DS) 1.7(2.5) 27.4(2.2)
away 0.6 1.5(0) 17 (0)
away 1.0 1.5(2.8) 18.8 (0)
away 1.4 1.5(2.7) 20 (3.1)
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away 2.0(DS) 1.7(1.8) 25 (1.2)

away 3.2(DS) 1.7(2.5) 27.3 (1.9)
CTDI, = Volume Computed Tomography Dose Index
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Table 4. CTDI,, (mGy) and DLP (mGy*cm) values and their relative change in scans obtained placing the patient shield to the localizer
images at distances of 2.5, 5, 7.5 and 10 cm from the edge of the scanned region, compared with reference scans taken without patient

shields from GE scanners.

Revolution, 40 mm collimation

Revolution, 80 mm collimation

Discovery, 40 mm collimation

Shield position scan direction pitch  CTDl, (% change) DLP (% change) CTDl (% change) DLP (% change) CTDl (% change) DLP (% change)

towards 0.5  1.7(20.3) 24.2 (19.7) 2.1(42.4) 34.4 (42.4) 3.4 (126.4) 47.3 (126.1)
towards 1.0 1.4(0) 18.5(-0.1) 2.6 (65) 42.7 (64.7) 2.9 (120.3) 42.8 (119.7)

55 em towards 1.375 2.2(37.7) 32.1(37.7) 3.1(88.4) 57.8 (87.8) 4.2 (246.7) 69.6 (245.5)
away 05 1.7(16.8) 23.5(16.5) 2(41.7) 34.1(41.2) 3.5(137.2) 49.6 (137.1)
away 1.0 1.6 (8.4) 20.1(8.1) 2.6 (60.6) 41.6 (60.8) 3.7 (181.2) 54.8 (181.3)
away 1.375 2(23.5) 28.7 (23.3) .9 (78) 54.6 (77.6) 4(228.7) 66 (228.6)
towards 0.5  1.4(-2.1) 19.7 (-2.4) .7 (18.8) 28.6 (18.3) 1.5(0) 20.9 (-0.3)
towards 1.0 1.5 (5.6) 19.7 (5.9) .2 (35) 35 (34.8) 1.6(17.3) 22.9(17.3)

5 em towards 1.375 1.5(-7.4) 21.5(-7.7) 7(62.2) 49.7 (61.6) 1.5(23) 24.8 (23)
away 0.5 1.4(-2.1) 19.7 (-2.4) 1.7 (15.3) 27.8 (14.9) 1.5(0) 20.9 (-0.3)
away 1.0  1.5(6.3) 19.7 (5.9) 2.2 (35.6) 35.1(35.5) 1.4(5.3) 20.6 (5.6)
away 1.375 1.5(-7.4) 21.5(-7.5) .1(26.8) 38.9(26.5) 15(22.1) 24.6 (22.3)
towards 0.5 1.4(-0.7) 19.9 (-1.3) 4 (0) 24.2 (0) 1.5(0) 20.9 (-0.3)
towards 1.0 1.4(-1.4) 18.2 (-1.8) 6(-1.9) 25.4 (-2.1) 1.3(0) 19.5 (0)

— towards 1.375 1.6(-2.5) 22.7 (-2.6) .8(8.5) 33.3(8.2) 1.3(3.3) 20.8 (3.4)
away 0.5 1.4(-0.7) 19.9 (-1.3) 4 (0) 24.2 (0) 1.5(0) 20.9 (-0.3)
away 1.0 1.4(-1.4) 18.3 (-1.5) 6(-1.9) 25.5 (-1.5) 1.4 (3) 20(2.9)
away 1.375 1.6(-2.5) 22.7 (-2.3) 7(3) 31.6 (2.8) 1.3(2.5) 20.6 (2.4)
towards 0.5 1.6 (9.8) 24.2 (19.6) 4 (0) 24.2 (0) 1.5(0) 20.9 (-0.3)
towards 1.0  1.5(3.5) 19.2 (3.4) .6(-2.5) 25.3(-2.6) 1.3(0) 19.5 (0)

10em towards 1.375 1.6(-2.5) 22.7 (-2.4) .6(-3.7) 29.7 (-3.6) 13(4.1) 20.9 (3.9)
away 0.5 1.6(9.8) 22.2(9.8) 4 (0) 24.2 (0) 1.5(0) 20.9 (-0.3)
away 1.0 15(4.2) 19.2 (3.4) 6(-1.9) 25.4 (-2) 1.4(2.3) 19.8 (2)
away 1.375 1.6(-1.9) 22.8(-2) .6(-3) 29.8(-3.2) 1.3(4.9) 21.1(4.8)

CTDl, = Volume Computed Tomography Dose Index, DLP = Dose Length Product
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Figure 1. a) Placement of lead apron on phantoms. b) Scout image illustrating the scan range, scan
directions (away and towards), water-equivalent diameter (WED) of 21.9 cm, and the tube current-time
products ranging from 41.5 mAs to 94.5 mAs for this particular case. The dashed lines indicate the lead

apron positions (2.5, 5, 7.5 and 10 cm from the edge of the scanned region).
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Figure 1. a) Placement of lead apron on phantoms. b) Scout image illustrating the scan range, scan
directions (away and towards), water-equivalent diameter (WED) of 21.9 cm, and the tube current-time
products ranging from 41.5 mAs to 94.5 mAs for this particular case. The dashed lines indicate the lead

apron positions (2.5, 5, 7.5 and 10 cm from the edge of the scanned region).
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Figure 2. Tube current-time product values with lead apron at scan position 2.5 cm from Toshiba Aquilion
One (a), GE Discovery (b), Siemen Flash (c, also including scan position at 5 cm) and GE Revolution (d) with
40 mm and 80 mm collimation demonstrate scanned region with the largest variation in DLP compared with

the reference scans at 1.4 pitch. The legend shows the distance of the lead apron from the scanned region
and the corresponding DLP change compared to the reference in brackets. The location of the lead apron is

on the side of the slice location at 100 mm
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Figure 2. Tube current-time product values with lead apron at scan position 2.5 cm from Toshiba Aquilion
One (a), GE Discovery (b), Siemen Flash (c, also including scan position at 5 cm) and GE Revolution (d) with
40 mm and 80 mm collimation demonstrate scanned region with the largest variation in DLP compared with

the reference scans at 1.4 pitch. The legend shows the distance of the lead apron from the scanned region
and the corresponding DLP change compared to the reference in brackets. The location of the lead apron is

on the side of the slice location at 100 mm
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Figure 2. Tube current-time product values with lead apron at scan position 2.5 cm from Toshiba Aquilion
One (a), GE Discovery (b), Siemen Flash (c, also including scan position at 5 cm) and GE Revolution (d) with
40 mm and 80 mm collimation demonstrate scanned region with the largest variation in DLP compared with

the reference scans at 1.4 pitch. The legend shows the distance of the lead apron from the scanned region
and the corresponding DLP change compared to the reference in brackets. The location of the lead apron is

on the side of the slice location at 100 mm
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Figure 2. Tube current-time product values with lead apron at scan position 2.5 cm from Toshiba Aquilion
One (a), GE Discovery (b), Siemen Flash (c, also including scan position at 5 cm) and GE Revolution (d) with
40 mm and 80 mm collimation demonstrate scanned region with the largest variation in DLP compared with

the reference scans at 1.4 pitch. The legend shows the distance of the lead apron from the scanned region
and the corresponding DLP change compared to the reference in brackets. The location of the lead apron is

on the side of the slice location at 100 mm.
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