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Abstract

Objective—To compare computed tomography dose and noise arising from use of an automatic
exposure control (AEC) system designed to maintain constant image noise as patient size varies
with clinically accepted technique charts and AEC systems designed to vary image noise.

Materials and Methods—A model was developed to describe tube current modulation as a
function of patient thickness. Relative dose and noise values were calculated as patient width
varied for AEC settings designed to yield constant or variable noise levels and were compared to
empirically derived values used by our clinical practice. Phantom experiments were performed in
which tube current was measured as a function of thickness using a constant-noise-based AEC
system and the results were compared with clinical technique charts.

Results—For 12-, 20-, 28-, 44-, and 50-cm patient widths, the requirement of constant noise
across patient size yielded relative doses of 5%, 14%, 38%, 260%, and 549% and relative noises
of 435%, 267%, 163%, 61%, and 42%, respectively, as compared with our clinically used
technique chart settings at each respective width. Experimental measurements showed that a
constant noise—based AEC system yielded 175% relative noise for a 30-cm phantom and 206%
relative dose for a 40-cm phantom compared with our clinical technique chart.

Conclusions—Automatic exposure control systems that prescribe constant noise as patient size
varies can yield excessive noise in small patients and excessive dose in obese patients compared
with clinically accepted technique charts. Use of noise-level technique charts and tube current
limits can mitigate these effects.
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Introduced into clinical medicine in 1973, x-ray computed tomography (CT) has

revolutionized the field of medical imaging. Its high-quality, 3-dimensional images are used
to noninvasively diagnose disease or injury in every organ system and allow for both staging
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of disease and treatment planning. With each new scanner model came increased technical
capabilities and new clinical applications, resulting in growth in CT use of approximately
10% per year since the introduction of spiral CT.1:2 It was estimated that more than 62
million CT examinations were performed in the United States in 2006.3# Although the dose
per examination has, in many cases, fallen by a factor of 2 to 3 as technology improved,® the
continued increase in utilization has made CT one of the major contributors to the
cumulative US population dose from medical uses of ionizing radiation. It is in this context
that concerns have been raised regarding a potential increased risk to the US
population.4.6-10

A fundamental dose management principle for CT is that the scanner output must be
adjusted appropriately for both the specific patient size and the required diagnostic task.1!
This is critically important for pediatric patients,12-17 where scanner radiation output must
be reduced relative to adult parameters to account for the decreased attenuation of the
patient. In contrast, larger patients require increased scanner radiation output to account for
greater patient attenuation and yield a sufficient number of transmitted photons to render an
image of diagnostic quality. This strategy can be accomplished with use of technique charts,
which prescribe tube potential, tube current, rotation time, detector collimation, and pitch as
a function of some measure of patient attenuation. Because x-ray attenuation is related to the
total amount of tissue in the x-ray beam, local measures of patient size (eg, lateral width or
perimeter at a given scan location) is a better measure of attenuation than global measures
such as patient weight or body mass index. This is equally true for pediatric and adult body
examinations, where age and sex can be similarly weak predictors of attenuation at a
particular scan level. Computed tomographic imaging of the head is a notable exception,
where age is a reasonable predictor of cranial calcification, which is the primary component
of attenuation in the head.

A major advance in the appropriate management of CT dose was the introduction of
automatic exposure control (AEC) systems,11:18-21 which use information obtained from the
CT localizer radiograph to estimate the patient’s attenuation at each position within the scan
volume. Instead of manually setting scanner parameters, which are then fixed for the entire
scan, AEC automatically adjusts the tube current based on the patient attenuation, which can
vary longitudinally at every z axis position and angularly for each projection. Studies have
demonstrated that modulating the tube current as function of position and/or rotation can
reduce patient dose by 40% to 50% without sacrificing the image quality.11.18-21 Three
different tube current modulation schemes have been implemented and evaluated: (1)
modulation of the tube current angularly around the patient, (2) modulation of the tube
current based on the average attenuation at a given position along the long axis (ie, zaxis) of
the patient, and (3) the combination of these 2 approaches. In essence, AEC systems
automatically adjust tube current to account for global variations in patient sizes and local
thickness variations in individual patients.

To automate tube current modulation, 2 distinct AEC methods to determine the appropriate
tube current for a specific amount of patient attenuation have been implemented by scanner
manufacturers. The most commonly used method adjusts the tube current so that image
noise (measured as the standard deviation of the CT numbers in a uniform region of interest)
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is maintained across all patients sizes. The second method adjusts the tube current in a
manner designed to achieve different noise levels at different patient sizes.22 For example,
relative to a typical-sized adult, image noise is allowed to increase in obese patients, who
inherently have increased soft tissue contrast due to increased amounts of adipose tissue
layers. In small children, who typically have smaller structural details and decreased soft
tissue contrast due to decreased amounts of adipose tissue, a lower level of image noise (ie,
higher level of image quality) is required,11:20.23.24

The purpose of this study was to investigate relative image noise and patient dose that
results from an AEC system that is predicated on a constant noise paradigm as compared
with clinically accepted technique charts and AEC systems designed to vary image noise
with patient size. First, a mathematical framework was developed to describe AEC-driven
tube current modulation using an exponential function and was used to estimate the effect on
relative noise and dose levels across patient sizes. Second, a set of experimental
measurements acquired with phantoms of varied thicknesses was used to corroborate the
model. Results from both the model and experiments were compared with our clinical body
CT technique charts to assess the impact of each method relative to our established clinical
standards. These charts were developed and used in our practice to adapt tube current and
radiation dose to different sizes of patients to obtain the required level of image quality at
the lowest-dose settings and are consistent with other published size adaptation
schemes.25:26

MATERIALS AND METHODS

Tube Current Modulation Model

The detected x-ray intensity | after attenuation by a patient can be expressed as

I=Ipe ™™, ()

where | is the incident x-ray intensity, | is the linear attenuation coefficient of soft tissue,
and t is patient thickness. This equation assumes monochromatic x-rays. For a
polychromatic x-ray spectrum, | can be considered as the linear attenuation coefficient of
the mean beam energy. At a given tube potential, the incident and detected x-ray intensities
are both proportional to the tube current and exposure time (gantry rotation time). Automatic
exposure control systems, however, modulate the tube current only and keep the rotation
time constant. Thus, tube current, instead of tube current-time product, will be used in the
following analysis.

In the quantum-limited regime, image noise is determined by the photon fluence, or in this
case (ie, constant gantry rotation speed), the intensity described in Eq. (1). To maintain
constant noise across all patient sizes, the x-ray intensity exiting a reference patient of size
tref Should equal the x-ray intensity exiting a patient of different size, t. This imposes the
following requirement:

—pt —Ktre
Ine M'=Ig e M0 (2)
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Because I is proportional to tube current (mA), Eqg. (2) can be expressed as

mA - e M =mA, e et (3)

or

mA e/Ltl-ei'
mAps et ’

4

where the reference tube current (mAf) is defined as the lowest tube current that provides
diagnostically acceptable image quality for a specific diagnostic task, tube potential, and set
of reconstruction parameters.

For convenience, the attenuation coefficient of a material can be expressed in terms of its
half value layer (HVL) for a given x-ray beam, which is defined as the thickness of a
specified material that is required to reduce the radiation intensity by half.

Ip+2=Ipe "V (5)

Solving Eg. (5) for pyields p = In(2)/HVL. Substituting this into Eq. (4) yields the
convenient expression:

mA  e(n2/HVL)t b2
mA—ref - e(ln2/HVL)'tref =enrt (6)

The human body is composed primarily of water and soft tissue, which have very similar x-
ray attenuation properties. Thus, it is reasonable to use the HVL of water to estimate patient
attenuation. Half value layer is dependent on the x-ray beam spectrum because attenuation
changes with photon energy. For the most commonly used CT x-ray tube potential, 120 kV,
the mean photon energy is approximately 70 keV.27:28 The HVL of water for such a beam is
approximately 3.6 cm (linear attenuation coefficient of water at 70 keV is approximately
0.19 cm™1),2% meaning that the x-ray intensity is decreased by a factor of 2 with every
additional 3.6 cm of water-equivalent material introduced into the x-ray beam. Using this
value for HVL and Eq. (6), the tube current required to maintain a constant noise level in the
reconstructed images can be calculated for different patient sizes. Figure 1 shows the tube
current required to maintain a constant level of image noise as patient size increases.
Because the tube current (for a fixed rotation time) needs to be doubled for every 3.6-cm
increase in patient size, the required input x-ray intensity increases rapidly. Consequently,
the tube current can easily reach a maximum value, which limits this tube current
modulation strategy.

Published studies, as well as our own clinical experience, have found that maintaining the
same image noise across all patient sizes is not ideal in clinical practice.17:20.23.24,30.31 T¢
this end, some AEC systems vary the image noise target with patient thickness. To model
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these types of AEC systems, adjustment of the HVL in Eq. (6) can be used to decrease or
increase the amount of tube current modulation with patient thickness. Such an empirically
determined HVL value (HVL,) can be expressed in terms of the nominal HVL of water
using the following relationship:

HVL
HVLG:% %)

where b is a parameter that can be adjusted to control the strength of the change in tube
current as a function of patient size. The HVL, used in our practice for abdominal CT is 10
cm; for thoracic CT, we used an HVL, of 13 cm. A comparison of the curves relating
required tube current to patient thickness for the constant noise paradigm (HVL of water =
3.6 cm) and for our empirically derived values of HVL, is shown in Figure 1.

Although we have found the use of an empirical HVL nomenclature relatively intuitive, one
cannot actually adjust patient HVL, because this is a physical property related to the x-ray
beam spectrum and patient composition. Using Eq. (7), we can more accurately express this
adaptation of the tube current as patient size changes by rewriting Eq. (6) in terms of the
physical HVL.

mA o(In2/HVL)+ 1°
= { o(In2 /HVL)-t,.ef:| (8)

mAer
Using Eg. (8), various tube current adaptation schemes can be modeled by selecting
different values for b. The case of constant noise is achieved when b = 1. The case in which
the tube current changes by smaller amounts as patient size is increased or decreased (ie,
relatively less noise for smaller patients and more noise for larger patients) is achieved when
b < 1. Alternatively, requiring less noise in obese patients and more noise in small patients,
relative to the standard patient size, is achieved when b > 1. For a given patient thickness,
tube current values (for a given b value) relative to our clinical abdomen/pelvis practice (b =
0.36 and b = 0.28 for our thorax protocols) can be calculated using Eg. (8):

mA,(t)

o(In2/HVL)-t b (In2/HVL) ¢ b—0.36
m:m ref [m] TmAref|: :|

e(In2/HVL) t,f

which can be reduced to

1'I]-Aclin (t)

mAy(t) o(n2/HVL)t 1% [ (n2/HVL) 7036
e(In2/HVL) tret e(In2/HVL) tyer ()]

where mAgin(t) is the clinically used tube current value (b = 0.36) as a function patient
thickness and mAg(t) is the modulated tube current for a given b value as a function of
patient thickness.
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The relative tube current values as compared with our clinical technique charts (in which b =
0.36) were calculated for each patient size as a function of tube current adaptation strength.
At a given patient thickness and assuming all other scan parameters are held constant,
relative changes in tube current values are equivalent to relative changes in patient dose.
Thus, relative tube current values calculated here are synonymous with relative patient dose.
Similarly, relative noise values were calculated for each patient size as a function of current
adaptation strength. The relative image noise was calculated assuming that the system is
operating in the quantum-limited region32 with the following:

lgﬁlzi%l(m)
mAdin 0}
where 02 is the noise variance (standard deviation of CT numbers squared), the subscript b
refers to the model results at a given current adaptation value, and the subscript clin refers to
our clinical values (ie, b = 0.36).

Phantom Measurements

To demonstrate the above principles experimentally and corroborate the model, phantom
studies were performed using three semianthropomorphic thorax phantoms (Cardio CT;
QRM, Mohrendorf, Germany) with lateral dimension of 30, 35, and 40 cm to simulate small,
medium, and large patient sizes, respectively (Fig. 2). The phantoms were scanned using a
CT system equipped with a longitudinal (zaxis) AEC system (Auto-mA, LightSpeed VCT;
GE Healthcare, Waukesha, WI). This system uses a constant noise paradigm to adapt the
tube current modulation as patient size changes (ie, b = 1 in the proposed framework, Eq.
(8)). The user prescribes a “noise index” to establish the target noise value for a standard
patient size, and the system adapts the tube current as patient size changes to maintain the
same noise level at each position along the z axis and each patient size. Scans were
performed using noise index values of 10, 12, and 14 for each of the three phantom sizes,
and the tube current prescribed by the system for each phantom size was recorded for each
noise index. The results were compared with the thorax CT technique chart used in our
clinic, where we change the tube current more slowly as patient size changes (ie, b = 0.28).

RESULTS

Figure 3 demonstrates the influence of b, which is used to determine the strength of the tube
current modulation. For our practice, we have found that b = 0.36 (HVLg = 10 cm) for
abdomen and pelvis scans generate clinically acceptable image quality across the full
spectrum of patient sizes. (For chest scans, we found b = 0.28 [HVL, = 13 cm] yields
acceptable images for all patient sizes.)

Relative dose levels (ie, tube current), as compared with our clinical settings, for b values of
0.3, 0.5, 0.7, and 1 for patient widths from 12 to 50 cm are shown in Table 1, where a lateral
thickness of 36 cm was used as our standard reference for patient size. To maintain a
constant noise level (b = 1), the dose to a 12-cm-wide patient would be 5% of our typical
clinical value. For a 50-cm-wide patient, the dose would be 549% of our typically
administered dose. (Neither of these options is technically feasible on current CT systems.)
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Thus, there are large differences in prescribed tube current between the constant noise
requirement (b = 1) and what was used routinely in our clinical practice (b = 0.36).

The relative noise values for the same range of modulation strengths (b= 0.3, 0.5, 0.7, and
1.0) were compared with that of our clinical technique chart (b = 0.36; Table 2). A lateral
width of 36 cm was again used as the reference patient size. The relative noise for patient
sizes from 12 to 50 cm was calculated using Eq. (10). The values produced from a constant
noise requirement greatly differed from values in our current clinical practice. Image noise
for b = 1 relative to that at b = 0.36 increased with smaller patient sizes and decreased with
larger patient sizes. For the 12-cm patient and b = 1, image noise was 430% of our typical
clinical value. For the 50-cm patient and b = 1, image noise was 43% of our usual clinical
value. Thus, using the constant noise paradigm, image noise would be unacceptably high for
small patients compared with the clinical requirements reflected by our existing technique
charts. In addition, the requirement of constant noise would overexpose large patients
compared with what we currently use, delivering increased dose to achieve lower noise
values than what we have found to be clinically necessary.

Phantom Studies

In Figure 4, the required tube current values for different sizes of the anthropomorphic
phantom are shown for prescribed noise index values of 10, 12, and 14, and are compared
with the tube current values that we would have prescribed using our clinical technique
charts (for thorax, b = 0.28). For the 35-cm-wide phantom (very close to our standard patient
size of 36 cm), use of a noise index of 12 resulted in tube current values that were very
similar to those that would have been prescribed using our clinical technique chart.
However, as the phantom size changed, the tube current values for the constant noise
paradigm were considerably different from our clinical technique charts for all noise index
values. For the smaller 30-cm-wide thorax, use of noise indices of 10, 12, and 14 would
result in lower tube current values and thus greater image noise than what we have accepted
clinically. Conversely, for the larger 40-cm-wide thorax, even at the highest noise index
level of 14, the constant noise paradigm would deliver considerably more radiation dose to
the patient than would our clinical technique charts, which provide sufficient image quality
for clinical diagnosis.

DISCUSSION

Automatic exposure control systems have been widely accepted in clinical practice as an
effective method of adapting radiation output to the specific patient’s size, accounting for
thickness variations within a given cross section or along the patient’s longitudinal
axis.11.18-21 Details of the specific implementations used by the different manufacturers,
however, are absent in the scientific literature. This is a key barrier to proper use of these
systems. It is essential that users understand the algorithm that decides which tube current
will be prescribed as patient size varies, so that clinically acceptable image quality is
obtained at the lowest reasonable dose across all patient sizes.

The tube current adaptation scheme implemented by at least 2 major manufacturers varies
the tube current so that the noise level in the resulting images is constant across all patient
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sizes. Our results indicate that such an approach could yield excessively noisy images in
children or small patients and unnecessarily high doses in large patients.

In this study, we developed a flexible model relating image noise, patient attenuation, and
tube current (ie, dose) and demonstrated that the behavior predicted by the model is
consistent with one commercial AEC implementation in a phantom study. Our results
indicate that the requirement of constant noise across all patient sizes yields higher radiation
dose for large patients, as compared with our clinical practice. This would also place
unnecessarily large demands on the x-ray tube and generator, which may potentially cause
tube heating problems or require the operator to increase the overall scan time. Conversely,
the tube current would be dropped so dramatically for small patients that the image noise
would be increased beyond what our practice would consider clinically acceptable. This may
reduce the diagnostic accuracy of the examination or potentially yield examinations that are
not diagnostic. In this latter scenario, a repeat examination at a higher dose level may be
necessary to obtain a clinically acceptable image, wasting the radiation (and perhaps contrast
media) used in the initial scan.

Although the preferred adaptation strength (b value) may differ between practices, our
experience using manual technique charts has been that values close to 0.36 were
appropriate for abdominal CT examinations and that values close to b = 0.28 were
appropriate for thoracic examinations. These values are not necessarily the only acceptable
values.

Currently, at least one manufacturer has implemented an AEC system that varies the
strength of the tube current adaptation as patient size varies (ie, b value < 1). In this system,
the b value used to decrease the tube current for small patient sizes is different from the b
value used to increase the tube current for large patient sizes. Our practice uses a strength of
b = 0.33 (“average”) for obese patients and b = 0.5 (average) for slim patients on Sensation
16 and 64 scanners (Siemens Healthcare). On Definition DS, AS+, and FLASH systems
(Siemens Healthcare), we use a strength of b = 0.4 and b = 0.5 (specific b values provided
by the manufacturer). For some software versions, these are global scanner settings that are
independent of the specific imaging examination. For newer software versions, these can be
set for each type of exam protocol. The user-prescribed reference tube current for the
reference patient size determines the noise level that is acceptable for a specific diagnostic
task (eg, CT colonography or CT angiography). The tube current is then decreased or
increased relative to the reference values using the system’s global adaptation strengths.

Computed tomographic systems that use a constant noise AEC paradigm may result in
nondiagnostic quality images or overexposure of the patient. For small patients, the dose
may be decreased so much that the examination is either too noisy or nondiagnostic. For
large patients, higher dose levels than are necessary may be applied. Tube current and
generator power limits may be reached, potentially resulting in the need to increase the
gantry rotation time or decrease the spiral pitch value. These actions would increase the
overall scan times, which increases the risk of nonuniform contrast enhancement and may
require a longer contrast injection or increased volume of contrast media. Motion artifacts
may also occur for these longer scan times if the patient cannot hold his/her breath for the
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entire scan. To avoid these consequences of a constant noise requirement, a noise index
technique chart can be used to manually adjust tube current modulation for patient size.
Such a technique chart would prescribe different noise index values for different patient
sizes, using lower noise indices for small patients and higher noise indices for obese
patients. This approach has been recommended by others based on clinical experience.20.24
This approach provides sufficient image quality in pediatric patients and avoids excessive
radiation doses in obese patients. In addition, some manufacturers allow the user to set both
minimum and maximum tube current values. If appropriately set, these values can prevent
either an excessive decrease (in small patients) or increase (in large patients) of the tube
current. The noise index technique chart used in our adult abdomen CT practice for a system
(GE LightSpeed VCT; GE Healthcare, Milwaukee, WI) that uses a constant noise AEC
paradigm is shown in Table 3. The same approach could be adapted to build noise index
technique charts for other scanners with AEC using a constant noise paradigm.?2
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FIGURE 1.

Examples of the tube current modulation schemes based on a 36-cm reference patient
thickness (tref = 36 cm) and 225-mA reference tube current (mAef = 225 mA). The solid
line represents the tube current required to achieve a constant noise across patient thickness
variations. The scanner reaches a maximum tube current for patients at least 40 cm thick,
which could lead to sacrifices in image quality through longer gantry rotation times and/or
lower spiral pitch values. The dotted curve represents a less aggressive modulation of tube
current, where the tube current is not increased as strongly for large patients or decreased as
strongly for small patients. This maintains adequate image noise in small patients and avoids
excessive radiation doses for large patients. The curves reflect the abdominal (HVL, = 10
c¢m; b =0.36) and thoracic (HVL, = 13 cm; b = 0.28) technique charts used in our large
clinical practice for more than 2 decades (see Eq. [7]).
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FIGURE 2.
Photograph of the anthropomorphic thorax phantoms used for data measurement. The lateral

width of the small phantom is 30 cm. The addition of the hollow, oval tissue—equivalent
material results in a net lateral thickness of 45 cm (left) and 40 cm (right).
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FIGURE 3.

Demonstration of the effect of varying b values to adapt the strength of the tube current
modulation. Relative attenuation refers to attenuation compared with the attenuation for a
reference patient thickness (ie, 36 cm). Relative tube current is compared with the tube
current setting for the reference patient thickness. For b = 1, the tube current is linearly
increased with patient attenuation, such that image noise is held constant. For b < 1 (0.3), the
tube current is neither decreased nor increased as aggressively, resulting in less noise in
small patients and more noise in large patients relative to that of the reference patient. For b
> 1, the tube current is very aggressively decreased for small patients and increased for large
patients relative to the reference patient. This scenario is not likely to be clinically relevant.
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Required tube current values for different phantom sizes using noise index of 10, 12, and 14,

and our clinical technique chart.
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Relative Radiation Dose (ie, Tube Current) as a Function of Patient Width and Modulation Strength (b) as

Compared With Our Clinically Accepted Values

Modulation Strength (b)

Patient Width, cm 0.30 0.50 0.70 1.00
12 131% 53% 21% 5%
20 120% 65%  36% 14%
28 110% 81% 60% 38%
36 100% 100% 100%  100%
44 91% 124% 168% 265%
50 85% 145% 247% 54%9%

Calculations were performed using Eq. (9) and a patient reference thickness of 36 cm.
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Relative Image Noise as a Function of Patient Width and Modulation Strength (b)

Modulation Strength (b)

Patient Width, cm 0.30 0.50 0.70 1.00
12 87% 138% 218% 435%
20 91% 124% 168% 267%
28 95% 111% 130% 163%
36 100% 100% 100%  100%
44 105% 90% 7% 61%
50 109% 83% 63%  42%

TABLE 2

Page 16

All values were normalized to the image noise achieved using our clinical technique chart (b = 0.36). Calculations were performed using Egs. (9)
and (10) and a reference patient width of 36 cm.
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TABLE 3

Noise Index Technique Chart Used in Our Adult Abdominal CT Practice for an AEC System That Uses the
Constant Noise Paradigm (VCT; GE Healthcare)

Lateral Patient Width,cm Noiselndex Rotation Time,s Minimum TubeCurrent, mMA  Maximum Tube Current, mA

22.1-30 9 0.5 150 280
30.1-40 115 0.5 220 500
40.1-45 14.5 0.5 400 720
45.1-50+ 17 0.7 450 770

These values are for 5-mm slice thicknesses. A gantry rotation of 0.5 seconds is used until patient size exceeds 45 cm, when a gantry rotation of 0.7
seconds is required to achieve sufficient tube output.
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