wo 2016/133986 A1 |1 I IO LA AR

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

25 August 2016 (25.08.2016)

WIPOIPCT

(10) International Publication Number

WO 2016/133986 A1l

(51

eay)

(22)

(25)
(26)
(30)

1

(72

International Patent Classification:
A61B 6/03 (2006.01) A61B 6/00 (2006.01)

International Application Number:
PCT/US2016/018214

International Filing Date:
17 February 2016 (17.02.2016)

Francis; General Electric Company, One Research Circle,
Niskayuna, NY 12309 (US). RUI, Xue; General Electric
Company, One Research Circle, Niskayuna, NY 12309
(US). YANGYANG, Yao; General Electric Company,
1800 Cai Lun Road, Shanghai 201203 (CN). YIN, Zhye;
General Flectric Company, One Research Circle, Niskay-
una, NY 12309 (US). WEIDMANN, Uwe; General Elec-
tric Company, One Research Circle, Niskayuna, NY 12309

Filing Language: English (US).

Publication Language: English 74y Agents: DIVINE, Lueas et al.; General Electric Company,
Priority Data: 9900 W Innovation Drive, Wauwatosa, WI 53226 (US).
62/118,660 20 February 2015 (20.02.2015) us (81) Designated States (uniess otherwise indicated, for every
15/044,787 16 February 2016 (16.02.2016) Us kind of national protection available). AE, AG, AL, AM,
Applicant: GENERAL ELECTRIC COMPANY AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

[US/US]; 1 River Road, Schenectady, NY 12345 (US).

Inventors: JIN, Yannan; General Electric Company, One
Research Circle, Niskayuna, NY 12309 (US). DE MAN,
Bruno, Kristiaan, Bernard; General Electric Company,
One Research Circle, Niskayuna, NY 12309 (US). EDIC,
Peter, Michael;, General Electric Company, One Research
Circle, Niskayuna, NY 12309 (US). FITZGERALD, Paul,

BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

[Continued on next page]

(54) Title: IMAGING METHOD AND SYSTEM OF TUBE VOLTAGE AND CURRENT OPTIMIZATION

62

50

J

52
Scout scan

Scout image

Organ
localization

53

Generate kV
profile

54~
Polychromatic
forward projection |” Optimal kV profile
56, l 58~ l
Variance map Dose
reconstruction reconstruction
Noisc variance ‘ | Dose maps
maps
60
mA Optimization
Organ map

Optimal mA profile

64
el

Projection Data

66

Image reconstruction

Final images

Fig. 3

(57) Abstract: An imaging method includes executing a low-dose pre-
paratory scan to an object by applying tube voltages and tube currents in
an x-ray source, and generating a first image of the object corresponding
to the low-dose preparatory scan. The method further includes generating
image quality estimates and dose estimates view by view at least based
on the first image. The method includes optimizing the tube voltages and
the tube currents to generate optimal profiles for the tube voltage and the
tube current. At least one of the optimal profiles for the tube voltage and
the tube current is generated based on the image quality estimates and
dose estimates. The method includes executing an acquisition scan by
applying the tube voltages and the tube currents based on the optimal
profiles and generating a second image of the object corresponding to the
acquisition scan. An imaging system is also provided.
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IMAGING METHOD AND SYSTEM OF TUBE VOLTAGE AND CURRENT
OPTIMIZATION

CROSS REFERENCE TO RELATED APPLICATION

[0001] This patent application claims the benefit of priority, under 35 U.S.C. §
119, of U.S. Provisional Patent Application Serial No. 62/118,660, filed February 20,
2015, titled “IMAGING METHOD AND SYSTEM OF TUBE VOLTAGE AND
CURRENT OPTIMIZATION” the entire disclosure of which is incorporated herein

by reference.

BACKGROUND

[0002] Embodiments of the disclosure relate generally to an imaging method
and an imaging system, and more particularly to an imaging method and an imaging
system of tube voltage and current optimization for computed tomography (CT)

scans.

[0003] X-ray scans and x-ray computed tomography (CT) scans are used in a
wide range of medical and industrial settings to generate images of structures within a
three-dimensional subject or object that are otherwise invisible to the naked eye. For
example, CT scans of medical patients are used in a wide range of pathologies
including, but not limited to, identification of tumors, infectious process, infarctions,
calcification, hemorrhage, and trauma. In the description that follows, the disclosed

methods apply equally to scanning one of a patient and object.

[0004] While x-ray and CT scans are widely used, the x-ray radiation that is
generated during the scans may increase risk of cancer for the patient being scanned.
One goal is to control the exposure to radiation for humans and other living subjects
that undergo the CT scan while also generating images with sufficient clarity and
resolution to be useful in diagnostic procedures. This balance between the need to use
the lowest x-ray radiation possible while maintaining an image quality required for

optimal identification of pathology is known as ALARA “as low as reasonably
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achievable.” During a CT scan, an x-ray source, such as an x-ray emitting tube,
rotates around the longitudinal axis of the patient while emitting x-ray radiation.
Some of the x-ray energy passes through the patient to a detector on the opposite side
of the patient from the x-ray emitter, while the patient absorbs a portion of the x-ray
energy, known as the radiation dose. A lower-dose CT scan produces images that
have a higher noise level and/or poor contrast-to-noise ratio, which can obscure detail
about structures within the patient. Increasing the intensity of the x-ray exposure
improves the quality of images, but the patient also absorbs additional x-ray radiation

during the scan.

[0005] The amount of x-ray radiation delivered to the patient and the quality
of the images are dependent on the energy fluence emitted from the x-ray source.
When the x-ray tube is employed as radiation source, the energy fluence is determined
by the scanning parameters such as the tube current (mA) and the tube voltage (kV).
The power output of the tube is expressed as a product of the tube current and the tube
voltage. The dose that the patient receives from the CT scanner corresponds to the
portion of the emitted power from the tube that is absorbed by the tissue in the body
of the patient multiplied by the length of time that the patient is exposed to the x-rays
from the tube. For example, a higher level of tube current and higher tube voltage
generally results in a lower noise image, but delivers x-ray radiation to the patient at a
correspondingly higher rate. In addition, the image quality and the dose can be
different for different patients and/or applications when the power from the tube is the
same. Currently, the same scan protocol and the same tube power are used to scan

different patients.

[0006] It is desirable to provide a solution to address at least one of the above-

mentioned problems.
BRIEF DESCRIPTION

[0007] An imaging method is provided. The method includes executing a low-
dose preparatory scan to an object by applying tube voltages and tube currents to an

x-ray source, and generating a first image of the object corresponding to the low-dose
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preparatory scan. The method further includes generating a number of image quality
estimates and a number of dose estimates view by view at least based on the first
image. The method further includes optimizing the tube voltages and the tube
currents to generate optimal profiles for the tube voltages and the tube currents. At
least one of the optimal profiles for the tube voltages and the tube currents is
generated based on the image quality estimates and the dose estimates. The method
further includes executing an acquisition scan by applying the tube voltages and the
tube currents based on the optimal profiles and generating a second image of the

object corresponding to the acquisition scan.

[0008] An imaging system is provided. The imaging system includes detectors,
an x-ray source, and a controller. The x-ray source is configured to project x-rays
towards the detectors. The controller is operatively connected to the x-ray source and
the detectors, and configured to control the x-ray source and the detectors to execute a
low dose preparatory scan to an object by applying tube voltages and tube currents to
the x-ray source and generate a first image of the object corresponding to a low dose
preparatory scan. The controller is further configured to generate a number of image
quality estimates and a number of dose estimates view by view at least based on the
first image. The controller is further configured to optimize the tube voltages and the
tube currents to generate optimal profiles for the tube voltages and the tube currents.
At least one of the optimal profiles for the tube voltages and the tube currents is
generated based on the image quality estimates and the dose estimates. The controller
is further configured to apply the x-ray source the tube voltages and the tube currents
based on the optimal profiles to execute an acquisition scan and generate a second

image of the object corresponding to the acquisition scan.

DRAWINGS

[0009] These and other features and aspects of embodiments of the present
invention will become better understood when the following detailed description is
read with reference to the accompanying drawings in which like characters represent

like parts throughout the drawings, wherein:
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[0010] FIG. 1 is a perspective view of a CT imaging system according to one

embodiment;
[0011] FIG. 2 is a schematic view of the CT imaging system in FIG. 1;

[0012] FIG. 3 is a flow chart of an imaging method according to one

embodiment;

[0013] FIG. 4 is a flow chart of a step of the imaging method in FIG. 3

according to one embodiment;

[0014] FIG. 5 is a waveform diagram of a waveform between Quality Factor
and tube voltage and a waveform between noise and the tube voltage according to one

embodiment;

[0015] FIG. 6 is a waveform diagram of relationship between optimal tube

voltage and water path length according to one embodiment;

[0016] FIG. 7 is a flow chart of the imaging method according to another
embodiment;
[0017] FIG. 8 is a schematic view of blocks of views according to one

embodiment; and

[0018] FIG. 9 is a flow chart of the imaging method according to another

embodiment.

DETAILED DESCRIPTION

[0019] Unless defined otherwise, technical and scientific terms used herein have
the same meaning as is commonly understood by one of ordinary skill in the art to
which this invention belongs. The terms “first”, “second”, and the like, as used herein
do not denote any order, quantity, or importance, but rather are used to distinguish
one element from another. Also, the terms “a” and “an” do not denote a limitation of
quantity, but rather denote the presence of at least one of the referenced items, and

terms such as “front”, “back”, “bottom”, and/or “top”, unless otherwise noted, are
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merely used for convenience of description, and are not limited to any one position or
spatial orientation. Moreover, the terms “coupled” and “connected” are not intended
to distinguish between a direct or indirect coupling/connection between two
components. Rather, such components may be directly or indirectly

coupled/connected unless otherwise indicated.

[0020] The operating environment of the present invention is described with
respect to a four-slice computed tomography (CT) system for imaging of a multi-
component object, such as a medical patient. However, it will be appreciated by those
skilled in the art that the present invention is equally applicable for use with single-
slice or other multi-slice configurations. Moreover, the present invention will be
described with respect to the detection and conversion of x-rays. However, one
skilled in the art will further appreciate that the present invention is equally applicable
for the detection and conversion of other types of radiation. The present invention
will be described with respect to a "third-generation" CT scanner, but is equally
applicable with other CT systems. For example, the invention is also applicable with
systems having multiple source spots for increased flexibility in determining an

optimal radiation profile by individually steering or activating the different sources.

[0021] Referring to FIGS. 1 and 2, a CT imaging system 10 is shown as
including a gantry 12 representative of a "third-generation” CT scanner. The gantry
12 has an x-ray source 14 that projects a beam of x-rays 16 toward a detector array 18
on the opposite side of the gantry 12. The detector array 18 includes multiple
detectors 20 which together sense the transmitted x-rays that pass through a medical
patient 22. Each detector 20 produces an electrical signal that represents the intensity
of an impinging x-ray beam and hence the attenuated beam as it passes through the
patient 22. During a scan to generate x-ray projection data, the gantry 12 and the
components such as the x-ray source 14 and the detector array 18 mounted thereon
rotate about a center of rotation 24. The x-ray source 14 and the detector array 18 on
the gantry 12 may rotate 360 degrees about the center of rotation 24 to acquire data

from the patient 22 at different view angles.
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[0022] Rotation of the gantry 12 and the operation of the x-ray source 14 are
governed by a control device 26 of the CT system 10. The control device 26 includes
an x-ray controller 28 that provides power and timing signals to an x-ray source 14
and a gantry motor controller 30 that controls the rotational speed and position of the
gantry 12. A data acquisition system (DAS) 32 in the control device 26 samples
analog data from the detectors 20 and converts the data to digital signals for
subsequent processing. An image reconstructor 34 receives sampled and digitized x-
ray data from the DAS 32 and performs high speed reconstruction. The reconstructed
image is applied as an input to a computer 36 which stores the image in a mass

storage 38.

[0023] The computer 36 also receives commands and scanning parameters from
an operator 40 that may have a keyboard. An associated display, such as a cathode
ray tube display, 42 allows the operator 40 to observe the reconstructed image and
other data from the computer 36. The commands and parameters supplied by the
operator 40 are used by the computer 36 to provide control signals and information to
the DAS 32, the x-ray controller 28 and the gantry motor controller 30. In addition,
the computer 36 operates a table motor controller 44 which controls a motorized table
46 to position the patient 22 and the gantry 12. Particularly, the table 46 moves
portions of the patient 22 through a gantry opening 48.

[0024] Embodiments of the present disclosure refer generally to an imaging
method which is applicable for imaging an object such as a patient to achieve desired
image quality with lowest radiation dose in CT. The present disclosure is directed to
the imaging method to optimize peak tube voltages (kV) and tube currents (mA) on a
view-by-view basis, using a low dose preparatory scan such as a scout scan along
with dose reduction. The method includes executing the low-dose preparatory scan to
the object and generating a first image of the object corresponding to the low-dose
preparatory scan. The method further includes generating noise estimates and dose
estimates on a view-by-view basis at least based on the first image and optimizing the
tube voltage and the tube current to generate optimal profiles for the tube voltage and
the tube current to be applied during scanning of the patient. In one embodiment, the

noise estimates may include a volumetric map of noise variance. In another
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embodiment, the noise estimates may include an average noise variance for a region
of interest. In one embodiment, the dose estimates may include a volumetric map of
absorbed dose. In another embodiment, the dose estimates may include an average
absorbed dose for a region of interest or an organ-weighted dose. At least one of the
optimal profiles for the tube voltage and the tube current is optimized based on the
noise estimates and the dose estimates. The method further includes executing an
acquisition scan by applying the tube voltages and the tube currents based on the
optimal profiles and generating a second image of the object corresponding to the

acquisition scan.

[0025] The dependent parameters to be optimized are image quality and
radiation dose; image quality is often defined with respect to the image noise.
However, it will be appreciated by those skilled in the art that the present invention is
equally applicable if image quality is defined with respect to image contrast, i.e. the
contrast between two particular tissues of interest; or if image quality is defined in
terms of a combination of contrast and noise, such as contrast-to-noise ratio; or if
image quality is defined in terms that include contrast and/or noise and/or spatial
resolution; or if image quality is defined in another matter related to the important

parameters for the specific imaging task.

[0026] The profiles of tube voltage and the tube current are optimized based on
the low-dose preparatory scan to the object to provide a personalized optimization
protocol to reduce the radiation dose in a CT scan. The term “optimize” in some
embodiments may include the meaning of the terms “modulate” and “select”, but not
limited. The term “modulate” (or “modulation™) herein means continuously changing
the tube voltage and/or the tube current as the gantry rotates about the patient. The
term “select” (or “selection”) herein means choosing a constant value from a value
group as the tube voltage or the tube current. The tube voltage may be modulated or
selected and the tube current may also be modulated or selected. The tube voltage
and the tube current profiles may be optimized sequentially or jointly. Some
embodiments of the imaging method are detailed in sequential paragraphs along with

figures.
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[0027] FIG. 3 illustrates a flow chart of a CT imaging method 50 according to
one embodiment. In one embodiment, the CT imaging method 50 may be operated by
the CT imaging system 10 in FIG. 1. The CT imaging method 50 includes executing
a low-dose preparatory scan to an object in block 52. In one embodiment, the object
is the patient 22 in FIGS. 1 and 2. The low-dose preparatory scan is a preparatory
scan performed at low power to generate low-resolution images of the object. In this
embodiment, the low-dose preparatory scan is a scout scan where low tube current is
applied to the x-ray source 14 to scan the patient 22 and low radiation, for example
about 0.05 mSv (millisievert) to 0.1 mSv, is absorbed. The scout scan may be a three-
dimensional (3D) scout scan or a two-dimensional (2D) scout scan. A two-
dimensional scout is well-known in the art; a three-dimensional scout scan comprises
acquisition of low-dose projection data suitable for reconstructing images
corresponding to the 3D volumetric representation of the patient. In another
embodiment, any other low dose preparatory scan may be employed to pre-scan the
patient 22, including but not limited to a previous CT scan, MRI scan, or scan of the
same patient from any other modality. In another embodiment, a virtual representation
of the patient is employed as the preparatory scan, where the virtual representation of
the patient is a selected patient model from a library of actual or simulated scans and
adjusted to match the size of the actual patient; or the virtual representation of the
patient is a composite of prior images of the patient from CT or other modalities
combined with patient models, or the virtual representation of the patient is produced
by some other means. A first image of the object is generated corresponding to the
low dose preparatory scan. The first image is a preparatory image showing a rough
structure within the object. The first image may be a reconstructed image or a
projection image. In this embodiment, a scout image is generated based on projection
data in the scout scan. In one embodiment, the scout image is smoothed and denoised

to improve the quality of the image.

[0028] In the illustrated embodiment, in block 53, the tube voltage is optimized
based on the first image for a constant tube current (or a normalized mA profile), such

as 300 mA for each view, to generate the optimal voltage profile (kV profile) for the
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tube voltage. Details on generating the optimal voltage profile will be described in

subsequent paragraphs.

[0029] The noise estimates and the dose estimates are generated view by view at
least based on the first image. In this embodiment, the noise estimates and the dose
estimates are generated based on the optimal voltage profile and the constant tube
current. In this embodiment, the noise estimates are noise variance maps and the dose
estimates are dose maps, but are not limited. For example, any map of an image
quality metric may be suitable to use with the present method. In the illustrated
embodiment, in block 54, projection data are generated based on the first image and
the optimal voltage profile through forward projection of the image data using a
polychromatic spectrum. And then the noise variance maps and the dose maps are
generated view by view based on the projection data from the block 54, in blocks 56
and 58. The noise variance maps represent the noise contribution from each view.
The noise variance maps may be utilized to represent the noise, signal-to-noise ratio,
the square root of the noise, or something similar. The dose maps represent the dose
contribution from each view. The dose maps may be utilized to represent the
distribution of dose, dose weighted by organ sensitivity, a function of dose, or any

other suitable metric.

[0030] In block 60, the tube currents are optimized view by view based on the
noise variance maps and the dose maps to generate the optimal current profile (mA
profile) for the tube current. In this embodiment, the tube current is modulated view
by view. The tube current for a corresponding view is determined based on the noise
variance map and the dose map for the corresponding view. In one embodiment, the
tube current profile is optimized to make the noise lower than a desired noise
threshold while minimizing the radiation dose. The dose is varied positive linearly
with the tube current but the noise is varied inversely to the square root of tube current.
In the illustrated embodiment, the method 50 further includes generating an organ
map or localization of the object based on the first image in block 62. The organs of
the patient are localized based on the scout image. For example, lungs, bones, soft
tissue, heart and breasts can be localized in the organ map. In this embodiment, the

tube current profile is optimized based on the organ map. The tube current is
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modulated to maintain the image quality in a certain region of interest (ROI) while
minimizing the dose within the same ROI or in a different ROI. For example, the
tube current is lowered for exposures where the x-ray source is proximal to a special
organ, such as breasts which are quite sensitive to dose, to reduce the dose. The tube
current may be increased for a specific organ, which may be required to reduce the
noise so as to increase the image quality. In another embodiment, the tube current

may be optimized according to particular applications.

[0031] In the illustrated embodiment, the tube voltage and the tube current
profiles are optimized sequentially. The tube voltage profile is optimized first and
then the tube current profile is optimized based on the tube voltage profile. In another
embodiment, the tube current profile may be optimized first and then the tube voltage

profile may be optimized based on the tube current profile.

[0032] In block 64, an acquisition scan is executed by applying the tube
voltages and the tube currents based on the optimal profiles. The optimized tube
voltage and the optimized tube current profiles are applied by the x-ray source to
irradiate the object. Projection data corresponding to the acquisition scan are
generated. In block 66, a second image of the object corresponding to the acquisition
scan is generated. The second image is reconstructed based on the projection data
from block 64. In one embodiment, the second image may be a final image displayed

for diagnosis, treatment or the like.

[0033] Accordingly, the optimization of the tube current and the tube voltage
profiles is patient and application dependent. The low-dose preparatory scan can be
employed to generate the image of the individual patient and the tube current and the
tube voltage profiles are optimized based on the image of the individual patient so as
to achieve personalized protocol optimization. The optimization of the tube current
and the tube voltage profiles can achieve the best image quality and dose tradeoff, for

a specific patient size, patient anatomy, and clinical application.

[0034] FIG. 4 illustrates a flow chart of the process of generating the optimal
voltage profile in the block 53 in FIG. 3 according to one embodiment. In block 70,

10
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projection data (pxev) are generated based on the first image which is the scout image
in this embodiment through forward projection of the image view by view basis using
a monochromatic spectrum. A single spectrum (or energy) is chosen to generate the
projection data. In one embodiment, the object is assumed to consist of water-
equivalent materials, thus the optimal tube voltage profile is derived from a central
ray passing through a given water path length. Accordingly, the spectrum including

water attenuation is chosen, and the projection data using these data are generated.

[0035] In block 72, the projection data from the block 70 are converted to
equivalent water path lengths (Ly,) in this embodiment. In block 74, the optimal
voltage profile is generated based on the equivalent water path lengths through a
lookup table 76 of the optimal tube voltage for each water path length to generate the

optimal voltage profile.

[0036] FIG. 5 illustrates a waveform 80 between Quality Factor (Q-factor or Q)
and the peak tube voltage (kV) and a waveform 82 between the noise (N) and the tube
voltage kV for one water path length. The Q-factor is a factor of image quality which
can be defined in various ways, for example as CNR*D (i.e. Q:CNR2/D), where
CNR is contrast-to-noise ratio and D is radiation dose. The contrast is determined
based on clinical applications and patient anatomy. For example, for coronary
angiography the contrast could be defined as the attenuation difference between a
contrast-enhancing material (often iodine but could be any contrast-enhancing
material) and water; for a routine chest scan, the contrast could be defined as the
attenuation difference between soft tissue and water. The Q-factor for the water path
length is calculated for each tube voltage shown as the waveform 80 — left vertical
scale. The noise for the water path length is calculated at the maximum tube power,
as shown as the waveform 82 — see right vertical scale. If the noise is higher than a
noise baseline (Np), i.e. N>Nj, it means that the corresponding tube voltage is not
applicable since even the maximum tube power cannot achieve sufficient image
quality. The noise baseline (No) may be set according to particular applications. The
optimal tube voltage (Opt. kV) is the tube voltage corresponding to the maximum Q-
factor with the tube power constraint. Thus, the optimal tube voltage can be written

as the expression (1):

11
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optkV ={kV|argmaxQ(kV),N(kV) < N,} (1

The waveforms of the Q-factor and the noise are generated for each water path length,
and the optimal tube voltage is calculated for each water path length. Accordingly,
the lookup table 76 is generated; a plot of representative data is shown in FIG. 6,
which illustrates the relationship between the optimal tube voltage (Opt. kV) and the

water path length. In one embodiment, the lookup table 76 may be generated offline.

[0037] FIG. 7 illustrates a flow chart of a CT imaging method 90 according to
another embodiment. The imaging method 90 in FIG. 7 is similar to the imaging
method 50 in FIG. 3. In the embodiment of FIG. 7, all of the projection data are
divided into two or more than two blocks of projection data (views). With reference
to FIG. 8, in this embodiment, the views are divided into four blocks A, B, C and D
along lines 91. It should be noted that this example is merely illustrative and is non-

limiting.

[0038] The method 90 includes selecting a constant value from a voltage value
group as the tube voltage for each block of views in block 92. The voltage value
group includes voltage values applicable for the x-ray source. In one embodiment,
the voltage value group is a group of 80 kV, 100 kV, 120 kV and 140 kV. In another
embodiment, the voltage value group is a group of 80 kV, 90 kV, 100 kV, 110 kV,
120 kV 130 kV and 140 kV. The voltage value group is not limited to the examples
above, which may be set according to particular types of the x-ray sources. One
constant value is selected for one or more block of views, and there are multiple
permutations and combinations of the values in the voltage value group for the
collective blocks of views. Each of the permutations and combinations refers to as a

voltage profile herein.

[0039] The action in block 54 in FIG. 7 is similar to the action in block 54 in
FIG. 3. The projection data are generated based on the selected voltage values and
constant tube current through forward projection of the scout image using a
polychromatic spectrum. The noise variance maps and the dose maps are further
generated view by view using the constant tube current in the blocks 56 and 58. The

tube current profile is optimized view by view based on the noise variance maps, the

12
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dose maps and the organ map or localization in the block 60 which is similar to the

embodiment in FIG. 3.

[0040] In block 94, dose benefit is calculated based on the selected voltage
profile and the optimal tube current profile. In block 96, the method 90 further
includes judging whether all the voltage profiles are selected to calculate the dose
benefit. If not all the voltage profiles are selected, the processes in the blocks 92, 54,
56, 58, 60, 94 are circularly programed until all the voltage profiles are selected to
generate the optimal current profiles and calculate dose benefits for all the voltage
profiles and the optimal current profiles. The optimal current profile and the selected
voltage profile with highest dose benefits are selected as the optimal voltage/current
profile for the acquisition scan. Thereby, the radiation dose is minimized while
maintaining the image quality based on the tube voltage and the tube current profiles,
and the optimal tube voltage and the optimal tube current profiles are those that

produce the required image quality using the lowest dose.

[0041] The actions in blocks 64 and 66 in FIG. 7 are similar to the actions in the
blocks 64 and 66 in FIG. 3. The tube voltages and the tube currents are applied by the
x-ray source based on the optimal voltage/current profile to scan the object and the
final image is reconstructed based on the projection data from the acquisition scan. In
the embodiment of FIG. 7, the tube voltages are selected and the tube current profile
is modulated. The tube voltages and the tube current profile are optimized

sequentially.

[0042] FIG. 9 illustrates a flow chart of a CT imaging method 100 according to
another embodiment. The method 100 in FIG. 9 is similar to the method 90 in FIG. 7.
Compared with the method 90 in FIG. 7, in the embodiment of FIG. 9, the method
100 includes selecting a constant value from the voltage value group as the tube
voltage for each view in block 102. The projection data for each view are generated
based on the selected voltage and the scout image for a constant current. The

projection data may be stored in a memory.
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[0043] In block 104, the method 100 includes judging whether all the voltage
values have been selected for each view to generate the projection data. The
projection data are generated for all the voltage values for each view. In block 56, the
noise variance maps are generated for all the voltage values for a constant current and
for all the views. In block 58, the dose maps are also generated for all the voltage
values for a constant current and for all the views. In block 106, the tube voltage and
the tube current profiles are optimized jointly according to the noise variance maps
and the dose maps. In this embodiment, the tube voltage and the tube current profiles
are also optimized based on the organ map or localization from the block 62. For
each view, the tube voltage and the tube current are optimized to get optimal tube
voltage and optimal tube current values. For all views, corresponding optimal tube
voltage and optimal tube current are obtained so that an optimal voltage/current

profile is obtained.

[0044] The actions in blocks 64 and 66 in FIG. 9 are similar to the actions in the
blocks 64 and 66 in FIGS. 3 and 7. The tube voltage and the tube current profiles are
applied by the x-ray source based on the optimal voltage/current profile to scan the
object and the final image is reconstructed based on the projection data from the
acquisition scan. In the embodiment of FIG. 9, the tube voltages are selected and the
tube current is modulated, and the tube voltages and the tube current profile are
optimized jointly. In another embodiment, the tube voltage may be modulated in

block 102 and the tube voltage and the tube current profiles jointly optimized jointly.

[0045] In some embodiments, the tube hardware capability adds an extra constraint to
the tube voltage/tube current relationship. For an x-ray tube containing a filament,
there is a fixed relationship between tube voltage and tube current at each filament
temperature, and there is a maximum speed for filament temperature change. The
modulation of tube current is constrained by the modulation of tube voltage.
Therefore the optimization engine can generate the optimal profile for both tube

voltage and tube current simultaneously.

[0046] In some embodiments, the tube current profile may be optimized through

selecting a constant value from a current value group. The current values of the
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current value group are applicable for the type of x-ray source. One current value
may be selected for one view or for a block of views. In some embodiments, the tube
currents may be optimized first and then the tube voltages optimized based on the

optimal currents.

[0047] In some embodiments, a contrast agent, such as iodine, is administered
orally or injected intravenously for a contrast-enhanced scan. The contrast agent is
added to the contrast-enhanced organs, such as heart, that are identified in the organ
map of the patient based on the first image. In exams that use a contrast agent, the
image contrast in regions where this agent is present may be a critical parameter in
defining image quality. For some contrast agents, like those that employ iodine, image
quality may improve using lower x-ray energies, whereas if another contrast-
enhancing element were used, there may be a different relationship between image
quality and x-ray energy. It will be appreciated by those skilled in the art that the
present invention is applicable to optimize the current and voltage profiles based on
the presence of any x-ray contrast agent or any plurality of agents employed
simultaneously, including but not limited to contrast agents that employ barium,
iodine, gadolinium, bismuth, or other elements with atomic numbers in the range of
these, as x-ray attenuating elements, whether these contrast agents are administered

orally, intravenously, subcutaneously, or by some other means.

[0048] The contrast agent dose is the amount of the contrast agent injected into
the patient. In some embodiments (e.g. patients with compromised renal function, but
who are perhaps less sensitive to radiation dose), the tube voltage and the tube current
may be optimized to permit minimizing the contrast agent dose while maintaining the
image quality and perhaps allowing an increase in the radiation dose. The optimal
tube voltage and the optimal tube current profiles are the tube voltages and the tube

currents that permit administration of the lowest contrast agent dose.

[0049] In some embodiments (e.g. young patients with healthy renal systems,
but who are perhaps more sensitive to radiation dose), the tube voltage and the tube
current may be optimized to permit minimizing the radiation dose while maintaining

the image quality and perhaps allowing an increase in the contrast agent dose. The
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optimal tube voltage and the optimal tube current profiles are the tube voltages and

the tube currents that permit minimizing the radiation dose.

[0050] While the actions of the methods 50, 53, 90 and 100 are illustrated as
functional blocks, the order of the blocks and the separation of the actions among the
various blocks shown in FIGS. 3, 4, 7 and 9 are not intended to be limiting. For
example, the blocks may be performed in a different order and an action associated
with one block may be combined with one or more other blocks or may be sub-

divided into a number of blocks.

[0051] An imaging system like the CT imaging system 10 in FIGS. 1 and 2 is
disclosed in the present disclosure to implement the imaging methods 50, 53, 90 and
100. The imaging system includes a controller, for example, including the controllers
28, 30, 44, the DAS 32, the computer 36 and the image reconstructor 34 in FIG. 2.
The controller is configured to control the x-ray source and the detectors to execute
the low-dose preparatory scan to the object, generate the first image, optimize the
voltage profile and the current profile, control executing the acquisition scan and
generate the second image. The details of the system and the operation process of the

system are described above in FIGS 1-9, which are not described again.

[0052] While the invention has been described with reference to exemplary
embodiments, it will be understood by those skilled in the art that various changes
may be made and equivalents may be substituted for elements thereof without
departing from the scope of the invention. In addition, many modifications may be
made to adapt a particular situation or material to the teachings of the invention
without departing from the essential scope thereof. Therefore, it is intended that the
invention not be limited to the particular embodiment disclosed as the best mode
contemplated for carrying out this invention, but that the invention will include all

embodiments falling within the scope of the appended claims.
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CLAIMS:

1. A method, comprising:

executing a low-dose preparatory scan to an object by applying tube voltages

and tube currents in an x-ray source;

generating a first image of the object corresponding to the low-dose

preparatory scan;

generating at least one of a plurality of image quality estimates and at least one

of a plurality of dose estimates view by view at least based on the first image;

optimizing the tube voltages and the tube currents to generate optimal profiles
for the tube voltage and the tube current, at least one of the optimal profiles for the
tube voltage and the tube current being generated based on at least one of the plurality

of image quality estimates and at least one of the plurality of dose estimates;

executing an acquisition scan by applying the tube voltages and the tube

currents based on the optimal profiles; and
generating a second image of the object corresponding to the acquisition scan.

2. The method of claim 1, wherein optimizing the tube voltages and the tube

currents comprises optimizing the tube voltages and the tube currents sequentially.

3. The method of claim 1, wherein optimizing the tube voltages and the tube

currents comprises optimizing the tube voltages and the tube currents jointly.

4. The method of claim 1, wherein optimizing the tube voltages and the tube
currents comprises optimizing the tube voltages based on the first image generated
from an acquisition using a constant tube current to get the optimal profile for the tube

voltages.

5. The method of claim 4, wherein at least one of the plurality of image
quality estimates and at least one of the plurality of dose estimates are generated

based on the optimal profile for the tube voltages.
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6. The method of claim 1, wherein the tube currents are optimized at least in
part based on at least one of the plurality of image quality estimates and at least one of

the plurality of dose estimates.

7. The method of claim 1, further comprising, generating an organ map of the
object based on the first image, and wherein at least one of the optimal profiles for the

tube voltage and the tube current is generated based on the organ map.

8. The method of claim 1, wherein optimizing the tube voltages and the tube
currents comprises selecting a constant value from a voltage value group as the tube

voltage for one or more views.

9. The method of claim 1, wherein optimizing the tube voltages and the tube
currents comprises selecting a constant value from a current value group as the tube

current for one or more views.

10. The method of claim 1, wherein optimizing the tube voltages and the tube

currents comprises modulating the tube voltages view by view.

11. The method of claim 1, wherein optimizing the tube voltage and the tube

currents comprises modulating the tube currents view by view.

12. The method of claim 1, further comprising calculating dose benefits based
on the tube voltages and the tube currents, and selecting the tube voltages and the tube

currents with the highest dose reduction benefits to generate the optimal profiles.
13. An imaging system, comprising:
a plurality of detectors;

an x-ray source configured to project x-rays towards the plurality of detectors;

and

a controller operatively connected to the x-ray source and the plurality of

detectors and configured to:

control the x-ray source and the plurality of detectors to execute a low-
dose preparatory scan to an object by applying tube voltages and tube currents

in the x-ray source;
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generate a first image of the object corresponding to a low-dose

preparatory scan;

generate at least one of a plurality of image quality estimates and at
least one of a plurality of dose estimates view by view at least based on the
first image;

optimize the tube voltages and the tube currents to generate optimal
profiles for the tube voltage and the tube current, at least one of the optimal
profiles for the tube voltage and the tube current being generated based on at
least one of the plurality of image quality estimates and at least one of the

plurality of dose estimates;

apply in the x-ray source the tube voltages and the tube currents based

on the optimal profiles to execute an acquisition scan; and

generate a second image of the object corresponding to the acquisition

scan.

14. The imaging system of claim 13, wherein the controller is configured to

optimize the tube voltages and the tube currents sequentially.

15. The imaging system of claim 13, wherein the controller is configured to

optimize the tube voltages and the tube currents jointly.

16. The imaging system of claim 13, wherein the controller is configured to
optimize the tube voltages based on the first image from an acquisition using a

constant tube current to generate the optimal profile for the tube voltage.

17. The imaging system of claim 13, wherein the controller is configured to
select a constant value from a voltage value group as the tube voltage for one or more

Views.

18. The imaging system of claim 13, wherein the controller is configured to
select a constant value from a current value group as the tube current for one or more

Views.

19. The imaging system of claim 13, wherein the controller is configured to

modulate the tube voltages view by view.
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20. The imaging system of claim 13, wherein the controller is configured to

modulate the tube currents view by view.
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