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by Juan C. Ramirez-Giraldo, PhD, Katharine L. Grant, PhD,
In 2013,
SiemensRaupach,
introduced xSPECT™,
and
Rainer
PhD which represents a more complete integration

of SPECT and CT data as compared to conventional SPECT/CT systems. In contrast to
such systems, xSPECT not only amalgamates SPECT and CT data by adopting a pointof-view centered on the anatomical modality, but also adopts a strictly data-centered
perspective, whereby the system’s image formation characteristics are first measured,
Introduction:
Evolution
Siemens
CTthe
image
reconstruction
and this information
is thenof
applied
during
reconstruction
in imagetechnologies
space. The guiding
principles behind xSPECT are to take better advantage of the structural information
Image reconstruction is an essential technology that every computed tomography (CT)
imparted by the higher spatial resolution of the CT, and to build a quantitative
scanner requires for operation. The function of CT image reconstruction is to translate
reconstruction engine from the ground up. The underlying technology improves the
all of the acquired X-ray data (raw data) into a meaningful three-dimensional
multi-modal alignment in image space, enhances image quality and opens a pathway
representation of the patient. The most well-known method of image reconstruction
to further integrate system- and application-specific contextual information into the
is commonly referred to as filtered back projection (FBP), in which measured X-ray
reconstructing of tomographic emission data. We hold the future of SPECT to entail full
projections are directly translated into images. In most modern scanners, it is likely
quantitation, as this will best support both diagnostic and theranostic applications.
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
all
radiation
dose applied
the patient
is actually
usedThe
for image
reconstruction.
To
Absolute
quantitation
is antoessential
feature
of xSPECT.
injected
activity becomes
address
this,throughout
Siemens Healthineers
CTphantom
scannersprior
offerto
anthe
improved
distributed
the patient or
time of three-dimensional
acquisition, and may
FBP,
weighted
backactivity
projection
(WFBP).
thus called
be regarded
as afiltered
functional
density
with2 the preferred SI units of Bq/ml
3
(note: 1 kBq/ml=Bq/mm ). Any measurement is associated with a measurement error.
A common characteristic of both FBP and WFBP is that they do not consider statistical
We attempt to minimize this error whenever possible, with the first step being to constrain
properties of measured X-ray projections. What this means is that all CT projections
the error of the injection dose measurement, and next to cross-calibrate the imaging
collected in the detectors are weighted the same, regardless of their quality. With
system with an absolute standard. Thus, we provide a 3% National Institute of Standards
the increased focus in dose reduction, the lack of inclusion of statistical properties
and Technology (NIST)-traceable calibration source for sensitivity calibrations of the
of conventional FBP or WFBP become an important barrier that prevents further
system, serving also for cross-calibration of the dose calibrator. xSPECT thereby provides
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
standardization limiting the variation in quantification of all Symbia Intevo™ and Symbia
CT scanners have been developed with more advanced technology, known as iterative
Intevo Bold™ SPECT/CT scanners. The other steps in the image reconstruction entail a
reconstruction (IR). Not surprisingly, among the key advantages of IR is that the
careful design of the image formation, where the paradigm is shifted from correction of
statistical properties of measured CT projection data can be readily incorporated into
data prior to reconstruction to correction within image space. The reconstruction method
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
is based on ordered subset conjugate gradient method (OSCG) and detailed in reference 1.
projections to carry less weight than high-quality projections.
Noise is an important property of any reconstruction, and much work has been devoted
There has been an expanding utilization of IR in clinical practice in recent years,
to studying noise, e.g., behavior in aid of iterative reconstruction methods such as
primarily due to the increased focus on radiation dose optimization.
Of note, Siemens
Maximum Likelihood Expectation Maximization (MLEM).2-9 In references 2-4, the authors
Healthineers has been placing emphasis on devising technical solutions that can help
developed a theoretical model and a Monte Carlo simulation method to study statistical
to consistently achieve the right dose, for the right diagnostic task, for every patient.
properties of MLEM. Additionally, comparisons of statistical properties and convergence
This was in line with the ALARA principle, that is to use a dose that is “As Low As
rates between MLEM and Weighted Least Squares-Conjugated Gradient (WLS-CG) have
Reasonably Achievable”
to deliver diagnostic image quality.
been investigated.2, 10, 11
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Resolution is another image property that is integral to the performance of an algorithm.
For Filtered Back-Projection (FBP), it is sufficient to measure a modulation transfer
function (MTF), which may be derived from simple point or line sources.12, 13 However,
it is known that the resolution of iteratively reconstructed images is spatially- and sourcedependent,14, 15 and the authors of reference 16 have shown that characterization of the
resolution
by traditional
is insufficient. In this regard, the resolution properties of
Development
of IR means
methods
our xSPECT method, which can incorporate extra modal information (EMI) into the
It is well known that the degradation in image quality, most notably an increase
reconstruction, is of key importance.
in image noise, is the standard tradeoff for achieving a substantial dose reduction.
TheThe
proposed
considers
many edges
in reconstructed
of a complex,
first IR method
technology
commercially
developed
by Siemensimages
Healthineers
was Iterative
extended
phantom,inand
is motivated
by reference
17. The
performance
of xSPECT
is
Reconstruction
Image
Space (IRIS*).
IRIS directly
addressed
the problem
of increased
18
3
compared
to Flash
3D (OSEM3D),
which has
beenis the
standard in validated
clinical practice.
IRIS
a scientifically
technology
image noise
in reduced
dose acquisitions.
that is effective in reducing image noise in a variety of clinical applications.4, 5
Quantitative assessment is already important in oncology for internal dosimetry,19, 20
However, it is expected that IR technologies not only aid in noise reduction but also
where it can now be used for radionuclide treatment planning and monitoring, and may
in reducing spiral artifacts, which can be exacerbated when using CT acquisitions
perhaps in the future find new applications in tumor grading and staging. Evaluation of
with reduced dose or fast acquisition techniques. In response to this, the next IR
quantitation accuracy of xSPECT is discussed in the second part of this paper.
technology developed by Siemens Healthineers was the Sinogram Affirmed Iterative
6
In 2016,
we expanded
the quantitative
formalism
traceable
to NIST
beyond 99mTc
SAFIRE was
Siemens
Healthineers’
Reconstruction
(SAFIRE**),
launchedxSPECT
in 2010.
123
andfirst
LEHR
to 99mTc andthat
I on
the low penetration
low energy
(LPHR),
and
IR technology
integrated
a correctioncollimator
loop in thefor
raw-data
domain
(a.k.a.
111
for“sinogram”)
In and 177Luand
on added
our medium
energy
(ME)
We also
introduced
quantitative
a model
of the
CT collimator.
system geometry
during
the data
forward
SPECT
using our
technology
foroperates
all otherthrough
isotopestoand
hole
collimisators
projection.
ThisxSPECT
correction
loop that
theparallel
raw-data
domain
(Broad
Quantification™),
a sophisticated
cross-calibration
scheme to
support
crossparticularly
helpful forand
reducing
spiral artifacts.
A second correction
loop
in image
calibration
using multiple
dose
xSPECT
usesbeen
the same
space is applied
iteratively
tocalibrators.
reduce image
noise.Quant™
SAFIRE has
used approach
extensivelyas
introduced
for 99mTc xSPECT
in 2013,
but adapted
for the
and collimator
since its introduction,
andQuant
a wealth
of scientific
literature
hasisotope
consistently
supported
57
combinations
by using
either atoNIST-traceable
Co maintaining
source or 75Sehigh
source,
andquality
by using
the capabilities
of SAFIRE
reduce dose while
image
in
theapplications
respective measured
PSF on
the LPHR
and ME collimators
with CT
factory-set
ranging from
routine
to specialized
body and neuro
– in bothenergy
adults
7-10
window
settings. We
give the clinical user tools and flexibility to quantitatively acquire
and pediatrics.
other isotope configurations, albeit not in all cases yet traceable to NIST. In principle, one
can use the same methods to measure noise and resolution described here for the other
isotopes, at the cost of prolonged handling of 177Lu, 123I or 111In to fill the phantoms.

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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Figure 1: Volume of interest (VOI)
inside uniform cylinder phantom
for noise measurement. The light
yellow cylinder inside the
phantom is the selected VOI.

by Juan C. Ramirez-Giraldo, PhD, Katharine L. Grant, PhD,
and
Raupach,
PhD
NoiseRainer
and resolution
characteristics
Methods and materials
The proposed measurement for noise and resolution is generic, and is based on edge21, 22
derived image resolution.
differentCT
settings
used for the assessment:
(1)
Introduction:
Evolution
ofTwo
Siemens
imageare
reconstruction
technologies

least square match error

a uniform cylinder phantom to measure noise in conjunction with a Hot-Cold-Rod (HCR)
Image
reconstruction
is an essential
that every computed
tomography
(CT)
phantom
to measure resolution;
andtechnology
(2) a Hot-Cold-Sphere
(HCS) phantom
to measure
scanner
requires
for
operation.
The
function
of
CT
image
reconstruction
is
to
translate
noise and resolution, simultaneously. The HCR and HCS phantom have the same vessel
all
of the acquired
X-ray data
(raw data)
into a meaningful
three-dimensional
dimension
as the uniform
phantom
but contain
different inserts,
per vendor specifications.
representation of the patient. The most well-known method of image reconstruction
Setting
1: Uniform
Cylinder+HCR
is
commonly
referred
to as filtered back projection (FBP), in which measured X-ray
projections are directly translated into images. In most modern scanners, it is likely
Ideally, it is preferable to measure noise and resolution within one phantom.
However,
that not all measured data can be
used for image reconstruction with FBP,1 i.e., not
the commercially available HCS23 lacks a section sufficiently uniform and large to
all radiation dose applied to the patient is actually used for image reconstruction. To
afford reliable noise measurement; consequently, we measure noise for the uniform
address this, Siemens Healthineers CT scanners offer an improved three-dimensional
cylinder phantom.
FBP, called weighted filtered back projection (WFBP).2
The ratio of standard deviation (SD) over the mean within a large 3D volume-of-interest
A common characteristic of both FBP and WFBP is that they do not consider statistical
(VOI) in a uniform phantom is used as the noise metric. We chose a large and long enough
properties of measured X-ray projections. What this means is that all CT projections
VOI (typically 8 cm radius and 16 cm length) centered within the phantom (so placed as
collected in the detectors are weighted the same, regardless of their quality. With
to avoid edges), thus minimizing partial volume effects, as shown in Figure 1, where the
the increased focus in dose reduction, the lack of inclusion of statistical properties
exact dimensions of the VOI do not matter.
of conventional FBP or WFBP become an important barrier that prevents further
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
CT scanners have been developed with more advanced technology, known as iterative
reconstruction (IR). Not surprisingly, among the key advantages of IR is that the
statistical properties of measured CT projection 1data can be readily incorporated into
Estimate of resolution
the CT image reconstruction process. This would
0.8 allow, for example, low-quality (noisy)
projections to carry less weight than high-quality projections.

Figure 2: Illustration of resolution
measurement using matched filter
for HCR. Given a real reconstructed
image, the template is smoothed
with Gaussian filters of various FWHM,
and the difference square between
the real image and filtered template
is calculated. The FWHM, which gives
the smallest difference, is recognized
as the resolution.

4
2

0.6

There has been an expanding utilization of IR in clinical practice in recent years,
primarily due to the increased focus on radiation
0.4 dose optimization. Of note, Siemens
Healthineers has been placing emphasis on devising technical solutions that can help
0.2 diagnostic task, for every patient.
to consistently
achieve the right dose, for the right
Reconstruction
image
This was in
line with the ALARA principle, that is0 to use a dose that is “As Low As
0 quality.
5
10
15
20
Reasonably Achievable” to deliver diagnostic image
FWHM of filter (mm)

Template

Smoothed with various FWHM to find the best match
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To assess resolution, we used a matched filter approach, as follows. For a reconstructed
image in hot rod regions, we employed a high-resolution template derived from the CT
with a series of Gaussian filters of various widths defined by their respective full width at
half maximum (FWHM). Then, each of these smoothed templates was compared to the
same slices in the nuclear reconstructions. The resolution is defined as the FWHM which
yields the least squared difference as measured with the objective function where I is the
real image, T is the template, Fh is the Gaussian filter with FWHM (h) and O is the set of
slices chosen in hot rod regions of a HCR phantom as shown in Figure 2.

Development of IR methods
TheItimage
values
the template
are assigned
the activity
is wellintensity
known that
theof
degradation
in image
quality,based
moston
notably
an increase
concentration
in the
rods.
Five slices
in the for
hotachieving
regions are
used, and for
each
slice a
in image noise,
is the
standard
tradeoff
a substantial
dose
reduction.
2-DThe
Gaussian
smoothing
in
matched
filter
assessment
is
carried
out.
Only
the
three
first IR technology commercially developed by Siemens Healthineers was
Iterative
largest
sections
are
considered,
because
the
remaining
three
sections
are
not
separable
Reconstruction in Image Space (IRIS*). IRIS directly addressed the problem of increased
by image
traditional
reconstruction
methods,
3 and their inclusion would bring nonIRIS is a scientifically validated technology
noiseSPECT
in reduced
dose acquisitions.
correctible
bias. in reducing image noise in a variety of clinical applications.4, 5
that is effective
However,
it is expected
that
technologies
not
only
in noise
reduction
also
Unlike
the FWHM
of a point
or IR
a line
source in a
cold
or aid
warm
background,
thebut
present
in
reducing
spiral
artifacts,
which
can
be
exacerbated
when
using
CT
acquisitions
approach is better suited to compare images from various modalities and reconstruction
with reduced
doseeven
or fast
acquisition
techniques.
In response
this, theand
next
IR
methods.
One could
further
generalize
the method
for finitetonuclear
density
technology
developed
by
Siemens
Healthineers
was
the
Sinogram
Affirmed
Iterative
contrast, using fillable objects such as spheres, as will be shown later.
Reconstruction (SAFIRE**), launched in 2010.6 SAFIRE was Siemens Healthineers’
This
resolution
measurement
is verified
from CT data
phantom
reconstructed
first
IR technology
that integrated
a correction
loopofinthe
theHCR
raw-data
domain
(a.k.a.
using
various Siemens
CT kernels
known
MTFs. geometry
The resultsduring
have an
“sinogram”)
and added
a modelwith
of the
CT system
theerror
datamargin
forward
24
within
±10% (or
±0.1
mm) compared
to operates
the documented
values.domain
projection.
This
correction
loop that
through resolution
to the raw-data
is
particularly helpful for reducing spiral artifacts. A second correction loop in image
Setting 2: HCS
space is applied iteratively to reduce image noise. SAFIRE has been used extensively
sincesetting,
its introduction,
and a wealth
of to
scientific
literature
hasand
consistently
supported
In this
the HCS phantom
is used
measure
both noise
resolution.
As
the capabilities
of metric
SAFIREisto
reduceasdose
whileof
maintaining
image
quality in
in setting
1, the noise
defined
the ratio
SD over thehigh
mean
in a large
applications
ranginginfrom
routine
to specialized
bodyregion
and neuro
in both
uniform
VOI, as shown
Figure
3, where
the light pink
is the CT
VOI–used
for adults
noise
7-10
and pediatrics.
measurement.
Note
that the voids in the VOI are the supporting rods, which cannot
contribute to the uniform background.

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.

Figure 3: VOI inside uniform cylinder
phantom for noise measurement. The
light pink regions inside the phantom
are the selected spherical VOIs.
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Reconstruction
image

Figure 4: Illustration of resolution
measurement using matched filter
for HCS. Given a real reconstructed
image, the template is smoothed
with Gaussian filters of various FWHM,
and the difference square between
the real image and filtered template
is calculated. The FWHM, which
gives the smallest difference, is
recognized as the resolution.

6
2

least square match error

0.7

0.6
0.5

Estimate of resolution
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0.3
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0.1

by Juan C. Ramirez-Giraldo, PhD,
Katharine L. Grant, PhD,
0
0
10
20
30
and Rainer Raupach, PhD
FWHM of filter (mm)

Introduction: Evolution of Siemens CT image reconstruction technologies
Image reconstruction is an essential technology that every computed tomography (CT)
scanner requires
for operation. The function
CTvarious
imageFWHM
reconstruction
is to
translate
Template
Smoothedofwith
to find the best
match
all of the acquired X-ray data (raw data) into a meaningful three-dimensional
representation of the patient. The most well-known method of image reconstruction
is commonly referred to as filtered back projection (FBP), in which measured X-ray
projections are directly translated into images. In most modern scanners, it is likely
The resolution estimated with the matched filter method is similar to that of HCR as
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
shown in Figure 4. The template of the HCS phantom is a geometric model based on
all radiation dose applied to the patient is actually used for image reconstruction. To
the positions and diameters of the spheres, and adapted appropriately for the inner
address this, Siemens Healthineers CT scanners offer an improved three-dimensional
diameters. The image intensity values of the template are assigned based on the activity
FBP, called weighted filtered back projection (WFBP).2
concentration in the background and spheres. The template is filtered with 3-D Gaussian
kernels
of various
FWHM of
(“probing”
and resolution
is defined
as the FWHM
A
common
characteristic
both FBPfilter),
and WFBP
is that they
do not consider
statistical
minimizingofthe
matchedX-ray
error.projections. What this means is that all CT projections
properties
measured
collected in the detectors are weighted the same, regardless of their quality. With
Data acquisition and reconstruction
the increased focus in dose reduction, the lack of inclusion of statistical properties
of
WFBP
become
an important
that
prevents further
Theconventional
uniform HCRFBP
andorHCS
data
are acquired
with a barrier
clinically
representative
Symbia™ T
radiation
dose
reduction.
In
an
attempt
to
overcome
such
limitations,
state-of-the-art
series test system in the lab, which was calibrated and quality-controlled
for clinical use
CT
scanners have by
been
with
more advanced
as recommended
thedeveloped
factory. The
acquisition
settingstechnology,
are shown known
in Tableas1. iterative
Projections
reconstruction
(IR).120
Not
surprisingly,
thestep),
key advantages
of IR is that
are acquired with
views
(3-degreeamong
angular
and are sub-sampled
tothe
statistical
properties
of measured
CT projection data can be readily incorporated into
60 views (6-degree
angular
step), step-and-shoot.
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
We used four
methods:
(1) xSPECT projections.
Quant (xQ), (2) xSPECT Bone™ (xB), (3)
projections
toreconstruction
carry less weight
than high-quality
Flash 3D (F3D) and (4) OSEM, but using the xSPECT formalism (xEMAS; xE) at 12, 24, 48,
There
has
been
expanding
of IR in10
clinical
practice in recent
96, 192,
480
andan960
updates,utilization
with one subset,
mm post-smoothing
andyears,
CT-based
primarily
duecorrection
to the increased
focuscorrection.
on radiation
optimization.
Of note,was
Siemens
attenuation
and scatter
Thedose
same
registration matrix
used for
Healthineers
has
been
placing
emphasis
on
devising
technical
solutions
that
help
all data. xE is based upon OSEM, but uses the projection operator employed incan
xSPECT,
to
consistently
achieve
the
right
dose,
for
the
right
diagnostic
task,
for
every
patient.
and is currently not commercially available. The comparison to xE gives insight into the
This
in line withoperator
the ALARA
principle,
thatthe
is update
to use amethod
dose that
is “As Low As
effectwas
of projection
accuracy
versus
itself.
Reasonably Achievable” to deliver diagnostic image quality.
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Development of IR methods
It is well known that the degradation in image quality, most notably an increase
in image noise, is the standard tradeoff for achieving a substantial dose reduction.
The first IR technology commercially developed by Siemens Healthineers was Iterative
Reconstruction in Image Space (IRIS*). IRIS directly addressed the problem of increased
image noise in reduced dose acquisitions.3 IRIS is a scientifically validated technology
that is effective in reducing image noise in a variety of clinical applications.4, 5
Results and analysis
However, it is expected that IR technologies not only aid in noise reduction but also
in reducing
artifacts,
which can be exacerbated
when
using
acquisitions
Figure
5 showsspiral
examples
of reconstructions
of uniform, HCR
and
HCSCTphantoms
using
with
reduced
doseleft
or to
fast
acquisition
response
this, the next IRhave
four
methods
(from
right):
F3D, xE,techniques.
xQ and xB.InVisually,
xBtoreconstructions
technology
developed than
by Siemens
Healthineers
wasslightly
the Sinogram
Affirmed Iterative
clearly
higher resolution
the other
three. xQ has
better resolution
than F3D,
Reconstruction
especially
for cold (SAFIRE**),
spheres. launched in 2010.6 SAFIRE was Siemens Healthineers’
first IR technology that integrated a correction loop in the raw-data domain (a.k.a.
“sinogram”) and added a model of the CT system geometry during the data forward
projection. This correction loop that operates through to the raw-data domain is
Acquisition
Setting
Uniform
particularly
helpful for reducing spiral artifacts.
A second correction loopHCR
in image
space is applied iteratively to reduce image noise. SAFIRE has been used extensively
99M
Injected
Tc (MBq)
since dose
its introduction,
and a wealth of scientific 580
literature has consistently370
supported
the capabilities of SAFIRE to reduce dose while maintaining high image quality in
Total
counts (M106ranging
)
17.6 adults
applications
from routine to specialized22.1
body and neuro CT – in both
and pediatrics.7-10

Figure 5: Phantom reconstructions with
four methods with 3-degree angular
sampling, 96 updates (F3D and xE) or
24 updates (xQ and xB). From left to
right: F3D, xE, xQ and xB. From top to
bottom: uniform cylinder, HCR, hot
spheres in HCS, cold spheres in HCS.

HCS
370
23.1

Count density (256 Matrix)

5.37/pixel; 0.93/mm2

4.26/pixel; 0.74/mm2

9.71/pixel; 1.69/mm2

Number of projections for 360°

120

120

120

Symbia T16 CT model and slice thickness (mm)

3

3

3

Table 1: Summary of phantom
acquisition.

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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Figure 6 shows the noise and resolution after various iteration updates for the four
methods. For the same method, results from 3-degree sampled data have at least 20%
lower noise than those for 6-degree sampling. At the same number of updates, xQ has
clearly better resolution than F3D, and xB has significantly better resolution than either
of the others. The update number, however, is method-specific and not recommended
for comparing different methods.

Instead, resolution recovery versus noise is plotted, yielding a resolution per unit noise
measure that allows for direct comparison of different reconstructions. The resolution
versus noise relations are shown in Figure 6 and the lower panel of Figure 7, below.
At the clinical noise scheme 0.05-0.1, xQ has slightly smaller FWHM than F3D, and xB
by
Juan C.higher
Ramirez-Giraldo,
PhD,
Katharine
Grant,angular
PhD, sampling
significantly
resolution than either.
Comparing
the twoL.different
method
scenarios
of
the
same
reconstruction
methods,
3-degree
data
have
about 10%
and Rainer Raupach, PhD
higher resolution than did 6-degree data at the same noise level. Our investigation
using an image review by five experienced physicians shows no clinically significant
difference between xQ and xE, provided that reading training was provided, thus allowing
habituation of readers to certain idiosyncrasies of the image; both methods were an
Introduction:
Evolution
Siemens
CTthe
image
reconstruction
technologies
improvement over
F3D. Thisof
indicates
that
improvements
result from
a more accurate
system
matrix
modelling,
rather
than
the
update
scheme,
as
xQ
and
xE
use
the same
Image reconstruction is an essential technology that every computed tomography
(CT)
projection
operator
but
different
update
schemes.
scanner requires for operation. The function of CT image reconstruction is to translate

all of the acquired X-ray data (raw data) into a meaningful three-dimensional
representation of the patient. The most well-known method of image reconstruction
is commonly referred to as filtered back projection (FBP), in which measured X-ray
projections are directly translated into images. In most modern scanners, it is likely
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
all radiation dose applied to the patient is actually used for image reconstruction. To
address this, Siemens Healthineers CT scanners offer an improved three-dimensional
FBP, called weighted filtered back projection (WFBP).2

Figure 6: Noise and resolution setting 1
(cylinder+HCR) of four methods
with 3-degree and 6-degree angular
sampling, all with 1 subset and 10 mm
post-smoothing. The left upper panel
shows the noise level at various
updates, computed from the uniform
phantom. The upper right panel shows
the resolution recovery at various
updates, estimated from HCR phantom
using matched filter method.

8
2

Resolution (mm)

standard/mean ratio

0.3
F3D 3-degree
A common
characteristic
of both FBP and WFBP is16that they do not consider statistical
F3D 6-degree
properties of measured
X-ray projections. What this means is that all CT projections
xEMAS 3-degree
collected in the detectors
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(IR). xB
Not
surprisingly, among the key advantages of IR is that the
10 can be readily incorporated into
statistical properties of measured CT projection data
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
projections to carry less weight than high-quality projections.
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There has been an expanding utilization of IR in clinical practice in recent years,
primarily due to the increased focus on radiation dose optimization. Of note, Siemens
6 technical solutions that can help
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Development of IR methods
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It is well known that the degradation in image quality, most notably an increase
in image
noise, is the standard tradeoff for achieving a substantial dose reduction.
2
The first IR technology commercially developed by Siemens Healthineers was Iterative
Reconstruction
in Image Space (IRIS*). IRIS directly addressed the problem of increased
0
3
0.15 validated technology
0.2
IRIS is a scientifically
image0 noise in reduced0.05
dose acquisitions.0.1
4, 5
that is effective in reducing image noise
in
a
variety
of
clinical
applications.
Noise level ratio=noise/signal
However, it is expected that IR technologies not only aid in noise reduction but also
in reducing spiral artifacts, which can be exacerbated when using CT acquisitions
with reduced dose or fast acquisition techniques. In response to this, the next IR
technology developed by Siemens Healthineers was the Sinogram Affirmed Iterative
20
6
3-degreewas SiemensxQ
3-degree
SAFIRE
Healthineers’
Reconstruction
(SAFIRE**), launched in 2010.F3D
F3Dloop
6-degree
degree (a.k.a.
first IR technology that integrated a correction
in the raw-dataxQdomain
18
xEMASgeometry
3-degree
xB 3-degree
“sinogram”)
and added a model of the CT system
during the
data forward
6-degree
xB 6-degree
projection. This correction loop that operatesxEMAS
through
to the raw-data
domain is
16
particularly
helpful for reducing spiral artifacts. A second correction loop in image
space is applied iteratively to reduce image noise. SAFIRE has been used extensively
since
its introduction, and a wealth of scientific literature has consistently supported
14
the capabilities of SAFIRE to reduce dose while maintaining high image quality in
applications
ranging from routine to specialized body and neuro CT – in both adults
12
and pediatrics.7-10

Figure 7: Resolution of hot rods versus
noise in setting 120 (Cylinder+HCR)
for four methods with 3-degree and
6-degree angular sampling, all with
1 subset and 10 mm post-smoothing.
The noise is calculated from uniform
phantom, and resolution is estimated
from HCR phantom using the matched
filter method.

10
8
6
4
2

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location,
and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
0
appropriate
dose to obtain diagnostic
image quality for 0.1
the particular clinical task.
0
0.05
0.15
0.2
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A Noise
consultation
with a radiologistdeviation/mean
and a physicist should be made to determine the
level ratio=standard
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.

Figure 8: Resolution of hot spheres
versus noise in setting 2 (HCS) for four
methods with 3-degree and 6-degree
angular sampling, all with 1 subset and
10 mm post-smoothing. The noise is
calculated from uniform background of
HCS, and resolution is estimated from
hot spheres in HCS phantom using
matched filter method.
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Similarly, the resolution versus noise in setting 2 is plotted for hot spheres and cold
spheres in Figure 8 and Figure 9, respectively. Although the values of resolution are not
exactly the same as in setting 1, similar trends are observed:
1. xQ has better resolution than F3D, especially for cold spheres where xQ has ≈20%
smaller FWHM;
2. xE and xQ have similar performance;
3. xB has considerably higher resolution than the other three;

by
Juan C.
Ramirez-Giraldo,
PhD, Katharine
L. Grant,
4. 3-degree
sampling
has ≈10% higher resolution
than 6-degree
sampling PhD,
in the same
method
(except
xB, for which
resolution is largely determined by extra modal
and
Rainer
Raupach,
PhD
information from CT).

Introduction:
Evolution of Siemens CT image reconstruction technologies
20
F3D 3-degree

xQ 3-degree

Resolution (mm)

Image reconstruction is an essential technology that
every computed tomography
(CT)
F3D 6-degree
xQ degree
scanner
image3-degree
reconstruction is
to
translate
18 requires for operation. The function of CTxEMAS
xB 3-degree
all of the acquired X-ray data (raw data) into a meaningful
three-dimensional
xEMAS 6-degree
xB 6-degree
representation
of
the
patient.
The
most
well-known
method
of
image
reconstruction
16
is commonly referred to as filtered back projection (FBP), in which measured X-ray
projections are directly translated into images. In most modern scanners, it is likely
14
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
all radiation dose applied to the patient is actually used for image reconstruction. To
12
address
this, Siemens Healthineers CT scanners offer an improved three-dimensional
FBP, called weighted filtered back projection (WFBP).2

Figure 9: Resolution of cold spheres
versus noise in setting 2 (HCS) for
4 methods with 3-degree and 6-degree
angular sampling, all with 1 subset and
10 mm post-smoothing. The noise is
calculated from uniform background of
HCS, and resolution is estimated from
cold spheres in HCS phantom using
matched filter method.
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2
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A common characteristic of both FBP and WFBP is that they do not consider statistical
properties of measured X-ray projections. What this means is that all CT projections
8
collected in the detectors are weighted the same, regardless of their quality. With
the increased focus in dose reduction, the lack of inclusion of statistical properties
6
of conventional
FBP or WFBP become an important barrier that prevents further
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
4
CT scanners
have been developed with more advanced technology, known as iterative
reconstruction (IR). Not surprisingly, among the key advantages of IR is that the
statistical
properties of measured CT projection data can be readily incorporated into
2
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
projections
to carry less weight than high-quality projections.
0
0

0.05

0.1

0.15

0.2

There has been an expanding utilization of IR in clinical practice in recent years,
Noise
levelon
ratio=standard
deviation/mean
primarily due to the increased
focus
radiation dose
optimization. Of note, Siemens
Healthineers has been placing emphasis on devising technical solutions that can help
to consistently achieve the right dose, for the right diagnostic task, for every patient.
This was in line with the ALARA principle, that is to use a dose that is “As Low As
Reasonably Achievable” to deliver diagnostic image quality.
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In Table 2, the resolution of HCR, hot spheres and cold spheres at noise level 0.075 is
listed, which is the middle point of the practical clinical range 0.05-0.1, which further
confirms the above observations. The standard deviation is estimated by bootstrapping.

Reconstruction Methods

Hot Rods in HCR

Hot Spheres in HCS

Cold Spheres in HCS

F3D 3-degree

10.8±0.3

12.9±0.4

14.4±0.5

F3D 6-degree

12.1±0.4

13.6±0.4

16.0±0.6

xE 3-degree

10.4±0.3

10.5±0.3

12.6±0.4

xE 6-degree

11.8±0.3

10.9±0.4

14.4±0.5

11.2±0.3

11.5±0.4

Development of IR10.2±0.3
methods

xQ 3-degree

It is well known that the degradation in image quality, most notably an increase
xQin6-degree
12.2±0.3 a substantial12.3±0.4
image noise, is the 11.3±0.3
standard tradeoff for achieving
dose reduction.
The first IR technology commercially developed by Siemens Healthineers was Iterative
xB 3-degree
2.9±0.3
Reconstruction in Image
Space (IRIS*). IRIS 2.1±0.2
directly addressed the 2.9±0.3
problem of increased
3
image noise in reduced dose acquisitions. IRIS is a scientifically validated technology
xB 6-degree
4.4±0.4
2.1±0.3
2.8±0.3
that is effective in reducing image noise in a variety of clinical applications.4, 5
However, it is expected that IR technologies not only aid in noise reduction but also
in reducing spiral artifacts, which can be exacerbated when using CT acquisitions
with reduced dose or fast acquisition techniques. In response to this, the next IR
technology developed by Siemens Healthineers was the Sinogram Affirmed Iterative
Reconstruction (SAFIRE**), launched in 2010.6 SAFIRE was Siemens Healthineers’
first IR technology that integrated a correction loop in the raw-data domain (a.k.a.
“sinogram”) and added a model of the CT system geometry during the data forward
projection. This correction loop that operates through to the raw-data domain is
particularly helpful for reducing spiral artifacts. A second correction loop in image
space is applied iteratively to reduce image noise. SAFIRE has been used extensively
since its introduction, and a wealth of scientific literature has consistently supported
the capabilities of SAFIRE to reduce dose while maintaining high image quality in
applications ranging from routine to specialized body and neuro CT – in both adults
and pediatrics.7-10

Table 2. Resolution (in mm)
at noise level 0.075.

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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Quantitation evaluation of xSPECT
ADMIRE:
Advanced Modeled Iterative
Reconstruction
Methods and materials

Unlike traditional SPECT that reconstructs images in the unit of count-per-voxel, xSPECT
provides a quantitative solution by measuring the activity concentration in Bq/ml at a
given reference time (injection time is chosen).
In this section, the evaluation of quantitative accuracy of xSPECT is discussed.

For xQ and xB, a NIST-traceable calibration using a source (Calibrated Sensitivity
Source (CSS)) is employed. The hot-cold-sphere phantom is loaded with 99mTc activity
by
Juan C. ofRamirez-Giraldo,
PhD, Katharine
L. Grant,
concentration
73.5 kBq/ml in the background,
and 381.8 kBq/ml
in the PhD,
hot spheres.
The contrast
ratio
between spheres
and
Rainer
Raupach,
PhD and background is thus about 5.2. The error of
determining the injected activity concentration is estimated at about 1%. The goal of the
CSS calibration is to standardize the system sensitivity, which is essential for quantitative
results that can be compared across systems and time. Each CSS contains an activity
accurate to within a 3%-(99% CL or 2.56 ∑) traceable uncertainty of the known
Introduction:
Evolution
of Siemens
CTwithin
imagea reconstruction
technologies
manufactured strength,
which
itself resides
15% acceptance range
of the nominal
111 MBq.
Following proper
where thethat
CSSevery
is attached
to the
integrated (CT)
source
Image
reconstruction
is an calibration,
essential technology
computed
tomography
holder and
extended
into the FOV
a preciseoflocation,
xSPECT system
is translate
designed
scanner
requires
for operation.
Theatfunction
CT imagethe
reconstruction
is to
to estimate
the activity
as an
part of three-dimensional
the reconstruction process.
all
of the acquired
X-rayconcentration
data (raw data)
intointegral
a meaningful
The
result
is
an
image
in
units
of
Bq/ml,
requiring
no
further
conversion.
Indeed, all
representation of the patient. The most well-known method of
image reconstruction
corrections
occur
in
image
space,
allowing
the
data
to
remain
unadulterated
Poisson
is commonly referred to as filtered back projection (FBP), in which measured X-ray
variables throughout
reconstruction
process.
projections
are directlythe
translated
into images.
In most modern scanners, it is likely
1
i.e.,isnot
that
not all
measured data(HCS)
can be
used fordata
image
with FBP,test
The same
hot-cold-sphere
phantom
asreconstruction
in the noise/resolution
used
all
radiation
dose
applied
to
the
patient
is
actually
used
for
image
reconstruction.
to perform the quantitation test. Refer to appendix 1 for the detailed instruction of To
the
address
Siemens
Healthineers
an improved
three-dimensional
phantomthis,
loading.
Before
acquisitionCTofscanners
the data,offer
the 2injected
concentration
and injection
FBP,
weighted
backsettings
projection
(WFBP).in Table 1. Projections are acquired
time called
is recorded.
The filtered
acquisition
are shown
with
120 views
(3-degree angular
step),and
andWFBP
are sub-sampled
to not
60 views
(6-degree
A
common
characteristic
of both FBP
is that they do
consider
statistical
angular step).
Since F3DX-ray
is notprojections.
quantitative,
onlythis
xQ,means
xB andisxE
reconstructed
images
properties
of measured
What
that
all CT projections
were
evaluated.
Note
that
xB
is
the
same
method
as
xQ
but
with
additional
use
collected in the detectors are weighted the same, regardless of their quality. Withof CT
information.
images
are reduction,
reconstructed
in kBq/ml,
corrected
to injection
time.
the
increasedAll
focus
in dose
the lack
of inclusion
of statistical
properties
of conventional FBP or WFBP become an important barrier that prevents further
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
CT scanners have been developed with more advanced technology, known as iterative
reconstruction (IR). Not surprisingly, among the key advantages of IR is that the
statistical properties of measured CT projection data can be readily incorporated into
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
projections to carry less weight than high-quality projections.

Figure 10: VOI inside uniform
cylinder phantom for measuring
background and 6 spheres.

12
2

There has been an expanding utilization of IR in clinical practice in recent years,
primarily due to the increased focus on radiation dose optimization. Of note, Siemens
Healthineers has been placing emphasis on devising technical solutions that can help
to consistently achieve the right dose, for the right diagnostic task, for every patient.
This was in line with the ALARA principle, that is to use a dose that is “As Low As
Reasonably Achievable” to deliver diagnostic image quality.
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Mean activity concentration (in kBq/ml) is measured for background and 6 hot spheres
(Figure 10). For background, a large uniform VOI is chosen, shown as the two red elliptical
regions in the upper and lower part of the phantom. As above, the voids in the VOI are
the supporting rods. xB is treated differently than xQ and xE when measuring activity in
spheres. Considering the partial volume effect of xQ and xE, a sphere VOI with 80% of
the physical diameter of each sphere is chosen, which resembles the method described in
reference 25. The reduced sphere VOIs are shown in white in Figure 10. In xB, partial
volume effect is considerably reduced by using the zoning method. Hence, the full volume
of the spheres is used to measure the mean activity. The full diameter is indicated by the
yellow ring in Figure 10. Table 3 shows the dimensions of the physical spheres and reduced
VOIs. Note that in real measures, the diameters and volumes are approximations of these
numbers due to the limit imposed by voxel size of the reconstructed image.

Development of IR methods
Diameter
of
of
It is well known that
the degradation
in image
quality,
most notably
anVolume
increase
Physical
Physical
volume
Sphere
index
reduced VOI
reduced
in image
noise, isdiameter
the standard
in mm tradeoff
in ml for achieving a substantial dose reduction.
in mm
VOI in ml
1
2
3
4
5
6

The first IR technology commercially developed by Siemens Healthineers was Iterative
Reconstruction in Image Space (IRIS*). IRIS directly addressed the problem of increased
9.8
0.5
7.9
0.3
image noise in reduced dose acquisitions.3 IRIS is a scientifically validated technology
that is effective in reducing image noise in a variety of clinical applications.4, 5
12.4
1.0
9.9
0.5
However, it is expected that IR technologies not only aid in noise reduction but also
in reducing spiral artifacts, which can be exacerbated when using CT acquisitions
15.6
2.0
12.5
1.0
with reduced dose or fast acquisition techniques. In response to this, the next IR
technology developed by Siemens Healthineers was the Sinogram Affirmed Iterative
19.7
4.0
15.8
2.1
was Siemens Healthineers’
Reconstruction (SAFIRE**),
launched
in 2010.6 SAFIRE
first IR technology that integrated a correction loop in the raw-data domain (a.k.a.
19.9
4.1 forward
“sinogram”) and24.8
added a model of8.0
the CT system geometry
during the data
projection. This correction loop that operates through to the raw-data domain is
31.2 for reducing spiral
16.0 artifacts. A second
25.0 correction loop
8.2 in image
particularly helpful
space is applied iteratively to reduce image noise. SAFIRE has been used extensively
since its introduction, and a wealth of scientific literature has consistently supported
the capabilities of SAFIRE to reduce dose while maintaining high image quality in
applications ranging from routine to specialized body and neuro CT – in both adults
and pediatrics.7-10

Table 3: Diameter (in mm) and volume
(in ml) of 6 spheres and VOIs.

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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Figure 11 shows the quantitation results of the background and 6 spheres using xE, xQ
and xB with 3-degree and 6-degree angular sampling after various updates. The upper
left shows the results of the background, and lower 6 panels show results from sphere 1
to sphere 6. In all the figures, the curves show the mean activity concentration versus
update number. The ground truth (background 73.5 kBq/ml, sphere 381.8 kBq/ml) is
also drawn as reference.
From the figures, which are based on measurements in a single system, we draw a number

by
Juanconclusions:
C. Ramirez-Giraldo, PhD, Katharine L. Grant, PhD,
of general
and
Rainergive
Raupach,
PhD
1. All methods
very accurate
estimates (close to 100%) of the background, and the

results are stable with updates. This is reasonable because a large background VOI is
chosen for the estimation, which is robust to noise. The partial volume effect is also
largely eliminated.

Introduction:
Evolution of
Siemens
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reconstruction
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2. For spheres, quantitation
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with
increased number
of updates, but
all are
underestimated
to partial
volume effects
(except
xB on the
largest sphere).
Image
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computed
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because that
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update
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are
directly
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modern
scanners,
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by the relative reach of partial volume effect compared to the sphere size.
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
4. Inradiation
early updates
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contrast
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more reconstruction.
rapidly than xETo
due
all
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to recovers
the patient
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used for image
to xQ’sthis,
faster
conjugate
gradient scheme.
Afteroffer
48 updates,
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address
Siemens
Healthineers
CT scanners
an improved
three-dimensional
2
performance.
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significantly
better results
than
both. On the largest sphere,
FBP,
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filtered
back projection
(WFBP).
xB yields results very close to truth.
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properties
of measured
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projections.
What this
that all CT projections
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methods.
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update
number
of
48.
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results
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summarized
in
Figure
12,
which
shows
the mean
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
activity
concentration
in
background
and
6
spheres,
whereas
Table
4
shows
the
relative
CT scanners have been developed with more advanced technology, known as iterative
accuracy
compared
to
truth.
For
background,
all
methods
give
estimation
within
reconstruction (IR). Not surprisingly, among the key advantages of IR is that the 1%
of the truth.
For spheres,
xE and xQCT
have
almost data
overlapping
curves.incorporated
Their accuracy
statistical
properties
of measured
projection
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into
gradually
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with
increasing
size
of
spheres,
and
reaches
over
90% accuracy
for
the CT image reconstruction process. This would allow, for example, low-quality
(noisy)
the largest sphere
ml).
xB gives
higher recovery
(>60%) even for the smallest
projections
to carry(16
less
weight
thanmuch
high-quality
projections.
sphere (0.5 ml), which rises to close to 100% for the largest sphere (16 ml). This suggests
There
expanding
utilizationhigher
of IR inresolution,
clinical practice
inyields
recentmore
years,
that xBhas
notbeen
onlyan
produces
considerably
but also
accurate
primarily
dueestimation,
to the increased
on zoning
radiation
dose optimization. Of note, Siemens
quantitation
given focus
that the
is correct.
Healthineers has been placing emphasis on devising technical solutions that can help
It isconsistently
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to pointthe
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thatdose,
OSEMforreconstruction
with 3Dtask,
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to
the right diagnostic
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patient.
produces,
for
cases
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sharp
edges
and
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contrast,
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This was in line with the ALARA principle, that is to use a dose that is enhancement.
“As Low As
Furthermore,Achievable”
such edge overshoot
be amplified
small structures, with edges lying
Reasonably
to deliver can
diagnostic
image in
quality.
in close proximity to each other (<FWHM of PSF), such that the Gibbs edge overshoot
appears to create a hotter center than expected. Such overshoot is highly dependent on
the update number, and could somewhat compensate for partial volume-induced
depression. The tendency of Gibbs edge ringing is reduced with an additive update
mechanism such as OSCG compared to OSEM. We represent the reconstruction in 256
by matrix with 2.4 mm pixel size, which implies that when the VOI is defined with 80%
of the sphere diameter, it is represented by at least 3-4 voxels in a line, as Table 3 shows.
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Figure 11: The quantitation results of background and 6 spheres using the xE, xQ and xB at various updates.
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It is well known that the degradation in image quality, most notably an increase
300 noise, is the standard tradeoff for achieving a substantial dose
300
in image
reduction.
The first IR technology commercially developed by Siemens Healthineers was Iterative
Reconstruction
in Image Space (IRIS*). IRIS directly addressed the problem
200
200 of increased
image noise in reduced dose acquisitions.3 IRIS is a scientifically validated technology
4, 5
that100
is effective in reducing image noise in a variety of clinical applications.
100
However, it is expected that IR technologies not only aid in noise reduction but also
in reducing spiral artifacts, which can be exacerbated when using CT acquisitions
0
with reduced
dose or
acquisition
techniques.
In response to this, the 0next IR 12
12
24 fast48
96
192
480
960
24
technology developed by Siemens
Healthineers was the Sinogram Affirmed Iterative
Update number
Reconstruction (SAFIRE**), launched in 2010.6 SAFIRE was Siemens Healthineers’
first IR technology that integrated a correction loop in the raw-data domain (a.k.a.
Sphereof
3 (2
ml)CT system geometry during the data forward
“sinogram”)
and added a model
the
400
400
projection. This correction loop that operates through to the raw-data domain is
particularly helpful for reducing spiral artifacts. A second correction loop in image
space
300is applied iteratively to reduce image noise. SAFIRE has been used
300extensively
since its introduction, and a wealth of scientific literature has consistently supported
the capabilities of SAFIRE to reduce dose while maintaining high image quality in
applications
ranging from routine to specialized body and neuro CT – in200
both adults
200
and pediatrics.7-10

Sphere 6 (16 ml)

350

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
250and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
location,
300
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical
200 practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
150
250
determine a 54 to 60%
reduction
SAFIRE480
reconstruction
12 dose24
48when using
96 the192
960 software. Noise, CT numbers, homogeneity,
12
24
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
Update
number
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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Quantitation using HCS phantom

450

Mean activity concentration (kBq/ml)

400

350

300

250
by Juan
C. Ramirez-Giraldo, PhD, Katharine L. Grant, PhD,
and200Rainer Raupach, PhD

150

Introduction: Evolution of Siemens CT image reconstruction technologies
100

Figure 12: Quantitation results
of xE, xQ and xB for background
and spheres. All after 48 updates.

Image reconstruction is an essential technology that every computed tomography (CT)
background
truth
xE 3-degreeThe function ofxQ
scanner
requires for operation.
CT6-degree
image reconstruction
is to translate
50
sphere truth
xE data
6-degree
3-degree
all of the acquired X-ray
(raw data) into axBmeaningful
three-dimensional
xQ 3-degree
xB 6-degree
representation of the patient.
The most well-known
method of image reconstruction
0
is commonly
referred
to
as
filtered
back
projection
(FBP),
in which sphere
measured
X-ray
background
sphere 1
sphere 2
sphere 3
sphere 4
5
sphere 6
projections are directly
modern
scanners,
(0.5 ml)translated
(1 ml)into images.
(2 ml)In most (4
ml)
(8 ml) it is likely
(16 ml)
that not all measured data can be used for image
reconstruction with FBP,1 i.e., not
VOI
all radiation dose applied to the patient is actually used for image reconstruction. To
address this, Siemens Healthineers CT scanners offer an improved three-dimensional
FBP, called weighted filtered back projection (WFBP).2
A
common characteristic
of both only
FBP and
WFBP voxel,
is thatwhich
they do
not consider
statistical
Consequently,
we do not sample
the center
is highly
susceptible
to
Gibbs enhancement,
especially
for the smaller
By using
different
update
properties
of measured
X-ray projections.
Whatspheres.
this means
is thata all
CT projections
method toinreduce
Gibbs effects,
increasing
the spatial
sampling,
andquality.
selecting
a
collected
the detectors
are weighted
the same,
regardless
of their
With
procedure
to measure
activity
concentration
in of
a VOI
at 80%
inproperties
xQ, but at
the
increased
focus in dose
reduction,
the lack
inclusion
ofdiameter
statistical
100%
diameter inFBP
xB or
(where
real boundary
is known
from
theprevents
CT), we endeavor
of
conventional
WFBPthe
become
an important
barrier
that
further
to increasedose
reproducibility
a large range
of updates.
holds even
for smaller
radiation
reduction. Inover
an attempt
to overcome
suchThis
limitations,
state-of-the-art
spheres
that have
otherwise
suffer
from
update-dependent
recovery
coefficients.
CT
scanners
been would
developed
with
more
advanced technology,
known
as iterative
Still, we do not(IR).
obtain
explicit partial
volume
correction,
which
is an
improvement
reconstruction
Notan
surprisingly,
among
the key
advantages
of IR
is that
the
to be implemented
inof
themeasured
future. CT projection data can be readily incorporated into
statistical
properties
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
projections to carry less weight than high-quality projections.
Method
1
Sphere
Sphere 3practice
Sphere
Sphere
5
Sphere 6
There
has beenBackground
an expandingSphere
utilization
of IR2in clinical
in4recent
years,
primarily due to the increased focus on radiation dose optimization. Of note, Siemens
xE 3-degree
99.1%
24.8%
32.3%
43.1%
57.2%
75.0%
91.9%
Healthineers has been placing emphasis on devising technical solutions that can help
toxEconsistently
achieve the right
dose, for
the right43.2%
diagnostic59.0%
task, for every
6-degree
99.0%
25.9%
32.5%
77.2% patient.
92.5%
This was in line with the ALARA principle, that is to use a dose that is “As Low As
Reasonably
to deliver
quality. 57.8%
xQ 3-degree Achievable”
99.5%
27.0% diagnostic
36.3% image
45.8%
74.6%
91.9%

Table 4: Relative quantitation
accuracy of background and
6 spheres after 48 updates.

16
2

xQ 6-degree

99.4%

28.6%

36.9%

46.2%

59.6%

76.5%

92.5%

xB 3-degree

100.0%

64.4%

73.7%

77.2%

86.8%

95.0%

100.1%

xB 6-degree

100.0%

68.8%

78.0%

78.0%

89.4%

97.1%

101.0%
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Summary
The introduction of xSPECT represents a paradigm shift, constituting our concerted
attempt to carefully optimize calibration, acquisition and reconstruction to meet the
stringent needs of absolute quantitation in SPECT. To this end, we make use of an
independent absolute standard (3%-traceable NIST source) for both the dose calibrator
and the imaging system itself. xSPECT incorporates an additive update mechanism,
a more accurate model of the image formation physics using a measured collimator
PSF over the entire FOV of the detector at various heights, and the use of extra-modal
information to enhance nuclear imaging reconstructions. This paper investigates the
xSPECT reconstruction from the joint perspective of image quality and quantitation.
We develop a general approach to report some basic measures of image quality, notably
resolution as a function of unit noise, where resolution is derived from the edge response
of an extended object. Based on experience to date, such resolution characterization
translates more readily to clinical reality, as it removes idiosyncrasies in reconstruction
Development
IR methods
stemming
from veryofsmall
objects with infinitely high contrast (e.g., point/line source in
air).It At
a
given
noise
level,
xQ
shows better
resolution
thanmost
the current
i.e., the
is well known that the degradation
in image
quality,
notablystandard,
an increase
F3Dinmethod.
Especially
for
cold
regions,
xQ
has
>20%
higher
resolution
than
F3D.
xE has
image noise, is the standard tradeoff for achieving a substantial dose reduction.
theThe
same
physics
model
as
xQ,
but
uses
the
OSEM
update
scheme.
Based
on
the
similar
first IR technology commercially developed by Siemens Healthineers was Iterative
performances
of xQinand
xE, Space
the advantages
of directly
xSPECT addressed
over F3D can
attributed
mainly,
Reconstruction
Image
(IRIS*). IRIS
the be
problem
of increased
butimage
not exclusively,
to
the
improved
accuracy
3 of the image formation model used in
noise in reduced dose acquisitions. IRIS is a scientifically validated technology
xSPECT.
also show
that 6-degree
sampling
yields
slightly
higher noise
4, 5 and
that isWe
effective
in reducing
image angular
noise in a
variety of
clinical
applications.
lower
resolution
compared
to
3-degree
sampling.
However, it is expected that IR technologies not only aid in noise reduction but also
reducing
spiralbenefits
artifacts,
which
be exacerbated
usingatCTthe
acquisitions
xB in
imaging
of bone
from
thecan
significantly
higher when
resolution
CT delineated
withthan
reduced
dose orbyfast
techniques.
In response
to this,
theCT
next
IR
edges
is afforded
F3Dacquisition
and xQ, which
is consistent
with the
known
resolution.
technology
by Siemens
Healthineers
wason
the
Sinogram
Affirmed
Iterativethe
Ultimately,
thedeveloped
clinical resolution
of xSPECT
depends
whether
or not
one considers
6
SAFIRE
was Siemens
Reconstruction
(SAFIRE**),
in 2010.
resolution
at the CT
delineatedlaunched
edge to fall
between
emission
zones, orHealthineers’
within the interior
first
IR
technology
that
integrated
a
correction
loop in the raw-data domain (a.k.a.
of an emission zone.
“sinogram”) and added a model of the CT system geometry during the data forward
Quantitation
of xE, xQ
and
xBoperates
was assessed
on atosingle
system, in
one filling
projection. accuracy
This correction
loop
that
through
the raw-data
domain
is
scenario,
and
using
a
precision
source.
Given
these
conditions,
all
the
methods
particularly helpful for reducing spiral artifacts. A second correction loop in give
image
estimates
the background,
within
1%image
of error
compared
truth.
Forused
spheres,
xE and
space ison
applied
iteratively to
reduce
noise.
SAFIREtohas
been
extensively
xQ since
have its
similar
performance.
We
see
underestimating
in
small
spheres,
but
quantitation
introduction, and a wealth of scientific literature has consistently supported
accuracy
graduallyof
rises
for spheres
of increasing
achieving high
over image
90% accuracy
for
the capabilities
SAFIRE
to reduce
dose whilesize,
maintaining
quality in
theapplications
largest sphere
(16 ml).
xB routine
gives much
higher recovery
(>60%)
even
smallest
ranging
from
to specialized
body and
neuro
CT for
– inthe
both
adults
7-10 reaches 1% error margin for the largest sphere (16 ml). We also found
sphere
ml), and
and (0.5
pediatrics.
that the quantitation improves with higher iterations, but the choice of iteration number
is a trade-off between image quality and quantitation. A significant difference on
quantitation between 3-degree and 6-degree sampling was not found.
As an addendum to these investigations, we offer some hints and tips for xSPECT
reconstruction. In general terms, we suggest the following guidelines: acquire a CT
with good image quality; properly register the SPECT to the CT; obtain a complete record
of injected dose, time and patient information; and, finally, perform proper system
calibration. The selection of optimal parameters should be guided by the individual
case’s count level.
* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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Appendix 1: Instructions for quantitative loading of a hot-cold spheres phantom for
testing xSPECT Bone/xSPECT Quant

The procedure detailed below is meant to be used with a Data Spectrum Cylinder
Phantom with Data Spectrum acrylic hollow sphere sets. The procedure is also specific
to using the CT contrast agent specified below and not for contrast agents with a different
iodine concentration. The contrast zoning parameters used during reconstruction for
this test are not user-definable and, as such, the test will not work if using glass spheres
instead of acrylic spheres, or if using a CT contrast agent with iodine concentration that
is different
what is specified below.PhD, Katharine L. Grant, PhD,
by
Juan from
C. Ramirez-Giraldo,
The objective
to prepare a phantom
and
Raineris Raupach,
PhD having 3 zones, i.e., Hot Spheres, Cold Spheres

(including the cylindrical container) and Background. The pre-defined zoning for this
phantom requires that:
1. The Hounsfield Value in the Hot Spheres is centered around 350.

Introduction:
Evolution
of Cold
Siemens
CT isimage
reconstruction
technologies
2. The Hounsfield
Value in the
Spheres
centered
around 150 (which
is the same
as that
for the acrylic
used
to make
the phantom).
Image
reconstruction
is an
essential
technology
that every computed tomography (CT)
scanner
requires
for
operation.
The
function
of
CT
imageshould
reconstruction
The following dilutions to achieve the objectives above
be made: is to translate
all of the acquired X-ray data (raw data) into a meaningful three-dimensional
1. For the background,
prepareThe
a large
(8 liters)
of water
and pertechnate
to
representation
of the patient.
mostdilution
well-known
method
of image
reconstruction
thereferred
desired to
background
16 mCi
(592 MBq)
for anX-ray
activity
is achieve
commonly
as filteredconcentration,
back projectione.g.,
(FBP),
in which
measured
concentration
of 2 µCi/ml
(74 kBq/ml).
projections
are directly
translated
into images. In most modern scanners, it is likely
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
2. For Hot Spheres, make a 6% by volume dilution of Conray CT Contrast (lothalamate
all radiation dose applied to the patient is actually used for image reconstruction. To
Meglumine Injection USP 60%—600 mg/ml Iothalamate Meglumine, and 282 mg/ml
address this, Siemens Healthineers CT scanners offer an improved three-dimensional
organically-bound Iodine) and water, e.g., 188 cc water+12 cc contrast for a 200 cc
FBP, called weighted filtered back projection (WFBP).2
dilution. To this dilution, add pertechnate based on the desired nuclear contrast,
A common
both
and
WFBP
is for
thata they
do not consider
e.g., 2 mCicharacteristic
(74 MBq) for of
a 5X
or FBP
4 mCi
(148
MBq)
10X nuclear
contrast.statistical
properties of measured X-ray projections. What this means is that all CT projections
3. For the in
Cold
a 2.5% bythe
volume
of Conray
Contrast
collected
theSpheres,
detectorsmake
are weighted
same,dilution
regardless
of theirCT
quality.
With
(Iothalamate
Meglumine
Injection
USP
60%—600
mg/ml
Iothalamate
Meglumine,
the increased focus in dose reduction, the lack of inclusion of statistical properties
282 mg/ml
organically-bound
and water,
e.g.,that
195 prevents
cc water+5
cc contrast
of and
conventional
FBP
or WFBP becomeIodine)
an important
barrier
further
for
a
200
cc
dilution.
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
CT
haveofbeen
developed
advanced
knownensuring
as iterative
Fillscanners
the two sets
hollow
spheres with
with more
the two
dilutionstechnology,
prepared above,
that
reconstruction
(IR).
Not
surprisingly,
among
the
key
advantages
of
IR
is
that
thefill the
there are no bubbles inside the spheres. Attach the spheres to the cylinder and
statistical
properties
of measured
CT projection
datathere
can be
incorporated
into
cylinder with
the background
dilution
ensuring that
arereadily
a minimal
number of
the
CT image
process. This would allow, for example, low-quality (noisy)
bubbles
in thereconstruction
background volume.
projections to carry less weight than high-quality projections.
The phantom prepared above should be scanned using the clinical SPECT/CT protocol
There
hasscans,
been an
utilization
of IR
in clinical
in recent
years,
for bone
andexpanding
the resulting
projection
data
can be practice
reconstructed
using
F3D, xQ or
primarily
due to the
increased
on radiation
optimization.
Of note,
Siemens
xB reconstruction
engine
usingfocus
the “Contrast
Zone”dose
class.
The difference
in reconstructed
Healthineers
has
been
placing
emphasis
on
devising
technical
solutions
that
can help
image quality between data reconstructed with and without zoning can be evaluated
to
consistently
achieve
the
right
dose,
for
the
right
diagnostic
task,
for
every
patient.
in a fusion display, and quantitative accuracy of activity concentration (Bq/ml) can be
This
was inusing
line with
the ALARA
principle, that is to use a dose that is “As Low As
evaluated
volumetric
analysis.
Reasonably Achievable” to deliver diagnostic image quality.
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Figure 13: Reconstructions of a point
source from F3D (left) and xQ (right).
Both have 96 updates and 5 mm
post-smoothing.

Development of IR methods

Appendix 2: Recovery of a singular point source
It is well known that the degradation in image quality, most notably an increase
image noise,reconstruction
is the standard
tradeoff for achieving
a substantial
reduction.
An in
OSEM-based
(multiplicative
update) such
as F3D ordose
xE can
converge
Thethan
first aIRminimizer-based
technology commercially
developed
by Siemens
waspoint
Iterative
faster
reconstruction
(additive
update) Healthineers
for one singular
Reconstruction
Image Spacedepends
(IRIS*). IRIS
directly
addressed
problem of increased
source
in air and itsinconvergence
on the
minimizer
and itsthe
pre-conditioner,
3
IRISWe
is abriefly
scientifically
technology
noise
in reduced
acquisitions.
theimage
objective
function,
anddose
its weighting
scheme.
discuss validated
the issue using
F3D
5
that
is
effective
in
reducing
image
noise
in
a variety
of clinical
applications.
and xQ as examples. As shown in Figure 13, the
F3D result
converges
to a point4, as
small
it is expected
that
not only
noise reduction
but also
as However,
a single voxel,
but the xQ
hasIRatechnologies
slow converging
rate aid
andinproduces
a hot “ball”
with a
reducing spiral
artifacts,
which
be exacerbated when using CT acquisitions
sizeinconsiderably
larger
than the
F3Dcan
result.
with reduced dose or fast acquisition techniques. In response to this, the next IR
What
is the reason
for xQ’s
recovery?
Some insight
canSinogram
be obtained
from analysis
technology
developed
byslow
Siemens
Healthineers
was the
Affirmed
Iterative
with
the
Mighell
Chi
square
merit
function:
6
Reconstruction (SAFIRE**), launched in 2010. SAFIRE was Siemens Healthineers’
first IR technology that integrated a correction loop in the raw-data domain (a.k.a.
“sinogram”) and added a model of the CT system geometry during the data forward
projection. This correction loop that operates through to the raw-data domain is
particularly helpful for reducing spiral artifacts. A second correction loop in image
space
applied
iteratively
to reduce
image
noise.
SAFIRE
hasmbeen
used extensively
where
i isisthe
pixel index,
d i is the
projection
data
at pixel
i, and
i is the data model at
since
its introduction,
and
wealth
of scientific
literature
hasLet
consistently
supported
pixel
i. This
merit function
cana be
rewritten
in matrix
notation.
D denote the
vectorized
the capabilities
of SAFIRE
to reduce dose while
maintaining
highand
image
qualitythe
in
projection
data, I denote
the lexicographically
ordered
image vector
H denote
applications
ranging
from
routine
to
specialized
body
and
neuro
CT
–
in
both
adults
forward projection matrix. Using this notation, the data model M can be defined as M=HI.
7-10
pediatrics.
Theand
merit
function and its gradient with respect to the image may then be expressed as
follows in equations (3) and (4), respectively:

3.

4.

In the gradient, the difference between the data and data model is weighted by the inverse
In clinical
practice, the
use ofThis
IRIS may
reduce that
CT patient
depending
the clinical
task, patient
anatomical
of*the
projection
data.
implies
hotdose
pixels
haveonlower
weights
and size,
cold
pixels
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
have
higher
weights.
For
a
very
hot
point
source
or
a
small
object,
very
low
weight
is
appropriate dose to obtain diagnostic image quality for the particular clinical task.
applied
topractice,
the hot
which
leads
the slow
inpatient
the iterative
** In clinical
theprojection
use of SAFIRE region,
may reduce
CT patient
dose to
depending
on therecovery
clinical task,
size, anatomical
location, and clinical
practice.words,
A consultation
with a radiologist andfocuses
a physiciston
should
made toimage
determine
the
reconstruction.
In other
the reconstruction
thebeentire
rather
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
than
the single
point
of interest.
determine
a 54 to focal
60% dose
reduction
when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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The merit function can be modified in such a way that the weights are uniformly
distributed in the projection space (known as the unweighted least squares method)
as shown in equations (5) and (6):

5.

6.

by Juan C. Ramirez-Giraldo, PhD, Katharine L. Grant, PhD,
and Rainer Raupach, PhD
In this case, much faster recovery is achieved for the point source, as seen in Figure 14.
However, the drawback of the unweighted least squares method is that the implications
of noise are not taken into account, resulting in a noisier warm background in the hot and
cold spheres (HCS) phantom image.

Introduction: Evolution of Siemens CT image reconstruction technologies

One could also use a merit function which represents a compromise between the previous
Image reconstruction is an essential technology that every computed tomography (CT)
two and involves a weighting by the inverse of the square root of the data,
scanner requires for operation. The function of CT image reconstruction is to translate
as represented in (7) and (8):
all of the acquired X-ray data (raw data) into a meaningful three-dimensional
representation of the patient. The most well-known method of image reconstruction
is commonly referred to as filtered back projection (FBP), in which measured X-ray
7.
projections
are directly translated into images. In most modern scanners, it is likely
that not all measured data can be used for image reconstruction with FBP,1 i.e., not
all radiation dose applied to the patient is actually used for image reconstruction. To
address this, Siemens Healthineers CT scanners offer an improved three-dimensional
FBP, called weighted filtered back projection (WFBP).2
8.
A common characteristic of both FBP and WFBP is that they do not consider statistical
properties of measured X-ray projections. What this means is that all CT projections
collected in the detectors are weighted the same, regardless of their quality. With
the increased focus in dose reduction, the lack of inclusion of statistical properties
of conventional FBP or WFBP become an important barrier that prevents further
radiation dose reduction. In an attempt to overcome such limitations, state-of-the-art
CT scanners have been developed with more advanced technology, known as iterative
reconstruction (IR). Not surprisingly, among the key advantages of IR is that the
statistical properties of measured CT projection data can be readily incorporated into
the CT image reconstruction process. This would allow, for example, low-quality (noisy)
projections to carry less weight than high-quality projections.
Figure 14: Reconstruction of
a point source (top) and HCS
phantom (bottom) from the four methods. From left to right, F3D,
xQ with Mighell Chi square, xQ with
unweighted least squares, xQ with least
squares and square root weight.

20
2

There has been an expanding utilization of IR in clinical practice in recent years,
primarily due to the increased focus on radiation dose optimization. Of note, Siemens
Healthineers has been placing emphasis on devising technical solutions that can help
to consistently achieve the right dose, for the right diagnostic task, for every patient.
This was in line with the ALARA principle, that is to use a dose that is “As Low As
Reasonably Achievable” to deliver diagnostic image quality.
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As expected, the result of this choice falls somewhere between the previous two results.
The point recovery is faster than Mighell’s Chi square, but slightly slower than that of
unweighted least squares. Similarly, the noise level in the HCS warm background is
higher than Mighell’s, but lower than in the unweighted case. The estimated FHWM of
reconstructed point source after 96 updates is listed in Table 5, which confirms the above
observations.
Across the vast majority of applications, the hot, solitary point source scenario is a
clinically irrelevant case. In usual phantom studies and clinical practice, the gaps
between hot and cold regions are generally not very large. In these scenarios, the
advantages for quantitative imaging of extended sources offered by Mighell’s Chi
square is more valuable than the ability to reconstruct an isolated point source.

Method

FHWM of Point Source (mm)

F3D

4.3

Development of IR methods

It is well known that the degradation in image quality, most notably an increase
in image noise, is the standard tradeoff for achieving a substantial dose reduction.
xQ with Mighell’s Chi square (standard)
9.4
The first IR technology commercially developed by Siemens Healthineers was Iterative
Reconstruction in Image Space (IRIS*). IRIS directly addressed the problem of increased
xQ with unweighted least squares
5.1
image noise in reduced dose acquisitions.3 IRIS is a scientifically validated technology
that is effective in reducing image noise in a variety of clinical applications.4, 5
xQ with square root weight
6.3
However, it is expected that IR technologies not only aid in noise reduction but also
in reducing spiral artifacts, which can be exacerbated when using CT acquisitions
with reduced dose or fast acquisition techniques. In response to this, the next IR
technology developed by Siemens Healthineers was the Sinogram Affirmed Iterative
Reconstruction (SAFIRE**), launched in 2010.6 SAFIRE was Siemens Healthineers’
first IR technology that integrated a correction loop in the raw-data domain (a.k.a.
“sinogram”) and added a model of the CT system geometry during the data forward
projection. This correction loop that operates through to the raw-data domain is
particularly helpful for reducing spiral artifacts. A second correction loop in image
space is applied iteratively to reduce image noise. SAFIRE has been used extensively
since its introduction, and a wealth of scientific literature has consistently supported
the capabilities of SAFIRE to reduce dose while maintaining high image quality in
applications ranging from routine to specialized body and neuro CT – in both adults
and pediatrics.7-10

Table 5: FHWM of reconstructed point
source at 96 updates.

* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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* In clinical practice, the use of IRIS may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task.
** In clinical practice, the use of SAFIRE may reduce CT patient dose depending on the clinical task, patient size, anatomical
location, and clinical practice. A consultation with a radiologist and a physicist should be made to determine the
appropriate dose to obtain diagnostic image quality for the particular clinical task. The following test method was used to
determine a 54 to 60% dose reduction when using the SAFIRE reconstruction software. Noise, CT numbers, homogeneity,
low-contast resolution, and high contrast resolution were assessed in a Gammex 438 phantom. Low dose data reconstructed
with SAFIRE showed the same image quality compared to full dose data based on this test. Data on file.
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