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Statistical Iterative Reconstruction

BACKGROUND AND PURPOSE: While CT has found wide use in medical practice, it is also a substantial
source of radiation exposure and is associated with an increased lifetime risk of cancer. There is an
urgent need for new approaches to reduce the radiation dose in CT. In this regard, ASIR is an
alternative method to FBP. We assessed the effect of ASIR on dose reduction in adult head CT.

MATERIALS AND METHODS: \We retrospectively evaluated a sample of 149 adult head CT examinations
that were divided into 2 groups, STD and LD. We lowered the tube current and used ASIR in the LD
group. SNR and CNR were analyzed. Dose parameters were recorded while subjective image noise,
sharpness, diagnostic acceptability, and artifacts were graded. The Student t test, the Mann-Whitney
U test, and k statistics were used for statistical analyses.

RESULTS: We achieved a dose reduction of 31% in the LD group (STD, 2.3 = 0.1 mSv; LD,
1.6 £ 0.1 mSv; P<.001). There was no significant difference in the noise measured in the air between
the 2 comparison groups (P = .273). Noise in the CSF was higher in the STD group (P < .001), while
the noise in the WM was higher in the LD group (P < .001). Differences in the CNR between groups
were insignificant, but the STD group displayed better SNR values. There was no significant difference
in the modal scores of diagnostic acceptability (P = .062) and the artifacts (P = .148) between the 2
groups. Better scores for subjective image noise (P < .001) and sharpness (P = .04) were observed
in the STD group.

CONCLUSIONS: ASIR appears to be useful in reducing the dose in adult head CT examinations. While
the effect of ASIR on noise reduction observed in the present study of head CT is less than that
reported previously in abdomen and chest CT, these findings encourage further prospective studies in

larger patient samples.

ABBREVIATIONS: ASIR = adaptive statistical iterative reconstruction; CNR = contrast-to-noise

ratio; CTDI = CT dose index; CTDI,, =

volume CT dose index; CT,, = CT number; DLP =

dose-length product; ED = effective dose; FBP = filtered back-projection; GM = gray matter; LD =
low dose; SNR = signal-to-noise ratio; STD = standard dose; WM = white matter

ith recent advances and availability of biotechnology,
CT has become a major source of medical radiation ex-
posure.' At present, CT-derived dose accounts for 75% of the
dose given at medical imaging. Given the past reports point-
ing to the major contribution of CT in the increased risk of
lifetime cancer associated with medical radiation, there is an
urgent need for new approaches to reduce the dose in CT. To
date, some of the dose-reduction strategies that have been in-
vestigated and proved to be efficient include, for example, in-
plane and longitudinal automatic tube-current modulation,
lowering tube potential especially in iodinated examinations,
bismuth shields, filters, x-ray shutters for over-ranging, in-
creasing detector efficiency, and low-dose techniques.’”
Recently, some of the mathematic methods for reconstruc-
tion that have been known since the 1970s have been used for
CT research and practice. These methods remove the noise
from the image by means of iterations. Notably, iterative re-
construction has been used in positron-emission tomography
but could not be implemented in CT until now because calcu-
lations required for these methods can only be performed with
recently developed high-performance computer processors.
Noise is inversely proportional to the square root of the
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dose. By lowering image noise, these methods can, conceiv-
ably, be used to reduce radiation dose. Indeed, clinical studies
supporting this hypothesis have been reported, describing the
use of iterative reconstruction methods such as ASIR—a name
given by the vendor (GE Healthcare, Milwaukee, Wiscon-
sin)—in abdomen®® and chest CT*"' and coronary CT an-
giography.'>'* On the other hand and most important, the
role of ASIR in head CT has never been reported to date, to
our knowledge. The aim of the present study was to assess
the effect of ASIR on dose reduction in adult head CT by using
a 16-section multidetector row CT scanner. While the re-
ported observations herein derive from a retrospective exam-
ination, we submit that they contribute to the emerging
knowledge base on the utility of iterative methods to achieve
CT dose reduction.

Materials and Methods

Study Description and Patient Sample
This retrospective study was reviewed and approved by the Gazi Uni-
versity Institutional Review Board.

From July 1, 2010, to August 31, 2010, 149 consecutive patients
who underwent head CT with a 16-section multidetector row CT
scanner (BrightSpeed, GE Healthcare) were examined retrospectively
in the present study.

There were 2 groups of patients: 1) the STD group comprising
51 patients (28 men, 23 women; mean age, 52.0 years; range, 20—



91 years) who went through the STD and standard reconstruction
algorithm (FBP) head CT protocol before implementation of ASIR in
our protocols; and 2) the LD group comprising 98 patients (44 men,
54 women; mean age, 55.5 years; range, 19-94 years) who were ex-
amined with LD and a mixture of ASIR and FBP reconstruction algo-
rithm head CT protocols after implementation of ASIR as a depart-
mental policy.

Only adult patients were examined in the present study because, in
our department, different protocols are used for children of different
age groups. Hence, our focus on adult patients ensured consistency in
the protocol used in the present study sample. Moreover, to have
adequate noise measurements, patients with images with severe streak
artifacts caused by foreign bodies, metallic surgical materials, and
movement of the head were excluded from the study. Emergency
patients, who were scanned with a faster helical mode protocol, were
also excluded. Only noncontrast studies were included, while pa-
tients’ follow-up examinations were excluded.

Scan Protocol

A lateral scout image with 100 kV (peak) and 20 mA was obtained to
define the scan area prior to axial imaging. Scanning parameters of the
STD group wre 170-mA tube current, 2-second tube-rotation time,
140-kVp tube voltage, 4 X 2.5 mm section thickness, 25-cm FOV, a
standard reconstruction algorithm for the posterior fossa; and
270-mA tube current, 1-second tube rotation time, 120-kVp tube
voltage, 2 X 5 mm section thickness, 25-cm FOV, a standard recon-
struction algorithm for the cerebrum. A routine reconstruction algo-
rithm of FBP was used. The same protocol except with lowered mA
settings (125 mA for the posterior fossa, 190 mA for the cerebrum)
and the addition of ASIR (30%) was used in the LD group. Thirty
percent ASIR means a blend of 30% ASIR and 70% FBP. ASIR per-
centage can be selected in a spectrum of 0%—100%, where 0% means
all FBPs and 100% means all ASIRs. With the increase in the percent-
age, noise decreases. At higher levels, contours of the structures begin
to blur.®'" With the vendor’s suggestions (30%-50%) and our initial
experience, we chose 30% by consensus in our department.

Dose Parameters

The CTDI,,,; and DLP were derived from the result page of each
examination, which was automatically prepared by the system. ED
(mSv) was estimated by multiplying DLP (mGy.centimeter) by a con-

version factor (0.0021 mSv X mGy ™' X cm™')."?

Quantitative Analysis

Image noise, defined by a percentage SD of the mean CT,, within a
region of interest, was measured in the air, CSF, and WM. A region of
interest (60 mm?) was placed in the air on the 3 consecutive sections
at the level of the posterior fossa, and an average of the measurement
of 3 sections was used for comparison. A place with minimum streak
artifacts and maximum 1-cm distance away from the patient was
chosen. We measured noise in the CSF in a subgroup of patients
(82/98, 84%, LD group; 38/51, 75%, STD group) whose lateral ven-
tricles were suitable for drawing a region of interest of =15 mm®. A
third region of interest of 40 mm® was placed in the WM at the level of
centrum semiovale.

Moreover, the CNR and SNR were analyzed as described in the
literature.'®'® For CNR, 3 regions of interest of 4 mm? were placed in
the WM and 3 regions of interest of 4 mm? were placed in the GM at
the level of centrum semiovale without causing partial volume effects.
CT,, and SD values were recorded and averaged for each part. CNR

was calculated by using a standard equation: (mean GM CT,, — mean
WM CT,)/[(SD GM)? + (SD WM)?] /2. For SNR, 3 regions of inter-
est of 20 mm? were placed in the WM at the level of centrum semi-
ovale. CT, and SD values were recorded and averaged. SNR was cal-
culated by dividing the CT,, by the SD.

Qualitative Analysis
Examinations were reviewed in a random manner at the same work-
station (Advantage Windows 4.4, GE Healthcare) by 2 radiologists
working independently (G.E., 10 years’ experience; K.K. 8 years’ ex-
perience) who were blinded to the protocol, ASIR usage, and date.
Image noise, sharpness, diagnostic acceptability, and artifacts were
graded. A second-year resident (M.G.) helped in the interpretation
process by removing all the information on the monitor and anony-
mizing the patients. Window level (40— 60 HU for the posterior fossa,
40-50 HU for the cerebrum) and window width (80—100 for the
posterior fossa, 50—70 for the cerebrum) were kept within predefined
limits for all images.

Subjective noise was graded on a 4-point scale: 1, little, best noise;
2, optimum noise; 3, noisy but permits evaluation; and 4, too much,
which degrades the image so that no information can be gathered.

Sharpness was graded on a 5-point scale according to WM and
GM differentiation; visualization of the basal ganglia, pons, and ven-
tricular system; and CSF space around the mesencephalon and over
the brain: 1, Structures are well-defined with sharp contours; 2, better
seen but contours are not fully sharp; 3, structures can be seen, con-
tours are sharp enough, diagnostic information can be retrieved;
4, structures can be visualized but not enough for diagnostic report-
ing; contours are blurred; and 5, structures cannot be defined.

Diagnostic acceptability was graded on a 4-point scale: 1, fully
acceptable; 2, probably acceptable; 3, only acceptable under limited
conditions; and 4, unacceptable. The presence of artifacts was graded
on a 4-point scale: 1, no artifacts; 2, minor artifacts; 3, major artifacts;
and 4, artifacts that make interpretation impossible. The grading
method was constructed around the European Guidelines on Quality
Criteria for Computed Tomography."’

Statistical Analysis
We compared the STD and LD groups by using quantitative measure-
ments and qualitative modal scores. For modal score comparison, the
average of the scores of the 2 readers was used.

An unpaired Student ¢ test was used for continuous variables, and
a Wilcoxon rank sum (Mann-Whitney U) test was used for categoric
variables. A statistically significant difference was P < .05. The degree
of interobserver agreement was determined by using k statistics
(Statistical Package for the Social Sciences, Version 13.0; SPSS,
Chicago, Illinois).

Results
The differences in the ages and number of images were not
significant (P > .05).

After lowering the tube current, we achieved a significant
dose reduction of 26% in the CTDI of the posterior fossa, 35%
in the CTDI of the cerebrum, and 31% in the DLP and ED
(P <.001) (Table 1).

The quantitative and qualitative measures are presented in
Table 2.

Noise measured in the air and CSF in the LD group was less
than that of in STD group, with insignificant difference in the
former (P = .273) and a significant difference in the latter
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Table 1: Dose parameters

Mean Parameter STD Group LD Group P

CTDI,,, posterior fossa (mGy) 93.49 = 2.26 69.14 =148  <.001
CTDI,,, cerebrum (mGy) 59.40 + 1.44 38.55 = 0.83 <.001
No. of images 395+25 398 +27 470
DLP (mGy>cm) 1081.28 = 66.57 748.61 =51.78 <.001
Effective dose (mSv) 23+0.1 16 = 0.1 <.001

Table 2: Quantitative and qualitative measures

Mean Measure STD Group LD Group P

Measured noise in the air (HU) 3.40 = 0.50 3.32 =043 273
Measured noise in the WM (HU) 3.60 = 0.33 407 =052 <.001
Measured noise in the CSF (HU) 3.46 = 0.48 2.92 + 0.46 <.001
CNR 229 + 061 240 = 0.74 349
SNR 6.77 = 0.86 5.52 = 0.80 <.001
Subjective image noise 1.53 = 0.50 1.86 = 0.40 <.001
Sharpness 143 =045 1.63 = 0.57 .04

Diagnostic acceptability 1.16 = 0.41 1.24 042 .062
Artifacts 209+030 202=*031 148

(P <.001). On the other hand, when we measured noise in the
WM, we found higher noise values and lower SNR in the LD
group than in the STD group (P < .001). The difference in the
CNR values was insignificant (P = .349).

There was no significant difference in the diagnostic ac-
ceptability (P = .062) and artifacts (P = .148) between groups.
None of the images of the patients were graded as diagnosti-
cally unacceptable. Two patients (1 from the LD group, 1 from
the STD group) had scores of 3 (Fig 1), and 2 patients (both
from the LD group) had scores of 2.5. The rest of the patients
(97%, 95/98, of the LD group; 98%, 50/51, of the STD group)
had scores =2 (Fig 2). None of the patients had artifacts that
impeded evaluation.

Modal scores for subjective image noise (P < .001) and
sharpness (P = .04) were better in the STD group. However,
all patients in both groups were considered suitable for report-
ing, thus having scores of =3 for both criteria.

Interobserver agreements were moderate for image noise
(k = 0.556), sharpness (k = 0.539), and diagnostic acceptabil-
ity (k = 0.540) and substantial for artifacts (k = 0.613). The
differences between the scores of the readers never exceeded 1
in any criteria. The visual scores for both readers are given in
Table 3.

Discussion
With the increasing public awareness of the radiation dose
burden of radiologic examinations, dose-reduction strategies
for CT have attracted marked interest among the research
community. In pursuit of such new approaches to reduce the
radiation dose in CT, relatively old iterative reconstruction
algorithms have been increasingly revisited in this research
field. Most of the scanners that are in use currently have ana-
lytic reconstruction algorithms called “FBP.” While FBP is fast
as an algorithm, it is also sensitive to noise and artifacts be-
cause it ignores the system optics and statistical fluctuations of
photons. On the other hand, with iterative reconstruction
methods, the focal spot size, image voxel, and detector size
(namely system optics) are taken into consideration.”?°
Iterative reconstruction starts with an initial estimate and
forward projection. Subsequently, this projection is updated
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to minimize the difference between the actual image and the
forward projection. Photon statistics are also put into this es-
timation, updating flow. Abnormal measurements, which are
deviated far from the adjacent ones, are considered statistical
fluctuations and are removed. This process is repeated until
the difference between the successive iterations gets smaller.
The largest part of the extensive calculations required is mostly
for the modeling of the system optics. On the other hand, the
modeling of system statistics is not as demanding as the mod-
eling of system optics. The reconstruction algorithm used in
our system (ASIR) deals only with the system statistics; by
doing so, it allows faster reconstruction.”’

The vendors tend to implement their own iterative image
reconstruction methods to achieve dose reduction without
image-quality degradation (GE: ASIR; Siemens, Erlangen, Ger-
many: Iterative Reconstruction in Image Space*'**; Toshiba
Medical Systems, Tokyo, Japan: Adaptive Iterative Dose Re-
duction; and Philips Healthcare, Best, the Netherlands:
iDose.>* With these methods, 30%—80% dose reduction is
expected.

By adapting ASIR into our protocols, we observed a reduc-
tion in the head CT dose by 31% in the LD group without
compromising the CNR and diagnostic acceptability. Similar
reductions were reported in abdomen CT by Hara et al (29%-—
65%),° Prakash et al (25.1%),” and Sagara et al (33%)® and in
chest CT by Prakash et al (27.6%).'® Notably, Flicek et al*
were able to reduce the dose by 50% in their study, in which
they compared an STD supine set with an LD prone set with
ASIR in a CT colonoscopy examination without degrading
image quality.

We achieved different levels of noise reduction across the
image plane. Noise measurements in the air revealed insignif-
icant differences between the LD and STD groups. We found
lower noise levels in the CSF of the LD group than of the STD
group. However, unlike the above-mentioned studies, with
these reduced levels of dose, WM measurements (noise and
SNR) and visual scores of noise were better in the STD group.
Our results were in concordance with those of Marin et al.>° By
using the noise power spectrum curve, they showed that the
effect of ASIR on the noise reduction was more noticeable in
the smoother areas than in the grainy areas. In light of these
findings, we propose that less aggressive noise reduction
(<30%) should be aimed at head CT examinations if keeping
the noise at routine levels is desired. Because 97% (95/98) of
the examinations in the LD group were considered fully or
probably acceptable for diagnosis, we have kept using LD set-
tings as our routine head CT protocol.

We observed better image sharpness scores in the STD
group than in the LD group. Sagara et al® also reported the
same finding without affecting the diagnostic acceptability.
We attributed this to the oversmoothing effect of ASIR as well
as to the noise. At higher levels of ASIR, contours of structures
begin to blur and sharpness decreases.® Even if we chose a low
ASIR percentage (30%), we could not prevent the sharpness
from degrading.

Minor artifacts seen in both groups were expected such as
beam-hardening artifacts at the posterior fossa. Higher tube
settings were used in the posterior fossa to decrease the mag-
nitude of artifacts. We did not observe any artifacts in either
group that made interpretation impossible.



Fig 1. Axial images of a 34-year-old woman with normal findings at the level of the posterior fossa (4) and basal ganglia (B). The patient belongs to the LD group (DLP, 832 mGyxcm).
Note that the WM and GM differentiation is decreased. This is 1 of the 2 examinations that are considered diagnostically acceptable only under limited conditions (score of 3 for diagnostic

acceptability criterion).

Fig 2. Axial images of a 45-year-old woman (A and C) from the STD group (DLP, 1100 mGy>cm) and a 37-year-old man (B and D) from the LD group (DLP, 713 mGy>cm) are compared.
Both examinations have good WM and GM differentiation and are considered fully acceptable (score of 1 for diagnostic acceptability criterion). A and B, Posterior fossa. C and D, Basal

ganglia.

There are limitations to our study. First, we disregarded
patients with images with severe artifacts caused by foreign
bodies, metallic surgical materials, and movement of the head,
which might have also been compared. They were too small in
number for a healthy comparison to be made; thus, larger

series are needed. Second, we used a small region of interest
(60 mm? for air and 40 mm? for WM). This could not be
prevented because of a lack of space in and around the cra-
nium. Therefore, to overcome this, we made measurements
on 3 consecutive sections and averaged them. Third, we did
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Table 3: Visual scores for readers 1 and 2

Reader 1 Reader 2

STD Group LD Group STD Group LD Group
Subjective image noise 1.53 = 0.58 1.92 =042 153 =0.58 1.81 =047
Sharpness 1.45 =050 165056 1.41 =050 1.57 £0.56
Diagnostic acceptability 1.16 = 0.42 1.28 =051 1.16 £ 042 1.21 =044
Artifacts 2.06 =031 2.02+038 212033 201 =030

Mean of Criteria

not verify our results with different scanning and reconstruc-
tion settings. Our findings should be validated on a head
phantom and should be correlated with different detector
configurations. Fourth, we did not assess the diagnostic accu-
racy or the effect of ASIR on the different disease subgroups
in this study. Larger prospective series are warranted for this.

For the future studies, ASIR can be used in conjunction
with other dose-reduction methods, such as automatic tube-
current modulation. Smith et al® proposed that automatic
tube-current modulation could be used as an effective dose-
reduction tool for head CT. Therefore, when incorporated
with ASIR, more dose reduction would be possible. In addi-
tion, although we did not assess the diagnostic accuracy or the
effect of ASIR on the different disease subgroups in the present
study with a limited sample size, we suggest that future studies
in a larger sample might consider such further stratified
analyses.

Conclusions

ASIR appears to reduce the dose in adult head CT examina-
tions performed on a 16-section multidetector row CT scan-
ner without compromising the diagnostic acceptability. While
the effect of ASIR on the noise reduction observed in the pres-
ent study of head CT is less than that reported previously in
abdomen and chest CT, these findings encourage further pro-
spective studies in larger patient samples.
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