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OBJECTIVE. The purpose of this study was to report preliminary results of an ongoing
prospective trial of ultralow-dose abdominal MDCT.

SUBJECTS AND METHODS. Imaging with standard-dose contrast-enhanced (n =
21) and unenhanced (n = 24) clinical abdominal MDCT protocols was immediately followed
by ultralow-dose imaging of a matched series of 45 consecutively registered adults (mean age,
57.9 years; mean body mass index, 28.5). The ultralow-dose images were reconstructed with
filtered back projection (FBP), adaptive statistical iterative reconstruction (ASIR), and mod-
el-based iterative reconstruction (MBIR). Standard-dose series were reconstructed with FBP
(reference standard). Image noise was measured at multiple predefined sites. Two blinded ab-
dominal radiologists interpreted randomly presented ultralow-dose images for multilevel sub-
jective image quality (5-point scale) and depiction of organ-based focal lesions.

RESULTS. Mean dose reduction relative to the standard series was 74% (median, 78%;
range, 57-88%; mean effective dose, 1.90 mSv). Mean multiorgan image noise for low-dose
MBIR was 14.7 + 2.6 HU, significantly lower than standard-dose FBP (28.9 + 9.9 HU), low-
dose FBP (59.2 + 23.3 HU), and ASIR (45.6 + 14.1 HU) (p < 0.001). The mean subjective im-
age quality score for low-dose MBIR (3.0 + 0.5) was significantly higher than for low-dose FBP
(1.6 £0.7) and ASIR (1.8 £0.7) (p < 0.001). Readers identified 213 focal noncalcific lesions with
standard-dose FBP. Pooled lesion detection was higher for low-dose MBIR (79.3% [169/213])
compared with low-dose FBP (66.2% [141/213]) and ASIR (62.0% [132/213]) (p < 0.05).

CONCLUSION. MBIR shows great potential for substantially reducing radiation doses at
routine abdominal CT. Both FBP and ASIR are limited in this regard owing to reduced image
quality and diagnostic capability. Further investigation is needed to determine the optimal dose
level for MBIR that maintains adequate diagnostic performance. In general, objective and sub-
jective image quality measurements do not necessarily correlate with diagnostic performance

at ultralow-dose CT.
D concerns over the risks related to
ionizing radiation [1, 2]. Dose re-
duction, however, must be balanced by an ac-
ceptable level of image quality, and above all,
diagnostic accuracy must be adequately main-
tained. Although a variety of dose reduction
strategies have been tested and implemented,
perhaps most promising are the novel iterative
reconstruction algorithms that have evolved
beyond the traditional reconstruction method
of filtered back projection (FBP) [3-10].
Adaptive statistical iterative reconstruction
(ASIR) has been the most studied algorithm to
date, yielding the possibility for estimated
dose reduction in the range of 25-40% [4, 6,

ose reduction in body CT has be-
come a top priority because of

8, 10]. The published research to date has
largely focused on modest dose reductions of
less than 50%, mainly in the evaluation of im-
age noise and subjective image quality with-
out formal evaluation of diagnostic accuracy
[11]. In general, concurrent standard-dose im-
aging was not performed for direct compari-
son in these studies.

Model-based iterative reconstruction (MBIR),
a version of which (Veo, GE Healthcare) was
approved by the U.S. Food and Drug Admin-
istration (FDA) in September 2011, is a
promising advance beyond ASIR and other
available iterative methods. As the first true
model-based reconstruction method in CT,
MBIR has the potential to substantially re-
duce dose while improving resolution. To



evaluate the feasibility of ultralow-dose body
CT with MBIR and other novel reconstruc-
tion methods, we are conducting a prospective
clinical trial whereby a series of ultralow-dose
images, initially targeted at 70-90% dose re-
duction, is obtained immediately after routine
clinical standard-dose imaging for direct side-
by-side comparison of image quality and di-
agnostic utility. We report on our preliminary
experience with ultralow-dose abdominal CT
performed with MBIR and ASIR including
comparison with ultralow-dose and standard-
dose FBP reconstruction.

Subjects and Methods
Study Population and CT Protocol

This HIPAA-compliant prospective trial was ap-
proved by the institutional review board at our insti-
tution. All subjects provided signed informed con-
sent. Patients eligible for inclusion in this ongoing
study were men and nonpregnant women in whose
care a decision had been made to proceed with ab-
dominal CT evaluation at our institution. Routine
CT protocols that qualified for study inclusion were
unenhanced supine abdominal series and IV con-
trast-enhanced series in the portal venous phase. All
studies were performed with a 64-MDCT scanner
(Discovery CT750 HD, GE Healthcare) with colli-
mated slice thickness at the isocenter of 0.625 mm,
120 kVp, tube current modulation (Smart mA, GE
Healthcare), and a study-specific noise index, rang-
ing up to 50 for the standard-dose series (Appendix
1). Of note, our current standard-dose protocols for
the scanner used in this study are based on use of a
40% ASIR blend for clinical interpretation. There-
fore, the percentage dose reductions seen with the
ultralow-dose series are underestimated compared
with those seen with use of older, traditional FBP
protocols for the standard dose.

Immediately after the routine standard-dose
abdominal CT acquisition, an ultralow-dose ab-
dominal series was obtained with matching cov-
erage with targeted dose reduction in the range of
70-90% based on the projected dose-length prod-
uct from the clinical series. The tube current range,
noise index, and associated slice thickness for ac-
quisition were adjusted to achieve the targeted level
of dose reduction. For IV contrast-enhanced stud-
ies, the ultralow-dose series was obtained during
the same breath-hold with image acquisition in the
opposite table direction to minimize differences in
phase of contrast enhancement. Contrast-enhanced
images were obtained during the standard portal
venous phase with iodinated nonionic contrast ma-
terial and a saline chaser according to routine.

The ultimate recruitment goal for this large on-
going prospective trial is up to 500 subjects with a
subsequent plan for more dedicated evaluation ac-
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cording to specific study indication (e.g., oncolog-
ic staging, urolithiasis, colonography). Herein we
report the cumulative interim results with MBIR
for imaging of the initial 45 subjects (24 men, 21
women; mean age, 57.9 years), pooling the IV con-
trast-enhanced CT cohort (n = 21) with the unen-
hanced CT cohort (n = 24). The mean body mass
index was 28.5 (range, 19.4-41.6). Seventeen
(37.8%) subjects were obese (body mass index >
30.0). The volume CT dose index CTDI | (milli-
grays) and dose-length product (milligrays x cen-
timeters) were recorded for the matching standard-
dose and low-dose series to establish the level of
dose reduction (Table 1). The effective dose (mil-
lisieverts) was obtained from the dose-length prod-
uct by use of the conversion factor of 0.015 mSv/
(mGy x cm) recommended by the American Asso-
ciation of Physicists in Medicine [12] and verified
by Deak et al. [13].

CT Image Reconstruction

For the purposes of this study, the standard-
dose abdominal CT series was reconstructed with
the traditional FBP method to serve as the refer-
ence standard. Although our standard-dose proto-
cols are based on a 40% ASIR approach, we chose
not to use ASIR for the standard-dose reconstruc-
tion algorithm because FBP remains the dominant
technique in use today and is not vendor specif-
ic and because most clinical scanners do not have
ASIR capability. The accompanying ultralow-
dose series was reconstructed with FBP, ASIR
(ASiR, GE Healthcare), and MBIR for interpre-
tation by blinded readers. For the ASIR series, a
40% blend was used to optimize subjective image
quality, as previously described [4—6]. MBIR im-
ages were obtained with the FDA-approved ver-
sion (Veo, GE Healthcare). All images (standard
and low dose) were reconstructed with 2.5-mm
slice thickness at 1.25-mm intervals in both the
transverse (axial) and coronal planes.

CT Image Analysis

The CT images were systematically analyzed for
image noise, subjective image quality, and depiction
of focal lesions. For all series, image noise, reflected
by the SD of attenuation (CT number in HU), was
obtained in a 250-mm? circular region of interest
(ROI). The ROI was placed in four standard loca-
tions: right hepatic lobe, left renal parenchyma, right
paraspinal musculature, and left flank subcutaneous
fat. ROI placement per patient for the low-dose se-
ries was exact because the ROIs were derived from
the same dataset. ROI placement on the standard-
dose series was matched as closely as possible to
that on the ultralow-dose series (Fig. 1).

For assessment of diagnostic accuracy, focal or-
gan-based lesion detection was undertaken by two

fellowship-trained abdominal radiologists, each
with extensive experience (18 and 8 years) reading
body CT images, including images reconstructed
with both FBP and ASIR. All ultralow-dose series
(FBP, ASIR, and MBIR) for each patient (identi-
fying information removed) were independently
reviewed by blinded readers (without consensus)
such that all images from the 45 cases, consisting
of a random mix of the three reconstruction algo-
rithms, were sequentially read in separate individ-
ual sessions by each reader (Figs. 1 and 2). A min-
imum washout period of 3 days was instituted at
the end of each reading session to reduce recall bias
between the four reading sessions. In most if not
all cases, the interval between viewings of images
of the same patient was at least 1 week. After all
three randomized ultralow-dose series were inter-
preted for each patient, the standard-dose FBP se-
ries for each patient was evaluated for focal lesions
to serve as the clinical reference standard. Noncal-
cific focal lesions for the purpose of this prelimi-
nary study were defined and categorized as detect-
able organ-based foci larger than 3 mm involving
the liver, pancreas, or kidneys. Focal noncalcified
lesions could be of either increased or decreased at-
tenuation relative to the organ containing them. Up
to seven focal lesions per organ were counted and
tabulated. Focal calcifications were not included in
this analysis. Individual and pooled lesion detection
for each low-dose series was compared against the
standard-dose FBP reference standard and with the
other ultralow-dose reconstructions.

To evaluate subjective image quality, four pre-
determined levels were graded for each case by the
two reviewers (for a total of 32 subjective scores
per patient). The following established 5-point
scale was used: 0, nondiagnostic; 1, severe arti-
fact with low confidence; 2, moderate artifact with
moderate diagnostic confidence; 3, mild artifact
with high confidence; 4, well depicted without ar-
tifacts [5]. To improve discrimination, 0.5-inter-
val scores were allowed (e.g., 3.5). For the purpos-
es of this study, we used a cutoff between 2.5 and
3.0 to differentiate unacceptable from acceptable
image quality. Because we also included formal
image interpretation for assessment of diagnostic
performance, to avoid confusion and unnecessary
complexity, we chose not to have separate subjec-
tive scores for both artifacts and diagnostic confi-
dence. In each case, the two readers were blinded
to reconstruction type for the ultralow-dose series
(FBP, ASIR, and MBIR), and the reconstruction
type was randomized for review. A score was de-
rived for axial and coronal images with a soft-tis-
sue window setting (width, 400 HU; level, 50 HU)
on a standard PACS system. The four predeter-
mined levels for scoring were through the portal
vein bifurcation and sacroiliac joints for the axial
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TABLE I: Patient-Specific Data Regarding Demographics and Abdominal CT Dose

Abdominal CT With Iterative Reconstruction

CTDI, (mGy) Dose Reduction From
PatientNo. | Age(y) Sex BMI IV Contrast Material Administered Standard-Dose Series | Low-Dose Series Standard (%)
1 n M 38.2 No 10.88 2.76 75
2 42 M 244 No 3.63 0.48 87
3 56 F 21.6 No 1.43 0.40 72
4 n F 304 No 3.68 0.79 79
5 62 F 34.9 No 5.88 1.23 79
6 50 F 31.3 No 6.20 1.32 79
7 52 M 24.8 No 2.03 0.44 78
8 51 F 24.0 No 2.47 0.59 76
9 59 M 23.7 No 2.23 0.48 78
10 55 M 31.3 No 4.09 0.85 79
n 86 F 28.1 No 10.31 1.42 86
12 42 M 25.7 No 6.67 1.50 78
13 28 M 26.1 No 8.05 1.50 81
14 58 F 26.4 No 1.31 1.58 78
15 80 M 25.5 No 7.95 1.50 81
16 71 M 315 No 16.60 2.66 84
17 29 M 217 No 9.80 1.53 84
18 62 M 20.8 No 5.97 1.52 75
19 59 F 34.2 No 12.87 2.04 84
20 43 F 26.5 No 7.50 1.39 81
21 63 F 38.8 Yes 21.26 8.48 60
22 35 F 23.1 Yes 454 1.29 72
23 77 F 24.0 Yes 4.85 1.53 68
24 48 M 26.1 Yes 14.33 5.66 61
25 72 F 35.9 Yes 25711 10.25 60
26 82 M 28.4 Yes 14.51 3.78 74
27 55 F 39.8 Yes 32.09 3.94 88
28 85 F 33.8 Yes 35.30 15.05 57
29 57 M 41.6 Yes 79.83 26.45 67
30 | F 24.3 No 172 1.48 81
31 66 M 26.1 No 10.06 1.60 84
32 77 F 30.1 Yes 11.69 455 61
33 | M 28.8 Yes 7.85 1.47 81
34 63 M 35.1 Yes 19.55 1 61
35 79 M 24.4 No 7.35 2.88 61
36 39 M 21.6 Yes 5.39 1.98 63
37 58 F 19.4 Yes 4.56 1.09 76
38 42 M 28.1 Yes 11.59 4.56 61
39 60 F 236 Yes 5.92 2.16 64
40 48 M 24.3 Yes 7.29 2.88 60
4 76 M 219 Yes 41.48 10.08 76
42 50 F 33.0 No 6.17 1.31 79
43 52 F 30.3 Yes 17.88 3.23 82
44 42 M 324 Yes 34.22 414 88
45 69 M 25.9 Yes 710 2.77 61
Mean 57.9 24M,21F | 285 12.75 3.47 74

Note—BMI = body mass index, CTDI
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images and through the kidneys and main portal
vein for the coronal images (Fig. 3).

Statistical Analysis

Linear mixed-effects models were used to as-
sess differences between reconstruction methods.
These models take into account the correlation
arising from the use of multiple reconstructions
of multiple structures or tissues in the same sub-
ject. The models were fitted by maximum likeli-
hood, and an independence working correlation
structure was used. Separate models were fitted to
each of the two readers. Adjusted Wald 95% Cls
were obtained as appropriate. This analysis was
performed separately for each reader and for their
pooled data. Disjointedness (nonoverlap) of two
95% Cls was taken to represent statistically sig-
nificant differences at the 5% level.

For assessment and comparison of diagnostic
performance, the primary endpoint was pooled
detection of focal, noncalcific organ-based lesions
on the ultralow-dose series relative to the pooled
detection on the standard-dose FBP series. Le-
sion-by-lesion matching results were not included
in this initial analysis.

A value of p < 0.05 (two-sided) was the criteri-
on for statistical significance. Residual and explor-
atory plots were obtained to assess possible viola-
tions in test assumptions. All statistical analysis
and graphics were generated with R 2.12.1 soft-
ware (R Development Core Foundation, 2009).

Results

The level of dose reduction compared with
the standard-dose clinical series and the ef-
fective doses for the ultralow-dose series for
each patient are shown in Table 1. The mean
and median dose reductions for the entire
group were 74% and 78% (range, 57-88%).
These reductions were blunted somewhat
by the use of ASIR-driven protocols for the
standard-dose series and would have been
greater if traditional FBP-driven protocols
had been used. The volume CT dose index-
es for the standard-dose and low-dose se-
ries for each patient also are shown in Table
1. The mean and median effective doses for
all ultralow-dose studies combined were 1.90
and 1.11 mSv. The mean effective doses for
IV contrast-enhanced and unenhanced stud-
ies were 3.06 and 0.89 mSv. Not surprising-
ly, the effective doses were generally higher
for the I'V contrast-enhanced studies in larger
patients (Appendix 1). Given the lower start-
ing point for standard unenhanced CT stud-
ies and the ability to further decrease dose
for indications for unenhanced imaging (i.e.,
colonography and urolithiasis evaluation), 19
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Fig. 1—42-year-old man (body mass index, 24.4) who underwent unenhanced abdominal MDCT colonography.
Low-dose reconstructions include filtered back projection (FBP) (top left), adaptive statistical iterative
reconstruction (ASIR) (top right), and model-based iterative reconstruction (MBIR) (bottom left). Effective
dose for low-dose series was 0.35 mSvy, representing 87% dose reduction relative to standard-dose FBP series
(bottom right). Region-of-interest placement in right hepatic lobe (circle) forimage noise measurement is shown
on ASIRimage.

Fig. 2—55-year-old woman (body mass index, 39.8) with treated liver metastasis from pancreatic endocrine
tumor who underwent contrast-enhanced abdominal MDCT. Effective dose for low-dose series (filtered back
projection [FBP] [top left], adaptive statistical iterative reconstruction [ASIR] [top right], and model-based
iterative reconstruction (MBIR) [bottom left]) was 2.3 mSv, representing 88% reduction relative to standard-
dose FBP series (bottom right). One reader detected only four low-attenuation liver lesions on low-dose ASIR
images butidentified atleast seven focal liver lesions (per-organ maximum) on other images.
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Abdominal CT With Iterative Reconstruction

of 24 (79.2%) unenhanced series had an ef-
fective dose of less than 1.0 mSv; only three
contrast-enhanced series had a dose less than
1.0 mSv.

Mean image noise data for the four pre-
defined anatomic locations are summarized
in Table 2 according to the specific CT tech-
nique (with or without contrast enhancement)
and image reconstruction method. The over-
all results are displayed graphically in Figure
4A. Overall, the mean image noise for MBIR
(14.7 = 2.6 HU) was significantly lower than
for standard-dose FPB (28.9 + 9.9 HU), low-
dose FBP (59.2 +23.3 HU), and ASIR (45.6 +
14.1 HU) (p < 0.001). Differences in measured
image noise correlated well with the visual ap-
pearance (Fig. 1). MBIR image noise not only
was three to four times lower than the corre-
sponding low-dose FBP and low-dose ASIR
image noise but also was significantly lower
than the standard-dose FBP image noise (p <
0.001). Noise differences between the MBIR
series and other series were even more pro-
nounced on the unenhanced CT studies (Table
2). The overall mean noise difference between
enhanced and unenhanced MBIR series was
only 1 HU; this difference was greater for the
other reconstruction methods.

Table 3 shows the summarized results for
subjective image quality assessment by the
two blinded reviewers. These results are
combined graphically in Figure 4B. Accord-
ing to the 5-point quality score (0—4), the
mean subjective image quality score at all
four levels pooled between the two readers
was significantly higher for low-dose MBIR
(3.0 £ 0.5) than for low-dose FBP (1.6 + 0.7)
and ASIR (1.8 £ 0.7) (p < 0.001). There were
no differences between the two readers in
terms of the trend in subjective scoring with
a matching order of ranking at all four image
levels assessed. The overall difference be-
tween the pooled quality scores for ultralow-
dose MBIR and standard-dose FBP was less
than one half of 1 point (Table 3). The differ-
ence in quality scores between these two se-
ries was even smaller for the coronal assess-
ments, indicating relative improvement in
subjective image quality for the coronal ver-
sus transverse MBIR images (Fig. 3). With a
threshold score of 3.0 or greater for accept-
able image quality, in all but on case at least
one subjective score between the two read-
ers changed from unacceptable for both low-
dose FBP and ASIR to acceptable for low-
dose MBIR (97.8% [44/45]).

The pooled results of the blinded random
review of the ultralow-dose image series for
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Fig. 3—59-year-old man (body mass index, 23.7) with renal lesions. Coronal reconstructions from unenhanced
abdominal MDCT through level of kidneys. Effective dose for low-dose series (filtered back projection [FBP] [top
left], adaptive statistical iterative reconstruction (ASIR) [top rightl, and model-based iterative reconstruction (MBIR)
[bottom left]) was 0.35 mSv, 79% reduction relative to standard dose (bottom right). Both readers identified per-organ
maximum number of soft-tissue lesions (> 7) in left kidney on both standard-dose FBP and low-dose MBIR images
but called 11 lesions combined on low-dose FBP image and only four lesions combined on ASIR image. Low-dose
MBIR image rivals or even surpasses image quality of standard-dose FBP image.

focal lesion detection are summarized in Ta-
ble 4 and Figure 4C. With standard-dose FBP
as the reference standard, significantly more
noncalcific lesions were found on ultralow-
dose MBIR images (79.3% [169/213], pooled)
compared with ultralow-dose FBP (66.2%
[141/213]) and ASIR (62.0% [132/213]) im-
ages (p < 0.05). The overall lesion detection
rate with all three ultralow-dose reconstruc-
tions was significantly lower than the lesion
detection rate with standard-dose FBP (p <
0.05). Although the number of focal lesions
detected differed somewhat between the two
readers, there was no significant difference in
the relative performance for each dose and
reconstruction type. Both readers detected
fewer lesions on low-dose ASIR compared
with low-dose FBP images, but the differ-
ence was not statistically significant. As ex-
pected, significantly fewer focal lesions were

identified on the 24 sets of unenhanced im-
ages compared with the 21 sets of IV con-
trast-enhanced images (Table 6). Most of the
focal lesions were small foci of low attenua-
tion relative to the involved organ.

Discussion

The overarching goal of our ongoing pro-
spective trial is to ultimately validate the
use of ultralow-dose abdominal CT through
the use of novel iterative reconstruction al-
gorithms. This interim analysis provides the
necessary data to determine whether our ini-
tially aggressive dose reduction goal should
be modified. One important advantage of our
prospective study design is the acquisition of
the matching ultralow-dose series immediate-
ly after the standard-dose clinical series. This
step allows not only direct side-by-side com-
parison of image noise and image quality but
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TABLE 2: Mean Image Noise According to Dose and Reconstruction Method

With IV Contrast Enhancement (n=21) Without IV Contrast Enhancement (n=24) Entire Cohort (n=45)
Low- Low- Low- Low- Low- Low-
Dose Dose Low-Dose |Standard-| Dose Dose Low-Dose |Standard-| Dose Dose Low-Dose |Standard-
Site FBP ASIR MBIR Dose FBP | FBP ASIR MBIR Dose FBP| FBP ASIR MBIR Dose FBP
Liver 445 48.5 14.1 23.8 79.4 60.3 16.3 33.9 63.1 48.3 15.3 29.2
Kidney | 44.9 35.0 16.0 26.7 73.0 55.9 14.4 33.7 59.8 46.1 15.1 30.4
Fat 38.7 30.0 11.4 21.7 69.1 53.7 14.6 30.3 54.9 42.6 13.1 26.3
Muscle| 427 331 15.3 25.4 73.0 55.8 15.5 33.3 58.8 45.2 15.4 29.6
Total 42.7 36.7 14.2 24.4 73.6 56.4 15.2 32.8 59.2 45.6 14.7 28.9

Note—All measurements are in HU. Image noise refers to the SD around the mean region-of-interest attenuation measurement. FBP =filtered back-projection, ASIR =
adaptive statistical iterative reconstruction, MBIR = model-based iterative reconstruction.

also assessment of diagnostic accuracy, for
which it is critical to maintain an acceptable
level of performance. Such comparison be-
comes less reliable when CT images obtained
at different points in time are compared, as in
most retrospective studies to date, or when
simulated low-dose cases are used whereby
noise is artificially introduced onto the images.

To our knowledge, this investigation is the
first to use the FDA-approved commercial
version of MBIR (Veo). Our preliminary find-
ings show that MBIR is a substantial improve-
ment over ASIR and FBP in terms of image
noise, subjective image quality, and diagnos-
tic performance. Interestingly, although ASIR
had a modest incremental benefit over tradi-

tional FBP in terms of image noise and sub-
jective image quality, the diagnostic perfor-
mance of ASIR at the ultralow dose trended
slightly poorer than that of low-dose FBP in
terms of focal lesion detection and much poor-
er than that of MBIR. It should be noted, how-
ever, that ASIR is generally not intended for
the aggressive dose reduction levels attained
in this trial.

The interesting and important discordance
between image quality measures and focal le-
sion detection seen for ASIR and FBP recon-
structed images in this preliminary investi-
gation was an unexpected finding that to our
knowledge has not been previously reported
and may be related to the aggressive levels of

OLbFBP [ LD FBP
60 59.2 HU O Lp AsIR 3.5 O LD ASIR
[@ LD MBIR 3,01 @ LD MBIR
50+ SD FBP :
45.6 HU = 25 @ SD FBP
40
2.0
30+ 154
201 1.0
10 0.5
0 0.0
Mean Image Noise (HU) Subjective 5-Point Image Quality Score (Pooled)
A B
Fig. 4—Overall pooled results.
A-C, Bar graphs show overall pooled results forimage noise (A), subjective image
. OLpFsP quality (B), and lesion detection (C) for each reconstruction. LD = low-dose,
250 QLD ASIR FBP =filtered back projection, ASIR = adaptive statistical iterative reconstruction,
O Lb MBIR MBIR = model-based iterative reconstruction, SD = standard dose.
200 M sD FBP
1501 141
100+
50
0
Cumulative Lesion Detection (Pooled)
C

dose reduction in this study. This discordance
also applies to the comparison between low-
dose MBIR and the clinical reference stan-
dard of routine-dose FBP. The former had
lower image noise but depicted fewer focal
lesions overall. Clearly, image noise and sub-
jective quality measurements alone are insuf-
ficient for validating novel ultralow-dose it-
erative reconstruction techniques. Additional
objective quality metrics likely need to be de-
veloped and validated to better evaluate itera-
tive reconstruction techniques. Beyond these
quality evaluation metrics, it is critical to also
assess lesion detection capability, which is a
more direct assessment of diagnostic adequa-
cy. As we accrue more patients in this ongoing
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Abdominal CT With Iterative Reconstruction

TABLE 3: Mean Subjective Image Quality Scores in 45 Cases According to Dose and Reconstruction Method

Reader 1 Reader 2 Pooled Results
Low- Low- Low- Low- Low- Low-
Dose Dose | Low-Dose | Standard- | Dose Dose | Low-Dose | Standard- | Dose Dose | Low-Dose | Standard-
Level FBP ASIR MBIR Dose FBP | FBP ASIR MBIR Dose FBP | FBP ASIR MBIR Dose FBP
Axial
Main portal vein 1.1 1.5 2.6 3.2 1.6 1.8 2.9 3.6 1.4 1.6 2.1 3.4
Sacroiliac joints 1.2 1.6 2.6 3.2 2.3 2.4 33 3.9 17 2.0 3.3 3.9
Coronal
Kidney 1.4 17 3.1 3.3 2.2 2.3 3.4 3.8 1.8 2.0 3.2 3.6
Main portal vein 1.0 1.4 2.9 3.2 1.9 2.0 3.2 3.6 1.4 1.7 3.0 3.4
Total 1.2 1.6 2.8 3.2 2.0 2.1 3.2 3.7 1.6 1.8 3.0 3.5

Note—Subjective image quality was based on blinded review and assessed with a 5-point scoring system (0—4 points) based on that proposed by Flicek et al. [5].

FBP =filtered back projection, ASIR = adaptive statistical iterative reconstruction, MBIR = model-based iterative reconstruction.

TABLE 4: Cumulative Focal Lesion Detection in 45 Cases According to Dose and Reconstruction Method

Reader 1 Reader 2 Pooled Results
Low- Low- Low- Low- Low- Low-
Dose Dose | Low-Dose | Standard- | Dose Dose | Low-Dose | Standard- | Dose Dose | Low-Dose | Standard-
Location FBP ASIiR MBIR Dose FBP FBP ASIR MBIR Dose FBP FBP ASIR MBIR Dose FBP
Liver 26 23 27 4 26 26 33 49 52 49 60 90
Pancreas 3 3 3 3 4 4 5 5 7 7 8 8
Right kidney 13 14 18 19 15 n 16 17 28 25 34 36
Leftkidney 32 28 34 41 22 23 33 38 54 51 67 79
Total 74 68 82 104 67 64 87 109 141 132 169 213

Note—FBP =filtered back-projection, ASIR = adaptive statistical iterative reconstruction, MBIR = model-based iterative reconstruction.

prospective trial, we will eventually be able to
assess closer-to-uniform discrete cohorts ac-
cording to specific clinical indication and im-
aging technique.

As seen in the provided figures, the qual-
itative differences between MBIR and the
other reconstruction techniques are readily
apparent at very low doses. However, given
that lesion detection was still compromised
somewhat with ultralow-dose MBIR relative
to standard-dose FBP, careful consideration
is required in terms of defining the prop-
er balance between dose reduction and di-
agnostic performance. Future investigations
will focus more closely on diagnostic accu-
racy according to specific study indications,
such as IV contrast-enhanced studies for on-
cologic follow-up, urolithiasis evaluation,
and colorectal cancer screening. This inter-
im analysis was neither powered nor intend-
ed to tackle these specific issues. Rather, by
pooling the blinded detection of organ-based
focal soft-tissue lesions in a more generic
sense, we gain early insight into diagnostic
performance. However, although clear trends
were noted in terms of focal lesion detection,
we must refrain from drawing firm conclu-
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sions with regard to diagnostic performance
at this early point in the trial.

A number of recent studies have investi-
gated the use of ASIR (ASiR, GE Health-
care), typically in a 30-40% blend with FBP
[3—6], for achieving more modest dose reduc-
tion in the range of 25—-40% on average. Simi-
lar studies have investigated a variety of other
vendor-specific iterative reconstruction meth-
ods, such as iDose (Philips Healthcare) [14],
iterative reconstruction in image space (IRIS,
Siemens Healthcare) [15], and adaptive itera-
tive dose reduction (AIDR, Toshiba) [16]. In
general, the results of these studies all suggest
or show a modest incremental benefit in terms
of dose reduction, typically on the order of ap-
proximately 30%. However, most studies have
largely been focused on noise reduction and
subjective image quality, and diagnostic per-
formance has not been directly assessed. At
dose reduction levels approaching 90%, well
beyond the usual indicated range for ASIR,
our preliminary findings suggest that ASIR
appears to be inadequate. This may also be
the case for other vendor-specific algorithms
that are not truly model based. Further inves-
tigation for these algorithms (ASiR, iDose,

IRIS, AIDR) is needed to determine the radi-
ation dose reduction levels at which diagnos-
tic adequacy can be maintained relative to the
current clinical reference standard in terms of
lesion detection capability.

Despite the advantages of MBIR over ASIR
and FBP found in our study, it is important to
consider the current potential limitations. In ad-
dition to being vendor specific and requiring
the raw projection data, the primary disadvan-
tage of MBIR at this time lies in the demand-
ing computational requirements, which lead
to a prolonged reconstruction time. In the cur-
rent study, the typical reconstruction time for a
low-dose MBIR abdominal CT series was on
the order of hours. As part of our prospec-
tive ultralow-dose clinical trial, we are as-
sessing other novel iterative reconstruction
techniques. One such method, prior image
constrained compressed sensing (PICCS) [9,
17], may approach MBIR in terms of diag-
nostic quality but has the advantages of a re-
construction time that is approximately two
orders of magnitude faster, can be used with
DICOM image data, and is currently vendor
neutral. As such, PICCS could service mul-
tiple scanners from different vendors within
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TABLE 5: Lesion Detection According to CT Study Type (Unenhanced vs

Contrast-Enhanced)

Focal Lesions (Pooled)
Standard-Dose
CT Study Type Low-Dose FBP | Low-Dose ASIR | Low-Dose MBIR FBP
Unenhanced (n=24) 16 10 24 37
Contrast-enhanced (n=22) 125 122 145 176
All studies (n=45) 141 132 169 213

Note—FBP =filtered back-projection, ASIR = adaptive statistical iterative reconstruction, MBIR =

model-based iterative reconstruction..

a department or group. At this time, however,
use of the technique for dose reduction has not
been fully clinically evaluated, nor is it com-
mercially available.

The need for further lowering of dose lev-
els for body CT is clear, regardless of wheth-
er this reaction is to a real or to a perceived
health threat [1, 2, 18, 19]. In some ways,
CT is a victim of its own clinical success;
the sheer number of studies performed in the
United States has increased from approxi-
mately 13 million in 1990 to approximate-
ly 46 and 67 million studies by 2000 and
2010 [20, 21]. The results of our preliminary
work suggest that submillisievert abdomi-
nal CT is feasible for indications that call for
unenhanced imaging. For standard IV con-
trast-enhanced abdominal CT, it appears
that most examinations can be accomplished
with effective doses well below 5 mSv, with
the exception of imaging of some obese indi-
viduals. It is noteworthy that our patient pop-
ulation is generally overweight, a substan-
tial fraction qualifying as obese. However,
more work is needed to validate and refine
the appropriate levels of dose reduction for
contrast-enhanced CT that maintain an ac-
ceptable level of diagnostic accuracy. On the
basis of our preliminary findings, our cur-
rent thinking is to maintain the higher levels
of dose reduction (80-90%) for unenhanced
CT indications but to back off slightly to ap-
proximately 60—70% of the standard dose for
IV contrast-enhanced studies.

We acknowledge a number of limitations
to this study. This study was an interim anal-
ysis of an ongoing prospective trial and was
not intended to resolve any indication-spe-
cific issues. Given the small sample size and
heterogeneous techniques applied to this pre-
liminary cohort, we would caution against
any firm conclusions regarding the accuracy
of ultralow-dose abdominal CT, especially
because lesion-specific matching was not in-
cluded. Furthermore, we did not address the

possibility of pseudolesions (false-positive
findings) among focal lesions detected at the
ultralow dose. Larger homogeneous patient
cohorts that group common indications and
study techniques are needed to better assess
focal lesion detection and diagnostic accura-
cy. We intentionally kept the handling of focal
lesion detection fairly generic for this initial
report and allowed pooling of the data. Lesion
characterization and clinical relevance were
also not considered for this first analysis. We
did not specifically address whether spatial
resolution is preserved with the various recon-
struction methods at ultralow doses, but we do
intend to investigate this issue using a phan-
tom. We did not investigate the use of dual-
energy or low-kilovoltage imaging, nor did we
acquire the ultralow-dose series in the arterial
or more delayed phases of contrast enhance-
ment. These issues can be addressed at a later
date as part of the ongoing prospective trial.
Finally, the percentage dose reduction relative
to standard in our study was lessened by the
use of the ASIR-driven protocols and would
have been greater if the older FBP protocols
had been used.

In summary, MBIR shows great promise for
substantially reducing radiation doses at ab-
dominal CT in clinical practice, whereas ASIR
and FBP appear to be of limited value for the
aggressive radiation dose levels targeted in this
study. Further investigation is needed to deter-
mine the optimal indication-specific dose levels
that maintain adequate diagnostic performance
with MBIR. An important finding was that
objective and subjective image quality mea-
sures do not necessarily correlate with diag-
nostic performance at ultralow-dose CT.
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APPENDIX I: Abdominal MDCT Standard-Dose Protocols Used in the Prospective Trial

Protocol
Parameter IV Contrast Enhanced Urolithiasis Supine CT Colonography

Scanner Discovery CT750 HD? Discovery CT750 HD? Discovery CT750 HD?
Scantype Helical Helical Helical
Rotation time (s) 0.5 0.8 0.5
Beam collimation (mm) 40 40 40
No. of detector rows 64 64 64
Pitch 0.516 0.516 0.984
Speed (mm/rotation) 20.64 20.64 39.36
Detector configuration 64 x0.625 64 x0.625 64 x0.625
Slice thickness for noise index (mm) 1.25 1.25 1.25
ScanFOV Large body Large body Large body
Peak kilovoltage 120 120 120
Smart mA (GE Healthcare) range (mA) 60-660 40-660 30-300
Noise index 24 28 50
Reconstruction (filtered back projection)

Displayed FOV (cm) 36-50 36-50 36-50

Reconstruction type Standard Standard Standard

Window width/level (HU) 400/50 400/50 400/50

Reconstruction option Plus Plus Plus

Slice thickness (mm) 25 25 25

Interval (mm) 15 15 15

Note—The protocols considered standard dose in this study are based on use of 40% adaptive statistical iterative reconstruction, which affects the relative dose
reduction seen atlow dose. The specific protocol for the accompanying low-dose series was derived by adjusting the noise index—slice thickness pairing (and tube
currentrange) to allow targeted 70-90% dose reduction (by projected dose-length product) relative to the standard-dose series.

aGE Healthcare.
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