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CT is the main imaging modality used for oncologic 
assessments (1). In more recent years, concerns 

regarding the associated radiation exposure have spurred 
fears about potential risk of radiation-induced malignancy 
and resulted in a reduction in CT utilization (2,3). These 
concerns have led to a concerted effort to reduce and 
monitor radiation doses in CT imaging. CT manufacturers 
have sought methods of maintaining image quality while 
lowering radiation doses (4).

Filtered back projection (FBP) is the standard 
reconstruction for CT, however, it delivers suboptimal 
image quality when reduced radiation doses are used. CT 
manufacturers have sought methods of maintaining image 
quality while lowering radiation doses. One such method 
is iterative reconstruction (IR). IR uses known CT system 
characteristics to approximate an expected image. IR 
algorithms can significantly reduce image noise and artifacts 
to preserve image quality when reduced radiation doses are 
used, when scanning large patients, or when performing 
small-field-of-view studies (5). IR methods can operate in 
the image and/or projection space with reported moderate 

radiation dose reduction potential in the range of 25%–40% 
(4,6–8). While robust image noise reduction can be obtained 
with these algorithms, there is an associated degradation of 
resolution and variable degrees of altered image texture have 
been reported (9,10). A desired balance between resolution, 
noise, and image texture can be targeted through choosing 
the degree of blending of IR with FBP.

Model-based IR (MBIR) represents a more advanced 
and complex version of IR, using both backward and 
forward projections. Complex system modeling is used 
iteratively to varying degrees between the projection 
data space and image data space. MBIR algorithms 
include Veo (GE Healthcare, Waukesha, Wis), forward-
projected MBIR solution (FIRST; Toshiba Medical 
Systems, Tokyo, Japan), iterative model reconstruction 
(IMR; Philips Medical Systems, Best, the Netherlands), 
and advanced model-based IR (ADMIRE; Siemens 
Healthcare, Forchheim, Germany) (11). MBIR provides 
robust noise reduction, but requires significantly longer 
reconstruction time and has been criticized for having a 
greater degree of altered image texture (12–17).
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Purpose: To evaluate colorectal cancer hepatic metastasis detection and characterization between reduced radiation dose (RD) and 
standard dose (SD) contrast material–enhanced CT of the abdomen and to qualitatively compare between filtered back projection 
(FBP) and iterative reconstruction algorithms.

Materials and Methods: In this prospective study (from May 2017 through November 2017), 52 adults with biopsy-proven 
colorectal cancer and suspected hepatic metastases at baseline CT underwent two portal venous phase CT scans: SD and RD in the 
same breath hold. Three radiologists, blinded to examination details, performed detection and characterization of 2–15-mm lesions 
on the SD FBP and RD adaptive statistical iterative reconstruction (ASIR)–V 60% series images. Readers assessed overall image 
quality and lesions between SD FBP and seven different iterative reconstructions. Two nonblinded consensus reviewers established 
the reference standard using the picture archiving and communication system lesion marks of each reader, multiple comparison 
examinations, and clinical data.

Results: RD CT resulted in a mean dose reduction of 54% compared with SD. Of the 260 lesions (233 metastatic, 27 benign), 
212 (82%; 95% confidence interval [CI]: 76%, 86%) were detected with RD CT, whereas 252 (97%; 95% CI: 94%, 99%) were 
detected with SD (P , .001); per-lesion sensitivity was 79% (95% CI: 74%, 84%) and 94% (95% CI: 90%, 96%) (P , .001), 
respectively. Mean qualitative scores ranked SD images as higher quality than RD series images, and ASIR-V ranked higher than 
ASIR and Veo 3.0.

Conclusion: CT evaluation of colorectal liver metastases is compromised with modest radiation dose reduction, and the use of 
iterative reconstructions could not maintain observer performance.
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Materials and Methods
This prospective study (NCI-2018–01272) was approved by 
our institutional review board as Health Insurance Portability 
and Accountability Act compliant, and informed consent was 
obtained.

Participant Population
On the basis of expected CT accuracy with an assumed 
discordant rate of 10% or higher, our power analysis indicated 
that 52 participants would provide a power of at least 80% 
with a one-sided type I error rate of 10%. We scanned patients 
between May 2017 and November 2017 using a convenience 
sample with inclusion and exclusion criteria listed in Figure 1. 
Each patient’s age, sex, height, weight, and body mass index 
were recorded. Additionally, the total number of contrast-
enhanced CT examinations performed within 6 months, 
before or after the study examination, were tabulated; the 
number of days since the most recent prior CT examination 
was also calculated.

Radiation Dose Estimation
The effective diameter of each patient was obtained based on 
the anteroposterior and lateral scout measurements (effective 
diameter = [anteroposterior diameter times lateral diameter]1/2). 
The volume CT dose index (CTDIvol) for a 32-cm phantom 
and the dose length product (DLP) were obtained. Size-specific 
dose estimates (SSDEs) were calculated as recommended by the 
American Association of Physicists in Medicine report number 
204 (29,30).

Imaging Technique and Postprocessing
All patients underwent CT of the abdomen performed by 
using the same imaging protocol (Table 1). The tube current 
parameters for the RD scan were set to approximate a 50% 
radiation dose reduction. The SD scan was performed in 
the craniocaudal direction, and the RD scan was performed 
without interval delay in the reverse direction during the same 
breath hold. This target reduction was chosen to approximate 
the 25th–75th percentile CTDIvol reported by sites in the 
Dose Index Registry of the American College of Radiology 
for contrast-enhanced CT of the chest, abdomen, and pelvis 
(CTDIvol, 9–19 mGy) (31). One hundred twenty-five to 150 
mL of low osmolar iohexol 350 mg I/mL (Omnipaque 350, 
GE Healthcare) was injected at 3–4 mL/sec, the former given 
to smaller patients (digital field of view [DFOV], 40 cm or 
lower) and the latter given to larger patients (DFOV, 41 cm or 
higher). Bolus tracking was used, with a 100-HU trigger value 
in the abdominal aorta at the level of the celiac artery with a 
scan delay of 46 seconds.

Eight axial reconstructions were performed for each patient 
to a 2.5-mm section thickness: four at standard radiation 
doses (SD) (FBP, ASIR 80% [A80], ASIR-V 30% [AV30], 
ASIR-V 60% [AV60]) and four at reduced radiation doses 
(RD) (Veo 3.0, ASIR 80% [A80], ASIR-V 30% [AV30], 
ASIR-V 60% [AV60]). The Veo 3.0 reconstruction utilized a 
5% noise reduction preset with 1.25-mm section optimization 
and texture feature active, as suggested in prior publications 

Abbreviations
ASIR = adaptive statistical IR, CI = confidence interval, CNR = contrast-
to-noise ratio, CTDIvol = volume CT dose index, DLP = dose length 
product, FBP = filtered back projection, IR = iterative reconstruction, 
LCLA = low contrast low attenuation, MBIR = model-based IR, OR 
= odds ratio, RD = reduced dose, SD = standard dose, SSDE = size-
specific dose index

Summary
CT of low-contrast liver lesions is compromised by modest radiation 
dose reduction. The use of iterative reconstructions could not 
maintain observer performance.

Implications for Patient Care
 n For small, low-contrast liver lesions, CT radiation dose levels 

suggested by the American College of Radiology dose index 
registry may be too low for adequate detection.

 n Low-to-moderate levels of iterative reconstruction strength 
qualitatively improved both reduced radiation dose and standard 
dose CT scans.

Adaptive statistical IR (ASIR)–V (GE Healthcare) is a new 
version of a vendor-specific IR. ASIR-V is essentially a hybrid 
of ASIR and Veo reconstruction methods using a less-complex 
model than MBIR that de-emphasizes system optics, thus 
allowing for much faster image reconstruction (18). However, 
compared with ASIR, ASIR-V provides improved noise, object, 
and physics modeling. ASIR-V has been shown to reduce noise 
and improve image quality in the abdomen when compared 
with ASIR (19,20). Kwon et al (21) indicated the potential for 
an additional radiation dose reduction of 35% in the abdomen 
with ASIR-V when compared with ASIR. However, concerns 
have been raised regarding limitations in task-specific diagnoses 
as radiation dose levels are reduced (22–26).

The oncologic evaluation of low-contrast lesions, particularly 
in the liver, is one such challenging clinical scenario that requires 
further evaluation in the setting of radiation dose reduction. 
Recent reports indicate that the degree of potential radiation 
reduction available with IR methods compared with FBP may 
be less than initially expected (9,10). This discordance with prior 
studies is in part due to varying study designs that are necessarily 
limited by the amount of radiation dose delivered to patients 
and a limited capacity of observer studies to assess the various 
combinations of radiation levels and reconstruction methods 
(23,27). Many phantom studies are difficult to translate to 
practice, as nonlinear IR methods provide varying results when 
actual patients of differing body sizes and shapes are scanned 
(11,28). Additionally, a few studies lack direct comparison to 
a reference standard and others have relied only on qualitative 
image assessment and the assessment of image characteristics 
rather than performance related to a specific clinical task.

The purpose of this study was to prospectively evaluate the 
detection (ie, visibility) of colorectal cancer hepatic metastases, 
lesion characterization, and false-positive markings between 
reduced dose (RD) and standard dose (SD) contrast material–
enhanced CT of the abdomen in the same breath hold and to 
qualitatively compare lesions between FBP, ASIR, ASIR-V, and 
Veo 3.0 reconstruction algorithms.
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not excluded; 4, likely malignant; 5, definitely malignant) 
and related confidence in the diagnosis (1 for low confidence 
up to 5 for high confidence). Reconstructions were presented 
in a randomized fashion, and review of the SD FBP versus 
RD AV60 images in the same participant was separated by a 
delay period of 3 weeks to minimize recall. There was no time 
limit for review, but it was suggested that the radiologists read 
in a manner similar to clinical practice, which included the 
ability to review coronal and sagittal reconstructions.

Two nonblinded consensus reviewers (fellowship-trained 
abdominal radiologists with 7 years [C.T.J.] and 8 years 
[N.A.W.] in practice) subsequently established the reference 
standard using the saved reader marks (on both the SD and 
RD series) and all available clinical data. Comparison was 
made to all available cross-sectional imaging examinations 
(CT, MRI, and PET/CT). All lesions identified were measured 
and classified by the consensus reviewers as metastatic or 
benign, and false reader lesion marks were also recorded. For 
participants with 20 or more metastatic lesions identified with 
the reference standard, lesion detection performance was not 
assessed. For performance metrics, benign lesions scored as 
3 or higher on the malignancy scale were considered false-
positive results against the reference standard. Malignant 
lesions according to the reference standard that were either 
not identified by reviewers or that scored 2 or lower on the 
malignancy scale were considered false-negative results (11).

(15,16). RD FBP has been previously shown to have inferior 
diagnostic performance and thus was not chosen for evaluation 
in this study (27). The single 80% blend of ASIR allowed for 
matching results to a prior retrospective evaluation and provided 
a degree of noise reduction between AV30 and AV60 (14). The 
utility of MBIR has been demonstrated only in dose reduction 
settings, and the prior retrospective study by Goodenberger et 
al (14) showed Veo 3.0 to be inferior to ASIR-V; therefore, a 
standard dose Veo reconstruction was not assessed. All images 
were reviewed in standard clinical conditions with high-
resolution monitors by using a two-monitor picture archiving 
and communications system.

Lesion Detection and Reference Standard
Three board-certified abdominal radiologists independently 
performed lesion detection in two primary series while 
blinded to all information except cancer diagnosis. Two 
readers were fellowship trained in abdominal imaging and had 
8 years (N.A.W.) and 6 years (S.G.) of additional experience 
reading abdominal CT studies. The third reader (B.R.) had 
more than 25 years of experience in the subspecialty reading 
of abdominal CT studies. Images in 51 participants were 
assessed over four sessions, for a total review of 102 scans: SD 
FBP versus RD AV60. Only noncalcified, hypoattenuating 
lesions measuring 0.2–1.5 cm were to be marked as lesions; 
the primary aim was to assess small (,0.6 cm) lesion 
detection, but we have noted that even some larger lesions 
are difficult to detect in practice. Thus, we included two 
additional subsets of equal lesion size range (0.6–1.0 cm and 
1.0–1.5 cm). Peritoneal and hepatic capsular lesions were to 
be ignored by readers. In the setting of conglomerate lesions, 
lesions were counted separately only if there was intervening 
normal hepatic parenchyma. Likert-type scores were given 
for each lesion with respect to characterization (a score of 1 
indicated definitely benign; 2, likely benign; 3, malignancy 

Figure 1: Flowchart of participant accrual.

Table 1: Imaging Settings for the Abdominal CT Protocol

Parameter Datum
Scanner model Discovery CT750 HD
Scan mode Helical, single source
Detector configuration (mm) 64 3 0.6
Beam collimation (mm) 40
Pitch 0.5
Rotation time (sec) 0.5
Table speed (mm/rotation) 20
Tube current modulation  
 (noise index/minimum mA)
 SD scan 12/250
 RD scan 19/125
Tube potential (kV) 120
Section thickness (mm) 5
Reconstruction thickness and  
 increment (mm)

2.5/2.5

Reconstruction algorithm
 FBP Standard
 ASIR 80% Iterative (image space)
 Veo 3.0 Iterative (projection  

 data space)
 ASIR-V 30%/60% Iterative (hybrid; deemphasizes  

  system optics compared  
with Veo)

Reconstruction kernel Standard plus

Note.—ASIR = adaptive statistical iterative reconstruction, FBP 
= filtered back projection, RD = reduced dose, SD = standard 
dose.
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by sequence and dose (SD vs RD). Lesion detection and 
diagnosis status were summarized by using frequencies and 
percentages by dose. The McNemar test was used to compare 
SD and RD scans with respect to diagnostic accuracy. k 
Statistics were estimated for lesion detection to assess reader 
agreements. If any reader detected a lesion for SD or RD, 
then that lesion was considered detected for that dose when 
compared against the consensus reference standard. This 
approach assesses the visibility of a lesion between scans 
while limiting the effects of reader differences. If any reader 
classified a lesion as malignant, that lesion was considered 
malignant for that SD or RD scan when compared against the 
consensus reference standard. Per-participant performance 
was not calculated because lesion-level assessment best 
delineates the comparison between scans. Rank and CNR 
of sequences and dose were estimated and compared by 
using a linear mixed model where participant and reader 
were included as random effects. The odds ratio of having a 
lesion confidence score of 4 or 5 and an artifact score of 1 or 
2 was calculated by using a generalized estimating equations 
approach to account for the random effect of each reader. 
Tukey-Kramer adjustment was used to control overall type I 
error rate at 5%. All tests were two sided, and P values of .05 
or lower were considered to indicate statistically significant 
differences. Statistical analysis was performed by using SAS, 
version 9.4 (SAS Institute, Cary, NC).

Results

Participant Characteristics
The studied group of 51 participants consisted of 29 men 
and 22 women, with a mean age of 57 years 6 13 (standard 
deviation) (range, 23–85 years), an average weight of 81 kg 6 
16 (range, 51–131 kg), and a mean body mass index of 28 kg/
m2 6 5 (range, 18–41 kg/m2).

Participants underwent robust oncologic imaging protocols 
during therapy, with 49 out of 51 participants having more 
than 10 cross-sectional studies for comparison review. The 
most recent CT examination for comparison to the study CT 
examination was performed within a mean period of 83 days 6 
28 (range, 48–196 days). Within a period of 6 months before or 
after the study examination, three CT scans 6 1 (range, one to 
six scans) were performed and available as comparisons. Of the 
two patients who underwent only one examination during this 
6-month period, one had undergone 10 CT examinations and 
the other had undergone 15 CT examinations for comparison 
beyond that 6-month period. Additionally, every participant 
had undergone other examinations (eg, PET/CT and MRI) 
to varying degrees, and these examinations were useful in the 
characterization of liver lesions.

Radiation Dose
For SD examinations, the mean CTDIvol was 25.8 mGy 6 7.9 
(range, 19.2–46.7 mGy), the mean SSDE was 30.7 mGy 6  
5.8 (range, 24.3–46.8 mGy), and the mean DLP was 714.6 
mGy·cm 6 250.2 (range, 407.1–1420.1 mGy·cm). The 
mean dose reduction of the RD scan was 53.9% 6 3.7 

Qualitative Analysis
After each primary series underwent lesion detection, readers 
scored the series for overall image quality with respect to 
artifacts, image texture, and qualitative resolution (where a 
score of 1 indicated excellent image quality without related 
issues of concern; 2, minor issues not interfering with 
diagnostic decision making; 3, minor issues possibly interfering 
with diagnostic decision making; 4, major issues affecting 
visualization of major structures but diagnosis still possible; 
and 5, issues affecting diagnostic information).

For each participant, after the second lesion detection 
session was completed and primary image quality score 
was given, all eight reconstructions for that participant 
were displayed side-by-side. The hanging order of the 
reconstructions was randomized, and annotations were 
removed. The view ports were linked so that identical 
section levels could be evaluated on all reconstructions 
while scrolling through the images. The scans were initially 
presented with a window width/level setting of 500/50 HU, 
and the readers were allowed to scroll through the cases, 
change the window width/level settings, zoom, and pan 
while reviewing the cases. A comparative scale was used 
to rank overall lesion depiction (eg, margin sharpness and 
lesion conspicuity) and image quality (eg, qualitative image 
resolution, soft-tissue contrast, noise, image texture) in the 
abdomen for each reconstruction. A rank of 0 was given 
for the best series, 21 for slightly inferior (no influence on 
diagnosis), 22 for mildly inferior (possible influence on 
diagnosis), 23 for moderately inferior (probable influence 
on diagnosis), and 24 for markedly inferior (impairing 
diagnosis). Scores could be used more than once if 
reconstructions were judged to be equivalent (16).

Quantitative Analysis
Three-dimensional spherical regions of interest (ROIs) 
were drawn on each reconstruction by using GE Advantage 
Workstation software 3.2 (GE Healthcare). The reconstructions 
were linked in each viewport so that identical ROIs could be 
drawn in the same location on each reconstruction. Three 
ROIs were drawn in the liver, one within each psoas muscle, 
two in the subcutaneous abdominal fat (one anterior and one 
posterior), and within the single largest hepatic metastasis 
fulfilling the study criteria per patient. Care was taken to 
avoid confounding structures such as large vessels, lesions, and 
atheromatous plaques in each ROI.

For each reconstruction, the contrast-to-noise ratio (CNR) 
relative to muscle was calculated for the liver as (ROIliver 2 ROIm)/
SD, where ROIliver is the mean attenuation (in Hounsfield 
units) for the liver and ROIm is the mean attenuation of 
the psoas muscles. The CNR for hepatic metastases was also 
calculated as (ROIliver 2 ROImetastasis)/SD, where SD is the mean 
image noise based on subcutaneous fat using the average standard 
deviation in Hounsfield units (32).

Statistical Analysis
Summary statistics of series score, series rank, and CNR 
were provided as means, standard deviations, and ranges 
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of lesion detection was 0.35 for SD FBP and 0.65 for RD 
ASIR-V 60; agreement was higher for the RD studies given 
that readers consistently missed the same lesions. Readers 1, 2, 
and 3 correctly detected 87%, 76%, and 84% of lesions with 
SD FBP and 70%, 63%, and 66% with RD ASIR-V 60; the 
mean lesion confidence scores were 3.9 6 1.4, 4.0 6 1.6, and 
4.4 6 1.3 for SD FBP and 3.2 6 1.7, 3.3 6 1.8, and 3.7 6 1.8 
for RD AV60, respectively. Readers reported significantly fewer 
lesion confidence scores of 4 or 5 for RD AV60 than for SD 
FBP (odds ratio [OR], 0.49; 95% CI: 0.40, 0.60; P , .001).

Qualitative Image Assessment
The mean image quality scores for SD FBP and RD ASIR-V 
60 for readers 1, 2, and 3 were 2.0 6 0.5, 1.2 6 0.6, 2.0 6 
0.7 and 2.9 6 0.8, 2.5 6 0.7, and 3.1 6 0.9, respectively. 
Readers reported significantly fewer image quality scores of 
1 or 2 for RD AV60 than for SD FBP (OR, 0.07; 95% CI: 
0.04, 0.13; P , .001). In order of highest to lowest, side-by-
side ranking of overall image quality was as follows (Fig 2): SD 
AV60 (mean, 20.6 6 0.7), SD AV30 (mean, 20.7 6 0.7), 
SD A80 (mean, 20.9 6 0.7), SD FBP (mean, 21.0 6 0.8), 
RD AV60 (mean, 21.5 6 0.8), RD AV30 (mean, 21.6 6 
0.9), RD A80 (mean, 21.8 6 0.8), and RD Veo 3.0 (mean, 
22.0 6 1.0). The image quality estimated mean rank was 
significantly different (P , .001) as a function of SD versus 
RD: SD scans had an estimated mean of 20.1 (95% CI: 21.0, 
20.7), and RD scans had an estimated mean of 21.8 (95% 
CI: 21.9,21.6]). The image quality estimated mean rank 
was also significantly different when comparing between each 

(range, 50.0%–59.7%) with a mean CTDIvol of 11.8 mGy 6 
3.3 (range, 9.6–21.2 mGy), mean SSDE of 14.1 mGy 6 2.4 
(range, 11.9–21.0 mGy), and a mean DLP of 324.9 mGy·cm 
6 104.6 (range, 203.1–637.1 mGy·cm).

Lesion Detection
Of the 260 lesions detected at reference standard assessment 
(233 metastatic; 27 benign), 212 (82%; 95% confidence 
interval [CI]: 76%, 86%) were detected with RD, while 252 
lesions (97%; 95% CI: 94%, 99%) were detected with SD (P 
, .001). The per-lesion sensitivity for the SD FBP scan versus 
that of the RD ASIR-V 60 scan according to lesion size was as 
follows: 81% (95% CI: 69%, 89%; 58 of 72 lesions) versus 
60% (95% CI: 48%, 71%; 43 of 72 lesions) for lesions smaller 
than 0.6 cm (P = .001), 99% (95% CI: 95%, 100%; 111 of 112 
lesions) versus 84% (95% CI: 76%, 90%; 94 of 112 lesions) 
for lesions between 0.6 and 1.0 cm (P , .001), 100% (95% 
CI: 93%, 100%; 49 of 49 lesions) versus 98% (95% CI: 89%, 
100%; 48 of 49 lesions) for lesions larger than 1.0 cm, and 94% 
(95% CI: 90%, 96%; 218 of 233 lesions) versus 79% (95% 
CI: 74%, 84%; 185 of 233 lesions) for all lesions. Performance 
data based on lesion size categories are listed in Table 2.  
Five participants were found to have no lesions that fulfilled 
the study criteria, and four participants were excluded from 
lesion detection data because they had more than 20 hepatic 
lesions. The other 42 participants had a median of four lesions 
(range, 1–20 lesions; 25th–75th percentile, 2–12 lesions) with 
a mean size of 0.7 cm 6 0.4 (range, 0.2–1.5 cm; 25th–75th 
percentile, 0.5–1.0 cm). The estimated k for reader agreement 

Table 2: False-Positive Lesion Localizations by Reader during SD FBP and RD ASIR-V 60 Evaluations

Lesion Size and  
Reader No. or Result

SD FBP RD ASIR-V 60

No. of Lesions 
Diagnosed as 
Malignant

No. of  
False-Positive 
Lesions

False-Positive  
Rate

No. of Lesions 
Diagnosed as 
Malignant

No. of  
False-Positive 
Lesions

False-Positive  
Rate

,0.6 cm
 1 55 7 12.7 (5.3, 24.5) 27 4 14.8 (4.2, 33.7)
 2 52 11 21.2 (11.1, 34.7) 38 7 18.4 (7.7, 34.3)
 3 63 12 19.1 (10.2, 30.9) 38 6 15.8 (6.0, 31.3)
 At least one reader positive 75 17 22.7 (13.8, 33.8) 53 10 18.9 (9.4, 32.0)
 At least two readers positive 57 10 17.5 (8.7, 29.9) 34 5 14.7 (5.0, 31.1)
0.6–1.0 cm
 1 106 5 4.7 (1.5, 10.7) 88 3 3.4 (0.7, 9.6)
 2 102 5 4.9 (1.6, 11.1) 79 4 5.1 (1.4, 12.5)
 3 106 4 3.8 (1.0, 9.4) 89 4 4.5 (1.2, 11.1)
 At least one reader positive 116 6 5.2 (1.9, 10.9) 98 5 5.1 (1.7, 11.5)
 At least two readers positive 109 5 4.6 (1.5, 10.4) 88 4 4.6 (1.3, 11.2)
.1.0 cm
 1 51 1 2.0 (0.0, 10.4) 47 1 2.1 (0.1, 11.3)
 2 50 2 4.0 (0.5, 13.7) 48 1 2.1 (0.1, 11.1)
 3 50 2 4.0 (0.5, 13.7) 48 2 4.2 (0.5, 14.3)
 At least one reader positive 52 2 3.8 (0.5, 13.2) 51 2 3.9 (0.5, 13.5)
 At least two readers positive 51 2 3.9 (0.5, 13.5) 49 2 4.1 (0.5, 14.0)

Note.—Data in parentheses are 95% confidence intervals. ASIR-V 60 = adaptive statistical iterative reconstruction–V 60%, FBP = filtered 
back projection, RD = reduced dose, SD = standard dose.
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performance. While our current data indicate that 
these reconstructions could not maintain observer 
performance at reduced radiation doses for low 
contrast low attenuation (LCLA) liver lesion 
assessment, qualitative evaluation does suggest that 
IRs offer improved perceptual image quality when 
comparing within each dose level (14,19).

Target radiation dose reduction of 50% in 
our study was chosen to approximate the 25th–
75th percentile CTDIvol reported by sites in the 
Dose Index Registry of the American College 
of Radiology for contrast-enhanced CT of the 
chest, abdomen, and pelvis (CTDIvol, 9–19 
mGy) (31). Additionally, this modest radiation 
dose reduction, compared with prior studies, was 
chosen because inferior hepatic lesion detection 
and characterization has been reported at doses 
below these levels (11,33). Goenka et al (34) had 
shown maintained performance at lower dose levels 
(CTDIvol, 10.1 mGy) than ours, albeit with lower 
reader confidence; however, the reference SD in 
their liver lesion phantom study (CTDIvol, 13.52 
mGy) was significantly lower than the SD used in 
our current study (CTDIvol, 25.8 mGy). With a 
similar reference dose level (CTDIvol, 14.5 mGy), 
Pooler et al (11) prospectively showed that an RD 

of 5 mGy was inferior for LCLA liver lesion detection. In the 
study by Fletcher et al (27), baseline liver imaging radiation 
doses (mean, 24 mGy; range, 12.7–46.9 mGy) were in line 
with our mean CTDIvol of 25.8 mGy in an overweight study 
population (mean body mass index, 28.27 kg/m2). Fletcher et 
al reported noninferiority for the detection of malignant hepatic 
lesions using 39% artificial dose reduction by noise insertion to 
an approximate CTDIvol of 14.6 mGy. However, in that study, 
just 18 of the nodules measuring less than 1 cm in size were 
malignant, and these lesions were of multiple different cancer 
types (27).

The detection of subtle pathologic findings, such as LCLA 
liver lesions in potentially resectable colorectal carcinoma, can 
markedly alter patient treatment. The identification of each liver 
metastasis is necessary not only to determine whether a patient is a 
surgical candidate but also to potentially direct other therapeutic 
decisions such as targeted therapies (35,36). Low contrast 
resolution is a function of lesion characteristics (size, relative 
attenuation to background), scanning technique (radiation 
dose level, collimation), reconstruction method (FBP vs IR 
algorithm, section thickness), and display (window width/level) 
(34). Our study showed that a significant number of lesions were 
either not identified or were mischaracterized on the RD scans 
(Table 2, Fig 3). Furthermore, readers demonstrated a significant 
loss in confidence when attempting to characterize lesions on 
the RD scan. Importantly, the inferior observer performance by 
RD scans in our study raises concern as to what proper dose 
levels should be used, particularly in oncologic imaging. The RD 
scans in our study were performed at dose levels considered to be 
standard in some prior studies (11,34). On the basis of our study 
results and our experience in practice, we propose that observer 

reconstruction (P , .001): AV60 had a mean of 21.1 (95% 
CI: 21.2, 20.9); AV30, a mean of 21.1 (95% CI: 21.3, 
21.0); A80, a mean of 21.4 (95% CI: 21.5, 21.2); FBP, a 
mean of 21.5 (95% CI: 21.6, 21.3); and Veo 3.0, a mean 
of 21.6 (95% CI: 21.7, 21.4). Pairwise comparisons also 
revealed statistically significant differences between radiation 
dose and reconstruction algorithm, with the exception of FBP 
to A80 (P = .57) and AV30 to AV60 (P = .89).

Quantitative Image Assessment
Estimated mean CNR in the liver was significantly different 
(P , .001) as a function of SD versus RD: SD scans had a mean 
CNR of 5.7 (95% CI: 4.9, 6.8), and RD scans had a mean 
CNR of 4.1 (95% CI: 3.5, 4.8). With the exception of A80 
to Veo 3.0 (P = .97), the estimated mean CNR in the liver 
was also significantly different when comparing between each 
reconstruction (removing the effect of dose level); it was 6.0 
(95% CI: 5.1, 7.0) for AV60, 4.8 (95% CI: 4.1, 5.7) for AV30, 
5.3 (95% CI: 4.5, 6.2) for A80, 3.4 (95% CI: 2.9, 4.0) for FBP, 
and 5.2 (95% CI: 4.4, 6.2) for Veo 3.0 (Table 3).

Discussion
Our prospective evaluation demonstrated that performance 
at reduced radiation dose (mean CTDIvol, 11.8 mGy) with 
ASIR-V is inferior to that for standard radiation dose FBP 
(mean CTDIvol, 25.8 mGy) for subcentimeter hepatic lesion 
evaluation in colorectal cancer with lower detection rates, per 
lesion sensitivity and reader confidence. Previous studies of 
FBP, ASIR, ASIR-V, and Veo 3.0 had shown AV30%–60% 
to provide the best balance of qualitative and quantitative 

Figure 2: Graph shows results of qualitative image evaluation of overall 
image quality rank. A score of 0 was given for the best series, 21 for slightly 
inferior (no influence on diagnosis), 22 for mildly inferior (possible influence on 
diagnosis), 23 for moderately inferior (probable influence on diagnosis), and 
24 for markedly inferior (impairing diagnosis). Mean image quality rank was 
significantly different from the next best reconstruction except between the standard 
dose (SD) and reduced dose (RD) adaptive statistical iterative reconstruction AV60/
AV30 reconstructions (P = .89) and the SD filtered back projection (FBP)/SD A80 
reconstructions (P = .57). A80 = adaptive statistical iterative reconstruction (ASIR) 
80%, AV30/60 = ASIR-V 30%/60%.
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dramatic de-noising can be carried out with IR 
techniques, there are potential degradations of 
related noise texture, contrast, and resolution in 
resultant CT images (37,38). It is now understood 
that spatial resolution can vary with nonlinear IR 
techniques depending on the underlying object 
contrast (39,40). It is therefore not surprising 
that the standard assessment of image noise and 
CNR do not necessarily correlate with improved 
performance (28). As seen in our study, RD AV60 
had a mean CNR of 5.82, yet demonstrated reduced 
performance compared with SD FBP, which had a 
lower mean CNR of 4.58.

CNR assessment of all eight reconstructions 
revealed an expected correlation between 
the reconstruction methods, as published by 
Goodenberger et al (14) with SD AV60 having 
the highest mean CNR of 8.0. Interestingly, while 

the utility of IR is typically discussed as it relates to radiation 
dose reduction, our study suggests that readers derive benefit 
from IR even at standard doses (Figs 2, 4), albeit not enough 
to overcome an approximately 50% radiation dose reduction. 
Goodenberger et al had previously shown that FBP was 
inferior to IR methods at the lower mean CTDIvol of 6.8 mGy 
6 3.8. Our study further confirms this relationship, but now 
at higher dose levels, with SD FBP inferior qualitatively when 
compared with SD AV30 and SD AV60. While the mean 
image quality rank trended higher for SD A80 compared with 
SD FBP, this was not significant (P = .57). In line with the prior 
Goodenberger et al study, lower qualitative performance was 
shown with Veo 3.0 compared with A80, AV30, and AV60 in 
the current study. Even with a slightly higher CNR compared 
with SD FBP, RD Veo 3.0 was ranked significantly lower 
qualitatively, which further supports CNR to be an inadequate 
surrogate marker of observer performance.

performance for small LCLA liver lesions cannot be adequately 
maintained much below our dose levels. Although Fletcher et 
al (27) showed maintained performance for LCLA liver lesion 
detection at 14.6 mGy, their study used artificial noise insertion, 
different image reconstruction methods, and heterogeneous 
hepatic lesion etiologies and the study population weight/
body mass index was unreported. Further observer studies 
with lesser radiation dose reduction such as with a CTDIvol of 
15–20 mGy, assuming an overweight population, are needed 
to determine proper dose levels. Objective measures such as a 
detectability index as reported by Smith et al (9) would be useful 
in determining achievable dose levels incorporating in vivo noise 
texture, image resolution, and the task function.

These more objective and clinically relevant assessments are 
critical in the current imaging environment where IR methods 
that are complex due to vendor differences and blended 
combinations may be difficult to translate to practice. While 

Table 3: Attenuation, Noise, and CNR in the Abdomen according to Dose and Reconstruction Method

Parameter SD FBP
SD  
ASIR 80

RD  
Veo 3.0

SD  
ASIR-V 30

SD  
ASIR-V 60

RD  
ASIR 80

RD  
ASIR-V 30

RD  
ASIR-V 60

Attenuation (HU)*
 Liver 121 6 22 121 6 22 115 6 20 121 6 22 121 6 22 117 6 21 117 6 21 117 6 21
 Psoas muscle 64 6 7 64 6 7 63 6 8 64 6 7 64 6 7 65 6 8 64 6 8 65 6 8
 Metastases† 64 6 20 64 6 20 63 6 20 64 6 20 64 6 20 63 6 20 63 6 20 63 6 20
Noise in subcutaneous fat‡ 13 6 2 8 6 2 11 6 2 9 6 1 8 6 1 11 6 2 12 6 2 9 6 1
CNR§

 Liver 4.6 6 2.0 7.2 6 3.5 5.1 6 2.2 6.5 6 2.8 8.0 6 3.4 5.2 6 2.6 4.6 6 2.1 5.8 6 2.7
 Metastases 4.3 6 2.7 7.0 6 4.5 5.2 6 2.5 6.1 6 3.7 7.5 6 4.6 4.9 6 3.3 4.4 6 2.8 5.6 6 3.5

Note.—Data are means 6 standard deviations. ASIR = adaptive statistical iterative reconstruction, CNR = contrast-to-noise ratio, FBP 
= filtered back projection, RD = reduced dose, SD = standard dose. Numbers after the reconstruction method are the reconstruction 
percentage.
* No significant difference in attenuation was identified between reconstructions.
† The attenuation of the single largest lesion that fulfilled study criteria was measured in each participant.
‡ Noise = Hounsfield unit standard deviation.
§ CNR was significantly different from the next-best reconstruction except between RD ASIR 80 and RD Veo 3.0 (P = .97). CNRs ranked 
from highest to lowest are as follows: SD ASIR-V 60, SD ASIR 80, SD ASIR-V 30, RD ASIR-V 60, RD ASIR 80, RD Veo 3.0, RD 
ASIR-V 30, and SD FBP.

Figure 3: Axial contrast-enhanced CT images show example of two small low-
contrast liver metastases (arrows) that were seen by all three readers during the 
evaluation of standard radiation dose (SD) filtered back projection (FBP) images but 
were missed during the evaluation of reduced dose (RD) adaptive statistical iterative 
reconstruction–V 60% (AV60) images.
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at only two radiation dose levels. However, effort was made 
to choose levels that would provide additional information 
in the literature. For example, our SD provides insight 
into imaging performance at our tertiary oncology center, 
which attempts to identify minute lesions that can alter 
treatment for patients with cancer. Furthermore, our 
RD scans allow comparison to the American College of 
Radiology dose index standard doses. Both the SD and RD 
scans provide new prospectively acquired information on 
observer performance at higher relative dose levels. Second, 
our assessment of SD/RD A80, SD/RD AV30, SD AV60, 
and RD Veo 3.0 was performed in a side-by-side manner 
without primary lesion detection evaluation. Our primary 
evaluation of SD FBP versus RD AV60 was chosen based 
on comparing the best reconstruction from Goodenberger 
et al (AV 60) and a standard evaluation without IR (FBP) at 
SD. Third, our quantitative evaluation included only CNR, 
mainly as a validation step given prior in-depth assessments 
such as recent work by Euler et al, which included ASIR-V 
(14,28). Fourth, while each participant had biopsy-
proven colorectal adenocarcinoma, the characterization 
of hepatic lesions in the reference standard was based on 
imaging diagnosis. Of note, given the extensive number 
of comparison examinations performed before and after 
the study examination for each participant, creation of 
the reference standard based on consensus was robust and 
consistent with earlier studies. Further evaluation of CT 
lesion detection in this setting in combination with MRI 
using a hepatobiliary contrast agent would be of interest, 

Our lesion detection and sensitivity data support prior 
study results where IR algorithms were unable to maintain 
image quality with progressively increasing degrees of radiation 
dose reduction (33). For RD primary lesion assessment, we 
used AV60, which was a superior algorithm in prior studies 
when compared with FBP, ASIR, and Veo 3.0 (14,19). Just 
as RD AV60 could not maintain image quality at a 54% dose 
reduction in our study, the same has been seen with other IR 
methods (24,41). However, it is important to note that this 
observation in our study occurred at a higher standard reference 
dose level than most prior relevant studies. The combined results 
of multiple prior studies appear to suggest 10 mGy to be a 
mean dose level below which liver lesion detection is at risk for 
reduced performance (10,11,40), but even this dose level was 
found to be inadequate in the evaluation of LCLA small liver 
lesions in our current study. The authors’ experience in a tertiary 
oncologic center suggests that relatively higher radiation doses 
are still needed for the consistent detection and characterization 
of small LCLA liver lesions, particularly in patients that may 
undergo surgical resection of hepatic metastases. Importantly, 
the range of required radiation doses not only depends on the 
clinical task, contrast agent injection parameters, and patient 
factors such as size, but also on the equipment in use at each 
center. The utility of operating at reduced radiation dose levels 
that may not reach a diagnostic threshold for the clinical task 
is in question, particularly in populations where the degree of 
radiation exposure is of unlikely significance (42).

There were several limitations of this study. First, direct 
objective measurement of lesion detection was performed 

Figure 4: Axial contrast-enhanced CT images of the abdomen show qualitative comparison of a low-contrast left hepatic metastasis (arrow and 
circle, arrow) between standard radiation dose (SD) and reduced dose (RD) scans obtained in the same breath hold during the current study. 
Readers ranked the AV60 reconstruction highest in their respective SD and RD scan groups. FBP = filtered back projection, A80 = adaptive 
statistical iterative reconstruction (ASIR) 80%, AV30 = ASIR-V 30%, AV60 = ASIR-V 60%.
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particularly if the studied group may undergo hepatic 
resection. The reference standard bias in our study using 
predominate comparison to CT likely overestimates 
performance. Fifth, our study population was specifically 
selected for participants of a single cancer type with already 
suspected hepatic metastases. While this allowed for a 
robust evaluation of hepatic lesion detection in colorectal 
carcinoma, observer performance may not translate to other 
patient groups and cancers. Additionally, further evaluation 
with a larger number of participants and observers is needed 
to confirm and expand upon our findings. Last, our results 
do not directly correlate to other vendors or body regions.

In summary, our prospective study indicates that CT 
evaluation of small low-contrast liver lesions is compromised 
in the setting of modest radiation dose reduction and that 
iterative reconstructions could not maintain observer 
performance. However, qualitative evaluation does suggest 
that iterative reconstructions offer improved perceptual 
image quality when comparing within each dose level. If 
the clinical task requires the detection of small low-contrast 
liver lesions, radiation dose levels should be maintained, at 
levels that may be higher than those listed in the American 
College of Radiology dose index registry. Further research is 
necessary to determine how these findings may correlate to 
other scanner platforms, CT manufacturers, dose levels, and 
reconstruction methods.
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