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CT assessment of low-contrast liver lesions is one of the 
more challenging tasks in medical imaging. The detec-

tion and characterization of these lesions is more difficult in 
the setting of reduced CT radiation dose (1–5). For many 
years, there has been an attempt to maintain image qual-
ity using iterative reconstruction methods, such as adaptive 
statistical iterative reconstruction (ASIR, GE Healthcare), 
to reduce image noise relative to filtered back projection 
(FBP) while reducing radiation dose. Although reduced-
dose imaging is sufficient in many clinical settings (6,7), 
the accuracy of CT in the assessment of small low-con-
trast liver lesions quickly becomes inadequate as radiation 
doses are lowered. Observer performance for low-contrast 

liver lesions, even with use of the more advanced hybrid 
reconstruction method, ASIR-V (GE Healthcare), has 
been shown to be inferior in examinations performed with 
a mean volume CT dose index (CTDIvol) of 11.8 mGy, 
approximating the American College of Radiology Dose 
Index Registry levels, when compared directly to exami-
nations using a mean CTDIvol of 25.8 mGy in a tertiary 
oncologic practice (1).

Although increasing radiation dose levels is a reasonable 
response to recently reported data (depending on baseline 
radiation dose levels in each practice) for patients in whom 
evaluation of small liver lesions is crucial (eg, in those with 
colorectal cancer in the presurgical setting), in the past few 

Background: Assessment of liver lesions is constrained as CT radiation doses are lowered; evidence suggests deep learning reconstruc-
tions mitigate such effects.

Purpose: To evaluate liver metastases and image quality between reduced-dose deep learning image reconstruction (DLIR) and 
standard-dose filtered back projection (FBP) contrast-enhanced abdominal CT.

Materials and Methods: In this prospective Health Insurance Portability and Accountability Act–compliant study (September 2019 
through April 2021), participants with biopsy-proven colorectal cancer and liver metastases at baseline CT underwent standard-
dose and reduced-dose portal venous abdominal CT in the same breath hold. Three radiologists detected and characterized lesions 
at standard-dose FBP and reduced-dose DLIR, reported confidence, and scored image quality. Contrast-to-noise ratios for liver 
metastases were recorded. Summary statistics were reported, and a generalized linear mixed model was used.

Results: Fifty-one participants (mean age 6 standard deviation, 57 years 6 13; 31 men) were evaluated. The mean volume CT 
dose index was 65.1% lower with reduced-dose CT (12.2 mGy) than with standard-dose CT (34.9 mGy). A total of 161 lesions 
(127 metastases, 34 benign lesions) with a mean size of 0.7 cm 6 0.3 were identified. Subjective image quality of reduced-dose 
DLIR was superior to that of standard-dose FBP (P , .001). The mean contrast-to-noise ratio for liver metastases of reduced-dose 
DLIR (3.9 6 1.7) was higher than that of standard-dose FBP (3.5 6 1.4) (P , .001). Differences in detection were identified only 
for lesions 0.5 cm or smaller: 63 of 65 lesions detected with standard-dose FBP (96.9%; 95% CI: 89.3, 99.6) and 47 lesions with 
reduced-dose DLIR (72.3%; 95% CI: 59.8, 82.7). Lesion accuracy with standard-dose FBP and reduced-dose DLIR was 80.1% 
(95% CI: 73.1, 86.0; 129 of 161 lesions) and 67.1% (95% CI: 59.3, 74.3; 108 of 161 lesions), respectively (P = .01). Lower lesion 
confidence was reported with a reduced dose (P , .001).

Conclusion: Deep learning image reconstruction (DLIR) improved CT image quality at 65% radiation dose reduction while preserv-
ing detection of liver lesions larger than 0.5 cm. Reduced-dose DLIR demonstrated overall inferior characterization of liver lesions 
and reader confidence.
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written informed consent was obtained. Our study was sup-
ported by an in-kind financial grant from General Electric. 
The authors maintained control of data collection, analysis, 
and submission.

Study Participants
On the basis of expected CT accuracy with an assumed discor-
dant 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 participants 
during the accrual period of September 2019 to April 2021 us-
ing a convenience sample. Inclusion and exclusion criteria are 
listed in Figure 1. Each participant's age, sex, height, weight, and 
body mass index were recorded. Follow-up of the participants 
occurred through June 2021.

Radiation Dose Estimation
The CTDIvol for a 32-cm phantom was recorded from the  scanner 
for each scan, and size-specific dose estimates were  calculated (19).

Imaging Technique and Postprocessing
All participants underwent CT of the abdomen in the portal ve-
nous phase (Table 1). The reduced-dose parameters were set to 
approximate a 65% radiation dose reduction from the standard 
dose. The target reduction was chosen to approximate the 25th–
75th percentile CTDIvol reported in the American College of 
Radiology Dose Index Registry (CTDIvol, 9–19 mGy) (20). The 
standard- and reduced-dose scans were obtained in the cranio-
caudal direction and then, without interval delay, in the reverse 
direction during the same breath hold. The order of these same 
breath-hold scans was alternated between participants. Weight-
based intravenous injection of contrast material was used with 
low-osmolar iohexol, 350 mg of iodine per milliliter (Omnipaque 
350, GE Healthcare), using a setting of 0.6 g of iodine per kilo-
gram and an injection duration setting of 40 seconds (injection 

years promising artificial intelligence–based reconstruction algo-
rithms such as deep learning image reconstruction (DLIR) (True 
Fidelity, GE Healthcare) and Advanced intelligent Clear-IQ 
Engine (Canon Medical Solutions) have become commercially 
available. These reconstruction algorithms may mitigate the level 
of higher needed dose. They use neural network–based models 
intended to provide denoising with an image texture similar to 
that of FBP (DLIR) or model-based iterative reconstruction (Ad-
vanced intelligent Clear-IQ Engine) (8,9). Several studies have 
shown improved perceptual image quality and standard metrics 
(eg, contrast-to-noise ratio) using deep learning reconstructions 
when compared with FBP and iterative reconstruction (10–17); 
however, nonlinear image reconstruction algorithms such as 
these require thorough clinical and task-based as-
sessments for an adequate comprehensive evaluation 
(18). Observer performance studies, such as assess-
ment of low-contrast liver lesions, must be carried 
out to determine the degree to which these new 
methods will mitigate known issues and limitations 
of iterative reconstruction.

We hypothesized that DLIR would improve per-
ceptual image quality, but that detection and char-
acterization of small lesions would be inferior with 
reduced radiation dose DLIR compared with stan-
dard-dose FBP. The purpose of this study was to eval-
uate the detection and characterization of colorectal 
cancer liver metastases between reduced-dose DLIR 
and standard-dose FBP contrast- enhanced abdomi-
nal CT and to qualitatively  compare image quality.

Materials and Methods
Our institutional review board approved this pro-
spective Health Insurance Portability and Account-
ability Act–compliant study (NCI-2018–01272, 
ClinicalTrials.gov identifier: NCT03151564), and 

Abbreviations
AV60 = ASIR-V 60%, CTDIvol = volume CT dose index, DLIR = deep 
learning image reconstruction, FBP = filtered back projection

Summary
At 65% reduced radiation dose, deep learning image reconstruction 
improved CT image quality with robust denoising but had inferior 
 lesion characterization and inferior lesion detection for small liver 
 lesions (0.5 cm) compared with standard-dose reconstruction.

Key Results
 n In a prospective study of 51 participants (161 lesions [127 

 metastases, 34 benign lesions]) with colorectal liver metastases, 
65% reduced-dose deep learning image reconstruction (DLIR) 
abdominal CT reconstructions were qualitatively superior to 
 standard-dose filtered back projection (FBP) (odds ratio, 1.6;  
P = .02).

 n Reduced-dose DLIR lesion characterization accuracy (67.1%; 108 
of 161 lesions) was inferior to that of standard-dose FBP (80.1%; 
129 of 161 lesions) (P = .01).

 n Reduced-dose DLIR had inferior detection of small lesions  
(0.5 cm) (72.3%; 47 of 65) compared with standard-dose  
FBP (96.9%; 63 of 65) (P , .001).

Figure 1: Study flowchart. * = Eight participants were found to have no lesions that fulfilled 
the study criteria, and two participants were excluded from lesion detection data because they 
had more than 20 liver lesions. Images from those participants still underwent qualitative and 
quantitative assessments.
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rate, 3–6 mL/sec; intravenous contrast material volume, 110–170 
mL) (21). Bolus tracking was used, with a 100-HU trigger value 
in the abdominal aorta at the level of the celiac artery and a scan 
delay of 46 seconds.

Six axial reconstructions of 2.5-mm section thickness were per-
formed for each participant: three at our standard radiation doses 
(FBP, ASIR-V 60% [AV60], medium-strength DLIR) and three 
at reduced radiation doses (FBP, AV60, medium-strength DLIR). 
Previous studies showed that AV60 was subjectively preferred 
to FBP, adaptive statistical iterative reconstruction, and model-
based iterative reconstruction (1,22); AV60 was thus chosen to be 
compared with the reference standard of FBP and with the new 
DLIR. An initial report suggested medium-strength DLIR to be 
the favored strength in the abdomen relative to the low- and high-
strength DLIR (11). All images were reviewed under standard 
clinical conditions with a 3-megapixel monitor (MDNC-3421, 
Barco) using a picture archiving and communications system.

Image Analysis

Lesion detection and reference standard.—Three board-certified 
abdominal radiologists independently performed lesion detection 
in two primary series while blinded to all information except can-
cer diagnosis. The readers were fellowship trained in abdominal 
imaging and had 10 years (N.A.W.B.), 8 years (S.G.), and 6 years 
(V.K.W.) of additional experience reading abdominal CT scans. 
Randomized images from 51 participants with biopsy-proven 

colorectal cancer and liver metastases were assessed over four ses-
sions, for a total review of 102 scans: standard-dose FBP versus re-
duced-dose DLIR. Only hypoattenuating liver lesions measuring 
0.2–1.5 cm were to be marked. Herein, we variably refer to lesions 
as low contrast, meaning that their CT number is not markedly 
different from that of the adjacent liver parenchyma. Likert-type 
scores were given for each lesion with respect to characterization 
(ie, a score of 1 indicated definitely benign; 2, likely benign; 3, 
malignancy not excluded; 4, likely malignant; 5, definitely malig-
nant) and related confidence in the diagnosis (ie, 1 for low confi-
dence and up to 5 for high confidence). Reconstructions were pre-
sented in a randomized fashion, and review of the standard-dose 
FBP versus reduced-dose DLIR images in the same participant 
was separated by a delay of 2–3 weeks to minimize recall. There 
was no time limit for review, but the radiologists were instructed 
to read in a manner similar to clinical practice.

Two nonblinded consensus reviewers (fellowship-trained 
abdominal radiologists [C.T.J. and U.S., with 10 years and 
4 years of additional experience beyond fellowship, respec-
tively]) subsequently established the reference standard using 
the saved reader marks and all available clinical data. Any 
disagreements between the consensus reviewers, although 
none occurred, would have been decided by a third radiolo-
gist (M.M.S., an abdominal imaging fellow at the time of the 
study). 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 re-
viewers as metastatic or benign. For participants with 20 or 
more metastatic lesions, lesion 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 scored 2 or lower on the malignancy scale were 
considered false-negative results (1,4).

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

For each participant, after the second lesion evaluation 
session was completed and the primary image quality score 
was given, all six reconstructions for that participant were 
displayed side-by-side on a single monitor and ranked (Ap-
pendix E1 [online]).

Quantitative analysis.—Three-dimensional spherical regions 
of interest were drawn in the liver and within the single larg-
est liver metastasis per participant on each reconstruction by 
using GE Advantage Workstation software (version 3.2, GE 
Healthcare) (Appendix E2 [online]).

Table 1: Imaging Settings for the Abdominal Protocol

Parameter Datum
Scanner model Revolution (GE Healthcare)
Scan mode Helical, single source
Detector configuration  

(mm)
128 3 0.625

Beam collimation (mm) 80
Pitch 0.508:1
Rotation time (sec) 0.5–0.7
Table speed (mm/rotation) 40.64
Tube current modulation
 SD scan Scan-by-scan settings to 

approximate prior standard scan
 RD scan Scan-by-scan settings to 

approximate 65% dose reduction
Tube potential (kV) 120
Acquisition section  

thickness (mm)
5, full mode

Reconstruction thickness  
and increment (mm)

2.5/2.5, plus mode

Reconstruction algorithms
 FBP Standard
 AV60 Iterative (hybrid)
 Medium-strength DLIR Deep learning image reconstruction
Reconstruction kernel Standard plus

Note.—AV60 = ASIR-V (GE Healthcare) 60%, DLIR = deep 
learning image reconstruction, FBP = filtered back projection, 
RD = reduced dose, SD = standard dose.
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Statistical Analysis
Summary statistics for CT number of the liver, liver noise, sig-
nal-to-noise ratio for liver lesions, signal-to-noise ratio for liver 
metastases, and contrast-to-noise ratios for liver metastases were 
provided. Categorical data for lesion detection and accuracy were 
summarized. The McNemar test was used to test the  marginal ho-
mogeneity in terms of diagnostic accuracy and lesion detection. 
The k statistics were estimated between readers and consensus re-
sults for lesion accuracy. If any reader detected a lesion for a dose, 
then that lesion was considered detected at that dose. For lesion 
characterization, if two readers (ie, majority rule) classified a le-
sion as true malignant or true benign, then that lesion was con-
sidered accurate with the reference standard. Image quality rank-
ing, signal-to-noise ratio, contrast-to-noise ratio, and noise were 
estimated and compared using the linear mixed model, where 
participant and reader were included as random effects. Tukey-
Kramer adjustment was used to control the overall type I error rate 
at 5%. For the categorical outcome (eg, high vs low confidence 
level, score of 4–5 vs 1–3), the generalized estimating equation 
method was used to account for random effect of reader. All tests 
were two-sided and P  .05 was considered to indicate a statisti-
cally significant difference. Statistical analysis was carried out using 
software (SAS, version 9.4; SAS Institute).

Results

Participant and Lesion Characteristics
Among 55 enrolled participants, one was excluded because of 
respiratory motion that limited image evaluation and three were 
excluded because of cancelled or rescheduled examinations. The fi-
nal study group consisted of 51 participants (31 men, 20 women) 
(Fig 1) with a mean age 6 standard deviation of 57 years 6 13 
(range, 25–90 years), a mean weight of 85 kg 6 17 (range, 49–
122 kg), and a mean body mass index of 29 kg/m2 6 6 (range, 
18–43 kg/m2). Reference standard assessment showed 161 liver 
lesions (127 metastases, 34 benign lesions) with a mean size of 0.7 
cm 6 0.3 (range, 0.2–1.5 cm) (Table 2). Eight participants had no 
lesions that fulfilled the study criteria, and two participants were 
excluded from lesion detection data because they had more than 
20 liver lesions.

Radiation Dose
For standard-dose examinations, the mean CTDIvol was 34.9 
mGy 6 10.9 (range, 10.1–54.9 mGy; 25th percentile, 26.1 mGy; 
75th percentile, 45.0 mGy) and the mean size-specific dose esti-
mate was 39.8 mGy 6 8.9 (range, 15.1–53.1 mGy). The mean 
dose reduction of the reduced-dose scan was 65.1% 6 2.8 (range, 
53.7%–68.8%), with a mean CTDIvol of 12.2 mGy 6 3.8 (range, 
3.4–18.9 mGy; 25th percentile, 9.3 mGy; 75th percentile, 15.9 
mGy) and mean size-specific dose estimate of 13.8 mGy 6 3.2 
(range, 5.1–19.7 mGy).

Intravenous Contrast Material Dose
The mean intravenous contrast material volume administered was 
146 mL 6 18 (range, 123–170 mL), with a mean rate of 4.4 mL/
sec 6 0.7 (range, 3.1–5.8 mL/sec).

Lesion Detection and Accuracy
Readers 1, 2, and 3 correctly detected 159, 150, and 150 le-
sions, respectively, during the standard-dose FBP evaluation 

Table 2: Participant and Lesion Characteristics

Parameter Value
No. of participants  51
Age (y)*  57 6 13
Sex
 Male  31
 Female  20
Height (cm)* 171 6 8
Weight (kg)*  85 6 17
Body mass index (kg/m2)*  29 6 6
Liver lesions
 No. of liver lesions 161 
 No. of malignant lesions 127
 No. of benign lesions  34
 Size (cm)*  0.7 6 0.3

Note.—Except where indicated, data are numbers of 
participants or lesions.
* Data are means 6 standard deviations.

Table 3: Performance of Standard-Dose CT using FBP versus Reduced-Dose CT using Medium-Strength DLIR

Performance 
Measure 

Standard-Dose FBP Reduced-Dose DLIR 

Lesion Size  
0.5 cm

Lesion Size  
0.6–1 cm

Lesion Size  
.1 cm

Lesion Size  
0.5 cm

Lesion Size  
0.6–1 cm

Lesion Size  
.1 cm

Detection (%) 96.9 (89.3, 99.6) 
[63/65]

100 (95.0, 100) 
[72/72]

100 (85.8, 100) 
[24/24]

72.3 (59.8, 82.7) 
[47/65]

90.3 (81.0, 96.0) 
[65/72]

 100 (85.8, 
100) [24/24]

Sensitivity (%) 78.9 (62.7, 90.4) 
[30/38]

98.5 (91.8, 100.0) 
[65/66]

100.0 (85.2, 100.0) 
[23/23]

47.4 (31.0, 64.2) 
[18/38]

80.3 (68.7, 89.1) 
[53/66]

95.7 (78.1, 
99.9) [22/23]

Specificity (%) 33.3 (16.5, 54.0) 
[9/27]

33.3 (4.3, 77.7) 
[2/6]

0.0 (0.0, 97.5)  
[0/1]

55.6 (35.3, 74.5) 
[15/27]

0.0 (0.0, 45.9)  
[0/6]

0.0 (0.0, 97.5) 
[0/1]

Accuracy (%) 60.0 (47.1, 72.0) 
[39/65]

93.1 (84.5, 97.7) 
[67/72]

95.8 (78.9, 99.9) 
[23/24]

50.8 (38.1, 63.4) 
[33/65]

73.6 (61.9, 83.3) 
[53/72]

91.7 (73.0, 
99.0) [22/24]

Note.—Performance data are per lesion. Numbers in parentheses are 95% CIs, and numbers in brackets are numbers of lesions.  
DLIR = deep learning image reconstruction, FBP = filtered back projection.
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and 130, 125, and 124 lesions during reduced-dose 
DLIR evaluation. Overall, 159 of 161 lesions were 
detected at standard-dose FBP (98.8%; 95% CI: 
95.6, 99.8) and 136 of 161 lesions were detected at 
reduced-dose DLIR (84.5%; 95% CI: 77.9, 89.7) 
(P , .001); this inferior detection with use of re-
duced-dose DLIR was due to inferior detection of 
small lesions (0.5 cm) (P , .001) (Table 3). The 
mean lesion confidence scores were 3.9 6 1.3, 4.2 
6 1.1, and 4.5 6 1.1 for standard-dose FBP and 
3.1 6 1.6, 3.5 6 1.6, and 3.5 6 1.6 for reduced-
dose DLIR, respectively. Readers reported higher 
confidence scores with standard-dose FBP com-
pared with reduced-dose DLIR (odds ratio, 0.32; 
95% CI: 0.24, 0.43; P , .001). The overall lesion 
characterization accuracies were 80.1% (95% CI: 
73.1, 86.0; 129 of 161 lesions) and 67.1% (95% 
CI: 59.3, 74.3; 108 of 161 lesions) for standard-
dose FBP and reduced-dose DLIR (P = .01); the 
overall sensitivities were 92.9% (95% CI: 87.0, 
96.7; 118 of 127 lesions) and 73.2% (95% CI: 
64.7, 80.7; 93 of 127 lesions) for standard-dose 
FBP and reduced-dose DLIR; the overall speci-
ficities were 32.4% (95% CI: 17.4, 50.5; 11 of 
34) and 44.1% (95% CI: 27.2, 62.1; 15 of 34) for 
standard-dose FBP and reduced-dose DLIR. False-

Table 4: False-Negative and False-Positive Lesion Data by Three Readers during Standard-Dose FBP and Reduced-Dose DLIR 
Evaluations

Lesion Size and 
Reader No.

Standard-Dose FBP Reduced-Dose DLIR (Medium Strength)

No. of Lesions 
Diagnosed as 
Malignant

No. of False-
Negative 
Lesions

No. of False- 
Positive 
Lesions

False- 
Positive  
Rate (%)

No. of Lesions 
Diagnosed as 
Malignant

No. of False-
Negative 
Lesions

No. of False- 
Positive 
Lesions

False- 
Positive  
Rate (%) 

0.5 cm
 1 45 11 18 40.0  

(25.7, 55.7)
24 23 9 37.5  

(18.8, 59.4)
 2 37 10 9 24.3  

(11.8, 41.2)
25 22 9 36.0  

(18.0, 57.5)
 3 52 7 21 40.4  

(27.0, 54.9)
41 18 22 53.7  

(37.4, 69.3)
0.6–1 cm
 1 69 2 5  7.3  

(2.4, 16.1)
54 18 6 11.1  

(4.2, 22.6)
 2 67 1 2  3.0  

(0.4, 10.4)
56 12 2  3.6  

(0.4, 12.3)
 3 67 3 4  6.0  

(1.7, 14.6)
58 14 6 10.3  

(3.9, 21.2)
.1 cm
 1 23 0 1  4.4  

(0.1, 21.9)
24 0 1  4.2  

(0.1, 21.1)
 2 21 2 1  4.8  

(0.1, 23.8)
21 2 0  0.0  

(0.0, 16.1)
 3 22 1 1  4.6  

(0.1, 22.8)
22 2 1  4.6  

(0.1, 22.8)

Note.—Numbers in parentheses are 95% CIs. DLIR = deep learning image reconstruction, FBP = filtered back projection.

Figure 2: Box-and-whisker plot shows results of qualitative 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 between each reconstruction based on the pairwise comparison (P 
, .001). Box represents the interquartile range and the whiskers demonstrate the maximum and 
minimum data range excluding dots that represent outlier data points. The X is the data mean. AV60 
= ASIR-V (GE Healthcare) 60%, DLIR = deep learning image reconstruction (with medium strength), 
FBP = filtered back projection, RD = reduced dose, SD = standard dose. 
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negative and false-positive lesion data are listed according to 
reader and lesion size in  Table 4. The estimated k values for 
reader  agreement of lesion accuracy for readers 1, 2, and 3 
were moderate to good: 0.51, 0.72, and 0.51, respectively, 
for standard-dose FBP and 0.61, 0.73, and 0.54 for reduced-
dose DLIR.

Qualitative Image Assessment
The mean image quality scores for standard-dose FBP for read-
ers 1, 2, and 3 were 3.8 6 0.4, 3.3 6 0.5, and 3.1 6 0.7, re-
spectively, and the mean image quality scores for reduced-dose 

DLIR were 4.1 6 0.5, 3.3 6 0.6, and 3.4 6 0.8. 
 Reduced-dose DLIR  received more high-quality 
scores than  standard-dose FBP (odds ratio, 1.6; 
95% CI: 1.1, 2.3; P = .02).

The side-by-side ranking data of series is shown 
in Figure 2 and Appendix E1 (online). Figure 3 
demonstrates a reduced-dose DLIR scan that was 
scored as superior to the standard-dose FBP scan; 
however, a lesion was missed by all three readers 
only on the reduced-dose DLIR scan. Figure 4, con-
versely, shows images in a participant in whom the 
reduced-dose DLIR scan was scored as better than 
or equivalent to the standard-dose FBP scan; read-
ers had fewer false-positive characterizations on the 
reduced-dose DLIR scan.

Quantitative Image Assessment
Hounsfield units and noise measurements with sig-
nal-to-noise ratio and contrast-to-noise ratio calcula-
tions are shown in  Table 5 and Appendix E2 (online).

Discussion
Identification and assessment of small low-contrast liver lesions 
is an important task in oncologic staging that can be constrained 
as CT examination radiation doses are lowered. However, evi-
dence suggests that new deep learning image reconstruction 
(DLIR) mitigates these effects. Our study demonstrates im-
provement of perceptual imaging quality, signal-to-noise ratio, 
and contrast-to-noise ratio with DLIR relative to ASIR-V 60% 
and filtered back projection. For liver lesions larger than 0.5 cm, 
reduced-dose DLIR maintained observer lesion detection with 
an aggressive dose reduction of 65% (mean reduced-dose vol-

Figure 3: Axial contrast-enhanced CT images of the abdomen obtained with standard-dose (SD) filtered back projection (FBP) and reduced-
dose (RD) deep learning image reconstruction (DLIR) with medium strength in the same breath hold. A 0.5-cm low-contrast left liver metastasis 
(arrow with circle) was missed by all three readers at reduced-dose deep DLIR and was detected by all readers at standard-dose FBP. Of note, 
all three readers qualitatively scored this reduced-dose DLIR scan as a 4 (superior to standard-dose FBP scores of 3 by each reader), even at 
the aggressive radiation dose reduction of 67% on this scan. Contrast-to-noise ratios for liver metastases in this participant for standard-dose FBP, 
standard-dose ASIR-V 60% (AV60), standard-dose DLIR, reduced-dose FBP, reduced-dose AV60, and reduced-dose DLIR were 3.6, 4.6, 4.7, 
2.1, 3.3, and 3.4, respectively.

Figure 4: Axial contrast-enhanced CT images show a 0.3-cm liver cyst (arrow) that was de-
tected by all readers on both scans. However, all three reader characterizations were false-positive 
at standard-dose (SD) filtered back projection (FBP), whereas the regular-dose (RD) deep learning 
image reconstruction (DLIR) with medium strength scan resulted in two true-negative characteriza-
tions and one false-positive characterization. At a radiation dose reduction of 66% on this scan, the 
cyst appears more conspicuous with DLIR, and each reader qualitatively scored the reduced-dose 
DLIR scan to be better than or equivalent to the standard-dose FBP scan. Contrast-to-noise ratios 
for liver metastases in this participant for standard-dose FBP and reduced-dose DLIR were 3.9 and 
4.6, respectively.
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ume CT dose index, 12.2 mGy). However, with reduced-dose 
DLIR, observer lesion characterization, confidence, and detec-
tion of small lesions (,0.5 cm) was inferior for that of low-con-
trast liver lesions.

The qualitative portion of our study corroborates results of 
previous studies that also indicated improved image quality with 
use of DLIR. For example, phantom analyses have demonstrated 
a preserved DLIR noise power spectrum similar in appearance 
to FBP and maintained high-contrast spatial resolution (10,23). 
However, progressively higher strengths of DLIR have been re-
ported to result in minor blurring of tiny liver lesions and vessels 
(Appendix E3 [online]) (11). This parallels one phantom analy-
sis indicating a reduction of low-contrast task transfer function 
for DLIR relative to FBP, albeit less so than the reduction by 
AV60 (23). In a study conducted with a mean CTDIvol of 10.5 
mGy, DLIR was qualitatively favored over ASIR-V 40% for ab-
dominal evaluation (15). Another study specifically assessing a 
pancreatic cancer sample (mean CTDIvol, 12 mGy) showed im-
proved observer performance with progressively higher strengths 
of DLIR compared with FBP and AV60 (16).

Although this mounting evidence indicates clinical improve-
ments with DLIR across disciplines (24,25), appropriate radia-
tion dose levels for other clinical tasks must be assessed. In a 
phantom analysis by Racine et al (26) using a detectability index, 
a potential dose reduction of 67% was suggested by using high-
strength DLIR compared with FBP (CTDIvol: 1, 3, and 7 mGy). 
A follow-up phantom study with model observer (CTDIvol range, 
2–20 mGy) indicated a dose reduction potential of 25% for 
medium-strength DLIR compared with AV60 (27). A phantom 
study by Greffier et al (28) using dose levels up to a CTDIvol of 
15 mGy proposed a potential reduction of 46%–56% with use of 
high-strength DLIR compared with ASIR-V 50%. Importantly, 
the degree to which any practice can reduce radiation doses will 
depend on their baseline and intended clinical task.

In oncologic imaging, liver evaluation of potential metastatic 
disease is crucial (29,30). In this setting, diagnostic image qual-
ity, rather than radiation dose reduction, is the main concern 
(31). Our study reconfirms that radiation dose levels in the 
American College of Radiology Dose Index Registry are too low 
for the clinical task of small low-contrast liver lesion evaluation 
(1,4). Our reduced-dose scans were obtained to approximate 
the 25th–75th percentile CTDIvol levels reported by sites in the 
College of Radiology Dose Index Registry for contrast-enhanced 
CT scans of the chest, abdomen, and pelvis (CTDIvol, 9–19 
mGy) (32). Our oncology practice currently uses reduced-dose 
levels only in patients with treated leukemia, lymphoma, and 
testicular cancer because these patient subgroups have a lower 
relative pretest probability of disease, particularly in the liver. On 
the basis of our results and the literature, further evaluation of 
dose levels that might preserve liver lesion evaluation are sug-
gested around a mean CTDIvol of 20 mGy. In addition, it will be 
useful to consider further specification of data sent to the Dose 
Index Registry such that perhaps higher-dose oncologic CT ex-
aminations are listed separately from general examinations (eg, 
appendicitis evaluation) to allow for better guidance regarding 
the appropriate oncologic achievable doses (ie, 50th percentile 
from the Dose Index Registry) and diagnostic reference levels (ie, 
the 75th percentile from the Dose Index Registry) (32).

Our study had limitations. First, unlike in normal clinical 
practice, readers characterized lesions without reference to previ-
ous examinations; thus, reader accuracy is likely underestimated 
for our study in this regard. However, the opposite effect may 
be true because of a reference standard bias, which predomi-
nately used CT. Second, as with any clinical CT evaluation 
in which radiation exposure is a requisite concern for patient 
safety, our study assessed only two dose levels. Third, human 
observer studies such as this are inherently limited by human 
factors such as reader fatigue; thus, only a limited number of 

Table 5: CT Number, Noise, Signal-to-Noise Ratio, and Contrast-to-Noise Ratio in the Abdomen according to Dose and 
Reconstruction Method

Variable SD FBP SD AV60
SD DLIR  
(Medium Strength) RD FBP RD AV60

RD DLIR  
(Medium Strength)

CT number (HU)*
 Liver 122 6 18  122 6 18  122 6 18 121 6 17 121 6 18 121 6 18
 Metastases†  62 6 16   63 6 16   62 6 17  63 6 18  63 6 17  63 6 18
Noise‡  17 6 3   11 6 2   10 6 2  25 6 3  16 6 3  15 6 3
SNR§

 Liver  7.2 6 1.6 11.6 6 2.6 12.3 6 2.9  5.0 6 1.1  8.0 6 1.9  8.4 6 2.0
 Metastases  3.6 6 1.0  5.8 6 1.8  5.9 6 1.9  2.5 6 0.7  4.0 6 1.3  4.2 6 1.4
CNR
 Metastases  3.5 6 1.4  5.7 6 2.2  6.0 6 2.5  2.4 6 1.0  3.7 6 1.6  3.9 6 1.7

Note.—Data are means 6 standard deviations. AV60 = ASIR-V (GE Healthcare) 60%, CNR = contrast-to-noise ratio, DLIR = deep 
learning image reconstruction, FBP = filtered back projection, RD = reduced dose, SD = standard dose, SNR = signal-to-noise ratio.
* No significant difference in CT number was identified between reconstructions.
† The Hounsfield unit of the single largest representative lesion fulfilling the study criteria was measured in each applicable participant.
‡ Noise = Hounsfield unit standard deviation in the liver. Noise was significantly different between each reconstruction.
§ Signal-to-noise and contrast-to-noise ratios were significantly different between dose and between FBP when compared with AV60 and DLIR 
reconstructions (P , .001). Signal-to-noise and contrast-to-noise ratios ranked from highest to lowest are as follows: standard-dose medium-
strength DLIR, standard-dose AV60, reduced-dose medium-strength DLIR, reduced-dose AV60, standard-dose FBP, and reduced-dose FBP.
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key reconstructions were assessed. Fourth, the results directly 
apply to only one vendor scanner model and associated recon-
structions. Fifth, although each participant had biopsy-proven 
colorectal adenocarcinoma, the characterization of liver lesions 
in the reference standard was based on imaging diagnosis.

In conclusion, deep learning image reconstruction (DLIR) 
improved subjective CT image quality, signal-to-noise ratio, 
and contrast-to-noise ratio relative to ASIR-V and filtered back 
projection (FBP) and maintained observer lesion detection at a 
65% radiation dose reduction for lesions larger than 0.5 cm rela-
tive to standard-dose FBP. Although these improvements from 
DLIR likely potentiate radiation dose reduction in many clinical 
scenarios, our results demonstrated that DLIR did not main-
tain observer lesion detection for very small low-contrast lesions 
(0.5 cm), lesion characterization, or lesion confidence. There-
fore, we advise using caution with regard to radiation reduction 
and the choosing of appropriate radiation dose levels for patients 
in whom small liver lesion evaluation is important. Future stud-
ies should be carried out to determine appropriate radiation dose 
levels in other clinical scenarios and to assess other dose levels for 
evaluation of low-contrast liver lesions.
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