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INTRODUCTION

With more anatomical and diagnostic information, low-
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Objective: The purpose of this study was to assess whether a deep learning (DL) algorithm could enable simultaneous noise 
reduction and edge sharpening in low-dose lumbar spine CT.
Materials and Methods: This retrospective study included 52 patients (26 male and 26 female; median age, 60.5 years) who 
had undergone CT-guided lumbar bone biopsy between October 2015 and April 2020. Initial 100-mAs survey images and 50-mAs 
intraprocedural images were reconstructed by filtered back projection. Denoising was performed using a vendor-agnostic DL 
model (ClariCT.AITM, ClariPI) for the 50-mAS images, and the 50-mAs, denoised 50-mAs, and 100-mAs CT images were compared. 
Noise, signal-to-noise ratio (SNR), and edge rise distance (ERD) for image sharpness were measured. The data were summarized 
as the mean ± standard deviation for these parameters. Two musculoskeletal radiologists assessed the visibility of the normal 
anatomical structures.
Results: Noise was lower in the denoised 50-mAs images (36.38 ± 7.03 Hounsfield unit [HU]) than the 50-mAs (93.33 ± 
25.36 HU) and 100-mAs (63.33 ± 16.09 HU) images (p < 0.001). The SNRs for the images in descending order were as follows: 
denoised 50-mAs (1.46 ± 0.54), 100-mAs (0.99 ± 0.34), and 50-mAs (0.58 ± 0.18) images (p < 0.001). The denoised 50-mAs 
images had better edge sharpness than the 100-mAs images at the vertebral body (ERD; 0.94 ± 0.2 mm vs. 1.05 ± 0.24 mm, 
p = 0.036) and the psoas (ERD; 0.42 ± 0.09 mm vs. 0.50 ± 0.12 mm, p = 0.002). The denoised 50-mAs images significantly 
improved the visualization of the normal anatomical structures (p < 0.001).
Conclusion: DL-based reconstruction may enable simultaneous noise reduction and improvement in image quality with the 
preservation of edge sharpness on low-dose lumbar spine CT. Investigations on further radiation dose reduction and the 
clinical applicability of this technique are warranted.
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dose CT (LDCT) of the lumbar spine provides better image 
quality than lumbar spine radiography at a similar radiation 
level [1]. LDCT of the lumbar spine has been investigated 
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for evaluating traumatic and non-traumatic spinal diseases, 
and iterative reconstruction (IR) has been integrated into 
the LDCT protocol to further improve image quality [2-5].

To date, various CT technologies have been developed 
to reduce radiation doses and maintain image quality [6]. 
IR techniques implemented in LDCT reduce image noise 
and increase the signal-to-noise ratio (SNR); however, 
these techniques result in a reduction in subjective image 
sharpness [7]. Although this reduction in image sharpness 
may be tolerable in the imaging of the brain or abdomen, 
it can be a problem when interpreting a musculoskeletal CT 
where the bones and surrounding soft tissues create a high-
contrast interface [8]. Therefore, when designing the LDCT 
protocol for the lumbar spine, it is necessary to not only 
reduce noise but also maintain image sharpness.

Another limitation of the IR techniques is that they are 
vendor-specific according to their application choices and 
compatible with only the latest scanners. In practice, a 
vendor-neutral option may be preferable because there 
are various types of CT models produced by multiple CT 
manufacturers [9]. A recently proposed deep learning 
(DL)-based denoising technique adopted for coronary CT 
angiography and chest CT showed both the vendor-neutral 
capability and clinical applicability with image sharpness 
preservation [10,11].

In our institution, when performing a CT-guided lumbar 
spine biopsy, the initial survey CT scan was obtained at 100 
mAs, and the CT scan to guide biopsy needle placement 
was obtained at 50 mAs. Hence, we had a real dataset 
of lumbar CT images obtained at two different radiation 
doses from the same patient. Using this dataset, this 
study aimed to investigate whether the DL algorithm could 
enable simultaneous noise reduction and image sharpness 
preservation on LDCT of the lumbar spine.

MATERIALS AND METHODS

Study Population
This retrospective study was approved by our Institutional 

Review Board, which waived the requirement for informed 
consent from all the patients (IRB No. H-2006-177-1135). 
Between October 2015 and April 2020, 95 CT-guided lumbar 
spine biopsies were performed. Because the field of view 
(FOV) affects the quality of the CT image, 38 cases in which 
the FOV difference between the initial survey CT images 
and the intraprocedural CT images exceeded 10% were 
excluded. Four cases in which the levels of the initial survey 

CT images and intraprocedural CT images did not match 
were excluded. One case was excluded because the artifacts 
caused by motion were too severe. A total of 52 patients (26 
male and 26 female; median age, 60.5 years; range, 37–87 
years) were included.

Image Acquisition
All the patients were scanned using a 64-MDCT scanner 

(Brilliance 64, Philips Healthcare) at a tube voltage of 120 
kVp. All the images were reconstructed in 2.5-mm axial 
slices using a filtered back-projection algorithm with a 
bone kernel. During the procedure, the initial survey CT 
images were obtained at 100 mAs, and the intraprocedural 
CT images were obtained at 50 mAs. Datasets of 10–16 
consecutive axial images obtained at 100 mAs and 50 mAs 
were used for the analysis. The other CT parameters were as 
follows: gantry rotation time, 500 ms; detector collimation, 
0.625 mm; detector pitch, 1.015; FOV, 139–377 mm for the 
initial survey CT and 140–372 mm for the intraprocedural 
CT; and matrix size, 512 x 512.

Denoise Processing
A DL-based reconstruction from the filtered back-

projection images obtained at 50 mAs was performed using 
a commercially available DL model (DLM; ClariCT.AI, ClariPI), 
and the performance of DLM has been assessed in previous 
studies [10-16]. The DLM is an image-based CT denoising 
solution that uses a U-net-based convolutional neural net 
(CNN) architecture composed of contracting and expansive 
paths. The ensemble technique can increase accuracy, but 
it was not applied because it is disadvantageous in that the 
amount of calculation is increased. The DLM was trained 
with diverse vendor-specific LDCT images from different 
vendors to acquire generalized learning and vendor-agnostic 
denoising capability. The training dataset consisted of more 
than 1 million CT images encompassing 2100 different 
combinations of scan and reconstruction conditions, 
including varying kV, mAs, automatic exposure control, slice 
thickness, contrast enhancement, and convolution kernels 
with 24 scanner models from four major CT manufacturers 
(GE Healthcare, Siemens, Philips Healthcare, and Cannon). 
Among them, 80% of the datasets were used for model 
training, whereas the remaining 20% were used for 
validation. In addition, external validation was performed 
in four independent clinical studies. To prepare the training 
dataset, a synthetic sinogram-based LDCT simulation 
technique was used to generate a paired set of LDCT images 
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and standard-dose CT images from a set of standard-
dose CT images. The denoising speed was approximately 5 
images/s on a computer equipped with a 3.0-GHz i7-9700 
CPU and an NVIDIA GeForce RTX 2080 GPU.

Quantitative Image Analysis
As objective indexes for the image quality analysis, 1) 

image noise, 2) SNR, and 3) edge rise distance (ERD) were 
measured or assessed for each CT image. A circular region 
of interest (ROI) of a radius of 50–55 mm2 was drawn on 
the paraspinal muscle by a board-certified musculoskeletal 
radiologist. Within the intraprocedural scan range, the 
level with the largest cross-sectional area of the paraspinal 
muscle without artifacts due to the biopsy needle was 
selected to draw the ROI. The ROIs were placed at the same 
location in the 50-mAs, denoised 50-mAs, and 100-mAs CT 
images. To minimize bias from a single measurement, the 
average value was obtained after drawing the ROI three 
times. Image noise was defined as the standard deviation 
of the Hounsfield units (HUs) within the region. The SNR 
was calculated by dividing the mean attenuation of the 
paraspinal muscle by the previously obtained image noise. 
The ERD was calculated for the objective evaluation of the 
image sharpness. The ERD represents the distance between 
two points at 10% and 90% of the maximal HU across a 
structural border (Fig. 1). A shorter ERD indicates a higher 
sharpness of the image. To measure the ERD, multiple short-
line segments were drawn perpendicular to the margin 

of the vertebral body and the psoas muscle on each CT 
image. The edge line profiles along the short-line segments 
were automatically extracted, averaged, and plotted using 
MATLAB software programmed with MATrix LABoratory 
(MathWorks) [10,11]. 

Qualitative Image Analysis
Qualitative image analysis was performed with a bone 

window setting (window width of 4000 HU and window 
level of 500 HU) and a soft tissue window setting (window 
width, 400 HU; window level, 30 HU) using a PACS viewer. 
In a single session, two musculoskeletal radiologists with 
6 and 27 years of experience in lumbar spine CT who were 
blinded to the tube current independently graded the 
overall image quality, which was modified from a previously 
published noise scoring system [17]. The visibility of 
anatomical structures was also evaluated using a 4-point 
ranking scale (Table 1). The seven anatomical regions for 
analysis included the vertebral body, transverse and spinous 
processes, facet joint, dural sac, ligamentum flavum, 
psoas muscle, and paraspinal muscle. The final score was 
determined by taking the average of the scores provided by 
the two raters.

Statistical Analysis
Continuous variables are expressed as mean ± standard 

deviation. Statistical analysis was performed using a 
commercially available software package (SPSS version 

Fig. 1. The process of obtaining ERD. 
A. Multiple line segments drawn orthogonal to the vertebral body cortex. B. ERD was calculated as the distance between two points at 10% and 
90% of maximal intensity on the average edge line profile reflecting the average HU of drawn lines. ERD = edge rise distance, HU = Hounsfield unit
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25; IBM Corp.). Noise, SNR, ERD, and image quality scores 
were compared using one-way analysis of variance (ANOVA) 
followed by a posthoc test using pairwise comparison with 
Bonferroni correction. The interobserver reliability for 
subjective indicators was analyzed using a linear weighted 
kappa coefficient graded as follows: none to slight, < 0.20; 
fair, 0.21–0.40; moderate, 0.41–0.60; substantial, 0.61–
0.80; and excellent, > 0.80 [18]. Statistical significance 
was set at p < 0.05.

RESULTS

Radiation Exposure from CT Scans
The mean volume CT dose index (CTDIvol) and the dose 

length product (DLP) of the initial survey scans obtained 
at a radiation dose of 100 mAs were 6.45 ± 0.14 mGy 
(range, 5.47–6.47) and 103.93 ± 11.5 mGy-cm (range, 
97.8–139.9), respectively. The mean CTDIvol and DLP of the 
intraprocedural scans obtained at a radiation dose of 50 
mAs were 3.56 ± 0.1 mGy (range, 3.23–3.59) and 9.3 ± 1.05 
mGy-cm (range, 9.0–12.9), respectively.

Quantitative Image Analysis
The results of quantitative image analysis are presented 

in Table 2. In the paraspinal muscle, the image noise of the 
denoised 50-mAs images (36.38 ± 7.03 HU) was significantly 
lower than that of the 50-mAs (93.33 ± 25.36 HU) and 
100-mAs (63.33 ± 16.09 HU) images (p < 0.001). The SNR 
was highest for the denoised 50-mAs images (1.46 ± 0.54), 
followed by the 100-mAs (0.99 ± 0.34) and 50-mAs (0.58 ± 
0.18) images (p < 0.001).

Edge sharpness was significantly higher in the denoised 
50-mAs images than in the 100-mAs images at the margin 
of the vertebral body (ERD: 0.94 ± 0.2 mm vs. 1.05 ± 0.24 
mm, p = 0.036) and the psoas muscle (ERD: 0.42 ± 0.09 mm 
vs. 0.50 ± 0.12 mm, p = 0.002). No significant difference in 
sharpness was observed between the 50-mAs and 100-mAs 
images (vertebral body, p = 0.261; psoas muscle, p = 0.196) 
and between the 50-mAs and the denoised 50-mAs images 
(vertebral body, p = 0.632; psoas muscle, p = 0.203) (Table 3).

Qualitative Image Analysis
The subjective overall image quality was significantly 

higher in the denoised 50-mAs images than in the 50-

Table 1. Subjective Image Quality Assessment Rating
Score Overall Image Quality Visibility of Anatomical Structures

1
Markedly noisy, marginally acceptable for the guidance 
  of an access device

Contours are ragged and images are inadequate for diagnostic 
  reporting

2
Quite noisy, but acceptable for the guidance of an access 
  device

Structures can be seen and contours are blurred or serrated

3
Slightly noisy, inferior to standard-dose CT, 
  but providing some diagnostic information

Structures are fairly defined and some contours are blurred

4 Minimal noise, almost equivalent to standard-dose CT Structures are well defined

Table 2. Image Noise and SNR of the Paraspinal Muscle
Parameter 50 mAs Denoised 50 mAs 100 mAs P (ANOVA)

Noise, HU 93.33 ± 25.36 36.38 ± 7.03 63.33 ± 16.09 < 0.001*
SNR 0.58 ± 0.18   1.46 ± 0.54 0.99 ± 0.34 < 0.001†

Data are presented as mean ± standard deviation. *Post hoc test revealed that mean noise of denoised 50 mAs images was significantly 
lower than that of 50 mAs images (p < 0.001) and 100 mAs images (p < 0.001), †Post hoc test revealed that the mean SNR of denoised 
50 mAs images was significantly higher than that of 50 mAs images (p < 0.001) and 100 mAs images (p < 0.001). ANOVA = analysis of 
variance, HU = Hounsfield unit, SNR = signal-to-noise ratio

Table 3. Image Sharpness (ERD) of the Vertebral Body and the Psoas Muscle
Structure 50 mAs Denoised 50 mAs 100 mAs P (ANOVA)

ERD (Vertebral body) 0.98 ± 0.23 0.94 ± 0.20 1.05 ± 0.24 < 0.001*
ERD (Psoas muscle) 0.46 ± 0.13 0.42 ± 0.09 0.50 ± 0.12   0.003†

Data are presented as mean ± standard deviation. Shorter ERD represents a sharper edge. *Post hoc test revealed that the ERD of 
denoised 50 mAs images was significantly reduced compared with that of 100 mAs images (p = 0.036), †Post hoc test revealed that 
the ERD of denoised 50 mAs images was significantly reduced compared with that of 100 mAs images (p = 0.002). ANOVA = analysis of 
variance, ERD = edge rise distance
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mAs and 100-mAs images (p < 0.001). Figure 2 shows 
the representative 50-mAs, denoised 50-mAs, and 100-
mAs images. In addition, the denoised 50-mAs images, 
compared with the 100-mAs and 50-mAs images (p < 
0.001), significantly improved the visualization of the 
normal anatomical structures (vertebral body, transverse 
and spinous processes, dural sac, ligamentum flavum, psoas 
muscle, and paraspinal muscle) (Table 4). The interobserver 

agreement for the subjective image quality scoring was 
moderate to excellent (weighted kappa = 0.588–0.865) 
(Table 5). The mean score of each reader is presented in 
Supplementary Table 1.

DISCUSSION

We applied the DL-based noise reduction technique to 

Fig. 2. CT images of a 43-year-old female patient for biopsy of the L5 left superior articular process lesion. 
A-C. 50 mAs (A), denoised 50 mAs (B), and 100 mAs (C) images of the bone window setting. D-F. 50 mAs (D), denoised 50 mAs (E), and 100 
mAs (F) images of the soft tissue window setting.

A

D

B

E

C

F

Table 4. Subjective Image Quality Analysis
CT* Difference of Mean Scores

50 mAs (A) Denoised 50 mAs (B) 100 mAs (C) |(A)-(B)| |(A)-(C)| |(B)-(C)|
Overall image quality 1.95 ± 0.37 3.71 ± 0.32 2.80 ± 0.33 1.76 0.85 0.91
Visibility of anatomical structures

Vertebral body 2.51 ± 0.55 3.82 ± 0.28 3.21 ± 0.52 1.31 0.70 0.61
Transverse and spinous processes 2.49 ± 0.62 3.70 ± 0.37 3.24 ± 0.46 1.21 0.75 0.46
Facet joint 2.72 ± 0.64 3.54 ± 0.49 3.47 ± 0.54 0.82 0.75 0.07†

Dural sac 1.29 ± 0.35 2.62 ± 0.80 1.90 ± 0.59 1.33 0.61 0.72
Ligamentum flavum 1.43 ± 0.50 2.85 ± 0.68 2.23 ± 0.60 1.42 0.8 0.62
Psoas muscle 1.67 ± 0.44 3.62 ± 0.46 2.64 ± 0.53 1.95 0.97 0.98
Paraspinal muscle 1.70 ± 0.49 3.35 ± 0.53 2.63 ± 0.58 1.65 0.93 0.72

*Data are mean ± standard deviation of the average score of the two reviewers, †Scores were significantly different in all comparisons 
except for facet joint visualization between (B) and (C).
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LD lumbar spine CT images obtained for CT-guided bone 
biopsy. The results of our study demonstrated a significant 
improvement of 61% in noise reduction and an increase 
of 151.7% in SNR through the DL-based reconstruction of 
50-mAs lumbar spine CT images. The SNR of the denoised 
50-mAs image was even greater than that of the 100-
mAs image. For the qualitative evaluation, the proposed 
technique facilitated an improvement in the overall image 
quality and the visibility of anatomical structures that 
included both low- and high-contrast objects. These results 
were obtained without the expense of decreasing image 
sharpness.

Several studies have addressed the radiation dose 
reduction in spine CT. LD lumbar spine CT is helpful in the 
preoperative and postoperative evaluation of scoliosis 
[19]. Another study found that LDCT is appropriate for 
the detection of lytic bone lesions and the assessment of 
fracture risk in patients with multiple myeloma, representing 
a significant alternative to conventional skeletal surveys 
with radiography [20]. Since IR was integrated into 
the CT protocol, the LDCT of the lumbar spine has been 
investigated for its potential use in various spinal diseases 
and it provides acceptable image quality [2-5].

IR can reduce noise, but the problem of texture change, 
which is described as “artificial,” “blotchy,” “pixelated,” 
“plastic-like” or “waxy,” is often raised [5,6,21]. In other 
words, there is a trade-off between noise reduction and 
image sharpness in clinical CT images. Our study used a 
pre-trained DL model that was fed with simulated low-
dose lumbar spine CT images generated from standard-dose 
lumbar spine CT images and trained to extract only noise 
components while leaving the other anatomical structures 
of the lumbar spine unaffected. In this study, the pre-

trained model extracted noise component images from real 
LD lumbar spine CT images, which were subtracted from the 
input images to produce denoised lumbar spine CT images. 
Unlike IR, this process is performed only in the image 
domain; therefore, if noise is extracted and removed, the 
texture can be prevented from being deformed. As a result, 
the 50-mAs image with DL-based denoising maintained 
edge sharpness compared with the original 50-mAs image 
and was even superior to the 100-mAs image.

Several studies have been conducted on the relationship 
between radiation dose and sharpness on musculoskeletal 
CT [4,7,22], but the sharpness was subjectively graded. 
ERD has been used as a parameter to evaluate sharpness 
on coronary CT angiography or chest CT [10,23-25]. To the 
best of our knowledge, this is the first study to measure the 
sharpness of musculoskeletal CT.

Our DL-based denoising technique, which was based on 
a modified U-net type CNN model, has already been shown 
to reduce image noise in coronary CT angiography and 
ultralow-dose chest CT [10,11]. Given that the DLM we used 
had been trained for various scanner models and protocols, 
it can be utilized clinically in any institution. It does not 
interfere with the workflow because the work progresses 
so quickly that the computation per patient takes only 5–6 
seconds. Therefore, generality and speed are strengths of 
this technique.

The effective radiation dose for lumbar spine radiography 
is approximately 1.1 mSv on average [26]. Protocols for 
standard-dose lumbar CT (300 mAs, 120 kVP, 6–10 mSv) 
and LD lumbar CT (150 mAs, 120 kVP, 1–4 mSv) have been 
reported in several studies [1,5,26-29]. Because the initial 
survey (100 mAs, 120 kVP) and intraprocedural (50 mAs, 
120 kVP) scans had different scan lengths in our study, it 
was not appropriate to directly compare the DLPs or the 
effective doses. Instead, when the CTDIvols were compared, 
it was 6.45 ± 0.14 mGy vs. 3.56 ± 0.1 mGy for the standard-
dose CT and LDCT, respectively.

Our study has several limitations. First, the hybrid and 
model-based IRs were not compared. This comparison was 
not possible because not all raw data were permanently 
left on the DICOM server. In addition, because the IR 
implements various image qualities according to the vendor 
type and strength setting, a much more sophisticated and 
complex design is required. Second, we analyzed the image 
quality for the visualization of anatomical structures rather 
than spinal bone lesions. Unlike the 100-mAs images, the 
50-mAs images showed a biospy needle at the level of the 

Table 5. Interobserver Reliability for Subjective Image Quality 
Scores

Imaging Parameters
Weighted Kappa Value

50 mAs Denoised 50 mAs 100 mAs
Overall image quality 0.696 0.590 0.606
Visibility of anatomical structures

Vertebral body 0.697 0.481 0.713
Transverse and 
  spinous processes

0.772 0.656 0.637

Facet joint 0.865 0.759 0.777
Dural sac 0.588 0.707 0.743
Ligamentum flavum 0.820 0.814 0.785
Psoas muscle 0.747 0.684 0.737
Paraspinal muscle 0.763 0.749 0.814
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spinal bone lesion and did not allow us to compare the 
image qualities for the spinal lesion. Third, the radiation 
dose reduction in this study was mathematically assumed 
and may differ from the actual dose received by the patient. 
Finally, only the axial scan image was evaluated, as it was 
obtained for CT-guided biopsy.

In conclusion, this study demonstrated that DL-based 
reconstruction enabled simultaneous noise reduction and 
the preservation of edge sharpness on LD lumbar spine CT. 
Investigations on further radiation dose reduction and the 
clinical applicability of this technique are warranted.
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