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Abstract

Objectives

Evaluation of the clinical performance of ultra-low-dose computed tomography (CT) images
of the shoulder joint on image-based diagnosis and three-dimensional (3D) printing surgical
planning.

Materials and methods

A total of 93 patients with displaced shoulder fractures were randomly divided into standard-
dose, low-dose, and ultra-low-dose groups. Three-dimensional printing models of all
patients’ shoulder joints were fabricated. The subjective image quality and 3D-printing
model were evaluated by two senior orthopedic surgeons who were blinded to any scanning
setting. A 3-point scale system was used to quantitatively assess the image quality and 3D
printing model, where more than 2 points meant adequate level for clinical application.

Results

Compared with the standard dose protocol, ultra-low-dose technique reduced the radiation
dose by 99.29% without loss of key image quality of fracture pattern. Regarding the subjec-
tive image quality, the assessment scores for groups of standard, low, and ultra-low doses
were 3.00, 2.76, 2.00 points on scapula and humerus, and 3.00, 2.73, 2.44 points on clavi-
cle. Scores of the three groups for the assessment of 3D printing models were 3.00, 2.80,
1.34 on scapula and humerus, and 3.00, 2.90, 2.06 on clavicle. In the ultra-low-dose group,
24 out of 33 (72.7%) 3D printing models of scapula and humerus received lower than 2
points of the evaluation score, while nearly 94% of the clavicle models reached the adequate
level.

Conclusion

An ultra-low-dose protocol is adequate for the diagnosis of either displaced or non-displaced
fractures of the shoulder joint even though minor flaws of images are present. Three-dimen-
sional printing models of shoulder joints created from ultra-low-dose CT scans can be used
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for surgical planning at specific bone like the clavicle but perform insufficiently in the overall
surgical planning for shoulder injuries due to the significant geometric flaws.

Introduction

Shoulder injury is primarily examined by conventional radiography and is likely to be further
examined by computed tomography (CT) to detect the fracture profile [1]. Computed tomogra-
phy is superior to radiography for characterizing fracture patterns [2], particularly for regions
with anatomic complexity such as shoulder joints. The dose of radiation for traditional CT on a
shoulder joint is extremely high with 5.28 mSv in comparison to conventional radiography, which
is less than 0.011 mSv [3, 4]. The risk of increased ionizing radiation exposure is the primary safety
concern for having a CT scan [5]. According to the data collected in the United States from 1991
to 1996, malignant tumors caused by CT radiation account for 0.4% of all malignant tumors [6—
8]. The high dose of radiation of conventional CT scans for patients with bone injuries restricts its
application for regular diagnosis. Employing low-dose CT on diagnosis and surgical procedure
has been of growing interest in clinical research with the technical advantage of CT scans being to
detect detailed anatomical structure. Many researchers targeted the technical solution to reduce
the negative effect of low image accuracy acquired from low-dose CT scans [9-12]. Convolutional
neural networks and iterative reconstruction algorithms were reported to use for improving
image quality [13]. Some published studies confirmed the significantly reduced rates of effective
radiation dose, from 49% to 97%, without losing the critical image quality acquired from low-
dose CT scans and iterative reconstruction technique [9-12].

A digital three-dimensional (3D) model created from CT scans is not only employed on
diagnosis and surgical assistance of bone injury but is also used to create physical models of
bone for surgical planning. Bone and joint fractures and anatomical structures of the shoulder
can be represented in a 3D-printed model which can be used to develop favorable surgical
plans and optimize a surgical protocol. Surgeons have previously employed 3D-printed models
to extract the fracture line of a shoulder joint and make a surgical plan for internal fixation
implants [14, 15]. Clinicians have utilized 3D-printed models to simulate the surgical proce-
dure of a shoulder joint to guide the implant location and size [16]. Furthermore, a 3D-printed
model is an excellent tool for communication between clinicians and patients who can under-
stand the treatment procedure and outcomes even though they lack medical knowledge [17].

Radiation dose of CT scans is positively correlated with CT image quality. There are few
studies on the comparative assessment of diagnosis performance among different radiation
doses of CT scans. Xiao et al. reported that 3D printed models created from low-dose CT
images effectively evaluate the clinical performance of diagnosis and surgical planning [9].
However, assessment of clinical performance on the diagnosis and surgical planning by using
3D printing models created from low-dose shoulder CT images has not been studied. Here, we
hypothesize that low dose CT scans meet the clinical needs for fracture diagnosis and 3D print-
ing models. The aim of this study is to evaluate the clinical performance of ultra-low-dose CT
images of shoulder joints on the image-based diagnosis and physical model-based (3D print-
ing) surgical planning.

Materials and methods
Patient selection

This prospective study was approved by the institutional ethics committee of the (BF2019-030-
01). All patients visiting our hospital for CT imaging for the diagnosis of shoulder trauma were
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entered into this study. Inclusion criteria were set as follows: age over 18 years, signed written
consent for participation, and admission from the emergency department with symptoms of
shoulder fracture, non-osteoporosis (bone density: lumbar spine and/or hip joint T-score >
-2.5). Exclusion criteria were as follows: less than 18 years of age, pregnancy, patients who
refused to participate in the study, and patients with osteoporosis (bone density: lumbar spine
and/or hip joint T-score < -2.5) or pathological fractures. Poor image quality of bone would
be present on an osteoporosis patient who has significant low bone mass. This may induce
poor grey contrast level between bone and surrounding soft tissues.

Patients with shoulder fractures were randomly divided into three groups: a standard-dose
group (150 mAs, 120 kV, limb joints No-smart-milliampere) [18], a low-dose group with (105
mAs, 100 kV), and an ultra-low-dose group (52 mAs, 80 kV). The above scanning configura-
tions were set based on the CT Whole Body Phantom "PBU-60 (Kyoto Kagaku Co., Ltd) and
pre-experimental CT scans. The CT parameters for each group are listed in Table 1. Written
informed consent was obtained from eligible participants.

Sample size determination

The sample size was calculated using the G*Power software for a priori analysis, with a sensi-
tivity of 95% (o = 0.05) and a study power of 90% (B = 0.10). Since the patients were classified
into three groups based on the dose, the effect size was determined by a one-way analysis of
variance (ANOVA) using the effect size measure Cohen’s f. The resulting sample size n is 12. If
10% missing values were defined, the sample size (n = 15 per group) is sufficient for the study.

Image acquisition

All selected subjects were scanned using a Toshiba 320-slice dynamic CT scanner (Canon
Aquilion One, Japan) with a 0.5 mm slice thickness. The scanning parameters (tube voltage

Table 1. CT parameters and patient information of each group.

Dose group

Tube voltage (kV)

Tube current (mA)

D-FOV (mm)

Rotation time (s)

Thickness (mm)

Interval (mm)

Scan length (cm)

AIRD3D

No.

Age(year)

Gender (Male/Female)

Normal bone mass/osteopenia (case)
Displaced/Non-displaced fracture (case)
Comminuted/simple fracture(case)
Clavicle fracture (case)

Humerus fracture (case)

Scapula fracture (case)

Two bones fracture (case)

D-FOV: Display Field of View

AIRD3D: Adaptive Iterative Dose Reduction

https://doi.org/10.1371/journal.pone.0275297.t001

Standard Low-dose Ultra-low-dose p
120 100 80

150 140 70

500 500 500

1 0.75 0.75

0.5 0.5 0.5

0.5 0.5 0.5

160 160 160

Standard Standard Standard

30 30 33

57.17 £ 13.84 58.33 £19.22 59.09 + 15.96 0.90
15/15 10/20 13/20 0.26
14/16 11/19 13/20 0.75
30/0 30/0 33/0 0.99
29/1 29/1 27/6 0.99
12 8 9 0.46
15 20 20 0.26
1 1 2 0.83
2 1 2 091
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and current) for each group are shown in Table 1. Patients’ images were reconstructed by
using adaptive iterative dose reduction (3D standard; Canon Medical Systems). Two dose met-
rics, volumetric CT dose index (CTDIvol; mGy) and dose length product (DLP; mGy*cm)
were reported. The effective dose (ED; mSv) for each examination was calculated by multipli-
cation of the DLP and a body region-specific conversion factor k (mSv/DLP) for the hip [19].

Preparation of three-dimensional models

Patients’ 3D models of shoulder joints were reconstructed from the original CT data stored in
DICOM format by using Mimics Research 19.0 (Materialise, Belgium). The threshold value
was set to “soft tissue (CT) 26-Max” for bone reconstruction. These 3D models (saved as MCS
format) were further transferred in Gcode format by using specific software provided by the
manufacturer of the 3D printer (Tianwei ColiDo 3.0, China). It took approximately 15.5 hours
to print each model. The printing material was polylactic acid. The resolution of the printed
models was 0.011 mm x 0.011 mm x 0.0025 mm.

Types of fractures in each group

In this study, shoulder fractures were divided into simple fractures and comminuted fractures
(defined as fractures in which the bone was broken with 3 or more pieces) in terms of the strat-
egy of treatment. Non-surgical treatment is mostly used for simple fracture, which is also
treated by surgery in some relatively severe cases. Comminuted displaced fractures have to be
treated by surgery [20]. According to the severity of fracture displacement, fractures were also
split into displaced and non-displaced fractures. Non-displaced fractures are defined as having
no angulation or shortening, a fracture line less than 2 mm wide and/or less than 1 mm dis-
placement of the bone cortex. Displaced fractures are defined as having a fracture line more
than 2 mm wide and/or more than 1 mm displacement of the bone cortex. Avulsion fractures
caused by a sudden and violent contraction of a muscle or ligament, were grouped into non-
displaced fractures or displaced fractures when the fracture had a long-diameter < 5 mm

or > 5 mm wide bone piece, respectively [21].

Assessment of image quality

Two senior radiologists, who were part of a national board of radiologists and were clinicians
with over 10 years of clinical experience for clinical diagnosis of musculoskeletal diseases per-
formed quality assessment of CT images. They were blinded to the results of the study.

The objective CT image quality metrics were performed by a senior radiologist. An oval
shape of region of interest (ROI) was placed on the thickest region of the cross section of the
cortical shell of the shoulder bones. The oval ROI was equal to 15 mm?. A circular ROI with
100 mm? was placed within muscle. Computed tomography values of shoulder muscle (CTm),
and shoulder cortical bone (CTc) were determined. The contrast-to-noise ratio (CNR) and sig-
nal-to-noise ratio (SNR) were calculated in terms of following equations [9]:

Signal-to-noise ratio = CTm mean / standard deviation (SD) mean

Contrast-to-noise ratio = (CTc mean-CTm mean) / SD mean.

The assessment of the subjective image quality of the fracture profile, which we hereafter
termed as the “fracture line score”, was performed by two radiologists with rich experience in
diagnosing musculoskeletal diseases. They were blinded to the scanning parameters and rated
the image quality based on a 3-point score system as previously reported [9]: 3 = good (good
visualization of fracture line, excellent definition of fracture profile, see Figs 1 and 2); 2 = ade-
quate (adequate visualization of fracture line, slightly impacted by the image noise, good
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Fig 1. A 51-year-old man with a left clavicle fracture underwent a standard-dose CT scan. 1A: oblique coronal
reconstruction images show the fracture line (arrow), and scored 3 points. 1B: Three-dimension reconstruction images
show the fracture lines (arrow), 3 points. 1C and 1D: Three-dimension printed model, scored 3 points.

https://doi.org/10.1371/journal.pone.0275297.9001

Fig 2. A 49-year-old man with a left clavicle fracture underwent a low-dose CT scan. 2A: oblique coronal
reconstruction images show the fracture line (arrow), scored 3 points. 2B: Three-dimension reconstruction images
show the fracture lines (arrow), scored 3 points. 2C and 2D: Three-dimension printed models of the clavicle and the
scapula and humerus, respectively, scored 3 points.

https://doi.org/10.1371/journal.pone.0275297.9002
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Fig 3. A 58-year-old man with a scapula body linear fracture underwent an ultra-low-dose CT scan. 3A: axial
images show the fracture line (arrow), scored 2 points. 3B: Three-dimension reconstruction images show the fracture
line (arrow), scored 2 points. 3C: Three-dimension printed model, scored 2 points.

https://doi.org/10.1371/journal.pone.0275297.9003

definition of fracture profile, see Fig 3); 1 = poor (inadequate visualization of fracture line,
poor definition of fracture profile, see Fig 4).

Assessment of three-dimensional printing models quality

The assessment of 3D printing models was performed by two senior orthopedic surgeons who
were blinded to the scanning parameters. The evaluation criteria were based on accuracy and
clarity of anatomic structure for surgical planning purposes. A 3-point rating system developed
by published studies was employed for the assessment: 3 = good (smooth surface of a model

Fig 4. A 65-year-old female with a left clavicle comminuted fracture underwent an ultra-low-dose CT scan. 4A:
axial image shows the fracture line (arrow), scored 2 points. 4B and 4D: Three-dimension reconstruction images of the
clavicle show the fracture line (arrow). 4B: Three-dimension reconstruction images, scored 2 points. 4C: Three-
dimension printed model of the scapula and humerus, scored 1 point.

https://doi.org/10.1371/journal.pone.0275297.9004
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with high similarity of anatomic structure, quite applicable for surgical planning); 2 = adequate
(slightly coarse surface of a model with minor geometric flaws, applicable to the basic surgical
planning not affected by the minor flaws); 1 = poor (coarse surface of a model with distinct
geometric flaws, not applicable to surgical planning) [9, 22, 23].

Gold standard of diagnosis performance

The gold standard of diagnosis performance is surgical findings or computed tomography/
Diagnostic Radiology re-examination. For fractures treated with surgery, the diagnosis was
made by observing the fracture directly during surgery. For fractures by expectant treatment,
the diagnosis was made based on the CT/DR review within 1-3 months: callus at the fracture
end; dysplasia or old fracture without callus.

Statistical analysis

The statistical package SPSS version 26.0 software (IBM Corp, Armonk, NY, USA) was used
for all statistical analyses. Continuous data were expressed as means+SD. Comparisons among
the standard-dose, low-dose, and ultra-low-dose groups were conducted by using independent
sample ANOVA tests. The Tamhane’s T2 test was employed to assess the difference in quality
scores of CT images and 3D-printed models. The intraclass correlation coefficient (ICC) test
was used to analyze the interobserver agreement in the qualitative evaluation. An ICC

value > 0.8 was considered as agreement.

Results

This study was comprised of 93 patients with a mean age of 58.33 years (range, 18-89 years). A
total of 55 (59.1%) of the patients were male. There were no statistical differences in age or gen-
der (Table 1). Patients with normal bone density or osteopenia were randomly assigned in the
standard, low-dose, and ultra-low-dose groups and generated the following distribution: 14
(normal bone density)/16 (osteopenia), 11/19, and 13/20 respectively. All patients suffered a
displaced fracture (Table 1). The standard and low-dose group had 1 simple and 29 commi-
nuted fractures while the ultra-low-dose group had 6 simple and 27 comminuted fractures
(Table 1). Fractures were present in three important bones of the shoulder joint, clavicle,
humerus, and scapula, in all groups. The distribution of clavicle fractures of three groups
(from standard to ultra-low-dose groups) were 12, 8, 9. Fractures of the humerus and/or scap-
ula in three groups were 18, 22, 24, as shown in Table 1.

Table 2. Objective image evaluation of the different groups.

Dose group Standard Low-dose Ultra-low-dose P

CTDIvol (mGy) 15.263 + 0.605 * 6.660 + 0.257 ° 1.654 + 0.066 © 0.001
DLP (mGy*cm) 229.733 +29.087 * 101.586 + 12.487 ° 25.154 +2.884 € 0.001
ED (mSv) 3.216 £0.328 ° 1.086 £0.135° 0.228 +0.026 0.001
CTc 1,737.30 £101.01* 1,897.84 + 130.42 " 2,124.72 £ 264.15 ¢ 0.001
CTc-CTm 1,675.79 £ 97.31 ° 1,840.07 + 128.59 ° 2,058.25 +272.21 0.001
SD 15.11+37° 2247+6.17° 33.53+8.28° 0.001
SNR 57.99 +12.44° 39.00 + 12.27° 26.14+7.95° 0.001
CNR 114.81 +22.82° 87.22+22.90 " 65.16 +18.18 0.001

Data are presented as mean + standard deviation.

Analysis of variance (F-test) between three groups. P < 0.05 means statistically significant. °P = 0.001 vs Low-dose; P = 0.001 vs Ultra-low-dose; °P = 0.001 vs Standard.

https://doi.org/10.1371/journal.pone.0275297 1002
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Table 3. Subjective evaluation of the different groups.

Dose group Bone Standard Low-dose Ultra-low P

Facture line score Clavicle 2.999 + 0.001° 2.7270 + 0.467° 2.444 +0.527¢ 0.001
Scapula and Humerus 2.999 +£0.001 * 2.761 + 0.436 ° 2.000 + 0.001 © 0.001

3D model score Clavicle 2.999 +0.001* 2.900 + 0.305" 2.062 + 0.435" 0.001
Scapula and Humerus 2.999+ 0.001 * 2.800 + 0.406 ° 1.343 £0.482 ¢ 0.001

Data are presented as mean + standard deviation.

Clavicle, Scapula and Humerus facture line score: Analysis of variance (F-test); F = 23.85-1049.35, *P = 0.001 vs Low-dose; °P = 0.001 vs Ultra-low-dose; °P = 0.001 vs
Standard. Clavicle 3D model score value: Analysis of variance (F-test); °P = 0.078 vs Low-dose, F = 3.22; °p = 0.001 vs Ultra-low-dose, F = 75.99; °P = 0.001 vs Standard,
F = 38.98. Scapula and Humerus 3D model score value: *P = 0.009 vs Low-dose, F = 7.25; °P = 0.001 vs Ultra-low-dose, F = 163.92; °P = 0.001 vs Standard, F = 353.04.

https://doi.org/10.1371/journal.pone.0275297.t003

The radiation dose of the ultra-low dose protocol was reduced by 99.29% compared with
standard counterpart, 0.228 vs 3.216 on effective dose values. The mean volumetric CT dose
index of the three groups (from standard to ultra-low-dose) was 15.26, 6.66, and 1.65 respec-
tively, and the mean DLP (mGy*cm) values were 229.73, 101.59, and 25.15 respectively, as
shown in Table 2.

The fracture line scores, which represented the subjective image quality, of the three bones
of the shoulder (the scapula, humerus, and clavicle) were positively dependent on the radiation
dose of images and dropped from 3 to 2 as the radiation dose decreased across the three groups
(Table 3). The fracture line score of clavicles with ultra-low-dose was 2.4, while the standard
dose was given a higher score of 3.

Three-dimension printed models in the standard dose group scored 3 points (see Fig 1).
The score of a 3D printing model declined as the radiation dose reduced. The clavicle models
of the ultra-low-dose group had a mean of 2.06 on the evaluation score while the 3D printing
models of the scapula and humerus created from ultra-low-dose CT scans received a lower
score (1.34) (see Fig 4) (Table 3).

The ICC values for the evaluation scores on 3D printed models and fracture lines of the
clavicle were 0.889 and 0.872, respectively. The same ICC value (0.872) was obtained from the
evaluation scores on 3D printed models and fracture lines of the scapula and humerus.

Discussion

This is the first study to perform an assessment on the clinical performance of ultra-low-dose
radiation on the image and physical model of shoulder joints. Assessments covered ultra-low-
dose to standard dose to investigate the comparative performance among different radiation
doses. Three-dimension printing physical models of shoulder joints were firstly used to evalu-
ate the radiation-dose-related clinical performance for shoulder injuries. A combination of
image and real entity is a technical method to help provide an answer to patients” and clini-
cians’ concerns regarding an optimal balance between radiation-related health risk, diagnostic
accuracy, and surgical optimization for shoulder injuries.

Sound clinical performance was present in the 3D printing models of the clavicle created
from ultra-low-dose CT scans. Favorable accuracy of anatomic structure allowed those models
to score high on surgical planning, with more than 2 points on the evaluation score given by
senior radiologists. Experimental results demonstrated that approximately 94% of these 3D
printed models had sufficient accuracy in terms of anatomic detail to perform surgical plan-
ning. There are no published studies investigating the clinical performance of ultra-low-dose
CT imaging on shoulder treatment strategy.
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We have previously demonstrated that the quality of CT images at the wrist joint meet the
needs of clinical fracture diagnosis and the image quality of the 3D model created from ultra-
low-dose CT scans is good enough for the surgical planning [9]. However, in terms of the scap-
ula part of the shoulder joint, the image quality of ultra-low dose CT meets the needs of clinical
fracture diagnosis, but the image quality of the 3D model is too low for the surgical planning.
Despite the favorable performance of an ultra-low-dose protocol on the clavicle model, the
ultra-low-dose protocol did not extend its clinical benefit on the 3D-printed model of the scap-
ula and humerus. These models were scored much lower (less than 1.5 out of 3) by professional
experts, and nearly 73% of the 3D-printing models on these bones were inapplicable to clinical
planning, suggesting a failure of clinical application of 3D-printing models of the scapula and
humerus by using an ultra-low-dose protocol. To our knowledge, an extremely thin layer of
cortical bone of the humeral head and scapula body may be the reason for poor gray level con-
trast development with respect to the surrounding soft tissues, particularly imaging under
ultra-low radiation dose (Fig 4). There is no doubt that a high radiation dose of CT scans leads
to the development of higher-definition images.

The conventional orthopaedic surgery system does not have high requirements for 3D
printing accuracy, which is enough to reach 0.1 mm. In this subject, extrusion 3D printing
(fused deposition modeling, FDM) is the cheapest of all 3D printing, and the 3D printing accu-
racy is 0.011 mm, which fully meets the demand. Higher precision 3D printing is too high cost
and is not conducive to research, making it difficult for 3D printing technology to be popular-
ized in hospitals. The relatively low-cost material PLA (Tianwei Co., Ltd., US $9.83 for 1IKG
PLA material) was used. Printing one 3D model costs about $2.16 and takes about 15.51+1.20
hours. In our study, 3D printing process self-study videos were provided by 3D printing man-
ufacturers, and 3D modeling parameters were adjusted remotely by the manufacturers. Ordi-
nary computers could run the software, which was easy to learn.

The ultra-low-dose protocol functioned well in the diagnosis of fracture pattern of an
injured shoulder. The ultra-low-dose protocol scored more than 2 points in subjective image
quality (Table 2), which suggests that a good balance between low health risk and acceptable
diagnosis accuracy can be reached. Alagic et al. [24] found that ultra-low-dose CT was a sound
alternative to conventional radiography in the diagnosis of peripheral skeleton injury (wrist,
ankle, and knee) as it had distinct technical strength in providing a detailed fracture pattern
inside the bone as well as a comparable radiation dose. It is not possible to suggest that ultra-
low-dose radiation is superior to the conventional standard dose in terms of clinical applica-
tion as the latter received a full score in the evaluation of subjective image quality.

A significant reduction in the radiation dose, by using an appropriate setting of scanning
parameters, can significantly reduce the negative influence of dose-related image quality of the
shoulder joint. The ultra-low-dose technique employed in this study reduced the tube voltage
by 33% and halved the tube current when compared to the standard-dose protocol. Further-
more, the algorithm of adaptive iterative dose reduction used in this study effectively worked
on noise reduction and improvement of image quality [9, 25, 26]. These technical means
reduced the effective radiation by 99.29%. Interestingly, the image quality was not visually
faded and was still well workable on the diagnosis. Further evaluation of the subjective image
quality reached a favorable level, more than 2 out of 3 points of the assessment score. Notably,
assessment of image quality of the shoulder joint, either on the definition of the type of fracture
or the severity of fracture, matched the gold standard developed from surgical findings. There
were precedents reported in published studies with focused on examination of extremities
(shoulder, pelvis, ankle, and wrist) where the radiation dose was reduced to 50% [3].

There are some limitations in this research. Firstly, an in-depth assessment of the diagnosis
performance of an ultra-low-dose protocol on acute shoulder injuries, where high-definition
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images were required, was not conducted in this study. Furthermore, the 3D printing tech-
nique would not be recommended for emergency diagnosis or treatment of shoulder injury
due to the time consuming printing procedure and expensive fabrication cost. It should be
noted that the image quality is associated with a variety of CT scanner hardware and software,
such as tube or detector material, iterative reconstruction algorithm, etc. Radiation dose is not
the only key component to evaluate the image quality.

Conclusions

An ultra-low-dose protocol is adequate for the diagnosis of either displaced or non-displaced
shoulder joint fractures even though minor flaws in the images are present. Three-dimension
printing models of the shoulder joint created from ultra-low-dose CT scans can be used in the
surgical planning of specific bones like the clavicle but perform insufficiently in the overall sur-
gical planning for shoulder injuries due to the significant geometric flaws. Radiation dose
should increase in order to obtain high-definition CT images for developing accurate 3D
printing models.

Supporting information

S1 Checklist.
(DOC)

S1 File.
(PDF)

Author Contributions
Conceptualization: Niyuan Luo, Jun Chen.

Data curation: Ming Lei, Meng Zhang, Niyuan Luo, Jingzhi Ye, Fenghuan Lin, Yanxia Chen,
Menggiang Xiao.

Formal analysis: Ming Lei, Menggiang Xiao.

Validation: Meng Zhang, Niyuan Luo, Jingzhi Ye, Fenghuan Lin, Yanxia Chen.
Visualization: Meng Zhang, Niyuan Luo, Jingzhi Ye, Fenghuan Lin, Yanxia Chen.
Writing - original draft: Ming Lei, Mengqiang Xiao.

References

1. Amini B, Beckmann NM, Beaman FD, Wessell DE, Bernard SA, Cassidy RC, et al. ACR Appropriate-
ness Criteria(®) Shoulder Pain-Traumatic. J Am Coll Radiol. 2018; 15(5s):S171-s88. Epub 2018/05/
05. https://doi.org/10.1016/j.jacr.2018.03.013 PMID: 29724420.

2. OzakiR, Nakagawa S, Mizuno N, Mae T, Yoneda M. Hill-sachs lesions in shoulders with traumatic ante-
rior instability: evaluation using computed tomography with 3-dimensional reconstruction. Am J Sports
Med. 2014; 42(11):2597-605. Epub 2014/09/19. https://doi.org/10.1177/0363546514549543 PMID:
25231817.

3. YiJW, Park HJ, Lee SY, Rho MH, Hong HP, Choi YJ, et al. Radiation dose reduction in multidetector
CT in fracture evaluation. Br J Radiol. 2017; 90(1077):20170240. Epub 2017/07/15. https://doi.org/10.
1259/bjr.20170240 PMID: 28707536; PubMed Central PMCID: PMC5858798.

4. Singh T, Muscroft N, Collier N, England A. A comparison of effective dose and risk for different collima-
tion options used in AP shoulder radiography. Radiography (Lond). 2021. Epub 2021/12/11. https://doi.
org/10.1016/j.radi.2021.11.007 PMID: 34887196.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275297 September 26, 2022 10/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275297.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0275297.s002
https://doi.org/10.1016/j.jacr.2018.03.013
http://www.ncbi.nlm.nih.gov/pubmed/29724420
https://doi.org/10.1177/0363546514549543
http://www.ncbi.nlm.nih.gov/pubmed/25231817
https://doi.org/10.1259/bjr.20170240
https://doi.org/10.1259/bjr.20170240
http://www.ncbi.nlm.nih.gov/pubmed/28707536
https://doi.org/10.1016/j.radi.2021.11.007
https://doi.org/10.1016/j.radi.2021.11.007
http://www.ncbi.nlm.nih.gov/pubmed/34887196
https://doi.org/10.1371/journal.pone.0275297

PLOS ONE

Ultra-low-dose shoulder CT scans

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Azman RR, Shah MNM, Ng KH. Radiation Safety in Emergency Medicine: Balancing the Benefits and
Risks. Korean journal of radiology. 2019; 20(3):399—404. Epub 2019/02/26. https://doi.org/10.3348/Kir.
2018.0416 PMID: 30799570; PubMed Central PMCID: PMC6389812.

Ron E. Cancer risks from medical radiation. Health Phys. 2003; 85(1):47-59. Epub 2003/07/11. https://
doi.org/10.1097/00004032-200307000-00011 PMID: 12852471.

Oestreich AE. RSNA centennial article: ALARA 1912: "As low a dose as possible" a century ago. Radio-
graphics. 2014; 34(5):1457-60. Epub 2014/09/11. https://doi.org/10.1148/rg.345130136 PMID:
25208291.

Mathews JD, Forsythe AV, Brady Z, Butler MW, Goergen SK, Byrnes GB, et al. Cancer risk in 680,000
people exposed to computed tomography scans in childhood or adolescence: data linkage study of 11
million Australians. BMJ. 2013; 346:f2360. Epub 2013/05/23. https://doi.org/10.1136/bmj.f2360 PMID:
23694687; PubMed Central PMCID: PMC3660619 at www.icmje.org/coi_disclosure.pdf and declare:
support from the Australian government (via the National Health and Medical Research Council, salary
support from the Cancer Research Campaign UK and other agencies) for the submitted work; no finan-
cial relationships with any organisations that might have an interest in the submitted work in the previous
three years; no other relationships or activities that could appear to have influenced the submitted work.

Xiao M, Zhang M, Lei M, Hu X, Wang Q, Chen Y, et al. Application of ultra-low-dose CT in 3D printing of
distal radial fractures. Eur J Radiol. 2021; 135:109488. Epub 2021/01/02. https://doi.org/10.1016/].
ejrad.2020.109488 PMID: 33385624.

Hamard A, Greffier J, Bastide S, Larbi A, Addala T, Sadate A, et al. Ultra-low-dose CT versus radio-
graphs for minor spine and pelvis trauma: a Bayesian analysis of accuracy. Eur Radiol. 2021; 31
(4):2621-33. Epub 2020/10/10. https://doi.org/10.1007/s00330-020-07304-8 PMID: 33034747.

Yeom JA, Roh J, Jeong YJ, Lee JC, Kim HY, Suh YJ, et al. Ultra-Low-Dose Neck CT With Low-Dose
Contrast Material for Preoperative Staging of Thyroid Cancer: Image Quality and Diagnostic Perfor-
mance. AJR Am J Roentgenol. 2019; 212(4):748-54. Epub 2019/03/23. https://doi.org/10.2214/AJR.
18.20334 PMID: 30900916.

Ludes C, Labani A, Severac F, Jeung MY, Leyendecker P, Roy C, et al. Ultra-low-dose unenhanced
chest CT: Prospective comparison of high kV/low mA versus low kV/high mA protocols. Diagn Interv
Imaging. 2019; 100(2):85-93. Epub 2018/12/19. https://doi.org/10.1016/.diii.2018.11.012 PMID:
30559037.

MacDougall RD, Zhang Y, Callahan MJ, Perez-Rossello J, Breen MA, Johnston PR, et al. Improving
Low-Dose Pediatric Abdominal CT by Using Convolutional Neural Networks. Radiol Artif Intell. 2019; 1
(6):180087. Epub 2020/02/25. https://doi.org/10.1148/ryai.2019180087 PMID: 32090205; PubMed
Central PMCID: PMC6884028.

Wang KC, Jones A, Kambhampati S, Gilotra MN, Liacouras PC, Stuelke S, et al. CT-Based 3D Printing
of the Glenoid Prior to Shoulder Arthroplasty: Bony Morphology and Model Evaluation. J Digit Imaging.
2019; 32(5):816—26. Epub 2019/03/02. https://doi.org/10.1007/s10278-019-00177-4 PMID: 30820811;
PubMed Central PMCID: PMC6737174.

Kang HJ, Kim BS, Kim SM, Kim YM, Kim HN, Park JY, et al. Can Preoperative 3D Printing Change Sur-
geon’s Operative Plan for Distal Tibia Fracture? BioMed research international. 2019; 2019:7059413.
Epub 2019/03/20. https://doi.org/10.1155/2019/7059413 PMID: 30886862; PubMed Central PMCID:
PMC6388342.

Chung KJ, Huang B, Choi CH, Park YW, Kim HN. Utility of 3D Printing for Complex Distal Tibial Frac-
tures and Malleolar Avulsion Fractures. Foot Ankle Int. 2015; 36(12):1504—10. https://doi.org/10.1177/
1071100715595695 PMID: 26199139

Yang L, Shang XW, Fan JN, He ZX, Wang JJ, Liu M, et al. Application of 3D Printing in the Surgical
Planning of Trimalleolar Fracture and Doctor-Patient Communication. BioMed research international.
2016; 2016:2482086. Epub 2016/07/23. https://doi.org/10.1155/2016/2482086 PMID: 27446944;
PubMed Central PMCID: PMC4947492.

Shim E, Kang Y, Ahn JM, Lee E, Lee JW, Oh JH, et al. Metal Artifact Reduction for Orthopedic Implants
(O-MAR): Usefulness in CT Evaluation of Reverse Total Shoulder Arthroplasty. AJR Am J Roentgenol.
2017; 209(4):860-6. Epub 2017/08/11. https://doi.org/10.2214/AJR.16.17684 PMID: 28796543.

Saltybaeva N, Jafari ME, Hupfer M, Kalender WA. Estimates of effective dose for CT scans of the lower
extremities. Radiology. 2014; 273(1):153-9. https://doi.org/10.1148/radiol. 14132903 PMID: 24937693.

Khmelnitskaya E, Lamont LE, Taylor SA, Lorich DG, Dines DM, Dines JS. Evaluation and management
of proximal humerus fractures. Adv Orthop. 2012; 2012:861598. Epub 2013/01/15. https://doi.org/10.
1155/2012/861598 PMID: 23316376; PubMed Central PMCID: PMC3535990.

Edwards JG, Clarke P, Pieracci FM, Bemelman M, Black EA, Doben A, et al. Taxonomy of multiple rib
fractures: Results of the chest wall injury society international consensus survey. The journal of trauma

PLOS ONE | https://doi.org/10.1371/journal.pone.0275297 September 26, 2022 11/12


https://doi.org/10.3348/kjr.2018.0416
https://doi.org/10.3348/kjr.2018.0416
http://www.ncbi.nlm.nih.gov/pubmed/30799570
https://doi.org/10.1097/00004032-200307000-00011
https://doi.org/10.1097/00004032-200307000-00011
http://www.ncbi.nlm.nih.gov/pubmed/12852471
https://doi.org/10.1148/rg.345130136
http://www.ncbi.nlm.nih.gov/pubmed/25208291
https://doi.org/10.1136/bmj.f2360
http://www.ncbi.nlm.nih.gov/pubmed/23694687
http://www.icmje.org/coi_disclosure.pdf
https://doi.org/10.1016/j.ejrad.2020.109488
https://doi.org/10.1016/j.ejrad.2020.109488
http://www.ncbi.nlm.nih.gov/pubmed/33385624
https://doi.org/10.1007/s00330-020-07304-8
http://www.ncbi.nlm.nih.gov/pubmed/33034747
https://doi.org/10.2214/AJR.18.20334
https://doi.org/10.2214/AJR.18.20334
http://www.ncbi.nlm.nih.gov/pubmed/30900916
https://doi.org/10.1016/j.diii.2018.11.012
http://www.ncbi.nlm.nih.gov/pubmed/30559037
https://doi.org/10.1148/ryai.2019180087
http://www.ncbi.nlm.nih.gov/pubmed/32090205
https://doi.org/10.1007/s10278-019-00177-4
http://www.ncbi.nlm.nih.gov/pubmed/30820811
https://doi.org/10.1155/2019/7059413
http://www.ncbi.nlm.nih.gov/pubmed/30886862
https://doi.org/10.1177/1071100715595695
https://doi.org/10.1177/1071100715595695
http://www.ncbi.nlm.nih.gov/pubmed/26199139
https://doi.org/10.1155/2016/2482086
http://www.ncbi.nlm.nih.gov/pubmed/27446944
https://doi.org/10.2214/AJR.16.17684
http://www.ncbi.nlm.nih.gov/pubmed/28796543
https://doi.org/10.1148/radiol.14132903
http://www.ncbi.nlm.nih.gov/pubmed/24937693
https://doi.org/10.1155/2012/861598
https://doi.org/10.1155/2012/861598
http://www.ncbi.nlm.nih.gov/pubmed/23316376
https://doi.org/10.1371/journal.pone.0275297

PLOS ONE

Ultra-low-dose shoulder CT scans

22,

23.

24,

25.

26.

and acute care surgery. 2020; 88(2):e40—e5. Epub 2019/10/08. https://doi.org/10.1097/TA.
0000000000002282 PMID: 31590175.

Goetti R, Baumdiller S, Feuchtner G, Stolzmann P, Karlo C, Alkadhi H, et al. High-pitch dual-source CT
angiography of the thoracic and abdominal aorta: is simultaneous coronary artery assessment possi-
ble? AJR Am J Roentgenol. 2010; 194(4):938—44. Epub 2010/03/24. https://doi.org/10.2214/AJR.09.
3482 PMID: 20308495.

Peng AW, Dardari ZA, Blumenthal RS, Dzaye O, Obisesan OH, Iftekhar Uddin SM, et al. Very High Cor-
onary Artery Calcium (>1000) and Association With Cardiovascular Disease Events, Non-Cardiovascu-
lar Disease Outcomes, and Mortality: Results From MESA. Circulation. 2021; 143(16):1571-83. Epub
2021/03/03. https://doi.org/10.1161/CIRCULATIONAHA.120.050545 PMID: 33650435; PubMed Cen-
tral PMCID: PMC8058297.

Alagic Z, Bujila R, Enocson A, Srivastava S, Koskinen SK. Ultra-low-dose CT for extremities in an acute
setting: initial experience with 203 subjects. Skeletal Radiol. 2020; 49(4):531-9. Epub 2019/09/11.
https://doi.org/10.1007/s00256-019-03309-7 PMID: 31501959; PubMed Central PMCID:
PMC7021773.

Cianci R, Delli Pizzi A, Esposito G, Timpani M, Tavoletta A, Pulsone P, et al. Ultra-low dose CT colono-
graphy with automatic tube current modulation and sinogram-affirmed iterative reconstruction: Effects
on radiation exposure and image quality. J Appl Clin Med Phys. 2019; 20(1):321-30. Epub 2018/12/27.
https://doi.org/10.1002/acm2.12510 PMID: 30586479; PubMed Central PMCID: PMC6333183.

Zhaol,BaoJ, GuoY, LiJ, Yang X, Lv T, et al. Ultra-low dose one-step CT angiography for coronary,
carotid and cerebral arteries using 128-slice dual-source CT: A feasibility study. Exp Ther Med. 2019;
17(5):4167-75. Epub 2019/04/17. https://doi.org/10.3892/etm.2019.7420 PMID: 30988794; PubMed
Central PMCID: PMC6447913.

PLOS ONE | https://doi.org/10.1371/journal.pone.0275297 September 26, 2022 12/12


https://doi.org/10.1097/TA.0000000000002282
https://doi.org/10.1097/TA.0000000000002282
http://www.ncbi.nlm.nih.gov/pubmed/31590175
https://doi.org/10.2214/AJR.09.3482
https://doi.org/10.2214/AJR.09.3482
http://www.ncbi.nlm.nih.gov/pubmed/20308495
https://doi.org/10.1161/CIRCULATIONAHA.120.050545
http://www.ncbi.nlm.nih.gov/pubmed/33650435
https://doi.org/10.1007/s00256-019-03309-7
http://www.ncbi.nlm.nih.gov/pubmed/31501959
https://doi.org/10.1002/acm2.12510
http://www.ncbi.nlm.nih.gov/pubmed/30586479
https://doi.org/10.3892/etm.2019.7420
http://www.ncbi.nlm.nih.gov/pubmed/30988794
https://doi.org/10.1371/journal.pone.0275297

