Original Article

Experimental and clinical validation of an artificial intelligence
metal artifact correction algorithm for low-dose following up CT
of percutaneous vertebroplasty

Dan Zhu'¥, Zhengjia Zhang", Yixuan Zou’*, Guozhi Zhang’*, Xiaofei Cheng’, Dagian Wan*’,
Songtao Ai'

'Department of Radiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China; *United Imaging
Healthcare, Shanghai, China; 'Department of Orthopaedic Surgery, Shanghai Key Laboratory of Orthopaedic Implants, Shanghai Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai, China; ‘Department of Orthopedics, Tongji Hospital, School of Medicine,
"Tongji University, Shanghai, China; *Key Laboratory of Spine and Spinal Cord Injury Repair and Regeneration, Ministry of Education, Shanghai,
China

Contributions: (I) Conception and design: S Ai, Y Zou, G Zhang; (II) Administrative support: S Ai, G Zhang; (III) Provision of study materials or
patients: D Zhu, Z Zhang, X Cheng, D Wan; (IV) Collection and assembly of data: D Zhu, Y Zou; (V) Data analysis and interpretation: D Zhu,
Y Zou; (VI) Manuscript writing: All authors; (VII) Final approval of manuscript: All authors.

*These authors contributed equally to this work.

Correspondence to: Songtao Ai, MD. Department of Radiology, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine,
No. 639, Zhizaoju Road, Shanghai 200011, China. Email: aistss1024@sjtu.edu.cn; Dagian Wan, MD. Department of Orthopedics, Tongji Hospital,
School of Medicine, Tongji University, No. 1239 Siping Road, Shanghai, China; Key Laboratory of Spine and Spinal Cord Injury Repair and
Regeneration, Ministry of Education, Shanghai, China. Email: wdqwdq1986@126.com; Xiaofei Cheng, MD. Department of Orthopaedic Surgery,
Shanghai Key Laboratory of Orthopaedic Implants, Shanghai Ninth People’s Hospital, Shanghai Jiao Tong University School of Medicine, No. 639,
Zhizaoju Road, Shanghai 200011, China. Email: chengxf2015@163.com.

Background: Low-dose following up computed tomography (CT) of percutaneous vertebroplasty (PVP)
that involves the use of bone cement usually suffers from lightweight metal artifacts, where conventional
techniques for CT metal artifact reduction are often not sufficiently effective. This study aimed to validate
an artificial intelligence (AI)-based metal artifact correction (MAC) algorithm for use in low-dose following
up CT for PVP.

Methods: In experimental validation, an ovine vertebra phantom was designed to simulate the clinical
scenario of PVP. With routine-dose images acquired prior to the cement introduction as the reference, low-
dose CT scans were taken on the cemented phantom and processed with conventional MAC and AT-MAC.
The resulting image quality was compared in CT attenuation, image noise, signal-to-noise ratio (SNR), and
contrast-to-noise ratio (CNR), followed by a quantitative evaluation of the artifact correction accuracy based
on adaptive segmentation of the paraspinal muscle. In clinical validation, ten cases of low-dose following up
CT after PVP were enrolled to test the performance of diagnosing sarcopenia with measured CT attenuation
per cemented vertebral segment, via receiver operating characteristic (ROC) analysis.

Results: With respect to the reference image, no significant difference was found for AI-MAC in CT
attenuation, image noise, SNRs, and CNR (all P>0.05). The paraspinal muscle segmented on the AI-MAC
image was 18.6% and 8.3% more complete to uncorrected and MAC images. Higher area under the curve
(AUC) of the ROC analysis was found for AI-MAC (AUC =0.92) compared to the uncorrected (AUC =0.61)
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Conclusions: In low-dose following up CT for PVP, the AI-MAC has been fully validated for its superior

ability compared to conventional MAC in suppressing artifacts and may be a reliable alternative for
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and MAC images (AUC =0.70).
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Introduction

Osteoporotic vertebral compression fracture is a rather
common issue with the elderly population. Patients may
suffer from severe pain in the lower back, limited mobility,
and kyphosis, while some have asymptomatic spinal canal
compromise or posterior vertebral wall disruption (1). The
minimally invasive interventions include percutaneous
vertebroplasty (PVP) and kyphoplasty, where the
polymethyl methacrylate bone cement is used to restore
stability of fractured vertebral bodies and reduce pain. The
reinforcing effect is immediate and obvious such that these
surgeries are becoming a routine procedure (2-4). However,
complications are being found, some of which may even
lead to paraplegia and death. Those reported most often
are re-collapse of the cemented vertebrae, pulmonary
embolism, as well as soft tissue damage and nerve root
compression that are related to the extravasation of bone
cement (5-9). Moreover, a growing number of studies
suggest that vertebral compression fracture is both a cause
and a consequence of sarcopenia, which manifests as a
reduction of density and strength in skeletal muscles (10).
As such, it is important to be able to continuously
monitor the postoperative state of the bone cement as well
as the soft tissue surrounding the surgical site. Computed
tomography (CT), in this circumstance, may be the
most accessible and convenient option for the following
up observation. The only problem is that bone cement
in clinical use may contain various radiopaque agents,
such as barium sulfate, zirconium dioxide, tungsten,
tantalum, iodinated methacrylate, etc., which are slightly
more attenuating compared to the bony tissue (11). In
CT imaging, the property of such materials compares to
lightweight metal implants. These could result in streak
artifacts due to beam hardening, making it difficult or
impossible for detailed evaluation of the cemented region.
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To tackle with the metal artifacts in CT, both the
interpolation-based metal artifact correction (MAC)
algorithms and the dual-energy CT (DECT)-based optimal
virtual mono-energetic imaging have been proven to be
useful (12). In case of the bone cement, MAC and DECT
are supposed to be sufficient. Unfortunately, due to the
high frequency of postoperative follow-up, radiologists
often recommend low-dose CT to reduce the long-term
radiation burden for patients. This is a problem for the
conventional MAC and for DECT because increased
noise could certainly affect the interpolation and the
decomposition processing (13,14). Those circumstances
make doctors difficult to comprehensively consider
radiation burden, image quality, and frequency of following
up. Since very few studies on CT metal artifacts dealt with
low dose, the artifacts caused by bone cement in following
up examinations remain a specific point of challenge.

Recently, an artificial intelligence (Al)-based MAC
(AI-uMAC, United Imaging Healthcare, Shanghai, China)
algorithm was introduced, which was developed using the
deep-learning technique and was in principle different
than the conventional MAC (15). It might be a potentially
better solution in low-dose CT scenarios. This study aimed
to validate the capability of this Al-based MAC in dealing
with the artifacts caused by bone cement in low-dose
following up CT. The first-step validation was conducted
using an experimental phantom, where it was easy to
establish the ground truth and was possible to make side-
by-side comparison of the stages prior to and after the
cemented surgery. The second step involved a patient test
such that the diagnostic impact of the obtained CT images
was able to be evaluated in terms of the reliability to help
identify a common complication following PVP, which is
the sarcopenia. We present this article in accordance with
the STARD reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-23-1645/rc).

Quant Imaging Med Surg 2024 | https://dx.doi.org/10.21037/qims-23-1645


https://qims.amegroups.com/article/view/10.21037/qims-23-1645/rc
https://qims.amegroups.com/article/view/10.21037/qims-23-1645/rc

Quantitative Imaging in Medicine and Surgery, 2024

—_—

UNITED X g=
IMAGING G

A
=]

Figure 1 Ovine vertebra phantom. (A) Fresh ovine vertebra with intact paraspinal muscles. (B) Routine dose reference CT image acquired

before cement injection. The red arrow indicates the position of drilling. (C) Three-dimensional rendering of the ovine phantom after

cement injection. The bone cement was color-coded in red. (D) The 3D-printed water base and insert. (E) Experimental setup of the

phantom undergoing a spine CT scan. CT, computed tomography; 3D, three-dimensional.

Methods
Phantom design

As shown in Figure 1, the vertebral phantom was designed
in three main parts: one segment of ovine vertebra, a water
base, and a cylindrical insert as a holder within the base. The
vertebra segment (approx. 330 g) was obtained on the day
of slaughter from a 1-year-old ovine. Bones and paraspinal
muscles were kept as intact as possible without any chemical
treatment. The drilling was 10.0 mm in diameter, made
through the vertebra body in a direction vertical to the
intervertebral disc. It was then filled with 2.5 mL fluid
polymethyl methacrylate bone cement (Vertecem V+,
Johnson Medical, New Jersey, USA). To maximally simulate
the extravasation of bone cement, we injected approximately
2.5 mL of extra bone cement into the paraspinal muscle
next to the vertebra. The processed vertebra was allowed
to stand still for 15 minutes at room temperature until the
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bone cement was completely cured and cooled. Based on
the average waist circumference among patients with a high
risk of vertebral fracture, the water base was made 36.0 cm
in diameter to simulate the abdominal shape (16). The size
of the cylindrical insert was designed to fit the vertebra
segment. Both the water base and the cylindrical insert were
three-dimensional (3D) printed using a stereolithographic
3D printer with photosensitive resin (17). Phantom
experiments were performed under a project license (No.
SH9H-2021-T397-2) granted by the Institution Review
Board of Shanghai Ninth People’s Hospital for involving
animal specimen, in compliance with institutional guidelines
for the use of animal specimen.

Phantom image acquisition

The scan was performed on a 64-row CT (uCT 760, United
Imaging Healthcare, Shanghai, China). Two different
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protocols were used, one with routine dose before the PVP
in order to establish a reference, and one with low dose
after the injection as in clinical following up examinations
of PVP. The parameters in routine dose scan were: 100 kVp
tube voltage, 200 mAs reference tube current with
automatic modulation, 40 mm beam collimation, 0.5 s
rotation time, and 1.0 helical pitch. The volume CT dose
index (CTDlIvol) was 9.19 mGy. The different settings for
low dose scans were: 100 kVp tube voltage and 40 mAs
reference tube current with automatic modulation. The
CTDlIvol was 1.95 mGy, which was approximately 20% of
the routine dose.

The routine dose image, i.e., the preoperative reference,
was reconstructed with the routine hybrid iterative
reconstruction (HIR) algorithm (Karl 3D, United Imaging
Healthcare, Shanghai, China). The low dose images, i.e.,
the following up, were reconstructed using the same HIR
with two correction algorithm: the conventional MAC
(uMAC, United Imaging Healthcare, Shanghai, China) and
the AI-MAC. The conventional MAC followed a similar
methodology to that reported by Meyer ez al. (18).

Greater details of the AI-MAC algorithm are available
in (15), where the development of the algorithm was to
establish a deep learning model with a prepared hybrid set
of image data. Briefly speaking, a CT image without metal
artifacts is combined with a theoretical implant model to
create an artifact-free, mixed image. This mixed image
is categorized into bone, implant, and soft tissue, and is
projected forward using a polychromatic spectrum to simulate
the generation of metal artifacts in a physical manner; it is
then reconstructed with and without conventional MAC to
form two input datasets showing artifacts of different degrees.
Meanwhile, the mixed image is mathematically directly
forward projected and reconstructed to generate an ideal,
“artifact-corrected” dataset, serving as the training target.
The deep learning model, a modified U-Net architecture,
uses these datasets to learn artifact correction.

All images were reconstructed with a slice thickness and
slice increment of 1.0 mm using a medium-smooth kernel.

Quantitative analysis

The following up images of the phantom was compared to
the reference image in the CT attenuation, image noise,
signal-to-noise ratio (SNR), as well as contrast-to-noise
ratio (CNR). Image noise was characterized by the standard
deviation (SD) within the specified region of interest
(ROI). A radiologist with 7 years of experience was invited
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to delineate two ROIs surrounding the cement injection
site. One ROI was set on the trabecular bone and the
other on the paraspinal muscle. Both ROIs were approx.
60 mm? in size. Each ROI was measured 6 times across slices
where the bone cement was most visible. The SNR was
calculated as:

SNR = 11/ SD [1]

The CNR between the bone and the soft tissue was
calculated as:

CNR = (lubone - Iumuscle )/ Sleone + SDiuscle [2]

where p and SD represent the mean and the SD of the CT
attenuation within the ROI, respectively, in Hounsfield
units (HU).

Analysis of artifact correction accuracy

The correction accuracy of MAC and AI-MAC was further
compared for their ability to preserve the muscular region
surrounding the bone and the injected cement, which
was quantified in terms of the segmented volume of the
paraspinal muscle. The segmentation was carried out with
adaptive thresholding on the post-processing workstation.
The range of CT attenuation for muscle was measured on
the reference image, where no cement was present, and
was initially determined to be 18-80 HU. Segmentation
was achieved via 3D region growing. The seed point was
placed on the paraspinal muscle that was determined to be
locally free of artifacts. The volume of interest was cuboid-
shaped and included the entire phantom with the water-
filled cylindrical insert. The number of voxels with a CT
attenuation falling within the defined threshold range was
counted, giving a quantitative measurement of the volume
of paraspinal muscle in the image. The comparison was
made with respect to both the reference image and the
following up images with and without correction, where the
same segmentation was conducted.

Patient study

Patient study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013) and was
approved by the Institution Review Board of Shanghai
Ninth People’s Hospital for patient data research (No.
SH9H-2021-T258-2). Individual consent for this
retrospective analysis was waived.
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Figure 2 Enlarged view of the cemented region of the phantom CT image (width/level =300/45 HU). (A) Uncorrected image. (B) MAC
image. (C) AI-MAC image. CT, computed tomography; HU, Hounsfield units; MAC, metal artifact correction; AI-MAC, artificial

intelligence metal artifact correction.

For clinical validation, a total of ten cases of low-dose
following up CT after PVP, where the raw CT data remained
available for additional reconstructions, were found between
March and June 2023 and were retrospectively enrolled for
investigation. The low-dose CT images, acquired with the
same CT protocol as in the phantom experiment above, were
tested for its reliability in diagnosing sarcopenia. Specifically,
the CT attenuation was measured on the posterior paraspinal
muscle and compared against a predetermined threshold
below which the case, given the recent history of PVP, was
categorized as sarcopenia. This method was based on the fact
that CT attenuation has a strong correlation to radiodensity
(19-22) and was proven effective with a threshold value of
30.0 HU in previous studies (23-26). The gold standard of
the diagnosis was the SARC-F questionnaire survey, which is
routinely obtained by adding the scores regarding strength,
assistance walking, rising from a chair, climbing stairs, and
falls (27-31). A SARC-F score >4 was a positive indication of
sarcopenia.

To increase the number of samples, the test on image
was performed per segment, requiring one radiologist
to repeat the measurement at the level of each cemented
vertebral body across the axial C'T images. At each position,
it was measured for three times and averaged. The ROIs
were set as large as possible, with areas ranging from 150
to 250 mm’, and were carefully placed on the posterior
paraspinal muscle, avoiding the adjacent vertebral body and
adipose tissue. The diagnostic accuracy resulting from the
uncorrected, MAC, and AI-MAC images was compared in a
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receiver operating characteristic (ROC) analysis.

Statistical analysis

A commercial software (SPSS v22.0, IBM, Illinois, USA)
was used for all statistical analyses. Continuous data are
presented as mean = standard division or median (interquartile
range) as appropriate. Categorical data are presented as No.
(percentage). In phantom study, the CT attenuation, image
noise, SNRs, and CNR were compared using the Mann-
Whitney U test. In patient study, the area under the curve
(AUC) was used to compare the difference in the ROC
analysis. A P<0.05 was considered statistically significant.

Results
Image quality metrics

Figure 2 displays the representative uncorrected, MAC, and
AI-MAC images of the phantom, which were acquired with
the low-dose following up CT protocol. Table 1 presents
the mean CT attenuation and the noise measured on the
reference image as well as the three sets of low-dose images.
The noise of the AI-MAC images showed no significant
difference compared with the reference image (all P>0.05),
whereas uncorrected and MAC images showed significantly
higher noise than the reference image (all P<0.05). No
statistically significant difference was found between the
reference images and the low-dose images for the mean
CT attenuation of trabecular bone (all P>0.05). The mean
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Table 1 Comparison of mean CT attenuation and noise for the following up CT image of the phantom processed with different algorithms, with
respect to the routine dose image

Routine CT

(100 kVp, 100 mAs) Following up CT (100 kVp, 40 mAs)

Image acquisition

(processing method) Uncorrected Uncorrected MAC Al-MAC
(as reference) Mean = SD P Mean = SD P Mean = SD P

Trabecular bone

CT attenuation (HU) 361.5+26.4 365.6+25.6 0.80 366.7+44.5 0.93 360.9+20.8 0.84

Noise (HU) 26.0+6.0 38.8+£11.2 0.01 39.2+9.67 0.002 28.5+5.6 0.48
Paraspinal muscle

CT attenuation (HU) 49.5+3.9 25.8+£13.0 <0.001 27.6£12.1 <0.001 46.8+£8.2 0.63

Noise (HU) 10.1+0.9 21.4+5.8 <0.001 19.5+3.9 <0.001 11.8+2.4 0.06

Values are expressed in mean =+ standard division. The P values represent the differences between the values on studied images and the
reference image. CT, computed tomography; HU, Hounsfield units; MAC, metal artifact correction; AI-MAC, artificial intelligence metal
artifact correction.
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Figure 3 Comparison of the SNR on bone (A), on muscle (B), and the CNR (C) between the uncorrected, MAC, and AI-MAC images of
the phantom with respect to the reference image. SNR, signal-to-noise ratio; HIR, hybrid iterative reconstruction; CNR, contrast-to-noise

ratio; MAC, metal artifact correction; AI-MAC, artificial intelligence metal artifact correction.

CT attenuation of the paraspinal muscle acquired with Correction accuracy

uncorrected and MAC images were substantially lower than .
On the reference image, the volume of the segmented

that of the reference image (all P<0.001). However, the
CT attenuation of the paraspinal muscle obtained from Al-
MAC images showed no significant difference compared
with the reference image (P=0.63).

Figure 3 compares the measured SNR and CNR for all
four images. The AI-MAC image showed no significant
difference to the reference image in SNR or in CNR (all
P>0.05). However, the SNR and CNR of the uncorrected
and MAC images were dramatically reduced (all P<0.05).
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paraspinal muscle was 296.4 cm’. The segmentation result
on AI-MAC image was closest to the reference image,
which was 277.1 em’, followed by 252.6 and 222.1 cm’
for the MAC and the uncorrected images respectively.
In respect to that on the reference image, the paraspinal
muscles segmented on the AI-MAC image were 18.6%
and 8.3% more complete than those segmented on the
uncorrected and MAC images, respectively. The shape of
the segmented muscle on the AI-MAC image is also closest
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Figure 4 Results of adaptive muscle segmentation shown in one representative axial image of the phantom. REF, reference image before

bone cement injection. (A) Uncorrected image. (B) MAC image. (C) AI-MAC image. The segmented muscles are marked in red and

outlined in yellow. The green and yellow arrows point to photon starvation artifacts and beam-hardening artifacts, respectively. The red

arrows point to regions where paraspinal muscle was accurately differentiated from paraspinal fat. MAC, metal artifact correction; AI-MAC,

artificial intelligence metal artifact correction.

to that on the reference image, as illustrated in Figure 4. On
the uncorrected images, bone cement caused severe beam-
hardening and photon starvation artifacts, appearing as
high and low attenuation streaks. These artifacts obviously
affected the segmentation of muscle in positions adjacent
to and at a distance from the bone cement. Furthermore,
additional noise was induced by the bone cement, which is
also a problem to the automatic segmentation program. The
conventional MAC image failed to make large difference,
with considerably evident artifacts left in the region. With
AI-MAC, the suppression of both artifacts and noise has
been substantially improved. In particular, the boundary
between paraspinal muscle and fat was clearly presented.

Diagnostic impact
Tuable 2 summarizes the characteristics of the patient

collection. Of the 10 enrolled patients, median following
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up time after PVP was 6.0 months (IQR 4.0, 11.0 months).
According to the SARC-F score, three patients were found
with sarcopenia. Among all patients, five had one cemented
vertebra, four had two cemented vertebrae, and one had
four cemented vertebrae, providing a total of 17 available
samples, i.e., 6 cemented vertebra bodies from patients with
sarcopenia and 11 cemented vertebra bodies from patients
without sarcopenia, for the ROC analysis.

For the patients with sarcopenia, the median CT
attenuation measured on the paraspinal muscle next to
the cemented vertebra bodies was 30.1 HU (IQR 26.3,
32.2 HU), 25 HU (IQR 16.2, 29.6 HU), and 15.5 HU (IQR
13.7, 23.4 HU) for the uncorrected, MAC, and AI-MAC
images, respectively. For the patients without sarcopenia,
that was 37 HU (IQR 30.2, 46.2 HU), 36.7 HU (IQR 29,
44.2 HU), and 35.7 HU (IQR 34.2, 38.7 HU) for the three
sets of images, respectively. Figure 5 represents the low-dose
following up CT images of a sarcopenia patient.
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Table 2 Patient characteristics of the enrolled low-dose following
up CT cases

Patients’ characteristics Value (N=10)
Age (years) 79 (68, 84)
No. of male patients 3 (30.0)

Body mass index (kg/m?) 20.5 (16.7, 23.6)

Type of vertebra fracture

Fragility 7 (70.0)
Traumatic 3 (30.0)
SARC-F score
>4 3(30.0)
<4 7 (70.0)
CTDlvol of following-up CT (mGy) 1.8(1.5,2.2)
Total cemented vertebra n=17
T6 1(5.9)
T8 1(5.9)
T11 1(5.9
T12 2(11.8)
L1 3(17.6)
L2 3(17.6)
L3 1(5.9
L4 5 (29.4)
Volume of injected cement 2.8(1.8,4.0)

(mL per vertebra body)

Values are expressed in median (interquartile range) or in No.
(percentage). CT, computed tomography; CTDIvol, volume CT
dose index.

The diagnostic performance of sarcopenia with
three different sets of images was compared in Figure 6.
Significant improvement was found on the AI-MAC image
compared to the uncorrected (P=0.01) and MAC images
(P=0.04), with an AUC being 0.92 (95% CI, 0.68-1.00)
versus 0.61 (95% CI, 0.35-0.83) and 0.70 (95% CI, 0.43—
0.89), respectively. As detailed in Tuble 3, the AI-MAC
achieved superior numbers in all statistical terms including
sensitivity, specificity, positive predictive value, negative
predictive value, and accuracy.

Discussion

In post-PVP following up CT, bone cement can often cause
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severe artifacts, similar to lightweight metals. It hinders the
monitoring and quantification of tissue at the surgical site.
In this study, we evaluated the capability of an Al-based
MAC in dealing with the artifacts caused by bone cement in
low-dose CT scenarios. Comparisons were made between
HIR without MAC, with conventional MAC, and with AI-
MAC, on both experimental phantom and clinical datasets.
The vertebra phantom provides a preoperative ground truth
for quantitative validation of the algorithm’s capabilities.
The results of patient datasets can further demonstrate the
algorithm’s potential in terms of diagnostic reliability.

In comparison to the AI-MAC, the conventional
interpolation-based MAC, though widely implemented,
suffers from several inherent deficiencies as reported in
previous investigations. Regarding depiction of the implant,
Wang et al. (32) reported that the conventional MAC might
mistake the metal acetabular cup as artifacts and remove it
during calculation. Andersson ez 4/. (33) also reported that
with the conventional MAC, the acetabular cup appeared
very thin and even partially disappeared. In terms of the
applicability to different metal materials, Lee er al. (34)
indicated that the conventional MAC may not be effective
in handling artifacts for titanium implants. In addition,
Kidoh et al. (35) found that the conventional MAC caused
unnatural texture in images of dental fillings, resulting in a
loss of spatial resolution near the implant. Similarly, Boas
et al. (36) also noted the spatial resolution issue in their
clinical evaluation.

True-to-detail imaging of soft tissue is of special clinical
concern in handling spinal disease, osteoporosis, and
sarcopenia, since the bone mineral closely correlates with
surrounding soft tissue (19,37,38). The AI-MAC images
showed the best degree of integrity and correction accuracy
in presenting the muscles. A variety of approaches have
been proposed in previous studies to define the correction
accuracy of MAC algorithms. Ishikawa et 2/. (39) used
thresholding to determine the extent of the low attenuation
areas, the mean CT attenuation to evaluate dark bands, and
the difference in SD as well as location parameters following
the Gumbel method to evaluate fine streak artifacts.
Grandmougin ez 4/. (40) evaluated the correction accuracy
via estimation of trabecular distortion, size of metal object,
and a low-density halo. Yoo et al. (41) introduced the
artifact index to quantify the severity of the artifacts. In
this study, we quantified the correction accuracy with the
segmented volume of the paraspinal muscle. On the one
hand, it is well suited for the scenario where comparison
is made between paired preoperative and postoperative
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Uncorrected

CT attenuation: 30.5 HU

CT attenuation: 32.8 HU

MAC

CT attenuation: 16.7 HU

CT attenuation: 32.6 HU

AI-MAC

CT attenuation: 30.6 HU

CT attenuation: 14.2 HU

Figure 5 Patient images of low-dose following up CT. A 66-year-old woman who underwent PVP at the L1 and was diagnosed as normal (upper)

and an 81-year-old woman who underwent PVP at the L4 and was diagnosed with sarcopenia (lower). Display window width/level =400/40

HU. The mean CT attenuation measured within a ROI (yellow dotted circles) on the paraspinal muscle suggests opposite diagnostic result

between the three images sets, with respect to the 30.0-HU threshold. CT, computed tomography; HU, Hounsfield units; MAC, metal artifact

correction; AI-MAC, artificial intelligence metal artifact correction; PVP, percutaneous vertebroplasty; ROI, region of interest.

images. While the spatial location of soft tissue may change
during the PVP, the volume is not supposed to vary. Based
on such assumption, the proposed accuracy analysis can focus
solely on the impact due to artifact. On the other hand, the
interaction between the bone, the cement, and the soft tissue
in contact region is of greater importance from a clinical
perspective, than the cemented region itself. Decreased
muscle density has been known to be associated with
osteoporosis and fragility fracture. The correction analysis
through muscle segmentation, therefore, is clinically more
relevant than a straightforward artifact analysis.
Quantification of the musculoskeletal system is essential
for assessing patients’ health and is linked to adverse health
outcomes (42-47). Specially, the sarcopenia is more common
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in patients with osteoporosis. The conventional MAC image
showed marginal improvement in sarcopenia diagnosis
compared to uncorrected image. More importantly,
several studies have shown the use of conventional MAC
could lead to additional artifacts (12,48-50) that might
generate unpredictable results for muscle quantification.
In comparison, the AI-MAC algorithm shows not only
remarkable performance in correcting the artifacts but
also a potential for reliable quantitative assessment of
sarcopenia. However, future investigation should address
the long-term impact of AI-MAC by monitoring influences
on therapeutic decisions, patient prognosis, and clinical
workflow efficiency, which would highlight concrete clinical
benefits beyond the direct improvement on image quality.
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Notably, the location of the bone cement was not fixed in
each patient, the vertebra levels we measured was variable.
There may be subtle variability in the radiodensity of the
paraspinal muscles at different vertebra levels. However,
many studies suggested that the diagnostic threshold can
be extrapolated to different vertebra levels to accommodate
more CT examinations (22,45-47). To comprehensively
investigate the clinical significance of AI-MAC in relation to
sarcopenia, a larger patient dataset is necessary. The dataset
needs to be grouped by surgical site and include paired pre-
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Figure 6 The receiver-operating characteristic curves for
diagnosing sarcopenia on patient using CT attenuation measured
on the uncorrected, MAC, and AI-MAC images. MAC, metal
artifact correction; AI-MAC, artificial intelligence metal artifact

correction; CT, computed tomography.

Zhu et al. Al-based metal artifact correction in follow-up CT for PVP

and post-operative images.

This study still has several limitations. First, the number
of patients enrolled in the current study was limited, and all
were in the postoperative period. Postoperative complications
and prolonged bedrest may result in loss of muscle density,
causing baseline deviations in CT attenuation. Second, the
conventional MAC algorithm used here for comparison
is just one implementation of the methodology. Other
implementations that are currently available may have
different performance, which is worth investigation. Given
the completely different principle of AI-MAC, we would
expect the findings to hold when comparing with other
conventional MAC algorithms as well. Third, virtual mono-
energetic imaging achieved via DECT has been reported
in a number of cases to show superior performance for
suppressing metal artifacts. This unfortunately was not
included for comparison in the present study, due to the
availability of DECT on the scanner model being tested.
While this is certainly an interesting point to add, it proves
again software approaches, via MAC or preferably AI-MAC,
is of broader applicability.

Conclusions

In summary, the AI-MAC algorithm has been proven
to be useful and more efficient than conventional MAC
algorithms in low-dose CT imaging that involves the use
of bone cement, providing superior image quality and a
true-to-detail depiction of the soft tissue. The AI-MAC
has also been found capable of substantially improving the
reliability of the post-operative CT images for application
in diagnosing sarcopenia. It may be a desirable routine
choice for suppressing the beam-hardening artifacts in

Table 3 Diagnostic performance of sarcopenia with the three different sets of low-dose following up CT images

Diagnostic value Uncorrected MAC Al-MAC
Sensitivity 50.0 (3/6) 66.7 (4/6) 83.3 (5/6)
Specificity 72.7 (8/11) 72.7 (8/11) 100.0 (11/11)
PPV 50.0 (3/6) 57.1 (4/7) 100.0 (5/5)
NPV 72.7 (8/11) 80.0 (8/10) 91.7 (11/12)
Accuracy 64.7 (11/17) 70.6 (12/17) 94.1 (16/17)

AUC (95% Cl) 0.61 (0.35-0.83)

0.70 (0.43-0.89) 0.92 (0.68-1.00)

Values are expressed in percentage (n/N). CT, computed tomography; MAC, metal artifact correction; AI-MAC, artificial intelligence
metal artifact correction; PPV, positive predictive value; NPV, negative predictive value; AUC (ROC), area under the receiver operating

characteristic curve; Cl, confidence interval.

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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repeated low-dose following up CT scans of PVP. This
study demonstrated one step forward for investigating and
improving the generalizability of new MAC algorithms
across different implant types, scanning protocols, or image
reconstructions.
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