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Background: Preoperative stereotactic planning of deep brain stimulation (DBS) using
computed tomography (CT) imaging in patients with Parkinson’s disease (PD) is of clinical
interest. However, frame-induced metal artifacts are common in clinical practice, which
can be challenging for neurosurgeons to visualize brain structures.

Objectives: To evaluate the image quality and radiation exposure of patients with
stereotactic frame brain CT acquired using a dual-source CT (DSCT) system in
single- and dual-energy modes.

Materials and Methods: \We included 60 consecutive patients with Parkinson’s disease
(PD) and randomized them into two groups. CT images of the brain were performed using
DSCT (Group A, an 80/Sn150 kVp dual-energy mode; Group B, a 120 kVp single-energy
mode). One set of single-energy images (120 kVp) and 10 sets of virtual monochromatic
images (60-140 keV) were obtained. Subjective image analysis of overall image quality
was performed using a five-point Likert scale. For objective image quality evaluation,
CT values, image noise, signal-to-noise ratio (SNR), and contrast-to-noise (CNR) were
calculated. The radiation dose was recorded for each patient.

Results: The mean effective radiation dose was reduced in the dual-energy mode (1.73
mSv + 0.45 mSv) compared to the single-energy mode (8.16 mSv 4+ 0.64 mSv) (p <
0.001). Image noise was reduced by 46-52% for 120-140 keV VMI compared to 120 kVp
images (both p < 0.01). CT values were higher at 100-140 keV than at 120 kVp images.
At 120-140 keV, CT values of brain tissue showed significant differences at the level of the
most severe metal artifacts (all p < 0.05). SNR was also higher in the dual-energy mode
90-140 keV compared to 120 kVp images, showing a significant difference between the
two groups at 120-140 keV (all p < 0.01). The CNR was significantly better in Group A for
60-140 keV VMI compared to Group B (both p < 0.001). The highest subjective image
scores were found in the 120 keV images, while 110-140 keV images had significantly
higher scores than 120 kVp images (all p < 0.05).
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Conclusion:

DSCT images using dual-energy modes provide better objective and

subjective image quality for patients with PD at lower radiation doses compared to
single-energy modes and facilitate brain tissue visualization with stereotactic frame

DBS procedures.

Keywords: radiography, dual-energy scanned projection, artifacts, neuronavigation, imaging enhancement

INTRODUCTION

Parkinson’s disease (PD) is a progressive nervous system disorder
that affects more than 53 million people, which has resulted in
about 103,000 deaths globally in 2013. Moreover, in China, the
number of patients with PD will reach 4.94 million in 2030. For
patients with advanced PD, deep brain stimulation (DBS) was a
standard surgical treatment, especially when drug therapy failed
to provide sufficient benefits. During the surgery, electrodes
would be inserted into the specific part of the brain with the
help of a stereotactic head frame, for instance, the subthalamic
nucleus, which is the preferred stimulation target for patients
with PD in the late stage (1, 2).

Typically, patients would undergo magnetic resonance
imaging (MRI) under frameless conditions to provide a detailed
deep brain anatomy, particularly the anterior and posterior
cerebral convergence, the pallidum and the third ventricle. Then,
non-enhanced brain CT scans were performed together with
the stereotactic head frames. Finally, fused CT and MRI images
were used to localize the subthalamic nuclei and guide the
neuronavigation system as a standard technique (3). However,
distortion of MRI images caused by high magnetic field strength
may mislead to failure of preoperative image fusion. In this case,
the quality of CT images becomes particularly important.

Although conventional CT is significant, it has also some
problems such as metal artifacts. X-ray photons lose a significant
amount of energy after penetrating metal materials, creating a
combination of beam hardening and photon starvation effects.
This leads to severe dark or bright streak artifacts behind the
stainless steel pegs holding the head frame in place, which affects
the display of intracranial brain tissue (4, 5). Using single-energy
CT (SECT), attempts have been made to reduce metal artifacts
by increasing the tube current or tube voltage peak. However,
the improvement in image quality was not significant and came
at the cost of increased radiation dose. Another useful attempt
to improve the image quality of preoperative navigation is dual-
energy CT (DECT). Unlike SECT, DECT is a promising imaging
technique that simultaneously images patients using two different
X-ray energies (6) and reconstructs virtual monoenergetic images
(VMI) at 40-190 keV by exploiting the difference in attenuation
of the material at high and low energies. High-virtual high-
kiloelectron voltage (keV) monoenergetic images have been
shown to be effective in reducing artifacts of metallic implants
(6, 7). Several studies have demonstrated that evidence of VMI
reconstruction has the potential to eliminate metal artifacts in
some small-sized implants in the head, such as implanted teeth
and platinum coils or clips (8-10). However, few studies have
discussed the value of the dual-energy mode in eliminating severe

metal streak artifacts caused by stereotactic head frames and
comparing radiation dose and image quality with the single-
energy mode.

Therefore, the aim of our study was to evaluate the radiation
dose and image quality of patients with stereotactic head
frames obtained using the DSCT system in single- and dual-
energy modes.

MATERIALS AND METHODS

Patient Population

Totally, 60 patients with consecutive PD (29 males, 31
females) were included between March 2018 and April 2019
in this study and randomly separated into two groups. Thirty
patients (39 to 72 years old) who took the dual-energy
mode (80/Sn150 kVp) of head CT and another 30 patients
(33 to 78 years old) who took head CT images under 120
kVp were included; all the patients were planned to take
surgical treatment in functional neurosurgery. All of the patients
underwent CT navigation scanning before performing the
stereotactic guided DBS surgery. This study was approved
by the Ethics Committee of our hospital, and informed
consent was given to all the patients prior to inclusion into
the study.

CT Scan Protocols and Reconstruction

All the patients were scanned using the third-generation DECT
(SOMATOM Force, Siemens Healthineers) in the non-contrast
head CT dual-energy mode. The dual energy mode tube voltage
was set to 80 kVp and Sn150 kVp; the use of a tin filter can
further harden the beam and increase the mean energy. The
tube current was set to CARE Dose4D. Other scan parameters
were:collimation, 64mm x 0.6 mm; pitch, 0.7, rotation time,
0.5 s/r; reconstruction matrix, 512 x 512. Dual-energy images
were loaded on the dedicated workstation (Syngo.via, Siemens
Healthineers) for post-processing.

The single-energy mode tube voltage was set to 120 kVp; pitch,
0.55, and the tube current was set to CARE Dose4D. All the
images were further reconstructed in axial orientation at a slice
thickness of 1 mm and an increment of 1 mm.

Radiation Dose Assessment

The volumetric CT dose index (CTDI vol) and dose length
product (DLP) in both groups were recorded from the dose
reports of protocols. The effective dose (ED) estimation was
calculated by the formula: ED = k x DLP, k = 0.0019 mSv x
mGy ! x cm™!; k was a head specific conversion coefficient (11).
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Subjective Image Quality Evaluation

The MonoenergeticPlus  algorithm  (Mono+, Siemens
Healthineers) was applied to generate VMIs from 50 keV
to 140 keV at 10-keV intervals. Thus, 10 sets of VMIs, together
with single-energy CT images (120 kVp), were observed and
evaluated by two experienced radiologists at the head window
center and width (W:100, L:35). Radiologist A has 8 years of
diagnostic experience in brain CT imaging and Radiologist
B has 19 years of diagnostic experience in head CT and MRI
imaging. Both observers were blinded to the keV level and
assessed individually. All the images™ subjective evaluation used
the following five-point Likert grading (Table 1).

Objective CT Image Analysis

The mean attenuation values, image noises, signal-to-noise ratio
(SNR), and contrast to noise (CNR) were served as indices for
evaluating image quality and the severity of metal artifacts (10).
For all the patients, two observers drew four regions of interest
(ROIs) at the severest artifact area close to stereotactic nails, one
background ROI on brain tissue away from metal artifacts was
selected to get the SNR and CNR, and each ROI was limited to
a 1-cm? circle (Figure 1). The location of dual-energy ROIs at
different energy levels images (50-140 keV) remains unchanged.
The CT values and image noise were recorded; the image noise
was represented by the standard deviation (SD) within the ROIs.
To minimize the effect of discordant measurement, the final

record was the average of four ROIs. The SNR and CNR were
CT values(ROI)

calculated using the following formula: SNR= ~Sp@on

CNR= CT values(ROI)—CT values(background) (1 1)
\/SD(ROI)Z-Q— SD(buckgraund)2

TABLE 1 | 5-point Likert grading criteria.

Score 1: Examination non-diagnostic;

Score 2: Restricted diagnostic interpretation;

Score 3: Minor artifacts without affecting neural or vascular structures;
Score 4: Minor artifacts phantoms to completed diagnostic evaluation;
Score 5: No artifacts perceivable (10).

Statistical Analysis

Statistical analysis was performed using commercial software
(SPSS20.0 statistical software, USA). Interval variables were
expressed as mean £ SD. Inter-observer agreement on image
quality and artifact severity was determined by Kappa statistic:
K < 0.2 means poor agreement; 0.21 < K < 0.40 means
fair agreement; 0.41 < K < 0.60 means moderate agreement;
0.61 < K < 0.80 means good agreement; K > 0.81 means
excellent agreement.

Objective measurements among VMIs were used in the
repeated measures ANOVA. Wilcoxon signed-rank test was
used on the subjective evaluation to compare the difference of
the image score between single-energy images and dual-energy
monochromatic images. A Pairwise comparison was carried out
to compare the radiation dose between Group A and Group B. A
P value < 0.05 was considered statistically significant difference.

RESULTS

Patients

Table 2 gives an overview of 60 patient characteristics. Difference
of gender and patient age between groups did not reach statistical
significance (p > 0.05).

Radiation Dose

The dual-energy mode radiation dose is as follows: the CTDI
and DLP were (30.19 £ 5.45) mGy and (913.98 &£ 235.90) mGy X
cm; the ED was (1.73 £ 0.45) mSv. The dual-energy mode (Group
A) showed significantly lower radiation exposure compared to
the single-energy mode (Group B) (all p < 0.001). All radiation
dose parameters are summarized in Table 3.

TABLE 2 | Baseline characteristics.

Characteristic Dual-Energy mode 120kVp P-value
Age(years) 51.96 + 14.08 60.73 + 10.46 0.11
Gender 12M [18F 19M | 11F 0.051

FIGURE 1 | Four regions of interest (ROls) near the stereotactic nail (A-D) and one background ROI on brain tissue (E) were selected.
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TABLE 3 | Radiation dose values. Objective Image Quallty Evaluation
The results of objective image quality parameters are listed in

Group A . Group B F sSig P Table 4. The CT values, SNR, CNR of all the regions increased as
(dual-energy (single-energy ; .

mode) mode) keV increased. The CT values of 100-140 keV were higher than

that of 120 kVp images. At 90-100 keV, there was no significant

CTDla(mGy) ~ 30.19 +5.45 50.68 £829 274 010 <0001  difference in CT values, but, at 120-140 keV, showed a significant
DLP(MGyxcm) 913.98 £235.90 1663.19£337.96 2.13 0.15 <0.001 difference (all p < 0.02). The SNR was higher at 90-140 keV of
Effective 1,73+ 045 3.16 + 0.64 213 015 <0001 the dual-energy mode compared with 120 kVp images. At 90—
dose (MSv) 100 keV, there was no significant difference in SNR, but showed

significant differences among the two groups at 120-140 keV (all
p <0.01). The CNR of 60-140 keV VMIs was significantly better
TABLE 4 | Objective image quality parameters. in the Group A compared to Group B (all p < 0.001). The image
noise of all the regions decreased as keV increased. The image
noise of 90-140 keV was lower than that of 120 kVp images, and,
at 100-140 keV, did reach statistical significance (all p < 0.01).

Energy CT values Image noise SNR CNR
level

120 kVp —74.37 £ 81.92 47.58 £40.62 —1.68 £1.63 —-3.40+1.74
50 keV —408.89 + 277.59% 113.57 + 64.65% —3.31 £ 2.10° —-2.76 + 1.86
60 keV —272.05 4+ 185.282 81.16 + 47.33% —3.03 £ 1.99% —2.39 £ 1.642
70keV —185.37 &+ 141.68% 61.44 + 37.80% —2.63 £ 2.14* —1.97 £+ 1.622
80 keV —131.26 &+ 102.67% 49.58 £ 31.52 —2.12 £2.16 —1.54 £ 1.422
90 keV —86.12 +77.25 40.80 £26.96 —1.47 £233 —1.10+ 1.272
100 keV —52.06 + 58.80 32.66 + 23.70% —0.78 £ 2.62 —0.70 £+ 1.222
110keV —29.52 + 47.74 28.18 +£22.08% —0.02 £ 2.81% —-0.35 £+ 1.202

Subjective Image Quality Evaluation

The dual-energy mode that generated 50-140 keV VMI
subjective evaluation was included in our study. As shown
in Figure 2, the metal beam-hardening artifacts were mainly
located at the long-axis direction of stainless nails. The 120 kVp
images and 50-80 keV monoenergetic images had the severest
streak artifacts, which decreased the image quality. Table 5
120keV —1341 £39.64° 2585 £20.78% 063 +£280° -006 £1.18°  ¢hows that the subjective scores gradually increased as virtual
180keV  —1.72 £3470° 2362+ 19.68% 117 £281% 017 £1.18"  monochromatic energy increased. The highest subjective scores
140keV  7.29 £30.81%  2269£1877% 1.534£261% 035118 yyere at 120 keV, and, at 110-140 keV, were significantly higher

4Represented that the objective evaluation at this keV was statistically significant than the 1mages at the pOIYChromatlc 120 kVp CT mages (all p
compared with 120 kVpp images (p < 0.05). < 0.05). The inter-observer agreement of two radiologists was

110keV 120keV 130keV 140keV 120kVp 120kVp

FIGURE 2 | The images of virtual monoenergetic images (VMI) and 120 kVp images. VMI of a 64-year-old male, from 50 keV to 140 keV. Approximately, 50-80 keV
VMI displayed beam-hardening artifacts at the long-axis direction of nails. Approximately, 90-140 keV VMI showed that the artifacts became reduced gradually with
the increase of keV and the brain structures near the nail became more visible. The 120 kVp images that displayed obviously beam-hardening artifacts at the level of
stereotactic nails.
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TABLE 5 | Subjective image quality parameters.

Energy level Radiologist A Radiologist B Kappa value
120kVp 2.20 +£0.48 (1-3) 2.18 £0.48 (1-3) 0.78
50keV 113 +£0.35 (1-2) 117 +0.38 (1-2) 0.71
60keV 117 £0.38 (1-2) 1.17 +0.38 (1-2) 0.76
70keV 1.60 £ 0.56 (1-3) 1.60 £ 0.56 (1-3) 0.72
80keV 2.07 £+ 0.58 (1-3) 2.10 £ 0.61 (1-3) 0.78
90keV 2.37 + 0.56 (2-4) 2.40 + 0.56 (2-4) 0.75
100keV 2.70 + 0.65%(2-4) 2.73 4+ 0.64%(2-4) 0.71
110keV 3.23 + 0.63%(3-5) 3.83 + 0.69%(3-5) 0.74
120keV 4.33 + 0.48%(4-5) 4.40 + 0.50%(4-5) 0.95
130keV 4.10 + 0.55%(3-5) 4.20 + 0.66%(3-5) 0.89
140keV 3.80 + 0.66%(3-5) 3.93 + 0.78%(3-5) 0.83

4Represented that the subjective evaluation at this keV was statistically significant
compared with 120 kVp images (p < 0.05).

consistent with each other on K values, ranging from 0.71 to
0.95 for all images, and the excellent agreement between the two
scoring radiologists was at 120 keV (K = 0.95).

DISCUSSION

In this study, the improvement on image quality and radiation
exposure was analyzed between single- and dual-energy mode
acquisitions to brain CT with stereotactic head frames using
third-generation DSCT scanners. Our results verified that
the dual-energy mode does not increase radiation exposure
compared to the single-energy mode. Moreover, radiation dose
reduction did not bring down the objective or subjective
image quality based on our evaluation. Of note, we found
that 120-140 keV VMI simultaneously decreased image noise
by approximately 46-52% and increased SNR, CNR by
approximately 139-196% and 98-110%. The subjective scores of
110-140 keV did reach a significant difference compared with
that of 120 kVp images.

Metal artifacts reduction has long been a problem for
radiologists and researchers since the birth of CT equipment. It
is caused by the photon starvation effect and beam hardening
effect. Some researchers have investigated direct in the ability
to remove metal artifacts of dual-energy mode CT acquisitions
with monochromatic imaging results (11-17). Magarelli et al.
(18) performed the study that assessed image quality of dual-
energy CT to reduce metal artifacts in subjects with knee
and hip prostheses. The authors claimed that dual-energy
CT with dedicated post-processing may reduce artifacts and
significantly improve image quality. But comparison on the
radiation exposure and image quality with a single-energy CT
mode was missing in this study. Dong et al. (19) found image
quality significantly increases to reduce artifacts for patients
with the pedicle screws implants between the dual-energy mode
(80/140 kVp) and the single-energy mode (140 kVp), and they
pointed the optimal energy level was at 120 keV, which was
consistent with our research, but they did not answer if the
dual-energy mode had higher radiation exposure to get the

better image quality. However, since the implementation of
DSCT applications in clinical practice is growing, concerns about
increased radiation dose delivered by two X-ray beam sources
have been raised.

The two main concerns in this study were the image quality
and radiation dose. The third-generation DSCT adds a tin filter
placed in front of the X-ray tubes in order to absorb the low-
energy photons and shift the polychromatic X-ray spectrum
toward higher energy. These low-energy photons are usually
responsible for the increase in image noise and the degradation
of image quality (20). Also, it can cause unnecessary additional
radiation to the patient. Another technical development for
radiation reduction in DSCT is the using of the CARE Dose4D
technique. CARE Dose4D is a four-dimensional automatic real-
time dose adjustment technology, which can determine the size
of patients according to the positioning image. X-ray tubes
automatically output the required tube current value and CT dose
index at low- and high-tube voltages so that the excellent image
quality can be obtained at the lowest possible radiation dose when
scanning different areas (21). Furthermore, it had been shown
that high pitch can reduce radiation exposure without affecting
image quality in previous studies (22, 23). In our study, the pitch
of the dual-energy mode was higher than that of the single-
energy mode. The combination of these techniques resulted
in improved image quality and reduced radiation dose in the
dual-energy mode.

In our results, the ED for the dual-energy mode was only
(1.73 & 0.45) mSy, nearly half the radiation dose of the single-
energy mode. However, the images of the dual-energy mode
better showed the structures in the brain. As shown in Table 4,
CT values of the brain tissue near the steel nails were reduced due
to the metal artifacts. The VMI did not work well at low energy
level; low keV (50-80 keV) reconstruction also demonstrates the
lower image quality compared to the single-energy images. But as
the keV increased, it was above 110 keV images that were effective
in removing metal artifacts. In terms of SNR, CNR, 110-40 keV
VMI demonstrates a statistically significant advantage compared
to 120 kVp images within the brain tissue. Unlike Selles M et al.
(24) and Schmidt AMA et al. (25), we pointed that VMI at 120
keV was the optimal energy level, which could not only reduce
obviously metal artifacts but also ensure image quality, which is
an optimal monoenergetic image choice for DBS.

There are also a number of limitations in this study. First,
the delineation of the ROIs is based on the observer’s subjective
judgment of the artifacts, so there is a potential selection
bias. Second, both dual-energy and single-energy images were
acquired from one scanning system (DSCT); therefore, no
comparison was made between dual-energy and single-energy
imaging algorithms in the SECT. Third, we have only evaluated
50-140 keV monoenergetic images; higher keV images have not
been included, because the image quality is significantly degraded
at 150-190 keV.

In conclusion, the results of our study suggested that the dual-
energy mode monoenergetic images (120 keV) in brain CT of
patients with stereotactic head frame provide overall excellent
objective and subjective image quality at lower radiation dose
compared to the single-energy mode.
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