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Abstract

Background: This study investigates the impact of dual-source spectral shaping (DSSS) technology on

radiation dose and image quality in orbital CT.

Methods: A head phantom and the Catphan 600 were scanned using a dual-source CT scanner under a

conventional protocol (Group A: 120 kV, CTDIL,, = 28.4 mGy) and a DSSS protocol (100/Sn150 kV,

Group B: with CTDIy, matching Group A; Group C:84% of Group A's CTDly,l). Lens doses were

measured using thermoluminescent dosimeters, and CT values were recorded. Noise power spectrum

(NPS), task-based transfer function (TTF) and detectability index (d') were calculated. A total of 160

orbital CT examinations were randomly selected, performed under the conventional (Group A) or

DSSS protocol(Group C). DLP, scanning length, lens dose, contrast-to-noise ratio (CNR) and

gray-scale standard deviation were recorded. Two radiologists evaluated the images using a

double-blind method on a 5-point scale.

Results: In the phantom study, Group C showed significantly lower lens dose than Groups A and

Group B (P = 0.004). Significant differences in CT values, MTFso,, and MTF oy, were observed

between Group A and both Groups B and C (P < 0.001). No significant difference in d” was found

among the three groups (P = 0.830). In the clinical study, the DSSS protocol resulted in significantly

lower lens dose and gray-scale standard deviation compared to the conventional protocol, while CNR

increased (P < 0.001). Subjective image scores for DSSS were all > 4 points.



Conclusion: DSSS technology can significantly reduces lens dose and improves image quality in

orbital CT.

Key words: Dual-Source Spectral shaping technology; Computed tomography; Orbit; Image quality;

Radiation dose

Abbreviations

CNR Contrast to noise ratio

CTDlyor Volume CT dose index

CTP Catphan

DLP Dose-length product

DSSS Dual-source spectral shaping

d’ Detectability Index

MTF Modulation Transfer Function
NPWE Non-Prewhitening with Eye filter
NPS Noise Power Spectrum

OBTCM Organ-based tube current modulation
ROI Regions of interest

TLD Thermoluminescent dosimeter
TTF Task Transfer Function



1. Introduction

Orbital CT is a mainstay in routine clinical practice for evaluating trauma (e.g., orbital wall fractures),

orbital tumors, inflammatory conditions (e.g., thyroid-associated ophthalmopathy and orbital cellulitis),

and for preoperative planning of orbital surgery [1-3]. The orbit consists of the globe and its adnexal

soft tissues (including the lens, vitreous body, retina, extraocular muscles, lacrimal gland, optic nerve,

and neurovascular bundles) enclosed by dense bony orbital walls [4]. The pronounced attenuation

differences between delicate soft tissues and high-density cortical bone render orbital CT prone to

beam-hardening and photon-starvation - related artifacts under routine scanning conditions,

manifesting as streak artifacts or regional signal loss, which may compromise soft-tissue contrast and

the depiction of fine osseous details. Meanwhile, the orbit is a superficial anatomical region that

contains the radiosensitive lens, and excessive ionizing radiation may increase the risk of lens opacities

and cataract formation [5]. Therefore, optimization of orbital CT protocols requires balancing artifact

suppression and diagnostic image quality with stringent radiation dose control.

To address these challenges, prior studies and clinical practice have proposed a range of optimization

strategies at both the acquisition-parameter and reconstruction levels. First, for dose control,

Organ-based tube current modulation (OBTCM) reduces anteriorly incident dose by lowering the tube

current over a predefined anterior angular range, thereby primarily redistributing dose rather than



altering the x-ray spectrum [6]. Because it is fundamentally an mA modulation strategy designed for

noise/dose management, OBTCM is not intended as a primary measure for correcting beam-hardening

mechanisms, and photon-starvation—related artifacts may still persist under certain conditions [7].

Bismuth eye shielding can reduce lens dose; however, it may increase image noise, introduce streak

artifacts, and bias CT numbers, and its performance may vary when combined with automatic exposure

control, warranting careful consideration of image-quality trade-offs [8-9]. Second, with respect to

image quality, iterative reconstruction and deep-learning—based reconstruction can improve dose

efficiency by suppressing noise [10], thereby enabling low-dose protocols, and have demonstrated

diagnostic acceptability in high-resolution applications such as paranasal sinus and temporal bone CT

[11-12]. However, at ultra-low dose levels or when higher-strength iterative/deep-learning

reconstruction is applied, images may exhibit over-smoothing, reduced spatial resolution, and altered

noise texture, which can compromise edge sharpness and conspicuity of fine osseous structures,

particularly thin cortical bone [13]. Meanwhile, algorithmic “retexturing” of noise and image

appearance may also affect the perceived fidelity of soft-tissue structures, with a potential risk of

introducing spurious features or obscuring subtle findings [14]. Overall, existing approaches can

provide benefits in either dose reduction or image quality, but in orbital CT—where adequate

soft-tissue contrast, depiction of fine bony detail, and stringent lens dose control are all

required—trade-offs often remain, underscoring the need for more robust strategies that can jointly



optimize these competing demands.

Dual-source spectral shaping (DSSS) has demonstrated advantages in multiple CT

applications—including head and neck, paranasal sinus, and chest imaging—by improving image

quality while controlling radiation dose [15-21]. The underlying principle of DSSS is spectral shaping

to produce a harder X-ray beam, thereby reducing the fraction of low-energy photons that contribute

little to image formation [21]. First, because low-energy photons are more readily absorbed in

superficial tissues, only a limited proportion reaches the detector and contributes to useful signal;

reducing the low-energy component can therefore improve photon utilization efficiency and provide

potential for dose reduction to superficial radiosensitive organs [17-19]. Second, spectral hardening

increases the mean photon energy and penetration, mitigating photon starvation along high-attenuation

paths and consequently reducing beam-hardening— and photon-starvation—related streak artifacts or

regional signal loss, while improving the stability of cortical bone delineation [19-21]. On this basis,

we hypothesize that DSSS may offer dual benefits in orbital CT: attenuating hardening/starvation

artifacts adjacent to the dense orbital walls, while reducing overall radiation exposure at diagnostically

acceptable noise levels—particularly in examinations where stringent lens dose control is required.

Given the limited study of DSSS in orbital CT, this study aims to evaluate the effectiveness of DSSS in

orbital imaging through phantom experiments and clinical investigations. The aim is to test the above

hypothesis and to provide evidence to inform the development of a more optimized orbital CT protocol.



2. Materials and Methods

2.1. Phantom study

2.1.1. Phantom acquisitions

The head diagnostic phantom Model 711-HN (CIRS, USA) and the Catphan (CTP) 600 phantom were

scanned using the Siemens Force CT. For the conventional protocol (Group A), the scanning

parameters were as follows: tube voltage, 120 kV; tube current, 200 mAs, rotation time, 1.0 s; pitch, 0.8;

beam collimation, 192 X 0.6 mm. Acquisitions were performed at a dose level of 28.4 mGy, which

corresponds to the typical radiation dose for an orbital CT examination at the author’ s institution. For

the DSSS protocol, the tube voltages were set at 100/150 kV (Sn). The tube current was adjusted to

ensure that the volume CT dose index (CTDIy,) for Group B was similar to that of Group A, while the

CTDlyq for Group C was set to 84% of that of Group A. This reduction in CTDIy, for Group C (by

16%) was implemented to compensate for the increased dose-length product (DLP) caused by the

dual-source overranging, ensuring that the DLP for Groups A and C remained comparable. All other

parameters were kept the same as the conventional protocol. Each of the three groups was scanned ten

times.

2.1.2. lens dose measurement

The head diagnostic phantom was used to measure the lens dose, with an imaging range of 8.25 cm.



Thermoluminescent dosimeters (TLDs) were placed at the positions of the bilateral ocular lenses, with

two TLDs placed on each side to measure the organ dose of the lenses (Fig. 1A). The lower detection

limit of the TLD is 0.004 mGy. The detection instrument used was the BIRM 2000

thermoluminescence dosimeter, with a correction factor of 0.91.

Fig. 1 Schematic diagrams of phantom experiment measurements. a showed the measurement of lens

dose using TLD. b showed the placement of Catphan 600 phantom. ¢ showed the measurement of CT

values using the CTP404 module. "1" - "5" represent the measured values of CT, - CTs respectively. d

showed the measurement of MTF using the CTP528 module. e showed the measurement of NPS using

the CTP486 module. f showed the measurement of TTF using the CTP404 module. "a" is the acrylic



insert and "b" is the bone insert.

2.1.3. Phantom image analysis

The Catphan 600 was used for the evaluation of image quality. The reconstruction parameters were as

follows: slice thickness and the slice interval were configured as 0.6 mm. The matrix was 512 X512

with FOV of 180 mm, and the ADMIRE level was set at 3. The dual energy scanning parameters were

applied to reconstruct the mixed-energy images (DE 0.5). Transverse images were respectively

reconstructed using the standard algorithm with the convolutional kernel Hr40 and the bone algorithm

with the convolutional kernel Hr59. According to the technical configuration of Siemens SOMATOM

Force CT system, the Hr40 kernel provides a medium-sharp reconstruction suitable for orbital soft

tissue structures, whereas the Hr59 kernel emphasizes high spatial resolution for bony details, albeit

with increased image noise. The methods for image quality evaluation are as follows: (1) CT value:

select the central slice of the CTP404 module, and use the Syngo.via workstation to measure the CT

values of 5 regions of interest within the slice (Fig. 1C). (2) Modulation Transfer Function (MTF):

Select the image of the central slice of the tungsten beads in the CTP528 module. Use Image J to

measure the MTFios, and MTFso, in the xy plane (Fig. 1D), which are used to represent the

high-contrast resolution. (3) Noise Power Spectrum (NPS): Select 5 consecutive slices of images at the

center of the CTP486 module, and use the imQuest software to measure the NPS peak and the NPS



average spatial frequency (Fig. 1E). (4) Task Transfer Function (TTF): Select 5 consecutive slices of

images at the center of the CTP404 module. Use the imQuest software to measure the TTFsgy of

acrylic resin (low-contrast insert, ® 120 HU at 120 kVp) and bone (high-contrast insert, = 955 HU

at 120 kVp). The region of interest for the image generated with the Hr40 kernel is the acrylic resin

insert, whereas the bone insert is designated as the region of interest for the image generated with the

Hr59 kernel (Fig. 1F). (5) Detectability Index (d" ) [22]: The TTF and NPS were combined to estimate

d’ as a function of CTDIy. For the Hr40 task, d’ was calculated using a 3-mm diameter circular

signal to simulate the detection of small soft-tissue lesions such as ocular tumors. For the Hr59 task,

d’  was calculated using a 1.5-mm diameter circular signal to simulate the identification of fine bony

structures, such as orbital bone boundaries. The TTF results derived from acrylic resin and bone

materials were applied respectively to represent the soft-tissue (Hr40) and bony (Hr59) imaging

characteristics.

The calculation was performed using the Non-Prewhitening with Eye filter (NPWE) observer model,

which accounts for the human visual system’ s frequency response and thereby provides a closer

approximation to actual observer performance. In this calculation, the parameter settings for d’

estimation included a zoom factor of 1.5, a viewing distance of 500 mm, and a field of view of 250 mm.

A higher d'  value indicates improved detectability of simulated lesions by the observer. The d’

value was calculated using Formula 1.
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where W (u, v) is the Fourier transform of the circular detection task (diameter 3 mm for Hr40; 1.5

mm for Hr59), TTF is the task transfer function (measured with acrylic resin for soft tissue and bone

for bony characteristics), and NPS is the noise power spectrum. M(u, v) denotes the

human-visual-system (eye) filter (visual modulation transfer function) specified for a zoom factor of

1.5, viewing distance of 500 mm, and field of view of 250 mm. A higher d' indicates better

detectability.

2.2. Clinical study

2.2.1. Study Population

This study enrolled 85 patients who underwent DSSS orbital CT and 78 patients who underwent

conventional orbital CT at our institution between November 2024 and February 2025. The inclusion

criteria were: age 2 18 years. The exclusion criteria were as follows: (1) obvious motion artifacts in the

eyeballs (n = 1), and (2) lack of TLD measurement values (n = 2). Ultimately, the conventional group

consisted of 40 males and 35 females, aged 18 - 74 years, with a mean age of 42.6 == 14.5 years. The

DSSS group included of 43 males and 42 females, aged 19 - 86 years, with a mean age of 48.2+14.7

years. This study was approved by the Ethics committee (TREC2025-KY041).

2.2.2. Data acquisitions



The scanning method for the conventional group followed the same protocol as Group A in the
phantom experiments, while the DSSS group adhered to the protocol of Group C. The scanning range
extended from the upper to the lower orbital margin. All other parameters were consistent with those of
the phantom experiments.

2.2.3. Dose measurement

Two TLDs were attached to the inner surface of the eye mask to estimate the lens dose, with the lens
dose calculated as the average of the two sides. The CTDI,o and DLP for all patients were recorded.
2.2.4. Quantitative image analysis

The cross-sectional soft tissue algorithm image (Hr40) of the eyeball’ s maximum diameter line was
selected. The following steps were performed: (1) The medial rectus muscle and the eyeball were
considered as the signal areas, with fat serving as the background area. Circular regions of interest
(ROIs) of approximately 3mm* were drawn in each area to measure the CT value and standard

deviation (SD) (Fig. 2A). The contrast-to-noise ratio (CNR) was then calculated using Formula 2.

CT,-CT,

2

Here, CT; and SD; represent the CT value and SD of the signal areas (eyeball or medial rectus muscle),

CNR =

while CT, and SD; represent those of the background area (fat).

(2) A rectangular ROI was delineated within the vitreous cavity to maximize coverage while excluding

the lens and scleral structures. On the original images (with no median or Gaussian preprocessing), the



gray-scale standard deviation (SD, HU) within the ROI was computed using an in-house MATLAB

script to quantify streak/beam-hardening artifacts (Fig. 2B). Although this noise-inclusive SD is

influenced by random noise as well as artifacts, lower values generally indicate fewer artifacts;

accordingly, the potential impact of noise was considered when interpreting the results.

Fig. 2 Schematic diagrams of clinical research measurements. In a, a, b, and c represent the medial

rectus muscle, eyeball, and fat, respectively. b showed the measurement of the gray - scale standard

deviation using Matlab. ¢ and d are diagrams of bone algorithm(Hr59) scores of 5 and 4 points,

respectively. e - g are diagrams of standard algorithm(Hr40) scores of 5, 4, and 3 points, respectively.

2.2.5. Qualitative image analysis

Two senior radiologists (12 and 15 years of CT diagnostic experience, respectively) evaluated the

images(Hr40 and Hr59) using a double-blind method. The scoring criteria were determined based on a

comprehensive assessment of image clarity and the impact of artifacts on diagnosis. For soft



tissue(Hr40), the evaluation focused on the fat, scleral ring, lens, vitreous body, optic nerve, and

extraocular muscles. For bone(Hr59), the margins of the orbital bones, fracture lines, and fracture ends

were emphasized. The scoring criteria were as follows: 5 = Extremely clear structural details and

lesions, with no beam-hardening artifact (Fig. 2C, E); 4 = Relatively clear structural details and lesions,

with either no beam- hardening artifact or mild artifact that does not impede the observation of

structures/lesions (Fig. 2D, F); 3 = Relatively clear display of most structural details and lesions, with

mild beam-hardening artifacts slightly affecting local detail observation, but still suitable for

diagnosis(Fig. 2G); 2 = Obvious beam-hardening artifact, affecting observation of some structural

details and lesions; 1 = Poor visibility of structural details and lesions, with prominent beam-hardening

artifact.

2.3. Statistical analysis

Statistical analysis was performed using SPSS (version 26.0). Data were presented as mean + standard

deviation for normally distributed variables and as median (interquartile range, IQR) for non-normally

distributed variables. For the phantom study, a one-way analysis of variance was conducted to compare

the lens doses among the three groups(Group A, B, C) and to evaluate image quality parameters of the

Catphan 600 phantom. Statistical significance was defined as P < 0.05, and when this threshold was

met, the Least Significant Difference method was applied for post hoc pairwise group comparisons.

Additionally, an interrater reliability analysis was performed to calculate the Kappa value, with a



consistency level of 0.8 to 1.0 considered very strong.

3. Results

3.1. Phantom study

3.1.1. lens dose measurement

The scanning parameters and doses for groups A, B and C are presented in Table 1 and Fig. 3A. The

lens dose in group C was significantly lower compare to that in groups A and B.

Table 1 Phantom scanning parameters and radiation dose results

Tube voltage Tube current ~ CTDlIyol DLP Scanning length  Dose of the lens
Group

(kV) (mAs) (mGy) (mGy * cm) (cm) (mGy)
A 120 200 28.38 321.8 11.34 19.71+1.46°
B 100/Sn150 232/145 28.32 380.3 13.42 20.62+1.11°€
C 100/Sn150 195/122 23.78 319.2 13.42 17.50+0.91
F — — — — — 9.220
P — — — — — 0.004

Group A is the conventional group. Groups B(same CTDI, as Group A) and C(84% CTDI. as Group

A) are the dual-source spectral shaping groups. CTDI,o: Volume CT dose index. DLP: Dose Length



Product.

Post hoc pairwise comparisons using the the Least Significant Difference test revealed significant

differences (P < 0.05) in means compared to Group C(°).
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Fig. 3 Phantom study result. a showed the average lens dose of groups A, B, and C. b - d showed the

average values of MTFsgy, MTFioy, and d’ for groups A, B, and C under two filter kernels

respectively.

3.1.2. image quality assessment

The CT values of the images for groups A, B and C, along with the image quality assessment, are



shown in Tables 2 and 3, and illustrated in Figs. 3 and 4. Except for CT4, the CT values for groups B

and C differed significantly from those of group A (P < 0.001). The MTFs¢, and MTF o, for groups B

and C were significantly higher than those for group A (P < 0.001). No significant difference was found

in the d’ value for Hr40 among the three groups (P = 0.830). However, the d’ value for Hr59 in group A

was significantly higher than that in groups B and C (P < 0.001).

Table 2 CT value of phantom scanning image

Group CT, (HU) CT, (HU) CT; (HU) CT4 (HU) CTs (HU)

A -1022.774+0.248¢  -123.314+1.765¢  105.59+1.408¢ 128.24+1.30 395.13+1.565¢

B -973.88+1.99 -84.22+1.49 102.46+1.61 127.71£1.50 345.48+%1.87
C -973.56+1.24 -83.74+1.79 103.134+0.88  126.93+1.74 346.04+1.21
F 4332.409 1618.488 15.300 1.872 3277137
P <0.001 <0.001 <0.001 0.173 <0.001

Group A is the conventional group. Groups B(same CTDIy, as Group A) and C(84% CTDlI, as Group

A) are the dual-source spectral shaping groups.

Post hoc pairwise multiple comparisons procedure with the Least Significant Difference test showed a

statistically significant (P < 0.05) difference between means when compared with B (®) and C(°).



Table 3 image quality by Phantom scanning

NPS average TTFs0%
TTFs00
convolutional MTFsq0 MTF 0% NPS peak spatial (acrylic
Group (bone) d’
kernel (mm™) (mm™) (HU? - mm?) frequency inserts)
(mm')
(mm™") (mm™)
032=% 0.58 % 23542+
A 0.28£0.01 0.39%0.08 — 0.9440.10
0.018¢ 0.018¢ 0.018¢
B 0.3610.01 0.6310.01 229.66+7.86¢ 0.28£0.01 0.38£0.09 — 0.90%0.13
Hr 40
C 0.3610.01 0.6410.01 271.91£0.01 0.284+0.01 0.46%0.10 — 0.91%0.17
F 58.952 76.339 75.764 0.122 2.266 — 0.188
P <0.001 <0.001 <0.001 0.886 0.123 — 0.830
0.62% 0.84 % 73295+ 0.48 %
A 0.56+0.008¢ — 1.44+0.038¢
0.01B¢ 0.01B¢ 10.228¢ 0.01B¢
829.10+
Hr 59 B 0.6610.01 0.90%0.01 0.55%0.00 — 1.604+0.05¢ 0.4340.01
15.76¢
C 0.65%0.01 0.8940.02 974.21£19.65 0.55%0.00 — 1.78£0.07 0.4240.01
F 22.249 55.009 690.958 36.500 — 35.041 87.399




P <0.001 <0.001 <0.001 <0.001 — <0.001 <0.001

Group A is the conventional group. Groups B(same CTDI,o as Group A) and C(84% CTDI,o as Group

A) are the dual-source spectral shaping groups.

Post hoc pairwise multiple comparisons procedure with the Least Significant Difference test showed a

statistically significant (P < 0.05) difference between means when compared with B () and C(©).
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Fig. 4 Noise power spectrum (NPS) and task transfer function (TTF) results for groups A, B, and C

using images reconstructed with the Hr40 and Hr59 kernels.



3.2. Clinical study

3.2.1. Dose measurement

The patient dose data are summarized in Table 4 and illustrated in Fig. 5. There was no statistically

significant difference in the DLP between the two groups. However, both the scan length and lens dose

showed significant differences (P < 0.001), with the DSSS group demonstrating a significantly lower

lens dose compared to the conventional group.

Table 4 Radiation dose in clinical study

Group CTDlLya (mGy) DLP (mGy-cm) Scanning length (cm)  Dose of the lens (mGy)
Con 28.38 304.90(293.50, 324.70) 10.74(10.34, 11.44) 20.10(17.93, 22.68)
DSSS 23.78 307.21(289.08, 325.31) 12.92(12.16, 13.70) 17.35(15.85, 18.82)
Z — -0.488 -8.983 -5.818
P — 0.626 <0.001 <0.001

Con, conventional group; DSSS, dual-source spectral shaping group; CTDI,,, Volume CT dose index;

DLP, Dose Length Product.
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Fig. 5 Clinical study result. A - D showed the DLP, lens dose, CNR, and gray - scale standard deviation

of the conventional group(Con) and dual-source spectral shaping group(DSSS), respectively.

3.2.2. Quantitative image analysis

The results of the quantitative measurements are shown in Table 5 and illustrated in Fig. 5. No

significant difference was observed in the CNR of the medial rectus muscle between the two groups.

The CNR of the eyeball in the DSSS group was significantly higher than in the conventional group,

while the gray - scale standard deviation showed the opposite trend (P < 0.001).



Table 5 Image quality in clinical study

gray - scale
CTmedial rectus muscle CTeyeball CTfat CNRmedial
Group CNReyeball standard
( HU ) (HU ) (HU ) rectus muscle
deviation
33.10%
Con 83.18£14.10 27.00 (22.00, 30.00) -104.32+10.01 16.11£3.86 7.44+£1.53
10.34
DSSS 43.27£5.80 2.00 (0.00, 4.00) -86.44£7.69 30.26+7.55 19.77£4.15 3.36%£045
t -22.888 12.189 -1.909 5.493 -22.521
Z -10.422
P <0.001 <0.001 <0.001 0.058 <0.001 <0.001

Con, conventional group; DSSS, dual-source spectral shaping group.

CNR edial rectus muscle and CNReyepan are the CNR values calculated by using the medial rectus muscle and

the eyeball as the signal regions, respectively, and fat as the background region.

3.2.3. Qualitative image analysis

Interobserver agreement between the two radiologists was good, with x values =0.75 for all

qualitative assessments (Table 6). The overall image quality for Hr40 image in the DSSS group was

superior to that in the conventional group. In terms of score distribution, the DSSS group showed an



upward trend in scores compared to the conventional group, with an increased proportion of grade 5

scores and no images rated as grade 3. The overall distribution of Hr59 image quality showed little

change. Fig. 6 displays the images of the same patient scanned by the two scanning methods,

highlighting the differences in image quality.

Table 6 image quality evaluation by two radiologists and consistency analysis

image quality evaluation consistency analysis
Hr40 Hr59 Hr40 Hr59
Reader Reader Reader Reader Reader  Reader Reader  Reader
Kappa Kappa
1 2 1 2 1 1 2
5(13)°  5(14)° 4.0 4.0 5.0 5.0
5(70)°  5(71)
Con  4(54)" 4(53)" (4.0, (4.0, 0.891 (5.0, (5.0, 0.878
45" 4@
3(8) 3(8) 4.0) 4.0) 5.0) 5.00
5(58)"  5(56) 5.0 5.0 5.0 5.0
5(79)°  5(79)
DSSS  4(25)" 4(28)" (4.0, (4.0, 0.870 (5.0, (5.0, 0.873
4(6)" 4(6)"
3Q2) 3(1) 5.0) 5.00 5.0) 5.00

* The number in parentheses is the number of patients.

Con, conventional group; DSSS, dual-source spectral shaping group.



Fig. 6 Effect images of the same patient scanned by two methods.

A and B are images of the same patient obtained by conventional scanning and dual-source spectral

shaping technology, respectively.

4. Discussion

This study evaluated the application of DSSS technology in orbital CT through phantom experiments

and clinical research. The results showed that in the phantom experiments, DSSS (Group C, with DLP

comparable to the conventional protocol) significantly improved high-contrast resolution and reduced

lens dose, without affecting image d’  (Hr40). Clinical research further verified that DSSS can reduce

eye lens dose by approximately 14%, while significantly enhancing image quality and reducing



beam-hardening artifacts.

In both the conventional and dual-source spectral shaping scanning protocols of this study, a fixed tube

current was selected instead of automatic modulation techniques. This decision was based on the

anatomical characteristics of the orbital region. In adults, the head size at the orbital level is relatively

consistent, and the orbit does not contain gas or other tissues with low X-ray attenuation. According to

expert consensus[4], the use of automatic exposure modulation is not recommended for orbital CT

scans. In this study, the CTDI,, in the conventional group was approximately 29% lower than the

diagnostic reference level, and the CTDIl,, in the low-dose DSSS group (Group C) was below the

"achievable dose" level of 25 mGy. Therefore, this study placed strong emphasis on minimizing

radiation exposure to the lens, with dose reduction as a primary objective. Phantom experiments and

clinical studies were conducted to verify the feasibility of the DSSS technique. This study evaluated

DSSS under two comparison frameworks: Group B and Group C. The former was used to assess the

impact of system geometry/over-ranging on DLP, while the latter was employed to evaluate the organ

dose and image quality benefits under the condition of comparable overall exposure.

The phantom experiments in this study revealed that, under identical CTDI,, conditions, there was no

statistically significant difference in lens dose between the DSSS group and the conventional group.

However, the DLP increased by approximately 18% in the DSSS group. This increase can be attributed

to the nature of CT image reconstruction, wherein interpolation algorithms require data acquisition



beyond the planned scan range. This necessitates scanning of tissues beyond the target region, resulting

in a phenomenon known as z-axis overranging[23]. Notably, the dual-source configuration used in this

study involves two X-ray tubes positioned at a 95°angle [24]. Compared to single-source systems, this

geometry increases the extent of overranging during helical acquisition. The actual scan length in the

DSSS protocol was approximately 2 cm longer than in the conventional setup, contributing to the

higher DLP. To offset this increase, the CTDI,o in the DSSS group (Group C) was reduced to 84% of

that in the conventional group. As a result, the DLP remained comparable between the two protocols,

suggesting similar overall exposure and serving as a comparable surrogate for effective dose. Under

these matched DLP conditions, DSSS achieved a 16% reduction in CTDI,, and an 11% reduction in

lens dose. Significant differences in CT values were observed among the groups. This finding is

consistent with previous studies[25]: DSSS can lead to shifts in absolute CT attenuation values;

however, the relative contrast between tissues generally remains stable, thereby preserving the

reliability of clinical interpretation. Nevertheless, caution should be exercised when performing

quantitative analyses based on HU values, such as thresholding or cross-protocol and cross-system

comparisons. Additionally, NPS peak was elevated, whereas the mean spatial frequency of the NPS

showed no significant difference; this finding is consistent with Greffier et al. [20], indicating that

DSSS does not alter the intrinsic noise texture of CT images. At the same time, increases in MTF s,

MTF 0%, and TTFsoy, demonstrated that DSSS enhanced spatial resolution and signal transfer across



multiple frequency ranges, thereby improving contrast and edge definition, with particular benefits for

the depiction of bony structures using the bone reconstruction algorithm [19]. The observed TTF 5o can

be explained by imaging physics and reconstruction parameters: first, spectral shaping with a tin filter

reduces beam-hardening artifacts and streaks, increases local gray-level gradients, and facilitates the

transfer of low- to mid-frequency information[25]; second, the ADMIRE iterative reconstruction

algorithm suppresses noise while preserving edge sharpness, thereby further supporting edge transfer

[26]. Together, these factors resulted in a marked improvement of TTF sy, in Group C. Under the Hr40

kernel, no significant differences in d’ were observed among the three groups; however, under Hr59

kernel, the d’ of Group C was significantly lower than that of Group A, suggesting that DSSS imposes

certain limitations on the transfer of high-frequency information, while exerting no apparent effect on

low- or mid-frequency transfer. High-frequency components primarily correspond to small,

high-contrast structures, such as ultra-fine osseous details, whereas overall bone continuity relies more

heavily on low- and mid- frequency information that defines general contours and edges, and does not

depend entirely on the finest high-frequency elements [27]. Accordingly, the reduction in d’ observed in

this study mainly reflects impaired d’ of fine osseous details. Nevertheless, as most orbital CT

examinations in clinical practice depend on accurate visualization of soft tissues and assessment of

overall bone continuity rather than ultra-fine osseous details [3], the clinical impact of this limitation is

expected to be minimal.



The clinical validation further supported the phantom results, confirming that the low-CTDI,, DSSS

protocol reduced lens radiation dose by approximately 14% with no significant difference in DLP. In

standard algorithm reconstructions, the CNR— with the eyeball as the signal region and periorbital fat

as the background—increased by about 23%, indicating a notable enhancement in low-contrast

resolution. Moreover, the grayscale standard deviation within the eyeball decreased by 55%,

substantially reducing intraocular artifacts. Subjective image quality scores were highly consistent with

objective measurements. The DSSS group received higher overall ratings than the conventional group,

with the greatest improvement seen in standard reconstruction images. Radiologists reported a

markedly improved visualization of the scleral ring, lens, and vitreous body, due to a significant

reduction in beam-hardening artifacts. These clinical observations are consistent with those reported by

Zhou, W. [17], and further validated by Lee, S. M. [21], who demonstrated that DSSS effectively

reduces beam-hardening artifacts without increasing radiation exposure.

Nevertheless, this study has several limitations. First, DSSS showed a reduced d’ for fine osseous

details with the Hr59 kernel relative to the conventional protocol, suggesting limited transfer of

high-frequency information. Second, the direct impact of DSSS on the diagnostic performance of

specific orbital diseases was not assessed. Third, only 0.5 mixed-energy images were evaluated,

without investigating other blending ratios or energy levels that might offer further optimization.

Fourth, the DSSS technique is currently restricted to dual-source CT systems, limiting its applicability



across different scanner platforms. Fifth, the MTF reported in this study were derived from images

reconstructed with ADMIRE (strength 3). Since MTFsoy, and MTF ¢ is reconstruction-dependent, its

values and frequency responses vary with the reconstruction method; therefore, the present results

should be regarded only as secondary references. Finally, because DSSS may shift absolute CT

attenuation values, HU-based quantitative analyses (e.g., thresholding or cross-protocol comparisons)

should be interpreted with caution. Future investigations should further explore whether spectral

shaping with customized energy parameters can enhance diagnostic accuracy in orbital imaging while

maintaining or further reducing radiation dose.

5. Conclusion

Clinical validation showed that dual-source spectral shaping reduced lens radiation dose by 14%

without increasing DLP, while significantly improving image quality—reflected by a 23% increase in

CNR and reduced intraocular artifacts. DSSS offers a promising low-dose solution for orbital CT

imaging with maintained diagnostic performance.
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