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Dark-Blood Computed Tomography Angiography 
Combined With Deep Learning Reconstruction for 
Cervical Artery Wall Imaging in Takayasu Arteritis
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Objective: To evaluate the image quality of novel dark-blood computed tomography angiography (CTA) imaging combined 
with deep learning reconstruction (DLR) compared to delayed-phase CTA images with hybrid iterative reconstruction (HIR), to 
visualize the cervical artery wall in patients with Takayasu arteritis (TAK).
Materials and Methods: This prospective study continuously recruited 53 patients with TAK (mean age: 33.8 ± 10.2 years; 49 
females) between January and July 2022 who underwent head-neck CTA scans. The arterial- and delayed-phase images were 
reconstructed using HIR and DLR. Subtracted images of the arterial-phase from the delayed-phase were then added to the 
original delayed-phase using a denoising filter to generate the final-dark-blood images. Qualitative image quality scores and 
quantitative parameters were obtained and compared among the three groups of images: Delayed-HIR, Dark-blood-HIR, and 
Dark-blood-DLR.
Results: Compared to Delayed-HIR, Dark-blood-HIR images demonstrated higher qualitative scores in terms of vascular wall 
visualization and diagnostic confidence index (all P < 0.001). These qualitative scores further improved after applying DLR 
(Dark-blood-DLR compared to Dark-blood-HIR, all P < 0.001). Dark-blood DLR also showed higher scores for overall image 
noise than Dark-blood-HIR (P < 0.001). In the quantitative analysis, the contrast-to-noise ratio (CNR) values between the 
vessel wall and lumen for the bilateral common carotid arteries and brachiocephalic trunk were significantly higher on Dark-
blood-HIR images than on Delayed-HIR images (all P < 0.05). The CNR values were significantly higher for Dark-blood-DLR 
than for Dark-blood-HIR in all cervical arteries (all P < 0.001).
Conclusion: Compared with Delayed-HIR CTA, the dark-blood method combined with DLR improved CTA image quality and 
enhanced visualization of the cervical artery wall in patients with TAK.
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in low-contrast lesion detectability and spatial resolution 
when using HIR methods [9]. Recently, deep learning 
reconstruction (DLR) [10] based on convolutional neural 
networks (CNNs) was proposed to further enhance the spatial 
resolution and diagnostic performance without affecting the 
noise texture. Previous studies demonstrated the benefits 
of DLR on coronary CT angiography [11-14], abdominal 
contrast-enhanced dual-energy CT [15], and brain CTA [16]. 
Here, we have extended the application of the DLR algorithm 
to dark-blood CTA to evaluate vessel wall imaging in the 
head and neck region.

The purpose of this study was to assess the image quality 
of a newly developed dark-blood CTA imaging technique 
combined with DLR in visualizing the cervical artery wall of 
patients with TAK, compared to delayed-phase CTA images 
with HIR.

MATERIALS AND METHODS

Study Patients
This prospective study was approved by the ethics 

committee of our institution (IRB No. I-24PJ0479). Written 
informed consent was obtained from all the patients. Fifty-
three patients (4 males; mean age, 33.8 ± 10.2 years; range, 
17–66 years) were consecutively recruited from January 
2022 to July 2022. All patients underwent head-neck CTA 
at our institution. The inclusion criteria were as follows: 
1) clinical diagnosis of TAK and 2) suspicion of cervical 
artery involvement. The exclusion criteria were as follows: 
1) contraindications for CTA scanning, 2) history of carotid 
vascular graft surgery, and 3) limited observation of the 
cervical arteries due to obvious artifacts caused by metal 
implants, such as internal fixation surgery of the cervical 
vertebrae and extensive dental implants.

CT Acquisition
All scans were performed using a 320-row-detector CT 

scanner (Aquilion ONE Genesis Edition, Canon Medical 
Systems, Otawara, Japan). Patients were positioned supine 
with their arms placed at their sides and instructed not to 
move their heads during the examination. 

The scan range was from the aortic arch to the 
skull. The monitoring trigger for the contrast scan was 
positioned at the level of the thoracic aorta with a 
threshold value of 180 Hounsfield unit. A high-pressure 
syringe with a double cylinder was used to inject 55 mL of 
the contrast agent, Ultravist (370 mg I/mL), and 25 mL of 

INTRODUCTION

Takayasu arteritis (TAK) is a primary granulomatous 
large-vessel vasculitis that mostly affecting young women 
and leading to significant morbidity and mortality. It 
predominantly involves the large arteries, including the 
aorta, pulmonary artery, and their branches [1]. Carotid 
artery involvement is observed in 45%–84% of patients with 
TAK [2]. Prolonged disease can lead to various artery lesions 
such as arterial stenosis, occlusion, or aneurysmal dilation, 
which may result in symptoms of ischemic impairment such 
as limb pulselessness, mild headache, syncope, and stroke in 
patients with TAK [3]. Therefore, evaluation of carotid artery 
lesions is crucial for assessing TAK.

Computed tomography angiography (CTA) plays a vital 
role in the diagnosis of TAK, enabling evaluation of vessel 
involvement, quantitative assessment of disease activity, 
and treatment follow-up. Furthermore, CTA may reveal mural 
changes even in the early systemic phase when occlusive 
arterial changes are not evident [4]. Previous studies have 
reported distinctive mural changes in patients with TAK, 
such as circumferential wall thickening and enhancement, 
concentric low-attenuation ring, and circumferential 
calcification [5,6]. However, traditional bright-blood CTA 
images have limitations in observing the vessel wall because 
of the low contrast between the arterial wall and the 
lumen. Some advanced wall-imaging techniques based on 
the dark-blood protocol, such as turbo spin-echo MR that 
utilizes vascular flow void effects, can effectively depict 
abnormalities in vascular walls. This effect of blood signal 
suppression can also be realized by the way of CT post-
processing techniques, including dual-energy CT material 
decomposition [7] and manual adjustment of CT value 
distribution [8]. In this study, we propose a new dark-blood 
CT method that utilizes a modified subtraction CT technique 
with reliable registration algorithms. We aimed to explore 
the feasibility of the dark-blood CT method for visualizing 
the carotid artery wall in patients with TAK.

In addition to dark-blood wall imaging, CT iterative 
reconstruction (IR) technology can help improve the image 
quality of vessel wall imaging. IR, especially hybrid IR 
(HIR) processed in both the image and raw-data domain 
has been widely used in daily practice. HIR offers an 
overall improvement in image quality compared to the 
previous filtered back projection and does not suffer from 
the high computational time issue of model-based IR 
(MBIR). However, some studies have reported limitations 
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saline at a rate of 4 mL/s through the right median cubital 
vein. Bolus tracking was triggered to start the arterial-
phase scanning. Delayed-phase imaging was performed 90 s 
after contrast medium injection. The scanning parameters 
were as follows: tube voltage 100 kVp, intelligently and 
automatically modulated tube current, rotational speed 
0.5 s/r, the noise index (standard deviation [SD]) set to 
7.5, display-field of view (D-FOV) 300 (M), collimation of 
0.5 x 160, matrix size of 512 x 512, and pitch of 0.8. 

The CT dose index volume (CTDIvol; mGy) and dose-length 
product (DLP; mGy·cm) were recorded from the CT scanner. 
The effective radiation dose (mSv) was calculated as the 
product of the DLP and a conversion factor of 0.0048 mSv/
(mGy·cm) for craniocervical CTA [17]. 

Image Reconstruction and Post-Processing
The DLR algorithm (Advanced Intelligent Clear-IQ Engine, 

AiCE, Canon Medical Systems) used in this study was 
developed by introducing CNNs trained with high-quality 
target images generated using MBIR. This training process 
consisted of iteratively repeating the input-forward, error-
backpropagation operation, achieving all the benefits of 
MBIR and thus turning low-quality input data into high-
quality images that were free of noise contamination [18]. 

Arterial and delayed-phase images were reconstructed using 
HIR (Adaptive Iterative Dose Reduction [AIDR] 3D, FC03, 
Canon Medical Systems) and DLR (AiCE, body sharp kernel, 
Canon Medical Systems), with a slice thickness of 1.0 mm 
and an interval of 1.0 mm. Subsequently, these two groups 
of images with the same reconstruction algorithm were 
sent to dedicated post-processing software (SURESubtraction, 
Canon Medical Systems) to generate dark-blood CT images. 
This process consisted of two steps: first, subtraction 
images were obtained by subtracting arterial-phase CT 
images from delayed-phase CT images; then, subtraction 
images were added to the original delayed-phase images 
using an automatic denoising procedure to generate the 
final dark-blood CT images (Fig. 1). Therefore, three groups 
of CTA images were produced for analysis: Delayed-HIR, 
Dark-blood-HIR, and Dark-blood-DLR.

Image Analysis

Qualitative Image Quality Analysis
Qualitative image quality was independently rated by 

two experienced radiologists (T.S. and Z.Z.) with 7- and 
5-year experience in head-neck angiography imaging, 
respectively. The items were rated on a five-point Likert 

Fig. 1. Principles of the dark-blood CTA technique. A-C: The subtraction image (C) is obtained by subtracting the arterial-phase CT image 
(B) from the delayed-phase image (A). Dark-blood CT images (D) are obtained by adding delayed-phase images to subtraction images 
using a denoising filter, and clearly display the arterial vessel wall. CTA = computed tomography angiography

Delayed-phase CT images

Dark-blood CT images

Denoising filter

Non-rigid 
registration 

and 
subtraction

Denoising filter

Arterial-phase CT images Subtraction images
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scale. Images from the three CT image sets were randomly 
arranged and reviewed after blinding patient information. 
Although the imaging methods were not revealed to the 
readers, strict blinding of the imaging methods was not 
feasible owing to their intrinsic differences. The qualitative 
evaluation included the following criteria: overall image 
noise (1 = too much noise to evaluate, 2 = too much noise, 
only the tissue contour can be evaluated, 3 = acceptable 
noise, morphology and density can be evaluated, 4 = less 
noise, accurate diagnosis can be evaluated, and 5 = very 
little noise, accurate diagnosis can be quickly evaluated); 
ability of vessel wall visualization (1 = unable to judge 
whether the vessel wall is thickened, 2 = whether the vessel 
wall is thickened can be evaluated, but cannot be measured 
accurately, 3 = vessel wall thickness can be measured, 
4 = vessel wall thickness can be measured accurately, 
and 5 = vessel wall thickness can be measured quickly 
and accurately); and diagnostic confidence index (1 = 
no confidence to diagnose, 2 = no confidence to ensure 
accurate measurements, 3 = accurate measurements can be 
ensured, 4 = full confidence in diagnosis, and 5 = diagnosis 
is ensured quickly and accurately). Higher scores indicated 
better image quality.

Quantitative Image Quality Analysis
All CT images were manually segmented by an 

experienced radiologist (T.S.) with 7-year experience in 
head-neck angiography imaging using the open-source 
software ITK-SNAP (http://www.itksnap.org/pmwiki/
pmwiki.php). On CTA images of each patient, five cervical 
arteries (brachiocephalic trunk, bilateral subclavian 
arteries, and common carotid arteries) were selected and 
one region of interest (ROI) was drawn for each. The slice 
with the thickest vessel wall was identified, and three 
concentric ROIs were drawn for each artery to represent the 
characteristics of the thickened vessel wall. The smallest 
ROI was placed within the vessel lumen, the middle ROI 
was drawn along the inner edge of the vessel wall, and the 
largest ROI was drawn along the outer edge of the vessel 
wall. Arteries that were convoluted, interfered with venous 
contrast agent artifacts, or lacked closed circular structures 
on the axial image were excluded from the analysis. This 
was commonly observed in the brachiocephalic trunk 
and bilateral subclavian arteries. Arteries with occluded 
vascular lumen or stent implantation were excluded from 
the analysis. The shape, size, and location of the ROIs were 
kept the same for the three datasets using copy and paste 

commands. 
Python version 3.6.4 (https://www.python.org) was used 

to compute quantitative parameters, including density, SD, 
signal-to-noise ratio (SNR), and contrast-to-noise ratio 
(CNR). The SNR of the vessel wall and the CNR between the 
vessel wall and lumen are defined as follows: 

SNR = 
Densitywall

SDwall

CNR = 
| Densitywall - Densitylumen |

   
1
2  (SD2

wall + SD2
lumen)

Vessel Wall Thickness Measurement
The wall thickness of the common carotid artery was 

independently measured by two experienced radiologists 
(T.S. and Z.Z.) with 7- and 5-year experience in head-neck 
angiography imaging, respectively. Measurements were 
taken at the thickest layer of the common carotid artery 
wall in three groups of CTA images.

Statistical Analysis
Statistical analyses were conducted using R software 

(version 3.6.1; http://www.R-project.org). The Shapiro–Wilk 
test was used to assess the normal distribution of the data. 
If the data were normally distributed, a one-way repeated 
measures ANOVA was employed to analyze the differences 
among multiple groups. For multiple comparisons, paired 
sample t-tests with Bonferroni correction for P-values 
were applied. In cases where the data did not follow a 
normal distribution, the Friedman test was used to analyze 
the differences among multiple groups. Additionally, the 
Wilcoxon signed-rank test with the Bonferroni correction of 
P-values was performed for multiple comparisons. Statistical 
significance was set at P < 0.05. Kappa statistics were used 
to assess inter-rater agreement between the two readers 
for qualitative evaluation. A kappa value greater than 0.75 
was considered excellent, between 0.40 and 0.75 was 
considered fair to good, while value less than 0.40 was 
regarded as poor. Inter-rater variability was evaluated using 
the intraclass correlation coefficient (ICC) for vessel wall 
thickness measurements. ICC values less than 0.4, between 
0.4 and 0.75, and greater than 0.75 were interpreted 
as representing poor agreement, good agreement, and 
excellent agreement, respectively.

http://www.itksnap.org/pmwiki/pmwiki.php
http://www.itksnap.org/pmwiki/pmwiki.php
https://www.python.org
http://www.R-project.org
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RESULTS

Participants and Radiation Dose
A total of 53 patients were enrolled in this study; 92.4% 

were females with a mean age of 33.8 years. A total of 
182 ROIs were obtained from the following locations: the 
brachiocephalic trunk (n = 31), left subclavian arteries (n = 
34), right subclavian arteries (n = 19), left common carotid 
arteries (n = 48), and right common carotid arteries (n = 
50). The patient inclusion flowchart is shown in Figure 2.

The CTDIvol, DLP, and effective radiation dose for the 
non-enhanced phase were 11.24 ± 1.49 mGy, 496.93 ± 
65.09 mGy·cm, and 2.39 ± 0.31 mSv, respectively. The 
CTDIvol, DLP, and effective radiation dose for the arterial-
phase were 15.16 ± 1.99 mGy, 670.33 ± 87.11 mGy·cm, 
and 3.22 ± 0.42 mSv, respectively. The CTDIvol, DLP, and 
effective radiation dose for the delayed-phase were 15.16 ± 
1.99 mGy, 670.33 ± 87.11 mGy·cm, and -3.22 ± 0.42 mSv, 
respectively.

Qualitative Evaluation of Image Quality
The qualitative evaluation scores are listed in Table 1. 

When compared with Delayed-HIR images, CTA images 

processed using the dark-blood technique presented higher 
qualitative scores in terms of vascular wall visualization 
and diagnostic confidence index (all P < 0.05). In terms of 
overall image noise, Dark-blood-HIR scores were comparable 
to Delayed-HIR scores (all P > 0.05). The qualitative scores 
of Dark-blood-HIR for overall image noise, vascular wall 
visualization, and diagnostic confidence index were further 
increased with DLR (all P < 0.05). Figures 3 and 4 present 
two representative examples of Delayed-HIR, Dark-blood-
HIR, and Dark-blood-DLR images. These were taken at 
varying levels of the common carotid and subclavian arteries 
in two patients with TAK. In both cases, the Dark-blood-
DLR images provide improved visualization of the artery wall 
structure.

For overall image noise, vessel wall visualization ability, 
and diagnostic confidence index, the two raters showed 
excellent agreement, with kappa values of 0.829, 0.848, and 
0.867, respectively.

Quantitative Evaluation of Image Quality
The SNRs of the five cervical arteries of the Dark-blood-

HIR images were comparable to those of the Delayed-
HIR images (all P > 0.05, Table 2). The SNRs of the Dark-

   60 patients were initially included
      ‌�1) a clinical diagnosis of Takayasu arteritis 

2) clinical suspicion of carotid artery involvement

   53 patients were enrolled
   5 artery ROIs were drew on each patient CTA images

   182 artery ROIs was finally obtained for analysis
      • Brachiocephalic trunk (n = 31)
      • Left subclavian arteries (n = 34) 
      • Right subclavian arteries (n = 19) 
      • Left common carotid arteries (n = 48) 
      • Right common carotid arteries (n = 50)

   7 patients were excluded
      • Contraindications for CTA scanning (n = 2)
      • After carotid vascular graft surgery (n = 3)
      • ‌�Cervical metal implants, such as internal fixation surgery of 

cervical vertebra (n = 1) and too more dental implants (n = 1)

   83 artery ROIs were exclued for analysis
      • The artery was convoluted (n = 10)
      • Arteries interfered by venous contrast agent artifacts (n = 6)
      • No optional closed circular structure on the axial image (n = 34)
      • The vascular lumen was occluded (n = 17)
      • There was stent implantation (n = 16)

Fig. 2. Flow chart of patient enrollment and study design. Based on the predefined inclusion and exclusion criteria, 53 patients 
successfully underwent head-neck CTA. CTA = computed tomography angiography, ROI = region of interest
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Table 1. Qualitative image quality scores of Delayed-HIR, Dark-blood-HIR, and Dark-blood-DLR images

Parameter and reader n
Image quality score P

Delayed-HIR 
(group 1)

Dark-blood-HIR 
(group 2)

Dark-blood-DLR 
(group 3)

All 1 vs. 2 2 vs. 3 1 vs. 3

Overall image noise 53
Reader 1 4.0 ± 0.3 3.9 ± 0.3 4.9 ± 0.2 < 0.001   1.000 < 0.001 < 0.001
Reader 2 3.8 ± 0.4 3.9 ± 0.4 4.9 ± 0.3 < 0.001   0.110 < 0.001 < 0.001

Vessel wall visualization 53
Reader 1 2.9 ± 0.7 3.8 ± 0.7 4.8 ± 0.5 < 0.001 < 0.001 < 0.001 < 0.001
Reader 2 2.8 ± 0.7 3.8 ± 0.7 4.7 ± 0.5 < 0.001 < 0.001 < 0.001 < 0.001

Diagnostic confidence index 53
Reader 1 2.9 ± 0.8 3.8 ± 0.8 4.7 ± 0.6 < 0.001 < 0.001 < 0.001 < 0.001
Reader 2 2.7 ± 0.7 3.8 ± 0.6 4.7 ± 0.6 < 0.001 < 0.001 < 0.001 < 0.001

Data are mean ± standard deviation. The P-values for multiple pairwise comparisons were adjusted using Bonferroni method, and P < 0.05 
indicates statistically significant difference.
HIR = hybrid iterative reconstruction, DLR = deep learning reconstruction

Fig. 3. An illustrative case of a 35-year-old female with Takayasu arteritis. A-E: CTA images (A-C) and carotid artery vessel wall MRI 
images (D-E) reveal thickening of bilateral common carotid arteries (arrows). Compared to Delayed-HIR (A), CTA images using the dark-
blood method (B) show enhancement of the vascular wall visualization and diagnostic confidence index for thickened carotid artery 
vessel walls. In addition, dark-blood CTA images combined with DLR (C) yield better overall image quality with reduced image noise and 
display the highest contrast-to-noise ratio value between the vessel wall and lumen. The thickened vessel walls of bilateral common 
carotid arteries (arrows) show hyper/iso-intensity on T2WI (D) and iso-intensity on T1WI (E) of MRI obtained outside the research 
protocol. CTA = computed tomography angiography, MRI = magnetic resonance imaging, HIR = hybrid iterative reconstruction, DLR = 
deep learning reconstruction, WI = weighted imaging

blood-DLR images were significantly higher for the five 
cervical arteries than those of the Dark-blood-HIR images 
(all P < 0.01, Table 2). The CNRs of Dark-blood-HIR were 
significantly higher than those of Delayed-HIR for the 

left common carotid artery, right common carotid artery, 
and brachiocephalic trunk (all P < 0.05). The CNRs of all 
five cervical arteries of the Dark-blood-DLR images were 
significantly higher than those of the Dark-blood-HIR images 

A

D

B

E

C
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Fig. 4. An illustrative case of a 34-year-old female with Takayasu arteritis. A-D: CTA images (A-C) and carotid artery vessel wall MRI 
images (D) exhibit thickening of bilateral common carotid arteries (yellow arrows) and subclavian artery (red arrows) at the level of 
the lower neck. Compared to Delayed-HIR (A), CTA images using the dark-blood method (B) display enhancement of vascular wall 
visualization and diagnostic confidence index for the thickened artery vessel wall. Furthermore, dark-blood CTA images combined with 
DLR (C) result in overall image quality improvement with reduced image noise and the highest contrast-to-noise ratio value between 
the vessel wall and lumen. The thickened vessel walls of the common carotid arteries (yellow arrows) and subclavian artery (red arrows) 
show hyper/iso-intensity on T2WI (D) obtained outside the research protocol. CTA = computed tomography angiography, MRI = magnetic 
resonance imaging, HIR = hybrid iterative reconstruction, DLR = deep learning reconstruction, WI = weighted imaging

A

C

B

D

Table 2. SNRs and CNRs of Delayed-HIR, Dark-blood-HIR, Dark-blood-DLR images

Parameter and vessel n
Quantitative values P

Delayed-HIR 
(group 1)

Dark-blood-HIR 
(group 2)

Dark-blood-DLR 
(group 3)

All 1 vs. 2 2 vs. 3 1 vs. 3

SNR
Brachiocephalic trunk 31 2.2 ± 0.8 2.3 ± 0.9 2.8 ± 1.1 < 0.001    0.271 < 0.001 < 0.001
Left subclavian artery 34 1.9 ± 0.6 1.7 ± 0.8 2.5 ± 0.9 < 0.001    0.572 < 0.001 < 0.001
Right subclavian artery 19 1.4 ± 0.8 1.6 ± 0.8 2.3 ± 1.0 < 0.001    0.110 < 0.001 < 0.001
Left common carotid artery 48 3.4 ± 1.7 3.6 ± 1.9 3.9 ± 1.9    0.005    1.000    0.011    0.008
Right common carotid artery 50 3.7 ± 1.4 3.7 ± 1.7 4.0 ± 2.0    0.038    1.000    0.003    0.111

CNR between the vascular wall and lumen
Brachiocephalic trunk 31 2.6 ± 1.0 3.6 ± 1.7 4.9 ± 1.8 < 0.001    0.009 < 0.001 < 0.001
Left subclavian artery 34 2.7 ± 0.8 2.7 ± 1.2 4.9 ± 2.1 < 0.001    1.000 < 0.001 < 0.001
Right subclavian artery 19 2.3 ± 0.8 2.6 ± 1.5 4.1 ± 1.0 < 0.001    1.000 < 0.001    0.001
Left common carotid artery 48 3.8 ± 1.3 5.1 ± 3.1 7.2 ± 4.1 < 0.001    0.009 < 0.001 < 0.001
Right common carotid artery 50 3.3 ± 1.1 5.2 ± 2.4 6.6 ± 2.6 < 0.001 < 0.001 < 0.001 < 0.001

Data are mean ± standard deviation. The P-values for multiple pairwise comparisons were adjusted using Bonferroni method, and P < 0.05 
indicates statistically significant difference.
SNR = signal-to-noise ratio, CNR = contrast-to-noise ratio, HIR = hybrid iterative reconstruction, DLR = deep learning reconstruction

(all P < 0.001, Table 2).
Except for the right common carotid artery, the mean 

density and SD values of the other four arterial walls of 

the Dark-blood-HIR images were comparable to those of 
the Delayed-HIR images (all P > 0.05, Table 3). Dark-blood-
DLR significantly increased the mean density and decreased 
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the SD values of all cervical artery walls compared to Dark-
blood-HIR images (Table 3). For the vessel lumen, the dark-
blood technique significantly reduced the mean density of 
all cervical arteries compared to Delayed-HIR images (all P < 
0.001, Table 3) and significantly reduced the SD values of the 
vessel lumen of the bilateral common carotid arteries (left, 
P < 0.001; right, P = 0.01; Table 3). The mean density and 
SD values of all cervical arteries of the Dark-blood-DLR group 
were further reduced compared to those of the Dark-blood-
HIR group (all P < 0.006, Table 3).

Measurements of Vessel Wall Thickness
The vessel wall thickness of common carotid arteries 

were 1.98 ± 0.76 mm, 2.25 ± 0.76 mm and 2.19 ± 0.70 mm 
measured by reader 1 on Delayed-HIR, Dark-blood-HIR, and 
Dark-blood-DLR images respectively. By reader 2, the vessel 
wall thickness of common carotid arteries were measured as 
2.29 ± 0.71 mm, 2.48 ± 0.86 mm and 2.33 ± 0.80 mm on 

Delayed-HIR, Dark-blood-HIR, and Dark-blood-DLR images 
respectively. The ICC values between the two readers were 
0.903 (0.836, 0.943), 0.896 (0.825, 0.939) and 0.958 
(0.927, 0.976) for Delayed-HIR, Dark-blood-HIR, and Dark-
blood-DLR images respectively. The highest ICC value 
between the two raters was observed for the Dark-blood-
DLR images.

DISCUSSION

In this study, a novel subtraction-based dark-blood CT 
imaging technique combined with DLR was investigated, 
and its application was evaluated in the imaging of the 
cervical arterial wall in patients with TAK. The findings 
indicate that dark-blood CTA images allowed better 
visualization of arterial walls compared to the Delayed-
HIR technique. Furthermore, the combination of dark-blood 
imaging with DLR resulted in additional enhancement of 

Table 3. CT attenuation and noise of Delayed-HIR, Dark-blood-HIR, and Dark-blood-DLR images 

Parameters n
Quantitative values P

Delayed-HIR 
(group 1)

Dark-blood-HIR 
(group 2)

Dark-blood-DLR 
(group 3)

All 1 vs. 2 2 vs. 3 1 vs. 3

Delayed-HIR (group 1) CT attenuation of vascular wall (HU)
Brachiocephalic trunk 31   62.4 ± 15.9 67.4 ± 18.5 74.1 ± 18.1 < 0.001    0.094 < 0.001 < 0.001
Left subclavian artery 34   57.7 ± 15.8 55.7 ± 20.3 72.8 ± 21.3 < 0.001    0.876 < 0.001 < 0.001
Right subclavian artery 19   50.0 ± 20.3 51.9 ± 21.4 64.9 ± 19.7 < 0.001    1.000 < 0.001    0.002
Left common carotid artery 48   70.6 ± 20.4 68.5 ± 19.4 79.8 ± 17.6 < 0.001    0.230 < 0.001 < 0.001
Right common carotid artery 50   79.1 ± 17.9 72.0 ± 21.2 81.8 ± 21.0 < 0.001 < 0.001 < 0.001    0.175

CT attenuation of lumen (HU)
Brachiocephalic trunk 31 100.1 ± 41.4 -13.3 ± 46.7 -29.4 ± 30.0 < 0.001 < 0.001 < 0.001 < 0.001
Left subclavian artery 34 120.9 ± 26.4 -9.8 ± 38.5 -37.1 ± 35.1 < 0.001 < 0.001 < 0.001 < 0.001
Right subclavian artery 19 113.1 ± 29.8 -8.5 ± 53.1 -21.4 ± 36.4 < 0.001 < 0.001 < 0.001    0.002
Left common carotid artery 48 132.8 ± 30.5 -7.4 ± 46.6 -34.7 ± 41.8 < 0.001 < 0.001 < 0.001 < 0.001
Right common carotid artery 50 134.1 ± 26.1 -8.1 ± 47.4 -26.2 ± 36.9 < 0.001 < 0.001 < 0.001 < 0.001

Image noise of vascular wall (HU)
Brachiocephalic trunk 31 30.0 ± 7.2 31.3 ± 11.3 29.4 ± 10.7    0.078    1.000    0.045    0.472
Left subclavian artery 34 32.5 ± 6.9 33.9 ± 9.9 31.6 ± 9.4    0.187    1.000    0.160    0.640
Right subclavian artery 19 39.6 ± 12.1 36.6 ± 13.3 30.4 ± 9.1 < 0.001    0.219    0.021    0.002
Left common carotid artery 48 22.7 ± 6.2 22.4 ± 7.4 23.9 ± 8.4    0.012    0.589    0.008    0.578
Right common carotid artery 50 23.3 ± 6.2 21.8 ± 5.9 23.4 ± 7.4    0.003    0.020    0.004    1.000

Image noise of lumen (HU)
Brachiocephalic trunk 31 16.7 ± 5.4 17.4 ± 8.5 10.6 ± 4.2 < 0.001    1.000 < 0.001 < 0.001
Left subclavian artery 34 14.3 ± 7.2 14.5 ± 9.8 9.0 ± 5.5 < 0.001    1.000 < 0.001 < 0.001
Right subclavian artery 19 16.5 ± 9.2 16.5 ± 10.3 10.1 ± 6.8 < 0.001    1.000 < 0.001 < 0.001
Left common carotid artery 48 9.2 ± 3.9 7.2 ± 4.5 6.4 ± 5.3 < 0.001 < 0.001 < 0.001    0.006
Right common carotid artery 50 8.7 ± 4.0 7.3 ± 4.9 6.3 ± 4.3 < 0.001    0.012 < 0.001    0.006

Data are mean ± standard deviation. The P-values for multiple pairwise comparisons were adjusted using Bonferroni method, and P < 0.05 
indicates statistically significant difference.
CT = computed tomography, HIR = hybrid iterative reconstruction, DLR = deep learning reconstruction, HU = Hounsfield unit
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the qualitative scores and quantitative parameters of the 
images. Notably, the Dark-blood-DLR approach demonstrated 
better consistency in wall thickness measurement.

The subtraction-based dark-blood CT method utilized in 
this study markedly enhanced the visualization of cervical 
artery walls by suppressing lumen density. Compared with 
Delayed-HIR, Dark-blood-HIR significantly increased the 
CNR of the vessel wall, particularly for the carotid arteries, 
with rate increments of 35.7% and 58.5%, respectively. 
Qualitative results also indicated that dark-blood CTA images 
provided higher scores in terms of vessel wall visualization 
and the diagnostic confidence index. Additionally, because 
of the integrated denoising filter, the dark-blood technique 
maintained image noise even with the subtraction and 
addition operations. Our method is an extension of the 
contrast-enhancement boost (CE-boost) technique, 
which has traditionally been utilized to further increase 
enhancement on contrast-enhanced CT for various body parts 
[19-21]. The CE-boost technique was modified to generate 
dark-blood CT images in which the paired arterial and 
delayed-phases served as inputs instead of the conventional 
pair of unenhanced and enhanced images. In this scenario, 
vessel wall enhancement and blood signal suppression 
were achieved by subtracting arterial-phase CT images 
from delayed-phase CT images. The subtracted images were 
then added to the original delayed-phase images using an 
automatic denoising procedure to generate the final dark-
blood CT images. The proposed method can generate dark-
blood images similar to those obtained using the dual-
energy approach of Rotzinger et al. [7]. Their dual-energy CT 
material decomposition method improved the visualization 
of the aortic wall and intramural hematoma; however, only 
arterial-phase images were utilized to generate dark-blood 
images. In contrast, our study integrated both the arterial 
and delayed-phases of CTA images and contained additional 
inherent information on vascular wall enhancement 
physiologically occurring in the delayed-phase.

The dark-blood algorithm in our study is a software 
solution, and traditional triphasic head-neck CTA datasets 
are required as inputs, which can be easily integrated into 
the clinical workflow.

Recent studies have assessed the role of DLR in enhancing 
the image quality in head and neck CT imaging, including 
both non-enhanced cerebral CT [22] and the depiction of 
intracranial arteries in CTA [16]. Otgonbaatar et al. [16] 
demonstrated that DLR improved both the quantitative 
(average improvement of CNR of 44.8%) and qualitative 

performance in brain CTA images compared with HIR. In 
this study, we focused on the benefits of DLR for enhancing 
vascular wall visibility. We found that the CNR between 
the vascular wall and lumen obtained with Dark-blood-DLR 
increased by 26.4%–81.6% compared to Dark-blood-HIR, 
and by 77.2%–100% compared to Delayed-HIR. In terms 
of subjective image quality assessment, besides vessel wall 
visualization and diagnostic confidence index, Dark-blood-
DLR also showed advantages in terms of overall image 
noise compared with Dark-blood-HIR. Our findings also 
indicated that, compared to traditional delayed-phase CTA 
images reconstructed with HIR, images with a combination 
of dark-blood and DLR showed remarkable improvement in 
both qualitative and quantitative image quality. The CNR 
between the vascular wall and lumen almost doubled, and 
the improvement in subjective scores indicated that a faster 
and more accurate diagnosis was achieved for thickened 
vessel walls.

The disease course of TAK is long, with varying degrees 
of activity. Previous studies have shown that vessel 
wall thickness in TAK serves as an indicator of disease 
activity and monitoring [6,23]. Our results demonstrated 
excellent inter-reader consistency of the Dark-blood-DLR 
in quantitative measurements of the carotid artery wall, 
surpassing the other two techniques. This indicates that 
Dark-blood-DLR CTA has the potential to become a useful 
quantitative tool for measuring vessel wall thickness with 
better accuracy and less variability. Further validation will be 
required in future studies.

Our study has several limitations. First, the sample size 
of this single-center study was relatively small and did 
not allow for a detailed analysis based on various disease 
conditions. Multicenter prospective trials are required to 
validate the clinical reliability and reproducibility of dark-
blood CTA combined with DLR. Second, the method of 
delineating the ROI on the vessel wall was limited to vessel 
walls that ran vertically and exhibited a circular lumen on 
axial images. For vessels that are more tortuous or parallel 
in their paths on axial images, it may be possible to 
reconstruct images from other orientations for more accurate 
delineation. However, this was not attempted in the present 
study. Third, there is currently a lack of a gold standard 
reference for vessel wall thickness. Additionally, because 
of the limited amount of carotid artery wall MR data, we 
were unable to conduct a comparative study between CT 
and MR measurements of wall thickness. Therefore, further 
investigation is required for the clinical application of 
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Dark-blood-DLR CTA. Furthermore, future research should 
investigate clinical practices related to disease activity and 
follow-up evaluation of TAK, which was beyond the scope of 
the present study.

In conclusion, our study demonstrates that compared to 
Delayed-HIR, the dark-blood method combined with DLR can 
enhance the image quality of vessel wall CTA and improve 
the visualization of the cervical artery wall in patients 
with TAK. This enhancement is conducive to the rapid and 
accurate measurement of vessel wall thickness.
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