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A B S T R A C T

Purpose: REACT (Relaxation-Enhanced Angiography without ContrasT) is a reliable non-contrast magnetic 
resonance angiography for imaging of the thoracic aorta but remains time-consuming. This study evaluates 
acceleration of image acquisition using compressed sensing and parallel imaging (Compressed SENSE, CS) 
combined with deep learning-based image reconstruction (CS-AI).
Methods: In this prospective single-center study, 40 volunteers underwent ECG- and navigator-triggered 3D 
REACT at 3 T using CS acceleration factor 4 (CS4; reference standard) and 8 (CS8). CS8 data were reconstructed 
with standard and CS-AI methods (CS8-AI). Two radiologists measured aortic diameters, rated subjective image 
quality and performed pairwise comparisons. Additionally, objective image quality metrics were calculated.
Results: Median scan time was reduced by 44 % (CS4: 8:41 min; CS8/CS8-AI: 4:52 min). All techniques showed 
excellent agreement in aortic diameter measurements (mean differences < 0.2 mm; P > 0.999). CS8-AI 
demonstrated reduced mean absolute deviation from CS4 compared to CS8 (0.67 vs. 0.77 mm; P = 0.003), 
and measurement variance was 40–50 % lower with CS8-AI than with CS8 (inter-/intrarater: P < 0.001), and 
comparable to CS4. CS8 showed significantly lower subjective image quality scores than CS4 (3.70[3.33–4.00] 
vs. 4.25[3.90–4.50]; P < 0.001), while CS8-AI showed comparable or higher scores (4.40[4.00–4.70]; P =
0.076). Forced-choice comparisons favored CS4 over CS8 (90 % vs. 2.5 %; P < 0.001), but no preference was 
observed between CS4 and CS8-AI (42.5 % vs. 37.5 %; P > 0.999). Objective metrics predominantly confirmed 
the subjective results.
Conclusion: Deep learning-based reconstruction enables the acquisition of REACT of the thoracic aorta in less 
than five minutes while preserving high image quality and maintaining excellent measurement reproducibility.

1. Introduction

Diseases of the thoracic aorta, including aneurysms, dissection, and 
stenosis are often asymptomatic for a long time and only recognized 
when acute, life-threatening complications arise [1]. Early diagnosis and 
regular follow-up are crucial for risk stratification and treatment 

planning, especially in high-risk populations with connective tissue 
disorders like Marfan or Loeys-Dietz syndrome [2].

Magnetic resonance angiography (MRA) is well-established for 
monitoring abnormal findings and risk groups, as it does not involve 
ionizing radiation. Non-contrast MRA techniques offer several benefits: 
they avoid contrast-related side effects or mistiming of a contrast bolus, 
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streamline workflows and reduce costs, and allow repeated imaging if 
examinations are non-diagnostic [3,4]. Furthermore, ECG and respira
tory synchronization are routinely employed for non-contrast MRA 
techniques, while contrast enhanced-MRA is generally acquired without 
synchronization, leading to increased motion artifacts [5]. Nevertheless, 
currently established techniques, especially at high spatial resolution, 
often require long acquisition times of up to twelve minutes, depending 
on magnetic field strength, acquisition parameters, navigator efficiency, 
and acceleration strategy, which limits their use in clinical routine 
[5–9]. 2D and 3D balanced steady-state free precession (bSSFP) are 
widely used for non-contrast aortic MRA due to their high signal-to- 
noise ratio and excellent blood-background contrast [4]. However, 
they are highly sensitive to B0 inhomogeneities, causing banding arti
facts, especially with metallic implants, pulsatile flow or at higher 
magnetic field strengths [10]. Relaxation-Enhanced Angiography 
without ContrasT (REACT) offers improved robustness to B0 in
homogeneities by combining magnetization preparation with a 3D 
Dixon-based water-fat separated readout [11,12] enabling robust 
isotropic non-contrast and flow-independent MRA over a wide field of 
view and has shown excellent performance in imaging of the supra- 
aortic arteries [13–15], pulmonary vasculature [16], congenital heart 
disease [17,18] and thoracic aorta [3,8,19,20]. Although these tech
niques already achieve relatively short acquisition times through ac
celeration methods such as parallel imaging, compressed sensing, and 
their combination, they still require more time than the widely used 
contrast-enhanced MRA [3,19], and acceleration is limited by an in
crease in image noise and a decrease in image quality when using high 
acceleration factors [21,22].

To address these limitations, Pezzotti et al. [23,24] introduced a 
deep learning-based reconstruction technique called Adaptive-CS-Net 
(CS-AI) in 2019. CS-AI integrates both parallel imaging and com
pressed sensing with a convolutional neural network, which enhances 
data sparsity within an unrolled iterative reconstruction framework. 
This leads to improved noise suppression and enables higher accelera
tion factors whiles preserving detail. Previous studies have already 
demonstrated significant reductions in acquisition time for cardiac cine 
bSSFP [25], non-contrast MRA of the coronary arteries [26], and cer
vical REACT [27]. Therefore, the aim of this study was to assess whether 
CS-AI enables further acceleration of thoracic REACT while preserving 
image quality and the reproducibility of aortic measurements.

2. Materials and methods

2.1. Study design and population

This prospective single-center study was approved by our institu
tional review board on March 23, 2022 (reference number: 20-1296_1) 
and registered in the German Clinical Trials Register on September 15, 
2022 (reference number: DRKS00030210).

Recruitment of 41 volunteers and data acquisition took place 

between November 2023 and June 2024. Written informed consent was 
obtained from all participants. The inclusion criterion was an age of over 
18 years and the absence of general contraindications for MRI. Partici
pants with incomplete scan data were excluded. Prior to image acqui
sition, the age, height, weight, gender and cardiovascular risk factors 
were recorded (Table 1).

2.2. MRI

3D thoracal REACT was acquired in coronal orientation at a 3 T MRI 
system (Philips MR 7700; Philips Healthcare, Best, The Netherlands) with a 
28-channel coil for cardiac imaging.

A 50 ms T2 preparation and an inversion recovery pulse with a two- 
point DIXON readout (mDIXON XD; Philips Healthcare, Best, The 
Netherlands) were used [3]. To account for cardiac and respiratory 
motion, ECG-triggering (end-diastolic) and a diaphragmatic navigator 
were implemented. An 8  mm gating window was selected to ensure 
adequate navigator efficiency within the ECG‑triggered framework at 3 
T; narrower windows (5–7  mm) were considered but risked prolonged 
and variable scan times in free‑breathing volunteers.

The k-space acquisition scheme was based on a variable density 
incoherent undersampling pattern with a more densely sampled k-space 
center [28]. Two acquisitions were conducted using the same acquisi
tion and post-processing pipeline: REACT accelerated with a combina
tion of parallel imaging and compressed sensing (Compressed SENSE; CS 
[28]) acceleration factor 4 (CS4; nominal scan time 4:48 min, repre
senting the current clinical standard employed at our institution) and 
REACT with CS acceleration factor 8 (CS8; nominal scan time 2:24 min). 
The order of acquisition was switched after one half of the volunteers 
had been scanned to mitigate any ordering or learning bias. Table 2
shows additional scan parameters.

2.3. MRI reconstruction

All image reconstructions were performed using standard hardware 
and software as provided by the manufacturer of the MRI system with 
reconstruction times of about 25 s (CS; Compressed SENSE, Philips 
Healthcare, Best, The Netherlands) and 50 s (CS-AI; SmartSpeed, Philips 
Healthcare, Best, The Netherlands), respectively. Reconstruction time was 
measured in a representative as the interval from data acquisition 
completion to image availability. Both reconstruction methods were 
applied to the same 8-fold undersampled raw k-space data (CS8/CS8- 
AI), whereas 4-fold undersampled datasets were reconstructed using CS 
only (CS4). CS-AI embeds a convolutional neural network within an 
unrolled iterative framework, preserving physical priors (coil sensitiv
ities, k-space consistency) [23,24]. It was trained on a large MR dataset 
of various anatomical regions (~740,000 images at 1.5 T/3 T). More 

Table 1 
Volunteer characteristics.

Age (mean ± SD) 58.13 ± 5.03 years
Height (mean ± SD) 1.74 ± 0.11 m
Weight (mean ± SD) 79.85 ± 17.74 kg
BMI (mean ± SD) 26.40 ± 5.83 kg/m2

​ n %
Gender ​ ​
Female 23 57.5 %
Male 17 42.5 %
Cardiovascular risk factors ​ ​
Hypertension 12 30.0 %
Diabetes mellitus 3 7.5 %
Smoking 9 22.5 %
Coronary artery disease 1 2.5 %

BMI = Body mass index.

Table 2 
Scan parameters.

Scan CS4 CS8 CS8-AI

CS acceleration factor 4 8 8
Reconstruction standard standard AI
Nominal scan time 4:48 min 2:24 min 2:24 min
K-space trajectory Cartesian
Acquisition orientation Coronal
Acquired voxel size 1.5 x 1.5 x 1.5 mm3

Reconstructed voxel size 0.67 x 0.67 x 0.75 mm3

Field of view (FH x RL x AP) 300 x 375 x 150 mm3

T2 preparation 50 ms
Repetition time 4.6 ms
Echo times 1.38 / 2.8 ms
Flip angle 12◦

AP = anterior posterior; CS4 = Compressed SENSE acceleration factor 4; CS8 =
CS acceleration factor 8; CS8-AI = CS8 with Adaptive-CS-Net reconstruction; FH 
= feet head; REACT = Relaxation-Enhanced Angiography without ContrasT; RL 
= right left.
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details regarding the reconstruction algorithms can be found in the 
supplementary data.

2.4. Image analysis

Image analysis was performed using a commercially available image 
viewer (DeepUnity Diagnost, release 1.1.1.1; Dedalus HealthCare GmbH, 
Bonn, Germany). Source images and maximum intensity projections with 
optional window levelling and angulation were assessed. Two radiolo
gists (3 and 8 years of experience in cardiovascular MRI; hereafter R1 
and R2) evaluated the randomized images, blinded to patient data, 
acquisition and reconstruction protocol. To minimize potential recall 
bias, image sets were evaluated in separate sessions with a minimum 
interval of four weeks between assessments of the same subject in 
different reconstruction variants.

2.5. Aortic diameter measurements

Aortic diameter measurements (inner edge to inner edge approach 
[29]) were performed at the following five levels: aortic annulus, aortic 
sinus, sinotubular junction (STJ), ascending aorta (at the level of the 
pulmonary trunk), and at the descending aorta (30 mm distal of the left 
subclavian artery). The measurements were taken in two orthogonal 
axes (maximum and its perpendicular diameter) at each level; only in 
the aortic sinus three measurements were taken (cusp-to-cusp). R1 
repeated all measurements after an additional four-week interval to 
determine intrarater agreement.

2.6. Subjective image quality

The same aortic levels were subjectively evaluated on a 5-point 
Likert scale (1 = non-diagnostic; 5 = excellent) regarding overall 
image quality, noise, aortic edge sharpness, and artifacts. Detailed def
initions of the scoring criteria are provided in Supplementary Table S1.

For pairwise forced-choice comparison, two images of each subject 
were presented side by side to the blinded readers who had to choose 
which image they preferred for ruling out vascular pathologies (CS4 vs 
CS8, CS4 vs CS8-AI, CS8 vs CS8-AI).

Vascular findings. Furthermore, R1 and R2 assessed MRA datasets for 
the presence of vascular findings such as anatomical variants or pa
thologies. In this context, Ectasia was defined as segmental dilatation 
exceeding age-, sex-, and body surface area-adjusted norms; aneurysm 
as ≥ 1.5 times the expected diameter. Reference values were based on 
Kawel-Boehm et al. [30].

Fat-water swapping artifacts. Water maps of REACT were evaluated by 
R1 for the presence of fat–water swapping artifacts as well as the cor
responding signal of the in-phase image at the respective signal loss of 
the water map, if present [14,15,31].

2.7. Objective image quality

A radiologist in training with four years of experience in cardiovas
cular MRI (R3) assessed objective image quality parameters: Apparent 
signal-to-noise ratio (aSNR), apparent contrast-to-noise ratio (aCNR) 
and aortic Edge-rise distance (ERD). Details on the methods are provided 
in the supplementary data.

2.8. Statistical analysis

Statistical analysis was performed using R (v4.3.1) and GraphPad 
Prism (v10.4.2, GraphPad Software, Boston, MA, USA). Categorical 
variables are reported as counts and percentages; continuous and 
ordinal variables as mean ± standard deviation, or median (inter
quartile range), as appropriate. Normality was assessed using the 
Shapiro-Wilk test and Q-Q plots.

Methods were compared using mean differences, absolute 

differences, and 95 % limits of agreement (LoA). Agreement was 
quantified by intraclass correlation coefficients (ICC; two-way mixed- 
effects, absolute agreement) with 95 % confidence intervals and vari
ance, and compared using Fisher’s z-transformation and F-tests.

Interreader agreement was assessed using Kendall’s tau (τ). ICC and 
τ were interpreted as: slight (0.01–0.2), fair (0.21–0.4), moderate 
(0.41–0.6), substantial (0.61–0.8), and almost perfect (0.81–1.0).

Subjective and objective parameters were compared using paired t- 
tests or Wilcoxon signed-rank tests. Forced-choice responses were 
pooled and analyzed with binomial tests.

P < 0.05 (two-sided) was considered statistically significant. Bon
ferroni correction was applied for multiple comparisons; exploratory 
subanalyses were not adjusted.

3. Results

3.1. Study population and baseline characteristics

Forty-one volunteers received REACT of the thoracic aorta using CS4 
and CS8. One participant had to be excluded due to incomplete scan 
data. Consequently, 40 subjects were included (epidemiological data 
and cardiovascular risk factors are provided in Table 1).

3.2. Scan duration

While the nominal scan time was preset to 4:48 min (CS4) and 2:24 
min (CS8/CS8-AI), the median total acquisition time was reduced by 44 
% from 8:41 min [8:31–8:57] for CS4 to 4:52 min [4:47–4:58] for CS8/ 
CS8-AI (P < 0.001).

3.3. Aortic diameter measurements

Aortic diameters obtained with CS4, CS8, and CS8-AI showed close 
agreement across all five predefined anatomical levels, with mean dif
ferences of less than 0.2 mm between sequences (Table 3). Mean abso
lute differences to CS4 were lower for CS8-AI (0.67 ± 0.61 mm) than for 
CS8 (0.77 ± 0.68 mm; P = 0.003). Bland-Altman analysis revealed 
narrow LoA for all comparisons, with the smallest range observed be
tween CS8 and CS8-AI. LoAs relative to CS4 were consistently narrower 
in CS8-AI than in CS8 (Fig. 1A).

In the interrater and intrarater analysis, all sequences demonstrated 
excellent agreement. CS8-AI achieved the highest ICC, the smallest 
mean difference, and the lowest variance. The variance was significantly 
lower compared to CS8, but not significantly different from CS4.

Bland-Altman plots for inter- and intrarater reproducibility are 
shown in Fig. 1B and 1C; detailed reproducibility metrics are provided in 
Table 4.

Table 3 
Aortic diameters per level and differences in measurements.

Level CS4 CS8 CS8-AI

Annulus [mm] 25.06 ± 2.98 25.28 ± 3.02 25.20 ± 2.91
Sinus [mm] 35.69 ± 4.78 35.62 ± 4.73 35.82 ± 4.73
STJ [mm] 30.67 ± 3.84 30.55 ± 3.78 30.86 ± 3.88
Ascending [mm] 33.68 ± 4.24 33.68 ± 4.40 33.70 ± 4.28
Descending [mm] 24.94 ± 2.76 25.00 ± 2.80 25.02 ± 2.76
Differences in measurements compared to CS4
Mean absolute diff. [mm] – 0.77 ± 0.68* 0.67 ± 0.61*
Mean diff. [mm] – 0.087 ± 1.03 0.085 ± 0.90
95 %-LoA [mm] – (− 1.93–2.10) (− 1.67–1.84)

*Significant difference between CS8 and CS8-AI in absolute deviation from CS4 
(P = 0.003; paired t-test); CS4 = Compressed SENSE acceleration factor 4; CS8 =
Compressed SENSE acceleration factor 8; CS8-AI = Compressed SENSE accel
eration factor 8 with adaptive intelligence reconstruction; diff. = difference; 
LoA = limits of agreement; STJ = sinotubular junction
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Fig. 1. Bland-Altman plots depicting the agreement between the respective methods (CS4, CS8, CS8-AI; A) as well as the reproducibility within a method between 
two readers (B) and with repeated measurement of one reader (C). Each row contains one plot per measurement level with three data sets. The colored lines show the 
mean difference and the dotted lines the 95 % limits of agreement, each averaged over all measurement levels (aortic annulus, aortic sinus, STJ, ascending aorta, and 
at the descending aorta) for better comparability. CS4 = Compressed SENSE acceleration factor 4; CS8 = Compressed SENSE acceleration factor 8; CS8-AI =
Compressed SENSE acceleration factor 8 with adaptive intelligence reconstruction; STJ = sinotubular junction.
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3.4. Subjective image quality

CS8-AI achieved subjective image quality, edge sharpness and arti
fact ratings comparable to the standard reference CS4, while CS8 was 
rated consistently lower across all evaluated parameters (Table 5). 
Perceived image noise was rated significantly higher in CS8 than in CS4, 
whereas CS8-AI showed even less impairing noise than CS4. Inter-reader 
agreement was substantial across all subjective parameters. Distribu
tions of subjective ratings are illustrated in Fig. 2.

Pairwise forced-choice comparisons confirmed the superiority of 
CS8-AI over CS8 and the equivalence of CS8-AI and CS4. Readers 
significantly favored CS4 over CS8 (P < 0.001) and CS8-AI over CS8 (P <
0.001), with no preference between CS8-AI and CS4 (P > 0.999). 
Detailed results are shown in Supplementary Table S2.

Representative image examples of CS4, CS8 and CS8-AI are shown in 
Figs. 3–6.

3.5. Vascular findings

One aneurysm (2.5 % [1 of 40]; Fig. 4) of the thoracic aorta, some 
ectasias (25 % [10 of 40]; e.g. Fig. 5), common origins of the carotid 
arteries (12.5 % [5 of 40]) and an aberrant subclavian artery (2.5 % [1 of 
40]; Fig. 5) were found equally in CS4, CS8, and CS8-AI by both readers. 
No further vascular findings were reported.

3.6. Fat-water swapping artifacts

Fat-water swapping artifacts were observed in 7 volunteers (17.5 %), 

Table 4 
Inter- and intrarater reproducibility of aortic diameter measurements.

Parameter CS4 CS8 CS8-AI CS4 vs CS8 CS4 vs CS8-AI CS8 vs CS8-AI

Interrater agreement
ICC (95 %-CI)* 0.986 (0.981 to 0.989) 0.978 (0.97 to 0.983) 0.987 (0.983 to 0.99) z = 2.21 (P = 0.081)† z = − 0.44 (P > 0.999)† z ¼ − 2.65 (P ¼ 0.024)y
Mean diff. [mm] − 0.66 ± 0.98 − 0.81 ± 1.21 − 0.61 ± 0.93 – – –
95 %-LoA [mm] (− 2.58–1.26) (− 3.18–1.57) (− 2.44–1.22) – – –
Variance (mm2) 0.96 1.47 0.87 F ¼ 0.65 (P ¼ 0.008)‡ F = 1.11 (P > 0.999)‡ F ¼ 1.69 (P < 0.001)‡
Intrarater agreement
ICC (95 %-CI)* 0.991 (0.988 to 0.993) 0.985 (0.981 to 0.989) 0.993 (0.99 to 0.994) z ¼ 2.42 (P ¼ 0.046)y z = − 0.99 (P = 0.97)† z ¼ − 3.41 (P ¼ 0.002)y
Mean diff. [mm] − 0.082 ± 0.78 − 0.13 ± 0.99 − 0.037 ± 0.70 – – –
95 %-LoA [mm] (− 1.61–1.44) (− 2.08–1.82) (− 1.42–1.34) – – –
Variance [mm2] 0.61 0.99 0.49 F ¼ 0.61 (P ¼ 0.002)‡ F = 1.23 (P = 0.45)‡ F ¼ 1.99 (P < 0.001)‡

*All ICC values: P < 0.001; † Fisher-z-test (ICC comparison); ‡ F-test of measurement variance (n = 200 pairs, df = 199, 199); CS4 = Compressed SENSE acceleration 
factor 4; CS8 = Compressed SENSE acceleration factor 8; CS8-AI = Compressed SENSE acceleration factor 8 with adaptive intelligence reconstruction; diff. = dif
ference; ICC = intraclass correlation coefficients (two-way mixed-effects model, absolute agreement); LoA = limits of agreement.

Table 5 
Subjective image quality scores.

CS4 CS8 CS4 vs CS8 
(P; Wilcoxon)

CS8-AI CS4 vs CS8-AI 
(P; Wilcoxon)

Kendall’s tau (τ)*
median [IQR] median [IQR] median [IQR]

Image Quality (Overall) 4.25 [3.90–4.50] 3.70 [3.33–4.00] < 0.001 4.40 [4.00–4.70] 0.076 0.80
Annulus 3.50 [3.00–4.00] 3.00 [2.50–3.50] < 0.001 4.00 [3.00–4.00] 0.24 0.73
Sinus 4.00 [3.13–4.00] 3.50 [3.00–4.00] 0.003 4.00 [3.50–5.00] 0.029 0.78
STJ 4.00 [4.00–4.88] 3.75 [3.00–4.00] < 0.001 4.00 [4.00–5.00] 0.55 0.74
Ascending 4.75 [4.00–5.00] 4.00 [4.00–4.00] < 0.001 5.00 [4.50–5.00] 0.25 0.78
Descending 5.00 [5.00–5.00] 4.25 [4.00–5.00] < 0.001 5.00 [5.00–5.00] >0.999 0.72
Noise 4.20 [3.82–4.48] 3.40 [2.83–3.70] < 0.001 4.50 [4.10–4.80] < 0.001 0.82
Edge 4.20 [3.65–4.48] 3.85 [3.33–4.10] < 0.001 4.25 [3.83–4.58] 0.87 0.75
Artifacts 4.35 [3.90–4.60] 3.90 [3.45–4.28] < 0.001 4.50 [4.00–4.70] 0.15 0.76

*All τ values: P < 0.001; CS4 = Compressed SENSE acceleration factor 4; CS8 = Compressed SENSE acceleration factor 8; CS8-AI = Compressed SENSE acceleration 
factor 8 with adaptive intelligence reconstruction.

Fig. 2. Cumulative distribution of subjective scores for Compressed SENSE acceleration factor 4 (CS4) and acceleration factor 8 with (CS8-AI) and without (CS8) 
adaptive intelligence reconstruction in the categories image quality, image noise, edge sharpness and artifacts using a 5-point Likert scale.
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most frequently affecting the left subclavian artery (n = 6), and in one 
case also the adjacent common carotid artery. One artifact was located 
in the right hepatic vein. In one subject, the artifact appeared only in CS8 
and CS8-AI but not in CS4; in another, it was present in CS4 and CS8 but 
absent in CS8-AI. All artifacts were clearly distinguishable as such by a 
focal signal drop in the water-only map and a corresponding signal in
crease in the fat-only map.

3.7. Objective image quality

Overall, CS8 achieved lower aSNR and aCNR than CS4 while CS8-AI 
yielded similar aSNR and aCNR compared to CS4 (Supplementary 
Table S3). There were no significant differences regarding the ERD of the 
ascending aorta compared to CS4 (Supplementary Table S4). Corre
sponding plots are shown in Fig. 7.

4. Discussion

This study evaluated the potential of CS-AI to accelerate non-contrast 
MRA of the thoracic aorta using REACT. The main findings demonstrate 
that CS-AI enables a 44 % reduction in scan time compared to the cur
rent clinical standard without impairment of subjective and objective 
measures of image quality, while preserving reproducibility of aortic 
diameter measurements.

There was no significant difference in aortic diameter measurements 
between methods, mean differences to the clinical reference (CS4) 
remained below 0.2 mm, and limits of agreement were narrow without 
evidence of systematic bias. These small deviations are in line with prior 
reproducibility studies, where inter-method mean differences typically 
ranged from 0.3–1 mm with limits of agreement up to ± 2–3 mm and 
interreader ICCs consistently > 0.95 [4,5,8,10,20,29]. In fact, they are 

Fig. 3. Example of a healthy 58-year-old male volunteer. Coronal source images of the three methods (the reference standard Compressed SENSE acceleration factor 
4 (CS4) and acceleration factor 8 with (CS8-AI) and without (CS8) adaptive intelligence reconstruction) with axial inserts at the level of the origin of the right 
coronary artery (arrowhead). CS8 shows a higher image noise and poorer delineation of the right coronary artery compared to CS4, which could be significantly 
improved in CS8-AI.

Fig. 4. Incidental finding of a long fusiform aneurysm of the ascending aorta (maximum diameter 50 mm) in a 57-year-old female volunteer without known car
diovascular risk factors. Images of methods (the reference standard Compressed SENSE acceleration factor 4 (CS4) and acceleration factor 8 with (CS8-AI) and 
without (CS8) adaptive intelligence reconstruction) are shown as parasagittal reformation (maximum intensity projection, 10 mm slice thickness) with inserts of 
reformations perpendicular to the aortic lumen at the level of the maximum diameter (0.67 mm slice thickness). The inserts illustrate the differences in image noise. 
While CS8 has a more impairing noise than CS4, this difference could be diminished using CS8-AI. This example suggests that the delineation of the aortic edge 
(arrowheads) may also suffer from interfering noise and may lead to a less precise or less reproducible measurements.
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smaller than those reported by Wright et al. for 3D Dixon versus 2D SSFP 
in Marfan patients [8], and comparable to values observed by Veldhoen 
et al. and von Knobelsdorff-Brenkenhoff et al. in comparisons of non- 
contrast and contrast-enhanced MRA [4,5]. CS8-AI yielded the lowest 
variance and highest ICCs, albeit all methods provided excellent results. 
Moreover, interreader variability in this study exceeded the differences 
between methods, indicating that measurement precision is predomi
nantly reader-driven. Nevertheless, the magnitude of interreader dif
ferences in this study remained within the range described in the 
literature [32]. Such reliability is particularly desirable in clinical 
follow-up examinations, for instance in Marfan patients, where average 
annual progression rates range between 0.03 mm (abdominal aorta) and 
0.24 mm (aortic sinus) or even up to 0.77 mm (proximal descending 
aorta) after aortic root replacement [33]. The high reproducibility of 
CS8-AI may be explained by a stabilizing effect of deep learning-based 
reconstruction, which reduces noise and thus inter-reader variability 

in high-resolution accelerated datasets [23,25,27]. This is particularly 
relevant for subtle or borderline findings. The lower variance between 
CS8 and CS8-AI than between either technique and CS4 can be explained 
by the use of identical raw data for both reconstructions, while CS4 was 
recorded separately. The most pronounced discrepancy was observed in 
the proximal descending aorta, likely due to varying interpretations of 
its location relative to the left subclavian artery and the presence of focal 
ectasia near the isthmus. These findings emphasize the need for stan
dardized measurement protocols in longitudinal imaging [32].

Regarding image quality, highly accelerated compressed sensing 
alone (CS8) was associated with inferior subjective and objective results, 
whereas the addition of CS-AI effectively mitigated these limitations. 
Notably, subjective image quality and vessel sharpness with CS8-AI were 
comparable to CS4, and noise perception was even lower. This indicates 
that CS-AI reconstruction not only recovers degraded signal but im
proves visual impression in accelerated protocols. While a previous 

Fig. 5. Incidental finding of an aberrant subclavian artery (arrowheads) and a focal ectasia of the proximal descending aorta in a 64-year-old female volunteer. Axial, 
coronal and parasagittal views (maximum intensity projections, 5 mm slice thickness) of the reference standard Compressed SENSE acceleration factor 4 (CS4) and 
acceleration factor 8 with (CS8-AI) and without (CS8) adaptive intelligence reconstruction. Right images show magnified reformations perpendicular to the aortic 
lumen corresponding to the white line in the parasagittal view (0.67 mm slice thickness). Compared to CS4, CS8 offers lower image quality with higher noise, while 
CS8-AI clearly mitigates these limitations.
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study on cervical REACT demonstrated significantly improved image 
quality with CS-AI compared to the clinical standard [27], statistical 
significance was not achieved in the thoracic aorta despite slightly 
higher ratings for CS8-AI across all segments. This may be attributable to 
the greater acceleration increase in the present study (CS4 to CS8 vs CS7 
to CS10 in the cervical protocol). Nevertheless, the lack of a significant 
difference between CS8-AI and CS4 across subjective metrics un
derscores the clinical equivalence of these protocols. Furthermore, the 
better performance of CS8-AI relative to CS8 across all segments sup
ports the benefit of deep learning-based denoising, even at high accel
eration factors.

Objective measures largely mirrored subjective impressions. As ex
pected, CS8 showed reduced aSNR and aCNR, while CS8-AI restored 
signal characteristics to levels similar to CS4. Interestingly, the 
perceived noise in CS8-AI was lower than in CS4, despite comparable 
aSNR values. This may reflect a focus during subjective rating on 
intraluminal uniformity, whereas aSNR measurements include back
ground structures such as myocardium. Similarly, perceived edge 
sharpness in CS8 was lower than in CS4 or CS8-AI, yet ERD measure
ments showed no significant differences, suggesting that noise percep
tion may have influenced reader judgment of edge sharpness. These 
findings highlight the limitations of isolated quantitative metrics and 
support a complementary approach combining objective and reader- 

based evaluation.
Fat-water swapping artifacts were observed in 17.5 % of subjects 

being lower than prior reports of thoracic REACT at 3 T (33.3 %[17]) 
and comparable or even lower than at 1.5 T (16.0 % to 39.7 % [18–20]), 
which might reflect improved B0 homogeneity and the absence of metal 
implants in a healthy volunteer cohort. However, all artifacts were 
readily identifiable and did not affect interpretability.

Building on the demonstrated diagnostic stability, another major 
advantage of CS-AI is the substantial reduction in scan duration. While 
an ideal 50 % time reduction would be expected with 8-fold accelera
tion, the observed 44 % reduction likely reflects physiologic constraints 
introduced by ECG triggering and respiratory navigator efficiency. 
Nonetheless, scan times below five minutes mark a substantial 
improvement over current non-contrast protocols at 3 T, which typically 
take 8–10 min [7,8], and increase feasibility for routine clinical use. At 
1.5 T, scan durations between six and twelve minutes have been re
ported [3,5,6,9,19], although the shorter protocols either employed a 
reduced spatial resolution [19] or limited anatomical coverage in 
sagittal acquisition [3]. Thus, the results of this study are highly 
competitive and hold the potential to increase patient comfort, 
throughput and scheduling flexibility. Reconstruction finishes as the 
patient leaves, making table turnover rather than imaging the 
bottleneck.

Fig. 6. Thoracic aorta of a healthy 50-year-old male volunteer in parasagittal view (slice thickness 0.67 mm). Compared to the reference standard (Compressed 
SENSE acceleration factor 4, CS4), imaging with an acceleration factor of 8 (CS8) provides reduced image quality and increased noise, impairing the delineation of 
the aortic edges (exemplary area marked by an arrow for the ascending aorta and an arrowhead for the descending aorta). In contrast, CS8 with adaptive intelligent 
reconstruction (CS8-AI) restores image quality to a level comparable to CS4.

Fig. 7. Scatter plots with box-and-whisker overlay of the objective parameters with annotated comparisons of Compressed SENSE acceleration factor 8 with (CS8-AI) 
and without (CS8) adaptive intelligence reconstruction to the reference standard Compressed SENSE acceleration factor 4 (CS4). (A) mean apparent signal-to-noise 
ratio (aSNR) of the three measured regions of interest and (B) corresponding mean apparent contrast-to-noise ratio (aCNR), (C) mean edge rise distance (ERD) of the 
two vessel edges. ns = not significant; ** = P < 0.01; *** = P < 0.001.
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Future developments may further improve acquisition speed and 
image quality. In particular, multi-stage convolutional neural networks, 
such as super-resolution frameworks [34], have demonstrated prom
ising results in 2D protocols (e.g., cine cardiac MRI [35,36]) and might 
be extended to 3D MRA in the future.

5. Limitations

The selection of a small cohort of healthy volunteers limits the 
generalizability to clinical populations. Thus, the prevalence of vascular 
pathology was low, and the diagnostic performance for dissections or 
postoperative changes remains to be evaluated. Although no evidence of 
diagnostic inferiority of CS-AI has been reported to date, concerns 
regarding potential hallucinations or subtle information loss have been 
raised, and large-scale validation in patient populations is still lacking 
[37]. Our study focused on aortic diameters, suggesting that diagnostic 
accuracy can be expected at least for dilatations and stenoses. No 
comparisons were made with computed tomography angiography (CTA) 
or contrast-enhanced MRA; however, prior studies have established the 
diagnostic performance of Dixon-based MRA compared to CTA and 
contrast-enhanced MRA [3,7,19,20]. Further, the choice of the accel
eration factor (CS8/CS8-AI) was guided by prior clinical experience and 
qualitative pilot scans aimed at achieving comparable image quality to 
CS4 in substantially shorter scan times while preserving acquired reso
lution and full thoracic coverage. No formal systematic evaluation of 
alternative or higher acceleration factors was performed; although 
further acceleration may be feasible, our pilot scans showed degraded 
vessel delineation and more artifacts, particularly in peripheral regions. 
Although readers were blinded to the method, subtle visual differences 
such as a slightly grainier texture in CS8 compared to the smoother 
appearance in CS8-AI may have been perceivable. Respiratory motion 
artifacts had no major impact on image quality, although a narrower 
dNAV window might increase robustness at the cost of efficiency. 
Finally, quantitative measures such as aSNR and aCNR are influenced by 
reconstruction methods and may not reflect absolute noise levels, 
although trends corresponded well with subjective ratings [38,39]. The 
provided reconstruction time depends on the hardware and software 
used and was only recorded in one sample scan. The use of a vendor- 
specific reconstruction limits generalizability to other systems.

6. Conclusions

In summary, deep learning-based reconstruction enables highly 
accelerated REACT of the thoracic aorta in less than five minutes with 
preserved image quality and excellent measurement reproducibility. 
These findings are likely to expand the use of non-contrast MRA in 
clinical routine and warrant further studies to evaluate its diagnostic 
performance in aortic diseases.
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