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Background: To explore the diagnostic performance of 4-dimensional phase-contrast magnetic resonance 
imaging (4D PC-MRI) in evaluating aortic dissection in different clinical scenarios.
Methods: The study group comprised 32 patients with a known aortic dissection who each underwent 
computed tomography angiography (CTA), and then 4D PC-MRI with a 1.5-T MR scanner. The 4D PC-
MRI images were compared with the CTA images to evaluate the aortic size, branch identification, and iliac 
and femoral arterial access.
Results: The patients were divided into three groups: (I) patients diagnosed with Type B aortic dissection 
but did not undergo intervention (n=8); (II) patients with residual aortic dissection after open repair of Type 
A dissection (n=7); (III) patients who underwent endovascular aortic repair with or without open surgery 
(n=17). Without radiation or contrast media injection, 4D PC-MRI provided similar aortic images for 
patients in Group 1 and most of those in Group 2. In Group 3, stainless steel stents affected image quality 
in three patients. High-quality 4D PC-MRI images were obtained for the remaining 14 patients in Group 
3, who had non-stainless steel stents, and provided major aortic information comparable to that provided by 
CTA with contrast media. The hemodynamic parameters of true and false lumens were evaluated between 
three patients with Type B aortic dissections and three patients who underwent thoracic endovascular aortic 
repair for their aortic dissection. The stroke volume was higher in the true lumen of the patients with stent-
grafts than in the patients with Type B aortic dissection without intervention. The regurgitant fraction, an 
indicator of nonlaminar flow, was higher in the false lumens than in the true lumens. All 32 patients in this 
study tolerated 4D PC-MRI without adverse events.
Conclusions: 4D PC-MRI is radiation- and contrast media-free option for imaging aortic dissection. It 
not only provided images comparable in quality to those obtained with CTA but also provided information 
on hemodynamic parameters, including endoleak detection after thoracic endovascular aortic repair. 4D PC-
MRI was safe and accurate in evaluating chronic Type B aortic dissection and residual aortic dissection after 
surgery for acute Type A aortic dissection. Therefore, it could be a potential tool in treating pathology in 
aortic dissection, especially for patients with malperfusion syndrome of visceral vessels and in young patients 
with renal function impairment. However, certain endograft materials, especially stainless steel, may prevent 
the further application of 4D PC-MRI and should be avoided.
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Introduction

Acute aortic syndrome is a critical public health concern 
with economic and social consequences. It includes 
several different conditions, such as intramural hematoma, 
perforated aortic ulcer, and the two types of aortic 
dissection, A and B, of which Type A is considered to be 
the most severe (1-4). Computed tomography angiography 
(CTA) is a rapid imaging technique that is less invasive than 
conventional aortography and is the most widely chosen 
diagnostic method for patients with possible acute aortic 
pathology. However, CTA still requires the use of contrast 
media and radiation (5-8).

Contrast-enhanced magnetic resonance angiography 
(CE-MRA) is highly sensitive for detecting pathology 
in various blood vessels compared with conventional 
angiography. Magnetic resonance imaging (MRI) does not 
involve radiation exposure, but the contrast agents have 
undesirable effects. Nephrogenic systemic fibrosis (NSF) 
is a rare but severe complication of using gadolinium-
based contrast agents (GBCAs) in patients with pre-existing 
impairment of renal function (9,10). Additionally, safety 
issues and imaging artifacts caused by prostheses are still 
a major concern (11,12). Four-dimensional (three spatial 
dimensions combined with time) phase-contrast MRI (4D 
PC-MRI) is a non-contrast-enhanced MRI technique 
that can measure the velocity of blood flow in the aorta 
in any direction, and functional assessment of blood flow 
is possible by calculating the blood flow volume and flow 
pattern. This technique provides not only anatomical 
information but also hemodynamic status without the use of 
contrast agents. In this study, we summarize our preliminary 
experience of the clinical application of 4D PC-MRI in 
patients with aortic dissection, with a focus on the effect 
of the aortic stent graft after thoracic endovascular aortic 
repair (TEVAR) on image quality.

Methods

Patients

The Institutional Review Board of Chang Gung Memorial 
Hospital, a tertiary hospital, approved the study (IRB No. 
201901776B0). All patients gave informed consent for the 

examinations. We prospectively collected information on 
consecutive patients evaluated using 4D PC-MRI for aortic 
pathology between April 2017 and February 2019. Patients 
were eligible for inclusion if they had a clinical indication 
for CTA of the aortic dissection. The exclusion criteria were 
non-MRI-compatible ferromagnetic devices and pregnancy. 
Also, patients with poor compliance or unable to lie down 
for the MRI protocol were excluded. Initially, 34 patients 
were evaluated: one patient was excluded due to fever at 
the scheduled time for imaging, and another was unable 
to lie down due to complicated spinal disease. All patients 
underwent CTA scanning with a 64-slice multidetector 
scanner (Somatom Sensation 64; Siemens Healthcare, 
Erlangen, Germany) with intravenous administration of 
contrast media, followed by 4D PC-MRI to assess aortic 
pathology.

MRI protocol

With the patient in a supine position, conventional MRI 
was performed with a 1.5-Tesla scanner (Ingenia Rev R5 
V30-rev.02; Philips, Amsterdam, The Netherlands), and an 
electrocardiogram (ECG) gating system. First, we obtained 
anatomical scans of the blood vessels and aortic dissection 
area with three planes scanned separately, using T2 turbo 
spin echo scanning with the following parameters: single-
shot mode; repetition time repetition (TR), shortest; echo 
time (TE), shortest; voxel size, 0.6×0.84×4 mm3; number 
of signals averaged (NSA), 1; scan duration, 1 min. We also 
used balanced turbo field echo scanning with the following 
parameters: single-shot mode; TR, shortest; TE, shortest; 
voxel size, 1.84×1.87×8 mm3; NSA, 1; scan duration,  
1 min. The axial range included the aortic arch to the aortic 
bifurcation level, the coronal field comprised the entire 
heart and aorta, and the oblique sagittal field contained the 
whole aorta and parallel aortic arch. The two-dimensional 
images helped to understand the type and extent of the 
aortic dissection and were the basis for subsequent 4D PC-
MRI scanning with the following parameters: 3D turbo field 
echo (TFE); TR, shortest; TE, shortest; flip angle, 5°; voxel 
size, 2.25×2.25×3 mm3; and PC velocity, 120 cm/s; scan 
duration, 6.02 min. The imaging section had to include the 
aortic arch and descending aorta. The 4D images helped to 
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understand the spatial anatomy of the artery. A quantitative 
flow (Q-flow) scan on a plane perpendicular to blood flow 
was then performed with the following parameters: scan 
technique, TFE PC; TR, shortest; TE, shortest; flip angle, 
12°; slice thickness, 8 mm; the field of view, 248×300; and 
PC velocity, 200 cm/s; scan duration, 13 s with breath hold. 
All 4D PC-MRI images were acquired without the use of 
GBCA. Quantitative analysis was performed by drawing 
the region of interest (ROI) on the false and true lumens 
(covering the whole lumen) at the level of the ascending 
aorta, aortic arch, descending aorta, and abdominal aorta. 
Q-flow variables included stroke volume, forward flow 
volume, backward flow volume, regurgitant fraction, 
absolute stoke volume, mean flux, stroke distance, stroke 
distance, and mean velocity (Figure 1).

Results

Between April 2017 and March 2020, 32 patients were 

enrolled and evaluated using 4D PC-MRI for aortic 
pathology [28 male, 4 female; age range 30–79 years (mean 
age, 56.2±12.8 years)]. Details of age, sex, comorbidities, 
and aortic condition are listed in Table 1. All 32 patients 
tolerated 4D PC-MRI without adverse events, despite 
almost all of them having hypertension and 9 having 
renal diseases (chronic renal insufficiency, renal infarction 
with atrophy, polycystic kidney disease, and autoimmune 
nephritis). The patients were further classified into 
three clinical scenarios: Type B aortic dissection without 
intervention (n=8, Group 1); residual aortic dissection after 
open repair of Type A aortic dissection (n=7, Group 2); and 
aortic dissecting aneurysm with TEVAR (n=17, Group 3). 
The interval between the onset of aortic dissection to 4D 
PC-MRI ranged from 1 to 125 months.

We use the Kolmogorov-Smirnov test for testing the 
normality of the measured values and then used the paired 
t-test for comparing the means. The measured values 
of maximal diameter on CTA and 4D PC-MRI showed 

Figure 1 Phase-contrast MRI (PC-MRI) with hemodynamic analysis. (A) Flow velocities as a function of time in the ascending aorta and 
descending aorta of a participant using electrocardiogram-gated PC-MRI; (B) hemodynamic parameters, including stroke volume, forward 
flow volume, backward flow volume, regurgitant fraction, absolute stoke volume, mean flux, stroke distance, stroke distance, and mean 
velocity; (C) drawing the region of interest (ROI) on the ascending aorta and the false and true lumens of the descending aorta (covering 
the whole lumen); (D) velocity-encoded image, with flows from inferior to superior depicted as white and flows from superior to inferior as 
black.
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a normal distribution. The measured maximum aortic 
diameter by 4D-PC MRI [mean ± standard deviation (SD), 
51.34±7.61 mm] was significantly higher than the measured 
maximum aortic diameter by 4D-PC MRI (mean ± SD, 
50.62±7.54 mm) (P=0.013). The effectiveness of 4D PC-
MRI versus CTA with contrast media was compared in the 
three groups. All patients in Group 1 (nonintervention) 
had chronic aortic dissections, the duration of aortic 
dissection ranged from 23 to 125 months, and the 
difference in maximum aortic diameter measured between 
4D-PC MRI and CTA was 0.53±0.99 mm (mean ± SD)  
(Table 2). Notably, three patients in Group 1 (3/8, 37.5%) 
had renal insufficiency. In the patients who underwent open 
surgery for Type A aortic dissections without endovascular 
aortic repair (Group 2), the difference in maximum aortic 
diameter measured between 4D-PC MRI and CTA was 
0.59±2.04 mm (Table 3). Seventeen patients underwent 
4D-PC MRI after TEVAR and were assigned to Group 3  
(Table 4). The image quality of 4D PC-MRI was inadequate 
in three patients (cases 3, 6, and 9), and only the iliac arterial 
status could be identified in these images (Figure 2). The 
endovascular device used in three patients was the Cook 

Table 1 Demographic data of 32 patients evaluated by 4D-PC MRI

Variable Value

Age (years old) 56.2±12.8

Sex (male) 28

Comorbidities (number)

Hypertension 27

Renal disease 12

DM 1

COPD 2

Marfan syndrome 1

Stroke and spinal ischemia 2

Coronary artery disease 0

Aortic intervention

Type B aortic dissections without intervention 8

Open surgery for Type A aortic dissections 
without aortic stent

7

With endovascular aortic repair 17

COPD, chronic obstructive pulmonary disease; DM, diabetes 
mellitus.

Table 2 Aortic dissection without surgical or endovascular intervention

Patient No. Sex/age Initial diagnosis Comorbidities
Period from diagnosis to 
4D PC-MRI (month)

Maximal diameter 
on CTA (mm)

Maximal diameter on 
4D PC-MRI (mm)

1 M/59 Type B aortic 
dissection

CRF (left renal 
infarction), HTN

78 45 46.3

2 M/59 Type B aortic 
dissection

HTN 125 43 45

3 M/76 Type B aortic 
dissection

Spinal cord injury 
by aortic dissection, 
HTN, CRF

51 53 53.7

4 M/56 Type B aortic 
dissection

Left lung mass by 
tuberculosis, HTN

31 43 42

5 M/66 Type B aortic 
dissection

HTN 23 53 54.2

6 M/52 Type B aortic 
dissection

HTN 63 44 43.5

7 F/42 Type B aortic 
dissection

HTN 46 36 36.2

8 M/50 Type B aortic 
dissection

CRF, HTN, FF 
bypass for ischemic 
leg

95 65 65.3

*, major information including maximal dissecting aneurysmal diameter, false lumen location, visceral branches distributions and iliac 
artery dissections. CRF, chronic renal insufficiency; HTN, hypertension.
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Zenith® TX 2®, and two patients also had mechanical aortic 
valves from previous Bentall procedures. The other 14 
patients in Group 3 had similar imaging quality in 4D PC-
MRI that provided primary aortic information comparable 
to that provided by CTA with contrast media (Figure 3). 
Also, the difference in maximum aortic diameter measured 
between the two imaging modalities was 0.89±1.45 mm. 
The 14 patients had Gore® TAG® (TAG, TGT, and TGU) 
and Cook Zenith® dissection endovascular stents. Bland-
altman plots showed that most of the measured differences 
were within the agreement (from –2.15 to 3.59), suggesting 
good agreement between 4D PC MRI and CTA (Figure 4). 
The interrater reliability of Cohen’s kappa coefficient for 
examining the ability to detect aortic dissection between 
4D PC MRI and CTA was 0.784, indicating substantial 
agreement between the two imaging modalities.

The quantitative hemodynamic analysis was performed 
in 8 patients with type B aortic dissections and 14 
patients with TEVAR. The results showed that the post-
TEVAR true lumen had higher absolute stroke volume  
(Figure 5A). As well, the regurgitant fraction, which 

indicates a nonlaminar flow pattern, was higher in the false 
lumens and lower in the true lumens in both type B aortic 
dissection and post-TEVAR patients (Figure 5B). Those 
findings are shown in a 4D flow visualization (Video 1). 

Discussion

Conventional CT with contrast media has been regarded 
as the gold standard for the detection of aortic dissection. 
Modern CT scanners can provide submillimeter isotropic 
three-dimensional (3D) datasets within a single breath-
hold during the first pass of intravenous iodinated contrast 
(13,14). Obtaining satisfactory arterial enhancement is 
crucial in the assessment of aortic dissections. Optimal IV 
contrast medium administration, bolus tracking technique 
(acquiring a precontrast image at a reference level with 
the placement of an ROI over a target vessel), dual-energy 
CT, ECG gating to reduce cardiac motion artifacts, and 
other modified techniques have further improved the 
quality of CTA aortic images (15,16), and assist not only 
surgical planning for endovascular aortic repair but also 

Table 3 Patients with Type A aortic dissection after open surgical repair: evaluation by 4D phase-contrast MRI and CTA with contrast media

Patient 
No.

Sex/age
Initial diagnosis and 
surgery

Comorbidities
Period from diagnosis 
to 4D PC-MRI (month)

Maximal diameter 
on CTA (mm)

Maximal diameter on 
4D PC-MRI (mm)

1 M/47 Type A aortic dissection 
with hemiarch 
replacement

HTN, CRF 
(autoimmune nephritis)

19 53 54.2

2 M/63 Type A aortic dissection 
with hemiarch 
replacement

HTN 31 43 45

3 M/45 Type A aortic dissection 
with hemiarch 
replacement

HTN 76 45 42.4

4 F/79 Type A aortic dissection 
with hemiarch 
replacement

HTN, DM, Right renal 
stones

26 37 38.5

5 M/72 Type A aortic dissection 
with hemiarch 
replacement

HTN 5 47 44.9

6 M/37 Type A aortic dissection 
with hemiarch 
replacement

HTN 0 42 43.8

7 M/56 Type A aortic dissection 
with hemiarch 
replacement

Bilateral renal cysts 3 50 52.3

CRF, chronic renal insufficiency; DM, diabetes mellitus; HTN, hypertension.
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Figure 2 A 58-year-old woman with Type B aortic dissection and left lung sequestration underwent TEVAR with a Cook Zenith® CX2. (A) 
Computed tomography (CT) with injection of contrast media; (B) 4D phase-contrast MRI for aortic dissection showing significant artifact 
in the thoracic portion. CT, computed tomography; MRI, magnetic resonance imaging.

A B

A B

Figure 3 A 59-year-old man underwent total arch replacement for Type A aortic dissection and simulations TEVAR by Gore® TUG. (A) 
Contrast-enhanced CT showing the sagittal view of the aorta after stent placement; (B) MRI showing images similar to those with contrast-
enhanced CT, which can identify the false lumen and true lumen in the post-stenting aorta without ferromagnetic artifacts. CT, computed 
tomography; TEVAR, thoracic endovascular aortic repair.
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postoperative evaluation. However, CTA requires contrast 
media, an agent that can cause acute kidney injury. When 
patients have impaired renal function or unstable renal flow 
due to malperfusion syndrome, contrast media can only be 
given after mitigating the possible risk of acute renal failure 
on a case-by-case basis following risk-benefit analysis (17). 
Moreover, radiation dose accumulation is still a concern, 
especially in young patients (18-21).

However, unlike ultrasonography (US), CT does not 
provide information on blood flow direction and rate. Color 
Doppler US identifies the flow direction and is commonly 
used to detect aneurysms in emergency departments rapidly. 
Moreover, the US reveals real-time dynamic changes in 
endoleaks or aneurysms and is both low and radiation-
free. However, the data quality of the US varies because of 
differences in operator skills and patient status. In particular, 
in patients with intestinal gas, obese, and thoracic aortic 
diseases, the US may not reliably diagnose aortic disease.

CE-MRA is highly sensitive for detecting pathology 
in various blood vessels but requires administration of 

a GBCA, which shortens longitudinal blood relaxation 
(T1). A rapid 3D T1-weighted spoiled gradient echo pulse 
sequence with a short repetition time and echo time is ideal 
for CE-MRA, providing images with a high signal-to-noise 
ratio and spatial resolution that are free from flow-related 
artifacts. Two acquisition modes are used in CE-MRA: 
single-phase and time-resolved (22). Single-phase MRA 
captures vascular images at a single point in time, whereas 
time-resolved MRA consists of multiple acquisitions of an 
imaged volume over successive time points post-GBCA 
administration. In time-of-fly MRA (TOF MRA), blood 
flow is used as the intrinsic contrast agent, and the signal is 
based on an in-flow effect. The signal in the vessel depends 
on the flow up to a threshold speed, which is calculated by 
the slice thickness, in millimeters, divided by repetition 
time, in milliseconds. However, the vessels can be observed 
most clearly when they are orthogonal to the 2D plane 
because in-plane vessels sometimes experience loss of  
signal (20,21).

These types of CE-MRA do not involve radiation 
exposure, but the non-iodinated contrast agents (e.g., 
GBCA) still have undesirable effects. NSF is a rare but 
dangerous complication of GBCAs in patients with pre-
existing renal function impairment (9,10,23). The recent 
discovery of cerebral gadolinium deposition in patients 
with normal renal function is also of concern, although 
the clinical significance of this phenomenon is yet to be 
determined (24).

4D PC-MRI is a newly developed technique that can, in 
a single scan, acquire flow information of the entire aortic 
volume over time (25). Blood flow can be visualized and 
quantified as it travels from the heart through the true and 
false lumens and entry tears of a dissection. It is radiation-
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free and does not require contrast media. Moreover, 4D 
PC-MRI can detail the relationship between the false 
lumen, true lumen, major visceral branches, and major 
communicators between the true and false lumens. Previous 
pioneering laboratory research demonstrated that 4D PC-
MRI at 3.0T could evaluate aortic dissection, focusing 
on the hemodynamic parameters (26,27). In this study, 
we further described its versatile application in clinical 
scenarios, which may help vascular surgeons to choose 
the right therapeutic plan using 4D PC-MRI at 1.5T. For 
patients with stable, chronic Type B aortic dissections, 
4D PC-MRI provided similar aortic information as CTA 
without the need for radiation or contrast media injection 
(Table 2). Moreover, 4D PC-MRI could provide similar 
information as CTA after open surgery for type A aortic 
dissections (Table 3). It is an even more reasonable imaging 
option for young patients and those with poor renal 
function.

Endovascular aortic repair is the standard treatment of 
aortic dissecting pathology. However, carefully screening 
for this treatment is critical for improved outcomes. As the 
major postoperative complication, endoleaks are classified 
into five types based on the direction, location, and source 
of blood flow, and each type requires different treatment 
strategies (28). The advantage of detecting endoleaks after 
TEVAR by using 4D PC-MRI has been documented in 
our previous publication (29). In the present study, we 
found that the composition of aortic stents and coexisting 
prostheses (e.g., mechanical valves) affects image quality 
with 4D PC-MRI. In the three cases of poor-quality 4D 
PC MRI scans, the patient’s endoprosthesis was made 
of stainless steel (Cook Zenith TX II). Image artifacts 
prevented the evaluation of the thoracic and abdominal 
aorta, with lesser effects on the iliac vessels. By contrast, 
artifacts were minimal in patients with nitinol-based 
endograft (Gore® TAG® and Cook Zenith® dissection stent) 
(Video 1). Therefore, the Cook Zenith Alpha, a nitinol 
stent graft, has replaced the stainless-steel Cook Zenith® 
TX2® in our institution. Although all instruction manuals 
of aortic endograft, even those made of stainless steel, 
assert that they are safe for MRI examinations, stainless 
steel aortic endografts should be avoided if 4D PC-MRI 
is being considered for use as a follow-up modality. In 
our preliminary hemodynamic analysis for 4D PC MRI, 
the stroke volume was higher in the true lumen of the 
patients with stent-grafts than in the patients with type B 
aortic dissection without intervention. And the regurgitant 

fraction, an indicator of nonlaminar flow, was higher in 
the false lumen than in the true lumen of all patients. 
These hemodynamic parameters need further investigation 
regarding their clinical application (Figure 4).

However, there are several disadvantages to the clinical 
application of 4D PC-MRI. First, the 4D PC-MRI data 
are acquired over a large volume and are susceptible to 
error from magnetic field inhomogeneities, Maxwell terms, 
eddy currents, and gradient nonlinearities. Second, motion 
artifacts from cardiac and respiratory motion are another 
potential source of error in 4D MRI acquisition. Finally, 4D 
MRI is relatively time consuming (processing time: 30 min) 
and expensive, which prevents its application in acute aortic 
dissections.

Study limitations

We attempted to  ident i fy  the  c l in ica l  va lue  and 
disadvantages of the application of 4D PC-MRI to aortic 
pathology. First, the major limitation is the nonrandomized 
study with few patients. Further studies with larger sample 
size and randomized design should be conducted. Second, 
although PC-MRI using quantitative analysis methods can 
provide various parameters to assess hemodynamic status, 
quantitative analysis probably includes useful information 
for determining the optimal therapeutic strategy for 
complex aortic diseases. However, this study lacked a 
computed streamline analysis for further assessment of 
the blood flow model in each participant. Further studies 
of quantitative analysis and streamline computation are 
needed, especially for evaluating the endoleak model, to 
assess the utility of full clinical application of 4D PC-MRI.

Conclusions

4D PC-MRI is radiation- and contrast media-free option 
for imaging aortic dissection. It provides not only images 
that were comparable in quality to those of CTA but 
also provided information on hemodynamic parameters, 
including endoleak detection after TEVAR. It is safe and 
accurate for chronic Type B aortic dissection and residual 
aortic dissection after acute Type A aortic dissection. Thus, 
4D PC-MRI could be a powerful tool in treating aortic 
dissection, especially in malperfusion syndrome of visceral 
vessels and in young patients and those with impaired renal 
function. However, certain endograft materials, especially 
stainless steel, may prevent the further application of 4D 
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PC-MRI and should be avoided.
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