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Purpose

Aortic dissection (AD) is a serious pathology affecting one in 30 000 people per year in western countries (1). Aortic dissection involves the formation of a tear in the intima of the aortic wall, which enables blood to penetrate the wall and separates the media in two parts, creating a new channel, called false lumen. The false lumen will then extend all along the aorta. According to the Stanford classification, type A dissections concern the ascending aorta, while type B dissections concern only the descending aorta. Clinical management of all type A dissections (TAAD) is emergency surgical intervention, while for type B dissections (TBAD) management involves imaging follow-up, medical therapy, and endovascular treatment in complicated cases. Despite standardized management, short-and long-term survival for aortic dissection patients is low. Thus, in-hospital and 10 years mortality are respectively around 21.7% and 52.2% for TAAD and 14% and 59-66% for TBAD (2-4).

Moreover, the rate of complications in high in aortic dissections. Short term complications include persistent malperfusion, retrograde dissection, stroke, organ failure, paraplegia, and type I endoleaks (4,5). Long term complications are aneurismal evolution and re-intervention, the high rate of which are around 43% 8 years after TAAD (6), 33% 10 years for TBAD following intervention and 41% 10 years for medically treated TBAD .

Imaging follow-up is performed with either CT angiography or MR angiography, both of which only provide morphological markers for characterizing what is essentially a hemodynamic pathology. The main complication of TBAD is aneurysmal progression, which may lead to aortic rupture. The diameter of the false lumen and the amount of false lumen thrombosis are used to assess the risk of rupture and thus select patients for intervention.

Morphological imaging parameters, used in current clinical practice, are related to a presumed change in flow in the false lumen, for example thrombus formation is related to low flow, and an increase in diameter to high flow. However, hemodynamic parameters, such as velocity, flow rate, and flow pattern in the false lumen and through the main entry tear, have a role in aneurysm formation, as demonstrated by imaging, biomechanical, and modeling studies. 4D Phase Contrast MRI (4D PCMRI, or 4D Flow), albeit not yet part of clinical routine, provides direct measurements of velocity, enabling visualization and accurate quantification of blood flow characteristics in patients with aortic dissection [START_REF] Burris | False lumen ejection fraction predicts growth in type B aortic dissection: preliminary results[END_REF][START_REF] Michael | Surgical Management of Descending Thoracic Aortic Disease: Open and Endovascular Approaches[END_REF] . Importantly, this functional information has the potential to improve AD management. Flow features obtained with 4D Flow have been related to the risk of developing complications [START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF][START_REF] Jarvis | Parametric Hemodynamic 4D Flow MRI Maps for the Characterization of Chronic Thoracic Descending Aortic Dissection[END_REF] . Clough et al [START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF] demonstrated that helicity, particularly the amount of helicity in the false lumen, is correlated with the rate of aortic expansion. The regurgitation flow through the primary entry tear appears as another interesting aneurismal risk factor, demonstrated recently by Burris et al [START_REF] Jarvis | Parametric Hemodynamic 4D Flow MRI Maps for the Characterization of Chronic Thoracic Descending Aortic Dissection[END_REF] in 18 chronic dissection cases.

When complications are identified during surveillance, thoracic endovascular aortic repair (TEVAR) is generally performed [START_REF] Erbel | Diagnosis and management of aortic dissection[END_REF][START_REF] Tsai | Long-term survival in patients presenting with type B acute aortic dissection: insights from the International Registry of Acute Aortic Dissection[END_REF] . The objective of TEVAR is to close the main intimal tear that is expected to result in an increase of the thoracic true lumen diameter, a decrease of the thoracic false lumen diameter, and improved perfusion of the aortic branches 3 .

However, the impact of TEVAR on the different flow features mentioned above on an individual patient basis is not clear. Consequently, our goal was to use 4D Flow MRI to investigate how the flow features in aortic dissections change as a result of TEVAR in TBAD patients.

Methods

Study population:

Patients with an aortic dissection requiring endovascular treatment or hybrid surgery according to surgical guidelines [START_REF] Evangelista | Insights From the International Registry of Acute Aortic Dissection: A 20-Year Experience of Collaborative Clinical Research[END_REF][START_REF] Erbel | ESC Guidelines on the diagnosis and treatment of aortic diseases: Document covering acute and chronic aortic diseases of the thoracic and abdominal aorta of the adult. The Task Force for the Diagnosis and Treatment of Aortic Diseases of the European Society of Cardiology (ESC)[END_REF][START_REF] Hofferberth | Stent-assisted ballooninduced intimal disruption and relamination in aortic dissection repair: the STABILISE concept[END_REF] were prospectively included between June 2018 and May 2020. Patients were identified during their hospitalization at our institution or during a consultation with a cardio-vascular surgeon. They were included after multidisciplinary staff screening. Patients younger than 18 years old, patients requiring an emergency intervention, patients with contra-indication to endovascular treatment, and/or contra-indication to MRI (claustrophobia, ferromagnetic materials: pacemaker, prosthetic heart valve, implantable cardioverter defibrillators, vascular clip), pregnancy or breastfeeding, dementia were excluded. Written informed consent was obtained from all included patients. Institutional review board approval was obtained (ID-RCB: 2018-A01742-53).

Study design:

After inclusion in the study, patients underwent a clinical examination and were scheduled for endovascular treatment. All patients underwent a baseline MRI scan prior to the procedure and a follow-up MRI within 6 month after the intervention.

We collected prospectively clinical data (personal and familial history, vascular clinical exam, blood pressure, pain assessment at thoracic, abdominal and lower body level), biological data (renal function, arterial lactates) and radiological data (DeBakey and Stanford classification, presence of haemothorax, signs of aortic rupture, maximal thoracic aortic diameter, signs of malperfusion).

Image Acquisition

MRI was performed on an Ingenia 3T system (Philips, Best, The Netherlands). The protocol included dynamic gadolinium-enhanced angiography (4DTRAK) [START_REF] Evangelista | Insights From the International Registry of Acute Aortic Dissection: A 20-Year Experience of Collaborative Clinical Research[END_REF] and 4D Flow [START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF] .

4D TRAK was performed using a 3D spoiled gradient echo sequence with the following imaging parameters: TR = 3.8 ms, TE = 1.1 ms, spatial resolution = 0.75 x 0.75 x 2 mm, slice overlap 1 mm, 30 frames, temporal resolution = 1.3 seconds, flip angle 25. Acquisition was performed 5 seconds after intra-venous administration of 2 cc/kg of a gadolinium contrast agent (DOTAREM, Guerbet, France). Patients were instructed to hold their breath during the early dynamic phases and breathe out slowly during the last phases. 4D Flow was performed using a retrospective ECG gated and respiratory navigated spoiled gradient echo sequence covering the aorta from the supra-aortic vessels to below the renal arteries in a sagittal oblique orientation. Acquisition parameters were as follows: TR = 4-4.6 ms, TE = 2.2-2.7 ms, flip angle = 8°, spatial resolution = 2.5-2.8 isotropic mm 3 , velocity sensitivity (VENC) = 80-200 cm/s. 20 cardiac phases were reconstructed for each patient.

ECG-gated contrast enhanced CT angiography was available in all the patients for both pre-and post-intervention.

Data analysis

Qualitative analysis of the 4D Flow MRI data was performed with dedicated commercial software, Caas MR Solution (Pie medical imaging, Maastricht, Netherlands).

Background phase and velocity aliasing corrections were automatically performed by the software. Time averaged speed was used to visualize and semi-automatically segment the aorta. A descriptive analysis of the flow patterns was performed using streamline visualization. Helical flow, defined as the longitudinal evolution of flow rotating around an axis parallel to the main axis of the vessel, was recorded as present or absent in both pre-and post-operative exams in the true lumen, in the false lumen from the isthmic aorta to the infrarenal aorta. Subsequently, a quantitative analysis of helicity was performed as part of the quantitative analysis described in the following.

Quantitative analysis was performed using code developed in Matlab (The MathWorks, Natick, MA, USA). The analysis was based on recent methodology proposed by Jarvis and colleagues [START_REF] Evangelista | Long-term outcome of aortic dissection with patent false lumen: predictive role of entry tear size and location[END_REF] . Briefly, manual segmentation of the aorta was performed on computed phase-contrast MR Angiograms. Affine registration of the time averaged 4DTRAK volume was used to guide the segmentation when necessary. On post-TEVAR images, the stent related localized phase noise was identified by computing the FH velocity image spatial gradient and then summing it in the temporal dimension. Pixels presenting with high image gradients (> 8 kHz) were then set to zero in the mask. The true and the false lumen were segmented separately. Cross-sections were placed automatically along the vessel centerline spaced 1 mm apart. Centerline was computed using an iterative thinning algorithm applied to the mask of the aorta (TL and FL combined). For each pixel of the segmented mask and across the cardiac cycle, the direction of flow was obtained with respect to the centerline either forward (ascending to descending) or reverse (descending to ascending). The net, forward, and reverse flows were measured per cross-section. Forward flow (FF) and reverse flow (RF) maps were then computed as the sum over the cardiac cycle. Flow stasis was defined as percentage time over the cardiac cycle with velocity < 0.1 m/s. Quantification of helicity was performed using the same segmented mask. Helicity (𝐻) is defined as the integrated scalar product of the velocity vector and the vorticity vector (the curl of the velocity field) and it quantifies the rotation about an axis parallel to the main direction of flow: 𝐻 = 𝑣(𝑟, 𝑡) • 𝜔(𝑟, 𝑡). The sign of the helicity value indicates the direction of rotation.

Helicity and absolute helicity values were obtained along the aortic centerline only in the false lumen. 2D average intensity projection images were obtained for each parameter map (FF, RF, Stasis, H, absH) to facilitate visualization. The analysis described above was performed in the aorta from the ascending part (5 cm above the sinus) to the infra-renal part. The aortic branches were not included in the segmentation. Thus, a local quantitative analysis was performed by manually placing 2D cross-sectional planes perpendicular to the vessel centerline and computing net flows using the Caas MR Solutions software. Finally, flow values were normalized to the net flow of the ascending aorta to allow direct comparisons between patients and time points. Relative changes in the net flow of the true lumen, the false lumen, and the aortic branches were obtained as the difference between post-and pre-TEVAR normalized to the pre-TEVAR values.

Statistical analysis:

The impact of the endovascular treatment on the flows in the true lumen (TL), false lumen (FL), visceral branches, renal arteries, was assessed using a non-parametric test, Wilcoxon signed rank test, since normality of the data was not assumed.

In order to evaluate the impact of the metallic stent on the velocity quantification, intra-class correlation coefficient was computed between velocity measured intra-stent and velocity measured in adjacent stent-free regions.

Results

Population

Seven patients were included between June 2018 And May 2020. The first MRI exam was performed 29 (+/-56) days before the treatment, the second MRI exam was performed 30 (+/-36) days after the treatment. Mean age was 58 +/-19 years, 6 patients (85.7%) were males, all patients had a history of hypertension, 1 patient (14.3%) had a history of smoking, 3 (42.8%) patients had dyslipidemia history, none had family history of aortic dissection, 1 patient (14.3%) had a Marfan syndrome. Indication of surgical treatment (TEVAR only or TEVAR + stabilize technique) was aneurismal evolution for 2 patients (28.5%), malperfusion syndrome for 3 patients (42.8%), haemothorax for 1 patient (14.3%), persistent pain for 1 patient (14.3%). Description of patient population is presented in Table1.

Surgery

Two (28.5%) patients were treated in the acute phase (<14 days) and five (71.5%) in the chronic phase (>90 days). The same surgeon treated all patients as follows: the endoprosthesis was implanted from the aortic isthmus (distally to the left sub-clavicular artery) to the diaphragmatic level of the aorta (proximally to the truncus coeliacus) with the objective of closing the primary entry tear. For three patients (42.8%), a bare stent was used in addition to the TEVAR, in distality of the thoracic aorta, this is known as the stabilize technique as described by Hofferbeth 22 .

Flow analysis

At qualitative inspection, helical flows were identified pre-operatively in 6 out of the 7 investigated patients using streamline visualization. Quantitatively, helicity was elevated in the proximal part of the false lumen in the majority of cases. The highest absolute helicity was observed in Patients 1 and 2, indicating significant blood circulation through the main entry tears. Elevated helicity was also observed in the distal part of the false lumen, related to one significant re-entry tear at the coeliac truncus (Patient 4) and to several entry tears in a patient with identified Marfan syndrome (Patient 5). Helicity decreased strongly post TEVAR in the proximal part of the false lumen for all patients. However, helicity increased in the distal part for Patients 1 and 4, which developed new post-operative entry tears (Figure 1). The results of the quantitative analysis of helicity are summarized in Figure 2.

Flow values obtained intra-stent (pulmonary artery level) were not significantly different than values in stent free regions (diaphragmatic level) with a median difference of 0.1 (IQR 0.3) L/min and an intraclass correlation coefficient equal to 0.967 (p<0.01).

Typically, forward flow increased in the true lumen and significantly decreased in the false lumen post-operatively. Similarly, reverse flow increased in the true lumen and decreased in the false (Figure 3, patient presenting with malperfusion). Importantly, the stasis maps facilitated visualization of entry tears, as confirmed by the streamline visualization.

In the true lumen, the net flow increased from 54.0% (IQR 16.0) to 67.2 % (IQR 17.8, p=0.097) after endovascular treatment, the forward flow increased significantly from 59.9% (IQR 19.0) to 81.6% (IQR 21.8, p=0.04), and the reverse flow increased significantly from 4.36% (IQR 6.4) to 10.8 % (IQR 9.2, p=0.03). Oppositely, in the false lumen, the net flow decreased significantly from 4.4% (IQR 14.5) to 0.9% (IQR 1.7, p=0.03) post-operatively, the forward flow decreased significantly from 15.9% (IQR 13.5) to 3.3 % (IQR 5.0, p<0.01), and the reserve flow decreased significantly from 10.3% (IQR 3.8) to 4.6 % (IQR 8, p=0.05) (Figure 4).

In the aortic branches, the changes in net flow were not significant (p>0.05). The net median flow increased from 17.5 % (IQR 2) to 19.7% (IQR 6.8) in the truncus caeliacus (TC) post treatment, decreased from 9.8 % (IQR 9.6) to 7.7 % (IQR 5.9) in the superior mesenteric artery (SMA), and increased from 6.5 % (IQR 2.8) to 7.9 % (IQR 4.5) in the right renal artery (RRA) and from 5.7 % (IQR 1.3) to 6.1 % (IQR 4.7) in the left renal artery (LRA).

A relative median increase in the net flow of 16.1 % (IQR 54.4) was obtained for the true lumen and a median decrease of -112 % (IQR 33.3) for the false lumen. Similar to the true lumen, a relative median increase in the net flow of 8.3 % (IQR 38.5) of the TC, of 17.7 % (IQR 97.6) of the SMA, of 3.7 % (IQR 55) of the RRA, and of 15.9 % (IQR 60.6) of the LRA.

A significant increase in stasis of the false lumen (average of entire FL volume) was observed from 89 (IQR 15.2) pre-operatively to 95.1 (IQR 6.3) post-operatively (p=0.04).

Discussion

In the present study, we performed an exploratory analysis of the impact of endovascular treatment on the flows in the true and the false lumen, and aortic branches, in type B aortic dissection before and after treatment. We demonstrated that in the false lumen, endovascular treatment decreases the helicity, decreases significantly the flow, and increases the stasis. In true lumen, endovascular treatment increases the flow. Type B aortic dissection patients have excessively high long-term morbidity and mortality rates [START_REF] Kirsch | Risk factor analysis for proximal and distal reoperations after surgery for acute type A aortic dissection[END_REF][START_REF] Qin | Treatment of acute type-B aortic dissection: thoracic endovascular aortic repair or medical management alone?[END_REF][START_REF] Yeh | Risk factors for descending aortic aneurysm formation in medium-term follow-up of patients with type A aortic dissection[END_REF][START_REF] Haquin | Phasecontrast MRI evaluation of haemodynamic changes induces by a coeliac axis stenosis in the gastroduodenal artery[END_REF] . This poor outcome is a consequence of the aneurismal evolution of the aorta that leads to re-interventions and even aortic ruptures [START_REF] Kirsch | Risk factor analysis for proximal and distal reoperations after surgery for acute type A aortic dissection[END_REF][START_REF] Qin | Treatment of acute type-B aortic dissection: thoracic endovascular aortic repair or medical management alone?[END_REF][START_REF] Haquin | Phasecontrast MRI evaluation of haemodynamic changes induces by a coeliac axis stenosis in the gastroduodenal artery[END_REF] . In current clinical practice, aneurysmal evolution is monitored with annual CTA or MRA. The parameters used to assess the risk of aneurysm evolution (patient's clinical history and the vascular morphology) 23,24 , do not provide quantitative hemodynamic information on the dissection, which is in essence a hemodynamic pathology. Yet, aneurysmal progression is likely a consequence of disturbed flow patterns. In this context, helical flow might be an important hemodynamic marker.

Investigation of aortic helical flow using 4D Flow, in healthy and disease cases, is generally based on the qualitative description of the flow pattern using vector, streamlines, and or pathlines visualization. The obtained information is the presence, overall magnitude, and direction of rotation of the helical flow [START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF] . However, this visual analysis is user-dependent and challenging. Helical flow patterns can be missed during this visual inspection. In our patient population, we observed helical flow patterns in the proximal part of the false lumen in each dissection that had aneurysmal evolution as an indication for TEVAR (2 patients).

These results are in agreement with Clough and colleagues [START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF] who showed a correlation between helical flow and aneurismal evolution. In that work, helicity was semi-quantitatively assessed as the amount of rotation over the cardiac cycle. In our study, we performed quantitative analysis of helicity and absolute helicity in the entire false lumen. We then presented the values per cross-section along the aorta centerline. Helicity quantification appeared helpful in detecting helical patterns, particularly at the level of secondary entry tears which had been missed by streamline visualization (Patient 2 and 5). Importantly, in our patient population, TEVAR resulted in the formation of new entry tears downstream of the stent in two patients (1 and 4), which were also missed at visual assessment of the streamlines. The formation of helical flow related to these new entry tears might suggest the patients would benefit from a closer follow up. However, given our small patient population, we cannot draw any conclusions on associations between the amount of helicity and the indications for TEVAR.

In addition to helicity, the global quantitative analysis also demonstrated complex flow patterns, particularly recirculation regions. The TEVAR procedure resulted in a significant increase in the forward flow in the true lumen, and a significant decrease of both forward and reverse flows in the false lumen. Interestingly, the reverse flow in the true lumen increased post TEVAR. This finding could be explained by the increase in the rigidity of the aorta wall, due to the presence of the metallic stent. Consequently, the aorta is no longer able to perform its function of dampening the pulse wave. Given the deleterious effects of vessel wall rigidity on patient outcome, particularly in the context of hypertension, we believe this finding should be investigated in a larger patient population, and its effect taken into account in the risk assessment.

Finally, it is important to note that the stasis maps enabled a straightforward detection of hemodynamically significant entry and re-entry tears and the related recirculation regions.

We concluded to the presence of stasis when the flow was inferior to 0.1mL/s during more than 90% of the cardiac cycle. Stasis can be interpreted as thrombus in process of creation, a criterion of success of endovascular treatment [START_REF] Tsai | Long-term survival in patients presenting with type B acute aortic dissection: insights from the International Registry of Acute Aortic Dissection[END_REF] . Importantly, we noted that closure of the proximal entry tear resulted in an increase in flow through secondary re-entry tears when present downstream of the stent. This effect was easily identifiable both on the stasis maps and the absolute helicity maps.

Previous imaging based investigations of aortic dissection treatment were focused on the morphological information alone. Only one study presented quantitative flow measurements in the aorta before and after treatment, but this study was limited to only one patient and to relatively simple flow measurements. Importantly, flow measures performed intra-stent were not significantly different than measures in adjacent stent-free regions. This demonstrates that reliable velocity quantification was possible even in the presence of a metallic stent. Furthermore, our flow measurements in the aorta and its branches are in agreement with previous studies using 4D Flow in aortic dissections. In the aorta, at the level of the pulmonary artery, Clough and colleagues, found in 12 patients with chronic type B thoracic aortic dissection, a median stroke volume of 54.3 (IQR 43.2-64.8) mL/cycle in the true lumen and 31.6 (IQR 19.8-47.6) mL/cycle in the false lumen [START_REF] Dyverfeldt | 4D flow cardiovascular magnetic resonance consensus statement[END_REF] . Preoperatively, at the same level, we found a median stroke volume of 48.5 (IQR 17.8) mL/cycle in the true lumen and 4.5 (IQR 12.5) mL/cycle in the false lumen. In the TC and SMA, Siedek and colleagues found, in 22 healthy volunteers, a mean stroke volume of 12 +/-5.3 mL/cycle 25 . We found 14.95 (IQR 2.85) mL/cycle in the TC and 7.85 (IQR 6.35) mL/cycle in the SMA in our patient population preoperative. In the renal arteries, in a study on the repeatability and internal consistency of abdominal 2D and 4D Flow MRI, Wentland et al found in eight patients a mean stroke volume equal to 5.1 +/-1.5 mL/cycle for the LRA and 5.9 +/-1.3mL/cycle for the RRA 26 . Similarly, we found a mean stroke volume of 5.6 (IQR 2.9) mL/cycle in the LRA and 4.4 (IQR 3) mL/cycle in the RRA.

Stability of the flow in the aortic branches is also an important outcome. Indeed, it reflects the correct perfusion of the branches and therefore the correct implantation of the endo-prosthesis. Furthermore, there is always a risk of malperfusion after occlusion of the false lumen when aortic branches are vascularized by this lumen. That is why it is important to ensure good vascularization of the aortic branches postoperatively.

Our study has some limitations. First, the size of the cohort is relatively small, with only eight patients included. This is because AD requiring endovascular treatment is not a very frequent condition, particularly at a single clinical center. Another limitation could be the heterogeneity of the cohort in terms of indication of endovascular treatment (cf table 1): AD chronicity (2 acute, 6 chronic), entry tear (location, size, number), extent (type I, II or III DeBakey classification), and variability in intra-aortic flow. It should be noted that we chose to present our results in percentage of the ascending aorta net flow in order to avoid variability between patients (secondary to gender or body mass index for example) and to avoid variability between the two exams for the same patient. In addition, in our study we used a large FOV to cover the aorta down to the renal arteries. Measurements at the edge of the field-of-view, in the renal arteries for example, might suffer errors dues to gradient nonlinearity. In addition, measurements in the renal arteries and the other aortic branches had lower VNR (velocity to noise ratios) than the aorta with the single-VENC (velocity encoding) acquisition that we used. A dual-VENC acquisition would have been ideal, however this strategy requires an almost double acquisition time compared to single-VENC, making it unfeasible in our setting. Furthermore, patient motion might have affected the measurements, since 4D Flow was a lengthy acquisition. Nevertheless, the flow rates we measured are in agreement with previously mentioned studies, demonstrating reliability of the 4D Flow acquisition. Another potential limitation may come from the manual segmentation of the time averaged PCA. While this is the standard approach for analyzing 4D Flow MRI, it may be difficult in regions of complex and low flow in the false lumen, thus segmentation errors cannot be excluded.

In conclusion, we demonstrated the hemodynamic impact of the endovascular intervention in type B aortic dissections using 4D Flow MRI. By providing an early qualitative and quantitative hemodynamic evaluation of the aorta and its branches, 4D Flow MRI may be helpful in the management of aortic dissection. 
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