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Abstract

Background: Systematic evaluation of complex flow in the true lumen and false lumen (TL, FL) 

is needed to better understand which patients with chronic descending aortic dissection (DAD) are 

predisposed to complications.

Purpose: To develop quantitative hemodynamic maps from 4D flow MRI for evaluating TL and 

FL flow characteristics.

Study Type: Retrospective.

Population: In all, 20 DAD patients (age = 60 ± 11 years; 12 male) (six medically managed type 

B AD [TBAD], 14 repaired type A AD [rTAAD] now with ascending aortic graft [AAo] or 

elephant trunk [ET1] repair) and 21 age-matched controls (age = 59 ± 10 years; 13 male) were 

included.

Field Strength/Sequence: 1.5T, 3T, 4D flow MRI.

Assessment: 4D flow MRI was acquired in all subjects. Data analysis included 3D 

segmentation of TL and FL and voxelwise calculation of forward flow, reverse flow, flow stasis, 

and kinetic energy as quantitative hemodynamics maps.

Statistical Tests: Analysis of variance (ANOVA) or Kruskal–Wallis tests were performed for 

comparing subject groups. Correlation and Bland–Altman analysis was performed for the 

interobserver study.
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Results: Patients with rTAAD presented with elevated TL reverse flow (AAo repair: P = 0.004, 

ET1: P = 0.018) and increased TL kinetic energy (AAo repair: P = 0.0002, ET1: P = 0.011) 

compared to controls. In addition, TL kinetic energy was increased vs. patients with TBAD (AAo 

repair: P = 0.021, ET1: P = 0.048). rTAAD was associated with higher FL kinetic energy and 

lower FL stasis compared to patients with TBAD (AAo repair: P = 0.002, ET1: P = 0.024 and 

AAo repair: P = 0.003, ET1: P = 0.048, respectively).

Data Conclusion: Quantitative maps from 4D flow MRI demonstrated global and regional 

hemodynamic differences between DAD patients and controls. Patients with rTAAD vs. TBAD 

had significantly altered regional TL and FL hemodynamics. These findings indicate the potential 

of 4D flow MRI-derived hemodynamic maps to help better evaluate patients with DAD.

AORTIC DISSECTION is a life-threatening vascular disease associated with blood flow 

through entry tears in the intima of the native aorta (true lumen, TL) generating a false 

lumen (FL). Descending aortic dissection (DAD) can be isolated, ie, Stanford type B 

dissection/Debakey type III (TBAD), or associated with ascending aortic dissection, ie, 

Stanford type A dissection/Debakey Type I (TAAD). For patients with repaired TAAD 

(rTAAD), residual chronic DAD (also known as “residual TBAD”) may remain following 

replacement of the ascending aorta. Treatment planning for DAD is often complex, with the 

majority of patients initially managed medically with anti-impulse therapy (heart rate and 

blood pressure control) and interventions such as thoracic endovascular repair (TEVAR) 

reserved for patients with complications such as rupture and evidence of organ malperfusion.
1–3 The need for invasive treatment for uncomplicated DAD is not well established, as early 

survival rates for chronic DAD patients on medical therapy are acceptable but long-term 

outcomes show significant aortic aneurysm formation in 25–50% of patients after 4 years.4,5 

Chronic DAD may require eventual intervention with either open elephant trunk (ET) 

repair6,7 or TEVAR, which is less invasive.8,9

One of the main questions in chronic DAD is which patients should have TEVAR to prevent 

complications (aortic rupture, visceral malperfusion). We hypothesize that the 

comprehensive evaluation of aortic hemodynamics can play a major role in understanding 

the disease and helping to better classify these patients. Treatment selection for 

uncomplicated DAD is typically based on clinical findings (ie, symptoms) and simple 

empirical measures by standard-of-care imaging (eg, maximal aortic diameter and aortic 

diameter increase)8 but advancements in blood flow imaging expand our understanding of 

aortic function. (For instance, FL pressure, driven by locations and sizes of entry and exits 

tears, as well as the degree of FL thrombus, is critically important in FL remodeling and risk 

of aorta-related mortality.10,11 Thus, noninvasive evaluation of FL hemodynamics has the 

ability to provide unique insight relative to strictly morphologic parameters.) 4D flow 

magnetic resonance imaging (MRI) (ie, 3D time-resolved phase contrast MRI with 3-

directional velocity encoding)12 is uniquely poised to evaluate complex flow patterns in 

DAD because of the ability to measure 1) blood flow in all three main directional 

components, and 2) volumetric coverage to allow for quantitative analysis of the entire aorta. 

This technique has detected flow alterations in aortic dissection related to aortic dilatation 

(visualization of helical flow and distal dominant entry tears, quantification of flow velocity 

in the FL), found substantially higher flow in the TL with FL thrombus, and has been used 
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to identify small dissection flap fenestrations.13–17 Previous studies are promising, but were 

limited by either the utilization of qualitative assessment of flow patterns or localized 

quantification of hemodynamic metrics, and thus the systematic parameter mapping of flow 

in the TL and FL is needed.18,19 Because TL and FL 4D flow-derived metrics may be related 

to aortic aneurysmal degeneration and FL thrombosis, we developed 4D flow MRI-derived 

parametric maps of aortic dissection hemodynamics (forward flow, reverse flow, flow stasis, 

and kinetic energy). The goal of this study was to analyze these parametric maps across 

different subtypes of chronic descending aorta dissection and compare them to controls.

Materials and Methods

Study Cohort

Aortic 4D flow MRI was acquired in 20 patients (age = 60 ± 11 years; 12 male) with DAD 

(6 TBAD, 14 rTAAD) and 21 age-matched controls (age = 59 ± 10 years; 13 male). Patients 

with TBAD were on medical therapy and patients with rTAAD had either already undergone 

AAo repair (n = 11) or ET stage 1 procedure (ET1) (n = 3) (Table 1). (ET1 is performed by 

replacing the AAo through the aortic arch, then securing a graft within the descending aorta 

with plans to subsequently repair the residual DAD through an open or endovascular 

approach.)

Institutional Review Board approval was obtained for this HIPAA-compliant study. Patients 

were retrospectively included after 4D flow MRI was performed as part of their standard-of-

care MRI between 2012 and 2018. All patients with dissection of the descending thoracic 

aorta were considered eligible for inclusion, including patients with previous surgical repair. 

Healthy volunteers were prospectively recruited for research cardiothoracic MRI and written 

informed consent was obtained from all participants.

Image Acquisition

All images were acquired using 1.5T MR-systems (Avanto, Aera, Siemens Healthcare, 

Erlangen, Germany) or a 3.0T system (Skyra, Siemens Healthcare). Each subject underwent 

a free-breathing, prospectively ECG- and respiratory navigator-gated, 4D flow MRI20 

covering the entire thoracic aorta in sagittal oblique orientation. Scan parameters were as 

follows: spatial resolution = 2.7–5.0 × 2.0–3.1 × 2.2–5.0 mm3, field of view (FOV) = 340–

460 × 238–366 mm2, slab thickness = 66–130 mm, temporal resolution = 36.8–40.0 msec, 

repetition time (TR) = 4.6–5.0 msec, echo time (TE) = 2.2–2.5 msec, flip angle = 7–15° and 

velocity sensitivity (venc) = 150–270 cm/s.

Patients received standard-of-care imaging including simultaneously acquired contrast 

enhanced time-resolved MR angiogram (MRA) (Ablavar, Gadavist, Magnevist, Bayer 

Schering Pharma, Berlin, Germany; spatial resolution = 0.9–1.3 × 0.9–1.3 × 80–132 mm3, 

temporal resolution = 0.7–1.5 sec, TR = 2.2–2.4 msec, TE = 0.9–1.0 msec, flip angle = 20–

25°), available in 16 patients. ECG-gated, contrast enhanced CTA (SOMATOM, Siemens 

Healthcare; Aquilion, Canon Medical Systems, Tustin, CA; LightSpeed, BrightSpeed, GE 

Healthcare, Milwaukee, WI; spatial resolution = 0.3–0.9 × 0.3–0.9 × 0.8–5 mm3) was 

available in 16 patients within 8 ± 7 months of the MRI.
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Data Analysis

The 4D flow MRI data were analyzed according to a previously described preprocessing 

workflow,21 ie, corrected for Maxwell terms, eddy currents, noise-masking of areas outside 

of flow regions, and velocity aliasing.22,23 Time-averaged magnitude images and a time-

averaged 3D phase contrast angiogram (PC-MRA) were calculated to depict vessel anatomy.
24 For controls, the thoracic aorta was segmented from the PC-MRA (Mimics Innovation 

Suite; Materialise, Leuven, Belgium) and used to mask the 4D flow data. For patients, time-

averaged 4D flow magnitude data were used to manually segment the thoracic aorta. Next, 

the TL was manually segmented based on the PC-MRA data. Subtraction of the TL from the 

aorta segmentation yielded the FL segmentation. The TL and FL segmentations were used to 

mask the 4D flow data; see Fig. 1a–e. Contrast-enhanced time-resolved MRA or CTA was 

referenced to correct for errors.

Parametric Hemodynamic Maps

Maps of aortic hemodynamics were derived based on home-built analysis tools (MatLab; 

MathWorks, Natick, MA) similar to a recently reported workflow.25 The 4D flow velocity 

data were regridded to isotropic 1 mm3 voxels using spline interpolation. A 3D aortic 

centerline was calculated and orthogonal planes were automatically placed every millimeter.
26 Each voxel was matched to the nearest plane (ie, having center point at shortest 3D 

distance) to determine directional flow along the centerline, ie, forward (AAo to DAo) and 

reverse (ie, DAo to AAo); see Fig. 1f,g. For each voxel inside the TL and FL (DAD patients) 

or entire aorta (controls), net forward flow (FF) and reverse flow (RF) were calculated as the 

sum over the cardiac cycle.

The velocity magnitude was determined for each voxel at each cardiac time-frame, ie, v(t). 
Voxelwise flow stasis was calculated as the percentage of cardiac timeframes with v(t) < 

0.10 m/s. In addition, voxelwise kinetic energy (KE) was determined by:

KE = 1
2 ⋅ ρ ⋅ dV ⋅ v t 2

with ρ the blood density assumed as 1060 kg/m3 and dV the unit voxel volume (ie, 1 

mm3)27,28 and summed over the cardiac cycle.

To correct for errors in plane orientation at the beginning and end of the centerline, the first 

and last four orthogonal planes along the centerline were not included in the directional flow 

quantifications. To reduce noise, a 3D median 3-by-3-by-3 filter was applied to all voxelwise 

parameters.

To provide an intuitive visualization of the spatial distribution of hemodynamic parameters 

across the TL and FL (patients) or entire aorta (controls), anatomic maps for FF, RF, stasis, 

and KE were calculated. The 3D voxelwise data for each parameter was collapsed into an 

average intensity projection, ie, average of all voxels in the segmented TL or FL (patients) or 

aorta (controls) along the projection direction. For quantitative regional analysis, the aorta 

was separated into five regions of interest (ROIs): 1) AAo (aortic root to brachiocephalic 

artery); 2) aortic arch (brachiocephalic artery to left subclavian artery); 3) proximal-DAo 
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(left subclavian artery to vertical DAo); 4) mid-DAo (vertical DAo to half the distance to the 

celiac trunk); and 5) distal-DAo (distal edge of ROI 4 to the celiac trunk) (Fig. 1h). For each 

ROI, the mean FF, RF, KE, and flow stasis were quantified. For quantification in the FL, 

only ROIs containing at least 4000 voxels (=4 mL) were included to ensure a sizeable flow 

region for quantification.

Interobserver Study

In a subset of subjects, the 4D flow MRI analysis workflow (ie, corrections, vessel 

segmentation of the TL and FL, drawing of ROIs) was carried out by two independent and 

blinded observers. This study included eight patients from the cohort (ie, three TBAD, three 

AAo repair, two ET stage 1).

Statistical Analysis

Metrics of TL and FL hemodynamics were compared between different subject groups (ie, 

TBAD, AAo repair, ET stage 1, controls) (MatLab). A Lilliefors test was used to assess 

normality. In the case of normal distribution, an analysis of variance (ANOVA) test was 

performed and otherwise a Kruskal–Wallis test was used. When P < 0.05, paired 

comparisons between individual groups were conducted using a 2-tailed, unpaired Student’s 

t-test (normal distribution) or Wilcoxon Rank tests (non-normal distribution). Correlation 

and Bland–Altman analysis was performed for the interobserver study. For all analysis P < 

0.05 was considered statistically significant.

Results

Study Cohort

Patient characteristics are shown in Table 1. Age was not significantly different among the 

subject groups (ie, TBAD, AAo repair, ET1, controls) (P = 0.65). Time since last surgery 

was not significantly different between the rTAAD groups (ie, AAo repair, ET1) (P = 0.28). 

Two patients in the AAo repair group had comorbidities, ie, one patient had bicuspid aortic 

valve disease and one patient had Marfan syndrome.

Parametric Hemodynamic 4D Flow MRI Maps

Results for an example subject from each of the three groups (TBAD, rTAAD, and controls) 

are shown in Fig. 2. Elevated voxelwise forward flow (TL), reverse flow (TL, FL), and 

kinetic energy (TL) are shown in the patient with AAo repair, compared to the patient with 

TBAD and the control. Additionally, elevated levels of voxelwise stasis are shown in the 

patient with TBAD, compared to the patient with AAo repair and the control. These findings 

indicate a clear difference between the flow characteristics in the rTAAD patient with AAo 

repair vs. the patient with TBAD (no previous repairs). However, without previous flow 

imaging it is unknown whether this difference was present before AAo repair.

Results for the entire cohort are given in Figs. 3–5. For global findings, boxplots compare 

flow parameter results between subject groups for the TL (Fig. 3) and FL (Fig. 4). See also 

Table 2. For regional findings, schematics of the aorta show results reported separately by 
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ROI and each section of the aorta is color-coded based on the average value among subjects 

in the group (Fig. 5).

Parametric Hemodynamic 4D Flow MRI Maps: True Lumen

Global: Patients with rTAAD had elevated TL reverse flow, compared to controls (Fig. 3b) 

(AAo repair: [85% percent increase in mean value] P = 0.004, ET1: [108%] P = 0.018). 

Regional: significant differences in TL reverse flow occurred in the AAo (AAo repair: P = 

0.0002), arch (AAo repair: P = 0.004) and proximal-DAo (AAo repair: P = 0.005, ET1: P = 

0.011) (Fig. 5a).

Global: Patients with rTAAD demonstrated higher TL kinetic energy than controls (AAo 

repair: [103%] P = 0.0002, ET1: [95%] P = 0.011) and patients with TBAD (AAo repair: 

[128%] P = 0.021, ET1: [118%] P = 0.048) (Fig. 3c). Regional: Significant findings in TL 

kinetic energy between rTAAD and controls occurred in the AAo (AAo repair: P = 0.0001, 

ET1: P = 0.045), arch (AAo repair: P = 0.0006, ET1: P = 0.011), proximal-DAo (AAo 

repair: P = 0.0007, ET1: P = 0.007), and mid-DAo (AAo repair: P = 0.002)(Fig. 5b). Also, 

significant findings in TL kinetic energy between rTAAD and TBAD occurred in the AAo 

(AAo repair: P = 0.0025, ET1: P = 0.024), arch (AAo: P = 0.023, ET1: P = 0.048), and 

proximal-DAo (AAo: P = 0.021, ETA: P = 0.024).

Parametric Hemodynamic DAD 4D Flow MRI Maps: False Lumen

Global: Patients with rTAAD had higher FL kinetic energy (AAo repair: [225%] P = 0.002, 

ET1: [138%] P = 0.024) and lower FL stasis (AAo repair: [−28%] P = 0.003, ET1: [−33%] P 
= 0.048) than patients with TBAD (Figs. 4, 5b,c). Regional: Stasis was markedly elevated 

throughout the FL in patients with TBAD, while patients with previous AAo repair had 

reduced FL stasis in the proximal and mid-DAo (TBAD vs. AAo repair: P = 0.001, P = 

0.018) and patients with previous ET1 repair had reduced FL stasis in the distal-DAo 

(TBAD vs. ET1: P = 0.048).

Interobserver Study

The results for correlation and Bland–Altman analysis are shown (Figs. 6, 7). There was 

only minimal bias between observers for forward flow, reverse flow, stasis, and kinetic 

energy with low limits of agreement. Analyzing TL and FL results separately, there was a 

significant bias for TL reverse flow (0.001 ml/cycle [8.2% of average value], P = 0.01) with 

limits of agreement = 0.006 ml/cycle [35%], r = 0.97 and slope = 1.1.

Discussion

Quantitative hemodynamic mapping from 4D flow MRI enables characterization of complex 

flow in the TL and FL of thoracic DAD. Regional flow differences were detected among 

patients and controls (ie, patients with rTAAD had elevated TL reverse flow and TL kinetic 

energy) and between patients with rTAAD vs. medically managed TBAD (ie, patients with 

rTAAD had higher TL and FL kinetic energy and lower FL stasis). This suggests that 

rTAAD patients tended to have complex flow situations that might lead to aortic 

complications. However, larger studies and subsequent outcome-related trials are critical to 
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explore these relationships fully and the potential impact for preventative treatment by 

TEVAR.

We suspect the elevated flow parameters in rTAAD are the result of prior surgery, but we 

would need imaging data before dissection (and ideally before intervention, which will be 

difficult to obtain due to the emergency of treatment in TAAD) to fully assess this. A 

proposed mechanism is that the difference in KE and retrograde flow after AAo repair might 

be the result of replacing AAo with a noncompliant graft. Still, these remarks are 

speculative, and the underlying mechanism will need to be fully explored. Furthermore, it 

remains unclear whether the elevated flow metrics in patients with TAAD will lead to higher 

rates of aneurysm.10,29 Thus, it will be useful to follow patients with rTAAD over time to 

monitor the effects of elevated flow parameters on aortic size and rate of complications such 

as aortic aneurysmal degeneration and failure of FL thrombosis.

Reverse flow can occur in the TL even when aortic regurgitation is not present due to 

complex flow (ie, circling of flow and/or flow between the TL and FL via intimal entry 

tears). This “regional” type of flow reversal can be captured using the voxelwise reverse 

flow quantification utilized here (instead of plane-based, which may miss important regional 

flow information).

Similar to our study, a recent 4D flow MRI study of 10 chronic DAD patients after AAo 

repair16 found high levels of slow flow in the FL compared to the TL and normal aorta. 

However, they found lower overall flow profiles and no differences in flow reversal in the 

TL of patients, compared to controls. The controls were not age-matched to the patients 

(controls were on average 18 years younger than patients), which may help explain some of 

these differences. But more likely, this is the result of inherent flow variations in rTAAD 

(seen also in our study), probably influenced by the success of surgery to treat intimal entry 

in the AAo and aortic arch and thus providing evidence of the importance to study individual 

complex flow situations postrepair. This relationship between entry or re-entry size and flow 

in TL and FL is already reported by a 4D flow MRI study on 16 patients with abdominal 

aortic dissection, the intimal entry size being positively correlated with FL net and peak 

flow, when FL thrombosis was associated with high velocity in the TL.15 Our results are 

also in agreement with a recent in vitro and in vivo study involving 14 DAD patients, seven 

with rTAAD (with prior AAo surgery) and seven with TBAD, who found similar results in 

terms of difference in forward flow and backward flow between TL and FL (not using 

parametric mapping) with a good reproducibility; however, there was no comparison 

between the type of AD.30 In a recent study of 139 patients after TEVAR,31 chronic vs. 

acute DAD, rather than TBAD vs. rTAAD, impacted the procedure success. Nevertheless, 

since choice of indication in asymptomatic patients and TEVAR procedure remains 

challenging, the results may improve if 4D flow MRI data are used to predict post TEVAR 

hemodynamics32 and subsequently monitor the results.33 Thus, hemodynamic mapping 

throughout the stages of disease progression, as well as pre- and post-surgery, will be an 

important next step in the understanding and improvement of risk-stratification.

This study has limitations. The patient cohort was small and heterogeneous in nature. The 

size of the communication between the FL and TL was variable and impacted by both 
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surgical technique and patient anatomy. Further work with larger populations and follow-up 

may help identify hemodynamic features that improve risk-stratification and their 

relationship or incremental value against standard imaging features like aortic diameter as 

well as the size and localization of re-entry tears. The number of rTAAD patients with ET 

stage 1 was only three, but due to having largely different etiology and surgical repair from 

the AAo repair group, they were considered separately. While this presented limitations in 

the statistical analysis, it provided initial insights into the hemodynamics of ET stage 1, 

which ultimately did show a tendency to align with AAo repair but also showed some values 

out-of-range (eg, FL reverse flow, FL stasis). In addition, the ET stage 1 patient group was 

entirely male. Since differences have been found in normal aortic hemodynamics (eg, peak 

velocity) between genders,34 we suggest larger future prospective studies with better gender 

distribution. Segmentation of aortic dissection remains challenging and contributed to the 

variation between observers in this study. In addition, determining the mid-DAo segment 

was some-what variable, as there were not clear anatomical landmarks such as aortic 

branches to define the ROI. Nevertheless, the observers were still in relatively good 

agreement. However, reproducibility could be improved by 1) utilizing high blood-tissue 

contrast anatomical imaging registered to flow data for segmentation, and 2) exploring 

machine-learning algorithms to segment the dissection and determine ROIs. We used a time-

averaged segmentation, which may lead to suboptimal segmentation due to motion through 

the cardiac cycle of the intimal flap, but interpretation of the parametric map may be less 

influenced by this segmentation. The voxelwise values that we reported in this study were 

not normalized to arterial pressure, cardiac output, or medication therapies and we anticipate 

that these could affect flow parameters such as KE. It will be useful in future studies to 

monitor these clinical values and study their relationship with hemodynamics.

In conclusion, this study demonstrates the utility of hemodynamic mapping from 4D flow 

MRI as a quantitative technique for the characterization of chronic DAD, showing 

differences between rTAAD and TBAD in descending aorta TL and FL flow patterns. These 

results indicate the potential for parametric mapping of underlying hemodynamics in the TL 

and FL (directional flow, flow stasis, kinetic energy) to play an important role in the 

understanding of aortic dissection. Future studies are warranted to determine key metrics 

related to outcome, help to plan invasive procedures, and monitor asymptomatic patients 

over time.
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FIGURE 1: 
Data analysis workflow. (a) Preprocessing of the original 4D flow data included calculation 

of time-averaged magnitude images and a 3D phase-contrast MR angiogram (PC-MRA) 

enabling (b) 3D segmentation of the thoracic aorta (ie, extending from the aortic trunk to 

celiac arteries), and (c–e) separation of TL (ie, depicted by 3D PC-MRA) and FL (ie, 

depicted by time-averaged magnitude images). (f) Automatic calculation of 3D centerline 

allowed for (g) voxelwise definition of flow direction, ie, forward (AAo to DAo) and reverse 

flow (DAo to AAo), based on the closest orthogonal plane. (h) Average intensity map with 

five ROIs defined for quantification.
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FIGURE 2: 
Forward flow, reverse flow, kinetic energy and stasis maps in three example subjects. Top: A 

55-year-old medically managed TBAD patient; middle: a 63-year-old patient with rTAAD 

after open AAo replacement with aortic valve replacement; and bottom: a 54-year-old 

control. White arrows show regions of elevated forward flow, reverse flow, and kinetic 

energy (patient with AAo repair) as well as elevated stasis (patient with TBAD).

Jarvis et al. Page 12

J Magn Reson Imaging. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3: 
Hemodynamic characterization of the true lumen in patients with aortic dissection. Boxplot 

is shown with red line = median, large box = [25, 75]% of data. Each datapoint represents 

the average ROI value for one subject along the TL (for patients) or entire aorta (for 

controls). *P < 0.05, **P < 0.001. KE: kinetic energy.
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FIGURE 4: 
Hemodynamic characterization of the false lumen in patients with aortic dissection. Boxplot 

is shown with red line = median, large box = [25, 75]% of data. Each datapoint represents 

the average ROI value for one subject along the FL (for patients) or entire aorta (for 

controls). *P < 0.05, **P < 0.001. KE: kinetic energy.
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FIGURE 5: 
Regional analysis results. Schematic of aortic hemodynamics for ROIs in the TL and FL for 

patients with medically managed TBAD and rTAAD (ie, after AAo repair or ET stage 1). 

For comparison, results in aorta of healthy controls are shown on the left. Note, color-coding 

illustrates elevated values of reverse flow, KE, and stasis. Symbols indicate significant P-

values: † = P < 0.05 compared to controls, ▲ = P < 0.05 compared to TBAD.

Jarvis et al. Page 15

J Magn Reson Imaging. Author manuscript; available in PMC 2021 May 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 6: 
Interobserver study correlation and Bland–Altman plots for forward and reverse flow.
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FIGURE 7: 
Interobserver study correlation and Bland–Altman plots for stasis and kinetic energy.
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