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4D FLOW Magnetic Resonance Imaging  
in the Study of Blood Flow in Patients With Aortic 
Coarctation in the Long-Term After Surgery

Aim Comprehensive evaluation of blood flow in the thoracic aorta using a software for 4D processing 
of magnetic resonance (MR) images of the heart and blood vessels (4D Flow) in patients with aortic 
coarctation in the late postoperative period.

Materials and methods The MR study of the heart was performed for 10 patients (7 boys and 3 girls) aged 8 to 13 years (median, 
9.5 [8.3; 10.8] years) who underwent resection with end-to-end anastomosis for aortic coarctation at age 
of 2 weeks to 10 months. MR tomography was performed on a 1.5 T MR scanner using a multichannel 
surface coil for scanning, electrocardiographic synchronization, and a specialized package of pulse 
sequences for scanning of the heart. Blood flow was evaluated with a 4D data handling software for 
processing of MR images of heart and blood vessels (4D Flow). The following blood flow parameters 
were analyzed: blood flow volume per second, peak blood flow velocity, peak and minimum blood flow 
area at the levels of ascending aorta, arch, isthmus, and descending aorta, and pressure gradient at the 
level of maximum narrowing of the aorta. 3D–MR images were used for evaluation of aortic geometry. 
Blood flow formation, distribution, and trajectories were analyzed by maps of vectors, particle trace, and 
stream lines. Statistical analysis was performed with a Statistica (v. 6.0 StatSoft Inc.) package.

Results Accelerated flow in the region of residual aortic stenosis in systole was observed in all patients; 4 patients 
had an additional vortex flow below the aortic stenosis and a spiral flow in the descending aorta. The 
pressure gradient on the aortic isthmus was directly correlated with the left ventricular myocardial mass 
index (r=0.65; р=0.04) and indexes of blood flow in the ascending and descending aorta (р=0.03; 
р=0.026). No significant correlation was found for blood flow indexes and geometry of the aortic 
arch (H / L). Delayed contrast enhancement MR imaging did not detect any fibrotic changes in the 
myocardium in only one patient. The fibrosis severity inversely correlated with the right ventricular 
ejection fraction (r=0.65; р=0.04) and directly correlated with the pressure gradient at the aortic 
isthmus (r=0.63; p=0.05).

Conclusion The 4D MR image processing software for the heart and blood vessels allows studying the blood flow in 
detail under natural conditions, provides potential advantages in comprehensive evaluation of patients 
with aortic coarctation during a dynamic follow-up. For a definitive conclusion about the relationship 
between the altered blood flow in the thoracic aorta and markers of residual, post-correction pathology, 
larger studies are required as well as long-term follow-up of patients with documented pathological 
patterns of blood flow (changes in blood flow velocity and volume throughout the entire thoracic aorta 
in combination with disorders in the normal flow geometry during the cardiac cycle).
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Coarctation of the aorta (CoAo) is very well known and 
has been described in past centuries. Nevertheless, it 

is still of interest to modern researchers and physicians. 
According to the world’s leading heart surgery clinics, 
children with surgically repaired CoAo at neonatal and 
early age are still at a high risk of severe complications 
(hypertension, heart rhythm disorders, cerebrovascular 

diseases, aortic and cerebral aneurysm, acute coronary 
syndrome) and sudden death at a young age [1–4]. It has 
been proven that surgical repair of CoAo does not restore 
normal aortic hemodynamics, although significantly 
redu cing the pressure gradient across the aortic isthmus. 
Furthermore, hemodynamic changes in these patients are 
not localized in the aortic isthmus and are extended over 
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the entire vessel [1–5]. Since such patients are at a high risk 
of disability at a young age, it is important to develop and 
perform a multi-system examination of children to detect 
predictors of the complications and eliminate them as 
much as possible. Therefore, long-term post-surgery case 
follow-up with a detailed study of structural hemodynamic 
features is particularly essential for a deeper understanding 
of the process pathophysiology [2, 4, 5].

Magnetic resonance imaging (MRI) of the heart and 
its breakthrough technologies of scanning and image 
processing seems to be most attractive for case follow-up. 
One of such new magnetic resonance (MR) techniques 
is the 4D Flow image processing for the blood flow 
assessment. Its clinical use expectedly generates a growing 
interest worldwide [6–10].

The technique allows a retrospective visualization of 
blood flow 3D geometry, velocity color mapping, blood 
flow direction in random parts of the vascular system, 
and blood flow measurement. Free-breathing scanning is 
performed without contrast enhancement and can be used 
at various stages of case follow-up, making this technique 
particularly attractive for pediatric patients [2, 5, 6, 8].

We have been using this technique for the diagnosis 
of various cardiovascular diseases since 2012. The results 
have proved to be clinically relevant, prompting us to begin 
studying the physiological features of circulation in patients 
with CoAo. Our first findings are presented in this paper.

The aim of the study was to perform a comprehensive 
assessment of thoracic aorta blood flow using 4D Flow 
MRI in patients with CoAo in the long-term post-operative 
period.

Material and Methods
An MRI examination was performed in 10 patients (7 

male and 3 female) aged 8 to 13 (median age 9.5 [8.3; 10.8] 
years old) who had undergone an extended resection and 
end-to-end anastomosis for CoAo at the age of between 2 
weeks and 10 months. The post-operative pressure gradient 
was 28.5 [22.8; 32] mm Hg at discharge. It should be noted 
that two patients were subjected to balloon angioplasty 
twice before the resection of CoAo, while one 6-year-old 
patient underwent a resection of a false aneurysm in the 
anastomosis area.

At the time of the MRI examination, all patients had 
already been followed up. No ethical approval was thus 
required. The patient survey revealed fatigue and leg pains 
during physical activity, periodic headaches.

Parents signed informed consent for MRI before 
the examination. MRI examination was performed on 
an Avanto 1.5 T scanner, using a multi-channel surface 
scanning coil, electrocardiographic gating, and special 
cardiac scanning package.

The standard cardiac scan protocol included pulse 
sequences: fast-spin echo (TRUFI: time of echo (TE)= 
1.2–1.4 ms, α=70–80°) to assess cardiac anatomy, time 
of repetition (TR) =RR interval and heart rate (HR) 
dependent, number of slices=10–15; transverse and 
oblique slices of the regions of interest. The breath-hold 
cine-MRI was performed to evaluate the functional 
parameters of the heart (TRUFISP: TE=1.1–1.2 ms; 
HR-dependent TR, α=60–70°), 20–30 phases; the 4-, 
2-chamber views of the left ventricle (LV) and in the short-
axis view were used. The slice thickness was 4–8 mm for 
both sequences.

Late gadolinium enhancement (LGE) of the 
myocardium was used after 3D MR angiography with 
intravenous contrast enhancement, in order to identify 
possible fibrotic changes in the myocardium. Gadolinium-
containing agent 0.15–0.2 mmol / kg was injected with 
an automatic injector at the rate of 3–4 ml / s. The result 
was evaluated 15 minutes after the injection using Phase 
Sensitive Inversion Recovery (PSIR) turbo FLASH 
sequence, TE=1,2 ms, α=45°. The Time of Inversion 
(TI) was selected based on the MR signal intensity in the 
myocardium equal to 0, followed by the late enhancement 
altered over time (TI=200 to 320 ms).

Conventional 2D phase contrast-enhanced MRI 
(PC MRI) of the aortic parts of interest in the transverse 
view and 3D-coded scanning for subsequent 4D image 
processing was used to assess blood flow. Velocity encoding 
was selected individually in all protocols, starting from 
standard VENC=150 cm / s. The examination was free-
breathing with the use of relevant compensation protocols. 
The 4D Flow 3D PC scan protocol included Voxel 
2.2×1.7×5.0 mm, TR=79.1 ms, TE=3.39 ms, FOV=320×75, 
α=15°, matrix=108×192, time of scanning 10–15 min, 
5 mm slices; VENC=150 cm / s; the encoding velocity was 
increased in case of artifacts during the selection; time 
resolution was 40–50 ms. The thoracic aorta was scanned 
from the LV exit pathway up to the diaphragm.

The results were evaluated using tailored cardiac image 
processing software packages Argus and Q-mass and the 
4D Flow package, version 4, for blood flow assessment. 
The analysis included calculating volumes and ejection 
fractions (EF) of both ventricles, linear dimensions of 
cardiac chambers and vessels, number of foci of contrast 
uptake in the LV and right ventricle (RV) their localization, 
spread, and intensity.

The following blood flow measures were analyzed: 
blood flow volume per second; peak flow rate, maximum 
and minimum flow area (Smaxfl and Sminfl) at the levels of 
interest. These levels were: ascending aorta (AAo), aortic 
arch (AoA), aortic isthmus (AoI), descending aorta (DAo); 
cardiac cycle synchronization graphs (measure-time cur-
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ve); and the pressure gradient at the level of maximum 
aortic narrowing. The aortic geometry was analyzed in 3D 
MR images based on the height (H) and width (L) of the 
arch and their ratio calculated according to Ou et al. [11]. 
The formation, distribution and paths of blood flow were 
analyzed by vector maps, particle trace, and stream line.

Additional standard brain MRI examinations and time-
of-flight (TOF) non-contrast-enhanced MR angiography 
with the scanning of extra-intracranial zones were 
carried out to identify possible changes in the brain and 
brachiocephalic vessels.

A statistical analysis of data was carried out in the 
Statistica 6.0 software suite (StatSoft Inc). The significance 
of the differences was determined using the non-parametric 
Mann-Whitney U-test. The data is presented as the median 
and interquartile range Me [Q1; Q3]. The correlations 
between the values were estimated using the correlation 
analysis with the Spearman correlation coefficient (r). The 
differences were significant at p<0.05.

Results
The main MRI data is shown in Table 1.
The blood flow area, volume, and velocity at the levels of 

interest are provided in Table 2.
4D image processing data analysis identified the 

significant differences only of the isthmus and descending 
aorta blood flow volume from that in the ascending aorta 
and aortic arch. Differences in the peak flow velocities in 
the regions of interest were not significant. The isthmus 
pressure gradient obtained with the 4D processing was 8.0 
[6.5; 9.6] mm Hg and not significantly different from 2D 
PC MRI with 10.6 [3.3; 16] mm Hg.

The velocity measurement was clearly displayed on 
the 4D Flow color map. The particle trace and stream line 
protocols allowed us to visualize the directions of the flow 
and its components during the different phases of the 
cardiac cycle. The normal aortic flow lines have smooth 
paths on the 4D Flow maps without abnormal secondary 
flow components (Figure 1).

Analysis of the 4D blood flow maps revealed that all 
patients showed an acceleration of flow and even a loss of 
signal during the systole in the area of minimal residual 
narrowing of the aorta, both local and extended (Figure 2).

Furthermore, four patients had an additional vortex 
below the mild narrowing of the aorta and a helix in the 
descending aorta, which persisted throughout the diastole 
(Figure 3).

The same patients also had increased blood flow at the 
level of anastomosis throughout the diastole. They also 
had accelerated blood flow toward the brachiocephalic 
vessels and evident changes in the brain MR images. The 
map analysis identifies increased velocity in the arch in five 

children. Four of them had aneurysmatic dilation of the 
ascending aorta.

Brain MRI and brachiocephalic angiography showed 
an asymmetry of the internal carotid arteries (ICAs) 
in five patients, hypoplasia of a vertebral artery (VA) 
in three children, an asymmetric ICA combined with 
the blood flow asymmetry in the VA in one child, and 
a tortuosity of the VCA in one more child. Vascular 
changes were combined with brain pathologies in five 
pa tients. For example, one patient had a focal lesion in 
the white matter of the brain, another one had dilated 
perivascular spaces, while two more patients had 
retrocerebelular cysts, and one child had a periventricular 
cyst. The correlation analysis revealed a significant 
inverse relationship bet ween the brain pathologies and 
RVEF (r=0.63; p=0.05).

In only one patient the delayed MR contrast evaluation 
detected no fibrotic changes in the myocardium. The lesion 
was assessed depending on the extension and number of 
myocardial segments involved. Of the ten patients studied, 
seven had RV free wall lesion as well as LV fibrotic changes 
(Figure 4).

Table 1. MRI profile of the patients examined

Parameter Value

LV end-diastolic volume, mL 63.5 [59.8; 73]

LV end-diastolic volume index, mL/m2 61.1 [54.4; 74.6]

LV end-systolic volume, mL 17 [13.5; 19.9]

LV end-systolic volume index, mL/m2 16.1 [13.5; 19.1]

LV systolic volume, mL 49.5 [43.3; 56.5]

LV systolic volume index, mL/m2 42.9 [39.3; 56.3]

LV ejection fraction, % 75 [68.8; 79.3]

Minute volume, mL/min. 4.54 [3.7; 5.3]

Cardiac index, L/min/m2 4.2 [3.7; 4.7]

LV mass, g 49.8 [47.0; 53.3]

LV myocardial mass index, kg / m2 46.1 [42.8; 52.9]

RV ejection fraction, % 63.5 [62; 64.8]

Ascending aorta diameter, mm 18 [18; 22]

Aortic arch diameter, mm 10 [9; 11.5]

Aortic isthmus diameter, mm 8 [7.3; 9]

Post-isthmus diameter of the aorta, mm 11.5 [10.3; 13]

Descending aorta diameter, mm 11 [10; 12]

Arch height H, mm 29.5 [25.3; 30.8]

Arch width L, mm 43.5 [41.3; 46.5]

H/L ratio 0.65 [0.6; 0.7]

The data is presented as the median and interquartile  
range Me [Q1; Q3]. MRI, magnetic resonance imaging;  
LV, left ventricle; RV, right ventricle.
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The severity of fibrosis was inversely correlated with 
RVEF (r=0.65; p=0.04) and directly correlated with the 
aortic isthmus pressure gradient (r=0.63; p=0.05). The 
results of the correlation analysis of aortic dimensions and 
pressure gradients at the different measurement levels are 
provided in Table 3.

The peak velocity and systolic volume of the blood flow are 
not significantly correlated with the arch geometry (height H, 

width L, and H / L ratio). The arch geometry was associated 
with several anthropometric and LV measurements (see 
Table 3). The peak velocities and volumes of the blood flow in 
the aorta were expectedly directly correlated. There was also 
a correlation between blood flow values and LV volumes. The 
correlations between the peak velocity and systolic volume 
of the aortic blood flow were slightly different at the different 
levels of interest (Table 4).

Here and in Figures 2, 3: the color corresponds to certain 
velocity values with the highest velocity indicated 
in red. MRI, magnetic resonance imaging.

Figure 1. 4D Flow Color Mapping  
and Stream Line MRI findings in the thoracic 
aorta in a healthy 12-year-old child

Table 2. Area, volume, and blood flow velocity according to 4D Flow MR image processing at different levels

Parameter АAo AoA AoI DAo

Blood flow volume, mL/s 41.5 [37; 43.5] 36.5 [35; 39.5] 26 [19.8; 34.5] 21.5 [17; 30.5]

Max. blood flow velocity, cm/s 122.5 [112; 155.8] 120.5 [106; 139.8] 162.5 [91.3; 201.3] 102.5 [95.5; 118.3]

Max. flow area, mm2 362 [289.6; 432.1] 96.5 [74.9; 102.1] 72.8 [57.1; 89.4] 143.6 [110.2; 213.1]

Min. flow area, mm2 313.2 [242.9; 432.1] 80.8 [65.2; 87.6] 58.9 [58.8; 76.0] 97.8 [81.0; 144]

Changes in blood flow area S from max., % 13.5 [16.4; 11.1] 13.05 [16.8; 12.1] 14.5 [16.2; 14.2] 32 [33.8; 29.0]

The data is presented as the median and interquartile range Me [Q1; Q3].  
AAo, ascending aorta; AoA, aortic arch; AoI, aortic isthmus; DAo, aorta descending.

Increased flow velocity in the arch and isthmus (arrow), 
no increase in the blood flow velocity in the distal descending 
thoracic aorta. AAo, ascending aorta; DAo, descending aorta.

Figure 2. 4D Flow Color Mapping  
and Stream Line MRI findings in the thoracic aorta 
in children with resected aortic coarctation

АAo

DAo
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It is generally possible to state that the blood flow in 

the aorta at the different levels is differentiated by the 
age-related anatomic features of patients and the heart’s 
functional measurements, it was also associated with both 
the left heart measurements and with RVEF. These findings 
are to be confirmed in a larger statistical sample.

Discussion
The primary benefit of 4D MR imaging of the heart 

and vessels is its ability to show blood flow at the level 
of interest as a 3D model throughout the cardiac cycle. 
Using this protocol in patients with CoAo a single MRI 
examination allows for the calculation of collateral blood 
flow. It also evaluates the thoracic aortic flow velocity 
profiles, and complex secondary blood flow characteristics 
that are poorly visualized by other methods [2].

The state-of-the-art fundamental sciences have enabled 
us to reveal characteristic patterns of the blood flow (flow 
geometry and contours in different phases of the heart 
cycle) in a healthy thoracic aorta: helix flow along the right 
helix and moderate early diastolic retrograde flow in the 
ascending aorta [12]. The flow velocities are maximum in 
the ascending aorta, and lower in the arch when the flow 
propagates to the brachiocephalic branches. They increase 
in the proximal descending aorta at the point where the 
flow paths separate from the inner curvature and merge 
into one at the outer wall. The early-diastole retrograde 
flow goes along the internal pathways of the ascending 
aorta and the proximal descending arch, contributing to 
the diastolic filling of the coronary arteries [12].

The age and diameter of the ascending aorta were the 
most accurate predictors of the vortex. The helix was found 
to be typical of standard arcuate aortic forms and decrease 
with age. This data emphasizes the relevance of age and 
geometry in the hemodynamic assessment in different age 
groups [13].

In our study, the blood flow velocity, on the contrary, 
increased in the arch and decreased in the descending 
aorta despite a physiological narrowing. Furthermore, the 
4D processing of the descending aorta images showed 
a pronounced helix and vortex flow in the post-stenotic 
dilation areas in all patients. The presence of a «gothic» 
aortic arch may serve as an explanation for this abnormal 
helix flow in the descending thoracic aorta. However, we 
did not find direct correlations. Given the relationship 
between arch geometry and hypertension described in 
the literature, the presence of an apparent abnormal helix 
blood flow in the descending aorta may be associated with 
the development of systemic arterial hypertension [2, 10, 
14, 15].

We did not receive such explicit data confirming the 
dependence of the blood flow parameters on a shape of 

the arch, which is described in the literature [11, 14]. The 
arch geometry did not determine the velocity and pressure 
gradient but was more correlated with the age-related 
anatomic parameters and myocardial volume and mass 
indices. This data is consistent with the findings of Quail 
et al. [16], who studied the major changes in the 3D aortic 

A – additional vortex and propagation of a helix in the descending aorta 
(arrows); B – zoning of the flow particles involved in the formation 
and propagation of the helix in the descending thoracic aorta; AAo, 
ascending aorta; DAo, descending aorta.

Figure 3. 4D Flow Color Mapping  
and Particle Trace MRI findings in the thoracic 
aorta after the resection of aortic coarctation

А

АAo

DAo

B

АAo

DAo

LV, left ventricle; RV, right ventricle.

Figure 4. Delayed Contrast Enhancement MR imaging 
of the heart: short-axis view at the mid-third level 
of the left ventricle, contrast agent accumulation 
in the fibrous myocardium (high MR signal)

LV

RV
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shape and blood flow values in patients with post-repair 
coarctation. They concluded that the shape is not the 
main determinant of vascular load after the recovery of the 
aortic isthmus lumen. Changes in vessel caliber are more 
important than the curvature.

It should be noted that secondary blood flow patterns 
(abnormal flow geometry and / or the presence of additio-
nal abnormal flows during the cardiac cycle), such as 
vortex blood flow, were detected at maximum systole not 
only in areas of moderate post-stenotic dilation but also 

Table 3. Correlation analysis of linear dimensions of the aorta and the pressure gradients
Data d АAo d AoA d AoI H H / L DAo grad AoI grad

Age ns ns
r=-0.754

ns ns
r=-0.633

ns
p=0.012 p=0.049

Height ns ns ns
r=0.7859

ns ns ns
p=0.007

BMI
r=0.8753

ns ns ns ns ns ns
p=0.001

BSA ns ns ns
r=0.6479

ns ns ns
p=0.043

Duration  
of present history ns ns

r=-0.754
ns ns

r=-0.633
ns

p=0.012 p=0.049

LVEDVI ns ns ns
r=-0.6703 r=-0.739

ns ns
p=0.034 p=0.015

LVESVI ns
r=-0.5798

ns ns ns ns ns
p=0.079

LVSVI ns ns ns ns
r=-0.6898 ns

ns
p=0.027

CI ns ns
r=0.9163

ns ns
r=0.7024

ns
p=0.000 p=0.024

LVEF ns ns
r=0.6209

ns ns ns ns
p=0.055

MV
r=0.7668

ns
r=0.8048

ns ns ns ns
p=0.010 p=0.005

LVMI ns ns ns
r=-0.6882 r=-0.7358

ns
r=0.6516

p=0.028 p=0.015 p=0.041
RVEF ns ns ns ns ns ns ns

АAo PV
r=0.8096

ns
r=0.7947

ns ns
r=0.6436

ns
p=0.005 p=0.006 p=0.045

AoI PV ns ns ns ns ns ns
r=0.9871
p=0.000

DAo PV ns ns ns ns ns
r=0.6353 r=0.6744
p=0.048 p=0.032

АAo PV % ns ns ns ns ns ns
r=0.6718
p=0.033

DAo SV ns ns ns ns ns
r=0.5878 r=0.693-2
p=0.074 p=0.026

АAo SV % ns ns ns ns ns
r=0.5723 r=0.6935
p=0.084 p=0.026

d DAo ns ns ns
r=0.6314

ns ns ns
p=0.050

S % AAo flow ns ns ns ns ns
r=0.7490 r=0.5712
p=0.013 p=0.085

S % DAo flow ns ns ns ns ns
r=-0.7711

ns
p=0.009

ns, non-significant; grad, pressure gradient; AAo, ascending aorta; AoA, aortic arch; AoI, aortic isthmus; DAo, descending aorta, S, area; H, arch 
height; L, arch width; BMI, body mass index; LVEDVI, left ventricular end-diastolic volume index; LVESVI, left ventricular end-systolic volume 
index; LVSVI, left ventricular systolic volume index; CI, cardiac index; LVEF, left ventricular ejection fraction; MV, minute volume; LVMI, left 
ventricular mass index; RVEF, right ventricular ejection fraction; SV, systolic volume; PV, peak velocity; BSA, body surface area.
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in the moderate anatomical narrowings of the descending 
aorta. Given the detected decrease rather than an increase 
in blood flow velocity and volume, changes in renal blood 
flow which cause increased renin-angiotensin-aldosterone 
(RAAS) activity may contribute to an increase in systemic 
blood pressure (BP). After surgery, the same mechanisms 
are most likely to be involved in preserving hypertension 
as those before the repair: increased activity of RAAS, 
modified vasoreactivity, abnormal geometry of the aortic 
arch, dysfunctional mechanism of baroreceptors, aortic 
wall rigidity [17, 18].

Our findings that the isthmus pressure gradient is 
correlated with LV hypertrophy and blood flow in the 
ascending and descending aorta, including changes in the 
flow area, may be indirectly indicative of the remodeling 
processes in both the LV and the aortic walls [5, 19]. 
The viscoelasticity of the aorta does not recover even 
after early neonatal surgical repair of coarctation. The 
decreased viscoelasticity of the ascending and descending 
aorta appears to be due to the systemic nature of vascular 
pathology [20, 21].

In our study, blood flow rates were more dependent 
in the aortic arch and descending aorta. For example, the 
arch pressure gradient was dependent on the patient’s age 
and duration of the disease, as well as the LV functional 
parameters. This may partially explain more severe 
pathologies in patients with hypoplasia of the aortic arch. 
According to Ntsinjana et al. [22], residual hypoplasia of 
the aortic arch and narrowing of the isthmus were the main 
parameters affecting the pathophysiology of changes in BP 
during physical activities.

Thus, the common use of 4D Flow pressure maps 
showing changes in the spatial distribution of aortic 
pressure in coarctation seems to be promising in patients 
before and after surgery. This technique will help to 
identify pathophysiological conditions underlying the 
complications of the CoAo repair and determine the 
follow-up intervals and future management [10].

The direct correlation of the pressure gradient in the 
isthmus with the myocardial fibrosis and the LV mass 
index was expected in our study. Most of the children who 
had undergone surgery (7 of 10) experienced changes in 
the myocardium of both ventricles, according to delayed 
contrast-enhancement MRI. It confirms that the long-
lasting adverse effects of various factors in CoAo which 
persist after the surgery, including a systolic overload 
of both ventricles, lead to myocardial hypertrophy, 
impairment of coronary vascular reserve, and even 
myocardial dystrophy [4].

Thus, the structural, functional, and biomechanical 
changes of the LV and aorta persist after the correction 
of CoAo. According to some data, LV functional values 

were restored faster than the geometrical measurements 
[23, 24]. It should be noted that in our study, the severity 
of fibrotic changes correlated with RVEF, rather than 
LVEF. This can be an indirect sign of severity, if there are 
no clinical manifestations of heart failure. The role of RV 
in the pathogenesis of myocardial fibrosis in patients with 
CoAo is generally an interesting and understudied issue. 
The delayed contrast enhancement MRI and the state-of-
the-art tissue mapping MRI holds great promise in the 
search for diffuse and focal myocardial fibrosis.

In order to fully understand the pathological processes, 
the correlations we found between LV and RV structural 
and functional parameters and the blood flow values should 
be compared with the humoral markers of myocardial 
remodeling. Recent publications distinguish endothelin-1, 
ST2, galectin-3, norepinephrine, and NT-pro-BNP as 
biomarkers of abnormal LV changes in adults with CoAo. 
The biomarker levels enabled prediction of a persistent LV 
remodeling a year after the coarctation repair, although 
their ultimate predictive value is unknown [25].

After the restoration of the isthmus lumen, the remaining 
disturbances of the thoracic aortic viscoelasticity affect 
both the systolic and diastolic functions of the LV, as 
well as the filling of the heart. The left atrial volume both 
before and after a contraction, carotid artery wall thickness, 
and pulse wave velocity (PWV) in patients who had 
undergone surgery was significantly greater than in healthy 
patients [5].

The endothelial dysfunction more often affects the trunk 
vessels, with an increase in their intima / media thickness 
ratio. Cerebral vascular changes and hypertension cause 
cerebral symptoms. After the repair of CoAo, patients 
are still at the risk of aneurysmatic dilations of the aorta 
and cerebral vessels, and consequently, cerebrovascular 
accident and sudden death in the case of a rupture [4]. 
All our patients experienced changes in brachiocephalic 
vessels of various severity (asymmetry, hypoplasia, 
tortuosities). Vascular changes were combined with brain 
pathologies (focal lesion of the white matter, dilated 
perivascular spaces, retrocerebelular cysts, periventricular 
cyst) in 50 % of children. Periventricular white matter is 
most predisposed to hypoxic and ischemic lesions. The 
pathogenesis of the white matter lesions is complex and 
is associated not only with impaired perfusion [26]. 
Disorders can develop within a short period of time both 
in the womb and at early neonatal age but are irreversible 
and persist after the surgery due to immaturity of the brain 
matters [26]. At a later stage, disorders are aggravated 
in the presence of hypertension. However, we found 
no data in the literature relating to the study of cerebral 
blood flow autoregulation in immature brains in children 
with CoAo and the monitoring of possible markers of the 
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brain pathological processes over time. We observed an 
unexpected inverse dependence of the brain changes on 
RVEF. This data may be indicative of an underestimated 
effect of the RV’s condition in patients with CoAo. In such 
patients, the disturbed venous component of the brain 
blood flow (disturbed outflow) seems to be as important 
as the disturbed blood flow to the brain (increased inflow, 
increased BP). The complex changes in the blood supply of 
the brain with the involvement of the communicant vessels 
are likely to alter brain perfusion.

It remains unclear whether such changes are due to the 
underlying LV dysfunction or disturbed venous outflow 
and the RV, the effects of pathogenetic factors on the 
immature brain at early age, as noted above, or whether 
the mechanism is more complex. The RV is of paramount 
importance in the life of a fetus, since it delivers about 
55 % of total cardiac output [27]. The isthmus is akin to a 
hemodynamic bridge in a fetus’ body between the RV and 
LV outputs. The altered intracardiac circulation and fetal 
blood flow affect the distal vascular system of the fetus. At 
birth, LV activity gradually increases as oxygen is delivered 
to the tissues. However, a reserve limited in pressure or 
volume overload should be considered. Perhaps, in CoAo 
and especially in combination with hypoplasia, the RV 
condition, under a certain combination of factors, will be 
initially essential to the severity of changes in the brain. 
Further research is still required to find an ultimate answer. 
The new pathogenetic patterns of blood flow (changes in 
the velocity and volume of blood flow in combination with 
an altered blood flow profile, the appearance of additional 

abnormal flows in the aorta and brachiocephalic vessels 
throughout the heart cycle) or brain damage risk factors 
might be identified.

Thus, 4D Flow helps to for a better understanding 
of the pathophysiology of blood circulation in patients 
with CoAo. It also helps determine the role and the 
impact of hemodynamics on the heart and vessels, and 
assess the recovery of the normal physiological profile of 
blood flow after surgical procedures. We did not perform 
a comparative analysis of patients CoAo and healthy 
individuals. This study is a pilot study of the clinical use of 
the 4D Flow MRI protocol in patients with CoAo. We plan 
to carry out a more in-depth study of blood flow in a large 
statistical sample.

Conclusion
The 4D-processing of MR images of any vascular system 

enables a detailed study of blood flow in natural conditions 
to be carried out. It also provides potential advantages in 
the complete examination of patients with coarctation of 
the aorta during the case follow-up. Larger studies and 
long-term follow-up of patients with identified blood flow 
pathologies are needed to define the relationship between 
altered blood flow in the thoracic aorta and markers of post-
repair pathology (changes in the velocity and volume of 
blood flow combined with abnormal blood flow geometry 
in the aorta and its branches within the cardiac cycle).
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