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Abstract

Background—Auortic remodeling after aortic valve replacement (AVR) might be influenced by
the postoperative blood flow pattern in the ascending aorta. This pilot study used flow-sensitive
four-dimensional magnetic resonance imaging (4D-flow) to describe ascending aortic flow
characteristics after various types of AVR.

Methods—4D-flow was acquired in 38 AVR patients (7= 9 mechanical, 7= 8 stentless
bioprosthesis, 7= 14 stented bioprosthesis, 7= 7 autograft) and 9 healthy controls. Analysis
included grading of vortex and helix flow (0-3 point scale), assessment of systolic flow
eccentricity (1-3 point scale), and quantification of the segmental distribution of peak systolic wall
shear stress (WSSpeak) in the ascending aorta.

Results—Compared to controls, mechanical prostheses showed the most distinct vorticity (2.7
+0.5vs. 0.7 £0.7; p<0.001), while stented bioprostheses exhibited most distinct helicity (2.6
+0.7vs. 1.6 £ 0.5; p=0.002). Instead of a physiologic central flow, all stented, stentless and
mechanical prostheses showed eccentric flow jets mainly directed towards the right-anterior aortic
wall. Stented and stentless prostheses showed an asymmetric distribution of WSSpeq along the
aortic circumference, with significantly increased local WSSpe,k where the flow jet impinged on
the aortic wall. Local WSSpeai Was higher in stented (1.4 £ 0.7 N/m?) and stentless (1.3 = 0.7
N/m?) compared to autografts (0.6 + 0.2 N/m?; p=0.005 and p = 0.008) and controls (0.7 + 0.1
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N/m2; p=0.017 and p = 0.027). Autografts exhibited lower absolute WSSpeak than controls (0.4
+0.1 N/m2vs. 0.7 + 0.2 N/m2; p=0.003).

Conclusions—Flow characteristics in the ascending aorta after AVR are different from native

aortic valves and differ between various types of AVR.
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1. Introduction

After aortic valve replacement (AVR), thoracic aortic remodeling is observed, which
includes progression, stagnation or regression of aortic dilatation and mainly occurs in the
aortic root and mid-ascending aorta [1,2]. The mechanism of interaction between AVR and
ascending aortic remodeling is unknown, yet certainly multifactorial. The known parameters
related to this process include genetic predisposition, aortic wall morphology, atherosclerotic
risk profile, as well as nature of the original valvular lesion [3]. In addition, ascending aortic
hemodynamics after AVR and their possible connection to aortic remodeling are of interest.
Post-stenatic regions or asymmetries in the local geometry create a highly dynamic flow
environment where wall shear stress (WSS) is characterized by abrupt changes in magnitude
and direction during the cardiac cycle. A non-uniform distribution of wall shear stress with
abnormally high levels at the flow impingement site is the driving force behind wall
degradation and predispose to aneurysm formation and growth. Low levels are associated
with inflammation and endothelial cell dysfunction and promote atherosclerotic changes
[4,5].

Local flow measurements and flow visualizations are possible with time-resolved three-
dimensional flow-sensitive cardiovascular magnetic resonance (4D-flow CMR). Helicity and
vorticity can be visualized, and the distribution of aortic WSS can be estimated [6-8]. The
feasibility of 4D-flow adjacent to various aortic heart valve prostheses has been
demonstrated in a flow phantom [9]. In the present pilot study, 4D-flow was applied in
patients after various types of AVR and in healthy controls to describe the ascending aortic
flow characteristics after AVR in order to generate hypotheses for future research in larger
samples.

2. Methods

2.1. Study sample

The local ethics committee approved the study and written informed consent was obtained
from the individuals. Fifty consecutive patients with surgical AVR and 9 healthy controls
were prospectively enrolled. The types of AVR included mechanical prostheses, stented and
stentless bioprostheses, as well as autografts (Ross procedure: replacement of the native
aortic root by the pulmonary root). Transapically/transfemorally implanted prostheses were
not included. Mechanical and stented prostheses were implanted in the supra-annular
position. Twelve patients were excluded: in 8, extensive respiratory motion hindered
efficient navigator control, 2 presented with atrial fibrillation, 1 interrupted the exam due to
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claustrophobia and 1 did not fit into the scanner due to obesity. The status “healthy” of the
controls was based on: i) uneventful medical history, ii) absence of any symptoms indicating
cardiovascular dysfunction, and iii) normal cardiac dimensions and function, normal
morphology and function of the aortic valve and normal sized thoracic aorta on CMR cine
imaging. In total, 38 patients with surgical AVR and 9 controls comprised the final study
sample. Their characteristics are summarized in Table 1.

2.2. Image acquisition protocol

All subjects underwent CMR at a 1.5 T MR system (Avanto, Siemens Healthcare, Erlangen,
Germany). Image acquisition settings and protocols were identical in all participants. A 12-
channel body array coil was used for reception and the body coil for transmission. No
contrast agent was administered.

Time-resolved 3D phase contrast CMR with three-directional velocity encoding (4D-flow)
was acquired in a sagittal oblique volume covering the thoracic aorta using prospective ECG
gating and a respiratory navigator placed on the lung-liver interface [6]. The phase contrast
data were acquired with a Cartesian sampling pattern. Typical scan parameters were: echo
time [TE] = 2.3 ms, repetition time [TR] = 4.8 ms, bandwidth = 440 -Hz/pixel, acceleration
mode GRAPPA with factor 2 and 24 reference lines, flip angle a = 9°, temporal resolution
38.4 ms, field of view [FOV] 400 x 375 mm, matrix 192 x 158, voxel size 2.1 x 2.4 x 2.2
mm3, 1 slab, phase encoding direction a-p, number of slices 26, slice thickness 2.2 mm, and
slab thickness 57.2 mm. Velocity encoding was set to 2.5 m/s based on empirical data of the
peak velocity in the ascending aorta after AVR to provide appropriate signal-to-noise at least
during systole while omitting significant aliasing. The navigator acceptance window was set
to 14 mm, navigator search window 48 mm. Image acquisition was interrupted if less than
50% of the image data could be acquired within 15 min of scanning. Another attempt was
started after repeated breathing instructions and loading the abdomen with a sand bag. If
again, less than 50% of the image data could be acquired within 15 min of scanning, the
subject was excluded from enrollment. Efficient navigator control was assumed if > 50% of
data were acquired within less than 15 min. Mean scan duration was approximately 20 min.

To assess left ventricular function and dimensions as well as the orifice area of the AVR,
ECG-gated, breath-held steady-state free-precession (SSFP) cine imaging was performed as
previously reported [10]. Aortic size was estimated from axial SSFP imaging of the thorax
[11].

2.3. Image processing and analysis

Image processing was performed as described previously and included noise filtering, eddy-
current correction, and velocity aliasing correction (MatLab; The MathWorks, Natick, MA,
USA) [6]. A 3D phase contrast MR angiogram was calculated and used for flow
visualization (EnSight, CEI, Apex, NC). Three analysis planes were positioned
perpendicular to the aortic wall at the level of the sinotubular junction (S1), the mid-
ascending aorta (at the level of the pulmonary bifurcation) (S2), and proximal to the
brachiocephalic trunk (S3) (Fig. 1) [6]. These locations were chosen to be in concordance
with recommended aortic measurement levels [12], and to keep appropriate distance to the
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prosthetic level to omit the influence of susceptibility artifacts. The time-resolved data from
these planes were exported to an analysis tool, segmented and used for WSS quantification
(Flow tool; MatLab; The MathWorks, Natick, MA, USA) [13]. Image analysis focused on
the systolic flow phase to omit errors attributed to measurement noise, which may be
relevant in diastolic flow that is slow in relation to the VENC setting. The procedural
stability of this technique has been shown in a number of studies reporting acceptable inter-
and intra-observer WSS variability and scan—rescan reproducibility [7,13,14].

Left ventricular chamber quantification and prosthetic orifice area planimetry were done by
manual segmentation using commercial software (CMR42, Circle Cardiovascular Imaging,
Calgary, Canada) [10]. The orifice areas of the mechanical prostheses were taken from
published reference values, as MR-planimetry is not feasible due to artifacts [15]. Aortic
size was estimated on the level of the midpoint between sinotubular junction and the origin
of the innominate artery.

2.4. Evaluation of blood flow vortex and helix in the ascending aorta

Flow vortex and helix were evaluated in the ascending aorta using particle traces and
systolic streamlines in a complementary approach by consensus of two readers. Streamlines
represent the instantaneous path tangent to the velocity vectors at a specific point in time.
Particle traces display the temporal evolution of the blood flow velocity data over one
heartbeat. Semi-quantitative visual analysis focused on the presence and extent of helix and
vortex flow particularly during systolic and early diastolic flow. Vortex flow was defined as
revolving particles around a point within the vessel with a rotation direction deviating by
more than 90° from the physiological flow directions within one heartbeat. Helix flow was
considered regional fluid circulation around an axis parallel to bulk fluid motion (i.e. along
the longitudinal axis of the vessel), thereby creating a corkscrew-like motion. Helix and
vortex strengths were graded in 4 categories: 0 = none, 1 = mild (flow rotation b360°), 2 =
moderate (flow rotation N360°), 3 = severe (flow-rotation >>360°) [16].

2.5. Evaluation of blood flow eccentricity in the ascending aorta

Two-dimensional velocity maps of analysis plane S2 were evaluated by consensus of two
readers regarding the eccentricity of the ascending aortic flow in systole as described in the
literature [7] (Fig. 1): 1 = normal flow if high velocity systolic flow was centrally focused,
occupying the majority of the vessel lumen. 2 = mild eccentric flow if high velocity systolic
flow occupied between one- and two-thirds of the vessel lumen. 3 = marked eccentric flow if
high velocity systolic flow occupied one-third or less of the vessel lumen.

2.6. Quantification of wall shear stress in the ascending aorta

Peak WSS (WSSpeqk; unit N/m?2) in the ascending aorta was calculated based on time-
resolved flow data [13]. WSSpeqk corresponds to the peak value during systole at a single
time frame. Quantification was performed for 12 segments along the aortic circumference
(Fig. 1) for each analysis plane S1-S3 to analyze local variations [6].
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2.7. Statistical methods

Continuous data are expressed as mean + standard deviation (SD) and categorical data are
expressed as frequency or percentage. Groups were compared using the Kruskal-Wallis test.
In case of a significant test result individual group-to-group comparisons were performed by
a Mann-Whitney- U test. Statistical significance was set at a probability level of b0.05.
Analysis was performed using SPSS Statistics 20.0 (IBM, Armonk, US).

3. Results

3.1. Patients’ demographics and cardiovascular information

The results for patients’ demographics and cardiovascular dimensions are summarized in
Table 1. Patients with stented bioprostheses were significantly older than those with
mechanical prostheses and autografts as well as controls (each p< 0.001). The latency since
valve implantation was shorter for stentless (p = 0.015) and stented bioprostheses (p =
0.003) compared to mechanical valves. Labeled valve size was significantly larger in
stentless compared to stented bioprostheses (p = 0.007). Both orifice area and orifice area
indexed by body surface area were larger in autograft recipients and controls compared to
stentless (p < 0.001; p=0.001), stented (each p< 0.001) and mechanical prostheses (each p
< 0.001). Moreover, stentless prostheses exhibited larger orifice areas than stented devices (o
= 0.010). The ascending aorta was larger in patients with stented (p= 0.001), mechanical (p
= 0.001) and autografts (= 0.016) compared to controls. Three out of the 7 patients with
autografts had bicuspid aortic valve disease. The mechanical group had a lower ejection
fraction compared to controls (p = 0.004). There were no intergroup-differences regarding
left ventricular end diastolic volume (p = 0.459), stroke volume (p = 0585) and
interventricular septum thickness (p = 0.066).

3.2. Blood flow pattern in the ascending aorta: vorticity, helicity and eccentricity

Blood flow visualization and interpretation were feasible in all subjects. As susceptibility
artifacts were expectedly present in mechanical prostheses and stented bioprostheses, the
prosthetic level was not included in the assessment. Fig. 2 summarizes flow visualizations
for each AVR type and Fig. 3 exemplarily illustrates the differences in flow patterns present
in a control subject and two AVR subjects with severe vorticity and helicity. Fig. 4 provides
a synopsis of the scoring of blood flow vorticity, helicity and eccentricity.

Mechanical prostheses received the largest vorticity scores, which differed significantly from
stentless bioprostheses (p = 0.020), autografts (o = 0.007) and controls (p < 0.001). Stented
bioprostheses exhibited the second highest vorticity scores, which also differed significantly
from stentless bioprostheses (p = 0.036), autografts (v = 0.011) and controls (p < 0.001).
Stented bioprostheses received higher helicity scores than stentless bioprostheses (p=
0.048), autografts (p= 0.011) and controls (o= 0.002).

All controls demonstrated a central flow jet except one with mild eccentricity. In contrast,
none of the patients with stented, stentless or mechanical prosthesis showed a central flow
jet. Stented bioprostheses exhibited the most prominent eccentricity among all AVR types
with the majority being graded as ‘marked” (p= 0.024 vs. stentless; p=0.001 vs.
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mechanical; p < 0.001 vs. autografts; p < 0.001 vs. controls). In stentless bioprostheses,
eccentric flow was mild in 4 of 8 subjects, and marked in 4. The mean eccentricity score was
larger compared to autografts (p = 0.011) and controls (p < 0.001). In both bioprosthetic
types, the eccentric jet was exclusively directed to the right anterior aortic wall. In
mechanical prostheses, the majority had mild eccentricity with only 2 of 9 subjects showing
marked eccentricity (p < 0.001 vs. controls). The jet direction was either to the right anterior
side (7= 6), or to the opposite left side (r7=3). The autograft group was the only type of
AVR, which resulted in central flow in 3 of 7 subjects, while the remaining showed mild
eccentricities towards the right anterior. Based on the eccentricity score, the autograft group
differed from all AVR types (o= 0.011 vs. stentless; p< 0.001 vs. stented; p=0.024 vs.
mechanical), while no significant difference was found compared to controls (p = 0.056).

3.3. Segmental wall shear stress distribution in the ascending aorta

The segmental distribution of WSSpe,k along the aortic circumference for each group is
illustrated in Fig. 5. Significant group-to-group differences became evident in the left
posterior portion of the aortic circumference on the sinotubular level (segments 7, 8, and 9),
in the right anterior portion in the mid-ascending aorta (segments 2, 3, and 4) as well as in
the right posterior portion in the distal ascending aorta (segments 5 and 7). Table 2
summarizes all the significant WSSpeak group-to-group differences. The complete collection
of all corresponding results is available in the supplementary material (Tables S1 and S2).
On the sinotubular level in the left posterior region, autografts exhibited significantly lower
segmental WSSpe, results compared to mechanical prostheses and controls. Stented
bioprostheses showed lower WSSy, values than mechanical prostheses and controls. In the
mid-ascending aorta along the right anterior portion of the aortic wall, stented and stentless
bioprostheses showed a marked increase of WSSpeai With significant difference to controls
and autografts. In the distal ascending aorta along the right posterior aortic portion, stented
bioprostheses, autografts and mechanical prostheses exhibited lower WSSpeqk values than
controls.

4. Discussion

The understanding of the interaction of AVR and aortic remodeling is important to select the
best therapeutic approach for the individual patient. With 4D-flow CMR, we applied a novel
technique to acquire information about the flow characteristics in proximity to a replaced
aortic valve. This pilot study revealed that all types of AVR were associated with a change in
ascending aortic flow characteristics compared to native aortic valves. The blood flow
pattern furthermore seemed to differ between various AVR types.

In autografts, flow helicity and vorticity widely resembled the observations in healthy
controls, with no patients exhibiting marked flow eccentricity. The explanation that both
types do not completely agree even though all subjects carry ‘native’ valves may be seen in
differences between the pulmonary and the aortic valve morphology [17]. The autograft
group showed significantly depressed segmental WSSpeq Values compared to controls along
the circumference of the aortic wall and thus supports recent findings from 2D MRI
reporting lower ascending aortic shear rates in autograft patients as compared to controls
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[18]. One possible explanation for this difference may be the larger aortic size in the
autograft group compared to the controls both in the present study and in the cited 2D MRI
study. Stented bioprostheses showed considerable differences from the other AVR types and
controls. Both vortex and helix scores were significantly elevated. The majority exhibited a
markedly eccentric flow jet in the direction of the right anterior portion of the aortic wall.
The segmental WSSpeai Was eccentric along the circumference of the aortic wall with
maximum values in the same region where the jet impinged on the aortic wall. Recent
studies reported an association between blood flow eccentricity and aortic growth rate in
patients with bicuspid aortic valve disease [19]. Furthermore, high WSS was reported to be a
hemodynamic condition that predisposes the vessel wall to aneurysm formation [20,21].
Hence, the pattern after AVR with a stented bioprostheses may be an influencing factor for
postoperative aortic remodeling. Stentless bioprostheses aim to provide superior
hemodynamics over stented devices as no stent material impedes blood flow. The present
data demonstrated that stentless prostheses were associated with lower vorticity and helicity
in the ascending aorta. The mean orifice area in the stentless group was larger than in the
stented group, which may have been an influencing factor. Even though the flow eccentricity
was less distinct than in stented bioprostheses, all stentless prostheses exhibited a mild or
marked eccentric flow jet instead of the central flow seen in healthy controls. The jet was
directed to the right anterior aortic wall. Again, segmental WSSpe,k Was elevated at the right
anterior portion of the aortic wall and resembled the pattern observed with the stented
bioprostheses. This finding is in agreement with previous experimental animal models that
reported no difference between stented and stentless valves regarding the formation of
turbulence [22]. Whether the biological cusp material impacts the blood flow is hardly
determinable due to the small subgroups. Bovine bioprostheses have been reported to be
associated with superior hemodynamic results. This aspect requires further investigation in
larger samples. Mechanical prostheses showed the highest segmental WSSpeq results on the
sinotubular level with significant difference compared to stented bioprostheses and healthy
controls. In addition, mechanical prostheses were associated with the most distinct vortical
flow profile in the ascending aorta. These findings may reflect the hemodynamic
consequences caused by the rigid opening and closing mechanism and the asymmetric
orifices [23]. Interestingly, the mechanical group was the only group that included cases
with jet directions oriented to the left side of the aortic wall compared to the predominant
pattern exhibiting a right anterior jet. We speculate that the jet direction depends on the
orientation of the implanted prosthesis [23]: Based on orientation of the prosthesis in
relation to the interventricular septum in a short axis slice, we defined prostheses with the
leaflets aligned with the interventricular septum (type 1), and prostheses transverse to the
interventricular septum (type 2). All subjects, who exhibited a jet direction to the right-
anterior aortic wall had type 2 orientations, while all subjects with jet direction to the left
had type 1.

The present data furthermore demonstrated that bioprostheses produced markedly eccentric
flow more often than mechanical valves. The explanation may be differences in the opening
mechanism and in the sensibility to co-factors like the angle between the open cusp and the
annular plane [23,24]. We speculate that the orifice of the mechanical prosthesis might act
like a central channel stabilizing the blood flow close to the aortic center, while the blood
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flow of bioprostheses experiences a stronger deviation. This hypothesis might also be the
reason, why the WSS results showed an asymmetric pattern for bioprostheses and a quite
homogenous distribution for mechanical prostheses.

4.1. Study limitations

i) The study sample is small and there is relevant inter-group heterogeneity regarding factors
with potential influence on aortic hemodynamics. For instance, the dependency of blood
flow characteristics from age and aortic dimensions as well as the opening angle between the
aortic cusp and the annular plane has previously been reported [16,25,24]. In addition,
medical treatment with anticoagulants influences blood viscosity, which then may impact
WSS. ii) The study does not provide a longitudinal observation to analyze the interaction of
ascending aortic flow characteristics and aortic remodeling. In order to define a causal effect
of ascending aortic flow characteristics on the aortic remodeling, prospective follow-up
studies with samples large enough to correct for confounding variables are needed. iii) The
semiquantification of vorticity and helicity is limited by its subjective visual nature and by
focusing on the direction of the particles, while the amount of deviating particles remains
unconsidered. Further development of post-processing may provide more objective tools to
characterize flow patterns in the future [26]. iv) Assessment of WSS distribution using 4D-
flow MR is limited by spatial and temporal resolution and moderate signal-to-noise ratio at
1.5 T [27]. True WSS results may be higher than the WSS results obtained by CMR [13]. In
addition, suboptimal velocity encoding, turbulence and disturbance of the magnetic field by
the prosthesis might have negatively impacted the accuracy of the results. Thus, imaging
settings were chosen to find reasonable compromises between scan duration, resolution,
SNR, and VENC, and measurement planes were selected to be distant from the prosthesis
itself. The method appears appropriate to assess at least the relative differences between
individual WSS patterns, if the procedure of WSS estimation is consistent between study
populations as in our cohorts. v) The rate of patient exclusion from the study was high with
the reason for exclusion being in most cases clinical-technical in nature. To realize larger
patient studies or promote clinical application, further developments for faster and more
robust image acquisition are required.

5. Conclusion

In conclusion, this pilot study showed that the flow characteristics in the ascending aorta are
influenced by any AVR. These data indicate the potential of 4D-flow MRI to obtain new
insights into ascending aortic hemodynamics adjacent to various types of AVR. The
application of this technique in larger AVR samples with matched controls and with
longitudinal follow-up studies is needed to analyze any relation between ascending aortic
flow characteristics and aortic remodeling.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
M?athodological schematic: a) position of the analysis planes in the ascending aorta on the
level of the sinotubular junction (S1), mid-ascending (S2) and distal ascending aorta (S3). b)
Cross-section of the ascending aorta that describes the distribution of the segments along the
aortic wall circumference. c) Peak systolic flow map at the level of the mid-ascending aorta
demonstrating central systolic flow, mild and markedly eccentric systolic flow.
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Controls Autograft Mechanical

Orifice area 2.8cm? 4.4cm?

Stroke volume 66mi 90ml

Ejection fraction 76% 60%

Aortic size 27mm 35mm 32mm

Fig. 2.
Visualization of the blood flow in the ascending aorta using particle traces during peak

systole for each type of AVR. Relevant anatomic and functional data are given for the
individuals below.
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I b | Following aortic valve surgery

Velocity [m/s]
1.00

Fig. 3.
Visualization of the blood flow in the ascending aortic using streamlines during peak

systole: A: Healthy volunteer with cohesive systolic streamlines with mild helical (a) and no
vortical (b) flow. B: Two exemplary cases with AVR, who exhibited helical (a) and vortical
(b) flow each graded as severe. a) A mechanical prosthesis (St. Jude Medical 21); b) a
stented bioprostheses (Medtronic Freestyle 25). The helical flow is shown in a transverse cut
plane, whereas the vortex is shown in a sagittal cut plane.
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Evaluation of vorticity, helicity and eccentricity of blood flow: The upper row shows the
frequency of each score for the various AVR groups and controls. The lower row depicts the
mean + SD scoring results (*p < 0.05 vs. stentless, autografts and controls; Tp< 0.05 vs.
stentless, autografts and controls; *p < 0.05 vs. controls; $p < 0.05 vs. stented, autografts,
controls; I p<0.05 vs. stentless, mechanical, autografts and controls).
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Fig. 5.

Segmental distribution of WSSpeak along the circumference of the aortic wall for aortic
levels S1-S3 for all groups of AVR and the controls. The aortic segments 1-12 correspond
to the anatomic regions as outlined in Fig. 1 (which is additionally displayed in miniature
within the graphs here). Roughly, “3-5” = right, “9-11" = left, “12-2" = outer curvature,
“6-8" = inner curvature. Asterisk indicates the presence of any significant inter-group
difference at the given aortic location and refers to the statistical results of Table 2.
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Comparison of the segmental WSSpe,k between the groups on the different aortic levels (S1-S3).

Table 2

Pairwise comparison ~ Aortic segment  WSSqy [N'm?  p
Sinotubular junction (S1) Autografts vs. 7 0.4+0.1vs. 0.039
mechanical 08+0.4
8 05+0.2vs. 0.003
0.8+0.3
9 0.5+0.2 vs. 0.004
09+0.3
Autografts vs. 8 0.5+0.2vs. 0.010
controls 0.8+0.2
9 0.5+0.2vs. 0.017
0.7+0.2
Mechanical vs. 8 0.8+ 0.3 vs. 0.010
Stented bio 06+04
9 0.9+0.3vs. 0.038
0.6+0.3
Stented bio vs. 8 0.6 +0.4vs. 0.027
controls 0.8+0.2
Mid-ascending aorta (S2) Stented bio vs. 2 1.2+0.5vs. 0.004
controls 0.7+0.2
3 1.4+0.7 vs. 0.017
0.7+0.1
Stented bio vs. 2 1.2+05vs. 0.004
autografts 0.6+0.2
3 1.4+0.7 vs. 0.005
0.6+0.2
4 1.4+0.8vs. 0.030
0.6+0.3
Stentless bio vs. 2 1.2+05vs. 0.008
autografts 0.6+0.2
3 1.3+0.7 vs. 0.008
0.6+0.2
4 1.2+0.6 vs. 0.028
0.6+0.3
Stentless bio vs. 3 1.3+0.7 vs. 0.027
controls 0.7+0.1
Distal ascending aorta (S3)  Stented bio vs. 5 0.6 +0.3vs. 0.006
controls 09+0.2
7 0.6 +0.3 vs. 0.003
0.9+0.3
Autografts vs. 5 05%0.2vs. 0.004
controls 09+0.2
7 0.6+0.1vs. 0.007
09+0.3
Mechanical vs. 5 0.6 +0.2vs. 0.019
controls 09+0.2

The table only summarizes the comparisons that reached significance. The full set of results is available as supplemental material.
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