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Background and aim of the study: The study aim was
to investigate the in-vivo flow profiles of a stentless
aortic bioprosthetic valve by MRI flow quantifica-
tion, and to identify the clinical implication of pros-
thesis size and implantation method.

Methods: Twenty-six patients with a Freestyle stent-
less aortic bioprosthetic valve were studied using
three-dimensional flow velocity profile by MRI, and
compared with four patients with a stented aortic
bioprosthetic valve and four healthy volunteers.
Flow velocity profiles were analyzed quantitatively
by the hydromechanics parameter, mean to peak
velocity ratio at peak systole and compared with
parameters monitored echocardiographically.
Results: In larger-sized valves or full root implanta-
tion, flow profiles showed an optimal pattern with
low gradients, a high mean to peak velocity ratio, and

Among the current practices of valvular surgery,
stentless aortic bioprostheses have been reported to
provide superior hemodynamic performance. Low
transvalvular gradients and a large effective orifice
area (EOA), superior to that of stented bioprostheses
and approximately similar to that for homograft valves
and normal native valves, were advantageous, espe-
cially in patients with a small aortic root as this led to
minimal prosthesis-patient mismatch (1-10). However,
a subset of patients exhibited suboptimal hemody-
namics with relatively high transvalvular gradients
and small EOA (11,12). Although these hemodynamic
parameters were normally assessed echocardiographi-
cally in clinical patients, this was insufficient for a
detailed analysis of the in-vivo flow profile from the
viewpoint of hydromechanics (13). Previously, an
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minimum disturbance which approximated that of a
normal valve. By contrast, a subset of patients,
notably with 21 mm valves and subcoronary implan-
tation, showed suboptimal flow pattern with high
gradient and low mean to peak velocity ratio which
approximated that of stented valves. The mean to
peak velocity ratio was more strongly related to peak
velocity than to the indexed effective orifice area.
Conclusion: Although stentless aortic bioprostheses
have excellent hemodynamic performance, some
patients show suboptimal results. This seems to
occur more often when the subcoronary technique is
used, and especially with 21-mm valves. Care must
be taken when using the subcoronary technique with
a 21-mm valve in patients with a small body surface
area.
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analysis was reported of in-vivo flow velocity profiles
of stentless aortic bioprostheses using magnetic reso-
nance imaging (MRI) (14). In that report, the flow pro-
files showed an optimal pattern, with minimum
turbulence in most cases, though some patients
showed a suboptimal pattern with moderate to severe
turbulence due to prosthesis-patient mismatch or
incomplete cusp opening by septal hypertrophy result-
ing in subaortic stenotic eccentric flow. The study aim
was to identify the clinical role of the in-vivo flow pro-
file by quantitative analysis in the assessment of late
hemodynamic findings, by considering the optimum
size and method of stentless Freestyle aortic valve
replacement.

Clinical material and methods

Patients

Among 50 patients who underwent aortic valve
replacement with a Freestyle aortic stentless biopros-
thesis at Osaka University Hospital, 26 (16 males, 10
females) were studied using three-dimensional flow
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velocity quantification with velocity-encoding phase-
contrast cine-MRI. The results were compared with
those from four cases with stented bioprosthesis, and
with four healthy volunteers. The aortic lesions were
stenosis in 12 patients, regurgitation in seven, mixed in
three, and infective endocarditis in four (native valve
in two, prosthetic valve in two). The implantation tech-
niques utilized were subcoronary (SC) in 15 patients
(modified SC in 14, complete SC in one patient), root
inclusion (Incl) in seven, and full-root (FR) in four.
Concomitant graft replacement of the ascending aorta
was performed in two patients. The valve sizes
implanted were 21 mm (n = 5), 23 mm (n = 6), 25 mm
(n=5),27 mm (n =9) and 29 mm (n = 1), with the valve
size selected being as close as possible to the actual
annulus diameter. The mean time period between sur-
gery and conduction of the MRI investigations was 16
+ 13 months (range: 3 to 48 months).

Four patients with a stented bioprosthesis (Mosaic)
and four healthy volunteers (four males; age range: 25
to 26 years) were included as controls. All patients
were in NYHA functional class I or II, and the cardiac
rhythm was sinus rhythm in all cases at the time of the
investigation.

Flow velocity quantification by MRI

The details of this technique have been published
previously (14). Measurements were made on a
Siemens Magnetom Vision 1.5 Tesla superconducting
MRI scanner. The patients were examined in the
supine position using a CP Body Array coil. An elec-
trocardiogram (ECG)-gated, dark-blood-prepared
Turbo FLASH (Fast Low Angle Shot) sequence with
three orthogonal slice packages was used to determine
the orientation of the aortic prosthesis. A double-angu-
lated FLASH cine image was acquired perpendicular
to the aortic valve and parallel to the proximal ascend-
ing aorta to visualize the velocity jets and to adjust the
slice position of the subsequent flow quantification
downstream of the aortic prosthesis.

In order to quantify the velocity of the flow, the sin-
gle-slice phase-contrast FLASH cine sequence with
ECG-triggering was applied. Cine-phase velocity map-
ping was performed orthogonal to the ascending aorta
approximately 20 mm (one annulus diameter) distal to
the aortic prosthesis.

ECG-triggered two-dimensional velocity-encoded
cine-phase contrast sequence was applied with an echo
time (TE) of 4 ms. The maximum velocity was set at
+500 cm/s. Through-plane velocity images allowed a
distinction to be made between antegrade and retro-
grade flow perpendicular to the imaging plane. The
slice thickness was 6 mm, the field of view was
300x300 mm?, and the image matrix 256x256, resulting
in an in-plane spatial resolution of 1.17x1.17 mm?. The
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Figure 1: Three-dimensional flow profiles. Upper panels:
Patient with Freestyle valve 29 mm using the full root
technique. Lower panels: Patient with Freestyle valve 21
mm using the modified subcoronary technique. The flow
profile was of optimal pattern with low velocity and high
Vm/Vp ratio in the 29-mm valve, but was suboptimal in
the 21-mm valve.

temporal resolution (i.e. the repetition time, TR) was 18
ms and the flip angle 30°. The number of excitation
was 2; thus, the acquisition time was approximately 7-
8 min for a heart rate of 70 beats per min.

Velocity data analysis

The data analysis was performed on a workstation
(UltraSPARC-1 Creator; Sun Microsystems, Mountain
View, CA, USA). To reduce artifacts, flow velocities
were quantified automatically about every square
voxel of 2.4x2.4 mm?, which consisted of four pixels, in
a rectangular region of interest (ROI), which circum-
scribes the aortic flow area, with a flow analysis soft-
ware package developed at the authors’ institution.
Subsequently, the rectangular ROI was localized by
vessel contours drawn manually on the corresponding
normal cine image. The flow profiles were visualized
by three-dimensional surface plots.

The peak velocity was calculated for each heart
phase. Peak velocity was defined as the highest veloc-
ity value at the peak systolic phase.

The cross-sectional area at sampling plane (A), peak
velocity (Vp), and mean forward flow (rate per second,
Q) were calculated at peak systolic phase. To allow a
valid comparison of different subjects, the velocity axis
was normalized by defining the peak velocity as 1.0. To
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Table I: Characteristics of the study groups.
Parameter Freestyle Stented (Mosaic) Healthy
(n =26) (n=4) (n=4)
Age (years)* 66 +9 (44-82) 73 +4 (68-77) 26 =1 (26-27)
Gender ratio (M /F) 16/10 2/2 4/0
BSA (m2)* 1.55+0.17 1.55+0.13 1.71 +£0.05
(1.30-1.95) (1.40-1.74) (1.66-1.79)
Preoperative aortic lesion
Stenosis 12 1 -
Regurgitation 7 1 -
Mixed 3 2 -
Infective endocarditis 4 0 -
Prosthetic valve size (mm)
21 5 0 -
23 6 2 -
25 5 2 -
27 9 0 -
29 1 0 -
Implantation technique
Subcoronary 15 - -
Inclusion 7 - -
Full root 4 - -

*Values are mean * SD (range).
BSA: Body surface area.

characterize the flow velocity profile, the hydraulic
parameter of mean to peak velocity ratio (Vm/Vp)
was applied. The mean velocity (Vm) was calculated
as Q/A.

In hydromechanics, flow in a circular pipe is related
to laminar flow and turbulent flow. In laminar flow, all
fluid particles move parallel to the flow, and the flow
profile is parabolic; hence Vm/Vp is 0.5. In turbulent
flow, there are velocity components other than parallel,
and these continuously change the velocity. Based on
the power law equation (one of a number of semi-the-
oretical expressions for velocity distribution of turbu-
lent flow in circular pipe), the velocity at any point in
the cross-section is expressed as:
ur/uCL = (r/R)"/* = (1 - r/R)V"
where ur is the velocity at a distance r from the walls,
uCL is the velocity at the centerline of pipe, and R is the
radius of the pipe. By using the Prandtl one-seventh
power law, where n is seven, Vm/Vp was found to be
equal to 0.817 times.

Echocardiography

Echocardiography was performed within two weeks
before or after MRI by the same physician, using an
Agilent Technologies Sonos 2500 instrument, and
according to the guidelines of the American Society of

Echocardiography. The details of echocardiographic
measurements have been reported previously (13). The
transvalvular peak velocity was measured using a con-
tinuous-wave Doppler technique in the apical view,
and the EOA calculated using the continuity equation.

Statistical analysis

All data were reported as mean + SD. The unpaired
Student’s t-test was applied for comparisons of mean
values between patients and normal volunteers. A p-
value <0.05 was considered to be statistically signifi-
cant.

Results

Flow profile

Flow profiles were successfully achieved in all cases.
In the stented group, artifact due to the stent had no
influence at the sampling plane.

As described previously, in the healthy group the
flow profiles showed a superior flow pattern, with low
velocity and minimum disturbance. In the Freestyle
group, the flow profiles showed various disturbances
from minimum as a healthy group to moderate or
more (Fig. 1). Based on disturbances, the flow profiles
were classified into three grades: grade A, minimum
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Figure 2: Relationship of mean to peak velocity ratio for
valve type, size and implantation technique. Incl: Inclusion
implantation; FR: Full root implantation; SC: Subcoronary

implantation.

disturbance; grade B, moderate disturbance; and grade
C, severe disturbance. Among the Freestyle group (n =
26), the flow profiles were classified as 13 grade A, nine
grade B, and four grade C. In the stented group, all
four cases showed severe disturbance and were classi-
fied as grade C.

Parameters of echocardiography and flow profile of
MRI

Parameters of echocardiography and MRI in study
group are shown in Table II. The indexed EOA was
smaller in the stented group and 21-mm Freestyle sub-
group. Although there was no significant difference in
mean velocity between bioprosthesis sizes in the
Freestyle group, the peak velocity was significantly
higher the in smaller bioprosthesis size. The peak
velocity was higher in the stented bioprosthesis and
lower in healthy volunteers than in the Freestyle

group.

Mean to peak velocity ratio

The mean to peak velocity ratio (Vm/Vp) was small-
er in 21 mm valves, especially when using the sub-
coronary technique (Fig. 2). In addition, Vm/Vp was
larger than 0.5 in a subset of patients with 27 mm and
29 mm valves. The full root technique resulted in a
larger Vm/Vp value. In the healthy group (which
showed the ideal flow profile), Vm/Vp values were
>0.6. In the stented bioprosthesis group, Vm/Vp was
similar to that for the 21-mm valve, despite the bio-
prosthesis size being larger.
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Figure 3: Relationship between peak velocity (Vp) and
mean to peak velocity ratio (Vm/Vp).

Peak velocity and mean to peak velocity ratio

The relationship between peak velocity (Vp) and
mean to peak velocity ratio (Vm/Vp) is shown in
Figure 3. Peak velocity increased exponentially with a
decrease in mean Vm/Vp, regardless of valve type and
size. It was suggested that the flow profile would be
suboptimal when the peak velocity was higher
(Vm/Vp = 0.7251e03Ve; R? = 0.5634).

Mean to peak velocity ratio and indexed EOA
Although Vm/Vp tended to increase with an
increase in indexed EOA (Fig. 4), the relationship was
not strong, suggesting that only the indexed EOA was
insufficient to reveal the flow dynamics of the valves.

Clinical course of flow profile

In nine patients out of 26, repeated study of MRI
flow profiles was performed within three months post-
operatively and over a six-month period in general.
During this time the grading of flow profiles was
unchanged (Fig. 5).

The reduction in indexed left ventricular mass (LVM)
and regression in relation to Vm/Vp after six months
(or more) postoperatively is illustrated in Figures 6
and 7, respectively. The LVM index was significantly
decreased. Although there was no significant relation-
ship between the percentage LVM regression and the
Vm/Vp ratio, regression tended to be greater when
Vm/Vp was larger.
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Figure 4: Relationship between indexed effective orifice area
(EOAI) and mean to peak velocity ratio (Vm/Vp).

Discussion

Superior hemodynamics and satisfactory mid-term
clinical results and durability of stentless aortic bio-
prosthetic valves have been reported. A lower trans-
valvular gradient and a larger EOA would be
advantageous for LVM regression and survival, espe-
cially in those patients with a small aortic root or poor
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Figure 5: Grading of flow profiles at early (within 3
months) and late (>6 months) postoperatively in nine
cases. Grade A = minimum disturbance; grade B =
moderate disturbance; and grade C = severe disturbance.

left ventricular function.

By contrast, the optimal sizing and implantation
technique for stentless aortic bioprosthetic valves is
not understood sufficiently. It has been reported in one
in-vitro study that oversizing and full root and inclu-
sion implantation resulted in excellent hemodynamics
(3), though the results of another in-vitro study sug-
gested that a slight undersizing was better.

Table II: Parameters monitored by echocardiography and MRI.

Parameter Freestyle valve Stented Healthy
21 mm 23 mm 25 mm 27 mm 29 mm
Patients (n) 5 6 5 9 1 4 4
EOA (cm?) 1.15+0.13 1.60+021 225+0.17 2.68+0.73 5.90 1.05+0.22 349 +1.01
(1.00-1.35)  (1.38-1.95)  (2.00-2.48)  (1.82-4.51) - (0.83-1.28)  (2.39-4.64)
EOAI (cm?/m?) 0.81+013 1.12+0.16 149+0.27 1.61+041 3.33 0.66 +0.07  2.04 £0.59
(0.66-1.01)  (0.95-1.41)  (1.23-1.90)  (1.01-2.38) (0.59-0.73)  (1.43-2.79)
Vm (m/s) 077017 0.82+0.07 073+0.17 0.69+0.10 0.72 0.83+023 0.85x0.17
(0.47-0.96)  (0.76-0.95)  (0.48-0.94)  (0.58-0.83) (0.60-1.07)  (0.67-1.11)
Vp (m/s) 238+0.75 2.02+028 1.87+0.60 1.64+0.36 1.44 278 +054 1.22+0.15
(1.21-3.33)  (1.63-239)  (1.14-2.76)  (1.20-2.16) (224-331)  (1.08-1.44)
Q (ml/s) 341 +73 398 + 68 369 =103 423 + 65 623 510 + 158 458 + 65
(245-448) (333-499) (232-527) (282-516) (351-668) (371-543)
A (cm?) 45x05 49+10 51+05 62+1.0 8.7 6.1+0.2 548 +0.55
(3.8-5.2) (3.5-6.4) (4.2-5.6) (4.7-8.0) (5.9-6.3) (4.89-6.32)
Vm/Vp 0.34+0.04 041+006 040=0.06 0.43+0.06 0.49 0.29+£0.03  0.65 +0.04
(0.29-0.39)  (0.34-0.46)  (0.34-0.52)  (0.34-0.52) (0.27-0.32)  (0.60-0.71)

Values are mean + SD (range).

A: Cross-sectional area; EOA: Effective orifice area; EOAI: Indexed effective orifice area; Q: Mean forward flow; Vm/Vp: Mean

to peak velocity ratio; Vm: Mean velocity; Vp: Peak velocity.
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Figure 6: Regression of left ventricular mass index
(LVMI), preoperatively and postoperatively. The LVMI
was significantly reduced (p <0.05).

In clinical cases, however, hemodynamic perform-
ance will be affected by a variety of factors, and is more
complicated than the in-vitro situation (16). The EOA
and transvalvular gradient have a broader spectrum
and are relatively inferior compared to in-vitro studies,
and a small number of patients have been found to
have suboptimal hemodynamics. The implications of
these findings are not fully understood echocardio-
graphically, however.

Three-dimensional flow quantification, when
assessed by MRI, revealed more detailed characteris-
tics of blood flow through the valves from the view-
point of hydromechanics. A variety of grades of
disturbance was highlighted in the present study. The
Vm/Vp ratio was the most important indicator
(hydromechanically) of flow profile, and was used to
quantify the characteristics of the flow profiles. It was
suggested that a flow profile might be preferable in
cases with a lower gradient demonstrated by echocar-
diography. A larger-sized bioprosthesis showed a bet-
ter profile, whilst a smaller bioprosthesis was
relatively poor, especially in the case of 21-mm valves.
In the present study, three patients with 21-mm valves,
and all four with stented valves, showed small
indexed EOA values (<0.85 cm?/m?) and prosthesis-
patient mismatch (17-19). With regard to the implanta-
tion technique utilized, although an analysis was
possible only for a small number of cases, full root
implantation appeared to be advantageous. The find-
ings of the analysis of flow profiles appeared to be due
to some degree of obstruction to flow and flow separa-
tion at the level of the aortic valve prosthesis, though
this may reflect prosthesis-patient mismatch and
incomplete opening of the cusp. In this respect, many
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Figure 7: Relationship between mean to peak velocity ratio
(Vm/Vp) and percentage left ventricular mass (LVM)
regression.

factors are involved, including valve size, implantation
technique and aortic root geometry or distensibility.

Normal native aortic valves will have the ideal
hemodynamic performance with the ideal flow profile.
In the present study, the flow profiles in the healthy
groups showed a lower gradient and larger EOA with
a higher mean to peak velocity ratio.

In conclusion, the Freestyle stentless aortic biopros-
thesis showed favorable hemodynamics and mid-term
results in general. The flow profiles assessed by MRI
were shown to be superior to those of stented biopros-
theses, and to approximate those of a normal native
valve, especially when using the full root technique
and in some patients with a larger-sized bioprosthesis.
However, a subset of patients showed a suboptimal
flow profile and hemodynamics. Suboptimal hemody-
namics appeared to occur more often in association
with the subcoronary technique, especially with 21-
mm valves. Thus, care will be needed when using the
subcoronary technique with a 21-mm valve in patients
with a smaller body surface area. This is the first report
of a quantitative analysis of in-vivo flow profile of
stentless aortic bioprosthesis, and the findings should
be valuable when selecting an implantation technique
and valve size. Moreover, they should also provide
important information for bioprosthesis development.
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