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Left ventricular outflow obstruction 
predicts increase in systolic 
pressure gradients and blood 
residence time after transcatheter 
mitral valve replacement
Adelaide De Vecchi  1, David Marlevi2,3, David A. Nordsletten1, Ioannis Ntalas4, 
Jonathon Leipsic5, Vinayak Bapat6, Ronak Rajani4 & Steven A. Niederer  1

Left ventricular outflow tract (LVOT) obstruction is a relatively common consequence of transcatheter 
mitral valve replacement (TMVR). Although LVOT obstruction is associated with heart failure and 
adverse remodelling, its effects upon left ventricular hemodynamics remain poorly characterised. 
This study uses validated computational models to identify the LVOT obstruction degree that causes 
significant changes in ventricular hemodynamics after TMVR. Seven TMVR patients underwent 
personalised flow simulations based on pre-procedural imaging data. Different virtual valve 
configurations were simulated in each case, for a total of 32 simulations, and the resulting obstruction 
degree was correlated with pressure gradients and flow residence times. These simulations identified a 
threshold LVOT obstruction degree of 35%, beyond which significant deterioration of systolic function 
was observed. The mean increase from baseline (pre-TMVR) in the peak systolic pressure gradient rose 
from 5.7% to 30.1% above this threshold value. The average blood volume staying inside the ventricle 
for more than two cycles also increased from 4.4% to 57.5% for obstruction degrees above 35%, 
while the flow entering and leaving the ventricle within one cycle decreased by 13.9%. These results 
demonstrate the unique ability of modelling to predict the hemodynamic consequences of TMVR and to 
assist in the clinical decision-making process.

With the success of transcatheter aortic valve (AV) implantation for patients at high surgical risk, attention has 
now been cast on transcatheter therapies for the mitral valve (MV)1. These techniques vary from balloon and 
self-expanding AV used in the mitral position, to newer devices specific to the MV, to Valve-in-Valve interven-
tions for failed bioprosthetic devices2–4. Irrespective of the approach, it is clear that transcatheter mitral valve 
replacement (TMVR) poses a distinct set of challenges compared to AV implantation. The geometry of the mitral 
apparatus and its relationship to atrial and ventricular structures introduce significant concerns pertaining to 
device stability. Specifically, TMVR devices need to be oversized to ensure adequate anchoring while accom-
modating deformational changes of the valve annulus during the cardiac cycle. This, in conjunction with the 
displacement of the anterior MV leaflet towards the AV, introduces a risk of left ventricular outflow tract (LVOT) 
obstruction as it involves a taller frame protruding inside the left ventricle (LV)5,6.

The interplay between the protruding device, the septal wall, and the anterior leaflet results in the formation of 
a neo-LVOT with reduced cross-sectional area compared to the original outflow tract7. Outflow obstruction can 
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in turn increase left ventricular afterload and introduce adverse hypertrophic LV remodeling, which correlates 
with high risks of ventricular failure especially in patients with underlying dysfunction8. Evidence also exists that 
TMVR is associated with risks of blood stagnation inside the ventricle, with elevated pressure gradients and less 
effective ejection after MV implantation identified as predisposing factors for early postoperative thrombi9–11.

Although pre-procedural planning aims to predict the likelihood of LVOT obstruction, existing techniques 
are largely based on standard geometric evaluation of pre-procedural imaging datasets and there is consensus on 
neither the effect of the cardiac phase at which measurements are taken, nor the procedural canting of the device 
on the prediction. It also remains unknown as to what threshold of LVOT obstruction is clinically significant in 
these patients. To enable a successful introduction of TMVR devices, it is clear that careful patient selection and 
advanced quantitative evaluation of both anatomy and hemodynamics will be vital. Advanced imaging evaluation 
can provide valuable insight into the patient pathophysiology12–15. In the current study we sought to evaluate the 
utility of combining this technique with computer models to simulate blood flow dynamics in TMVR patients 
and to predict the ventricular response to LVOT obstruction.

Methods
Patient data. Seven patients were included in the study (Tables 1 and 2): six were under consideration for 
TMVR with bioprosthetic AV devices, e.g. Sapien (Edwards Lifesciences, Irvine, CA, USA) and Lotus (Boston 
Scientific, Marlborough, MA, USA), and one was assessed for treatment under compassionate use with an 
Intrepid valve (Medtronic, Minneapolis, MN, USA). Patients proceeded to transapical implantation with the 
chosen device, except Cases 2 and 7 – unimplanted due to heart failure and predicted excessive LVOT obstruc-
tion, respectively. This study complies with the principles of the Declaration of Helsinki and the research protocol 
was approved by local ethics committees (Guy’s and St Thomas’ NHS Foundation Trust); all patients provided 
informed consent. Datasets were collected pre-operatively only, except Case 6 where the complete acquisition 
protocol was also applied post-TMVR for model validation.

Measurement Pre-TMVR (n = 7)

Male 4 (57)

Age (yrs) 69.5 ± 11.7

Body Mass Index (kg/m3) 22.7 ± 2.7

EF (%) 43.4 ± 14.9

LV AR 2.0 ± 0.57

α angle (°) 139.6 ± 15.9

C-sept (mm) 32.2 ± 7.3

MV area (mm2) 729 ± 342

MAC 3 (43)

FMR 2 (29)

VIV 1 (14)

VIR 1 (14)

Table 1. Baseline patient characteristics. Values are in n (%) or mean ± SD. EF = ejection fraction; LV AR = left 
ventricular aspect ratio at end-systole; α = angle of the aorto-mitral junction at end systole; C-sept = distance 
between the mitral valve coaptation point and the interventricular septum at end-systole; MV = mitral 
valve; MAC = valve in calcified mitral annulus. FMR = functional mitral regurgitation. VIV = valve in valve. 
VIR = valve in ring.

Height (m)
Weight 
(Kg)

Body mass 
index (kg/m2)

MV area 
(mm2) Comorbidities

Case 1 1.70 64.0 22.1 444.2 CKD, COPD, CABG, calcified aortic/mitral annulus

Case 2 1.67 69.0 24.7 1260.0 AF, heart failure (DCM)

Case 3 1.63 73.5 27.7 355.6 MV and TV repair, CABG, PFO repair, PPM

Case 4 1.70 63.0 21.8 858.5 TAVI, IHD with PCI to RCA, PPM for complete heart block, CKD

Case 5 1.60 55.0 21.5 470.0 Tricuspid annuloplasty, minor coronary disease in LAD

Case 6 1.62 56.0 21.3 1060.0 CABG × 3, DM type 2, Hypercholesterolemia, HTN

Case 7 1.60 50.0 19.5 655.0 HTN, CKD Stage 3, AF

Table 2. Individual patient characteristics at baseline. CKD = chronic kidney disease. COPD = chronic 
obstructive pulmonary disease. CABG = coronary artery bypass grafting. NHL = Non-Hodgkin lymphoma. 
PFO = patent foramen ovale. PPM = permanent pacemaker. AF = atrial fibrillation. DCM = Dilated 
cardiomyopathy. IHD = ischaemic heart disease. PCI = percutaneous coronary intervention. TAVI =  
transcatheter aortic valve replacement. RCA = right coronary artery. AVR = aortic valve replacement. 
MVR = mitral valve replacement. MV = mitral valve. LAD = left ascending artery. DM = diabetes mellitus. 
HTN = hypertension.
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Imaging protocol. Multiphase contrast-enhanced computed tomography angiograms (CTA) were acquired 
in all patients using a Philips Brilliance iCT 256-slice MDCT scanner (Philips Healthcare, Best, The Netherlands). 
Intravenous metoprolol was used to achieve a heart rate of <65 beats/min (or <100 beats/min if in atrial fibril-
lation). Intravenous contrast (Omnipaque, GE Healthcare, Princeton, NJ, USA) was subsequently injected into 
the antecubital vein (5 ml/s for a total of 100 ml). Ascending aorta contrast triggered, retrospectively ECG-gated 
scanning with no dose modulation was performed in a single breath hold after 10–12 seconds with a heart 
rate-dependent pitch of 0.2–0.45, a gantry rotation time of 270 ms, a tube voltage of 100 or 120 kVp (depending 
on the patient’s body mass index) and a tube current of 125–300 mA (depending upon the thoracic circumfer-
ence). Transthoracic and transesophageal echocardiography data were also acquired. The direction and maxi-
mum magnitude of blood velocity across the valves was evaluated from Color Doppler data, which was also used 
to estimate mean and peak LVOT and transaortic pressure gradients. For all Doppler measurements, the average 
of three signals was taken. The mitral valve annulus was defined as the hinge points between the left atrium and 
mitral valve leaflets. The area of the annulus was measured as an average of three estimates on a 3D volume acqui-
sition of the left atrium and left ventricle in mid systole by multiplanar reformatted imaging.

Model personalisation. The valve dimensions, the angle between the MV and AV planes (α), the distance 
between the MV coaptation point and the interventricular septum (C-sept), and LV aspect ratio (AR = LLV/DLV) 
were measured as shown in Fig. 1A–C.

Although the valve dimensions in the models were informed from specific devices, our results can be applied 
to any stent-based valve design within these size ranges. This study aims at identifying the degree of obstruction 
that causes significant changes in hemodynamic function, and not at investigating the valve design itself: there-
fore we chose a simplistic representation of the bioprostheses, with a rigid cylinder of diameter D and height 
H, respectively equal to the inner diameter and frame height of the commercial valve under consideration for 
implantation (Fig. 1C). A tetrahedral volume mesh of the LV was created based on the blood pool obtained from 
the manual segmentation of the LV cavity from CTA data (Fig. 1D). The portion of the valve frame lying inside 
the LV (HLV) is given by:

= −H H H (1)LV LA

where HLA is the portion of the valve frame in the left atrium relative to the mitral sewing cuff (Fig. 1E). HLA 
was chosen to vary between 3 and 5 mm, resulting in a range of HLV tested for each patient, in agreement with 
surgical recommendations to prevent late atrial migration16,17. The outflow obstruction fraction (OF) was then 
calculated as the normal projection of the valve frame on the AV plane, divided by the total outflow area (blue and 
red area respectively in Fig. 1F). In each model, boundary conditions were personalised by extracting information 
on wall and blood velocity from imaging data (Fig. 1G). Specifically, the wall velocity is derived from the wall 
motion tracked using an algorithm based on the temporal-sparse free form deformation18 and the transvalvular 
blood velocities were obtained from Doppler ultrasound data at the valve planes19,20. The finite-element software 
CHeart, which has been extensively validated for cardiovascular simulations21, was used in all flow simulations to 
compute the blood pressure and velocity inside the LV (Fig. 1H–J).

Personalised CFD simulations. Different simulations were performed in each patient: first, the cardiac cycle 
was simulated in a model without implanted valve to provide baseline conditions, then additional simulations were 
performed using predictive models where a simplified valve of the same size of the commercial device under con-
sideration was embedded in the LV mesh with varying levels of HLA (Table 3). In each scenario, three consecutive 
cardiac cycles were simulated to minimise any artifacts from initial conditions. The study comprised a total of 32 
personalised simulations for 7 patients. The heterogeneity of this cohort allowed us to test the models under differ-
ent conditions. In Cases 1 to 5, the anatomical characteristics of the LV allowed HLV to be increased above the frame 
height H of the commercial device without interfering with the endocardium. These “virtual” scenarios, effectively 
corresponding to a negative HLA in Eq. 1, were tested to assess the impact of a longer channel on the blood flow 
dynamics and are marked with an asterisk in Table 3. In Case 7, which was not implanted due to interference of the 
bioprosthesis with the septal wall, valve heights smaller than the commercially available sizes were tested.

Anatomical and hemodynamics measurements. The pressure gradients in the LV were calculated at 
peak systole in each model. In addition to pressure calculations, a functional flow analysis was performed by 
splitting the blood flow into different components depending on the time spent inside the LV (Fig. 2B), with each 
component expressed as percentage of the end-diastolic volume22–24. The following hemodynamic parameters 
were tested:

 1. PG-AV (mmHg): gradient between the mean pressures within a sphere of radius 4 mm in the apical region 
and on the AV plane (Fig. 1I).

 2. PG-LVOT (mmHg): gradient between the mean pressures within a sphere of radius 1 mm placed 6 mm 
below the AV plane and on the AV plane (Fig. 1I).

 3. Direct flow (DF, %): percentage of blood entering and exiting the LV within the same cardiac cycle.
 4. Retained inflow (RI, %): percentage of blood that enters the LV during diastole and is not ejected in the 

following systole.
 5. Residual volume (RV, %): percentage of blood that spends more than two cycles in the LV before being 

ejected.
 6. RVU, RVL (%): residual volume of blood in the upper and lower LV respectively (Fig. 2A).
 7. R: ratio of DF over RV at peak systole (measure of systolic flow efficiency).
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In each patient, all hemodynamic parameters from the predictive models were normalised based on the cor-
responding value from the baseline model.

Statistical analysis. Descriptive statistics are presented as mean ± SD. A simple regression model was used 
to predict the variations of each normalised hemodynamic parameter with OF. Pair-wise comparisons between 
predictive and baseline models were performed using a Wilcoxon test and differences were considered significant 

Figure 1. Modeling workflow. (A–C) Imaging data processing to extract patient anatomy and valve size. (D–F) 
Image segmentation, device positioning, and LVOT obstruction calculation. (G) Imposition of image-derived 
boundary conditions and valve parameters for model personalisation. (H–J) Personalised flow simulations: 
blood streamlines colored by velocity magnitude (H) pressures isocontours (I) with measuring sites marked in 
red; flow component analysis to determine the blood residence time in the LV (J).

Device size (mm)
Atrial placement 
HLA (mm) OF (%)

Case 1 D26/H17 5; 3; 0; −5* 19.0; 40.3; 49.3; 62.6

Case 2 D29/H19 5; 0; −5* 0.0; 0.0; 0.0

Case 3 D26/H17 5; 3; 0; −3* 10.7; 23.2; 29.2; 39.3

Case 4 D27/H17 5; 3; 0; −3* 6.8; 27.4; 38.5; 67.0

Case 5 D27/H17 5; 3; 0; −3* 12.2; 34.6; 43.7; 51.0

Case 6 D27/H17 5; 3; 0 0.0; 0.0; 6.0

Case 7 D23/H10* 5; 3; 1; 0 30.1; 45.0; 51.9; 58.7

Table 3. Modelling characteristics. D/H = valve diameter/height. OF = obstruction fraction. *Indicates valve 
parameters that are different from commercially available sizes and/or routine positioning.
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for p < 0.05. A piecewise linear regression of the hemodynamic parameter on OF was also applied to the data to 
detect the change point (OFC, %) at which a change in the slope of the regression line occurred.

Model validation. The validation dataset (Case 6) included comprehensive imaging data acquired immedi-
ately before and after implantation, allowing us to create two independent models pre- and post-TMVR. When 
in its predictive capacity, the pre-TMVR model included a rigid cylinder with the same internal diameter, frame 
height and atrial positioning of the implanted valve, a 29-mm Medtronic Intrepid device. The mean and peak 
PG and obstruction fraction from this predictive model were validated against the values derived from both the 
post-TMVR imaging data and model (Table 4). A difference of 10%, 14%, and 8% between the imaging data and 
the predictive model are observed in the end-systolic values of the α angle, C-sept distance, and LV AR, respec-
tively. The same parameters measured in the predictive and post-TMVR validation model showed a difference 
of 5%, 3%, and 6%, respectively. A comparison of the Doppler-derived data and the predictive model showed 
differences of 26% and 15% in the mean and maximum PG-LVOT, respectively. Similarly, when the predictive and 
validation model were compared, the mean and maximum PG-LVOT differed by 3% and 13%, respectively. The 
maximum flow velocity at the AV plane derived from the Doppler data was 12% lower than the corresponding 
value in the predictive model and 4% lower than the that from the validation model. Both models showed a max-
imum OF between 6% and 7%, which was in agreement with the difference in the effective orifice area measured 
from CTA data pre- and post-TMVR (approximately 9%).

Results
Impact of TMVR on intraventricular pressure gradients. Simple linear regression was performed to 
predict the effect of LVOT obstruction on PG-AV and PG-LVOT (Fig. 3A,B).

The normalised peak systolic PG-AV increased monotonically with OF in Fig. 3A (r2 = 0.74, p < 0.05) com-
pared to the baseline values (normalised mean 1.18 ± 0.19, p = 0.002). Piecewise regression analysis identified a 

Figure 2. LV flow analysis. (A) Subdivision of the LV cavity into upper and lower LV based on the location of 
the cavity mid-point (dynamically calculated during the cardiac cycle). (B) Particle-tracking throughout the 
cardiac cycle, with flow components labeled according to the residency time in the LV.

Parameter
Imaging measurements 
(CTA, Doppler)

Predictive model 
(pre-TMVR data)

Validation model 
(post-TMVR data)

α angle (deg) 142 158 150

C-sept (mm) 3.1 3.6 3.7

LV AR 1.51 1.65 1.55

OF (%) 9 6.9 6.5

Mean PG LVOT (mmHg) 4 2.95 3.04

Max PG LVOT (mmHg) 5.76 6.8 5.94

Max AV velocity (m/s) 2.97 3.38 3.10

Table 4. Model validation. α = angle of the aorto-mitral junction at end systole. C-sept = distance between the 
mitral valve coaptation point and the intraventricular septum at end systole. LV AR = left ventricular aspect 
ratio at end systole. PG = intraventricular pressure gradients.
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critical value OFC = 35%, which corresponded to an increase in PG-AV of 21%. Specifically, the mean increase 
in PG-AV from the baseline was 5.7% for OF <35% and 30.1% for OF >35% (normalised mean 1.06 ± 0.07, 
p = 0.020 vs. 1.30 ± 0.19, p = 0.028). A polynomial fitting analysis showed that the value OFC = 35% identified a 
switch from a linear to an exponential growth of PG-AV with OF (r2 = 0.91).

Contrary to the trend identified for PG-AV, in Fig. 3B the peak systolic PG-LVOT post-TMVR decreased 
from the baseline value (r2 = 0.53, p < 0.05) over the range of OF tested (normalised mean 0.85 ± 0.15, p = 0.000). 
A mean decrease of 6.6% for OF <35% and 23.5% for OF >35% was observed (normalised mean 0.93 ± 0.06, 
p = 0.046 vs. 0.76 ± 0.17, p = 0.036).

Pressure isocontours from the baseline and predictive models for Case 1 typify the disrupting effect of the 
obstruction on the PG-LVOT (Fig. 3C,D). The corresponding streamlines of blood flow show the velocity increase 
induced by the artificial narrowing of the LVOT due to the prosthetic valve frame (Fig. 3E,F).

In Case 2 and 6, where no obstruction was observed due to anatomical features, both peak systolic PG-AV and 
PG-LVOT after implantation were close to the baseline values.

Impact of TMVR on blood flow components. Figure 4A shows that the DF component post-TMVR 
decreased on average by 13.9% from the baseline value in the range of OF tested (normalised mean 0.86 ± 0.13, 
p = 0.000). The RV and RI components post-TMVR increased on average by 35.6% and 10.3% respectively from 
the corresponding baseline values (normalised means 1.36 ± 0.50 and 1.10 ± 0.14, p < 0.005) (Fig. 4B,C).

For all flow components a change point was identified for OF values of approximately 29–30%. Above this 
OFC the slope of the regression line increased significantly by 46.8% and 37.5% for RV and RI when respectively 
compared to the corresponding slope of the overall linear regression, while a moderate increase of 3.5% was 
reported for DF. For OF <30% the mean increase from the baseline in the RV component was 4.4%, but this 
value raised significantly to 57.5% for OF >30% (normalised mean 1.04 ± 0.14 and 1.57 ± 0.56, p < 0.01). Mean 
increases from the baseline of 8.9% for OF <30% and of 14.1% for OF >30% were recorded for the RI component 
(normalised mean 1.09 ± 0.11, p = 0.0124 vs. 1.14 ± 0.15, p = 0.0009).

Overall the R ratio in the post-TMVR models decreased from the baseline by 36.7% with increasing OF 
(normalised mean 0.63 ± 0.22, p < 0.0001) (Fig. 4D). Piecewise regression identified an OFC = 34%, which corre-
sponded to a decrease of 31%. The mean decrease was 17.4% for OF <34% and 46.2% for OF >34% (normalised 
mean 0.83 ± 0.15 vs. 0.54 ± 0.18, p < 0.0001).

The post-TMVR RVU component increased on averaged by 27.1% from the baseline in the range of obstruc-
tions tested (normalised mean 1.27 ± 0.43, p = 0.0014), while RVL component did not show any statistically sig-
nificant variation (Fig. 5A). A comparison of the RV particle distribution in the baseline and predictive model 
for Case 1 showed a marked accumulation of RV particles between the septal wall and the valve frame and inside 
the valve frame in the predictive model, while a similar distribution was observed in the lower LV of both models 
(Fig. 5B,C).

Discussion
Our results show that an LVOT obstruction greater than 35% is associated with deleterious effects on ventricular 
hemodynamics following TMVR, including a significant increase in ventricular afterload and in the blood vol-
ume residing inside the ventricle for more than two cycles.

Previous studies on LVOT obstruction found that a 24% reduction in the AV indexed effective orifice area 
(EOA) resulted in a 33% increase in transaortic pressure gradients, which increased exponentially with EOA 
decreasing below a threshold value25,26. An acute afterload increase of 30% was also associated with sudden death 
and profound functional and anatomical changes in 7 closed-chest porcine models27. Our results consistently 
show an exponential increase in afterload for LVOT area reductions greater than 35%, with a mean increment in 
the peak systolic pressure gradient of 30.1% in the upper range of obstruction tested (Fig. 3A). Since our predic-
tive and baseline models are both based on the same wall motion (i.e. volume change) and systolic duration, in 
the presence of LVOT obstruction the systolic pressure gradient must increase to achieve the same cardiac output 
in the same length of time. If persistent, this compensatory mechanism can introduce adverse ventricular remod-
elling leading to progressive heart failure. In particular, increases in systolic pressure gradients and afterload can 
trigger adverse hypertrophic remodelling. In turn, a hypertrophic septum bulging into the ventricular cavity 
can exacerbate LVOT obstruction and further increase the afterload, causing a negative feedback mechanism. 
However follow-up studies are needed to identify the level of LVOT obstruction that promotes transition from an 
adaptive to a maladaptive ventricular remodeling.

Outflow obstruction also resulted in a localised decrease in the systolic pressure gradient in the LVOT that 
was not present in the baseline models, where the pressure changes occurred gradually in space (Fig. 3D). The 
predictive models showed that the narrowing due to the valve frame caused a local increase in the blood flow 
velocity, thereby generating a sharp pressure decrease in the bottleneck region as postulated by the Bernoulli 
principle (Fig. 3C,E). The magnitude of this pressure recovery depends on the amount of energy dissipated in the 
blood as it flows through the bottleneck, which in turn is affected by the neo-LVOT shape and the blood velocity. 
This spatial variation of the pressure gradient can represent a confounding factor in the LVOT assessment using 
Doppler measurements28.

The afterload increase necessary to maintain the cardiac output also affects the blood residence time in the LV: 
the degree of LVOT obstruction that triggered hemodynamic deterioration was consistent across blood residence 
times and pressure gradients estimates at 30–34% and 35% respectively. The blood residence time increased 
for all models following implant due to a shift from cardiac output being predominantly driven by the direct 
flow component to increasingly being a result of retained inflow and residual volume from earlier cycles being 
ejected. A significant increase of 57.5% in the RV component was observed in the higher OF range, indicating 
a deterioration of systolic flow efficiency that is proportional to the degree of LVOT obstruction. This finding is 
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in agreement with results from previous in-vitro models, which showed blood accumulation sites near the valve 
structure and between the valve frame and the myocardium, creating potential sites for thrombus formation29. 
Such a conclusion is also supported by our finding of an increase in the number of RVU particles post-TMVR, 
which was not accompanied by a consistent decrease in the number of RVL particles. In the predictive models, 
these extra RVU particles accumulate in the sites between the myocardial wall and the valve or inside the valve 

Figure 3. Pressure gradients and flow topology. Apex-to-AV pressure gradients increased from the baseline 
values after implantation, with a significant change in the growth rate for OF >35% (A). The pressure gradients 
in the LVOT (B) decreased with increasing OF, due to a pressure recovery distal to the bottleneck, as typified by 
the pressure isocontours in Case 1 (C,D). The blood flow streamlines colored by velocity magnitude illustrate 
the corresponding variation in flow speed after and before implantation (E,F).
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frame itself (Fig. 5C), while no significant difference is observed between the baseline and TMVR groups in the 
accumulation site of the lower LV, i.e. the apical region.

The goal of this study was to quantify the level of LVOT obstruction that is likely to impair ventricular hemod-
ynamics. In this context, the heterogeneity of our cohort in terms of baseline characteristics and type of implanted 
device does not subtract from our main finding. Simulation results are only dependent on the aspect ratio of the 
device (H/D) and do not account for specific manufacturing characteristics. This approximation allows the mod-
els to be consistent across implants and thus does not limit the generalisability of the results. The simplified valve 
represents the bulk of frame and leaflets without distinguishing between each structure: while such representation 
is an approximation of the real system, this is what eventually causes obstruction in the LVOT, whose prediction 
is the main goal of the study. However, further modelling work on a larger number of patients will be necessary 
to investigate how anatomical parameters such as the size of the LV cavity may affect the threshold OF for hae-
modynamics deterioration, since LVOT obstruction can impact the behaviour of the LV differently in small ven-
tricular cavities. Similarly, future modelling studies with more realistic shapes of implanted device should also be 
performed to analyse the effect of the bioprosthesis geometry on ventricular haemodynamics. This will be highly 
relevant to the topic of LVOT obstruction, as new dedicated D-shaped MV bioprostheses that are able to mimic 
the original shape of the mitral annulus, and thus avoid high transvalvular gradients by maximising the inflow 
area, are also likely to protrude into the LVOT causing obstruction due to their large size. While smaller devices 
like the AV bioprostheses deployed in the mitral position may circumvent this risk, they are also prone to stability 
issues and patient-prosthesis mismatch, underscoring the need for robust means to match device model and size 
to the individual patient’s pathophysiology.

Finally, the ventricular geometry in our models did not include trabeculations, chordae and papillary muscles 
and thus the respective effects on the blood flow could not be investigated. However, the tracked wall motion 
from the CTA data incorporates the effects of these structures on the global and segmental wall motion, as well as 
those due to wall thickness, potential prior myocardial infarction or any other contraction defect, which would 
also result in an alteration of the motion pattern derived from the imaging data. Similarly, as direct in-vivo meas-
urement of pressure were not available, we used experimentally measured velocity profiles at the valve planes 
that account for both preload, afterload, and potential altered blood flow dynamics such as aortic stenosis or 
concomitant mixed valve disease. While the present study only provides a proof of concept of the potential of this 
modelling approach, the impact of contraction patterns, ventricular loading, and geometries of the subvalvular 
apparatus on LV function post-TMVR can be investigated in further work using this methodology by modelling 
a cohort of patients of sufficient sample size to represent significant variations in all these factors.

Figure 4. Blood flow components normalised by the baseline values vs. OF. (A) Decrease in the DF component 
(A) and a simultaneous increase in the RI and RV components (B,C) is observed with increasing obstruction, 
leading to a decrease in the R ratio (D). Piecewise regression analysis identified a significant change in trend at 
OF = 30% for RV and RI, and at OF = 34% for the R ratio. The particle analysis was performed in all patients 
except Case 6 due to stability issues in the particle-tracking algorithm.



www.nature.com/scientificreports/

9SCIEnTIfIC RepoRtS |  (2018) 8:15540  | DOI:10.1038/s41598-018-33836-7

Conclusion
By combining imaging and computer modeling we have provided a tool to predict LVOT obstruction post-TMVR 
and to quantify the impact of varying degrees of obstruction on ventricular afterload and blood residence times, 
providing a link between anatomical and hemodynamics parameters. This approach overcomes some of the lim-
itations of current methods for LVOT obstruction predictions, which largely rely on anecdotal experience and 
standard anatomical evaluation. The goal of our modelling technique is to create impact on patient care and 
procedural skills by informing the device choice and placement to lower the possibility of reinterventions. This 
is particularly relevant in TMVR, where reintervention is associated with high morbidity and mortality rates. 
Despite the small size and heterogeneity of the cohort analysed, these results show a clear correlation between the 
degree of LVOT obstruction and changes in ventricular afterload and blood residence times following TMVR. A 
LVOT obstruction between 30% and 35% has been identified as a threshold for hemodynamic deterioration, pro-
viding a quantitative criterion for intervention that has been lacking so far. The next step for an effective clinical 
translation of this technology will be to apply it to a large number of patients to generate detailed response maps, 
which could be used in the future to design and test new devices.

Figure 5. Residual particle distribution in the LV. (A) The RV component increases with obstruction in the 
upper LV, while no significant difference is observed in the lower LV after implantation. (B,C) A snapshot in late 
diastole in Case 1 in the baseline and predictive model (OF = 49.3%) shows a clear accumulation site near the 
implanted valve in the upper LV.
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Data Availability
According to UK research councils’ Common Principles on Data Policy, all data supporting this study will be 
openly available at https://doi.org/10.18742/RDM01-408.

References
 1. Regueiro, A., Granada, J. F., Dagenais, F. & Rodes-Cabau, J. Transcatheter Mitral Valve Replacement: Insights From Early Clinical 

Experience and Future Challenges. J. Am. Coll. Cardiol. 69, 2175–2192 (2017).
 2. Gurvitch, R. et al. Transcatheter valve-in-valve implantation for failed surgical bioprosthetic valves. J. Am. Coll. Cardiol. 58, 

2196–209 (2011).
 3. Bapat, V., Lim, Z. Y., Boix, R. & Pirone, F. The Edwards Fortis transcatheter mitral valve implantation system. EuroIntervention 14, 

W73–W75 (2015).
 4. Guerrero, M. et al. Transcatheter Mitral Valve Replacement in Native Mitral Valve Disease With Severe Mitral Annular Calcification. 

JACC Cardiovasc. Interv. 9, 1361–1371 (2016).
 5. Okamoto, K. et al. Left Ventricular Outflow Obstruction After Mitral Valve Replacement Preserving Native Anterior Leaflet. Ann. 

Thorac. Surg. 82, 735–737 (2006).
 6. Bapat, V., Pirone, F., Kapetanakis, S., Rajani, R. & Niederer, S. Factors influencing left ventricular outflow tract obstruction following 

a mitral valve-in-valve or valve-in-ring procedure, part 1. Catheter. Cardiovasc. Interv. 86, 747–760 (2015).
 7. Blanke, P. et al. Predicting LVOT Obstruction in Transcatheter Mitral Valve Implantation: Concept of the Neo-LVOT. JACC. 

Cardiovasc. Imaging 10, 482–485 (2017).
 8. Haider, A. W., Larson, M. G., Benjamin, E. J. & Levy, D. Increased left ventricular mass and hypertrophy are associated with 

increased risk for sudden death. J. Am. Coll. Cardiol. 32, 1454–9 (1998).
 9. Laplace, G. et al. Clinical significance of early thrombosis after prosthetic mitral valve replacement: A postoperative monocentric 

study of 680 patients. J. Am. Coll. Cardiol. 43, 1283–1290 (2004).
 10. Roudaut, R., Serri, K. & Lafitte, S. Thrombosis of prosthetic heart valves: diagnosis and therapeutic considerations. Heart 93, 

137–142 (2007).
 11. Delemarre, B. J., Visser, C. A., Bot, H. & Dunning, A. J. Prediction of apical thrombus formation in acute myocardial infarction 

based on left ventricular spatial flow pattern. J. Am. Coll. Cardiol. 15, 355–60 (1990).
 12. Leipsic, J., Bax, J. J., Webb, J. G., Martin, R. & Blanke, P. Trials Testing the Value of Imaging Use in Valve Disease and in Transcatheter 

Valvular Interventions. JACC Cardiovasc. Imaging 10, 286–295 (2017).
 13. Rajani, R. et al. Multidetector computed tomography sizing of bioprosthetic valves: guidelines for measurement and implications for 

valve-in-valve therapies. Clin. Radiol. 71, e41–e48 (2016).
 14. Blanke, P. et al. Mitral Annular Evaluation With CT in the Context of Transcatheter Mitral Valve Replacement. JACC. Cardiovasc. 

Imaging 8, 612–5 (2015).
 15. Blanke, P. et al. Multimodality Imaging in the Context of Transcatheter Mitral Valve Replacement: Establishing Consensus Among 

Modalities and Disciplines. JACC. Cardiovasc. Imaging 8, 1191–208 (2015).
 16. Bapat, V. V. N., Khaliel, F. & Ihleberg, L. Delayed migration of Sapien valve following a transcatheter mitral valve-in-valve 

implantation. Catheter. Cardiovasc. Interv. 83, E150–4 (2014).
 17. Cheung, A. et al. 5-year experience with transcatheter transapical mitral valve-in-valve implantation for bioprosthetic valve 

dysfunction. J. Am. Coll. Cardiol. 61, 1759–66 (2013).
 18. Shi, W. et al. Temporal sparse free-form deformations. Med. Image Anal. 17, 779–789 (2013).
 19. de Vecchi, A. et al. Towards a fast and efficient approach for modelling the patient-specific ventricular haemodynamics. Prog. 

Biophys. Mol. Biol. 116, 3–10 (2014).
 20. de Vecchi, A. et al. A novel methodology for personalized simulations of ventricular hemodynamics from noninvasive imaging data. 

Comput. Med. Imaging Graph. 51, 20–31 (2016).
 21. Lee, J. et al. Multiphysics computational modeling in CHeart. SIAM J. Sci. Comput. 38, C150–78 (2016).
 22. Eriksson, J., Bolger, A. F., Ebbers, T. & Carlhall, C.-J. Four-dimensional blood flow-specific markers of LV dysfunction in dilated 

cardiomyopathy. Eur. Hear. J. - Cardiovasc. Imaging 14, 417–424 (2012).
 23. Carlhäll, C. J. & Bolger, A. Passing strange: flow in the failing ventricle. Circ. Heart Fail. 3, 326–31 (2010).
 24. Bolger, A. et al. Transit of Blood Flow Through the Human Left Ventricle Mapped by Cardiovascular Magnetic Resonance. J. 

Cardiovasc. Magn. Reson. 9, 741–747 (2007).
 25. Pibarot, P. & Dumesnil, J. G. Hemodynamic and clinical impact of prosthesis-patient mismatch in the aortic valve position and its 

prevention. J. Am. Coll. Cardiol. 36, 1131–1141 (2000).
 26. Dumesnil, J. G. & Yoganathan, A. P. Valve prosthesis hemodynamics and the problem of high transprosthetic pressure gradients. 

Eur. J. Cardio-Thoracic Surg. 6 Suppl 1, S34–7; discussion S38 (1992).
 27. Jakus, N. et al. Acute cardiac remodeling in short term acute afterload increase - the effect of pericardial constraint. Eur. Heart J. 34, 

P1109–P1109 (2013).
 28. Garcia, D., Pibarot, P., Dumesnil, J. G., Sakr, F. & Durand, L. G. Assessment of aortic valve stenosis severity: a new index based on 

the energy loss concept. Circulation 101, 765–71 (2000).
 29. Chandran, K. B., Schoephoerster, R. & Dellsperger, K. C. Effect of prosthetic mitral valve geometry and orientation on flow dynamics 

in a model human left ventricle. J. Biomech. 22, 51–65 (1989).

Acknowledgements
This work was supported by the EPSRC grant (EP/M012492/1) and by the Wellcome EPSRC Centre for Medical 
Engineering at King’s College London (WT 203148/Z/16/Z) and the NIHR Biomedical Research Centre at Guy’s 
and St. Thomas’ NHS Foundation Trust and KCL. The views expressed are those of the authors and not necessarily 
those of the NHS, the NIHR, or the DoH.

Author Contributions
A.D.V. designed the study, generated the computer models, performed the simulations, interpreted the data 
and drafted the manuscript. D.N. provided support with the CHeart software and with the analysis of the 
simulation data. R.R., I.N. and V.B. acquired the imaging data for the models. S.N. helped with revision and data 
interpretation, along with R.R., I.N. and J.L. and V.B. Finally, D.M. performed the particle-tracking analysis and 
revised the manuscript. All authors read and approved the manuscript.

http://dx.doi.org/10.18742/RDM01-408


www.nature.com/scientificreports/

1 1SCIEnTIfIC RepoRtS |  (2018) 8:15540  | DOI:10.1038/s41598-018-33836-7

Additional Information
Competing Interests: Dr. Leipsic and Mr. Bapat are consultants to Edwards. Lifesciences; Mr. Bapat is also a 
consultant to Medtronics. All other authors have no financial or non-financial interests relevant to the content 
of this paper to disclose.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://creativecommons.org/licenses/by/4.0/

	Left ventricular outflow obstruction predicts increase in systolic pressure gradients and blood residence time after transc ...
	Methods
	Patient data. 
	Imaging protocol. 
	Model personalisation. 
	Personalised CFD simulations. 
	Anatomical and hemodynamics measurements. 
	Statistical analysis. 
	Model validation. 

	Results
	Impact of TMVR on intraventricular pressure gradients. 
	Impact of TMVR on blood flow components. 

	Discussion
	Conclusion
	Acknowledgements
	Figure 1 Modeling workflow.
	Figure 2 LV flow analysis.
	Figure 3 Pressure gradients and flow topology.
	Figure 4 Blood flow components normalised by the baseline values vs.
	Figure 5 Residual particle distribution in the LV.
	Table 1 Baseline patient characteristics.
	Table 2 Individual patient characteristics at baseline.
	Table 3 Modelling characteristics.
	Table 4 Model validation.




