
APPENDIX C:  COMPUTATIONAL DETAILS  C-1 

MITRAL VALVE MECHANICS   by Neil B. Ingels, Jr. and Matts Karlsson 

APPENDIX C: COMPUTATIONAL DETAILS 
 
BEST-FIT ANTERIOR LEAFLET AND ANNULAR PLANE CLAMP 
• ECG, LVP, AoP, and marker x, y, z coordinate data were loaded into a MATLAB 

program from the pairs of files (such as nac03r04.1ec and nac03r04.1ic). 
• Marker coordinates were indexed as x(𝑓𝑓, 𝑚𝑚), y(𝑓𝑓, 𝑚𝑚), and z(𝑓𝑓, 𝑚𝑚), where frame 𝑓𝑓 =

1,2, … is the sampling instant (the same as the datafile row numbers at the sampling 
rate of 60 frames/second) and marker numbers 𝑚𝑚 = 1,2, … are as identified as in 
Figures 1.1 and 1.2. 

• A right-hand orthogonal coordinate reference system was defined with the positive 
x-axis pointing to the right on the page, positive y-axis pointing into the page, and 
positive z-axis pointing up. 

• All marker x, y, z data were then rotated such that the x-coordinate of the leaflet 
edge marker#18 was always positive in this coordinate system for all frames. 

 
• For each frame, 𝑓𝑓, a best-fit leaflet plane of the form 

 
𝐿𝐿(1) ∗ 𝑥𝑥 + 𝐿𝐿(2) ∗ 𝑦𝑦 + 𝐿𝐿(3) = 𝑧𝑧  

was then found from 
 
𝐿𝐿 = (𝑀𝑀′𝑀𝑀)−1(𝑀𝑀′𝐹𝐹), 
 
where 
 

𝑀𝑀 = �

𝑥𝑥(𝑓𝑓, 15) 𝑦𝑦(𝑓𝑓, 15) 1
𝑥𝑥(𝑓𝑓, 21) 𝑦𝑦(𝑓𝑓, 21) 1

⋮ ⋮ ⋮
𝑥𝑥(𝑓𝑓, 53) 𝑦𝑦(𝑓𝑓, 53) 1

� , 

  
(i.e., using all the anterior leaflet markers #15, 21-24,29,30,38-53 shown in Figure 1.2),  
 
and 
 

𝐹𝐹 = �

𝑧𝑧(𝑓𝑓, 15)
𝑧𝑧(𝑓𝑓, 21)

⋮
𝑧𝑧(𝑓𝑓, 53)

�  . 

 
The coordinates xp, yp, zp, of the projection of each heart marker, m , for this frame, f ,  

on this plane was then found as 
 
𝑥𝑥𝑥𝑥(𝑓𝑓, 𝑚𝑚) = 𝑥𝑥(𝑓𝑓, 𝑚𝑚) + 𝐿𝐿(1) ∗ 𝐾𝐾 , 
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𝑦𝑦𝑥𝑥(𝑓𝑓, 𝑚𝑚) = 𝑦𝑦(𝑓𝑓, 𝑚𝑚) + 𝐿𝐿(2) ∗ 𝐾𝐾 ,  
 
and 
 
𝑧𝑧𝑥𝑥(𝑓𝑓, 𝑚𝑚) = 𝑧𝑧(𝑓𝑓, 𝑚𝑚) − 𝐾𝐾 ,  
 
where 
 

𝐾𝐾 = −𝐿𝐿(3)−𝐿𝐿(1)∗𝑥𝑥(𝑓𝑓,𝑚𝑚)−𝐿𝐿(2)∗𝑦𝑦(𝑓𝑓,𝑚𝑚)+𝑧𝑧(𝑓𝑓,𝑚𝑚)
L(1)2+L(2)2+1

 . 
 
• The coordinates of all heart markers were then translated to locate xp(𝑓𝑓, 22), yp(𝑓𝑓, 

22), and zp(𝑓𝑓, 22) at the reference system origin (0,0,0) in each frame, yielding the 
un-projected coordinates xt(𝑓𝑓, 𝑚𝑚), yt(𝑓𝑓, 𝑚𝑚), and zt(𝑓𝑓, 𝑚𝑚), and projected coordinates 
xpt(𝑓𝑓, 𝑚𝑚), ypt(𝑓𝑓, 𝑚𝑚), and zpt(𝑓𝑓, 𝑚𝑚). 

• A rotation r1 was then performed around the z-axis to place the projected 
coordinates of marker #38 into the x-z plane for each frame, yielding un-projected 
coordinates xtr1 (𝑓𝑓, 𝑚𝑚), ytr1 (𝑓𝑓, 𝑚𝑚), and ztr1 (𝑓𝑓, 𝑚𝑚), and projected coordinates 
xptr1 (𝑓𝑓, 𝑚𝑚), yptr1(𝑓𝑓, 𝑚𝑚), and zptr1(𝑓𝑓, 𝑚𝑚). 

• A second rotation r2 was then performed around the y-axis to place the projected 
coordinates of marker #38 onto the x-axis for each frame, yielding un-projected 
coordinates xtr1r2 (𝑓𝑓, 𝑚𝑚), ytr1r2 (𝑓𝑓, 𝑚𝑚), and ztr1r2 (𝑓𝑓, 𝑚𝑚), and projected 
coordinates xptr1r2 (𝑓𝑓, 𝑚𝑚), yptr1r2(𝑓𝑓, 𝑚𝑚), and zptr1r2(𝑓𝑓, 𝑚𝑚). 

• A final rotation r3 was then performed around the x-axis to place marker #29 into 
the x-y plane for each frame, yielding un-projected coordinates xtr1r2r3 (𝑓𝑓, 𝑚𝑚), 
ytr1r2r3 (𝑓𝑓, 𝑚𝑚), and ztr1r2r3 (𝑓𝑓, 𝑚𝑚), and projected coordinates xptr1r2r3 (𝑓𝑓, 𝑚𝑚), 
yptr1r2r3(𝑓𝑓, 𝑚𝑚), and zptr1r2r3(𝑓𝑓, 𝑚𝑚), these latter projected points all now clamped 
into the x-y plane for each frame, resulting in a “LEAFLET CLAMP”. 

 
This same procedure was followed to find the best-fit plane to the mitral annular 

markers shown in Figure 1.1 (i.e., Markers #15-30) and clamp this plane to the x-y axis, 
resulting in an “ANNULAR CLAMP”.  
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LEFT VENTRICULAR VOLUME AND FLOW 
 
The volume, VOL, contained within a tetrahedron with vertices, P1 (x1, y1, z1) ,             

P2 (x2,y2,z2) , P3 (x3,y3,z3), and P4 (x4,y4,z4), is 
 

𝑉𝑉𝑉𝑉𝐿𝐿 = 1
6

𝐴𝐴𝐴𝐴𝐴𝐴 �

𝑥𝑥1 𝑦𝑦1 𝑧𝑧1
𝑥𝑥2 𝑦𝑦2 𝑧𝑧1
𝑥𝑥3 𝑦𝑦3 𝑧𝑧3
𝑥𝑥4 𝑦𝑦4 𝑧𝑧4

�. 

 
Left ventricular volume, LVV(𝑓𝑓), for every frame, (𝑓𝑓), was computed as the sum of the 
VOL’s of 20 LV-space-filling tetrahedra, (T1, T2, …, T20), with vertices (P1, P2, P3, P4) at 
the coordinates of the markers M#nn (as shown in Figures 1.1 and 1.2) during that frame: 
 
TETRAHEDRON P1 P2 P3 P4 

T1 M#01 M#02 M#05 M#08 
T2 M#01 M#02 M#08 M#11 
T3 M#03 M#05 M#02 M#08 
T4 M#03 M#05 M#08 M#06 
T5 M#03 M#06 M#08 M#09 
T6 M#03 M#02 M#08 M#11 
T7 M#08 M#03 M#11 M#12 
T8 M#08 M#03 M#09 M#12 
T9 M#03 M#04 M#09 M#06 

T10 M#04 M#06 M#09 M#07 
T11 M#04 M#07 M#09 M#10 
T12 M#03 M#04 M#09 M#12 
T13 M#04 M#09 M#12 M#13 
T14 M#04 M#09 M#10 M#13 
T15 M#04 M#16 M#10 M#07 
T16 M#07 M#10 M#16 M#22 
T17 M#10 M#16 M#22 M#20 
T18 M#10 M#13 M#16 M#04 
T19 M#10 M#13 M#18 M#16 
T20 M#10 M#16 M#18 M#20 

 
Using magnetic flowmeters, we have previously determined1 that, while this LVV 
significantly overestimates chamber volume, because it yields the sum of LV myocardial 
volume and blood volume, the change in LVV  is a reliable indicator of blood flow into and 
out of the LV chamber. 
 

FLOW (ml/sec), at the time of each frame, f, was then found as 
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𝐹𝐹𝐿𝐿𝑉𝑉𝐹𝐹(𝑓𝑓) = 30 ∗ (𝐿𝐿𝑉𝑉𝑉𝑉(𝑓𝑓 + 1) − 𝐿𝐿𝑉𝑉𝑉𝑉(𝑓𝑓 − 1)). 
 

This flow equation is used is because, unlike a simple change in volume from adjacent 
frames, which yields the flow at the midpoint in time between these frames, this estimates 
the flow at the instant of each frame by averaging the flows calculated from the volume 
changes during the intervals immediately before and immediately after that frame. 
 
 
VECTOR LENGTHS AND ANGLES 

 
Given three points, P1 (x1, y1, z1), P2 (x2, y2, z2), and P3 (x3, y3, z3), defined by any three 
markers, construct row vectors 
 

𝑉𝑉21 = (𝑥𝑥1 − 𝑥𝑥2, 𝑦𝑦1 − 𝑦𝑦2, 𝑧𝑧1 − 𝑧𝑧2), 
 
and 
 
𝑉𝑉23 = (𝑥𝑥3 − 𝑥𝑥2, 𝑦𝑦3 − 𝑦𝑦2, 𝑧𝑧3 − 𝑧𝑧2). 
 
The distance from P1 to P2 is 
 
𝐷𝐷21 = √𝑉𝑉21 ∙ 𝑉𝑉21′, 
 
the distance from P2 to P3 is 
 
𝐷𝐷23 = √𝑉𝑉23 ∙ 𝑉𝑉23′, 
 
and the angle ∠P1P2P3 is 
 
∠P1P2P3 = COS−1((V21 ∙ V23′)/(D21 ∗ D23)). 
 

With the best-fit leaflet plane clamped to the x-y plane, the ROLL, PITCH, and YAW of the LV 
long axis (from Marker#22 to Marker#01) with respect to this plane are found from 
 

𝑅𝑅𝑉𝑉𝐿𝐿𝐿𝐿 = 𝑇𝑇𝐴𝐴𝑇𝑇−1(𝑧𝑧𝑧𝑧𝑧𝑧1𝑧𝑧2𝑧𝑧3/𝑥𝑥𝑧𝑧𝑧𝑧1𝑧𝑧2𝑧𝑧3), 
 
𝑃𝑃𝑃𝑃𝑇𝑇𝑃𝑃𝑃𝑃 = 𝑇𝑇𝐴𝐴𝑇𝑇−1(𝑧𝑧𝑧𝑧𝑧𝑧1𝑧𝑧2𝑧𝑧3/𝑦𝑦𝑧𝑧𝑧𝑧1𝑧𝑧2𝑧𝑧3), 
 
and 
 
𝑌𝑌𝐴𝐴𝐹𝐹 = 𝑇𝑇𝐴𝐴𝑇𝑇−1(𝑦𝑦𝑧𝑧𝑧𝑧1𝑧𝑧2𝑧𝑧3/𝑥𝑥𝑧𝑧𝑧𝑧1𝑧𝑧2𝑧𝑧3). 
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RADIUS OF CURVATURE 

 
Given 3 non co-linear points, P1 (x1,y1) , P2 (x2,y2), and P3 (x3,y3) in a plane, the radius, 
ROC, of the circle containing these points is centered at X0 and Y0, where  

𝑋𝑋0 = ((x12+y12)−(x22+y22))(y2−y3)−((x22+y22)−(x32+y32))(y1−y2)
2((x1−x2)(y2−y3)−(y1−y2)(x2−x3))

, 

   

𝑌𝑌0 = ((x12+y12)−(x22+y22))(x2−x3)−((x22+y22)−(x32+y32))(x1−x2)
2((y1−y2)(x2−x3)−(x1−x2)(y2−y3))

, and 

 
𝑅𝑅𝑉𝑉𝑃𝑃 = �(𝑥𝑥1 − 𝑋𝑋0)2 + (𝑦𝑦1 − 𝑌𝑌0)2. 

By definition 
 

𝑃𝑃𝐶𝐶𝑅𝑅𝑉𝑉𝐴𝐴𝑇𝑇𝐶𝐶𝑅𝑅𝐶𝐶 ≡ 𝑅𝑅𝑉𝑉𝑃𝑃−1. 
 

In this study, with the best-fit leaflet plane clamped to the x-y plane as previously 
described, then  

• For RADIAL leaflet curvature, the generic x-axis above is defined to be the leaflet x-
axis, and the generic y-axis above is defined to be the leaflet z-axis. 

• For CIRCUMFERENTIAL leaflet curvature, the generic x-axis above is defined to be 
the leaflet y-axis, and the generic y-axis above is defined to be the leaflet z-axis. 

Under these constraints, if the generic (y2-Y0) > 0, then CURVATURE is positive (i.e., 
concave to the LV), otherwise CURVATURE is negative (i.e., convex to the LV). 
 
 
LEAFLET SURFACE AREA 
 
Leaflet surface area for each frame is obtained from the coordinates of the leaflet markers 
for that frame, using a MATLAB algorithm developed by Richard Brown and published on 
the Web1. We discovered an error in this code, conveyed the correction to Dr. Brown, and 
the corrected code is now available on the web, as below. Basically, this algorithm fits a 
surface to all the anterior leaflet markers shown in Figure 1.2, tiles this surface with a fine 
mesh of rectangular elements with dimensions dx by dy, computes the area of each element 
as dx*dy, then sums all these areas to arrive at the total surface area.  
   

In MATLAB, this algorithm is 
 
%Calculate the area of the anterior leaflet 
for frame=1:totalframes; 
xxx(frame,:)=[xtr1r2r3(frame,15) xtr1r2r3(frame,21:24) 

xtr1r2r3(frame,29:30) xtr1r2r3(frame,38:53)]; 

                                                            
1 http://www.mathworks.co.uk/matlabcentral/answers/35501 
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yyy(frame,:)=[ytr1r2r3(frame,15) ytr1r2r3(frame,21:24) 
ytr1r2r3(frame,29:30) ytr1r2r3(frame,38:53)]; 

zzz(frame,:)=[ztr1r2r3(frame,15) ztr1r2r3(frame,21:24) 
ztr1r2r3(frame,29:30) ztr1r2r3(frame,38:53)]; 

end 
xxxmin=min(min(xxx(:,:)));xxxmax=max(max(xxx(:,:)));xxxminmax=xxxmax-

xxxmin; 
yyymin=min(min(yyy(:,:)));yyymax=max(max(yyy(:,:)));yyyminmax=yyymax-

yyymin; 
finescale=500; 
dx=xxxminmax/finescale;% x-axis calibration 
dy=yyyminmax/finescale;% y-axis calibration 
  
for frame=1:totalframes; 
xxxlin = linspace(xxxmin,xxxmax,finescale); 
yyylin = linspace(yyymin,yyymax,finescale); 
[XXX,YYY] = meshgrid(xxxlin,yyylin); 
ZZZ = griddata(xxx(frame,:),yyy(frame,:),zzz(frame,:),XXX,YYY,'cubic'); 
[m, n] = size(ZZZ);        
areas = 0.5*sqrt((dx*dy)^2 + (dx*(ZZZ(1:m-1,2:n) - ZZZ(1:m-1,1:n-1))).^2 + 

... (dy*(ZZZ(2:m,1:n-1) - ZZZ(1:m-1,1:n-1))).^2) + ...  
0.5*sqrt((dx*dy)^2 + (dx*(ZZZ(1:m-1,2:n) - ZZZ(2:m,2:n))).^2 + ...  
(dy*(ZZZ(2:m,1:n-1) - ZZZ(2:m,2:n))).^2); 
surfacearea(frame) = nansum(areas(:)); 
end 

1 Comment 
Richard Brown about 22 hours ago 
Link  
Flag 

I've just had it pointed out to me that there is a small mistake in this code. Assuming that x corresponds to columns, 
and y to rows, then the first two lines (but not the second two lines) of the areas calculation 
hasdx and dy backwards. I've fixed it in my original answer below. 
Corrected code as of 7/15/2013 is 
 
[m, n] = size(Z); 

areas = 0.5*sqrt((dx*dy)^2 + (dy*(Z(1:m-1,2:n) - Z(1:m-1,1:n-1))).^2 + ... 

  (dx*(Z(2:m,1:n-1 - Z(1:m-1,1:n-1)))).^2) + ... 

  0.5*sqrt((dx*dy)^2 + (dx*(Z(1:m-1,2:n) - Z(2:m,2:n))).^2 + ... 

  (dy*(Z(2:m,1:n-1) - Z(2:m,2:n))).^2) 

surfaceArea = sum(areas(:)) 

edit: Jul 15, 2013 There was a mistake, and dx and dy were backwards in the first two lines of the code. The code 
has been corrected now. 
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