





Figure 4.2: Time dependent flow and pressure signals comparison within ABG circulation under
(@) low PVR and (b) high PVR for different nozzle to shunt diameter ratios (). Values for =
0.57 use the ligaclip geometry of Ref. 84
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Table 4.2: Comparison of pressures between different nozzle designs for lower PVR (L) and High PVR

(H) case
Case Study Goal Pao Psvc Plpa Prpa
L L 024 55.640.3 5.340.1 48401 48401
H ' 50.340.2 11.940.1 11.040.1 11,040 1
, L 036 55.740 3 5740 1 5.240.1 5.240.1
H 50,040 3 12.940.1 124401 125401
s L 048 56.040.3 6.340.1 6.040.1 6.140.1
H : 50.840.2 13.940.1 13.740.1 13.740.1
. L 060 55.6:40.4 8.240 1 74401 6.940.1
H : 50.640 3 15.620.1 152401 152401
s L 07 55.640.4 8.440 1 8.540.2 8.240.1
H : 50.340.2 18.540.2 18.610.2 18.740.1
s L 060 55.840 3 1050.1 9.940.1 9.040.1
H : 50.840.3 20.440.1 20540.3 20.540.2
L 20 55.440 3 8.540 1 73401 71401
H 50.840.3 154301 141201 14.040.2
s | L o 55.640 3 8140 1 73401 70401
H 30 50,340 3 155401 15540.2 154301
L L, o 55.6:40.4 8.240 1 74401 6.940.1
H 50.640 3 15.620.1 152401 152401
o L - 55.740 3 8540 1 7.640.1 77401
H 50.540 3 152401 154301 154301
o L o 55,440 3 8.740 1 77401 77401
H 50.540 3 152401 14.830.1 14801
w L N 55.440 3 8140 1 71401 70401
H 50.740.3 154301 15301 15.430.1
, L c 55.640.4 8.240 1 74401 6.940.1
H o 50.640 3 15.620.1 15.240.1 152401
b L ; 55.840 3 8.040 1 6.840.1 6.840.1
H 50,440 3 157401 154301 15401
5 L Ligaclip |__95:2203 8.140 1 6.740.1 6.640.1
H 50.940 3 147401 141201 141201
L 015 55.740.4 8.040 1 72401 6.840.1
H : 50.540.3 15.430.1 147401 147401
. L ; 55.640 4 8.240 1 74401 6.940.1
H | 50.640.3 15.6240.1 15.240.1 15240 1
s L 015 55.840 3 8540 1 72401 73401
H : 50.440.3 15.840.1 14.940.1 15.040.1
6 L 030 55.640.3 14301 5.840.1 5.740.1
H : 50.640 3 26.240.2 10.620.1 10.620.1

Unit: mmHg; C, concentric; S, shape; L, location; T, tapered; P, protruding; Mean *Standard Error
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Table 4.3: Comparison of flow rates between different nozzle designs

Case Qlb Qlpa Qrpa Qsvc Qsh (6{0) oD

0.24 | 0.6620.01 | 0.2640.01 | 0.26240.01 | 0.4840.01 | 0.0440.03 | 1.1640.02 | 3.1140.27

0.6640.01 | 0.2440.01 | 0.2340.01 | 0.4240.01 | 0.05#0.03 | 1.1340.01 | 2.9640.27

0.36 | 0.6540.01 | 0.2740.01 | 0.2840.01 | 0.4740.01 | 0.0840.03 | 1.1940.01 | 3.1740.27

0.6540.01 | 0.2540.01 | 0.2540.01 | 0.4240.01 | 0.0840.03 | 1.1530.01 | 2.9940.27

0.48 | 0.6540.01 | 0.30#0.01 | 0.30#0.01 | 0.4640.01 | 0.1440.03 | 1.2340.01 | 3.2040.27

0.6530.01 | 0.2740.01 | 0.2740.01 | 0.4040.01 | 0.1440.03 | 1.1940.01 | 3.0040.27

p 0.60 | 0.6540.01 | 0.3240.01 | 0.3340.01 | 0.4240.01 | 0.2340.03 | 1.3140.01 | 3.3240.27

0.6440.01 | 0.3140.01 | 0.3140.01 | 0.3940.01 | 0.23#0.03 | 1.2640.01 | 3.0540.27

0.72 | 0.6540.01 | 0.3540.01 | 0.3540.01 | 0.4240.01 | 0.2840.03 | 1.3540.01 | 3.3540).27

0.6440.01 | 0.33#0.01 | 0.3440.01 | 0.3340.01 | 0.3440.03 | 1.3140.01 | 2.9240.27

0.84 | 0.6740.01 | 0.3840.01 | 0.3940.01 | 0.4040.01 | 0.3640.03 | 1.43#).02 | 3.314).27

0.6640.01 | 0.3620.01 | 0.3740.01 | 0.3340.01 | 0.4040.03 | 1.3940.01 | 3.0440.27

20° | 0.6440.01 | 0.3140.01 | 0.3240.01 | 0.4240.01 | 0.2140.03 | 1.2740.01 | 3.1540.27

0.6440.01 | 0.30#0.01 | 0.3140.01 | 0.4040.01 | 0.21+40.03 | 1.254).01 | 3.0740.27

30° | 0.67#0.01 | 0.33#40.01 | 0.3440.01 | 0.4440.01 | 0.2340.03 | 1.3440.01 | 3.3540.27

0.6640.01 | 0.3240.01 | 0.33#0.01 | 0.4140.01 | 0.2440.03 | 1.3140.01 | 3.2040.27

40° | 0.6530.01 | 0.3240.01 | 0.33#0.01 | 0.4240.01 | 0.2340.03 | 1.3140.01 | 3.3240.27

0 0.6440.01 | 0.314).01 | 0.3140.01 | 0.3940.01 | 0.23#0.03 | 1.264).01 | 3.0530.27

50° | 0.6540.01 | 0.3140.01 | 0.31+001 | 0.41+0.01 | 0.2140.03 | 1.2740.01 | 3.1440.27

0.65#.01 | 0.30#0.01 | 0.30#0.01 | 0.3840.01 | 0.2240.03 | 1.254).01 | 3.0340.27

10 60° | 0.6420.01 | 0.3020.01 | 0.30#0.01 | 0.40#0.01 | 0.20#0.03 | 1.2440.01 | 3.0620.27

0.6540.01 | 0.2940.01 | 0.2940.01 | 0.3840.01 | 0.2040.03 | 1.2340.01 | 3.0040.27

11 T 0.6440.01 | 0.3240.01 | 0.3240.01 | 0.4240.01 | 0.2240.03 | 1.2840.01 | 3.1630.27

0.65#.01 | 0.31#).01 | 0.30#40.01 | 0.3940.01 | 0.2240.03 | 1.2640.01 | 3.0740.27

C 0.65#0.01 | 0.3240.01 | 0.33#0.01 | 0.4240.01 | 0.23#0.03 | 1.3140.01 | 3.3240.27

0.64#40.01 | 0.3140.01 | 0.3140.01 | 0.3940.01 | 0.23#0.03 | 1.2640.01 | 3.0540.27

12 S P 0.64#40.01 | 0.3340.01 | 0.3240.01 | 0.4140.01 | 0.2440.03 | 1.2940.01 | 3.1440.27

0.654).01 | 0.324).01 | 0.30#40.01 | 0.3940.01 | 0.23#0.03 | 1.274).01 | 3.0840.27

13 Li 0.664).01 | 0.324.01 | 0.3240.01 | 0.4630.01 | 0.1840.03 | 1.3040.01 | 3.3440.27

0.6740.01 | 0.2840.01 | 0.2940.01 | 0.4040.01 | 0.1840.03 | 1.2540.01 | 3.1240.27

14 -0.15 | 0.65#0.01 | 0.3240.01 | 0.3240.01 | 0.4240.01 | 0.2240.03 | 1.2940.01 | 3.1940.27

0.65#).01 | 0.314).01 | 0.30#40.01 | 0.3940.01 | 0.2240.03 | 1.2640.01 | 3.0740.27

0 0.65#.01 | 0.3240.01 | 0.33#0.01 | 0.4240.01 | 0.23#0.03 | 1.3140.01 | 3.3240.27

L 0.6440.01 | 0.31#).01 | 0.3140.01 | 0.3940.01 | 0.23#0.03 | 1.2640.01 | 3.0530.27

15 15 0.65#0.01 | 0.33#40.01 | 0.33#0.01 | 0.4240.01 | 0.2440.03 | 1.3140.01 | 3.2140.27

0.6640.01 | 0.3240.01 | 0.3140.01 | 0.3940.01 | 0.2440.03 | 1.2940.01 | 3.1240.27

16 30 0.65#.01 | 0.2640.01 | 0.2740.01 | 0.2640.01 | 0.2740.03 | 1.1840.01 | 2.5940.27

©
0 ot 5 e o 5 e st 5 5 5 o L

0.664).01 | 0.25#).01 | 0.2640.01 | 0.2440.01 | 0.2740.03 | 1.1740.01 | 2.5340.27

Unit: LPM; C, concentric; S, shape; L, location; Li, ligaclip; T, tapered; P, protruding; Mean =+
Standard Error.
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Figure 4.3: Experimental value comparisons of mean flow and pressure for the ABG circulation at PVR=2.3 WU
(Low) and PVR=7.0WU (High) with different B; F, Flow; Ib, lower body; Ipa, left pulmonary artery; rpa, right
pulmonary artery; SVC, super vena cava; OD, oxygen delivery; P, pressure, PVR, pulmonary vascular resistance
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Figure 4.6: Experimental value comparisons of mean flow and pressure for the ABG circulation at PVR=2.3 WU-m"

(Low) and PVR=7WU-m" (High) with different L (location); F, Flow; Ib, lower body; Ipa, left pulmonary artery;
rpa, right pulmonary artery; SVC, super vena cava; OD, oxygen delivery; P, pressure, PVR, pulmonary vascular
resistance.



Discussion
As discussed in the previous chapter, an ejector pump effect can be created within
the ABG circulation but the effect is mild.
In this study, there was no nozzle that produced a better ejector than another. The
study provided useful information on the nozzle design. A nozzle to shunt diameter ratio

around 0.60 and L = 0 seems to provide the best balance of improved pulmonary blood

flow, oxygen delivery, and SVC pressure. A shunt angle between 30° and 40° is
recommended. A nozzle design protruding into the SVC and aligned with tis axis showed
no improvement over a nozzle contained internal to the shunt and actually increased SVC
pressure due to the blockage by its pressure in the SVC flow path. A future goal must be

to reduce this SVC pressure increase, if possible.
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CHAPTER FIVE

THE ABG AORTIC COARCTATION STUDY

The ABG circulation has been assessed numerically and experimentally as a
surgical option for Stage 1 single ventricle heart disease palliation under normal
conditions (normal PVR and no coarctation). In this section, the ABG circulation
performance and feasibility in the presence of aortic coarctation is studied.

The goal of this chapter is to study the effects of aortic coarctation on the global

hemodynamics of the Assisted Bidirectional Glenn circulation.

Methods
The in vitro multi-scale system of the ABG circulation was used to study
coarctation effects on the ABG circulation. The tests use the same generic patient LPN
parameters and 3D anastomosis models of ABG circulation presented in the previous
studies. Coarctation, defined as the narrowing of the aortic isthmus, was introduced as a
narrowing of the aorta just distal to the isthmus. Severity of coarctation (details in the test

sections) was progressively increased to assess effects.

Experimental Setup

In these tests, the mean aortic pressure was adjusted in order to maintain a

constant cardiac output at the same baseline value while coarctation was varied. Tests
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were run using a PVR set to a value of 2.3 WU-m? and against at 7.0 WU-m?. The

parametric values of the LPN model were set to the same values as reported in Table 2.1.

Test Sections

The 3-D test section of the aortic arch as used with the ABG circulation (Ligaclip

shaped nozzle, p=0.7, 6=40°) was used as the base geometry in these tests. The choice
was based on the fact that the ligaclip nozzle design produced high systemic oxygen
delivery. A coarctation was introduced at the arch isthmus (see Figure 5.1, coarctation
location is the region within the circle). This consisted of a smooth circular notch creating
a local minimum in the aortic diameter, as shown in Figure 5.1. Coarctation severity was
adjusted by manipulating the local minimum diameter. Severity is measured through the
coarctation index (Col), which is defined as the ratio of the local minimum (coarctation)
diameter to the diameter of the descending aorta at diaphragm [94]. In the previous
section, the aortic arch tested was free of coarctation. For the coarctation study, Col was
varied between 0.3 (very severe) to 0.9 (very mild), as indicated in Figure 5.1. A Col =

1.0 indicates no coarctation.
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Figure 5.1: The 3D geometrical model used showing different coarctation indices (Col).
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Global measurements
Cardiact output was held constant across these tests. Parameters measured were:
pressure and flow rate at left/right pulmonary artery (LPA/RPA) and superior vena cava
(SVC), lower body flow rate, and ascending aorta pressure. For the aortic coarctation
study, the pressure differential across the coarctation was also measured by wall pressure
measurements. Systemic oxygen delivery, lower body and upper body oxygen delivery

were calculated. The details of the oxygen delivery calculation are given in Appendix H.

Results
The test results of the systems-level mean pressures and flow rates as functions of
Col and for two values of PVR are given in Figure 5.2 and Figure 5.3 along with

regression lines, respectively. For either value of PVR, mean aortic pressure (MAP)
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remained bounded between 55.0 to 60.0 mmHg for 0.4 < Col < 0.9, a range that is not
clinically significant (a noticeable effect on daily life). For Col < 0.4, MAP increased
rapidly with Col.

For a PVR value of 7.0 WU-m?, the left pulmonary artery pressures (upper right,
Figure 5.2) remained nearly constant (14.5 mmHg) for 0.5 < Col < 0.9. For Col < 0.4, the

pressure values increased rapidly towards 18.0 mmHg as Col decreased to 0.3. For PVR

value of 2.3 WU-m?, the left pulmonary artery pressures (upper right, Figure 5.2)
remained nearly constant (7.5 mmHg) for 0.5 < Col < 0.9. For Col < 0.5, the pressure
values increased rapidly towards 10.0 mmHg as Col decreased to 0.3. As the LPN values
for right and left pulmonary arteries were the same, both RPA and LPA showed the same
trend.

The pressure within the SVC branch behaved much the same as the pressure
within the pulmonary arteries did. For a PVR value of 7.0 WU-m?, the SVC pressures
(lower right, Figure 5.2) remained nearly constant (15.0 mmHg) for 0.5 < Col < 0.9. For

Col < 0.5, the SVC pressure value increased rapidly towards 20.0 mmHg as Col

decreased to 0.3. For a PVR value of 2.3 WU-m?, the SVC pressure (lower right, Figure
5.2) remained nearly constant (9.0 mmHg) for 0.5 < Col < 0.9. For Col < 0.5, the
pressure values increased rapidly towards 11.0 mmHg.

The LPA and RPA flow rates (Figure 5.3) responded similarly. For a PVR value

of 2.3 WU-m?, the left (or right) pulmonary artery flow was nearly constant between

0.31 LPM and 0.32 LPM for 0.5 < Col < 0.9. For Col < 0.5, the pulmonary flow

increased rapidly with Col. For a PVR value of 7.0 WU-m?, the pulmonary artery flow

81



was nearly constant at 0.28 LPM and 0.29 LPM for 0.5 < Col < 0.9. For Col < 0.5,
pulmonary flow increased rapidly.

For a PVR value of 2.3 WU-m?, the SVC flow rate (middle right, Figure 5.3) was
nearly constant between 0.45 LPM and 0.46 LPM for 0.5 < Col < 0.9. For Col < 0.5,

SVC flow rate increased rapidly with Col, at Col = 0.3, reaching a 38% percent increase

compared with the value for 0.5 < Col < 0.9. For a PVR value of 7.0 WU-m?, the SVC
flow rate (middle right, Figure 5.3) was nearly constant between 0.40 LPM and 0.41
LPM for 0.5 < Col < 0.9. Again, for Col < 0.5, the SVC flow rate increased rapidly
towards 0.58 LPM at Col =0.3, a 45% percent increase.

For either value of PVR, the lower body flow rate (lower right, Figure 5.3)
remained nearly constant between 0.61 ~ 0.63 LPM for 0.5 < Col <0.9. Lower body flow
rate decreased rapidly with Col < 0.5, due to the extra resistance introduced by the
coarctation. For Col = 0.3, the lower body flow rate dropped to 0.40 LPM, a 34% percent
decrease.

Due to limitation of the measuring, the shunt flow rate could not be measured
directly. Its value was calculated by the law of mass conservation (Assuming

incompressible flow), then

Qshum = stc - QLPA - QRPA (5-1)

The calculated results are shown in Figure 5.3, lower left. For either value of PVR, the
shunt flow remained nearly constant at 0.20 LPM for 0.5 < Col < 0.9 and increased to

0.28 LPM as Col decreased to 0.3.
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Based on these measurements, aortic coarctation did not produce clinically
significant changes on the hemodynamics of the ABG circulation for 0.5 < Col <0.9. For
Col < 0.5, shunt flow rate increased and pulmonary and caval blood flows and pressures
all increased. The systemic oxygen delivery (OD) calculation results are shown in Figure

5.4. The OD value was remained nearly constant at around 3.3 ml, /s and 3.0 ml, /s

for PVR values of 2.3 WU-m? and 7.0 WU-m?, respectively. There were no significant

changes in the systemic oxygen delivery as Col became severe.
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Figure 5.2: Measured systemic mean pressure values versus Col. ao, aorta; Col, index of
coarctation. Ipa, left pulmonary artery; rpa, right pulmonary artery, P, pressure; svc, superior vena

cava. PVR, pulmonary vascular resistance. Low PVR, 2.3WU-m? ; high PVR, 7.0 WU-m?
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Figure 5.3: Systemic mean flow values versus Col. CO, Cardiac output; Col, index of coarctation;
IVC, inferior vena cava; LPA, left pulmonary artery, RPA, right pulmonary artery; right

pulmonary artery, SVC, superior vena cava. Low PVR = 2.3 WU-m?, High PVR = 7.0 WU-m?
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Figure 5.4: Systemic OD values versus Col. Col, index of coarctation; OD, oxygen delivery; PVR,
pulmonary vascular resistance. Low PVR = 2.3 WU-m?, High PVR = 7.0 WU-m?

Discussion

This study examined the systems-level effects of coarctation on the ABG
circulation. Aortic anatomies with mild to severe aortic coarctation were examined. For
all measured parameters except OD, the effects of coarctation were not noticeable above
Col > 0.5. For Col less than 0.5, the changes in parameter values were rapid, suggesting a
potential need for clinical intervention.

With constant cardiac output (CO), an increase in coarctation did not produce a
decrease in the systemic oxygen delivery, as shown in Figure 5.4. To better understand
the aortic coarctation effect on oxygen delivery distribution in the ABG circulation,

consider that the upper body oxygen delivery OD,. and lower body oxygen delivery

(see Appendix H for derivations) were calculated by:
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0Dy =Q,-C, —r %Voz (5-2)

P

OD,,. =Q.. -C —rﬂv (5-3)
sveC svC " ~p Q 0,

2]

where C, and V,, are the pulmonary oxygen concentration and oxygen consumption

rate, respectively. The calculated oxygen delivery for the upper body and the lower
body are given in Figure 5.5 and Figure 5.6, respectively. Under severe coarctation

(Col = 0.3), the upper body oxygen delivery (ODs;, ) increased towards 2.0 ml, /ml

due to the increased SVC blood flow rate. However the lower body oxygen delivery

(OD,g) decreased towards 1.3 ml, /ml due to a large decrease in the lower body flow

rate. This presented a problematic situation in the distribution of oxygen. Low OD,,

will lead to insufficient oxygen content in the lower body, which could lead to
ulceration and other oxygen insufficiency related diseases. So which systemic OD did
not appear affected by severe Col (Fig 5.4), a closer look at the distribution of systemic
OD shows measureable changes as Col < 0.5, consistent with other measured
parameters. The ability to examine systems-level effects in detail is an advantage of a

multi-scale model.
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Figure 5.8: Calculated Qp/Qs ratio versus Col. Col, index of coarctation; Qp, pulmonary flow

The CO was held constant in this coarctation study. Biglino et al. [67] and Hang
[48] used the constant cardiac output as the control input parameter, while Corsini et al.
[95] used body surface area (BSA), PVR and SVR as the control input parameters for a
CFD coarctation study. Several observations in Corsini et al. [95] are different from the

findings in this study. For example, they reported that the CO and systemic oxygen

delivery decreased

study found OD to be nearly constant with varying Col. The question of how to choose

the control input for a single ventricular circulation modeling to simulate the natural

adaption of singl

investigation.
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rate; Qs, systemic flow rate.

(almost constant in this study) as Col decreased. However, this current

e ventricular circulation to physiological variations needs more
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One Digital Drive, Novato, CA 94949, USA) were used to produce different resistance

values. Resistance was preestimated by:

r=_2 (B-1)
Nr

where Lis the dynamic viscosity of fluid, | is the length of the glass capillaries, N is the
number of capillaries inserted in the tube and r is the inner radius of the capillary glass.
Though outer radius is not shown in the equation, its value and radius of the tube
determine N. The relationship between the N, tube diameter and capillary glass outer

diameter were established using the application found at: http://hydra.nat.uni-

magdeburg.de/packing/cci/cci.html. The predicted values were used as a starting point for
a laminar resistance element design. Small adjustments were made by blocking some

capillaries using silicone adhesive.
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Figure B.1: Schematic of the resistance element calibration system.

1"NPT male threaded hose barb
1 NPTfemaleﬂ)readeihosebalb — Resi NPT hoschab
Detail A

Figure B.2: Detail A about the resistance element component
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Figure B.3: Detail B for components in resistance element connector.
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Appendix C: Compliance Calibration

Compliance values were confirmed by calibration, which measured the volume
change associated with an applied pressure change to the compliance element. All the
compliances in the system were grounded to atmosphere, except the respiration
compliance, which was grounded to the respiration pressure. The compliances grounded
to the atmosphere respond to the pressure variation of the connected branch, whereas a
compliance grounded to the respiration pressure responds to an applied respiration
pressure. The respiration pressure itself was applied to the sealed air chamber so as to act
on the exterior surface of the compliance element.

The calibration process for the compliance value involved varying the pressure in
the liquid side and measuring the volume change of the liquid. The operable pressure
range was selected based on the appropriate pressures the compliance was associated
with.

The setup of the compliance value tuning or calibration system was introduced by
Chiulli [100] and is shown in Figure C.1. In practice, the air chamber is connected to a
tube, which is filled with water. Another end of the tube is left open to air. The tube is

lowered down below the air chamber and made into a U-shape
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Figure C.1: Compliance tuning system [90]

At the initial state, the fluid heights in both legs of the U-tube (Figure C.1) were
equal. The open side tube was next raised to a height. The pressure change applied to the
chamber equals to the difference in height between the two water columns. The volume
change was estimated by the change in the fluid’s height on the closed side. Several
pressure and volume data points were obtained by lifting the tube. A pressure change
versus volume change (P-V) diagram, whose slope equals to the compliance, was plotted
to calculate the compliance.

As an example, Table C.1 gives the measured data for one compliance calibration
and Figure C.2 is the corresponding P-V curve constructed from it. Compliance remains
nearly linear over a small piecewise range. For this example, the slope of the graph gives

C=0.60 ml/mmHg.
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Table C.1: Spreadsheet of compliance calibration procedures

Ap(mmHg) Av(ml)
Points z(cm) Az(cm) Ah(cm) Ap=Az*10/13.6 Av=(Ah-Az )*A
1 22.50 0.00 0.00 0.00 0.00
2 28.10 5.60 20.00 412 2.62
3 31.10 8.60 30.00 6.32 3.89
4 34.10 11.60 40.00 8.53 5.16
5 37.00 14.00 50.00 10.29 6.54
6 40.10 17.60 60.00 12.94 7.71

z, water level reading; Az, change of water height from starting point; Ah , change of hose

height; Ap, pressure change; Av , volume change.

An example of P-V curve
10 : .

Volume [ml]
N

C=0.60 mifmmHg

10 15 20 25
Pressure[mmHg]

Figure C.2: An example of pressure and volume curve used to calculate compliance value.
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Appendix D: Uncertainty Analysis

In this section, the methods used to calculate the uncertainty for the LPN
parameters (R, C values), measured results (pressure and flow rates) and calculated
parameter (oxygen delivery) presented in this dissertation are discussed.

Errors are divided into two categories: systemic error and random error [101]. The
systemic errors shift the sample mean away from the true mean by a fixed but unknown
amount, and within a sample of many measurements, the random errors bring about a
distribution of measured values about the sample mean. The approach to propagate the
uncertainties used in this dissertation is described by Figliola and Beasley [101].

Elemental systemic errors, systemic standard uncertainties are propagated as:

1
b=, (6b))? (D-1)
where & is the sensitivity factor. In a similar manner, random standard uncertainties are

propagated as

s=(2,(65))* (D-2)

Uncertainty estimation for pressure and flow rate measurements
Sources of uncertainties in the pressure and flow rate results include instrument
error, zero set-point error, data-acquisition error, and the statistical standard error from
measurement. Instrument errors are determined by systematic uncertainty according to
manufacturer’s manual statement of error. The instrument error is specified as 0.5% of

the instrument reading for both flow and pressure measurements. Zero set-point error,
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which is the difference between the tuned zero point and the real zero point, is 0.10
mmHg and 0.01 LPM for pressure measurement and flow rate measurement, respectively,
in our experience with these instruments. Data-acquisition error is defined as the error
produced during the measurement process. The value is based on the voltage range of the
sensors and number of bits of the DAQ board, the equation utilized is:

VR

Gn)
Upag = ZT (D-3)

where VR is the voltage range of the sensors and n is the number of bits of the DAQ
board (16 in the National Instruments USB-6211).

The statistical standard error (or standard error of the mean: SEM), was calculated

by:

s == (D-4)

where s, is the sample standard deviation, and N is the number of samples. In this

dissertation, a data set of 20 mean values was used to calculate the standard error.
Based on the introduction above on each type of uncertainty distribution, a sample
of uncertainty calculation details for one flow and one pressure measurement in the ABG

circulation is given in Table D.1.
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Table D.1: An example to calculate uncertainty for pressure and flow measurement

Systemic uncertainty
Data
Instrument | Zero-point | acquisition Random Total Relative
Name Reading | Uncertainty | uncertainty | uncertainty | uncertainty | Uncertainty Value
P, (mmHg) 54.1 0.27 0.10 0.004 0.50 0.58 1.1%
CO (LPM) 1.05 0.005 0.01 0.003 0.02 0.023 2.2%

Uncertainty estimation for resistance and compliance value

Resistance is a function of pressure difference (AP ) and flow rate (Q) with

. P-P . T
equation R:#. Its uncertainty estimation is calculated by:

Ug :i/(éxupj +(%xupzj +( Pl(;sz quj (D-5)

This treatment assumes that P1 and P2 are measured by independent channels, as was

often the case, so that there is no correlation of the instrument uncertainty between them.
The compliance of a trapped-air style compliance element (or “windkessel,” as in

Chapter 2), is a function of the trapped air volume (V) and absolute pressure (P, ), with

C= PL The uncertainty estimation for the windkessel compliance is given by:
abs
oc Y (ec Y
Ue = 2| — XU, | +| =—xU D-6
c \/(apx Pj (8V><Vj (D-6)
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An example of uncertainty estimation for R, C value used in the ABG circulation
test, high PVR was given in Table D.2 and Table D.3, respectively. For R calculation, Q

was set at 0.60 LPM, P, and P, were set at 54.0 mmHg and 2.0 mmHg, respectively. For

C uncertainty calculation, V is 154.1 ml and Paps is 760 mmHg. A relative uncertainty of

1%, namely 1.5ml and 6.7 mmHg, were utilized in the calculations.

Table D.2: An example (ABG, high PVR) to calculate the uncertainty estimation for Resistance

AR R AR Total Relative
Name | Value | — Ug o y Y Up,

o OoP, R 2 Uncertainty Uncertainty
Ry 548 | 052 | 0.28 0.09 |054|0.09 | 020 0.16 2.9%

Table D.3: An example (ABG, high PVR) to calculate the uncertainty estimation for Compliance

ac ac Total Relative

Name | Value | — Uy —
opP

av Uncertainty | Uncertainty

Ch 0.23 | 0.0015| 1.5 |0.00034 6.7 0.0032 1.4%

Oxygen delivery Uncertainty calculation

Systemic oxygen delivery (OD) was calculated by measured flow rates and

referred clinical values:

OD=QC, - r%vOZ (D-7)

p
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where C, stands for oxygen concentration in pulmonary, V, stands for total oxygen

consumption and r=v,,, /v, . The uncertainty estimation for oxygen delivery is given

Ib.o,

by:

rVOZ 2 rQsVoz 2 2 r S
uOD:\/[(Cp_ Qp )uQs] +( sz qu) * <QSUQCP) +(Q(3P

u, )’ (D9)

An example of OD uncertainty estimation is given in Table D.4. The values of C
and V, were setto 0.22ml, /ml and 0.874ml, /s as reported in a previous study[26] and

was quite constant, a reasonable uncertainty estimation for these two clinical data were 5%

(0.011ml, /mifor C, and 0.0437 ml, /s forV, ).

Table D.4: An example (ABG, high PVR) to calculate the uncertainty estimation for OD

o(0D o(0D Relative
Name | value | 20D) | | aoD) | SO0 by ARy
oQ, Qs Q, Q p ’ 0, OD | Uncertainty

oD 3.09 0.175 0.47 0.083 0.47 17.7 0.011| 098 |0.0437| 0.21 6.8%

Appendix E: Calculation of Coefficient of Determination

In a linear regression model § = ,@O + ﬁ’lx, coefficient of determination (R?) is

defined by [102]:

no _SSR_, SSE

=" =1-22 (B
SST = sST

where SST is the total sum of squares, calculated by
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SST =Y (Y, -Y)’ (E-2)
i=1
where Y, is the real dependent variable corresponding to the i, independent variable X, ,

Y is mean of all the dependent variables. The regression sum SSR is given by
SSR=>(Yi-Y) (E-3)
i=1

where \7' is the estimated dependent variable based on the linear regression model. The

error sum of squares SSE is given by
SSE = (Y, -Yi)? (E-4)
i=1

In this dissertation, experimental results and clinical data or signals from the

numerical model were compared point-to-point at corresponding times using linear
regression (y = x) from which a coefficient of determination (R?) was calculated. The

closer to unit inR?, the better linear association between x and y, suggesting the better
match between the experimental results and clinical measurements or numerical

predictions.

Appendix F: t-test and p value Calculation

In this dissertation, an unpaired Student’s t-test was used to compare the mean
values between different models, such as experimental results to clinical measurements or

experimental results to numerical predictions. A p-value of 0.05 or less (p < 0.05) was
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considered to indicate a statistically significant difference between the two mean values.
Values were determined using Mablab.

The unpaired student’s t test tests the null hypothesis that the population means
related to two independent, random samples from an approximately normal distribution
are equal [103]. If the variances of the two set of data are equal, the test statistic is
calculated by:

t= _ X (F-1)
s%( +i)
n2

1
nl

M _ Ny —
Z(Xj _X1)2 +Z(Xi - Xz)z

S_

F-2
n,+n,—2 (F-2)

where x, and x, are the sample means, s® is the sample variance, n, and n, are the

sample sizes and t is the t-value with freedom n,+n,-2.

Appendix G: RMS-Error Calculation

Root-mean-square (r.m.s) error is the root-sum-square of the deviation between
two values observed at the same time point in a time-based signal. The deviations are
summed over the full heartbeat. Hence the experimental signal is compared to either the
numerical signal or clinical signal. The use of rms error is an excellent general purpose

error metric for numerical predictions [104]. Its value is given by:
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r.m.s error= /%Zn:(yi —y,) (G-1)

where 'y, is the observed value (in this research, the observed value is the clinical data)

and y, is the predicted value (in this research, the predicted value is the experimental

data). The rms error reported in this document is normalized by the mean values as:

o=rmserrorly (G-2)

Appendix H: Oxygen Delivery (OD) Calculation

Oxygen delivery within the MCS was not measured but calculated based on flow
rates to the various branches. LetV02 \/MJZ ,Vublo2 represent total oxygen consumption,
lower body oxygen consumption and upper body oxygen consumption, C, ,C,, ,C.. ,

Cs\,C stands for oxygen concentration in pulmonary, aorta, IVC and SVC , respectively

and defines:
_ \/Ib.oz
r=——= (H-1)
So:
Vub.02 =(1- r)VOZ (H-2)

Oxygen delivery (OD) is the product of oxygen concentration in aorta and

systemic flow rate by definition:
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OD=C,Q, (H-3)
Applying the conservation of oxygen equation [29]:

Vi, = Qb (Ca =Cate) (H-4)
Subtracting equations H-2 and H-4, the SVC consumption is

Vo
C:svc = Cao - (1_ r) -

(H-5)

ub

We assume r equals 0.5 for most of the cases. The Cpand V02 are set to 0.22

mLoz/ mL and 0.874 mL02 /s on the basis of generic clinic data obtained from

catheterization exams and the fact that pulmonary veins has a 98% oxygen saturation [26].

a) For the mBTS circulation:

V,, =Q,(C,-C,) (H-6)

and combined with equation H-3, we can get:

OD:QSCp—% 0 (H-7)
Q ~
b) In the Glenn circulation:
V,, =Q,(C, —Cy) (H-8)

Also, as in the Glenn circulation, the SVC in connected directly to the pulmonary

circulation, so0 Q. =Q, . From equation H-5 and H-8,

v,
C,,=C,—r—= (H-9)
p
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Inserting equation H-9 into equation H-3, the oxygen delivery is

OD=Q,C,—r g—v (H-10)

p

C) The ABG circulation is a combination of the Glenn and mBTS

circulations. The oxygen consumption is found by

Vo2 = (Qp _Qub)(cp _Cao) +Qub (Cp _Csvc) (H-11)

Using equation H-5 and H-3, we get the same expression for oxygen delivery as

in the Glenn circulation:

OD=Q,C, - r%v% (H-12)

p
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