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In vitro 3-dimensional modelling of the flow in hypertrophic

obstructive cardiomyopathic heart
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Background: A Morrow procedure is performed in order to relieve the symptoms of hypertrophic
obstructive cardiomyopathy (HOCM) patients. The desired thickness of the interventricular septum
(IVS) is 10-11 mm, however, this is not patient-specific. Also, intraoperative determination of the IVS-
thickness (IVSt) is challenging. Both factors can contribute to the over- and undertreatment of HOCM
patients.

Aim: To create a set-up to determine the ideal patient-specific VSt based on the optimal left ventricular
outflow tract pressure gradient (LVOT PG) using an in vitro left ventricle (LV) model from a HOCM
patient.

Materials and Methods: In this research segmented magnetic resonance images of the LV and aorta
of a HOCM patient with an IVSt of 19 mm were used to create a mould in 3-Matic. Three virtual Morrow
procedures were performed on this mould creating models with IVSt's of respectively 9, 12, and 15
mm. Afterwards, the moulds were 3-dimensional (3D) printed using a 1 mm thick Polylactic Acid layer
and Ultimaker S5 3D printer. Silicone, Dragon Skin 10 NV, was used for casting the models. Next, the
moulds were removed and the models were connected to a centrifugal cardiopulmonary bypass pump.
A 65/35 volumetric water-glycerol mixture was used to mimic blood. A pulsatile flow was set to 4.0,
5.5, and 6.2 L/min. The LVOT PG was measured for each model using continuous-wave ultrasound.
Measurements were conducted at the Medisch Spectrum Twente, Enschede, the Netherlands.

Results:

The average LVOT PGs in the models for the different thicknesses of the IVS of 9, 12, 15, and 19 mm
were respectively 16.7+£0.87, 17.2+0.90, 18.0+£0.97, and 17.4+0.76 mmHg using a flow of 4.0 L/min,
26.7+0.98, 30.7+1.74, 26.9+1.68, and 31.5+2.29 mmHg using flow of a 5.5 L/min and 34.7+1.78,
32.841.31, 33.3£2.43, and 37.3+3.43 mmHg using a flow of 6.2 L/min.

Conclusion: This research is the first step in creating a patient-specific model to determine how much
tissue needs to be resected when performing the Morrow procedure based on the optimal flow. Even
though early results are not yet evidential, it does show that an in vitro model can simulate the blood
flow in HOCM patients. In future research adjustments to the model should be made with respect to
the inclusion of the mitral valve, pulse settings and heart contractions.

Key words: hypertrophic obstructive cardiomyopathy, Morrow procedure, in vitro 3D model, left
ventricular outflow tract, pressure gradient
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Abbreviations

3D = 3-dimensional

ANOVA = Analysis of Variance

CFD = computational fluid dynamics

Cl = confidence interval

CcO = cardiac output

CPB = cardiopulmonary bypass

CWD = continuous wave doppler

DUS = doppler ultrasound

HCM = hypertrophic cardiomyopathy

HOCM = hypertrophic obstructive cardiomyopathy
IVS = interventricular septum

IVSt = interventricular septum thickness

LV = left ventricle

LVOT = left ventricular outflow tract

MRI = magnetic resonance imaging

MV = mitral valve

PG = pressure gradient

SAM = systolic anterior motion

SPSS = statistical package for the social sciences

us = ultrasound



Introduction

Hypertrophic  obstructive  cardiomyopathy
(HOCM) is a genetic condition resulting in
asymmetrical hypertrophy of the interventricular
septum (IVS) obstructing the left ventricular
outflow tract (LVOT) [1,2] (appendix |, Il and III)
(figure 1). This affects 1 in 500 people.
Obstruction of the LVOT may result in a systolic
anterior motion (SAM) of the mitral valve (MV)
[1]. The anterior leaflet of the MV is pulled
towards the LVOT resulting in a decreased
blood flow into the aorta. Symptoms caused by
the altered blood flow are dyspnoea, angina
pectoris, and syncope [2] (appendix IV). HOCM
is initially treated with medication, but in case
this is not sufficient, a Morrow procedure (septal
myectomy), or in fewer cases a septal ablation,
is performed [3] (appendix V). During a Morrow
procedure, the cardio-thoracic surgeon resects
the IVS to a thickness of 10-11 mm [4].
However, the procedure is not optimal, because
it is challenging to translate intraoperative
imaging measurements of the IVS to a real-life
situation [4] (appendix VI). Therefore it is difficult
for the surgeon to determine the thickness
intraoperatively. Also, the IVS thickness of 10-
11 mm is not patient-specific, possibly resulting

in over- or undertreatment.
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Figure 1: Left: normal IVS. Right: clinical
manifestation of HOCM displaying the resection
of the IVS to a thickness of 10-11 mm [5].

Overtreatment may lead to conduction
abnormalities. According to research,
approximately 40% of patients who underwent
a Morrow procedure developed a left bundle
branch block and 3% a complete heart block [6].
Overtreatment can also cause a ventricular
septal defect or injury to the aortic valve in
respectively 1% and 5% of the patients [7-9].
Undertreatment results in the persistence or
recurrence of the complaints.

Nowadays, in some cases, a preoperatively
patient-specific 3-dimensional (3D) heart model
is used to reduce over- and undertreatment. A
3D model gives the surgeon better insight into
the anatomy and helps planning the Morrow
procedure both pre- and intraoperatively.
Application of 3D models in the clinic for
checking the amount of resected tissue
intraoperatively [4], practising purposes [10,11]
, and virtual 3D planning [12], is already being
researched (appendix VII).

Despite the use of patient-specific 3D heart
models, it has not been investigated yet whether
and how the IVS thickness should be adjusted
to the specific situation of a patient. To optimize
the Morrow procedure, the ideal thickness of the
IVS can be determined by analyzing at which
thickness the blood flow is optimal (appendix
VII).

The aim of this research is to make a setup to
determine what the ideal patient specific IVSt s,
based on the LVOT PG using an in vitro left
ventricle (LV) model of a HOCM patient and
continuous-wave Doppler (CWD). To answer
this research question, several sub-questions
are formulated (appendix VIII).



Materials and method

Four in vitro LV models were connected to a
flow set-up to simulate the blood flow (appendix
IX). The LVOT PG in the models was measured
with CWD. Values of the LVOT PG of the
different models were compared and
statistically analysed. The data was stored
according to the data management plan
(appendix X). Also troubleshooting during
performing the method is described. (appendix
XI)

Making the model

Four LV moulds were designed using
segmented magnetic resonance imaging (MRI)
images of a patient with HOCM, provided by
Medisch Spectrum Twente (appendix XIl). The
patient was a middle-aged male who suffered
from progressive dyspnoe d’effort. His IVSt was
19 mm and he had an LVOT PG of 20 mmHg at
rest and 85 mmHg during exercise.

The mould designs were made in Materialise 3-
Matic 15.0 (Materialise, Leuven, Belgium) and
adjusted to connect the models to the Maquet
HL-30 cardiopulmonary bypass (CPB) pump
(Maquet, Hirrlingen, Germany) tubing (appendix
XIII). A virtual Morrow procedure was executed
on three moulds, reducing the IVS at its thickest
point to 15, 12, and 9 mm. The moulds were
then printed using an Ultimaker S5 (Ultimaker,
Utrecht, The Netherlands) and Formlabs Form
3 (Formlabs, Somerville, United Kingdom) 3D
printer (appendix XIV). Subsequently, the
silicone models were created by casting Dragon
Skin 10NV (Smooth-On Inc., Macungie, United
States) silicone into the 3D-printed moulds at
room temperature (23°C). The moulds were
then cured for at least 24 hours at the same
temperature (appendix XV). After removing the
moulds, the four LV models were used for the
measurements of the LVOT PG (figure 2). To
test whether Dragon Skin 10 NV is suitable for
casting, echoing, and to determine which
thickness of silicone was optimal for the LV
models, a cylinder test model was made before
the heart models were designed (appendix XV).

Figure 2: The casted Dragon skin 10 NV LV
model with an IVSt of 9 mm. Using coupling
pieces the model is connected to % tubes of the
flow set-up.

Building the set-up

To simulate the blood flow in the LVOT, a set-
up was used containing the LV models and a
Maquet HL30 CPB pump to generate a flow
(appendix XVI and XVII) (figure 3). In this
research, only the centrifugal pump of the CPB
pump was used.

The set-up consists of a reservoir with one litre
of 65/35 volumetric water-glycerol (Thermo
Fisher Scientific Inc, Waltham, US) mixture
which was connected to the centrifugal pump.
Here, the liquid was pumped into the system
consisting of a built-in flowmeter and the LV
model. This was then again connected to the
reservoir. In the whole set-up, ¥ inch diameter
tubes (Raumedic AG, Helmbrechts, Germany)
were used. The flowmeter needed to be
validated before performing any measurements
(appendix XVI and XVIII).



A constant volumetric flow rate was obtained by
setting the number of rotations per unit of time
on the CPB pump. To mimic a physiological
situation, consisting of a peak flow, the pump
was set to give a pulsatile flow. This was done
by setting the heart rate, and pulse height and
width (appendix XIX). The LVOT PG was
measured for three different conditions; a flow
of 4.0, 5.5, and 6.2 L/min.

Cardio pulmonary
bypass pump

V
* Left ventricle

model
b Centrifugal

Cardiac pump
ultrasound probe

Ultrasound
measurements

Figure 3: Schematic representation of the set-
up. An HL-30 CPB pump was used to generate
a pulsatile flow. Liquid, consisting of a 65/35
volumetric water-glycerol mixture, was collected
in a reservoir. The LV model was connected to
the CPB pump with % inch tubes. LVOT PG was
measured using a cardiac probe of a Philips
CX50 ultrasound device.

Measuring the LVOT PG

As the degree of obstruction in the LVOT varies
between the different models and with it the
resistance, differences in flow could be
measured. Therefore a Philips CX50 ultrasound
device (Philips Ultrasound Systems, Bothell,
Washington) with an S5-1 cardiac ultrasound
probe was used (appendix XX). The parameter
which was measured in this research is the
LVOT PG. Measurements were performed on
the LV model opposite to the LVOT close to the
apex (appendix XIX). Colour doppler was used
for locating the flow in the LVOT and CWD was
then used to measure the velocities and
calculate the LVOT PG (figure 4 and 5). Each
researcher performed three measurements for
each condition, relocating the probe in between
each measurement. Each time a researcher

had performed three contiguous
measurements, the LV  model was
disconnected and reattached to the set-up.

Data from the measurements was compared
and statistically analysed with a confidence
interval of 95% using IBM Statistical Package
for the Social Sciences (SPSS) Statistics
Version 26 (IBM, New York, United States)
(appendix XXI). To check whether the data has
a normal distribution the Shapiro-Wilk test was
used. A paired-sample T-test test was used to
calculate if a statistically significant difference
between the results of the different models
could be found. Additionally, one-way analysis
of variance (ANOVA) tests were done to check
for inter- and intraobserver variability. Results
were processed in Microsoft Excel (Microsoft,
Redmond, United States) to V|suaI|ze the data.
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Figure 4: A colour Doppler measurement of the
LV model with an IVSt of 19 mm using a flow of
6.2 L/min. It can be seen that the highest flow is
present in the LVOT in comparison to the aorta.
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Figure 5: A continuous-wave Doppler
measurement of the LV model with an IVSt of
19 mm using a flow of 6.2 L/min.



Results

Doppler ultrasound (DUS) was used to measure
the LVOT PG in the different models (appendix
XIX). In total, 144 measurements were
performed (appendix XXIl) (figure 6). The
average LVOT PGs in the models for the
different thicknesses of the IVS of 9, 12, 15, and
19 mm were respectively 16.7+0.87, 17.2+0.90,
18.0+£0.97, and 17.4+0.76 mmHg using a flow of
4.0 L/min. Using a flow of 5.5 L/min the average
LVOT PGs were respectively 26.7+0.98,
30.7£1.74, 26.941.68, and 31.5+2.29 mmHg.
For a flow of 6.2 L/min average LVOT PGs of
respectively 34.7+1.78, 32.8+1.31, 33.312.43,
and 37.3+3.43 mmHg were measured.

For the flow of 4.0 L/min a statistically significant
difference was found between the LV models
with an IVSt of 9 and 15 mm (p=0.005) (figure
7a). However, no statistically significant
difference was found between the LV models
with an IVSt of respectively 9 and 12, 9 and 19,
12 and 15, 12 and 19, and 15 and 19 mm
(p=0.235, p=0.066, p=0.062, p=0.409 and
p=0.096)

Using a flow of 5.5 L/min a statistically
significant difference was found between the LV
models with an IVSt of respectively 9 and 12, 9
and 19, 12 and 15, and 15 and 19 mm (p<0.001,
p<0.001, p=0.001 and p<0.001) (figure 7b).
However, no statistically significant difference
was found between the LV models with an [VSt
of respectively 9 and 15 and 12 and 19 mm this
flow of 5.5 L/min (p=0.788 and p=0.485).

For the flow of 6.2 L/min, a statistically
significant difference was found between
respectively the LV models with an IVSt of 9 and
12, 12 and 19 and 15 and 19 mm (p=0.016,
p=0.001, p=0.001) (figure 7c). No statistically
significant difference was found between the LV
models with an VSt of respectively 9 and 15, 9
and 19 and 12 and 15 mm (p=0.231, p=0.061
and p=0.593).

SPSS was used to check for inter- and
intraobserver variability (appendix XXIII). This
resulted in no statistically significant difference
in inter- and intraobserver variability for the
measurements using a flow of 4.0 and 6.2
L/min. However, using a flow of 5.5 L/min a
statistically significant difference could be found
for the LV models with an IVSt of 12 and 15 mm.

Pressure gradient measurements and 95% confidence
intervals at different flow velocities
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Figure 6: The median of the measured LVOT PG'’s of the LV models with IVSt of
19, 15, 12, and 9 mm using flows of 6.2, 5.5. and 4.0 L/min. Also, the measured
LVOT PG'’s of the included patient pre- and post-operative are given. The 95%
confidence interval (Cl) is given (vertical interval at each box).



Boxplot 19 and 9 mm model at 4.0 L/min
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Discussion

Determining the optimal flow in a patient-
specific model can be of great value in the
treatment of HOCM. This way, the cardio-
thoracic surgeon can resect the amount of
tissue that is optimal for the blood flow of the
patient. This study can be the first step in
realising this method of preoperative planning.
The LV models with different IVSts have the
potential to determine the optimal flow by
measuring the LVOT PG.

Expectations

The LVOT PG between respectively the 15, 12,
and 9 mm LV models did not decrease as much
as expected. It was hypothesized that the LV
models which underwent a Morrow procedure
and thus have a smaller remaining IVSt would

Boxplot 19, 15, 12 and 9 mm model at 5.5 L/min
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Figure 7: Boxplots of the different models
used in the set-up. The plots show the
standard deviation (vertical interval at each
box), mean (cross in the box), median
(horizontal line in the box), and outliers (dots
outside of the box) of the LVOT PG
measurements. a. Using a flow of 4.0 L/min
b. Using a flow of 5.5 L/min. c. Using a flow
of 6.2 L/min.

show a lower flow velocity and lower LVOT PG.
When a Morrow procedure is performed, the
diameter of the LVOT will increase due to the
resection of tissue.

When increasing the area of the LVOT (A1) (m?)
the velocity in the LVOT (V1) (m/s) and with it
the LVOT PG will decrease linearly since the
area (A2) and velocity (V2) in the LV remain
constant (formula 1).

A1-V1=A2:V2 (formula 1)
The clinical results of the patient show a decline
in PG from 20 till 6 mmHg after the Morrow

procedure. The septum was resected from 19

5



mm to a thickness of 12 mm. It would thus be
expected that the 15, 12, and 9 mm LV models
show a decrease in LVOT PG of 14 mmHg.
Explanation results

A statistical analysis was performed by making
the assumption the data has a normal
distribution (appendix XXII). A statistically
significant difference was found between the
LVOT PGs of the LV models with an IVSt of 9
and 15 mm using a flow of 4.0 L/min, 9 and 12,
9 and 19, 12 and 15, and 15 and 19 mm using
aflow of 5.5 L/minand 9 and 12, 12 and 19, and
15 and 19 mm using a flow of 6.2 L/min (figure
7). This shows there is a relevant change
between these models that can not be attributed
to coincidence. Furthermore, errors were
reduced as the protocol is strictly followed and
the models are the same aside from the
different Morrow incisions. However, no
statistical difference was found between the
measurements of the other LV models.

Reduction of the LVOT PG differed between the
Morrow procedure performed by the patient and
the virtual performed Morrow procedure by the
LV models. The IVSt of the patient was reduced
from 19 to 12 mm which caused a diminishing
of the LVOT PG of 14 mmHg. Average LVOT
PG diminishing between the LV models with an
IVSt of 19 and 12 mm were respectively
0.18+£1.661, 0.72+4.029 and 4.49+4.739 mmHg
for a flow of 4.0, 5.5 and 6.2 L/min.

The LVOT PG of the 15, 12, and 9 mm LV
models did not decrease as much as expected
in comparison to the 19 mm LV model. The in
vivo LVOT PG after a Morrow procedure
normally changes, on average from
80.77+40.69 to 12.33+8.49 mmHg [13].
However, the results from the in vitro
measurements at 5.5 L/min only show a
decrease of 4.7+3.27 mmHg. Also, at 4.0 and
6.2 L/min, no significant difference was found
between the 9 and 19 mm model which showed
a decrease of respectively 0.65+1.63 and
2.64+5.21.

This difference between the measurements and
the expected results is possibly caused by,
among others, the absence of SAM in the LV
models. The patient used in this research,
mainly had an obstruction due to SAM instead
of the thickened IVS solely so the elevated
LVOT PG was mainly caused by SAM
(appendix XII). In the clinical US-images from
this specific patient, an elevated LVOT PG is
primarily seen when performing squats or the
Valsalva manoeuvre. These conditions are not
included in our set-up. The lower values of
LVOT PG in the 19 mm models obtained in this
research are thus mainly explainable by these
limitations. To overcome this problem, the
cardiac output, heart rate and pressure around
the heart should be changed. This can be done
by changing the values on the CBP-pump to
similar patient-specific in vivo values, or using a
set-up in which the pressure around the heart is
controlled.

However, the limitations named above do not
explain the high values of the LVOT PG of the 9
mm LV model. The expectation was that the
flow velocity would decrease, with an increased
diameter of the LVOT. The flow, however, is not
only related to the diameter of the LVOT. Other
factors influencing the velocity are the
characteristics of the fluid, the compliance of the
material, the flow waveform shape, and the
shape of the surface [14]. The first three factors
were kept the same in every model. The latter
factor is different because of the incision made
by the virtual Morrow procedure. These
incisions contain sharp edges which can create
turbulence in the LVOT and thereby increase
the LVOT PG, thus explaining the high values in
the 9 mm model. To check if this is indeed the
cause, in further research a model should be
created in which the edges are smoothed.



Another aspect that may have created errors in
the measurement is the choice to measure the
LVOT PG. This variable is commonly used in
clinical practice to diagnose HOCM. However,
the measurement of LVOT PG is not fully
representative of the physical reality. This is
caused by multiple factors. Firstly, the PG is
calculated using a simplified Bernoulli equation.
This equation, however, is only applicable when
the flow is laminar, steady and behaves like a
Newtonian fluid. As discussed before, the
elevated LVOT PG is partly created by the
turbulence that occurs in HOCM hearts. Also,
the heart contracts, giving a pulsatile and thus
unsteady flow. The error created by the
assumption of a Newtonian fluid will not be
significant because the diameter of the LV and
aorta are bigger than the critical value of 1 mm
below which non-Newtonian effects have to be
taken into account [15].

The calculations performed are, as stated
above, not entirely accurate and do not give the
actual pressure in the LVOT [16]. When
comparing DUS and the simplified Bernoulli
equation to catheter-based measurements, a
difference of 512 mmHg can be seen [17].
Although measurements using DUS are not
comparable to the in vivo situation, it can be of
use in clinical diagnosis of HOCM. The
measurements are a reference for the severity
of the obstruction and therefore it is not needed
to know the actual pressure. Measuring the
LVOT PG makes it easier to compare the
results to the clinical outcomes of the patient.
Research is already done on improving the
Bernoulli equation for DUS LVOT PG
measurements [16,17].

Another deviation in our measurements is
created by the use of the simplified Bernoulli
equation. This equation states that the pressure
difference AP (Pa), and thus the LVOT PG, is
equal to 4 times the squared velocity v (m/s)
(formula 2).

AP = 4v? (formula 2)

The value 4 in this equation is an approximated
value after integrating the value of the density of
blood. Because a mixture of glycerol and water
is used, instead of blood, the density is different.
When a value of 4 is used in the equation this
will result in an error in the DUS measurements.
The newly calculated value should be 4.127
creating a difference in measurements of
approximately 1 mmHg (appendix IX). In the
future, a correction needs to be applied to the
results to minimize this effect.

Furthermore, the measurements are not entirely
accurate since the measurement of the peak
flow is done by hand. A little difference in the
placement of the cursor can result in an error of
1 mmHg or more. Therefore it would be
recommended to use an algorithm for finding
the peak flow. This can give a more accurate
measurement as it can determine a peak at
exactly the pixel it reaches. To our knowledge,
this kind of software is not yet developed.

Limitations

To our knowledge, this research was the first
one to investigate the flow in HOCM hearts
using a flow set-up with an in vitro silicone LV.
However, there are several limitations regarding
the experiments.

LV Models

First of all, there are some limitations regarding
the design of the models. The MRI images that
were used for the model were taken during
diastole [18]. The reason for this is that end-
diastolic the LV resembles cardioplegia the
most, which is obtained during a Morrow
procedure. Also, taking images during diastole
minimizes errors created by movement of the
heart. However, this research focused on the
ejection of the LV which happens during systole.
The volume and shape of the LV change during
systole. Because of this, the anatomy of our
model is not fully representative which results in
a flow that is not completely comparable. In



future research, MRI-images of the systolic
heart should be used to minimize the impact of
the different shape of the heart on the flow.

Another limitation is that cardiac tissue can only
be simulated to a certain extent. The models are
made from Dragon Skin 10 NV which has
slightly different mechanical properties than
heart tissue [19,20] (appendix XI). Among
others, the wall thickness and deformability of
the material will have an impact on the pressure,
velocity and wall shear stress [21]. Because of
this, the flow will differ from the physiological
situation. Because Dragon Skin 10 NV is stiffer
than myocardial tissue or aortic wall tissue, the
flow velocity will increase in the model. The
determination of the exact value of this change
in velocity and a correction for myocardial tissue
should be done in further research.

Furthermore, the flow is simulated with an
external pump and the inflow is from the apex.
This is not comparable to the physiological flow
which normally enters the heart from the left
atrium via the MV. Because of these limitations,
the flow will not be entirely comparable to a
physiological situation. Also, the model is static
and cannot simulate the mechanical
contractions of the heart which results in a lack
of radial and circumferential strain. The different
inlet and lack of contractions create a more
laminar flow which may have induced a lower
PG.

One of the main issues is that the MV is not
present in the model so there is no simulation of
a SAM. In HOCM patients, SAM has a
significant impact on the flow and obstruction of
the LVOT. Because this phenomenon is not
included in the model, the velocity and therefore
the LVOT PG, will be lower in the LV model with
an IVSt of 19 mm than the original in vivo
situation. It is out of the scope of this research
to add the MV and papillary muscles into the LV
models [22].

Another limitation is that the performance of the
virtual Morrow procedure can not fully simulate
the Morrow procedure performed by the cardio-
thoracic surgeon. The incision was based on
precise landmarks placed on the heart
determined by the angle a surgeon would be
able to operate in. Even though the incision was
verified by a cardiac surgeon, it is not similar to
an in vivo situation (dr. R.G.H. Speekenbrink,
personal communication, May 25, 2021). This is
mainly because a real Morrow procedure is
done during cardioplegia. Also, the incision of
the virtual procedure is cylinder shaped, which
is different from what the surgeon will perform,
namely, multiple incisions. This different shape
of the incision can result in a different flow with
more turbulence which will increase the LVOT
PG. The incision is not comparable to a real-life
situation, but it could provide information about
the difference in flow when the obstruction of the
LVOT is reduced.

Flow set-up

In this research, there are some limitations
regarding the setup. These can have an impact
on the reliability of the measurements.

In the set-up, % inch tubes are used. These
tubes are physically smaller and stiffer than a
normal aorta. Therefore the resistance in the
tubes is higher than the resistance in the blood
vessels in the body. Because the LVOT in the
different models has a diameter of
approximately 13 and the aorta of 30 mm, the
highest point of resistance is not at the LVOT,
but will be at the connector from the heart to the
smaller tubes. Because the volumetric flow rate
will be constant, this will not have a significant
impact on the measurements.

Before performing the measurements, the flow
was validated. The validation measurements of
the flow deviated from the cardiac output (CO)
on the CPB pump.

This could be due to the manner used to
validate the CO. The validation of the flow is not



fully accurate because of human error and the
unstable cardiac output caused by the
resistance-dependent centrifugal pump.
Nonetheless, it could be seen that the flow given
by the CPB pump did not significantly differ from
the validation measurements (appendix XVIII).

The experiments were done using a pulsatile
flow, generated by the CPB pump. However,
because of the limited capacity of the pump, this
pulse is not similar to the heart cycle. The pump
generates a sinusoidal flow with a wider and
lower pulse than the heart. Because of this, the
velocities measured are lower than in
physiological situations. However, a difference
in velocity between the different LV models can
still be measured.

Measurements

The measurements were done usinga CWD US
under supervision of an experienced
echocardiographist. This limits errors created
by the inexperience in using DUS. Only the
LVOT PG was measured which is an important
factor in HOCM diagnosis. However, this
measurement is not representative of the whole
flow in the LVOT. Other factors like turbulence,
wall shear stress or flow velocities in specific
places are not measured.

Recommendation

Recommended for future research is to include
more patients. This research is based on MRI
data of one patient. Additionally, the MRI data
would rather be based on the systole. This way,
the shape of the heart has minimal impact on
the measured peak flow when comparing this to
an in vivo situation. Also, it is advised to include
the mitral valve and papillary muscles in the
model to simulate the SAM in the model. Also,
the squats and Valsalva manoeuvre should be
included which could be simulated by altering
the settings on the CPB pump to similar in vivo
values and controlling the pressure around the
heart.

Furthermore, it would be advised to use a
material that can contract to simulate the
pulsatility of the heart better. If this is possible it
would be recommended to place the inflow of
the blood at the mitral valve instead of the apex.
Research on simulating a beating heart in vitro
is already being done, for example in research
by Cohrs et al. [23].

Another recommendation is to use a different
value for the quantification of the flow. A full flow
analysis including turbulence and wall shear
stress will give more information about the
optimal flow than only measuring the LVOT PG.
Since the manual measurements of the LVOT
PG are not fully accurate, it would be
recommended to develop an algorithm, which
can automatically find the highest peak flow.

Before the patient-specific IVSt can be achieved
during Morrow procedures, more research has
to be conducted. The aim of this research was
to demonstrate the relationship between a
certain IVSt and an optimal flow. In the future,
computational fluid dynamics (CFD) should be
used to determine the ideal patient-specific VSt
regarding the most optimal flow. Making 3D
models to determine the optimal thickness
takes too much effort and time to be
implemented in standard care. Because the
cardio-thoracic surgeon is not able to resect the
exact amount of tissue that is needed for an
optimal flow, intraoperative measurements are
needed to guide the surgeon. Therefore, before
the implementation of a patient-specific
treatment, more research regarding CFD and
intraoperative IVSt measurements has to be
done.

Conclusion

An in vitro LV model can provide valuable
information about the optimal IVSt for HOCM
patients. This research is the first step in
creating a patient-specific model that can
determine how much tissue needs to be
resected when performing the Morrow



procedure based on the optimal flow. However
early results are not yet substantiating, it does
show that an in vitro model can simulate the
blood flow in HOCM patients when making
some adjustments to the proposed model. Even
though the LVOT PG does not measure the
actual pressure, it is of use as a comparative
mean.

Before the model can be clinically applied,
further research needs to be performed to
include the mitral valve and heart contractions
in the model. In the future, CFD’s could be used
in preoperative planning for analyzing the
optimal IVSt. Intraoperative imaging is needed
to guide the surgeon during surgery and to
determine the amount of resected tissue. This
way, over- and undertreatment can be red
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Appendix |: Anatomy

In order to get a better understanding of hypertrophic obstructive cardiomyopathy (HOCM), knowledge
of the anatomy of the heart valves, interventricular septum (IVS), and conduction system is required.

Heart valves

The atria are separated from the ventricles by the atrioventricular valves [1,2]. Located between the
right atrium and ventricle is the tricuspid valve which consists of an anterior, septal and, posterior
leaflet. The mitral valve (MV) (figure 1) can be found between the left atrium and ventricle and consists
of an anterior and posterior leaflet. Both valves are connected to the papillary muscles by tendinous
cords. When the ventricles contract the valves close by contraction of the papillary muscles with the
help of chordae tendineae.

In addition, valves can be found between the ventricles and their outlets; the semilunar valves. During
relaxation of the ventricles, these valves close. Between the right ventricle (RV) and the pulmonary
artery is the pulmonary valve located consisting of an anterior, left, and right leaflet. Between the left
ventricle (LV) and the aorta is the aortic valve located, consisting of a left coronary, right coronary, and
noncoronary leaflet. All of the valves in the heart have a passive effect. The contraction of the heart
creates pressure differences in the blood flow, causing the valves to open or close.

___———Rightatrium

“ + Commissural cusps
B. Anterior View of Mitral Valve Posterlor papillary muscle N

Figure 1: Anterior view of MV and its tendinous cords [2].

Interventricular septum

The IVS separates the LV and RV and is composed of a muscular and membranous part [1,2]. Normal
values for the thickness of the IVS are 8.92 £ 1.14 mm for men and 8.53 £ 1.3 for women [3]. Both
parts of the IVS have a separate embryonic development. The membranous part of the septum
consists of a thin layer of connective tissue. The right side of the septal leaflet of the tricuspid valve is
connected to the membranous part and forms the separating line between the IVS and the
atrioventricular septum (AVS).

The greater part of the septum is muscular and consists of myocytes. It has a comparable thickness
to the LV. The muscular part can be divided into the inlet septum (IN), trabecular septum (TS), and
outlet septum (OS) [4] (figure 2). The IN extends from the atrioventricular valves to the chordal
attachments. Next, the TS, the largest part of the IVS, ranges from the membranous septum to the
apex and OS. At last, the OS divides the right and left ventricular outflow tracts.

Vascularisation of the IVS is provided by the anterior interventricular branch of the left coronary artery
and the posterior interventricular branch of the right coronary artery or the circumflex branch of left
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coronary artery. Venous blood is mostly drained by the great cardiac vein and middle cardiac vein.
The IVS is innervated by the cardiac plexus.

~ Trabecular
. septum
3

Membranous
septum

Figure 2: The different parts of the IVS; the inlet septum, trabecular septum and outlet septum. Ao =
aortic, PT = pulmonary trunk [5].

Conduction system

The conduction system of the heart induces and propagates the currents that cause the contraction
of heart cells [1,2] (figure 3). The sinoatrial node (SA-node) in the right atrium initiates a current which
is propagated through the cardiac muscle of the atrium to the interatrial septum. In the interatrial
septum the atrioventricular node (AV-node) is located. The AV-node receives the current and transmits
the current through the AV bundles; a left and right bundle that both propagate through the
membranous part of the IVS towards the ventricles. In the ventricles the left and right bundle divide
into subendocardial branches which are distributed across the heart muscle from respectively the LV
and RV. The left bundle branches stimulate the IVS, anterior, and posterior papillary muscles, and left
ventricle wall. The right bundle branches stimulate the IVS, anterior papillary muscle, and RV wall.

Superior \ S
vena cavh/ z —% L\
Sinu-atrial— ¢ Atrioventricular. N

: \

Membranous
+ interatrial and Atrioventricular
interventricular (AV) bundle
septa

Muscular
interventricular
septum (IVS)

(crista)

Right and left
bundies Lol Wall of left
Anterior N \ ventricle
papillary\ﬁ?!

Pref. tial | muscle

referential X !
(D’:r):SiOIOQ'Cal) \‘ Segéomlarginal LR
pathways ~ trabecula Subendo-
t (moderator band) c:rd?al

branches
(A) (B)
Anterosuperior views

Figure 3: The conduction system of the heart. An impulse originating from the SA-node travels through
the atrial myocardium to the AV-node. From the AV-node, located on the atrial septum, the impulse
propagates via the left and right bundle and their branches through the ventricular myocardium. [1]
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Appendix II: Physiology

The cardiac cycle begins with the diastole. The pulmonary and aortic valve are closed and the tricuspid
valve and mitral valve (MV) are open [1]. When the atria contract, the pressures in the atria increase
and blood flows to the ventricles [1,6]. Then, the tricuspid valve and MV close and the systole starts.
The ventricles contract, creating a higher pressure in both ventricles, forcing the pulmonary and aortic
valve to open [1,6]. Blood flows through both outflow tracts out of the heart. Then the cardiac cycle is
repeated (figure 1).

The cardiac output in most people is 5-6 L/min at rest and can increase to more than 35 L/min during
exercise [7].

Fig 5. Cardiac cycle

Atrial systole
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systole relaxation
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Figure 1: Pressure and volume during the cardiac cycle [6]. During diastole the ventricles fill passively
with blood (red line). Atrial systole fills the ventricles completely and the end diastolic volume is
reached. During systole, the blood is pushed out of the ventricles by contraction of the heart muscles
initiated by the electrical impulse shown on the ECG as the QRS-complex (blue line). The pressure in
the ventricle increases (green line) and blood flows into the aorta. During isovolumetric relaxation the
ventricles are emptied except for the end systolic volume that remains. A slight backflow in the aorta
is seen closing the aortic valves and resulting in a short pressure drop in the aorta (upper black line).

The blood flow can be laminar or turbulent [8]. In a laminar flow, the blood particles move parallel to
each other. This occurs mainly in smooth tube-like structures as vessels. In case of turbulence,
irregular motions develop in the flow, such as vortices. In the left ventricle (LV) during end-diastole
and early systole such vortices are formed [9] (figure 2). These vortices appear to have three important
roles namely: diversion of the LV inflow to the left ventricular outflow tract (LVOT), minimization of
interaction between incoming, outgoing and circulating flows, and contribution to LV filling.
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Mitral Valve Plane'

Early active filling Early active filling Pre-ejection period End of the early ejection period
(onset of transmitral inflow after atrial (formation of a vortex around the (development of the vortex and flow (flow inside the left ventricle has been
contraction) mitral annulus) redirection towards the aortic valve) redirected towards the aortic valve)

Figure 2: Vortex flow dynamics in the LV during filling and ejection. Vortex starts at the arterial
contraction and moves towards the LVOT [9].

Three different equations can be used to define blood flow.

Reynolds number

Whether the flow is laminar or turbulent can be determined by the Reynold number [8]. This can be
calculated by formula 1, where D is the diameter (m), v is the mean velocity (m/s), p is the density
(kg/m3), and n is the viscosity (N-s/m?). The flow is laminar if Re < 2,000 and turbulent if Re > 3,000.

(formula 1)

Hagen-Poiseuille’s equation

Basic equations related to fluid flows are Bernoulli and Hagen-Poiseuille’s laws [10]. Bernoulli and
Poiseuille’s laws are only applicable to flow through cylindrical tubes if it is a nonpulsatile and laminar
flow [8,10].

Hagen-Poiseuille’s equation describes the flow rate Q (m®/s), which is the volume of the liquid V (mq),
that flows through a tube per unit of time (s) [11].

Q =% (formula 2)

At

The following equation is used for the relation between the flow rate Q and the pressure difference AP
(Pa) between both ends of the tube.

AP = —QR (formula 3)

The flow resistance R (Q) in a tube can be written as:
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(formula 4)

Where r is the radius (m) and [ the length (m) of the tube.

Bernouilli’'s law

Bernoulli's law shows the following relationship between pressure, density, velocity (m/s), and height
(m) for a gas or liquid on two different points in a streamline [10] (formula 5).

P+ 3ipvi+pgh, =P, + 1ipvi+pgh, (formula 5)

There is also a modified Bernoulli equation [12]. This can be used to calculate pressure gradients at
certain velocities between two different points in a bloodvessel (formula 6).

AP = —4‘(1722 —1712)
(formula 6)

Formula 6 is similar to the simplified Bernoulli equation (formula 7).
AP = 402 (formula 7)
This formula is based on the fact stated in the Bernoulli equation that the energy in two different points

in a streamline should be equal. Since the difference in height can be neglected, the difference in
pressure is created by the change in kinetic energy (J) (formula 8).

K = §Dv2 (formula 8)

In this formula, D stands for the density of the fluid. Since in echocardiography, the working fluid is
blood, the first part of the formula can be simplified by inserting the density of blood and adding a
factor of 0,0075 to get an unity of mmHg. This results in an approximate value of 4. When v2 >> v4
formula 7 can be used to calculate the LVOT PG.
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Appendix llI: Pathophysiology

Hypertrophic cardiomyopathy (HCM) is a genetic condition resulting in asymmetrical hypertrophy of
the left ventricle [13,14]. Hypertrophy can cause an obstruction in the left ventricular outflow tract
(LVOT) causing systolic anterior motion (SAM). In this case HCM is called hypertrophic obstructive
cardiomyopathy (HOCM). The interventricular septum (IVS) is affected in two-thirds of the cases. The
degree of hypertrophy determines the severity of the obstruction and its clinical manifestation.

Hypertrophy

Ventricular hypertrophy is caused by a mutation in one of the fourteen genes that encode for
sarcomere associated proteins [15]. HOCM is an autosomal dominant disorder. Genes that are most
likely to mutate are MYH7, MYBPC3, TNNT2, and TNNI3. As a result of the mutation, myocyte
hypertrophy and disarray develop in patients with HOCM. [16]. The myocyte-nuclei are pleomorphic,
enlarged and have hyperchromasia. Therefore they can no longer generate optimal force [13]. It is
unknown how the mutations in the sarcomere associated genes lead to hypertrophy of the IVS [15].
The left ventricle (LV) has to generate more force in order to overcome the obstruction, resulting in
secondary hypertrophy, mostly in the basal part of the septum, making the LVOT even narrower (figure
1). In addition, hypertrophy of the IVS may spread distally to the mid cavitary region as a result of a
hypertrophic papillary muscle adjacent to the septum. Creating an increased gradient in pressure
between the apex and the base of the heart. High apical pressure of the LV may result in abnormal
LV wall stress, even leading to myocardial ischemia. Also, apical aneurysms may develop [14]. HOCM
manifests itself in the second or third decade of life. Usually, the course is asymptomatic, but there is
an increased risk of sudden cardiac death, especially in younger patients.

Hypertrophic
cardiomyopathy Septal myectomy

Small left
ventricle

Right ventricle

Section to
be removed

Thickened
ventricular septum

Figure 1: Left: normal IVS. Right: clinical manifestation of HOCM displaying the resection of the IVS
to a thickness of 10-11 mm [17].
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Systolic anterior motion

Obstruction of the LV may result in the presence of SAM of the mitral valve (MV) [13]. Septal
hypertrophy narrows the LVOT which results in an increased flow in the LVOT and causes a lower
pressure according to the Venturi effect. Due to the low pressure the leaflets, in particular the anterior
leaflet, are dragged towards the LVOT resulting in a dynamic obstruction and thus an altered blood
flow (figure 2). In seventy percent of patients the obstruction can only be detected while performing
provoking manoeuvres. In a quarter of the patients, the obstruction is also present while resting. During
physical examination of HOCM patients, a SAM can be heard by a holosystolic murmur at the apex.
A Valsalva manoeuvre decreases the preload causing an increased systolic ejection crescendo-
decrescendo murmur. SAM of the MV may lead to secondary mitral regurgitation (MR). The severity
of the regurgitation is determined by the degree of obstruction and the blood outflow [14].

LVOT gradient

To measure the degree of obstruction in the LVOT, the pressure gradient (PG) can be used [12]. This
is the difference between the pre-orifice and post-orifice pressure and is a quantitative measurement
for the severity of the obstruction. PG can be calculated using Bernoulli’'s equation and measurements
of the flow velocities. In most physiological situations v, is significantly less thanv, and can thus be
ignored. In HOCM, v, is the flow at the level of the aortic valve and v,is the flow at the LVOT. In HOCM
v,is extremely high and should be taken into account when calculating the PG. According to Bernoulli's
law, when the velocity increases, the pressure decreases, creating a greater difference in pressure.
The PG can be measured using Doppler ultrasound (DUS). The flow velocity is measured parallel to
the blood flow through the LVOT. A PG higher than 30 mmHg is defined as LVOT obstruction and
higher than 50 mmHg is a clinical indication for the Morrow procedure or septal ablation [19]. PG is
thus an important quantification in the diagnosis and clinical follow-up of HOCM.
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Appendix IV: Diagnosis

Hypertrophic obstructive cardiomyopathy (HOCM) can be diagnosed by analyzing the symptoms and
performing physical examination. In addition, an electrocardiogram, echocardiogram and magnetic
resonance imaging (MRI) are made.

Physical examination

In order to diagnose a patient with HOCM, the physician first looks at the symptoms. Patients with
HOCM show symptoms of dyspnoea, angina pectoris, and syncope [13]. Auscultation of the heart may
show a holosystolic murmur at the apex, abnormal precordial impulse, and regurgitation at the mitral
valve (MV). Also a S4 heart sound, split-second heart sound, double carotid pulse, and systolic
ejection crescendo-decrescendo murmur might be heard. It is necessary to perform additional tests,
to be able to properly diagnose HOCM.

Electrocardiogram

An electrocardiogram (ECG) can be made to look for specific abnormalities that indicate an enlarged
IVS [20]. A shortened PR-interval and a delta wave at the origin of the QRS complex are indications
of ventricular pre-excitation which is seen in HOCM (figure 1). Other abnormalities that can indicate
HOCM are pathological Q-waves, ST-T segments and QT prolongation [21,22]. Nowadays ECG is
performed less frequently for HOCM diagnosis, as imaging tests have more advantages in comparison
to ECG.

= R
L~ 'k_/\-..—’\-\‘v-‘/\— -\JJII-—W——.’JI'—\-—--««—J'I‘— | "’ e N u\qk — & (0 R S
1 QS avni ‘ vi | [ V4 ]i
|
B Ieass {susisaane
i g e ‘_A,i’r_w.. »'\—"L-———f_ e el .JL_A__,..“ r Nt b N !f/\_. = .A..‘|-,,» T R e )=
i avL v2 V5 | | |

o F

! \.\/_._.,..vfr\,‘... e~ AAL\,\.,._MJ',__\,—M\._’\,&_\ AANCEITL r’\,.,~.#';A,-m‘iL 51 B 1 B !
i avF V3 3 | |

|

| e

1
l i | .‘ |’ ! | ,
i S et T “,-\ 13 v_,,'r'\/—.“y_/ N_ i ’,-«\/,_._ I/‘\ \4—4-|/ \_,--—-,-—“;."\,.-—r—-yJ (-\ . j;(__
%! | | | i tf if

‘ | ! i ! v ,

| # : | | f ; l |‘ %
Figure 1: ECG of HOCM based on [23]. A pathological Q wave can be seen at V6 having a ‘dagger’
like shape.
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Ultrasound

Diagnosis of HOCM can be made by performing an ultrasound (US) [24]. This has an 80% diagnostic
accuracy for HOCM [13]. With a 2D M-mode transthoracic US, the thickness of the interventricular
septum (IVS) can be measured at different places at the end-diastole [24]. If the septal thickness is
larger than 15 mm it is referred to as HCM in which the thickest part of the septum is a marker for the
degree of hypertrophy. Besides the thickness measurement of the IVS, the left ventricle (LV) systolic
and diastolic function, left atrium (LA) volume, left ventricular outflow tract (LVOT), right ventricular
outflow tract (RVOT), mid-ventricular obstruction (MVO), apical morphology, MV plus systolic anterior
motion (SAM), and pulmonary pressure can be examined using US [25]. Different kinds of US can be
used to increase the accuracy of the diagnosis of HOCM. Examples are contrast-enhanced US, tissue
Doppler imaging, and speckle tracking echocardiography, which are useful tools to detect differences
in strain in a thickened IVS. 3-dimensional (3D) US is also a much investigated technology gaining
relevance in the imaging of HOCM, giving a much more realistic image of the IVS [26]. However,
improvement of the quality, standardisation and software development is needed before it can be
applied clinically.

Besides a transthoracic US, a transesophageal echography (TEE) can be used for the imaging of
HOCM and MR [27]. This method of US uses a probe that is inserted into the esophagus to get a
better view of the heart. Because the esophagus is close to the heart, a detailed image and precise
measurement of the IVS can be made. TEE is mainly done in the operating room before the surgery.
The surgeon and cardiologist can then form a final surgical plan. The best views for IVS evaluation
are the midesophageal long-axis view (135°), transgastric midpapillary short-axis view (0°), and
midesophageal four-chamber view (0°). TEE is also used for intraoperative guiding of a septal ablation
[28]. TEE is currently the most important imaging technique to determine the surgical planning of the
Morrow procedure in patients with HOCM.

Magnetic resonance imaging

Another technique to diagnose HOCM is MRI [29]. The most suitable form for this is steady-state free
precession imaging (SSFP). By using cine SSFP MRI a movie of the heart can be made to get a clear
vision of the morphology of the IVS. This can determine all phenotypes of HOCM. Late Gadolinium
Enhancement is a form of MRI which displays the fibrosis of the heart tissue. It can be used to
distinguish HOCM from other heart conditions. There are more MRI techniques like T2-weighted
imaging, phase contrast or perfusion MRI, that can show specific areas or functions of the heart.
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Appendix V: Treatment

The first step in treating hypertrophic obstructive cardiomyopathy (HOCM) is the use of medicine. In
case medication does not resolve the symptoms, septal ablation or the Morrow procedure might be
considered.

Medication

Medicines that are used are beta blockers, calcium channel blockers, heart rhythm drugs, and
anticoagulants [30]. Beta blockers and calcium channel blockers are used to slow the heart rate. Heart
rhythm drugs control the heartbeat and reduce the obstruction and anticoagulants prevent blood
clotting.

Septal ablation

Septal ablation is a procedure which uses ethanol to reduce the hypertrophied interventricular septum
(IVS). At the beginning of this procedure a balloon catheter, guiding catheter and guidewires are
inserted in the groin and propagated in the direction of the heart [31]. Targetted is the part of the
septum at the level of the left ventricular outflow tract (LVOT) which is most commonly accessed using
the first septal branch of the left anterior descending coronary artery. When the septal artery is reached
guided by echocardiography, the balloon is inflated which minimises ethanol leakage to other places
(figure 1). When placed correctly, 1 to 4 mL ethanol is administered during a period of 3 to 5 minutes
causing regional cell death [32]. Acute efficacy of the administration is based on the LVOT pressure
gradient (PG) [28]. The injection is followed by a saline flush. During treatment the heart is monitored
using ultrasound.

Instead of a septal ablation a myomectomy can be performed. Indications favouring [33] septal ablation
in comparison to the Morrow procedure are patients with comorbid noncardiac conditions, higher ages,
pre-existing right bundle branch blocks, and the use of a pacemaker. On the other hand, indications
favouring the Morrow procedure are patients with lower ages, higher weights, and pre-existing left
bundle branch blocks. Septal ablation is associated with higher reoperation rates in comparison to the
Morrow procedure [34].

Ethanol-induced
infarction

Figure 1: A balloon is inflated in the septal artery during septal ablation to treat HOCM [35].
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Morrow procedure

A septal myectomy, also known as the Morrow procedure (figure 2), is often performed as treatment
for HOCM [36]. The surgeon removes part of the hypertrophic septum in the left ventricle (LV), which
eliminates the flow obstruction. First, the patiént is attached to a cardiopulmonary bypass pump. This
allows the myectomy to be performed on a static heart [37]. During the procedure, the surgeon makes
an incision in the ascending aorta to access the LV [36]. In the classic myectomy, an incision of 2 to 3
cm long is made, which begins at the center of the right coronary leaflet and extends to the right and
left mitral-septal contacts, expanding to the basal septum [38]. Nowadays, the modified myectomy is
used, adding a midventricular resection, making an incision of 5 to 6 cm long. With the modified
myectomy, the anatomy of the IVS and the LVOT PG are further improved, eliminating the complaints
of HOCM.
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Figure 2: Morrow procedure [39] 11 blade scalpel is used to make multiple incisions in the septum
removing it using an Argentine Forceps.

Pre- and postoperative imaging

Currently, 3-dimensional (3D) printed models of the individual patient can be used for the Morrow
procedure [40]. The patiénts heart can be imaged pre-operatively by means of magnetic resonance
imaging (MRI), which then can be made into a 3D model. This gives the surgeon a better view of the
anatomy, allowing him to plan and perform a more precise Morrow procedure. It is also possible to
make a model of the heart including the post-operative thickness of the IVS by placing pins that
indicate the original thickness of the hypertrophic septum (figure 3). The resected tissue can, intra-
operatively, be placed in the 3D for better determination of the amount of already removed tissue
(figure 3).

31



Figure 3: 3D heart models of the LV containing needles, used to determine the amount of tissue that
is removed [40].
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Appendix VI: Challenges

Several challenges can be found when performing the Morrow procedure to treat hypertrophic
obstructive cardiomyopathy (HOCM). This research will focus on finding a solution to the challenges
discussed below.

Invasivity

First of all, the procedure is invasive, consisting of cutting the sternum and dividing it to access the
pericard [39]. Even though mortality after the Morrow procedure rates less than 1%, recovery times
can vary from 6 to 8 weeks [41,42]. A less invasive procedure, like the right anterior minithoracotomy,
can improve the recovery of patients undergoing the Morrow procedure.

Limited sight

During the procedure the right coronary cusp is distracted to the aortic wall to expose the left ventricular
outflow tract (LVOT) and protect the aortic valve cusps [39]. However, the sight is still limited to make
a precise resection of the interventricular septum (IVS). The surgeon has to make an incision parallel
to the LVOT to a particular depth (figure 1). This act is difficult because only the anterior part of the
IVS is visible. The vision is also troubled because of the cardioplegia during the procedure which
increases the risk of complications

right coronary cusp

left coronary cusp

anterior leaflet of
mitral valve

Figure 1: The surgeon makes an incision in the IVS by approaching the IVS through the aortic valve
[39].

Limited workspace

The Morrow procedure has to be performed precisely which is difficult because of the limited
workspace [43]. The instruments have to be inserted through the aortic valve to perform the procedure,
which is a small opening, about 20-31 mm [44] .

Determining the right amount of resected tissue

One of the main problems in the Morrow procedure is to determine the amount of tissue that is resected
[39]. Preoperative, the amount of septum that needs to be removed is measured using ultrasound
(US) or other imaging techniques. During the surgery, 3-dimensional (3D) models of the heart and
intraoperative imaging can help to determine if sufficient tissue is resected. However, it remains a
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challenge to resect the right amount of tissue, which may result in over- or undertreatment.
Undertreatment results in the persistence of complaints. Overtreatment may lead to conduction
abnormalities. According to research, approximately 40% of the patients who underwent the Morrow
procedure developed a left bundle branch block and 3% a heart block after the procedure [45]. Also

overtreatment can cause a ventricular septal defect, 1% of the patients, or injury to the aortic valve or
mitral valve [46,47].

Not patient-specific

Pre-operative planning can be improved by a more personalized approach. Via 3D-imaging the exact
thickness and localization of the hypertrophy can be measured. This way the surgeon can determine
how much of the IVS needs to be resected to get an ‘ideal’ wall thickness of 10-11 mm [40]. However,
this thickness is not based on personalized data. Because of this, over- and undertreatment can occur.
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Appendix VII: State-of-the-art

In this overview, different currently used or developed methods are given for 3-dimensional (3D)
planning of hypertrophic obstructive cardiomyopathy (HOCM) treatments, making an in vitro heart
model, building a flow set-up to simulate the left ventricle (LV) and measuring the blood flow in the
heart.

3D planning

In order to improve the outcome of septal myectomy a reduction of over- and undertreatment of HOCM
patients is required. Nowadays, more and more hospitals use the possibility to print a 3D model from
magnetic resonance imaging (MRI) images of a HOCM patient. A 3D model gives the surgeon better
insight into the anatomy and helps planning the septal myectomy both pre-and intraoperative. In some
hospitals, 3D models are already part of standard care [48].

More precise and objective intraoperative monitoring of the interventricular septum (IVS) thickness
and the amount of resected tissue would further contribute to the minimization of over- and
undertreatment.

Recently, researchers have created an experimental method for monitoring the resected tissue
intraoperatively [40]. A 3D model with needles outlining the targeted excision site is used to check
whether the aimed thickness is achieved (figure 1). The weighting of the resected tissue can be used
as an additional measurement. Although the model is patient-specific, it does not take into account
that the set IVS thickness of 10-11 mm is a general measure.

Figure 1: 3D model in which the depth and dimensions of the tissue to be resected are indicated with
needles. The resected tissue is laid on these needles until the top is reached. [40]
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Another way to improve the Morrow procedure is by making a 3D heart model for practising purposes
[49,50]. The model is printed using hydrogel materials, therefore, creating a model with similar tissue
characteristics in which the surgeon can practice the excision. By rehearsing the procedure the
surgeon is less likely to resect too little or too much tissue reducing over- and undertreatment. The
volume of the resected tissue is measured by liquid displacement [50]. Intraoperatively, the tissue is
measured again using the same method. In this way, the surgeon can objectively determine if the
volume of resected tissue is similar to that of the practice model.

Besides in vitro heart models, virtual 3D planning of the Morrow procedure can be done to better
visualize the anatomical situation [51]. Either MRI or computed tomography (CT) scans from the end-
diastolic phase are used to mimic the cardioplegic situation. A height colour map can be added to the
virtual heart model thereby precisely indicating the degree of hypertrophy of the IVS. Next, a virtual
Morrow procedure is performed by using pre-surgical planning software [52]. Unlike the method above,
the surgeon does not get a hands-on simulation and measurements of the resected tissue can not be
validated.

Despite the use of patient-specific 3D heart models stated above, there has not yet been research on
whether and how the IVS thickness should be adjusted to the specific situation of a patient.
Determining a patient-specific ideal 1VS thickness could also contribute to a reduction of over- and
undertreatment. The ideal thickness can be analysed by looking at which IVS thickness there is an
optimal blood flow in the left ventricular outflow tract (LVOT). To achieve this a set-up with an in vitro
3D heart model and a flow is required.

In vitro heart model

There are different ways to design an in vitro heart model. To echo the flow in a heart model, an
ultrasound compatible material is needed. In 3D printing different types of material are used, mostly
Polylactic acid (PLA) (Ultimaker, Utrecht, The Netherlands), however, this is not suitable for ultrasound
measurements [53]. Various materials are used to mimic cardiac tissue. Silicone is the most commonly
used material for pouring a 3D model. It is also possible to print with hydrogels [49]. As a silicone
material, Dragon Skin (Smooth-on, Macungie, United states) can be used. Dragon Skin has been used
in research to mimic human tissue. Dragon Skin has a similar compliance as heart tissue [54]. Besides,
it has the same speed of sound as human tissue making it a suitable material for ultrasound-guided
experiments [55].

Flow set-up

To be able to measure the flow in a heart model, a flow setup is required. There are multiple methods
to create a (pulsatile) flow. This can be done by either setting a constant pressure, constant flow or
constant volumetric flow rate. For example, constant pressure is created by connecting two reservoirs
at a fixed height difference [56]. However, it is easier to use a piston pump or a cardiopulmonary
bypass (CPB). The piston pump uses a piston cup and an oscillating mechanism which moves the
fluid in and out of the pump. [57] This way it can create a consistent pressure or volumetric flow rate
[58]. The CPB can provide both a constant flow rate as well as a constant pressure as there are two
kinds of pumps available. A roller pump provides a (pulsatile) constant volumetric flow rate and a
centrifugal pump a constant pressure, both by setting the pump on a fixed number of rotations per
minute. Besides, a centrifugal pump can provide a pulsatile flow by setting a pulse [59,60].
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Flow measurements

Once a flow setup using 3D in vitro heart models is built, there are multiple methods to quantify and
measure the flow. One option is to measure the flow using a flowmeter. However, with a flowmeter, it
is challenging to measure the flow inside of the heart model at the height of the LVOT. Therefore
optical particle image velocimetry (PIV) or ultrasound can provide a useful tool for flow quantifications.
Optical PIV is a technique that uses a high speed camera for the detection of laser illuminated contrast
in the fluid. It is a very accurate method for quantifying flow characteristics [61]. Color Doppler,
continuous wave Doppler and pulsed wave Doppler are ultrasound methods used for measuring the
flow [62]. Nowadays, researchers are finding new techniques to visualize the flow in 3D. An example
is echo-PIV which uses 3D spatial tracking of microbubbles. However, this is still in the testing phase
and specific echo-PIV software needs to be developed [63]. Another imaging technique used to
visualize flow concerns the use of 4D MRI images. With this technique it is possible to capture the 3D
velocity field in both the heart and vessels during a full cardiac cycle. In spite of the accurate flow
patterns, the long scanning time is a limitation [64].
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Appendix VIII: Subquestions

To answer the research question several sub-questions are formulated:

Anatomy

- What is the anatomy of
- the heart valves?
- the interventricular septum?
- the conduction system?

(Patho)physiology

- What is the (patho)physiology of
- aseptum?
- asystolic anterior motion?
- the flow in the left ventricle?

Diagnosis
- How is hypertrophic obstructive cardiomyopathy (HOCM) diagnosed?

Treatment

- How is the Morrow procedure performed?

- What are the other treatment options for patients with HOCM?
- Which imaging technique is used pre- and intraoperative?

- What are the challenges of the Morrow procedure?

3D model

How can multiple IVS thickness be simulated in a 3-dimensional (3D) heart model?

How can a computer 3D heart model be made using magnetic resonance imaging (MRI)-data?
How can the flow in the left ventricular outflow tract be simulated in vitro?

How can the flow be measured in the 3D model using ultrasound?
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Appendix IX: Justification

For this research, several choices were made in order to create a simplified, yet reliable set-up. A
justification of these choices is given below.

Model

In designing the different models several aspects were not taken into account. Magnetic resonance
imaging (MRI) images of a hypertrophic obstructive cardiomyopathy (HOCM) patient (Medisch
Spectrum Twente, Enschede Netherlands) were used which were taken during diastole. This is the
part of the cardiac cycle in which the heart is mechanically still for the longest time and the left ventricle
(LV) volume is largest [65]. It is thus easier to make the MRI image. Also, a diastolic heart resembles
the cardioplegic state which is used during surgery [66].

As the main interest of this research is the outflow in the left ventricular outflow tract (LVOT), only the
left ventricle was modelled in 3-Matic 15.0 (Materialse, Leuven Belgium). Because the model is static
and cannot simulate the mechanical contraction of the heart, the inflow of the fluid was created at the
apex of the heart. If the inflow were to be at the mitral valve, the model could not fully empty, resulting
in a residual volume. The LV model was therefore closed at the mitral valve.

The diameter of the inflow tract of the model was set at 32 mm which is the same diameter as the
aorta in this case. This is chosen to create similar resistance at both flow tracts to minimize the effect
on the flow.

To be able to mimic a Morrow procedure on a segmented heart 3-Matic was used and a landmark was
placed on the septum from a surgical view through the aorta. This creates a certain angle at which the
excision is performed. A cylindrical shaped excision at this angle was used to be able to remove the
tissue. In this way, the virtual excision was done with a similarly limited view the surgeon has. The
cylinder was adjusted to be able to create the aimed thicknesses. The thickness was measured at the
thickest part of the septum. For each model (9, 12, 15, and 19 mm) this was done at the same place.
This way the thickness could be precisely measured. The specific thicknesses were chosen to get a
significant difference in the measurements of the different models. A normal septum has an average
thickness of 8.92 + 1.14 mm for men and 8.53 + 1.3 for women mm so it would not be necessary to
go below that [3]. The remaining thickness of the models was chosen to be at 11 mm as that is
approximately the average value for posterior myocardial tissue in HOCM patients [67].

Material

The heart model is casted using a 3-dimensional (3D) printed mould. Casting is done because the 3D-
printer (Ultimaker S5, Utrecht Netherlands) can not print materials that are suitable for ultrasound
measurements. The mould is printed using a 1 mm layer of polyactic acid (PLA) and polyvinyl alcohol
(PVA) support where needed. PVA is solvable in hand warm water. Because of the thin layer PLA
both the inner and outer mould can be easily removed after casting. A thin layer of PLA is easily
breakable especially when being heated [68].

The casting material used is Dragon skin 10 NV silicone (Smooth-On, Inc., Macungie, United States).

This material is flexible, does not tear easily, is suitable for ultrasound measurements [55] and it does
not require vacuum degassing during the molding process. Besides, Dragon Skin has similar
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mechanical properties compared to human tissue, only it is more flexible therefore it has a higher
tensile strength and 100% modulus (table 1) [69-72]. Dragon skin has been used in research for the
development of artificial heart valves for practicing purposes [73]. Compared to human tissue, Dragon
Skin has a slightly higher attenuation causing a limitation in the depth of view when imaging with
conventional ultrasound. For this research, the limitation in depth can be neglected as the model is
only a few mm thick [55].

Table 1: Mechanical properties of both Dragon Skin and Heart tissue. [70-72]

Dragon Skin Heart tissue
Tensile strength 400 psi = 2758 kPa 206 kPA
Shore hardness 10A 7.5-18.0A
100% modulus 27 psi = 186.2 kPa 60.4 kPa

Flow set-up
For the simulation of blood, a water-glycerol mixture in ratio 65/35 is used. This creates a liquid which
has a viscosity similar to blood for an optimal simulation of the flow [74].

In the set-up a HL-30 cardiopulmonary bypass pump (CPB) (Maquet, Hirrlingen, Germany), is used
to mimic the flow. Only a centrifugal pump is used because a pulsatile flow can be set, a constant
pressure is maintained and the tubes wear more slowly [75]. This is important as the tubes are used
for a longer period of time. As the LVOT pressure gradient (PG) is measured in this research, a peak
flow is needed and therefore a pulsatile flow is required. A roller pump is able to maintain a constant
flow by setting a fixed amount or RPM [59]. Also, only a small roller pump, which could generate a
maximum volumetric flow rate of about 2 L/min, was available. This is the reason a centrifugal pump
was used.

Because the measured value is the LVOT PG, the flow, and thus cardiac output, was chosen as a
constant parameter. Although the cardiac output does change in HOCM patients, the pressure also
changes [76]. A constant flow was chosen because the LVOT will not increase when setting a constant
pressure and the measurements would not give valuable information.

Because the centrifugal pump is resistance dependent the flow has to be measured at the pump and
set to the right value at every measurement. The pressure was measured using the velocities given
by the ultrasound and the simplified Bernoulli equation (appendix Ill, formula 7).

There is different tubing available for the CPB pump. The largest possible tubes that fit the centrifugal
pump have a diameter of % inch (Raumedic AG, Helmbrechts, Germany).The greatest resistance
should be in the LVOT. In order to minimize the resistance caused by the in- and outflow of the model,
the diameter difference should be minimal. The in- and outflow diameters of the model are 32 mm.
The largest tubes of % inch are therefore utilised in the set-up.

Measurements

To measure the flow in the LVOT, a Philips CX50 ultrasound device (Philips Ultrasound Systems,
Bothell, WA) with an S5-1 cardiac ultrasound probe is used (appendix XVII). This is done because the
same technique is used in the clinic to diagnose patients with HOCM [24]. With ultrasound it is possible
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to measure the velocities in the LVOT which can be used to calculate the PG. The quantitative variable
used to compare the different models is the PG. This is also done because it is the main indication in
the clinic for HOCM diagnosis [24]. Also, this way the model can be easily compared to the original
physiological measurements.

The LVOT PG is calculated using the simplified Bernoulli equation (appendix Ill). In this equation the
density of blood is integrated in the shape of the value 4. Because in the set-up a glycerol-water
volumetric mixture, and not blood, is used the density also varies and using the simplified Bernoulli
equation creates an error. This can be corrected by calculating the right value for the simplified
equation. This is done by first calculating the mass-fraction glycerol that is used for the mixture. Then,
using the table from [77], the density of the mixture is determined at room temperature. This creates
the following calculation:

The volumes used in the mixture were 350 ml glycerol and 650 mL water so 0.000350 and 0.000650
m3. The density of glycerol and water are respectively 1262.3 and 997 kg/m®. This means that the
mass fraction is:

0.000350%x1261.3
1.089505

(0.000350 x 1261.3) + (0.000650 x 997) = 1.089505 kg — = 0.405188595

By looking up this value in the table and interpolating the two values above and below it, the final
density of the solution is 1100.65 kg/m?® for room temperature. This means that the value in the
Bernoulli equation should be:

1100.65/2 x 0.00750 = 4.127
This will create a difference in the measurements of about 1 mmHg.

When measuring the LVOT PG continuous wave doppler (CWD) is used. Pulsed wave doppler (PWD)
is not suitable for the measurements as aliasing occurs at high velocities [24]. CWD is able to capture
higher velocities without aliasing. Another reason CWD is used instead of PWD is that PWD measures
the velocity on a selected location while CWD measures the highest velocity on a chosen line [12].
PWD is used to determine at which point the highest velocity occurs which is then used to determine
where the CWD line should be placed in the ultrasound images. A more accurate measurement could
be done using other flow imaging techniques like optical particle image velocimetry (PIV). However,
using ultrasound (US) makes the step to clinical application smaller.

The average value of the cardiac output is 5-6 L/min [78]. A pulsatile flow of 5.5 L/min is therefore set
to mimic a physiological cardiac output at rest. The pulse settings were set from 20-80% to simulate
the systolic phase of the cardiac cycle. In order to maintain a flow of 5.5 L/min the base of the pulse is
set to 40% To simulate the situation at rest, the heart rate was set to 65 bpm as this is the average
heart rate of the patient.

In order to further investigate the difference between the HOCM model (19 mm) and the extreme
Morrow procedure model (9 mm) the flow is altered and the LVOT PG is again measured. The minimal
flow is chosen to be set at 4.0 L/min as below this value it is difficult/not possible to measure flow
velocities. The maximal flow is set at 6.2 L/min because this is the maximal rate the centrifugal CPB
pump can generate.
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Measurements were performed in duo’s. Researcher A operates the US machine while researcher B
places and holds the probe in the right place. This method of measurement is chosen so the
researchers can fully focus on a specific task. With inexperience comes the risk of moving the US
probe while operating the US device and those artifacts are unwanted. In total there are four
researchers so two duo’s. Each person performs three measurements for each condition to make sure
the measurements are more reliable. So each duo generates six measurements for each condition.
Each time a researcher has performed three contiguous measurements, the LV model is removed
from the set up. This way, the conditions under which the measurements are done, remain stable for
each researcher.
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Appendix X: Data management plan

General information

Students group 23 Supervisors

Milou Baarsma - s2113473 Dr. F.R. Halfwerk (Technical Medicine supervisor)
Arno Fennema - s2113732 Dr. M. A. Koenrades (Technical Medicine supervisor)
Evie Graus - s2090481 K. C. Smits, BSc (Technical Medicine supervisor)
Carla van der Poel - s2107732 Dr. R.G.H. Speekenbrink (Medical supervisor)

Ir. E.E.G. Hekman (Technical supervisor)
M. van Ochten, BSc (Personal supervisor)

Title: In vitro modelling of the flow in hypertrophic obstructive cardiomyopathy 3-dimensional heart
models
Project duration: 11 weeks (19/04/2021 - 30/06/2021)

Data collection
Collected data: measured flow in 3D printed left ventricle models, regarding experimental, simulation
and derived data
i. USimages — DICOM or SPF (experimental data)
ii.  MRIimages of a healthy heart and a hypertrophic obstructive cardiomyopathy heart.
(derived data)
iii. 3D printed silicone heart models and moulds (simulation data)

Rights data: MRI images used for making 3D models are provided by Medisch Spectrum Twente
(MST) and therefore they have the data rights. The patient has agreed that the images are used for
medical research. MST gave us permission to use and process the data outside the hospital. During
the research period we, as a group, have the rights over the measured US data and the 3D heart
models and moulds.

Data security and storage

Data will be saved on our computers. Structural naming of all data is provided, including group name,
subject and date to ensure it is understandable for secondary users. To make sure the data is secured
the data is saved in an encrypted folder.

Data transfer

At the end of our research period (30/06) the data will be transferred to the University of Twente who
functions as co-owner of all data. We will sign a document to give permission.
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Appendix XI: Troubleshooting

During this research, several setbacks and problems were encountered. To prevent future researchers
making the same mistakes and save time in solving these problems, the following document is created
to show the troubles this research had to overcome.

Designing the moulds

In designing the moulds it is advised to not use pins and holes to connect different parts of the mould
as it is difficult to precisely fit those two. If pins and holes are used and turn out not to fit, it can be
adjusted with sandpaper and a file to make it fit.

If 3-Matic gives a pop-up stating that there are several bad edges in the design, fix this by consulting
the Fix wizard tool. Follow the advised steps.

Casting the moulds

It is not recommended to use reusable beakers for mixing the Dragon Skin 10 NV as it is a sticky
silicone which is difficult to remove when set. In addition, the use of a vacuum degasser is discouraged.
This is due to the fact that the pot life is only 15 minutes and vacuum degassing takes more time. If
the degassing is performed while the silicone is curing it will cause large gas bubbles instead of
removing them.

If after the stated cure time the silicone still feels sticky, let it set for a longer period of time. It is advised
not to let the silicone cure in a cold environment as this prolongs the curing process.

Set-up

If the flow cannot be increased further to achieve the desired flow of 6.2 L/min, this can be caused by
a high resistance somewhere in the set-up. Using only % inch or larger tubes is recommended in this
research. When choosing smaller tubes, the resistance will increase causing a lower maximum flow.
Additionally, it is important to not use an intravenous bag as a reservoir. The inflow and outflow
diameters are relatively small compared to the % inch tubes used. Again, causing a limited flow.

For connecting the model to the tubes of the Cardiopulmonary Bypass (CPB) pump, do not use
coupling pieces made out of polylactic acid (PLA). PLA is not water resistant causing water to leak out
of the system. Also, the relatively thick edge of the coupling pieces create an extra pressure
component on the model which can cause the tubes to unlink when a flow is applied. Instead of printing
the coupling pieces with an Ultimaker 3-dimensional (3D) printer and PLA and thick edges, use a
Formlabs 3D printer with white raisin instead and smoothen the edges.

If one of the tubes is still subject to the risk of shooting loose, seal the coupling piece with tie wraps
over the model at the place where the coupling piece enters the model.

There is also a possibility that there are bubbles in the system which cause an altered flow or influence
the ultrasound measurements. If this is the case, lift the reservoir to a height above the model, pump
and tubes. Move the model and tubes until all the air is trapped in the reservoir. Next, remove the air
from the reservoir by opening the venting tube and pushing the air out of the bag. Close the venting
tube after all the air is out.
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Setting pump

If the centrifugal pump is not able to generate a flow of 6.2 L/min, set the base of the puls to a minimum
of 40%.

When the pump is used for a longer period of time there is a chance of overheating. The CPB pump
will give a notification if this is the case. Make sure the pump is positioned in a way that the ventillor
has enough room to ventilate. If this is not sufficient to cool down the pump, turn off the pump and wait
till the pump is cooled down again.

Ultrasound device

When performing the ultrasound measurements, specifically the continuous wave doppler
measurements, it is possible that there is (a lot of) noise. To remove most of the noise, set the gain to
a lower value.

The depth of the ultrasound B-mode measurement can be adjusted to make more accurate
measurements. The visualization of the left ventricular outflow tract (LVOT) is only necessary. If more
structures are taken into the measurement, the pressure gradient (PG) will be influenced.
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Appendix Xll: Pre- and post-operative information patient

This research used magnetic resonance imaging (MRI) data of a patient with hypertrophic obstructive
cardiomyopathy (HOCM). The patient was a middle aged male who suffered from progressive dyspnoe
d’effort. His interventricular septum thickness (IVSt) was 19 mm and he had a left ventricular outflow
tract (LVOT) pressure gradient (PG) of 20 mmHg in rest and 85 mmHg during exercise. The patient
mainly suffered from the contribution of systolic anterior motion (SAM) to the obstruction instead of the
thickened IVS.

He underwent a Morrow procedure after which a IVSt of 12 mm remained. The post-operative LVOT
PG was reduced to 6 mmHg in rest and 13-16 mmHg when performing a Valsalva maneuver. The
dyspnoea was solved. However the patient complained of jerky breathing.
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Introduction
This protocol explains how the different moulds are designed in 3-matic 15.0 (Materialise, Leuven,
Belgium). Five different moulds and two coupling pieces are designed;

a. Cylinder for validation

b. LV with IVSt of 19 mm

c. LV with IVSt of 9 mm

d. LV with IVSt of 12 mm

e. LV with IVSt of 15 mm

f. Coupling pieces
Method

Cylinder for validation

A test model is designed to validate the heart models. It is made by casting Dragon Skin 10 NV
(Smooth-on Inc., Macungie, United States) in an inner- and outer cylindrical mould. This chapter
describes the designing of the inner- and outer test model.

Inner mould
The inner mould is designed to create a tube when casting the mould with silicone. The tube will have
a radius of 16 mm and a length of 200 mm. It will also have a lid so the mould can be closed.
Inner tube
e Design — Create Analytical Cylinder — r =16.000 mm, | =200.000 mm
— Convert Analytical Primitive to Part — Cylinder 16 mm
Mould lid
e Design — Create Analytical Cylinder — r=31.000 mm, | =200.000 - 210.000 mm —
Convert Analytical Primitive to Part — Cylinder 31 mm
e Design — Boolean union — Union entities = Inner tube, Mould lid — Inner mould
(figure 1)

N

Figure 1: The inner mould of the test mould.
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Mould lid pins
The lid will be connected to the outer mould using attaching pins on the inner mould that fit tightly in
holes in the outer mould.
e Create points
m  Point 1
e Design — Create Analytical Cylinder — r=2 mm, | =5 mm — Convert
analytical primitive to part — Point 1
m Point 2
e Design — Create Analytical Cylinder — r=2 mm, | =5 mm — Convert
analytical primitive to part — Point 2
m Point 3
e Design — Create Analytical Cylinder — r=2 mm, | =5 mm — Convert
analytical primitive to part — Point 3
m  Point 4
e Design — Create Analytical Cylinder —»r=2mm, | =5 mm
— Convert analytical primitive to part — Point 4
e Duplicate points (for subtraction of outer mould)
e Design — Boolean union — Union entities = Inner mould, points 1, 2, 3 en 4 (figure 2)
— Inner mould

Figure 2: The inner mould of the test mould with lid pins.

Outer mould
The outer mould will determine the diameter of the testmodel. The radii are 26 and 21 mm which
results in two different thicknesses of silicone after casting. The outer mould will consist of two
separate parts which can be connected using pins and pinholes. This is done so that the silicone can
easily be removed from the mould.
Inner part of the outer mould with a big diameter
e Design — Create Analytical Cylinder — r=26.000 mm, | = 100.000 - 200.000 mm —
Convert Analytical Primitive to Part — Cylinder
Inner part of the outer mould with a small diameter
e Design — Create Analytical Cylinder — r =21.000 mm, I =0 - 100.000 mm
Outer part of the outer mould
e Design — Create Analytical Cylinder — r = 31.000 mm, | = 0-200.000 mm
Inner part and outer part connected

49



e Design — Boolean subtraction — Entities = Outside, Subtractions entities = small part
and big part, Clearance off — Outer mould
Outer mould with lid pinholes
e Design — Boolean subtraction — Entities = Outer mould, Subtractions entities =
duplicate points 1, 2, 3 en 4, Clearance on — Clearance factor = 0.300 mm (figure 3)
— Outer mould

Figure 3: The outer mould of the test mould with holes for the lid pins.

Bisect outer mould
e Design — Create Datum Plane
e Design — Cut — Entities: Outer mould, Cutting Entity: Datum Plane (figure 4)

Figure 4: The bisected outer mould of the test mould.

Outer mould pins
e Create points
m Point5

e Design — Create Analytical Cylinder —»r=2mm, | =5 mm
— Convert analytical primitive to part — Point 5
m Point6
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e Design — Create Analytical Cylinder - r=2mm, =5 mm
— Convert analytical primitive to part — Point 6
m Point7
e Design — Create Analytical Cylinder - r=2mm, =5 mm
— Convert analytical primitive to part — Point 7
m Point 8
e Design — Create Analytical Cylinder - r=2mm, =5 mm
— Convert analytical primitive to part — Point 8
m Point9
e Design — Create Analytical Cylinder - r=2mm, =5 mm
— Convert analytical primitive to part — Point 9
m Point 10
e Design — Create Analytical Cylinder - r=2mm, =5 mm
— Convert analytical primitive to part — Point 10
e Duplicate points 5, 6, 7, 8, 9 and 10
e Design — Boolean union — Union entities = Outer mould 1, points 5, 6, 7, 8, 9 and 10
(figure 5)

Figure 5: The bisected outer mould of the test mould with lid pins.

e Design — Boolean subtraction — Entities = Outer mould 2, Subtractions entities =
duplicate points 5, 6, 7, 8, 9 and 10, Clearance on — Clearance factor = 0.300 mm

Export file

Before printing, the coupling piece is finished by fixing little mistakes.
e Fix — Fix Wizard
e File — Export STL, Entities: Mould
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LV with IVSt of 19 mm

After making a test mould, the left ventricle (LV) moulds are made. First a mould is made which is
based on the segmented hypertrophic obstructive cardiomyopathic (HOCM) heart which is obtained
from magnetic resonance imaging (MRI) data. This heart has an interventricular septal thickness (IVSt)
of 19 mm. First the outlet and inlet of the LV are prepared which forms the inner mould. After that the
outer mould is designed.

Designing parts for outlet
The outlet will consist of a tube with a diameter of 16 mm.

Import part — Aorta and Left ventricle

Design — Create Analytical Primitive — Create Datum Plane

Design — Cut — Entities: Aorta, Cutting Entity: Datum Plane — Upper Aorta and Lower Aorta
Design — Create Analytical Cylinder — Method: Fit Cylinder (to Upper Aorta) — Radius:
16.0000 — Convert Analytical Primitive to Part — Cylinder

Design — Cut — Entities: Cylinder, Cutting Entity: Datum Plane— Upper Cylinder and Lower
Cylinder

Delete — Upper Aorta and Lower Cylinder

Creating a surface on LVOT and aorta
To ensure that the aorta and left ventricular outflow tract (LVOT) will fit together correctly, surfaces
need to be created on both objects.

Design — Create Datum Plane, Method: Through 1 point, parallel to al plane, Parallel plane:
Fit Triangle Left Ventricle— Datum Plane

Align — Interactive translate, Main entity: Datum Plane

Mark — Brush Mark — Wave Brush Mark — Select surface LVOT (figure 6a) — Delete (figure
6b)

Fix — Fill hole freedom — Entities: Contour LVOT (figure 6c)

Figure 6: The created surface on the LVOT of the IVSt 19 mm mould. a. The selection of the cutted
part of the LVOT. b. The selected part is deleted. c. The filled new LVOT surface.

Align — Interactive translate, Main entity: Datum Plane
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e Mark — Brush Mark — Wave Brush Mark (figure 7a) — Select surface aorta — Delete (figure
7b)
e Fix — Fill hole freedom — Entities: Contour aorta (figure 7c)

a

Figure 7: The created surface on the aorta of the IVSt 19 mm mould. a. The selection of the cutted
part of the aorta. b. The selected part is deleted. c. The filled new aorta surface.

Designing parts for inlet
To minimize the resistance the inlet will have a radius of 16 mm. The inlet will be connected to the
apex of the LV.
e Design — Create Analytical Primitive — Create Datum Plane
e Design — Cut — Entities: Left ventricle, Cutting Entity: Datum Plane — Left ventricle
e Design — Create Analytical Cylinder — Method: 2 points — Convert Analytical Primitive to
Part — Lower Cylinder

Connecting outlet and inlet to LV
The inlet and outlet need to properly fit on the apex and aorta. To do this the surfaces will be gradually
connected using loft.
e Design — Loft — Entity 1: Surface aorta , Entity 2: Surface LVOT — LVOT connection —
Merge surface list (figure 8a)
e Design — Loft — Entity 1: Surface aorta, Entity 2: Surface cylinder — Aorta connection—
Merge surface list (figure 8b)
e Design — Loft — Entity 1: Surface Left Ventricle, Entity 2: Surface cylinder — Apex connection
Merge surface (figure 8c)

a b

Figure 8: The connected inlet and outlet to the LV. a. The attached aorta to the LV. b. The attached
outlet cylinder to the aorta. c. The attached inlet cylinder to the apex.
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e Design — Boolean Union — Entities: Apex connection, Aorta connection, LVOT connection,
Upper Cylinder, Lower Cylinder, Left ventricle and Lower Aorta — Inner mould (figure 9)
e Fix — Improve mesh — Entities: Inner mould

Figure 9: The merged surface sets of the IVSt 19mm mould and improved mesh.

Thicken inner mould
In order to 3-Dimensional (3D) print the inner mould, it needs to have a thickness of 1 mm. This is
achieved by thickening the inner mould and subtracting the original from the thickened LV.
e Inner mould — Duplicate — Inner mould duplicate
e Design — Uniform offset — Entities: Inner mould duplicate, Internal offset, distance = 2.0000
mm — Inner mould inner inside
e Design — Uniform offset — Entities: Inner mould inner inside, External offset, distance =
1.0000 mm — Inner mould inner
e Design — Boolean subtraction — Entities: Inner mould duplicate, Subtraction: Inner mould
inner — Inner mould hollow
e Fix — Fix wizard — Surface List — Merge all surfaces in set (figure 10)

Figure 10: The thickened inner mould of the IVSt 19mm mould.
Making outer mould
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The outer mould will be the outside of the LV model and therefore needs to be 11 mm bigger than the
inner mould. It also needs to be 1mm thick to 3-dimensional (3D) print it after the design is finished.
e Design — Uniform offset — Entities: Inner mould duplicate, External offset, distance = 11.0000
mm — Outer mould inner (figure 11a)
Outer mould inner — Duplicate — Outer mould inner duplicate
Design — Uniform offset — Entity: Outer mould inner duplicate , External offset, distance =
1.0000 mm — Outer mould outer
e Design — Boolean subtraction — Entity: Outer mould outer, Subtraction: Outer mould inner—
Outer mould hollow
e Fix — Fix wizard — Surface List — Merge all surfaces in set (figure 11b)

Figure 11: The outer mould of the IVSt 19mm mould. a. The created first layer of the outer mould. b.
The thickened layer of the outer mould.

Adjusting outer mould to inner mould
To achieve the same lengths for the inner and outer moulds, the top and bottom of the outer mould
need to be cut at the ends of the inner mould.
e Design — Create Datum Plane, Through 1 point, parallel to a plane, parallel plane: inlet side
Inner mould, Fit triangle
Align — Interactive translate, Main entity: Datum Plane (figure 12a)
Design — Cut, Entities: Outer mould hollow & Inner mould hollow, Cutting Entity: Datum Plane
(figure 12b)
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Figure 12: The cutted inlet of the initial inner and outer mould of the IVSt 19 mm mould. a. The created
Datum plane. b. The cutted mould.

e Design — Create Datum Plane, Through 1 point, parallel to a plane, parallel plane: outlet side
Inner mould, Fit triangle
Align — Interactive translate, Main entity: Datum Plane (figure 13a)
Design — Cut, Entities: Outer mould hollow & Inner mould hollow, Cutting Entity: Datum Plane
(figure 13b)

Figure 13: The cutted outlet of the initial inner and outer mould of the IVSt 19 mm mould. a. The
created Datum plane. b. The cutted mould.
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Closing the outer and inner mould at the apex
The inner and outer mould need to be closed to ensure silicone can be casted into it. Also, this way
both moulds are connected to each other.
Design — Create Analytical cylinder, radius = 29.000 mm, length = 1.000 mm
Design — Convert Analytical Primitive to Part — Cylinder
Align — Plane to Plane Align, Plane on fixed entity: Fit surface: Outer mould hollow, Plane on
moving entity: Fit surface (Cylinder) Method: Coincident face to face — Lid outer mould
e Design — Boolean Union, Entities: Lid outer mould and Outer mould hollow — Merge surface
list — Outer mould (figure 14)

Figure 14: The closed apex of the inner and outer mould of the IVSt 19mm mould.

Connecting the outer and inner mould for printing

Before printing, the mould is finished by uniting everything and fixing little mistakes.
e Design — Boolean Union, Entities: Outer mould & Inner mould — Mould
e Fix — Fix Wizard
e File — Export STL, Entities: Mould
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LV with IVSt of 9, 12, and 15 mm

Next to the LV mould of the HOCM heart, three LV models are made to simulate a performed Morrow
procedure. Thicknesses of the VSt after the Morrow procedure of 9, 12, and 15 mm are used. The
protocol is described for making a mould of an VSt of 9 mm but the protocol for making the moulds of
an IVSt of 12 and 15 mm is similar.

Import IVSt mould
e File — Open project — Mould

Create a surface color map
A color map can show the thicknesses of the heart which gives insight into the degree of HOCM.
e Analysis — Create wall thickness analysis

Create landmarks
Landmarks are created to determine the angle at which a surgeon would be able to perform a Morrow-
procedure and to get consistency in the different virtual procedures. The landmarks are based on the
length, depth and angle of an incision during a Morrow procedure.

e Design — Create Datum Plane

e Design — Cut — Entities: Left myocardium, Cutting entities: Datum Plane (figure 15) — Left

myocardium 1 and Left myocardium 2
e Hide Left myocardium 2

Figure 15: The myocard is cutted according to a frontal view.
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Design — Create Line, method: (between thickest part of septum) — Line 1 (figure 16)

Figure 16: A line is created on the thickest part of the septum of the myocard.

e Aorta — Show
e Design — Create Point (surgical view through aorta) — Landmark 1 (figure 17)

Figure 17: A landmark (landmark 1) is created on the myocard the spot of the IVS which is visible
according to the transaortic view.

e Design — Create Point (lowest Morrow procedure point) — Landmark 2

e Measure — Measure Distance (between the two landmarks for resection) — Line 2 (figure 18)
e <

Figure 18: The distance is easured of the wanted length of the incision of the Morrow procedure.
The lowest point of the incision is marked with landmark 2.

e Design — Create Point (select the thickness you want to achieve on line 1) — Landmark 3
Performing Morrow procedure
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The Morrow procedure is performed to create different models with different thicknesses of the
septum. This is done using virtual cutting tools.
e Design — Create Analytical Cylinder (make a cylinder through landmark 1 and 2) — Convert
Analytical Primitive to Part — Cylinder (figure 19)

Figure 19: A cylinder is created on the septum of the
myocard to be able to create a sketch which is necessary to perform the virtual Morrow procedure.

e Sketch — New sketch — Through 1 point, parallel to a plane — Parallel plane: Top Cylinder,
fit surface — Cells count: 60, 60

e Import References to Sketch — Selection: sketch, Projection: Landmark 1, Landmark 2,
Landmark 3 & Line 1, Outline: Left myocardium 1 — 9 mm
Sketch — Line segment (make 3 line segments)
Sketch — Create circle arc (figure 20)

/1
1/
|
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Figure 20: A sketch is created which determines the shape of the incision of the Morrow procedure.

e Design — Extrude, Entity: 9 mm, Depth: 50 mm (figure 21)
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Figure 21: The virtual Morrow procedure is performed making use of the sketch.

e Design — Cut, Entities: Left myocardium, Cutting Entity: Extrude 9 mm — Morrow executed
9 mm resection (figure 22)
e Mark — Wave Brush Mark (remove excess parts)
/

A\

Figure 22: The resected tissue after performing the virtual Morrow procedure.

Create an inner- and outer mould
The resected part of the myocard after the virtual Morrow procedure is added to the moulds. This way,
the silicone models will have a part where the septum is reduced.
e Merge all thicknesses surface list Morrow executed 9 mm resection
e Design — Uniform Offset — Entities: Morrow executed 9 mm resection — Internal Offset, 2mm
— Fix — Fix wizard
e Design — Boolean Subtraction — Entities: Inner mould, Subtraction Entities: Morrow executed
9 mm resection — Inner mould 9 mm
e Surfaces — Delete surfaces (all thicknesses except for the most outer part) (merged surface)
from Morrow executed 9 mm resection
e Design — Uniform Offset — Entities: Morrow executed 9 mm resection — Internal Offset, 1
mm
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e Design — Boolean Subtraction — Entities: Morrow executed 9 mm resection, Subtraction
Entities: Inner mould inside (imported from previous file)

e Design — Boolean Union — Entities: Morrow executed 9 mm resection and Inner mould 9 mm
— Surface List — Merge all surfaces in set (figure 23)

Figure 23: The mould of the IVSt 19mm mould with the resected part of the tissue after performing the
Morrow procedure attached. a. Anterior view of the mould. b. Sagittal view of the mould. c. Frontal
view of the mould.

For the Morrow procedure of 12 mm and 15 mm you can follow the same protocol (figure 24).

9mm 12 mm 15 mm 19 mm

@ee e e
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C

Figure 24: The IVSt 19 mm mould, IVSt 12 mm mould, IVSt 15 mm mould and IVSt 19 mm mould a.
Superior view of the myocard after performing the Morrow procedure. b. The resected parts of the
IVS. c. The moulds.
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Coupling pieces
Coupling pieces are designed to connect the heart model with the used tubes of the flow set-up.

LV side
The LV side of the connector needs to fit into the tube of the LV. This means that it needs an outer
radius of 19 mm so that the silicone tube can fit tightly around it.
e Design — Create Analytical Cylinder — Radius 19, length 20 — Convert analytical primitive to
part — Cylinder 19 mm
e Design — Create Analytical Cylinder — Radius 17, length 20 — Convert Analytical Primitive
to Part — Cylinder 17 mm
e Design — Boolean subtraction — Entities: Cylinder 19mm, Subtraction entities: Cylinder 17
mm

Tube side
The tube side of the connector needs to fit on % inch tubes used in a CPB-pump.
e Design — Create Analytical Cylinder — Radius 6, length 20 — Convert analytical primitive to
part — Cylinder 6 mm
e Design — Create Analytical Cylinder — Radius 4, length 20 — Convert analytical primitive to
part — Cylinder 4 mm
e Design — boolean subtraction — Entities: Cylinder 6mm, Subtraction entities: Cylinder 4mm

Loft both sides

Both sides are lofted to get a gradual reduction of the tubes which will optimize the flow in our set-up.
e Distance between both sides 25 mm
e Design — Loft — Entity 1: Bottom LV side, Entity 2: Top tube side (figure 25a)
e Surface list — Merge all surfaces (figure 25)

a b

Figure 25: The coupling piece. a. Before merging all surface sets. b. After merging all surface sets.

Creating small edge on the sides
Small edges on the sides ensure that the flow of the fluid does not push the connector out of tubes. It
reduces the resistance and optimizes the flow.
e Design — Create Analytical Cylinder — Radius 19, length 0.5 — Convert analytical primitive
to part — Cylinder 19, 0.5mm
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e Plane to Plane Align — Plane on Fixed Entity: Top one side, Plane on Moving Entity: Cylinder
19, 0.5mm

e Design — Create Analytical Cylinder — Radius 18, length 0.5 — Convert analytical primitive
to part — Cylinder 18, 0.5mm

e Plane to Plane Align — Plane on Fixed Entity: Top one side, Plane on Moving Entity: Cylinder
18, 0.5mm

e Design — Boolean subtraction — Entities: Cylinder 19, 0.5mm, Subtraction entities: Cylinder
18, 0.5mm — Cylinder small edge one side
Distance between Top LV side and Cylinder small edge one side: 3mm
Design — Loft — Entity 1: Cylinder small edge one side; Entity 2: Top one side (figure 26)

« »

Figure 26: The coupling piece with small edges.

e Design — Create Analytical Cylinder — Radius 6, length 0.5mm — Convert analytical primitive
to part — Cylinder 6, 0.5mm

e Plane to Plane Align — Plane on Fixed Entity: Bottom other side, Plane on Moving Entity:
Cylinder 6, 0.5mm

e Design— Create Analytical Cylinder — Radius 5, length 0.5mm — Convert analytical primitive
to part — Cylinder 5, 0.5mm

e Plane to Plane Align — Plane on Fixed Entity: Bottom other side, Plane on Moving Entity:
Cylinder 5, 0.5mm

e Design — boolean subtraction — Entities: Cylinder 6, 0.5mm, Subtraction entities: Cylinder 5,
0.5mm — Cylinder small edge other side
Distance between Top other side and Cylinder small edge other side: 3mm
Design — Loft — Entity 1: Cylinder small edge other side; Entity 2: Top other side
Surface list — Merge all surfaces

Export file

Before printing, the coupling piece is finished by fixing little mistakes.
e Fix — Fix Wizard
e File — Export STL, Entities: Coupling pieces
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Introduction
This protocol describes how the four left ventricle (LV) moulds and coupling pieces are printed.

Materials

Ultimaker S5 (Ultimaker, Utrecht, The Netherlands)

Formlabs Form 3 (Formlabs, Somerville, United Kingdom)
Formcure (Formlabs, Somerville, United Kingdom)

Formwash (Formlabs, Somerville, United Kingdom)

Polylactic acid (PLA) (Ultimaker, Utrecht, The Netherlands)
Polyvinyl alcohol (PVA) (Ultimaker, Utrecht, The Netherlands)
Standard White Resin (Formlabs, Somerville, United Kingdom)

Method

Cylinder for validation, LV moulds with IVSt of 19, 9, 12 and 15 mm

Load the stl files of the cylinder for validation and LV moulds with interventricular septum
thickness (IVSt) of 19, 9, 12 and 15 mm in Cura.

Cura determines where and how much support is needed.

Set the printing density to a value of 200 um.

Attach the polyactic acid (PLA) and polyvinyl alcohol (PVA) to the Ultimaker S5.

Perform a test print to make sure the x-axis and y-axis correspond.

Start the printing process.

Connecting parts

Result

Load the stl files of the coupling pieces in Preform.

‘Perform’ determines where and how much support is needed.

Set the printing density to a value of 50 um.

Pour the White Resin into the Formlabs Form 3 reservoir.

Start the printing process.

After printing, wash the print with alcohol for 10 minutes using the Formwash.
Cure the print for 60 minutes on 60 degrees using Formcure.

The results of the printed models can be seen in figure 1a, b, and c. In addition, figures 2 and 3 display
the 3-dimensional (3D) printers used.
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Figure 1: the printed objects. a. The printed cylinder test object. b. The printed LV mould of 19 mm. c.
The printed coupling piece.

Figure 2: The used Formlabs Form 3 3D printer. Figure 3: The used Ultimaker S5 3D printer.
[79] [80]
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Introduction

This protocol describes how to cast Dragon skin (Smooth-On Inc., Macungie, United States) as a
silicone into the 3-Dimensional (3D) printed moulds. Also, it states how to remove the moulds from the
silicone.

Materials
e Reservoir (Sorin Group, Saluggia, Italy)
e 3D printed moulds (3D lab Medisch Spectrum Twente, Enschede, The Netherlands)
e Dragon skin 10 NV (Smooth-on Inc., Macungie, United States)
e 0.5L Disposable beaker
e Mixing tools
e Gloves
e Vice
o Wire cutters
e Flat nose pliers
e Philips CX50 ultrasound device (Philips Ultrasound Systems, Bothell, United States)
e Agquasonic 100 ultrasound transmission gel (Parker, Fairfield, United States)
e Optional: Ultrasonic cleaner (VWR, Radnor, United States)
e Optional: Ethanol 80% (Orphi Farma, Dordrecht, The Netherland)
Method

First, the polyvinyl alcohol (PVA) necessary for the 3D printing of the moulds, is dissolved by leaving
the moulds in a water reservoir for £12 hours. If necessary, the moulds can be cleaned for about 30
minutes using an ultrasonic cleaner at 30 °C (figure 1).

The Dragon Skin 10 NV parts A and B need to be mixed in a ratio of 1:1. During mixing the use of
hand gloves is recommended. For each model, we used 400 g dragon skin, which means 200 g of
part A and 200 g of part B. This was measured with a measuring beaker and merged in the 0.5 L
disposable beaker. Using mixing tools the dragon skin was stirred carefully, to prevent air bubbles in
the silicone. After mixing, the Dragon Skin 10 NV was poured into the 3D printed mould (figure 2). The
pot life of the used Dragon Skin 10 NV is 15 minutes, so it needs to be poured within this time limit
otherwise it is too thick. Next, the Dragon Skin 10 NV needs to be cured for 75 minutes at room
temperature (23 °C). To attain full physical properties it has to cure another 24 hours at room
temperature. After that, the mould was removed by breaking it with a vice, wire cutters and flat nose
pliers (figure 3 and 4).

Make sure the procedure is done on a disposable surface as spilled Dragon Skin is hard to remove. If
necessary the spilled Dragon Skin on the workspace can be cleaned with ethanol 80%.
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Figure 1: 3D mould in the ultrasonic cleaner at 30 °C to be able to remove all the PVA.

Figure 2: Casting the Dragon Skin into the 3D mould.
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Figure 3: Removing the 3D printed mould made out of polyactic acid (PLA) from the silicone heart. a.
Using wire cutters and flat nose pliers. b. Using a vice to break the inner mould.

Figure 4: The casted Dragon skin 10 NV left ventricle (LV) model.
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Validation

To test whether Dragon Skin 10 NV is suitable for casting, a cylinder test model is casted before the
heart models were casted (figure 5). The thickness, density and amount of air bubbles of the cylinder
test model will be analysed. Also, ultrasound measurements will be performed on the cylinder test
model using a Philips CX50 ultrasound device to test whether the material is suitable for ultrasound
flow measurements.

Figure 5: The casted Dragon skin 10 NV cylinder test model.
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Introduction
This protocol describes how to build a flow set-up to simulate the blood flow through the heart model.

Materials
e 3 m % inch tubes (Raumedic, Helmbrechts, Germany)
e 2 3-Dimensional printed coupling pieces
e Cardiopulmonary Bypass (CPB) Maquet HL30 pump (Maquet, Hirrlingen, Germany)
- Centrifugal pump

e Glycerol (Thermo Fisher Scientific Inc, Waltham, US)
e \Water
e Clamps (Achim Schulz-Lauterbach, Iserlohn, Germany)
e CPB venous reservoir (Sorin Group, Saluggia, ltaly)
Method
Building the set-up

To measure the pressure gradient (PG) in the left ventricular outflow tract (LVOT), it is necessary to
simulate the blood flow in the heart. This will be generated using the Maquet HL30 CPB pump. This
machine has roller pumps and a centrifugal pump from which the centrifugal pump will be used (figure
1). The setup will be as follows (figure 3 and 4):
e Connect the reservoir to the inlet of the centrifugal pump using % inch tubes.
- Make sure the reservoir is properly sealed with clamps till after the set-up is built.
e Connect the outlet of the centrifugal pump to the inlet of the model using a coupling piece and
a ¥ inch tube.
Connect the outlet of the model to the reservoir using a coupling piece and a % inch tube.
Make sure the tubes are properly connected to the model and the CPB pump to prevent
leakage.

Before the LVOT PG measurements can be performed validation measurements are required.
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v 3

Figure 1: Connection of the Centrifugél pump to the CPB device. A flowmeter is built in the pump.

Validation flow CPB

To validate the flowmeter and the ultrasound flow measurements, the flow will be measured using a
beaker and will then be compared to the value of the flowmeter.

The following steps will be followed for a proper validation:

e Add 1L water to the flow set-up.

e Disconnect the model from the set up. Make sure the flowmeter can measure the flow in the
tubing properly by lubricating it using a kind of ointment. Set a constant flow somewhere
between 2.5 and 3.5 L/min on the CPB pump. First, let the flow run into the tube leading to
the reservoir. Then, let the flow instantly run into a measuring beaker. Start a timer and let the
liquid flow for a fixed amount of time, in this case 10 seconds. Make sure to keep filling the
reservoir during the measurement. After 10 seconds remove the measuring beaker and let the
flow instantly run again into the tube leading to the reservoir. Stop the flow and read the total
volume in the beaker. Make sure the tubes are clamped off after stopping the flow to prevent
the spilling of liquids. Calculate the flow (L/min) based on the volume in the timeframe.

e Compare the calculated flow to the built-in flowmeter in the centrifugal pump.

After the validation measurements are performed, the 1 L water can be drained out of the model and

1 L of 65/35 water-glycerol can be added. After this the protocol measuring the LVOT PG can be
followed.
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Result
The design of the set-up is displayed in figure 2 and 3. The results of the validation of the flow can be
found in appendix XVI.

Cardio pulmonary

Ultrasound bypass pump

measurements

Left ventricle
model

Cardiac ultrasound
probe

Figure 2: Schematic representation of the set-up. A HL-30 CPB pump is used to generate a pulsatile
flow. Liquid, consisting of a 65/35 water-glycerol mixture, is collected in a reservoir. The LV model is
connected to the CPB pump with % inch tubes. LVOT PG is measured using a Philips CX50 ultrasound
device.

Ultrasound
measurements

e e

LV model

Figure 3: Set-up. A HL-30 CPB pump is used to generate a pulsatile flow. Liquid, consisting of a 65/35
water-glycerol mixture, is collected in a reservoir. The LV model is connected to the CPB pump with
% inch tubes. LVOT PG is measured using a Philips CX50 ultrasound device.
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Appendix XVII: Cardiopulmonary bypass pump

A cardiopulmonary bypass (CPB) pump is used to take over the function of the heart and lungs [81].
It is used when cardioplegia is necessary to perform heart surgery.

The CPB pump has two different kinds of pumps, the roller pump and the centrifugal pump. A roller
pump consists of a bent tube inside a curved wall and two or more rollers [59] (figure 1). The rollers
are constantly rotating, thereby compressing the tube against the wall, beginning where the tube
enters the pump and rolling to where the tube leaves the pump. Hereby the fluid in the tube moves
along with the rollers creating a flow. There is no fluid at the place where the roller presses the tube,
so at the end when the pressure releases, the empty space is filled with fluid from both sides of the
system, resulting in a minimal pulsatile flow.

In the set up a centrifugal pump is used. This kind of pump uses, as the name suggests, centrifugal
forces to move the liquid in the system [60]. In the pump there is an impeller and a suction pipe which
is connected to the center of this impeller. The motor can rotate the impeller, because it contains
magnets [82]. The rotations create a centrifugal force, resulting in the liquid to be flung towards the
side of the pump and then leaving the pump via the delivery pipe (figure 2). This also creates a vacuum
at the center of the impeller, causing the liquid to rush through the suction pipe into the pump. The
pump is thus resistance dependent and will give a constant pressure. That is how the flow is generated.
The flow of both kinds of pumps can be changed by setting the number of rotations. It is also possible
to create a pulsatile flow with both pumps.
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Figure 1: Roller pump. Flow is generated by multiple rollers pushing the fluid along the pump. [83]
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Figure 2: The principle of a centrifugal pump. The motor rotates the impeller causing a centrifugal force
resulting in the movement of fluids. [84]
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Appendix XVIII: Validation flow results

To validate the flowmeter and the ultrasound flow measurements, the flow will be measured using a
beaker and will then be compared to the value of the flowmeter (appendix XIV). Table 1 shows the
results of the validation of the flow.

Table 1: The results of the validation of the flow of the cardiopulmonary bypass pump. Difference in
measured flow between the CPB flowmeter and beaker are given in absolute (mL/min) and relative
differences (%).

CPB flow|Beaker Beaker flow|Difference in|Relative
Measurement |(mL/min) |(mL) Time (s) |(mL/min) flow (mL/min) |difference (%)
1 2770 500 11 2639 131 4.7
2 2700 565 13 2582 118 4.4
3 2860 570 12 2776 84 29
4 3000 595 12 2965 35 1.2
5 3010 600 12 2915 95 3.2
Mean error |93 3.3
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Introduction
This protocol explains how the cardiopulmonary bypass (CPB) pump and ultrasound are set and how
the left ventricular outflow tract pressure gradient (LVOT PG) is measured and saved.

Materials
e Philips CX50 ultrasound device (Philips Ultrasound Systems, Bothell, United States)
e Agquasonic 100 ultrasound transmission gel (Parker, Fairfield, United States)
e Materials needed for the flow set-up (appendix XIV)

Method
CPB pump settings
To generate a pulsatile flow, the CPB pump is set to a pulse and a heart rate.
e Turn the HL-30 CPB pump on and start the monitor and centrifugal pump (In this case pump
1).
Go to the arterial master pump settings on the monitor (figure 1).
Press safety and pulse int. at the same time.
Go to ‘general’, Rota flow calibration and press safety and set zero at the same time, to
calibrate the flow (figure 2).
Set the pulse base to 40%, start to 20% and stop to 80% (figure 1).
Go to 'heart rate' and set 'Sim HR' to 65 bpm, for a heart rate at rest (figure 3).

Running pump
A cardiac output of 5.5 L/min is set to mimic a physiological condition.
e Change the pump settings in the panel to get a flow of 5.5 L/min for the measurement to
simulate the situation at rest (figure 4).
e Now the pump is running and the ventricle starts to pulsate.

Probe
The ultrasound probe needs to be positioned at a certain angle to perform doppler measurements.
e First, put some ultrasound transmission gel on the S5-1 cardiac ultrasound probe or the spot
on the ventricle where you place the probe. Make sure that you use enough gel.
e Place the probe on the ventricle at a horizontal position, opposite to the LVOT (figure 5), so
that you have a view through the LVOT.

Settings ultrasound
In order to correctly measure the LVOT PG in the heart models, the ultrasound measurements need
to be performed in the same way with the same settings.
e First, make sure the 2-Dimensional (2D) ultrasound is on (the button on the panel has to be
green). For a description of all the buttons see figure 6.
e Press ‘Color on the panel in order to see the direction of the velocities. You can change the
box position with the cursor on the panel, so that you can view the velocities in the LVOT
(figure 7)
e Press ‘CW on the panel, to activate the Continuous Wave (CW) Doppler. Make sure that the
CW line goes through the LVOT.
e Press ‘Freeze’ on the panel, you can now see the measurements you made and scroll through
it with the cursor on the panel.
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The button at the top of the panel, second from the left, allows you to change the level of the
Baseline. Make sure that you can see the bottom of the biggest pulse.

The Button at the top, second from the right, allows you to change the Sweep Speed. With it
you can compress and stretch the velocity chart.

Press ‘Caliper’ on the panel. Now, move the pointer with the cursor to the highest velocity. At
the upper left corner you can read the velocity and the PG (figure 8).

Saving the measurements
Before analysing the results, the data needs to be saved and transferred from the ultrasound machine
to a computer.

Before performing any measurements, press ‘End Exam’. A pop-up window will appear.
Choose ‘Manual Entry’ and fill in the title of the study.

After a measurement is performed, press ‘Acquire’ to take a screenshot.

Take a screenshot of every measurement.

Connect a USB stick in the ultrasound device. (On the right side are USB portals)

Press ‘Review’ (on the top of the panel). All screenshots taken are visible.

Click on the pictures you want to save.

Go to ‘Export Selected Images’ at the top of the screen. Then choose at ‘Selected DICOM
Format’ the ‘Modify’ button and select the option ‘Palette color’ as format'.

Press ‘Start Export’ at the bottom of the screen.

The pictures are now transferred to the USB stick.

Measurements of the different researchers
The measurements were performed in duos. One person (researcher A) operates the ultrasound (US)
machine and the other person (researcher B) places and holds the probe in the right place.

Follow the previous stated ‘CPB pump settings’ & ‘running pump’ to start the CBP pump and
set the right pulse.

Researcher A creates a new folder following ‘saving the measurements’ protocol

Researcher B places the pump in the right position, see ‘probe’.

Researcher A operates the US measurements according to ‘Settings ultrasound’.

The duo performs three consecutive measurements in this setting.

After the three measurements are done, turn off the pump and remove the model. Make sure
the reservoir is below the heart model to prevent spilling.

Reconnect the same heart model again.

Researchers A en B switch roles and again do three measurements.

Repeat the stated steps above for each model (9, 12, 15, and 19 mm).

Measurements at different flow rates
In order to further investigate the LVOT PG between the HOCM model (19 mm) and the most extreme
Morrow procedure model (9 mm) different flow rates are set.

Connect the 19 mm heart model.

Follow all the steps from the previously stated protocols except, set the flow of the pump to
4.0 L/min instead of 5.5 L/min.

Remove the heart model from the set up.

Connect the 9 mm heart model.
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e Follow all the steps from the previously stated protocols except, set the flow of the pump to

6.2 L/min instead of 5.5 L/min.
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Figure 1: Arterial master pump settings. Pulse is set from 20% to 40% and the baseline is set at 40%.
The pulsatile flow is set by pressing the safety button as well as the puls. Int. button.
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Figure 2: Menu in which the flow sensor can be calibrated. This is done by pressing the safety button
and the ‘Set Zero’ button at the same time.
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Figure 3: Menu in which the heart can be adjusted. Heart rate is set at 65 bpm by rotating the button
on the monitor and pressing the ‘Set’ button.
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Figure 4: Display of the setting menu of the arterial pump. The rotary knob is used to adjust the rpm.
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Figure 5: Placement of the S5-1 cardiac ultrasound probe on the LV model. Placement of the probe
should be on the ventricle at a horizontal position, opposite to the apex.
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Figure 6: 1 = Freeze, used to freeze the measurement at a specific time, 2 = Acquire, takes a
screenshot of the freezed image, 3 = Depth, used to set the depth for measurement, 4 = Color, enables
color Doppler function which visualizes the (direction of the) velocities, 5 = cursor, 6 = Caliper, used
to measure in the ultrasound images, 7 = CW, enables continuous wave doppler which displays the
maximum speed in the time on a specified line, 8 = End Exam, creates a folder in which measurements
can be saved, 9 = Review, displays all screenshots taken, 10 = baseline, button used to set the
baseline of the CW measurements.
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Figure 7: A color Doppler measurement of the LV model with an IVSt of 19 mm using a flow of 6.2 L /
min. It can be seen that the highest flow is present in the LVOT in comparison to the aorta.
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Figure 8: A continuous wave Doppler measurement of the LN model with an IVSt of 19 mm using a
flow of 5.5 L / min. The LVOT PG is calculated and has a value of 40.6 mmHg.
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Appendix XX: Doppler Ultrasound

To measure the blood flow in the left ventricular outflow tract (LVOT), doppler echography can be
used. Using this technique the velocity, direction, and characteristics of the flow can be determined.
Doppler ultrasound (DUS) is based on the frequency-shift of the US pulse caused by the velocity of
blood particles. By measuring this shift, the blood flow velocity can be determined using the Doppler
equation [62]. This equation states that the frequency shift Af(Hz) is related to the speed of the blood
v, the speed of sound in tissue ¢ (m/s), and the angle at which the sound is emitted and detected

cos(o).

Af _ 2fvxos(¢p)

c

(formula 1)

After the velocity of the blood flow is measured, it can be used to calculate the pressure gradient using
the modified Bernouilli's equation (appendix I, formula 6) [12,62]. There are two different ways to
calculate the PG between the aorta and the left ventricle (LV). These are the maximal instantaneous
gradient and the peak-to-peak gradient. To calculate the maximal instantaneous gradient, the maximal
aortic jet velocity through the aortic valve is used. In order to get the peak-to-peak gradient (Peak-
Peak Ap), the maximal LV pressure is subtracted from the maximal aortic pressure [85].

There are two types of Doppler that can be used to measure the velocity of the blood flow. Firstly,
pulsed wave Doppler (PWD) is available [62]. This method emits an US pulse and detects the shifted
pulse reflected by the bloodstream. After detecting the reflected pulse, it can send a new pulse.
Continuous wave Doppler (CWD) does not wait for the signal to come back but keeps emitting US
pulses and detecting the reflected signals using two different crystals. The disadvantage of this kind
of US is that it can not measure where the signal is coming from. However, it can measure higher
velocities than PWD [12]. This is because PWD is limited by the Nyquist limit which states that the
maximum Doppler shift that can be measured is half the pulse repetition frequency. CWD is not limited
by a Nyquist limit and thus more useful for measuring peak velocities.

To visualize the pulsed DUS, a color map can be used which shows the velocities of the blood using
colors, combined with the US image of the surrounding tissue [62]. This technique is also known as
color Doppler. Continuous wave Doppler can only be visualized using a 2-dimensional graph, plotting
time and velocity.

Figure 1 shows a Doppler examination of a patient with hypertrophic obstructive cardiomyopathy

(HOCM). The CWD-echo of HOCM patients is characterized by a dagger shaped curve, or more like
a lobster claw in cases of severe obstruction [86].
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Figure 1: A Doppler examination from a HOCM patient [87]. The characteristic ‘dagger shaped’ curve
can clearly be seen.
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Introduction

To validate the measurements, a statistical analysis is performed. This is done using Social Sciences
(SPSS) Statistics Version 26 (IBM, New York, USA). The analysis can indicate if the results have a
significant difference and if there is inter- or intraobserver variability. This gives valuable information
about the confidence level of the measurements.

Method
e Start IBM Statistical Package for the Social Sciences (SPSS) Statistics Version 26 (IBM, New
York, USA).
e Make a new file and give it the following name: ‘Statistical analysis of all models with a flow of
5.5 L/min’.

First, go to the ‘Variable View’ tab at the bottom of the program.
Add the following variables:
o Researchers
o Model_19mm
o Model_15mm
o Model_12mm
o Model_9mm
Set the decimals for the variable ‘Researchers’ to zero and for the models to one.
Set the measure for the variable ‘Researchers’ to ‘Ordinal’ and for each of the models to
‘Scale’.
e Add the following values to ‘Researchers’:
o Value: 1, Label: A
o Value: 2, Label: B
o Value: 3, Label: C
o Value: 4, Label: D
Go to the ‘Data View’ tab at the bottom of the program.
Put the measurements and the values of the researchers (see two steps back) in the program.

Paired-Samples T-Test
A Paired-Samples T-Test is done to compare the measurements between the different researchers.
e Go to ‘Analyze’ — ‘Compare Means’ — ‘Paired-Samples T Test’
e Set the following Paired variables:
Pair 1, variable1: ‘Model_19mn’, variable2: ‘Model_15mm’
Pair 2, variable1: ‘Model_19mn7’, variable2: ‘Model_12mm’
Pair 3, variable1: ‘Model_19mn?’, variable2: ‘Model_9mm’
Pair 4, variable1: ‘Model_15mn’, variable2: ‘Model_12mm’
Pair 5, variable1: ‘Model_15mm’, variable2: ‘Model_9mm’
o Pair 6, variable1: ‘Model_12mm’, variable2: ‘Model_9mm’
e Press ‘OK..

o O O O O

Figures
Histograms and boxplots can provide visual insight into the results.
e Go to ‘Analyze’ — ‘Descriptive Statistics’ — ‘Explore’
e Set‘Model_19mm’, ‘Model_15mm’, ‘Model_12mm’, and ‘Model_9mm’ as Dependent List and
‘Researchers’ as a factor.
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e Set the Display to ‘Both’.

e Go to ‘Plots’ — set Descriptive: Histogram, also set Normality plots with tests on — ‘Continue’
e Press ‘OK.

One-way ANOVA
An one-way analysis of variance (ANOVA) test is done to do a statistical analysis of the inter- and
intraobserver variability.
e Go to ‘Analyze’ — ‘Compare Means’ — ‘One-way ANOVA’
o Set ‘Model_19mm’, ‘Model_15mm’, ‘Model_12mm’, and ‘Model_9mm’ as Dependent list and
‘Researchers’ as Factor
Go to ‘Post Hoc’ — set Equal Variances assumed: Bonferroni — ‘Continue’
Go to ‘Options’ — set statistics: Descriptive, Fixed and random effects, also set Means plot
on— ‘Continue’
e Press ‘OK

Save the file. Make also files for the flows of 4 L/min and 6.2 L/min. Do the same test as with the 5.5
L/min.
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Appendix XXII: Statistical analysis of the different models

In total, 96 measurements were done (table 1, 2, and 3). Four models were used with thicknesses of
19, 15, 12, and 9 mm. All the models were measured using a flow of 4.0 L/min, 5.5 L/min and 6.2

L/min. Every researcher performed three consecutive measurements in all the different situations.

Table 1: Left ventricular outflow tract pressure gradient (LVOT PG) values in mmHg for measurements
of the left ventricle (LV) models with an interventricular septum thickness (IVSt) of 9, 12, 15, and 19
mm using a flow of 4.0 L/min.

Researcher 19mm 15mm 12mm 9mm
A 16.2 16.9 15.9 18.0
A 16.9 16.9 16.4 15.7
A 16.4 17.2 16.4 15.4
B 18.0 18.0 18.0 17.7
B 18.2 18.2 17.2 16.7
B 18.0 17.7 18.0 16.2
C 18.0 19.1 16.9 16.2
C 17.4 17.4 19.1 16.4
C 16.9 19.9 17.2 16.4
D 18.5 17.2 17.7 17.4
D 16.9 18.0 16.9 16.4
D 16.9 19.1 16.4 18.0
Average: 17.36+0.76 17.97+0.96 17.18+0.90 16.71+0.87

Table 2: LVOT PG values in mmHg for measurements of the LV models with an IVSt of 9, 12, 15, and
19 mm using a flow of 5.5 L/min.

Researcher 19mm 15mm 12mm 9mm
A 30.4 26.2 31.6 26.2
A 28.4 26.5 30.9 27.8
A 30.1 26.2 33.0 27.5
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B 33.0 234 33.0 26.2
B 28.8 26.2 31.6 28.2
B 2905 259 33.4 28.2
C 31.5 26.9 28.8 256
C 32.0 275 28.8 256
C 36.4 27.2 295 26.5
D 32.0 30.5 290.2 26.9
D 31.2 275 295 259
D 34.1 285 295 259
Average: 31.45+2.29 26.88+1.68 30.73+£1.74 26.71+0.98

Table 3: LVOT PG values for measurements in mmHg of the LV models with an IVSt of 9, 12, 15, and
19 mm using a flow of 6.2 L/min.

Researcher 19mm 15mm 12mm 9Imm
A 35.8 30.2 34.9 36.9
A 33.9 33.4 29.9 36.9
A 31.7 29.9 33.0 34.1
B 35.6 34.1 32.3 32.0
B 41.9 33.8 31.2 34.1
B 35.2 32.0 32.3 35.6
C 43.5 35.2 33.0 33.0
C 35.2 35.6 32.7 34.1
C 40.6 37.5 33.4 33.0
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D 38.7 34.9 34.1 33.0
D 37.9 32.7 33.4 37.1
D 37.5 29.9 33.4 36.0
Average: 37.29+3.43 33.2742.43 32.80+1.31 34.65+1.78

A statistical analysis is performed to prove if there is a statistically significant difference between the
different models. Several situations are compared:

a. LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 4.0 L/min

b. LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 5.5 L/min

c. LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 6.2 L/min
A paired sample T-test is performed for all situations a, b and ¢ with a confidence interval of 95%.

Situation a
Looking at the results of the statistical analysis it can be concluded that a statistically significant
difference can be found between the following models (figure 1) :
a. LV models with an IVSt of 9 and 15 mm (p=0.005)
No statistically significant differences can be found between the other models:
a. LV models with an IVSt of 9 and 12 mm (p=0.235)
LV models with an IVSt of 9 and 19 mm (p=0.066)
LV models with an IVSt of 12 and 15 mm (p=0.062)
LV models with an IVSt of 12 and 19 mm (p=0.409)
LV models with an IVSt of 15 and 19 mm (p=0.096)

caoo

Paired Samples Test

Paired Differences
95% Confidence Interval of the

Std. Error Difference

Mean Std. Deviation Mean Lower Upper t df Sig. (2-tailed)

Pair1  Model_19mm - -,6083 11572 ,3340 -1,3436 1269 -1,821 1" ,096
Model_15mm

Pair2 Model_19mm - 1833 7396 2135 -,2866 6532 859 1" 409
Model_12mm

Pair3 Model_19mm - ,6500 11017 ,3180 -,0500 1,3500 2,044 1 ,066
Model_9mm

Pair4 Model_15mm - 7917 1,3222 3817 -,0484 16317 2,074 1 062
Model_12mm

Pair5 Model_15mm - 1,2583 1,2413 ,3583 L4696 2,0470 3,512 1" ,005
Model_9mm

Pair6 Model_12mm - 4667 1,2858 3712 -,3503 1,2836 1,257 1 235
Model_9mm

Figure 1: A paired sample T-test is performed to prove if there is a statistically significant difference
between the LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 4.0 L/min.

The lack of statistically significant differences may partly be caused by a questionable normal
distribution of the data. This can be concluded by looking at the kurtosis of the different measurements
(table 4) and the Shapiro-Wilk test (figure 2). Data is normally distributed if the skewness and kurtosis
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have a value between -1 and 1. The skewness indicates a normal distribution. The kurtosis shows a
normal distribution for the LV models with an IVSt of 12 and 15 mm, however, not for the LV models
with an IVSt of 9 and 19 mm. Therefore also a Shapiro-Wilk test is done (figure 2). By looking at the
p-value it can be seen that for all models there is a normal distribution. So it is assumed that the data
is normally distributed.

Table 4: The skewness and kurtosis of the statistical analysis of the LV models with an IVSt of 9, 12,
15, and 19 mm using a flow of 4.0 L/min.

IVSt of the LV model (mm) Skewness Kurtosis
9 0.331 1.041

12 0.730 0.390

15 0.808 -0.252
19 0.014 1.418

Tests of Normality

Kolmogorov-Smirnov? Shapiro-Wilk

Statistic df Sig Statistic df Sig
Model_19mm 227 12 ,089 913 12 231
Model_15mm 154 12 200" 907 12 197
Model_12mm 156 12 ,200' 944 12 554
Model_9mm 222 12 106 914 12 237

*. This is a lower bound of the true significance.

a. Lilliefors Significance Correction

Figure 2: A test of normality is performed to determine if the data of the different models using a flow
of 4 L/min is normally distributed.

Situation b
Looking at the results of the statistical analysis it can be concluded that a statistically significant
difference can be found between the following models (figure 3) :
a. LV models with an IVSt of 9 and 12 mm (p<0.001)
b. LV models with an IVSt of 9 and 19 mm (p<0.001)
c. LV models with an IVSt of 12 and 15 mm (p=0.001)
d. LV models with an IVSt of 15 and 19 mm (p<0.001)
No statistically significant differences can be found between the other models:
a. LV models with an IVSt of 9 and 15 mm (p=0.788)
b. LV models with an IVSt of 12 and 19 mm (p=0.485)
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Paired Samples Test

Paired Differences

95% Confidence Interval of the

Std. Error Difference
Mean Std. Deviation Mean Lower Upper t df Sig. (2-tailed)

Pair1  Model_19mm - 45750 2,5320 ,7309 2,9662 6,1838 6,259 1 ,000
Model_15mm

Pair2  Moc J167 3,4380 ,9925 -1,4677 2,901 722 1 485
Mode

Pair3 Mot 47417 2,9904 ,8633 2,8416 6,6417 5,493 1 ,000
Model_9

Pair4  Moc -3,8583 31762 9169 -5,8764 -1,8403 -4,208 1 ,001
Mode

Pair5 Moc 1667 2,0943 6046 -1,1640 1,4973 276 1 ,788
Model_9

Pair6 Mot 4,0250 1,3532 ,3906 31652 48848 10,304 1" ,000

Model_9

Figure 3: A paired sample T-test is performed to prove if there is a statistically significant difference

between the LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 5.5 L/min.

The lack of statistically significant differences may partly be caused by a questionable normal
distribution of the data. This can be concluded by looking at the kurtosis of the different measurements
(table 5). The skewness indicates a normal distribution. The kurtosis shows a normal distribution for
the LV model with an IVSt of 19 mm, however, not for the LV models with an IVSt of 9, 12, and 15
mm. By looking at the p-value of the Shapiro-Wilk test, it can be seen that for all models there is a

normal distribution (figure 4). So it is assumed that the data is normally distributed.

Table 5: The skewness and kurtosis of the statistical analysis of the LV models with an IVSt of 9, 12,
15, and 19 mm using a flow of 5.5 L/min.

IVSt of the LV model (mm) Skewness Kurtosis
9 0.504 1.380
12 0.412 -1.543
15 0.196 2.377
19 0.781 0.616
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Tests of Normality

Kolmogorov-Smirnov?® Shapiro-Wilk
Statistic df Sig. Statistic df Sig.
19 155 12 200 955 12 718
15 198 12 2007 923 12 315
12 261 12 024 868 12 ,061
9 187 12 200" 882 12 ,093

This is a lower bound of the true significanc®.
Lilliefors Significance Correctian

Figure 4: A test of normality is performed to determine if the data of the different models using a flow
of 5.5 L/min is normally distributed.

Situation ¢
Looking at the results of the statistical analysis it can be concluded that a statistically significant
difference can be found between the following models (figure 5) :
a. LV models with an IVSt of 9 and 12 mm (p=0.016)
b. LV models with an IVSt of 12 and 19 mm (p=0.001)
c. LV models with an IVSt of 15 and 19 mm (p=0.001)
No statistically significant differences can be found between the other models:
a. LV models with an IVSt of 9 and 15 mm (p=0.231)
b. LV models with an IVSt of 9 and 19 mm (p=0.061)
c. LV models with an IVSt of 12 and 15 mm (p=0.593)

Paired Samples Test

Paired Differences

95% Confidence Interval of the

Std. Error Difference

Mean Std. Deviation Mean Lower Upper t df Sig. (2-tailed)

Pair1  Model_19mm - 4,0250 2,9610 8548 21437 59063 4,709 1" ,001
Model_15mm

Pair2 Model_19mm - 44917 3,5259 1,0178 2,2514 6,7319 4413 11 ,001
Model_12mm

Pair3 Model_19mm- 26417 43775 1,2637 -1397 54230 2,090 1" 061
Model_Smm

Pair4 Model_15mm- 4667 2,9367 8478 -1,3992 2,3326 550 1 593
Model_12mm

Pair5 Model_15mm- -1,3833 3,7755 1,0899 -3,7822 1,0155 -1,269 1 231
Model_9mm

Pair6 Model_12mm - -1,8500 2,2625 6531 -3,2875 -4125 -2,832 1 016

Model_9mm

Figure 5: A paired sample T-test is performed to prove if there is a statistically significant difference
between the LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 6.2 L/min.

The lack of statistically significant differences may partly be caused by a questionable normal
distribution of the data. This can be concluded by looking at the kurtosis of the different measurements
(table 6). However the skewness indicates a normal distribution. The kurtosis shows a normal
distribution for the LV model with an IVSt of 12 and 19 mm, however, not for the LV models with an
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IVSt of 9 and 15 mm. By looking at the p-value of the Shapiro-Wilk test, it can be seen that for all
models there is a normal distribution (figure 6). So it is assumed that the data is normally distributed.

Table 6: The skewness and kurtosis of the statistical analysis of the LV models with an IVSt of 9, 12,
15, and 19 mm using a flow of 6.2 L/min.

IVSt of the LV model (mm) Skewness Kurtosis
9 0.158 -1.485
12 -0.050 -0.758
15 -0.815 1.401
19 0.367 0.383
Tests of Normality
Kolmogorov-Smirnov® Shapiro-Wilk
Statistic df Sig Statistic df Sig
Model_19mm 168 12 200° 968 12 891
Model_15mm 147 12 ,200' 947 12 592
Model_12mm 184 12 ,200' 941 12 510
Model_9mm ,205 12 77 903 12 175

* This is a lower bound of the true significance.

a. Lilliefors Significance Correction

Figure 6: A test of normality is performed. By looking at the Shapiro-Wilk test it can be determined if
the data of the different models using a flow of 6.2 L/min is normally distributed.
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Appendix XXIII: Statistical analysis of the inter- and intraobserver
variability

A statistical analysis is performed to prove if there is inter- and intraobserver variability. Several
situations are compared:

a. Left ventricle (LV) models with an interventricular septum thickness (IVSt) of 9, 12, 15, and 19

mm using a flow of 4.0 L/min

b. LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 5.5 L/min

c. LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 6.2 L/min
An one-way analysis of variance (ANOVA) test is performed for all situations a, b and c with a
confidence interval of 95%.

Situation a

Looking at the results of the statistical analysis it can be concluded that there is no statistically
significant difference within groups (intraobserver variability) and between groups (interobserver
variability) for all the LV models (figure 1) .

ANOVA
Sum of
Squares df Mean Square F Sig.
Model_19mm  Between Groups 3,749 3 1,250 3,845 057
Within Groups 2,600 8 325
Total 6,349 11
Model_15mm  Between Groups 4 940 3 1,647 2,501 133
Within Groups 5,267 8 658
Total 10,207 11
Model_12mm  Between Groups 4623 3 1,541 2,867 104
Within Groups 4 300 8 538
Total 8,923 11
Model_9mm Between Groups 1,782 3 594 7126 564
Within Groups 6,547 8 818
Total 8,329 1

Figure 1: An one-way ANOVA test is performed to prove if there is inter- and intraobserver variability
between the LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 4.0 L/min.

Situation b

Looking at the results of the statistical analysis it can be concluded that there is no statistically
significant difference within groups and between groups for the LV models with an IVSt of 9 and 19
mm (figure 2). It can be seen that there is a statistically significant difference for the LV models with
an VSt of 12 and 15 mm.
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ANOVA

Sum of
Squares df Mean Square F Sig.
Model_9mm Between Groups 5,309 3 1,770 2,661 1189
Within Groups 5320 8 665
Total 10,629 11
Model_19mm  Between Groups 26170 3 8,723 2,217 164
Within Groups 31,480 8 3,935
Total 57,650 11
Model_15mm  Between Groups 21,569 3 7,190 5971 019
Within Groups 9633 8 1,204
Total 31,202 11
Model_12mm  Between Groups 28,847 3 9,616 17,248 ,001
Within Groups 4,460 8 558
Total 33,307 11

Figure 2: An one-way ANOVA test is performed to prove if there is inter- and intraobserver variability
between the LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 5.5 L/min.

Looking at the comparisons between the researchers of the LV model with an VSt of 15 mm it can be
concluded that researchers B and D show much interobserver variability (figure 3).
Multiple Comparisons

Dependent Variable: Model_15mm

Bonferroni
~ Mean 95% Confidence Interval
Difference (I-

() Researcher (J) Researcher J) Std. Error Sig. Lower Bound  Upper Bound

A B 1,1333 ,8960 1,000 -1,984 4,250
Cc -,.9000 8960 1,000 -4,017 2,217
D -2,5333 ,8960 133 -5,650 584

B A -1,1333 8960 1,000 -4,250 1,984
C -2,0333 ,8960 318 -5,150 1,084
D -3,6667 8960 021 -6,784 -.550

Cc A ,9000 8960 1,000 -2,217 4,017
B 2,0333 ,8960 318 -1,084 5150
D -1,6333 8960 635 -4,750 1,484

D A 2,5333 ,8960 133 -,584 5,650
B 3,6667 ,8960 021 550 6,784
C 1,6333 ,8960 635 -1,484 4,750

The mean difference is significant at the 0.05 levél.

Figure 3: The comparisons of results of the LV model with an IVSt of 15 mm between the different
researchers: A, B, C, and D.

101



Looking at the comparisons between the researchers of the LV model with an IVSt of 12 mm it can be
concluded that there is much interobserver variability between the researchers, except between the
researchers A and B and the researchers C and D (figure 4).

Multiple Comparisons

Dependent Variable: Model_12mm

Bonferroni
Duﬁ!‘liﬂ;e . 95% Confidence Interval

() Researcher  (J) Researcher J) Std. Error Sig. Lower Bound  Upper Bound

A B -,8333 ,6096 1,000 -2,954 1,288
Cc 2,8000° ,6096 011 679 4921
D 24333 ,6096 ,024 312 4,554

B A 8333 ,6096 1,000 -1,288 2,954
C 3,6333 ,6096 ,002 1,512 5754
D 3,2667 6096 004 1,146 5,388

C A -2,8000° ,6096 011 -4.921 -679
B -3,6333 ,6096 ,002 -5,754 -1,512
D -,3667 ,6096 1,000 -2,488 1,754

D A -2,4333 ,6096 ,024 -4,554 -312
B -3,2667 ,6096 ,004 -5,388 -1,146
Cc 3667 ,6096 1,000 -1,754 2,488

The mean difference is significant atthe 0.05 levél.

Figure 4: The comparisons of results of the LV model with an IVSt of 12 mm between the different
researchers: A, B, C, and D.

Situation ¢
Looking at the results of the statistical analysis it can be concluded that there is no statistically
significant difference within groups and between groups for all LV models (figure 5).

ANOVA
Sum of
Squares df Mean Square F Sig.
Model_19mm  Between Groups 56,829 3 18,943 2,079 181
Within Groups 72,900 8 9112
Total 129,729 11
Model_15mm  Between Groups 39,080 3 13,027 4,057 ,050
Within Groups 25,687 8 3,211
Total 64,767 11
Model_12mm  Between Groups 4620 3 1,540 873 494
Within Groups 14,120 8 1,765
Total 18,740 11
Model_9mm Between Groups 13,370 3 4 457 1,652 253
Within Groups 21,580 8 2,698
Total 34,950 11

Figure 5: An one-way ANOVA test is performed to prove if there is inter- and intraobserver variability
between the LV models with an IVSt of 9, 12, 15, and 19 mm using a flow of 6.2 L/min.
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A graphic visual of the inter- and intraobserver variability for the different situations is given below

(figure 6).
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Figure 6: The different measurements done by different researchers and the 95% ClI. a. Using a flow
of 4.0 L/min b. Using a flow of 5.5 L/min. c. Using a flow of 6 L/min.
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