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Abstract

Introduction: Hemodynamic assessment using currently available methods is particularly
challenging in the Fontan population. Patients with Fontan circulation are generally described to
have chronically low cardiac output (CO) and high central venous pressure (CVP). Reduced
exercise capacity is amongst many adverse effects associated with Fontan circulation. We set to
firstly examine accuracy and reproducibility of a non-invasive technology in hemodynamic
assessment and, secondly to evaluate resting, and post-exercise hemodynamics in patients with
Fontan circulation using this non-invasive means. Amongst available non-invasive hemodynamic
assessment technologies, whole body impedance cardiography (ICG) has been gaining popularity.
Amongst available ICG devices, Non-invasive Cardiac System (NICaS, NI Medical) had

performed well throughout various validation studies.

Material and method: In the first part of the project, forty-one patients undergoing cardiac
magnetic resonance imaging (CMR), as part of their standard of clinical care, were investigated
using NICaS 10 minutes prior to undergoing CMR. The stroke volume (SV) generated by NICaS
was compared to aortic forward flow volume measured by CMR. To evaluate the reproducibility
of NICaS, 10 of the participants chosen at random were re-investigated by NICaS 15 min post-
CMR. In the latter part, twenty-one patients with Fontan circulation and 21 age and sex matched
healthy participants were assessed by cardiopulmonary exercise testing (CPET) using treadmill
ergometer and breath gas analyzer. Their resting and post-exercise hemodynamic parameters were

also measured using NICaS.

Results: Data from 39 patients was available for comparison of CMR to ICG. 15/39 (39%) were
female; mean £ SD age and body mass index (BMI) were 54 + 15 years (range: 27 - 86 years) and

28.6 + 5.5 kg/m? (range: 20.5 - 41.9 kg/m?) respectively. NICaS derived SV strongly correlated



with aortic forward flow measured by CMR, with Pearson correlation factor (r) of 0.78, and
significance (p) of < 0.05. The Bland-Altman limits of agreement between NICaS and CMR were
-22 and 36 ml, and bias found to be 7 ml. Repeat NICaS measurements of SV pre- and post-MRI
in 10 subjects were markedly similar (pre: 80 £ 18 ml (range: 51 - 102 ml) vs. post: 76 £ 17 ml
(range: 50 - 99 ml); Kappa = 1). In our CEPT part, the mean + SD age amongst Fontan and control
groups was 28 £ 10, and 29 + 6 years old respectively. Sex ratio of male/female was 14/7 in both
groups. Fontan group showed a significantly lower mean peak oxygen consumption (peak VO3)
compared to control (23.6 £ 5.5 vs. 43.2 £ 9 ml/Kg/min; p < 0.05). Fontan had a significantly
higher ventilatory efficiency which is demonstrated as minute ventilation to carbon dioxide
production ratio (VE/VCO>) (40 + 5 vs. 32 + 4; p < 0.05). Fontan participants on average had a
significantly lower resting SV, CO, and significantly higher resting HR when compared to control
(respectively: 50.7 + 16.4 vs. 88 £ 20 ml, p < 0.05; 3.9+ 1.6 vs. 5.6 £ 1.1 I/min, p < 0.05; 77 £ 14

vs. 65 £ 11 beats/min, p < 0.05).

Conclusion: NICaS derived SV demonstrated strong correlation with aortic forward flow volume
assessment of CMR. NICaS additionally exhibited excellent reproducibility. Additionally, in later
part of our work we found that our CPET and ICG assessments are in keeping with previously
published data in the Fontan population. As such we believe it would be feasible to incorporate

use of NICaS in clinical research and routine clinical care of patients with Fontan circulation.
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Chapter 1: Literature review

Introduction to Fontan

Documentations of cyanosis due to congenital heart disease (CHD) go back to about 200
years ago. Discoloration and hasty deterioration of infants, only a few weeks old, prompted the
observant physicians to report their autopsy findings. Various CHDs were described in the first
half of the 19" century. One such congenital cardiac anomaly is tricuspid atresia (TA). Although
the term TA was coined in the early 1860s, it did not appear in English literature until the early
20" century.’® Campbell believed most patients suffering from TA would benefit from a shunt
creation until the day comes when a more curative method is pioneered.>* Later on, a handful of
great physicians aspired that healing a "blue baby” with congenital TA should not be beyond the
reach of science, and as a result of their work the foundation to Fontan’s procedure was set.® In
1971, Fontan and Baudet published the first series of their techniques in early "Fontan" procedures.
Such a procedure overall included superior vena cava to be directly connected to pulmonary
circulation whereas inferior vena cava will connect to pulmonary arteries through right atrial
appendage (classic Fontan circulation) leading to passive filling of the pulmonary circulation. Then
Patient’s anatomical/functional single ventricle was placed such that it would pump blood through
the systemic circulation. This created a systemic venous circulation that is connected directly to

pulmonary circulation without a sub-pulmonary ventricle.®

Left uncorrected, a defect resulting in functionally univentricular heart (UVH) can lead to
hypoxemia and early heart failure. The small percent of those surviving childhood suffer from very
poor quality of life during teenage years and rarely enter adulthood. Retrospective review of

patients treated with Fontan procedures, performed between 1973 and 1998 at Mayo clinic,



demonstrated improved longevity.” Although originally intended to treat patients with TA, the
Fontan procedure has remained the standard of care in treating patients born with a range of CHDs,
not amenable to bi-ventricular repair. This method has been refined over recent time, resulting in
various sub-classes of Fontan patient population such as classic Fontan circulation (right atrial
appendage connected to the pulmonary artery), lateral tunnel Fontan (a baffle created with either
prosthetic material or atrial tissue connecting inferior vena cava (IVC) to the pulmonary
circulation), and extra-cardiac Fontan (incorporating a prosthetic tube that connects the IVC to the

pulmonary circulation).®

In Figure 1we have elected to depict TA, a subset of congenital heart abnormality requiring
Fontan operation (on the left), and one of the subtypes of Fontan repair, extra cardiac Fontan (on
the right). (These figures are produced by author through hand drawing and are influenced by

Dorland's illustrated medical dictionary and Kojima et al., 2020. °19)
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Figure 1 - Tricuspid atresia (left) and extracardiac Fontan (right)

On the left: demonstrating TA in which blood from vena cavae system flows to RA. Given the
lack of connection between RA and RV, blood flows through congenital shunt to PV and then to
LA. Hence bypassing pulmonary circulation. On the right: Extra cardiac Fontan, where 1VC is
attached to PA via a conduit. This enables the systemic venous blood to flow through the
pulmonary system.

SVC: superior vena cava, RA: right atrium, IVVC: inferior vena cava, PV: pulmonary vein, LA: left
atrium, LV: left ventricle, RV: right ventricle, Ao: aorta, PA: pulmonary artery

Epidemiology

Marelli estimated prevalence of CHD to be around 11.9/1000 amongst children in year
2000, with 1.5/1000 being a severe form of CHD. With improvements of medical and surgical
management, more children with CHD survive childhood and enter adulthood. Between 1985 and
2000, the average age of a CHD patient increased by 6 years owing to an 85% increase in adult
congenital heart disease (ACHD) population as a result of better survival outcome in affected

children.t

Fontan is a sub-population of CHD. Despite its shortcomings, the Fontan physiology is still
the main palliation used for management of certain patients born with a range of complex CHDs.

Nowadays, most patients who undergo Fontan procedure survive childhood and adolescence and



their care is subsequently transitioned to ACHD specialists. In 2019, the global population of

Fontan patients was estimated to be about 70,000, with predicted doubling time of about 20 years.*?
Long-term outcomes in Fontan circulation

The Fontan procedure improves longevity and quality of life in patients with complex
CHD. Fontan physiology has been shown to deteriorate relatively faster compared to normal
cardiovascular circulation. Limited knowledge and the short time elapsed since refinements of
Fontan technique, makes it challenging to be certain about long-term consequences of Fontan

circulation.!®

Despite satisfactory initial outcomes, Fontan circulation inherently has (1) low cardiac
output (CO), and (2) chronically elevated central venous pressure (CVP) that lacks pulsativity;

both aforementioned factors contribute to long-term complications of Fontan circulation.***°

Long-term complications associated with the Fontan circulation include (1) liver damage
eventually leading to cirrhosis, (2) atrial tissue stretch (especially in the patients with classical
Fontan) leading to arrhythmias, (3) renal dysfunction (secondary to chronic low CO state and
chronic venous congestion, affecting trans-renal perfusion pressure), (4) protein loosing
enteropathy (perhaps due to increased mesenteric vascular resistance), (5) venous stasis and
increased thrombogenicity (likely secondary to sluggish flow), (6) muscle wasting (7)

immunological, and (8) metabolic derangements.214
Current clinical assessment

The growing population of adult patients with Fontan circulation demands a directed
multidisciplinary approach.'® Assessment of Fontan is a comprehensive approach that includes

multisystem assessment with particular attention to cardiovascular system. Currently, adult

4



patients with Fontan circulation are seen in adult congenital heart clinic and undergo a historically
accepted series of evaluations with in-depth history and physical examination, blood work,
electrocardiogram (ECG), cardio-pulmonary exercise stress test, echocardiogram (echo), CMR
and cardiac catheterization. These tests are aimed at evaluating Fontan circulation, and various

specific organ functionality, mainly liver, kidney, and endocrine.?

Amongst the commonly used clinical assessments we would like to mention and briefly

discuss the following means:

Electrocardiography (ECG):

Used to assess underlying heart rhythm, to identify sinus or atrio-ventricular conduction

abnormalities.

Trans-thoracic echocardiography (TTE):

Amongst well-established non-invasive hemodynamic assessment approaches, echocardiography
(echo) uses geometrical assumptions and velocity time integral, is not always accurate and is
heavily dependent on the operator’s skills. Geometrical assumptions used in constructing and
interpreting TTE reports, do not always hold true in instances of all CHDs.*"'® Decrease quality
of acoustic window due to multiple previous thoracic surgeries in this population, or its poor

accuracy in assessment of shunts are amongst other drawbacks of this modality.*®

TTE is often performed annually with the aim of identifying any interval change in ventricular

function, atrio-ventricular valvular pathology, and flow patterns.

Cardiopulmonary exercise test (CPET):

Cardiopulmonary exercise test is an in-depth test of functional capacity. Such test, when performed

at regular intervals, can demonstrate any real interval change that is usually difficult to perceive

5



otherwise. CPET can also help differentiate limitations due to cardiovascular, respiratory, or
musculo-skeletal systems. CPET has been deemed a prognostication gold standard in the Fontan
population. It is the changes of peak oxygen consumption (VOz) over time that is informative of
outcome and not a onetime baseline assessment.?® CPET is not without shortcomings: requiring

specialized facility and staff, costly, difficult to undergo for frail patients.?

Cardiac magnetic resonance (CMR):

Cardiac magnetic resonance (CMR) is considered to be a gold standard investigational tool for
assessment of ventricular function and SV measurement.?? Although essential in care of patients
with CHD, routine CMR has its own limitations. Claustrophobic patients or those with metal or
device implants may not be able to undergo CMR. Additionally, issues such as portability, cost,
and a lengthy and uncomfortable procedure, limit its utility. Stainless steel artifacts, consequence
of Fontan’s multiple previous sternotomies, lowers imaging quality.?®?* Furthermore,
hemodynamic assessment during exertion while undergoing CMR is only possible in a few
specialized centers around the world as it requires an MRI safe ergometer, and skilled
operators.?2?% This method’s reproducibility in certain heart conditions (such as valvular

pathologies and ...) has also been questioned. 2°

Cardiac catheterization:

Gold standard for CO measurement is invasive cardiac catheterization. This method only became
widely used after development of relatively safer and specialized instruments for the task.?” This
modality is utilized for more accurate pressure and flow characterization. In addition to its invasive
nature, it includes undesirable contrast and radiation exposure.!® Besides the obvious
unattractiveness of an invasive procedure, cardiac catheterization for CO calculation has the

following disadvantages: requires specialized facility and staff, costly, not suitable for frequent
6



and continuous monitoring, it was never challenged against a previously universal gold standard,
and particularly relevant to CHD is that extra and intracardiac shunts affect the accuracy of CO

measurement.?’-2

As we gain more insight into Fontan circulation, it is becoming clearer that some traditional

ways of assessing a biventricular failure may not necessarily be suitable to this population.
Current patient management

Current management of Fontan patients is mainly targeted at symptomatic relief. Despite
many similarities to acquired heart failure, none of the conventionally accepted heart failure
therapies have shown prognostic benefit in patients with Fontan circulation. At later stages of
clinical deterioration patients may present with a range of symptoms, described under the umbrella
term “failing Fontan” (also known as Fontan failure). These patients are considered for risky

treatment options such as heart and liver transplantation.?®-32

Transplant (Tx):

Despite improved surgical technigues and outcome, heart failure remains a common cause
of death in Fontan patients. Factors such as male gender, atrio-ventricular valve insufficiency,

arrhythmia, or systemic right ventricle adversely affect the overall outcome in Fontan.

Although heart transplantation improves longevity and quality of life for the majority of
Fontan patients, these patients still remain at higher risk of mortality post successful heart
transplantation, in comparison to those undergoing heart transplantation for non-Fontan
indications.3* Factors such as multiple blood product transfusions, may negatively affect outcome
of Tx.% In cases of Fontan failure, by the time of need for heart Tx there has been forced

adaptations in anatomy that may be significant enough to increase the risks of the operation. By



the time of heart Tx, the majority of Fontan patients have developed liver dysfunction ranging
from fibrosis to cirrhosis and even hepatocellular carcinoma and would require a work up by the

liver transplant team as well 3%,
Introduction to Fontan exercise hemodynamics

A physiological system’s ability to augment CO during exertion is vital to its survival. CO
is determined by chronotropy, inotropy, preload and afterload. If ventricular function is not
severely impacted, Fontan's CO is heavily reliant on preload. Due to lack of adequate preload
reserve, when a Fontan heart rate (HR) is augmented in the physiologic range, the CO is not
augmented as much. CO in the patients with Fontan circulation is more pre-load dependent than
the patients with bi-ventricular circulation. A determining element of Fontan preload is pulmonary
vascular resistance (PVR).® In Fontan circulation, energy provided by the systemic ventricle must
work through not only the systemic vascular resistance (SVR), but also the PVR. Fontan
circulation surprises experts in terms of longevity it provides in reality, versus what is expected
based on baseline exercise capacity. Given the constellation of comorbidities associated with
Fontan circulation, and diminished cardiopulmonary exercise capacity as a result of Fontan
physiology, experts were not expecting the longevity benefit that is observed in this population in

real life.!
Fontan exercise capacity and hemodynamic assessment

As more individuals with Fontan palliation live long enough to transition into ACHD
clinics, the demand is higher than ever to clinically follow these patients. Despite poor baseline
hemodynamic performance compared to “norm”, it is estimated that about 80% of Fontan patients

will survive into the fourth decade of life. Some of this success may be owed to refined and



improved Fontan operation.® Such patients are investigated by CPET at a regular interval to

identify any interval change.

Oxygen consumption (VO2) is dependent on SV, HR, lung oxygenation and tissue
extraction. Peak VO is achieved when VO reaches a plateau after initial increase in response to
exercise (external stress). The role of peak VO, assessment in prognostication of certain heart

diseases has been established.?!

A marker of ventilation efficiency measured during CPET, VE/VCO2, uses minute
ventilation (VE) and carbon dioxide production (VCOy) ratio to convey information regarding the

individual’s need to breathe a certain volume of air in exchange for a given unit of CO,.2%%

Attempts to expand monitoring benefits of CPET in the general CHD or HF populations to
the Fontan population have been made. CPET interpretation is not as well understood in Fontan

as it is in HF.40

Treadmill CPET is overall a safe and reproducible study. During treadmill CPET a breath-
by-breath analyzer calculates VO, using Fick’s principle as the foundation. This method’s
inclusivity of both CO (representing cardiac health) and oxygen delivery and use (representing
cellular and pulmonary health), makes it an ideal holistic clinical tool.*! Its prognostication ability
has been well studied and established in different cardiac patients including Fontan.?042-4°
Although the predictive value of baseline CPET in CHD has been praised before, it is its trend
over time that is of value in Fontan and not the one-time base-line assessment. Adverse events can

very well be predicted based on serial CPET and monitoring peak VVO2 changes over time.*045-47

In considering exercise-limiting factors, inability to sufficiently augment CO is amongst

the main contributing factors to Fontan’s below average exercise performance.*®



Factors such as inability to augment SV have been deemed a key limiting factor in Fontan's
poor CO augmentation (i.e., inadequate flow reserve relative to biventricular heart).and peak VO
performance. Chronotropic incompetence, although observed, is not a major player in poor CPET

performance of Fontan. %>
Characteristics of an ideal SV assessment tool

As discussed above Peak VO, has demonstrated to be of value in terms of clinical
prognostication. Peak VO, obtained during CPET has been used as a surrogate for SV.%° This
prompted us to further consider the study of a non-invasive SV monitoring device with certain
predefined characteristics. An ideal tool for monitoring SV must possess the following qualities:
cost effective, non-invasive, quick, operator independent, reproducible, accurate, precise,

continuous, easy to set up and use.
ICG

The need for non-invasive hemodynamic monitoring in the clinical setting has been
demonstrated and discussed above. HR, SV, CO and SVR are amongst highly desirable parameters
amongst clinicians. From guiding real time therapy in critically ill patients to determining long
term prognosis, these hemodynamic parameters provide a wealth of clinical information. Although
there are physical examination techniques that aid clinicians to estimate these values, accuracy of

estimates obtained this way has been questioned.>?

Modern day user friendly, cheap, non-invasive and continuous HR monitoring has roots in
the late 1800s, when the first human heart electrocardiogram (ECG) was recorded.>® Nowadays
ECG is a widely utilized technology in hospitals and clinical settings for rate and rhythm

monitoring. When it comes to SV and CO monitoring, the available clinical standards lack
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qualities such as ease of use, cost effectiveness and/or being non-invasive. The use of more
invasive methods are limited to deteriorating or very sick patients, and the use of more costly
method of CMR is spaced out in time and lacks continuity due to the nature of this assessment

tool, as it is not possible to undergo such assessment continuously.>*

Direct SVR measurement in a clinical setting is inherently challenging. However, with the
aid of physiology of hemodynamics and understanding of Fick’s principle, it has been shown that

CO can be estimated from HR and SV: and SVR from CO and BP.%>58

Given the excellent accessibility of ECG and BP machines in the clinical setting, and the
central role of SV in estimating CO and SVR, efforts have been made to non-invasively assess SV.
Amongst the available methods, impedance cardiography (ICG) has attracted clinical researchers.
A variety of prototypes and commercial versions have been produced. From those using only
thorax to others using whole body, they all rely on similar principal. An external low alternating
current (AC) at high frequency is sent through the body, the change in this AC is caused by the
body hindering the flow of electricity and causes a change in voltage between two points on the
body. The cause of this change is known as bioimpedance, and depends on resistance (determined
by body composition) and reactance (determined by cellular composition).>®® The use of
bioimpedance in assessing SV is known as ICG. Backed by The National Aeronautics and Space
Administration, Kubicek et al.’s published method of SV calculation, based on regional body
impedance was amongst the first to put this idea into practice.>*®' Later modifications of his
algorithm by different scientists and companies have led to overall improvement of ICG

technology.®?

Integration of ICG in research and intensive care settings has been gaining popularity. This

assessment tool takes advantage of recognizing changes in the conductance of the body as SV is

11



pumped through the vasculature. The change in diameter of vasculature (as SV passes through)
changes the body’s resistance to AC. Impedance is non-invasively measurable; based on body’s
impedance when given certain patient characteristics such as sex, age, height, weight, hemoglobin
level, and electrolyte levels ICG devices are able to calculate SV. The whole body impedance
variations of this technology have demonstrated excellent agreement with thermodilution

(TD).63’64

Non-invasive cardiac system (NICaS), produced by NIMedical, is a whole body ICG
technology. This tetrapolar tool, uses two electrodes (one special sticker) placed preferably on a
wrist and another special sticker on the contralateral ankle. It takes advantage of formulae
discussed in patents authored by Tsoglin and Frinerman at the end of the 1990s. The formula takes
into account body habitus, age, sex, and other factors affecting electrical conductance of blood and

body. 666

Many devices utilizing ICG exist on the market. Although concepts utilized are alike, each
device uses a different correction factor based on assumptions set by the producers. The correction
factors utilized in the estimation of SV affect the accuracy. NICaS has done an acceptable job
developing their algorithm yielding an SV in close agreement with reference methods. 87-'2 Despite
a few reports of poor correlation between ICG and a reference method, numerous other studies
were satisfied with the agreeability of ICG and reference methods. The studies showing poor
correlation used the less desirable thoracic ICG technique and not NICaS per se; later, studies

similar in design were not able to confirm the reported lack of agreement.®”-"3

Whole body ICG, when incorporated into clinical practice, has the potential to provide

clinicians with additional information vital to patient care. Monitoring a variety of conditions, as
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well-known as hypertension to complex congenital heart diseases, can immensely benefit from

integration of this technology into clinical practice.®”"

At first we set to investigate how well the SV measured by NICaS agrees with CMR. This
inexpensive, easy to use tool is ideal for continuous hemodynamic monitoring. If it demonstrates

acceptable agreement with CMR, then we will use it during Fontan CPET assessment.

Commonly used concepts

Here we provide a brief review of certain values and concepts frequently used in this
project. Awareness of the following concepts provides a better understanding of the underlying

theme here:

The fascination with measuring CO and SV goes back to times of Eugen Fick. Fick’s principle

states VO is a product of CO and arteriovenous oxygen difference.”
VO, = CO x arteriovenous oxygen difference
Equation 1 - Fick's Principle

CO is the volume of blood pumped through the body over time. The relationship between CO and

other hemodynamic values is shown in a mathematical format in Equation 2 and CO = MAP/TPR
Equation 3.5’

CO=HR xSV

Equation 2 - Cardiac output (CO) as a product of heart rate (HR) and stroke volume (SV)

CO = MAP/TPR

Equation 3 - Cardiac output (CO) equals mean arterial pressure (MAP) divided by total

peripheral resistance (TPR)
13



At times CO and flow, and systemic vascular resistance (SVR) and TPR may be used
interchangeably. Fundamentally all ICG devices can detect and measure changes in body
impedance (AZ) and use it to calculate SV. Based on Ohm’s law, when considering direct current
(DC), voltage (V) is a product of current (1) and resistance (R). When considering alternating
current (AC) R is replaced with the term impedance (Z, measure of material’s hinderance to AC).

If a known current is applied throughout the assessment, AV = 1x AZ

Equation 4 demonstrates how measuring the change in voltage (AV) across a circuit can
provide sufficient input to calculate change in impedance.”® The human body is a conductor of
electricity and can act as a circuit. ICG devices apply a known low amplitude current across two

points on the body and are capable of measuring the voltage difference across 2 points on the body.

AV =1xAZ

Equation 4 - Ohm's law, change in voltage (AV) is a product of current (I) and change in

impedance (AZ)

The body’s ability to conduct electricity depends on factors such as: electrolyte balance,
cell membrane make up, blood content, direction of red blood cell movement, temperature, length
and diameter of the body section acting as a circuit, amount of gas, fluid or solid in said circuit.
Fundamentally impedance is a function of conduction path length (L) divided by its surface area
(SA); considering volume (V) is a product of SA and L the classical formula to calculate value of

impedance is shown in Z = p (L2/V)
Equation 5.7

Z=p (L2%V)
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Equation 5 - Impedance (Z) equals to resistivity of conduction material (p) multiplied by the value

obtained by dividing length (L) squared by volume (V)

After many years and numerous modifications by different scientists and scientific groups,
Tsoglin and Frinerman in 1992 produced a finely tuned semi-empirical formula that is very close
to the formula employed by NICaS today. This formula is shown in SV = (Hctcorr / KseX, age) X

kel x Kwt X IBX (H2x AR/R)x (o +/B)
Equation 6.7
SV = (Hctcorr/ Ksex, age) X kel X Kwt X IB X (H2 X AR / R) X ((X + B / B)

Equation 6 - Stroke volume (SV) is calculated based on Hctcorr (hematocrit correction factor
proportional to measured hematocrit), Ke (coefficient related to blood electrolytes), Kut
(coefficient related to participant’s weight), IB (index balance which is equal to measured
extracellular fluid / the expected extracellular fluid volume), Ksex age (COefficient depending upon a
patient’s sex and age), H is individual’s height, AR is the change in the resistance portion of the
bioimpedance during cardiac cycle, R is the baseline whole body bioresistance and o. + 3 / B is the

ratio of the systolic time plus diastolic time / the diastolic time.

Further minor modification of SV = (Hctcorr / Ksex, age) X kel x Kwt x IB x (H2 x AR / R)
X (ot B/P)

Equation 6 by incorporating a hydration factor has yielded a formula that is used by

NICaS, which allows this device to calculates SV via measuring impedance.’
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Chapter 2: Study rationale and methods

Rationale

There is a need for a hemodynamic assessment tool that is cost effective, operator
independent, portable, non-invasive, quick, with continuous monitoring ability in clinical research
and clinical settings. Amongst the available methods of hemodynamic monitoring, the 1CG
technique has been drawing scientists’ attention. Once available, SV can be used to derive a range
of hemodynamic parameters. Determining HR and SV allows for the calculation of CO.
Furthermore, given the availability of non-invasive BP devices, from CO and BP it is possible to

calculate TPR (used interchangeably with SVR).

NICaS, approved by US Food and Drug Administration (FDA) 510(K) No. K080941 (July
2009)8 and Health Canada, has shown promising performance over the years. However, like other
assessment tools and tests in medicine its approved use is limited. To be able to expand the use of
this device to more general scenarios (i.e., “off label” use until enough evidence is collected for
approval) further studies to monitor its behaviour in different medical conditions and under

different settings is still required,53:6%77.79-81

First, we set to assess the precision and accuracy of NICaS against CMR. Then we assessed
the utility of NICaS in a clinical research setting with particular focus on Fontan hemodynamic

assessment.
Hypothesis

Q) NICaS SV assessment is comparable with aortic forward flow volume obtained from

CMR. (Inter-device/method agreement)
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(i)

(iii)

(iv)

(v)

SV measured by NICaS closely resembles itself when repeated on the same person
shortly after. (Intra-device/method agreement)

The CPET obtained peak VO. values measured at our lab in Fontan, are comparable
with that that of previously published values.

ICG is suitable to detect differences in hemodynamics of normal cardiovascular system
and Fontan circulation

SV at rest measured by ICG, correlates well and significantly with peak VO..

Expected outcomes

(i)

(i)
(iii)

(iv)
v)

Methods

ICG derived SV will resemble aortic forward flow measured by the systemic
ventricular assessment gold standard, CMR.

ICG technology will demonstrate good intra-device consistency.

Peak VO in Fontan using CPET at our lab will be in keeping with that measured at
other institutions.

Fontan will have a lower SV compared to Control.

SV at rest measured by NICasS, can predict peak VO3 in both Fontan and Control.

Approval from both The University of Manitoba Research Ethics Board and the St.

Boniface Hospital’s Office of Clinical Research was obtained before the start of each project. Both

parts A and B were prospective observational clinical studies combined with retrospective medical

chart review.
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Study population

ICG Vs. CMR Validation cohort

Forty-one adult patients who presented to St. Boniface Hospital MRI center in Winnipeg
to undergo CMR as ordered by their physicians for their own medical indication, consented to

partake in our study. Their characteristics are shown in Table 1.
CPET and ICG hemodynamic values

For the Fontan arm of the study, twenty-one adult Fontan patients followed up by Manitoba
Adult Congenital Heart Clinic agreed to participate in our study. For the control arm, information
flyers were displayed around St. Boniface Hospital and University of Manitoba Active Living
Center. Applicants were enrolled after a screening process, ensuring they are free of any known

cardiovascular disease or comorbidities and to age and gender match them with the Fontan group.

NICaS Analysis

ICG Vs. CMR Validation

Prior to CMR, participants were placed in a quiet section to relax in supine position for 10
minutes. Then, a NICaS special electrode (sticker) was placed over the radial artery of left wrist
and a second one over posterior tibialis artery of right ankle. In occasions where this configuration
was not possible (e.g. amputation, overlying infection) right wrist/left ankle or wrist/wrist
configurations were used. Given there is a correction factor built into the NICaS algorithm for
these configuration adjustments, ideally these modifications should only have an insignificant
effect on measurements. Participants were asked to relax and maintain their supine position. Five
to ten minutes of measurements were recorded. Afterwards, patients proceeded to CMR.

Radiologists interpreting CMR were blinded to SV measured by NICaS.
18



Ten of the participants were randomly selected and agreed to undergo NICaS
measurements both before and after their CMR; this was done to evaluate intra-device
reproducibility. After the completion of their CMR, and allowing 10 minutes for the participants

to relax again, they underwent NICaS SV assessment in the same manner as pre-CMR.
CPET and ICG hemodynamics

Participants were scheduled to attend an assessment session at Active Living Center (ALC)
of University of Manitoba. During this session, they underwent NI1CaS assessment once pre-CPET
to assess resting SV and associated hemodynamics and again immediately after their CPET while
their body was still in an excited state from the CPET. Pre-CPET, participants were placed in a
supine position and NICaS special electrodes (stickers) were applied the wrist/contra lateral ankle
or wrist/wrist in a similar manner as described above. Post-CPET, participants underwent NICaS

assessment within one minute.
Detail on MRI protocol

Participants in the ICG vs. CMR validation group underwent CMR assessment as part of
their standard medical care. The CMR protocol has been put in place by St. Boniface Hospital
MRI center and Department of Radiology and utilizes 1.5 Tesla MRI scanners, following standard
protocols.828 Patients are placed in the CMR machine in supine position and breath hold
techniques are performed while acquiring images. Radiologists use semi-automated recognition of
features to make adjustments manually to the contour to be used in stacked disc (i.e. Simpson’s
method) to assess left ventricle. Radiologists” assessment was then reported as part of the patient’s
medical record. We reviewed these reports and extracted the stated left ventricular forward flow

to be used in our study for comparison to NICaS reported SV.

19



Out of the 41 patients, due to CMR technical issues, 2 of the patients’ CMRs were
deemed inadequate and their SV were not reported. Hence the data from 39 study participants

was used for analysis.
Exercise session

During the CPET sessions, participants were taken to the assessment area of University of
Manitoba Active Living Center. Their height and weight were measured and recorded. A body
composition assessment using InBody 570 body composition device was carried out for each
participant, then participant’s BP was measured using a manual sphygmomanometer and a
stethoscope. Participants were then directed to a bed set up near the treadmill and breath by breath
gas analyzer used. While relaxed and lying supine, NICaS assessment was performed. Participants
were then asked to stand next to the bed for NICaS evaluation of postural changes in
hemodynamics. Participants then transferred on to a treadmill and were fitted with the breathalyzer
mask. The well-established modified Bruce protocol (a standard test in cardiopulmonary exercise
testing), suitable for those with lower exercise capacity, was used to carry out our CPET.88 |n
certain instances, particularly amongst Fontan arm, the treadmill test had to be stopped early before
reaching maximal effort, due to claudication, significant dyspnea, chest discomfort, or reaching

maximal HR.
Statistical analysis

All statistical analysis, correlation graphs and tables were done using Microsoft Excel 2016

and Office 365. Bar graphs are constructed using GraphPad Prism V9.
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ICG Vs. CMR Validation

SV calculated by NICaS was compared to aortic forward flow volume measured by CMR,

using correlation analysis. Where applicable values are reported as mean + SD.

Further, we analyzed the agreement between CMR and NICaS by plotting a Bland-Altman

graph and calculated bias, and limits of agreements as per literature.’88:87

For the ten participants used to assess intra-device reproducibility, Pearson correlation and

Cohen statistics were used, with Cohen value between 0.81 to 1 showing perfect reproducibility.®
CPET and ICG hemodynamics

Demographics and body composition values of both Fontan and Control arms are displayed
in mean £ SD where appropriate. These values were compared between the two groups using two

tailed student t-test (p < 0.05 showing significant difference).

CPET and NICaS hemodynamic values in the two groups of Fontan and Control were

compared using a two tailed student t-test.

Peak VO obtained during CPET and SV measured at rest immediately prior to the CPET
were used in a regression analysis conducted using Microsoft Excel. Based on the assumption that
0 SV has oxygen consumption of 0, the intercept was set to 0 for this regression analysis (p < 0.05

denoting significant correlation).
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Chapter 3: Results

ICG Vs. CMR Validation

A total of 41 individuals underwent ICG and CMR assessment of their SV. All 41
participants successfully underwent ICG SV assessment. In 2 individuals due to poor imaging
quality, the CMR study was voided by the clinical radiologist. Data from 39 individuals who
successfully underwent both ICG and CMR assessment were used for comparison. 70% of
participants were males, average age of participants was 54 + 15 years (yr), with average BMI of
28.6 + 5.5 kg/m?. Their demographic and anthropometric information is shown in Table 1. This
table also lists most frequent indications for CMR and includes noteworthy medical indications
for CMR. Amongst these, hypertrophic cardiomyopathies and arrhythmogenic right ventricular

dysplasia were the most frequent indications, followed by CHDs.

Table 1 - Participants' information and most frequent reasons for CMR referral.

Total participants (n) 39
Females (%) 15 (30)
Age (yr £ SD) 54 +15
BMI (Kg/m2) (mean £ SD) 28.6+5
Most frequent and of note reasons for referral n
Hypertrophic cardiomyopathy 12
Arrhythmogenic right ventricular dysplasia 4
Tetralogy of Fallot 3
Abnormal EF% 3
Hemochromatosis 3
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Ventricular septal defect 2

Previous Ross procedure 1

Data from 39 participants was used for comparison. %Female, average age, average BMI is
shown. Indications for CMR are also displayed. Hypertrophic cardiomyopathy was the most
frequent indication for CMR request. Amongst the participants, a previous Ross operation, and

tetralogy of Fallot were amongst noteworthy mentions.

Using NICaS, participants’ average SV * SD was found to be 77 £ 20.45 ml amongst the
39 participants. The reported aortic forward flow by the clinical radiologist based on CMR

assessment had an average = SD of 84 + 23.07 ml. (Table 2)

Table 2 — SVs measured by ICG and CMR.

SV (ml) (mean + SD) Range ml (min - max)
CMR 84 +23 47 -132
ICG 77 + 20 31-123

This table summarizes the average SV measured by the two modalities of CMR and ICG in 39

participants.

SV measured by ICG device NICaS was compared with SV assessment using CMR as
reported by radiologist in 39 participants. SV of participants assessed by ICG showed a strong
and statistically significant correlation with that of assessment by CMR, yielding Pearson
correlation factor of r = 0.79, p <0.05. (Figure 2). In Figure 2 the dotted line (x = y) represents
most ideal scenario where a dynamic parameter (here SV) assessed by two different modalities

would return the same value.
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Figure 2 - Pearson correlation between SV measured by CMR vs. ICG. SV in ml measured in 39
participants using two different modalities of CMR and ICG are plotted for each participant. The
solid line represents the trend line. Pearson correlation was calculated to be r = .79 (p < 0.05).

The dotted line represents the line of best fit y = x.

As part of our investigation into precision of NICaS, its intra-device validity was assessed
using 10 randomly selected participants amongst the 39 individuals in our study. Their SV was
assessed shortly before and after their CMR session. The average SV measured by NICasS in these
10 individuals before CMR was 80 £ 18 ml, and after CMR 76 £17 ml. Utilizing Cohen kappa
analysis®® NICaS demonstrated excellent reproducibility with kappa of 1. (Error! Reference s

ource not found.)
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Table 3 — Assessment of ICG device NICaS’ intra-device reliability

Pre-CMR SV (ml) (SV % SD)

Post-CMR SV (ml) (SV + SD)

80+ 18

76 +17

Pre-CMR SV range (ml) (min. - max.)

Pre-CMR SV range (ml) (min. - max.)

51 - 102 50 - 99
Pre- and post-CMR Pearson p
correlation coefficient (r)
0.9 0.0007

Cohen's kappa coefficient

10 individuals were randomly selected to undergo ICG assessment of SV shortly before and after
their CMR session. The mean SV measured shortly before and after CMR are reported as Pre-

CMR and Post-CMR in this table.

As seen in Figure 3, Bland-Altman analysis was chosen for further graphical illustration
of differences between the values measured using the two independent techniques of ICG and
CMR. On the y-axis the difference between SV measured by ICG and CMR is plotted against the
average SV measured by ICG and CMR for each one of the 39 participants. Bias represents the
average differences in SV measured by CMR and ICG. Upper (U LOA) and lower (L LOA) limits
of agreement were calculated by first calculating two-tailed inverse of the Student's t-distribution

of CMR and ICG SV differences, then this value was multiplied by standard deviation of these
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differences, and at last the resulting number was added to bias (for U LOA) and subtracted from

bias (for L LOA).
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Figure 3 — Bland-Altman graph: Difference between SV measured by the two modalities of CMR
and ICG is plotted on the y-axis. This is calculated by subtracting each participant’s SV measure
by ICG from SV measured by CMR (SVcmr — SVics). The x-axis represents the average of SV

measured by CMR and ICG in each participant.

The values for the elements of this Bland-Altman graph such as bias, upper limit of
agreement (U LOA), and lower limit of agreement (L LOA) were calculated to be 7 ml, 36 ml, and

-22 ml respectively, these values are summarized in Table 4.

Table 4 — Elements of Bland-Altman plot.

26



Bias (ml) 7
U LOA (ml) 36
L LOA (ml) -22

CPET and ICG hemodynamics

For this part of the project, 21 participants with Fontan palliation and 21 healthy age- and
sex- matched Controls were recruited. Available etiologies necessitating Fontan palliation were
obtained through retrospective chart review. These etiologies necessitating Fontan procedure are
reported in Table 5. Amongst these etiologies, tricuspid atresia and transposition of great vessels
tops the list in terms of frequency. Information regarding the type of established Fontan circulation
in individuals was also obtained during retrospective medical chart review, and are listed in second
part of Table 5. Medications taken by the Fontan group and the number of individuals taking the

medication is listed in alphabetical order in Table 5.

Table 5 - Original diagnosis, Fontan procedure type, and list of medications.

Original Diagnosis:
Tricuspid atresia
Transposed vessels
HRV
HLV
PS
VSD
Double outlet right ventricle
Double Inlet LV
Double Inlet RV
Hypoplastic aortic arch
Mitral atresia
Aortic atresia
Situs solitus, right hand ventricular topology
Juxta-arterial ventricular septal defect (bilateral conus)

5
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Double outlet left ventricle 1
Epstein 1
1
n

ASD
Fontan Type:

Extracardiac 14
Lateral Tunnel 4
Bjork 1
Atrio-pulmonary 1
1
+

Unknown
Age of Fontan Circulation at time of study (year) (mean £ SD) 22
Medication

n
ACE Inhibitors 7
Allopurinol 1
1
1

Amiodarone
ARBs

ASA 13
Beta Blocker

CCB

Digoxin

Diuretic

Endothelin Receptor Antagonist
NOACs

PDE-5 Inhibitor

Spironolactone

Statin

Warfarin

PR INRINERIN RPN

Some participants suffered from multiple congenital heart conditions coexisting
simultaneously. At the time of our study on average (£ SD) 22 + 6 years had elapsed from the

participants’ Fontan procedure completion.

Both cohorts had 16 males. Their demographic and anthropometric data were compared
using a student t-test, with threshold of significance set at p < 0.05. The Fontan and Control

groups’ average age, height, BMI and body fat did not significantly differ. The two groups’
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weight, muscle mass, and resting blood pressure were amongst values that significantly differed
between the two groups. The averages and the p values (using 2 tailed student t-test) are shown
in Table 6. We found that on average Fontan group, despite no significant difference in height,

has a significantly lower muscle mass.

Table 6 - Fontan and Control demographics and anthropometric information.

Fontan Control p

(n=21) (n=21)
Males (%) (mean + SD) 14(67) 14(67) -
Age (yrs) (mean = SD) 28 +10 296 0.65
Height (cm) (mean £ SD) 170+ 9 172+ 9 0.54
Weight (Kg) (mean + SD) 70+ 14 78+ 14 0.047
Body Fat Mass (Kg) (mean = SD) 19+9 18+8 0.69
Skeletal Muscle Mass (Kg) (mean + SD) 28+6 34+8 0.01
BMI (Kg/m2) (mean + SD) 24 +4 26 + 3 0.06
%Body Fat (mean £ SD) 27+ 10 24+ 9 0.21
Lean Body Mass (Kg) (mean = SD) 51+10 60 + 13 0.01
Dry Lean Mass (Kg) (mean + SD) 13+3 296 0.01
Systolic BP (mmHg) (mean = SD) 114+ 11 123+ 11 0.01

P-value of < 0.05 denotes significant difference between the two groups.

Exercise capacity of both Fontan and Control were assessed during CPET, using a breath
by breath gas analyzer. Fontan peak VO, was significantly lower than Control, as expected.
Average Fontan and Control peak VO2, %VO. max (peak VO./Expected peak VO for age, sex,
weight, and height), VE/VCO2, maximum heart rate (HR max) during exercise are reported in
Figure 4. As expected, Fontan compared (2 tailed student t-test) to Control, significantly (p < 0.05)

underperformed in all the aforementioned categories.
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CPET values
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Figure 4 - Hemodynamic parameters obtained during CPET

A. Peak oxygen consumption (Peak VVO2) Fontan 23.63 vs. Control 43.20 ml/kg/min B. Percent
predicted oxygen consumption obtained (%VO2 max) Fontan 64.71% vs. Control 124.24% C.
ventilatory efficiency (VE/VCO2) Fontan 39.64 Vs Control 31.83 D. Maximum heart rate
achieved at peak exercise (HR max) Fontan 154.81 Vs Control 184.38. **** denotes p < 0.0001,
when the averages of the two groups were compared using a 2-tailed student t-test (p < 0.05). The

error bars represent SD for corresponding bar.
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Prior to the treadmill exercise session, participants underwent ICG evaluation of their
resting hemodynamics using NICaS. Fontan group on average had a significantly lower resting
SV and CO despite having higher resting HR. Averages of HR, SV, SI, CI, CO and TPRI at rest
in both groups, and significance of their comparison (2 tailed student t-test) are reported in

Figure 5. P < 0.05 was used as threshold for significance.
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Resting ICG values
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Figure 5 - ICG hemodynamic parameters derived using NICaS at rest, compared in Fontan vs.
Control.

A. Heart rate (HR) Fontan 77.48 vs. Control 65.10 beats/min B. Stroke index (SI) Fontan 27.48
vs. Control 45.33 ml/m? C. Stroke volume (SV) Fontan 50.71 vs. Control 87.81 ml D. Cardiac
index (CI) Fontan 2.16 vs. Control 2.94 I/min/m2 E. Cardiac output (CO) Fontan 3.94 vs. Control
5.62 I/min F. Total peripheral resistance index (TPRI) Fontan 2855 vs. Control 2384 dyn.sec.cm’
> m2. ns denotes p > 0.05, ** denotes p < 0.01, *** denotes p < 0.001, **** denotes p < 0.0001
when the averages of the two groups were compared using a 2-tailed student t-test. The error bars

represent SD for the corresponding bar graph.
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To assess participants’ hemodynamic status while still in an exercise induced
physiologically excited state, participants underwent ICG hemodynamic evaluation within 1
minute after the treadmill exercise session (post exercise). There was no significant difference
between post exercise HR amongst the two groups. Fontan group on average had a significantly
lower post exercise SV and CO despite having a HR at par with Control. Averages of HR, SV, SI,
Cl, CO and TPRI post exercise derive from ICG method using NICaS in both groups, and
significance of their comparison (2 tailed student t-test) are reported in Figure 6. P < 0.05 was used

as threshold for significance.
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Post Exercise ICG values
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Figure 6 - ICG hemodynamic parameters derived using NICaS within 1 min post treadmill
exercise session (post exercise), compared in Fontan vs. Control.

Post exercise averages for Fontan vs. Control are reported. A. Heart rate (HR) Fontan 102.48 vs.
Control 103.71 beats/min. HR post exercise did not differ significantly between the two groups B.
Stroke index (SI) Fontan 27.67 vs. Control 46.95 ml/m? C. Stroke volume (SV) Fontan 50.43 vs.
90.43 Control 87.81 ml D. Cardiac index (Cl) Fontan 2.82 vs. Control 4.90 I/min/m2 E. Cardiac
output (CO) Fontan 5.10 vs. Control 9.32 I/min F. Total peripheral resistance index (TPRI) Fontan
2379 Vs Control 1799 (dyn.sec.cm™.m?). ns denotes p > 0.05, ** denotes p < 0.01, **** denotes
p <0.0001 when the averages of the two groups were compared using a 2-tailed student t-test. The

error bars represent SD.
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Assuming there is no oxygen consumption at SV of 0 ml and given that peak oxygen
consumption (peak VOy) is a function of cardiac output, we performed a regression analysis
between these two parameters, with intercept of 0. Correlation of r = 0.92 with p<0.05 was
discovered between peak VO, measured during CPET and the independently measured SV by
NICaS when considering all participants. Regression analysis between these two independently
assessed values amongst the two groups separately was also performed. In all cases ICG derived
resting SV exhibited excellent linear correlation with peak VO2. These findings are summarized

in Figures 7 to 9.
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Figure 7 - Correlation between peak oxygen consumption (peak VOz) obtained from breath gas
analyzer during CPET and resting SV obtained from NICaS during resting ICG measurements in
all participants combined

are demonstrated. The resting SV showed a significant correlation with peak VO». r = 0.92, p <

0.05.
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Figure 8 - Correlation between peak oxygen consumption (peak VO3) obtained from breath gas
analyzer during CPET and resting SV obtained from NICaS during resting ICG measurements in
only Fontan participants

are demonstrated. The resting SV showed a significant correlation with peak VO2. r =0.91, p <

0.05.
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Figure 9 - Correlation between peak oxygen consumption (peak VOz) obtain from breath gas
analyzer during CPET and resting SV obtained from NICaS during resting ICG measurements in
only Control participants

are demonstrated. The resting SV showed a significant correlation with peak VO,. r = 0.97, p <

0.05.
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Chapter 4: Discussion

Need for non-invasive hemodynamic assessment

The need for hemodynamic assessment in intensive care, perioperative care and trauma
setting has been well established.®®%® Amongst the essential hemodynamic parameters, HR
(utilizing ECG) and non-invasive BP are monitored readily, however without SV or a surrogate of
it the picture is incomplete. Invasive methods are losing popularity and being replaced with less
invasive alternatives.®* This has paved the way for utilizing non-invasive methods of estimating
SV. Lack of a clear definition of absolute clinical gold standard or disagreement over methods of
statistical analysis to gauge a new medical device against an already accepted method, has made
adaptation to novel clinical devices slow.? This evolving technology has had its share of criticism
as well.®® Keeping in mind continuous improvement of this method, the need for more

observational studies and need for more data gathering in different conditions is clearly required.

Patient populations requiring highly specialized care such as heart failure and Fontan
benefit from regular hemodynamic assessment.®*% Utilization of non-invasive hemodynamic
monitoring in the clinical setting may have prognostication and preventative value. Amongst

available non-invasive options, ICG has been gaining momentum in popularity.
ICG as an option

Using electrodes applied to the skin in form of stickers, ICG technology carries out its
function by sending a small alternating current (AC) through organic matter and measuring
potential difference between two points. The measure of resisting AC through organic matter is

impedance. Changes in the diameter of blood vessels when receiving the SV results in changes in
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their AC opposing characteristics and creates a change in impedance. Being able to measure this
change in impedance provides us with enough input to estimate SV.% Employing the same
fundamental concepts, entities developing ICG devices incorporate their own correction factors
and at times proprietary modifications in hopes of refining the accuracy of estimated hemodynamic
parameters they measure. Amongst the available variety of options, we took an interest in NICasS.
This ICG device, uses two skin stickers, is easy to set up, cheap, operator independent and has
been observed to generate reproducible data.8-:%"% Its two limb lead and total body impedance set

up are amongst ICG modifications that have been praised.%38!

Initially, we showed a significantly strong correlation between NICaS assessment of SV
with CMR generated aortic forward flow volume. Our study cohort included patients with varying
underlying heart conditions, including those with CHDs and surgically managed CHDs. We were
content with the ICG device’s performance against the gold standard of systemic ventricle

assessment, CMR.

NICaS not only exhibited good inter-device reliability, but it also has excellent intra-device
reliability. Collected ICG measurements in 10 participants both shortly before and after their CMR,
exhibited perfect kappa of 1. This finding is reassuring since in many situations trending the change
in hemodynamic parameters is more important than knowing the accurate absolute baseline. We
were pleased with NICaS’ reproducibility and ability to continuously generate real time

hemodynamic parameters.

Although objectively not assessed, the majority of participants voluntarily voiced their
satisfaction with comfort, and short duration of the assessment. Given the clinical importance of

hemodynamic trending over time in almost any population, and lack of convenient means to assess
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a full hemodynamic picture of a sub-specialized populations such as HF and Fontan, we set to use

NICaS during CPET sessions. 99101
Population and participation

As mentioned in chapter 1, the global population of Fontan in 2019 has been estimated to
be around 70,000 with doubling time of 20 years.*? The participation of 21 Fontan patients in this
study is a strength of this project. At the time of the study, this represented more than half of known
adult Fontan patients in the province of Manitoba and western part of Ontario. Studies of similar
nature at more populous centers, for example collaboration between France and Belgium had 25
Fontan participants, and to put the matter into perspective, a multinational study involving 24
cardiology centers and 15 countries had a total of 435 participants (this was a quality of life

guestionnaire study with less physical exertion required by design).102103
CPET hemodynamic assessment

Although exercise capacity and oxygen consumption improve after Fontan completion
compared to before it, the increased exercise capacity is still suboptimal in comparison to healthy
subjects.?%1% Cardiopulmonary exercise testing is shown to be a valuable prognostication tool
over time and is regularly used as part of accepted standard medical care for this population.*? Of
note, the exercise capacity of different Fontan subtypes has not been shown to significantly differ,
as such all Fontans regardless of their repair subtype are treated as one cohort in our study.'%
Different studies have reported CPET parameters in Fontan and some examples of the reported
numbers are as follow: peak VO of 26.3 ml/kg/min (65% of predicted for age and gender)(Cross
sectional study, 411 subjects) °°, median peak VO2 of 21.9 ml/kg/min 1%, 60 to 64% of predicted

peak VO2 1%, Poirier et al. lists more than 10 studies that reported lower peak VO in Fontan

40



compared to healthy, and about 5 studies showing higher VE/VCO; in Fontan compared to

healthy.%®

In our study we observed lower exercise capacity in Fontan compared to control. This is in
keeping with previously published results from other institutions. We found the average peak VO
in Fontan to be 23.6£5.5 ml/kg/min and in control 43.2+9 ml/kg/min. These numbers correspond
to %peak VO. predicted, averages were 65%+14% and 124%+23% respectively. Our findings
reaffirm lower peak VO in Fontan compared to healthy population. Congruent with other studies,
we report higher mean of VE/VCO: in the Fontan group than control (40£5 and 32+4.respectively).
This indicates worse ventilatory efficiency. Simply put, VE/VVCO; indicates volume of air needed
to be displaced by lungs to expel given volume of CO2.1% The prognostic significance of this value

in the unique population of Fontan is not well understood.
ICG hemodynamic parameters

Although Fontan has higher resting HR and smaller HR reserve, chronotropy has not been
identified as a limiting factor to peak exercise tolerance.5%1%11 An objective surrogate of exercise
capacity is peak VO.. VO can be broken down to two fundamental parts, oxygen delivery and
oxygen consumption. We believe that Fontan’s chronically low CO state is dictated by low SV
which in turn is limited by decreased preload This leads to subnormal oxygen delivery. In those
with chronically low CO state, this can lead to poor muscle mass development. As per such
causative assumption, it is reasonable to deduce that improving oxygen delivery (i.e. improving
SV in case of Fontan leading to CO improvement) over time may improve muscle growth and as
a result oxygen uptake will improve.*® This emphasizes the need for regular SV assessment in

this population.
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It has been previously shown that Fontan circulation generates a smaller SV and CO. Some
instances of these values reported in the limited number of studies available are: in one study,
median resting SV of 64 ml, resting CO 3.9 I/min was reported;*%” in another study 8 Fontan
patients underwent cardiac catheterization for hemodynamic assessment and their reported values
are resting mean Cl was 2.3+0.6 I/ min/ m?, SI 28.3+8.7 ml/m?2 ! in another study on 25 Fontan
patients using bioimpedance resting Cl was 2.91 I/ min/ m?. 92 Utilizing ICG, our measured
average resting SV for Fontan and control were 50.7£16.4 and 88+20 ml, respectively. Despite
having a higher resting HR, the Fontan group also demonstrated lower CO in our study. We report
mean CO of 3.9£1.6 I/min for Fontan group and 5.6+1.1 I/min for control. This further reconfirms
that Fontan circulation’s inherent low SV is the main driver of low CO state in this population. By
measuring resting BP during CPET session, it is possible to calculate TPR. Our reported total
peripheral resistance index (TPRI) provides further proof that Fontan’s peripheral vasculature is
chronically constricted to maintain a normal BP. Fontan physiology’s attempt to adapt and
maintain near normal BP by increasing peripheral vascular resistance to compensate for low CO
(caused by low SV in this population), comes at the price of reduced oxygen delivery and its

sequels as mentioned in the previous section.

This is the ideal place to mention and entertain the idea that contrary to classical belief,
perhaps if conditioned from early ages, a persistent exercise regimen may be of benefit to the
overall health of the Fontan population.'®® More longer-term studies are needed to shed light on
the effect of different types of exercise and conditioning regimens on outcomes in this population.
ICG has the potential to be an important component of such studies assessing the effect of long

term exercise programs on Fontan outcomes.
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Limitations

Due to ethical reasons, comparison of ICG in every patient population, with invasive or
semi-invasive gold standards of care, is not possible. There is much to be learned in terms of ICG’s
reliability and accuracy in different patient populations. Certain underlying pathologies affecting
the blood composition (e.g. abnormal proteins), or different cardiac anatomies can affect the data
generated by ICG. As such there is still a need to further observe ICG devices in different patient
populations. In the first part of our study (comparing ICG with CMR), we did observe that two of
our participants with underlying amyloidosis exhibited the largest SV difference with CMR.
Although, such observed difference could be just by chance, larger studies are required to verify

any such limitations.

Although every effort was made to perform ICG measurements as close to the CMR
measurements; due to incompatibility of ICG device with MRI, simultaneous measurements were
not possible. As shown in the result section, our study demonstrated a bias of 7 ml. This means
that on average NICaS underestimated the SV by 7 ml compared to CMR. Although this is not of
grave clinical significance, one way to further assess ICG technology would be to develop MRI

safe cables that have the capability of being utilized simultaneously with CMR.

It has repeatedly been reported that ICG devices are prone to motion artifacts. As a result,
they ideally require patients to be motionless or the limbs used for the assessment to be in minimal
motion.**? During the later part of our study (CPET), we encountered the same problem. Due to
the nature of treadmill ergometer testing, all body limbs are in a state of motion. This made it
difficult to carry out ICG measurements during peak exercise. However, given the NICaS’ ability
to generate one data point every 20 seconds we were able to assess our participants immediately

after exercise, when their bodies were still somewhat in an excited state. For future studies of
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similar nature, we propose using a bike ergometer. When using the wrist-wrist configuration on a
bike ergometer, hands can be kept steady for the short duration required to obtain ICG

measurement.

Future direction

Demonstrated suitability of ICG in trending SV makes it suitable for follow up studies.
Observational studies, following patients over time to assess the changes in their SV will be of
great value. This type of study will enable us to construct prognostication algorithms based on SV

changes in a given patient population.

The realms of genomics, proteomics, metabolomics and lipidomics studies that utilize
biomarker assessment have become commonplace in the world of clinical research. Given the
extent of observed and hypothesized metabolic derangement in the Fontan population, studies
aiming to correlate biochemical findings with ICG hemodynamic assessment are of great value.
The aim of this kind of study will be to detect relationships between information provided from
ICG assessment about hemodynamic adaptations and its effect on adaptations at the cellular level
and their mutual effect on one another. As such, collection of plasma samples during these

observational follow up studies would provide an immense amount of practical data.

Given the quick, non-invasive and relative operator independent ICG modality, we foresee
its use in acute situations such as heart attack or during hemodynamically altering procedures to
gain popularity. The road has been paved for a prospective follow up study of a unique population
as Fontan, to see the effects of long-term exercise and conditioning programs in this population.

NICasS can be utilized to assess their hemodynamic status over a period of years at fixed intervals
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and trend hemodynamic values in response to such programs in this population at our cardiac

center. 108
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Chapter 5: Study conclusion

We found a strong correlation between NICaS and CMR when assessing SV, additionally
we observed consistent measurements of SV by ICG in Fontan during our study with previously
reported findings in this population in other studies. We also found a strong correlation between

resting SV assessed independently by ICG with peak VO> values obtained during CPET.

As such, an FDA and Health Canada approved device such as NICaS that utilizes whole
body impedance technology can be used to monitor SV (and other hemodynamic parameters
deriving from it). ICG may reliably be used in clinical or clinical research settings. Employing
such a non-invasive tool in clinical and research settings is the next step to improve our

understanding of different cardiovascular conditions.
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