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Abstract

Background: Heart failure (HF) and atrial fibrillation (AF) often co-
exist. The hemodynamic alterations induced by AF in patients with
HF are well studied; however we lack reliable and non-invasive
means to study these hemodynamic alterations in ambulatory pa-
tients. We sought to evaluate the clinical utility of impedance cardi-
ography (ICG) as a novel and non-invasive tool to evaluate cardiac
hemodynamics in ambulatory patients with HF and AF.

Methods: This was a single-center observational study. A convenient
sample of ambulatory patients with chronic HF underwent non-inva-
sive electrocardiogram (ECG) and hemodynamic monitoring using
BioZ Dx impedance cardiographer. Hemodynamics were automatically
computed and ECG data were interpreted by an independent reviewer.

Results: A total of 32 patients (62 + 14 years of age; 66% male;
ejection fraction 33+13%) were enrolled. There were no baseline de-
mographic or clinical differences between those with AF (28%) and
those without AF (72%). However, patients with AF exhibited lower
stroke volume (60 + 7 vs. 89 + 29, P = 0.008), left ventricular work
(33 £9 vs. 45+ 13, P=0.016), cardiac contractility (30 + 8 vs. 40 +
13, P=10.037), and arterial elasticity (13 + 5 vs. 21 + 5, P =0.012),
as well as higher cardiac afterload (203 £ 57 vs. 151 £49, P=0.015).

Conclusions: Using non-invasive ICG, we have shown that it is fea-
sible to characterize hemodynamics in ambulatory HF patients. We
show that AF compromises left ventricular function in patients with
HF and is associated with excess afterload and reduced arterial elas-
ticity.
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Introduction

The deleterious effects of atrial fibrillation (AF) as part of heart
failure (HF) are known to be associated with poor prognosis,
which increases the mortality of HF by nearly 40% [1]. There
are well known mechanisms through which AF impairs myo-
cardial function including loss of cardiac output during tachy-
cardia, the reduced ventricular filling due to the loss of atrial
systole, and the activation of neurohormonal vasoconstrictor
mechanisms [2, 3]. In fact, the mechanisms involved in hemo-
dynamic alterations induced by AF are much more complex.
Hemodynamic monitoring is frequently performed invasively
in intensive care unit (ICU) among those who are hemody-
namically unstable [4].

In patients with coexisting HF and AF, significant derange-
ment of several hemodynamics parameters occurs, whether the
heart rate during AF is controlled or not [5]. At the same time,
performing invasive monitoring at these patients can be poten-
tially harmful. Therefore a simplified comprehensive model to
explain such hemodynamic processes could provide clinicians
with better tools to assess, evaluate, and manage patients with
coexisting HF and AF. Simple, reliable, and non-invasive tools
to study these hemodynamic alterations in ambulatory patients
could shed new light on the vicious electromechanical cycles
observed in these patients.

In this pilot study, we sought to evaluate the clinical utility
of impedance cardiography (ICG), a novel non-invasive tool
for hemodynamic monitoring, in characterizing the electrome-
chanical events seen in ambulatory, optimally managed HF pa-
tients. We also sought to compare the hemodynamics between
those with and without AF.

Materials and Methods

Study population

This observational, correlational study enrolled ambulatory HF
patients from an outpatient clinic in Newfoundland and Lab-
rador, Canada. Inclusion criteria were the following: 1) over
18 years of age; and 2) New York Heart Association (NYHA)
class I-1II HF. We excluded patients with wide QRS duration
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Figure 1. Impedance cardiography. Impedance cardiography is a non-invasive method to record changes in thoracic impedance
using transmitting and sensing electrodes that are applied to the bases of the neck and thorax bilaterally.

(i.e., >120 ms) because of pacing or bundle branch block. The
study was approved by the Health Research Ethics Authority
in Newfoundland and Labrador in accordance with the ethical
standards of the Helsinki Declaration. All participants signed
the informed consent.

ICG

ICG is a non-invasive technique to continuously assess cardiac
hemodynamics by measuring the dynamic changes in total
electrical conductivity of the thorax at any given time [6]. ICG
uses four pairs of sensing electrodes: two pairs are applied bi-
laterally to the base of the neck, and two pairs to the base of the
thorax (Fig. 1). The transmitting electrodes send high frequen-
cy, low magnitude current through the thorax, and the sensing
electrodes sense the changes in the impedance (i.e., resistance)
of the flow of transmitted current. Given that electrical cur-
rent seeks the path of least resistance, the transmitted current
flows in the aorta during systole and the vena cava during
diastole. Therefore, the dynamic changes in impedance from
beat to beat correspond to the changes in blood volumes and
velocity within the heart, which provides an opportunity for
non-invasive quantification of many important hemodynamic
parameters [7]. Table 1 summarizes seven clinically important
hemodynamic parameters used in this study.

Data collection protocol

Ambulatory patients were invited to participate in our study
during a routine outpatient clinic visit. After signing an in-
formed consent form, participating patients were escorted to
a private room where they donned a gown. The procedure of
the study was explained and vital signs were obtained. The
participants were then instructed to lie supine, while medical
history and clinical data elements were obtained. Then, after
preparation of a participant’s skin (i.e., removal of hair and
sterilization with alcohol prep pads), wet gel ICG electrodes
were applied to his or her chest. Electrocardiogram (ECG)
and hemodynamic parameters of interest were analyzed with
a BioZ Dx impedance cardiographer (Cardio Dynamics Inc.,
San Diego, CA, USA) and manufacturer specific algorithms.
These parameters were then saved in an Excel spreadsheet for
analysis. Participants were grouped according to the presence
or absence of AF, with or without treatment, on their baseline
ECG.

Statistical methods

All analyses were completed using IBM SPSS version 25, and
the P value was set at 0.05 for two-tailed hypothesis testing.
Values were reported as means plus or minus standard devia-

Table 1. Selected Hemodynamic Parameters Obtained by Impedance Cardiography (ICG)

ICG variable Definition

Stroke volume (SV)

Systemic vascular resistance (SVR)

Left stroke work index (LSWI)
Velocity index (VI)

Blood volume pumped in a single beat (absolute) and after adjustment to BSA (indexed).

The vascular resistance of the systemic vasculature as seen by the left ventricle (absolute) and after
adjustment to BSA (indexed).

The measure of work which the left ventricle must expend to pump blood per heartbeat.

A normalized peak aortic flow as a preload volume-dependent measure of contractility.

Systemic stroke resistance Index (SSRI) A measure of afterload on a per beat basis.

Total arterial compliance (TAC)
pressure.

An index of the elasticity of large arteries measured based on the ratio between SV-to-aortic pulse

BSA: body surface area.
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Figure 2. Association between hemodynamic parameters and heart rhythm. This figure shows the differences between the
groups in terms of cardiac hemodynamics. Patients with atrial fibrillation exhibited lower stroke volume, lower stroke work index,
lower velocity, and lower total arterial compliance, as well as higher systemic stroke resistance index. Error bars indicate + SE.

SE: standard error.

tion (i.e., mean * standard deviation (SD)) or as numbers and
percentages (i.e., n and %). Patients with or without AF were
compared using independent samples #-test for continuous
variables, and Chi-square test for categorical variables. Cor-
relations between continuous variables were evaluated using
Pearson’s r correlation coefficient.

Results

The final sample of participants comprised 32 patients who
were aged 62 + 14 years. Table 1 summarizes the baseline
characteristics of the study sample. The majority of partici-
pants were men (66%) who had NYHA HF class I (88%). The
average ejection fraction (EF) observed was 0.33 + 0.13, with
nearly 70% of the participants exhibiting a reduced EF of less
than 0.40. More than half of the participants had at least one
cardiovascular comorbidity. All patients were on beta blockers
and angiotensin-converting enzyme (ACE) inhibitors; 63% on
diuretics; 30% on digoxin; and 13% on nitrates.

Overall, less than one-third of patients had AF (n = 9,
28%). Those with AF were heart rate controlled (80 + 9) and
their AF was chronic. There were no differences in baseline
characteristics or home medications between those with or
without AF. More importantly, there were significant differ-
ences between the groups in terms of cardiac hemodynamics
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(Fig. 2). Patients with AF exhibited lower stroke volume (SV)
(60 + 7 vs. 89 £29, P=10.008), lower stroke work index (33 +
9vs. 45+ 13,P=0.016), lower velocity (30 + 8 vs. 40 + 13, P
=0.037), and lower total arterial compliance (13 +5 vs. 21+ 5,
P =0.012), as well as higher systemic stroke resistance index
(203 £ 57 vs. 151 £49, P=0.015).

Finally, we ran a multivariate logistic regression model
using the ICG predictors as markers of AF and reported the
resulting receiver operating characteristic (ROC) curve in Fig-
ure 3. The model demonstrates that these ICG parameters have
high discriminant value for separating patients with and with-
out AF with an area under ROC curve of 0.889.

Discussion

In this observational correlational study, we show that it is fea-
sible to characterize hemodynamics in ambulatory HF patients
using non-invasive ICG. Our results show that AF compromis-
es left ventricular function (SV, workload, and contractility);
and is associated with excess cardiac afterload and reduced ar-
terial elasticity. These ICG parameters show excellent discri-
minant value to separate those with and without AF. Our find-
ings are consistent with prior literature, suggesting that cardiac
elasticity, resistance, and afterload can play a role in the onset
AF and the progression of HF in these patients.

www.cardiologyres.org
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L . Table 2. Baseline Sample Characteristics
Logistic Regression Model
10 Variable Total (n = 32)
Age (years) 62+ 14
08 Male sex 21 (66%)
Class INYHA 28 (88%)
Ejection fraction 0.33+0.13
%‘ 06 Comorbidities
:‘E Diabetes mellitus 10 (31%)
é 0 AYC = 0.889 Hypertension 22 (69%)
’ Coronary artery disease 6 (19%)
Valvular heart disease 4 (13%)
02 Pulmonary hypertension 6 (19%)
Renal disease 9 (28%)
ICG parameters
0.0
0.0 02 0.4 06 08 1.0 SV (mL) 80+29
5
LSWI (g m/m?) 42+13
Figure 3. Discriminant value of ICG to identify patients with AF. This fig- VI (/s) 374+ 13
ure shows the discriminant value of ICG parameters reported in Table )
1 for separating patients with and without AF. ROC corresponds to the SSRI (dyne s cm™® L min! m?) 166 + 56
predicted probability value of a multivariate logistic regression model. TAC (mL/mm Hg) 18.5+7.8

ICG: impedance cardiography; AF: atrial fibrillation; ROC: receiver op-
erating characteristic; AUC: area under the ROC curve.

The cardiac function can be compromised in patients with
coexisting HF and AF by number of ways: 1) AF negatively
alters myocardial contractility by reducing SV and peak aor-
tic blood flow, which both have a negative effect on cardiac
function; 2) Increased systemic vascular resistance results in
reduced arterial elasticity and increased beat-to-beat after-
load, which both can lead to increased cardiac muscle strain
and subsequent electromechanical derangement. The combi-
nation of inter-related measures of reduced arterial elasticity,
increased afterload, and increased cardiac muscle strain seems
to be upstream pathological processes that contribute to the
initiation and progression of HF and AF, rather than being
downstream consequences of the coexistence of HF and AF
[8]. Nevertheless, vascular resistance and arterial elasticity
are potential markers of endothelial dysfunction [9, 10]. En-
dothelial dysfunction is a plausible mechanistic link to explain
the coexistence of HF and AF. We speculate that endothelial
dysfunction, manifested in less vascular relaxation [11] which
can result in excess afterload, atrial stretch, and left ventricular
muscle strain [9, 12].

Effects on SV and EF

Although we found that participants with AF had lower SV
compared to those without AF, both sets of participants (i.e.,
both with and without AF) exhibited an equivalent EF (Ta-
ble 2). This suggests that patients with AF experience lower
end-diastolic volume compared to their counterparts, which is
expected because AF results in atrioventricular dyssynchrony,
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NYHA: New York Heart Association; ICG: impedance cardiography;
SV: stroke volume; SVR: systemic vascular resistance; LSWI: left
stroke work index; VI: velocity index; SSRI: systemic stroke resistance
index; TAC: total arterial compliance.

and a loss of atrial kick influence on preload. This deleterious
effect can contribute to the activation of the renin-angiotensin-
aldosterone system, which results in sustained increase in sys-
temic vascular resistance [13].

Effects on vascular resistance and arterial compliance

To maintain adequate end-organ perfusion in the presence of
chronic HF, the sympathetic nervous system and neurohormo-
nal systems (i.e., the renin-angiotensin system and antidiuretic
hormone) remain activated. Jointly, these mechanisms accen-
tuate systemic vasoconstriction and fluid overload, resulting
in increased vascular resistance and arterial stiffness, loss of
vascular relaxation, and cardiac remodeling [13].

These pathological conditions can contribute to the initia-
tion and progression of HF. Nevertheless, our data demonstrate
that AF is associated with more severe systemic vascular re-
sistance and more diminished arterial compliance, which sug-
gests that the initiation and progression of AF are associated
with the kind of endothelial dysfunction frequently observed
with acute HF [9].

Effects on afterload and left ventricle effort

Afterload is the pressure against which the heart must work to
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eject blood during systole. Afterload compromises two com-
ponents: aortic pressure and cardiac wall tension. Our results
demonstrate that AF is associated with higher systemic stroke
resistance and subsequent lower peak aortic flow. Such elevat-
ed aortic pressure, which is influenced, in part, by the stiffness
of aorta, results in increased left ventricular effort to overcome
afterload. Nevertheless, our data also demonstrate that, despite
the elevated systemic stroke resistance, patients with AF have
a lower rather than higher left stroke work index, which re-
flects the deleterious effects of AF as part of HF.

Limitations

The study described in this paper has two major limitations.
First, the sample size of participants recruited was small, which
prevented more comprehensive sub-group analyses. However,
our preliminary results establish the feasibility of subsequent
work to study hemodynamics in ambulatory patients with HF.
Second, no echocardiographic data on wall pressure or my-
ocardial wall thickness was available. Such data could have
provided insight into the pathological mechanisms involved
in the observed relationships between AF, vascular resistance,
and afterload. We encourage the inclusion of such data in sub-
sequent studies.

Conclusions

This paper focuses on ICG as a simple and reliable tool for the
non-invasive assessment of cardiac hemodynamics in ambula-
tory patients with HF. The study highlighted the associations
between various hemodynamic variables among this patient
population. We show that AF compromises left ventricular
function in patients with HF, and is associated with excess af-
terload and reduced arterial elasticity. Our findings are con-
sistent with prior literature and suggest that cardiac elasticity,
resistance, and afterload can play a role in the onset of AF and
the progression and worsening of HF in these patients. Yet,
further research on these mechanisms in ambulatory patients
might provide future opportunities for the development and
testing of targeted treatment modalities.
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