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Candelas Pérez del Villar1,∗, Pablo Martı́nez-Legazpi1,∗ , Teresa Mombiela1, Christian Chazo1 ,
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Key points

� The right ventricle of the mammal heart is highly sensitive to the afterload imposed by a
combination of the pulmonary circulation and the retrograde contribution of the left heart.

� Right ventricular afterload can be analysed in terms of pulmonary artery input impedance,
which we were able to decompose as the result of the harmonic frequency responses of the
pulmonary vessels and the left heart attached in series.

� Using spectral methods, we found a natural matching between the pulmonary vasculature and
the left chambers of the heart. This coupling implies that the upstream transmission of the left
heart frequency-response has favourable effects on the pulmonary tree.

� This physiological mechanism protects the right ventricle against acute changes in preload,
and its impairment may be a relevant contribution to right ventricle dysfunction in pulmonary
hypertension.

Abstract The right ventricle (RV) of the mammal heart is highly sensitive to the after-
load imposed by the pulmonary circulation, and the left heart (LH) retrogradely contributes
significantly to this vascular load. Transmission-line theory anticipates that the degree of matching
between the frequency responses of the pulmonary vasculature and the LH should modulate the
global right haemodynamic burden. We measured simultaneous high-fidelity flow (pulmonary
artery) and pressure (pulmonary artery and left atrium) in 18 healthy minipigs under acute

Candelas Pérez del Villar graduated in Medicine from the University of Salamanca with Mention in
the Call for National End-of-Career Awards in 2006. She completed her specialized medical training
in the Cardiology Department of Hospital Gregorio Marañón (2012). Subsequently, she has acquired a
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haemodynamic interventions. From these data, we decomposed the impedance spectra of the total
right-circulation system into the impedance of the pulmonary vessels and the harmonic response
of the LH. For frequencies above the first harmonic, total impedance was below the pulmonary
impedance during all phases (P < 0.001; pooled phases), demonstrating a favourable effect of
the LH harmonic response on RV pulsatile load: the LH harmonic response was responsible for
a 20% reduction of pulse pulmonary artery pressure (P < 0.001 vs. a theoretical purely-resistive
response) and a 15% increase of pulmonary compliance (P = 0.009). This effect on compliance
was highest during acute volume overload. In the normal right circulation, the longitudinal
impedance of the pulmonary vasculature is matched to the harmonic response of the LH in a
way that efficiently reduces the pulmonary pulsatile vascular load. This source of interaction
between the right and left circulations of mammals protects the RV against excessive afterload
during acute volume transients and its disruption may be an important contributor to pulmonary
hypertension.
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Introduction

The right and left circulations of the mammal circulation
are attached in series. Retrograde transmission of left heart
(LH) pressure significantly impacts the right circulation
because of the lack of valves in the pulmonary veins and
the low pressure of the pulmonary circuit. Importantly,
exaggerated pressure transmission is a major source
of cardiovascular disease. Associated with important
mortality and disability, pulmonary hypertension (PH)
has a prevalence of �1% in the global population and up
to 10% in subjects aged older than 65 years (Hoeper et al.
2016). LH disease is responsible for almost one-half of the
cases of PH in western countries (Hoeper et al. 2016) and
PH as a result of LH disease (PH-LHD) is initiated and
sustained by the retrograde transmission of LH pressure
(Galie et al. 2016). Understanding the foundations of back-
wards pressure transmission is therefore of major clinical
relevance.

The metric that best describes the vascular load is input
impedance. Impedance is defined as the pressure–flow
relationship in the frequency domain, comprising both
the steady-flow and pulsatile properties of the vascular
tree (Weinberg et al. 2004; Nichols et al. 2011). In the
pulmonary circulation, pulsatile properties cannot be
ignored because they are responsible for 30–40% of the
right ventricle (RV) vascular load (Milnor et al. 1966,
1969; O’Rourke & Milnor, 1971; Tedford et al. 2012). This
direct impact on RV afterload explains why pulmonary
vascular compliance (PVC) is a major determinant of
clinical outcomes of patients with PH-LHD (Al-Naamani
et al. 2015; Caravita et al. 2018; Tampakakis et al. 2018).

Splitting the right ventricular (RV) vascular load
into its pre- and postcapillary components is one of

the grounds of clinical decision making in PH-LHD
(Galie et al. 2016). Pulmonary capillary wedge pressure
and pulmonary vascular compliance (PVC) are inversely
related, demonstrating that downstream LA pressure
modifies RV vascular load in a more complex way
than previously assumed (Tedford et al. 2012). Although
hydrodynamic waves are known to be transmitted from
the left chambers to the RV by different mechanisms
(Smiseth et al. 1999; Hollander et al. 2004), how these
waves impact pulmonary impedance remains unknown.
Transmission-line theory states that the global behaviour
of a system is determined by the relationship between the
harmonic response of each of its elements (Magnusson
et al. 2000). In circuit design, matching impedances is key
to avoiding reflections and increasing system efficiency.
Thus, understanding the full haemodynamic bases of PH
entails addressing the full frequency interactions in the
system.

On this basis, the present study aimed to investigate
the impact of the harmonic responses of the pulmonary
vasculature and the LH on the total RV vascular load. We
measured high-fidelity pressure and flow signals in healthy
pigs in an open-chest instrumentation set-up during acute
haemodynamic interventions. We used state-of-the-art
methods to estimate frequency domain response functions
of three compartments: (i) total pulmonary input
impedance, ZT,; (ii) longitudinal impedance of the
pulmonary vessels, ZL; and (iii) harmonic impedance
spectra of the LH, Z∗

LH. This allowed us to quantify the
effects of the LH frequency response on pulmonary artery
pressures, pulsatile power and PVC. Finally, we analysed
the relationship between LV chamber properties and the
impact of the LH frequency response on PVC.

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Methods

Ethical approval

The experimental protocol was approved by the local
Institute Animal Care Committee (ES280790000087) and
all the procedures were in accordance with the European
Directive 2010/63/EU and the Spanish law for animal
research (53/2013). All investigators worked under the
ethical principles of The Journal of Physiology, and their
work complied with the ARRIVE guideline and the
journal’s animal ethics checklist (Grundy, 2015).

Animals were provided by ‘La Chimenea’ farm (Madrid
Institute for Research and Rural Development in Food
and Agriculture, IMIDRA) in Aranjuez, Madrid. Animals
were housed in the Department of Experimental Medicine
and Surgery of the Hospital General Universitario
Gregorio Marañón at least 48 h before the procedure.
All animals were housed under a 12:12 h light/dark cycle
in temperature-regulated rooms with access to food and
water available ad libitum.

Study protocol

We studied 18 adult minipigs (13 males; weight 46 ± 7 kg)
in an open-chest instrumentation set-up. After anaesthetic
induction with propofol (1.5 mg kg−1) and atracurium
(0.3 mg kg−1), animals were endotracheally intubated and
mechanically ventilated without end-expiratory positive
pressure. Complete anaesthesia and relaxation were
maintained by propofol (0.2 mg kg−1 min−1), fentanyl
(0.1 µg kg−1 min−1 I.V.) and repeated bolus of atracurium
(0.3 mg kg−1 h−1). Deep anaesthesia was systematically
confirmed before administration of the neuromuscular
blocker. In animals undergoing ischaemia, propofol was
replaced by thiopental (5 mg kg−1 h−1). Oxygenation and
ventilation were checked by monitoring arterial blood
gases. Animals were killed at the end of the experiments
with I.V. sodium pentobarbital (100 mg kg−1).

We performed a mid-line sternotomy and peri-
cardiotomy and placed a transit-time ultrasonic peri-
vascular flow probe (16 mm) (Transonic, Ithaca, NY, USA)
around the main pulmonary artery, 2 cm distal to the
pulmonary valve. We took special care to avoid a tight fit
of the flow-probe around the pulmonary artery and pre-
vented the loss of probe contact using ultrasound gel. We
inserted a 5-Fr micromanometer-tipped catheter (Millar
Instruments Inc., Houston, TX, USA) anterogradely
through the wall of the pulmonary artery and placed it
with the pressure sensor at the closest position to the
flow probe. We dissected the right inferior pulmonary
vein, and advanced either a 2-Fr micromanometer-tipped
catheter (n = 5) or a 0.014-inch diameter pressure
guidewire (Volcano Corp., San Diego, CA, USA) (n = 13)
in the pulmonary vein at the level of the junction

with the left atrium (LA). We placed a 7-Fr pigtail
micromanometer-tipped catheter (Millar Instruments
Inc.) in the RV through the right jugular vein. We
placed additional 2-Fr and 5-Fr micromanometer-tipped
catheters (Millar Instruments Inc.) in the right atrium and
in the LV through the right jugular vein and left carotid
artery, respectively (Fig. 1A). We performed epicardial 3-D
B-mode echocardiography from apical views to calculate
simultaneous LV and RV volumes and ejection fractions,
as described previously (Perez Del Villar et al. 2015).

We studied two animal groups undergoing different
experimental phases (Fig. 1B). Group 1 (n = 10)
underwent inotropic stimulation (dobutamine infusion
2.5 µg kg−1 min−1; n = 8), acute volume loading
(1000–1500 mL of isotonic saline solution in 5–10 min;
n = 6) and/or epicardial pacing (VVI and DDD modes at
70 to 100 beats min–1 (intervals of 10 beats min–1) after
500µg kg−1 of I.V. zatebradine to induce sinus bradycardia;
n = 5). Group 2 (n = 8) underwent an experimental
anterior myocardial infarction (AMI). AMI was achieved
by epicardial ligation of left anterior descending coronary
artery. Ligation of the artery was performed using a
preconditioning protocol consisting of three phases of
10 s intermittent occlusion/release intervals to avoid
life-threatening arrhythmias induced by ischaemia. Data
were acquired after 45 s of the final occlusion with the
artery still occluded. Two animals died during the AMI
procedure. We analysed pacing phases separately as part
of a sensitivity analysis.

We stored simultaneous high-fidelity pressure and flow
data thrice at baseline and during each haemodynamic
phase in runs of 15–20 s in duration, disconnecting
the endotracheal tube. Pressure signals were carefully
balanced and checked for drift as reported previously
(Yotti et al. 2005). Digital signals were recorded at 1000 Hz
on a dedicated computer using custom-built amplifiers,
a 16-channel analogue-to-digital converter board and
virtual instrumentation software.

Data analysis

The non-linear time-varying properties of the LV pre-
clude its formal characterization in terms of impedance
(Nichols et al. 2011). However, obtaining the response
function in the frequency domain of this type of
elements is a suitable method for understanding their
physical behaviour (Zadeh, 1950; Victor et al. 1977),
particularly when time-varying properties are periodical.
The term ‘harmonic impedance spectra identification’
has been coined for frequency domain analyses of
time-varying systems (Sanchez et al. 2013). On this basis,
we obtained the harmonic impedance spectra of the
LH (Z∗

LH) and analysed its impact on ZT. We hypo-
thesized that ZT (the total vascular load of the pulmonary

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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circulation) can be decomposed in the frequency domain
as the result of ZL and Z∗

LH attached in series, Z T =
Z L + Z∗

LH (Fig. 2). Following the definition of vascular
impedance (Nichols et al. 2011), ZT = PPA/QPA and Z L =
(PPA − PLA)/Q PA, where PPA and PLA account for pressure
in the main pulmonary artery and LA, respectively, and
QPA accounts for flow in the pulmonary artery (both in
the frequency domain). These definitions of ZT and ZL are
conceptually equivalent to the one-input/one-output and
the two-input/one-output systems described previously
(Fukumitsu et al. 2018).

To obtain ZT and ZL, we ensemble averaged 20 to 30
beats in each haemodynamic run before Fourier trans-
forming pressure, P (PPA for ZT; PPA − PLA for ZL) and Q
signals up to 10 harmonics of the cardiac frequency (Yotti
et al. 2015). Moduli of each impedance, |Z |, were obtained
at each frequency as |P |/|Q | and their phases were
calculated as: φ = φP − φQ. We calculated the harmonic
spectra of the LH as Z∗

LH = Z T − Z L, which can be written
in their complex form as:

Z∗
LH = |Z T| e iφT − |Z L | e iφL

Note that we calculated Z∗
LH without the need of measuring

flow in the left chambers. Characteristic impedance (Zch)
for each compartment was obtained by averaging |Z |
above the fourth harmonic, excluding outlier values >3
times the median. All signals underwent digital low-pass
(50 Hz) filtering before processing.

To address the impact of LH pulsatility on RV load,
we compared measured haemodynamic indices with those
resulting from a hypothetical ZT that would be found if the
LH would be purely resistive (obtained by reconstructing
the pressure via inverse Fourier transform), in other words
if Z∗

LH only held a resistance component, neglecting all
values of |Z | above the zero harmonic.

We calculated total PVC as stroke volume
(SV)/pulmonary artery pulse pressure, which is a general
method suitable for any pressure waveform morphology
that is not based on a specific lumped-parameter model
(Segers et al. 1999). Pulmonary arterial elastance (Ea) was
calculated as SV/end-systolic pulmonary artery pressure.
Pulsatile power fraction (the fraction of total hydraulic
energy dumped by oscillatory phenomena) was obtained
as the ratio of pulsatile power to total hydraulic power
in the pulmonary artery (Grignola et al. 2007).The time
constant of LV relaxation (tau) was obtained assuming
a non-zero asymptote. All data were analysed using
custom-built algorithms (Matlab; MathWorks Inc.,
Natick, MA, USA).

Sensitivity analysis

We performed a sensitivity analysis aiming to investigate:
(i) whether the main effects of the LH harmonic response
were sensitive to increased retrograde waves generated by
asynchronous VVI pacing and (ii) the method used for

Figure 1. Experimental set-up and procedure
A, sketch of the instrumentation. B, experimental procedure. [Colour figure can be viewed at
wileyonlinelibrary.com]

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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impedance estimation. For this purpose, we analysed data
from the five animals (of Group 1) undergoing epicardial
VVI and DDD pacing experiments using the spectral
decomposition method to obtain frequency domain
metrics. For non-periodic signals such as those obtained
during pacing, we used the spectral decomposition
method (Taylor, 1966); we obtained the power spectra of
P and Q, φPP and φQQ, together with their cospectral and
quadrature spectra, CPQ and Q PQ. Following the definition
of impedance, Z = |Z | · e−iϕ, |Z | = √

φPP/φQQ and ϕ =
tan−1(Q PQ/CPQ).

Using this formulation, the coherence of the
signal, which is an estimate of the power trans-
fer between pressure and flow, can be calculated as√

(C2
PQ + Q 2

PQ)/(φPP · φQQ)). Analogous to a correlation

coefficient, coherence varies between 1 and 0. Unity
would represent an ideal, linear and time-invariant system
relating pressure and flow at a given harmonic.

Statistical analysis

We used linear mixed-effects models accounting for
repeated measures to: (i) compare frequency domain
components; (ii) address the effects of haemodynamic
interventions; and (iii) analyse the relationship with LV

chamber properties. Values are expressed as least squares
mean ± SE of these models. Dunnett contrasts were used
to compare haemodynamic interventions against baseline
values. Paired t tests and pairwise contrasts in the linear
mixed models were used when comparing pooled data
of the measured LH harmonic response to the resistive
model. All analyses and plots were performed using R,
version 3.5 (R Foundation for Statistical Computing,
Vienna, Austria). P < 0.05 was considered statistically
significant.

Results

Haemodynamic interventions

The effects of haemodynamic interventions are shown in
Table 1. Acute volume overload increased LV end-diastolic
and mean LA pressures [from 8 ± 1 to 14 ± 1 mmHg
(least squares mean ± SE), P < 0.001], which significantly
impacted pulmonary pressures, although pulmonary
vascular resistance remained unchanged (from 667 ± 115
to 671 ± 138 dyn·s cm−5, P > 0.05). Dobutamine induced
significant changes on most haemodynamic indices. First,
dobutamine significantly increased the metrics of left and
right ventricles (LV and RV) systolic chamber function.
Second, dobutamine increased mean, systolic and diastolic

Figure 2. Theoretical model for frequency
domain analyses
A, classical frameworks in which, although ZT is
characterized, only the resistive component of the
LH is taken into account. B, frequency domain
analysis in which ZT is results of the sum of the
longitudinal impedance of the pulmonary
vasculature (ZL) plus the harmonic spectra
impedance of the periodical time-varying system
of the LH (Z ∗

LH). Both ZL and Z ∗
LH are identified in

terms of their moduli and phase. [Colour figure
can be viewed at wileyonlinelibrary.com]

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Table 1. Haemodynamic data

Baseline Volume Dobutamine AMI

Number of animals (n) 18 6 8 6
Heart rate (beats min–1) 72 ± 3 63 ± 4∗ 112 ± 3∗ 74 ± 4
Stroke volume (mL) 37 ± 2 36 ± 3 28 ± 3∗ 28 ± 3∗

Cardiac index (L min−1 m−2) 2.1 ± 0.2 1.8 ± 0.2 2.5 ± 0.2 1.8 ± 0.2
Pulmonary haemodynamics
Pulmonary systolic arterial pressure (mmHg) 34 ± 2 39 ± 2 52 ± 2∗ 36 ± 2
Pulmonary diastolic arterial pressure (mmHg) 16 ± 1 20 ± 1∗ 22 ± 1∗ 17 ± 1
Pulmonary mean pressure (mmHg) 25 ± 1 29 ± 1∗ 34 ± 1∗ 27 ± 2
Left atrial mean pressure (mmHg) 8 ± 1 14 ± 1∗ 8 ± 1 8 ± 1
Pulmonary vascular resistance (dyn s cm−5) 667 ± 115 671 ± 138 782 ± 131 778 ± 140
Pulmonary arterial elastance (mmHg mL−1) 0.88 ± 0.14 0.99 ± 0.17 1.53 ± 0.16∗ 1.04 ± 0.17
Pulmonary vascular compliance (mL mmHg−1) 2.2 ± 0.2 2.0 ± 0.2 1.1 ± 0.2∗ 1.6 ± 0.2∗

Total hydraulic power (mW) 207 ± 29 195 ± 45 553 ± 40∗ 182 ± 46
Steady hydraulic power (mW) 176 ± 24 176 ± 37 453 ± 34∗ 153 ± 38
Pulsatile hydraulic power (mW) 31 ± 6 20 ± 9 100 ± 8∗ 28 ± 9
Pulmonary pulsatile power fraction 0.16 ± 0.01 0.13 ± 0.01 0.18 ± 0.01 0.16 ± 0.01
Left ventricle
LV systolic pressure (mmHg) 81 ± 3 88 ± 5 111 ± 4∗ 76 ± 4
LV Tau (ms) 65 ± 3 70 ± 5 40 ± 4∗ 64 ± 4
LV end diastolic pressure (mmHg) 7 ± 1 13 ± 2∗ 7 ± 1 7 ± 1
LV End-diastolic volume (mL) 48 ± 2 55 ± 4 39 ± 3 52 ± 4
LV End-systolic volume (mL) 15 ± 1 18 ± 2 13 ± 2 23 ± 2∗

LV Ejection fraction (%) 68 ± 2 68 ± 4 67 ± 3 55 ± 3∗

LV dP/dtmax (mmHg s−1) 1622 ± 183 2007 ± 367 4843 ± 249∗ 1434 ± 283
Right ventricle
RV Tau (ms) 60 ± 3 66 ± 5 37 ± 4∗ 69 ± 4∗

RV end diastolic pressure (mmHg) 5 ± 0 11 ± 1∗ 4 ± 1∗ 6 ± 1
RV End-diastolic volume (mL) 43 ± 3 71 ± 4∗ 35 ± 3∗ 51 ± 3∗

RV End-systolic volume (mL) 23 ± 2 42 ± 2∗ 18 ± 2∗ 31 ± 2∗

RV Ejection fraction (%) 46 ± 2 42 ± 3 48 ± 2 40 ± 2∗

RV dP/dtmax (mmHg s−1) 582 ± 48 702 ± 115 1360 ± 71∗ 605 ± 78

Values show least squares mean ± SE. dP/dtmax, peak of the temporal derivative of pressure, Tau, time-constant of ventricular
relaxation.
∗P < 0.05 vs. baseline

pulmonary pressures, whereas LA pressure remained
unchanged. Third, dobutamine reduced PVC to one-half
of baseline values (from 2.2 ± 0.2 to 1.1 ± 0.2 ml mmHg−1,
P < 0.001). Fourth, dobutamine significantly increased
total, steady and pulsatile power, whereas the pulsatile
power fraction remained unchanged. Experimental AMI
had significant effects on RV and LV volumes and
ejection fraction. On pulmonary haemodynamics, AMI
significantly lowered PVC down to 1.6 ± 0.2 ml mmHg−1

(P < 0.001 vs. baseline), although pulmonary and LA pre-
ssures did not change significantly.

Frequency domain analysis

Above the fundamental frequency (over the first
harmonic), the input impedance, ZT, of the pulmonary
artery, was always below the longitudinal impedance of the

pulmonary vessels, ZL, (Fig. 3 and Table 2), demonstrating
a favourable effect of the LH response on ZT. Indeed,
the moduli of ZT were 43%, 35% and 22% lower than
those of ZL at frequencies of the second, third and fourth
harmonics, respectively (P < 0.001 for all three; pooled
data at all phases). ZT was below ZL because, although
the moduli of the harmonic impedance spectra of the LH,
|Z∗

LH|, was �20–35% of |ZT |, the sign of its phase, φ∗
LH,

was often opposite to that of the pulmonary vessels, φL.
Also, the characteristic impedance, Zch, was a 21% lower
for ZT than for ZL (164 ± 16 vs. 129 ± 16 dyn·s cm−5;
P < 0.001, pooled data from all phases).

The reduction of ZT below ZL was particularly relevant
during acute volume overload, at all frequencies beyond
the first harmonic. Although ZL at frequencies between
the second and fifth harmonics increased during volume
overload, the simultaneous increase in opposed-phase Z∗

LH
lowered the resultant ZT towards baseline values. During

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Table 2. Results of frequency domain analyses

Phase Z0 Z1 Z2 Z3 Z4 Zch

Baseline
ZT 925 ± 89 186 ± 20 119 ± 23 78 ± 16 71 ± 11 135 ± 15
ZL 653 ± 89∗ 162 ± 20∗ 197 ± 23∗ 115 ± 16∗ 85 ± 11 171 ± 15∗

Z ∗
LH 304 ± 89 55 ± 20 90 ± 23 72 ± 16 44 ± 11 85 ± 15

Volume
ZT 1162 ± 117# 244 ± 24# 154 ± 31 90 ± 20 101 ± 16 114 ± 22
ZL 572 ± 117∗ 195 ± 24∗ 500 ± 31∗ ,# 238 ± 20∗ ,# 167 ± 16∗ ,# 187 ± 22∗

Z ∗
LH 726 ± 117# 85 ± 24 353 ± 31# 193 ± 20# 114 ± 16# 134 ± 22

Dobutamine
ZT 954 ± 100 192 ± 22 138 ± 26 96 ± 18 90 ± 13 115 ± 18
ZL 731 ± 101∗ 176 ± 22 192 ± 27∗ 126 ± 18∗ 95 ± 13 129 ± 18∗

Z ∗
LH 151 ± 101 25 ± 22 45 ± 27 67 ± 18 57 ± 13 68 ± 18

AMI
ZT 1080 ± 111 213 ± 24 153 ± 29 95 ± 19 62 ± 15 126 ± 20
ZL 850 ± 111∗ 194 ± 24 204 ± 29 111 ± 19 97 ± 15∗ 163 ± 20∗

Z ∗
LH 298 ± 111 78 ± 24 98 ± 29 79 ± 19 51 ± 15 64 ± 20

Values show the least squares mean estimate ± SE of spectra moduli. All values expressed in dyn·s cm−5.
∗P < 0.05 (ZT vs. ZL);
#P < 0.05 (phase vs. baseline). Z0, steady-flow component. Z1 . . . 4, values at harmonics 1 to 4. Zch, characteristic impedance.

dobutamine infusion and experimental AMI, Z∗
LH also

consistently reduced ZT below ZL for almost all frequencies
above the first harmonic (Fig. 3 and Table 2). By contrast,

ZT at the first harmonic was significantly higher than ZL at
baseline and during volume overload and showed similar
values during dobutamine and AMI phases.

Figure 3. Frequency domain analyses
Solid lines show the least squares means and the ribbon shows their SE. Moduli (|Z |) is shown in the top row
whereas the bottom row shows the phase (φ). Results are shown for the baseline (A) (n = 18 animals), volume (B)
(n = 6), dobutamine (C) (n = 8) and AMI (D) (n = 8) phases. Pulmonary input impedance (ZT) is shown in black and
longitudinal impedance of the pulmonary vessels (ZL) is shown in blue, whereas the harmonic spectra impedance
of the periodical time-varying system of the LH (Z ∗

LH) is shown in red. Note that, for most harmonics, ZT is below
ZL, demonstrating a favourable effect of the harmonic response of the LH on ZT. [Colour figure can be viewed at
wileyonlinelibrary.com]

C© 2019 The Authors. The Journal of Physiology published by John Wiley & Sons Ltd on behalf of The Physiological Society
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Impact of LH harmonic response on the pulmonary
vascular load

The measured pulse pulmonary pressure was 20% lower
than it would be in a pure resistive LH, without frequency
response (20 ± 8 vs. 25 ± 8 mmHg, P < 0.001,
pooled phases) as a result of significant effects on
diastolic and systolic pulmonary pressures (Fig. 4). The
harmonic response of the LH was responsible for reducing
pulmonary pulsatile power fraction by 12% (0.16 ± 0.01
vs. 0.18 ± 0.01, P = 0.02) and increasing PVC by 15%
(1.9 ± 0.2 vs. 1.6 ± 0.2 ml mmHg−1, P = 0.009; pooled
phases). These favourable effects of harmonic response
matching were consistently significant among all phases
(Fig. 5). The increase in PVC caused by harmonic response
matching was related to the time constant of LV relaxation
(P<0.001) and dP/dtmin (P=0.03). Instead, no significant
relationship was observed with either mean left atrial
(P = 0.37) or LV end-diastolic pressures (P = 0.32).

Sensitivity analysis

Identical favourable results on pulsatility were obtained
when Z∗

LH was computed using a spectral decomposition
method instead of fast Fourier transformation of
ensemble-averaged signals. This sensitivity analysis also
showed that ZT remained below ZL at frequencies above
the first harmonic both during DDD and VVI pacing

(Fig. 6 and Table 3). At the first harmonic during VVI
pacing, ZT was above ZL as a result of the reduction
in ZL. The simultaneous increase in opposed-phase Z∗

LH
explained why ZT did not change.

Discussion

We demonstrate for the first time that the frequency
response of the LH lowers RV afterload because it is
physiologically matched to the longitudinal impedance
of the pulmonary vessels. (Herein, we use the concept
of ‘physiological matching’ in a general way to designate
the relationship between the frequency responses of the
pulmonary vessels and the LH that lowers the pulsatile
load. In electric circuit systems, the term is reserved
for the specific impedance relationship that maximizes
power transfer or reduces signal reflections.) Frequency
responses of the LH and the pulmonary longitudinal
impedance build a source of left–right interaction that
favours compliance and lowers energetic waste as a result
of arterial pulsatility. This favourable effect protects the
RV against afterload mismatching during acute volume
transients.

Although the nature of these effects is necessarily
speculative, three mechanisms are probably involved.
First, the time-varying systolic and diastolic properties of
LH chambers alternate flow pushing and pulling effects
that are retrogradely transmitted (Smiseth et al. 1999;

Figure 4. Effects of the harmonic
response of the LH on pulmonary artery
pressures for pooled data (n = 18)
A and C, results for systolic and diastolic
pressures, respectively. B, pulse pressure.
Measured pressures are shown on the
horizontal axes, whereas values obtained if
the LH had no harmonic response are shown
on the vertical axes. The grey ribbon shows
the 95% confidence interval of the paired
t test difference. D, waveforms obtained in a
representative example. [Colour figure can be
viewed at wileyonlinelibrary.com]
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Hollander et al. 2004). Note that, during every cardiac
cycle, pulmonary vein flow (systolic, diastolic and atrial
reversal waves) and pressure (‘a’, ‘c’, ‘x’, ‘v’ and ‘y’ waves)
undergo multiple deflections. This multiphasic behaviour
may lead to potentially complex pressure/flow spectral
responses at frequencies that can reach well beyond the
first harmonic. Second, the LH may exert a favourable
effect by reducing wave reflections generated by the RV
(Nichols et al. 2011; Tedford, 2014); counter-phase back-
wards waves rising from the LH probably interact with the
forward waves generated by RV ejection and relaxation
(Hollander et al. 2004). Third, a direct transmission of
left atrial compression (and secondary expansion) waves
to the proximal pulmonary tree has been reported in
well-controlled counter pulsation experiments (Hollander
et al. 2004). Approximately 20% of ‘V’ atrial waves reach

Figure 5. Impact of the harmonic response of the LH
(A) Impact on pulmonary vascular compliance and (B) impact on
pulmonary pulsatile power fraction at baseline, volume overload,
dobutamine infusion and AMI phases (n = 18 animals). Bars show
least squares mean estimates and their SE, whereas scattered dots
show individual data. Measured values (grey) are compared with the
theoretical values that would be obtained in the presence of a pure
resistive LH (blue) by pairwise contrasts in the linear mixed models
accounting for repeated measures. [Colour figure can be viewed at
wileyonlinelibrary.com]

the pulmonary arteries by this direct mechanism that is
assumed to take place travelling across the heart.

Potential frequency cross-talk precludes unequivocally
correlating spectral findings with a specific level of the
vascular tree. However, full spectral findings suggest that
the three mechanisms described above contribute to some
degree to the physiological effects of the LH on the
pulmonary circulation. The impact of the LH on ZT

observed at low frequencies (below the third harmonic)
is equivalent to lowering distal wave reflections (Nichols
et al. 2011). Although a wave-intensity analysis was beyond
the scope of the present study, an effect on reflections is
supported by the lower pulsatile power fraction measured
when compared to a pure resistive behaviour. The impact
of the LH on ZT observed at high frequencies (Zch) is
equivalent to increasing proximal effective cross-sectional
area of the pulmonary arterial bed and slowing pulse
wave velocity (Nichols et al. 2011), hypothetically as a
result of direct transmission. Further research should aim
to decipher the intrinsic mechanisms of this source of
left-right interaction in the pulmonary circulation.

To our knowledge, only two studies have attempted to
infer the impact of the LH on the pulmonary circulation in
the frequency domain. In a small rat study, Fukumitsu et al.
(2018) did not find a significant effect of LA pressure on
Windkessel-derived parameters of the pulmonary vascular
tree. By combining pulmonary vein flow and pulmonary
wedge pressure data, Dernellis and Panaretou (2005)
described ‘impedance’ properties of the LA as a metric of
diastolic dysfunction. The results of their study, as well as
our own, show that the magnitudes of the spectra moduli
of the LH for frequencies of the first harmonic and beyond
are similar to those of the steady component (Fig. 2). These
data suggest that the upstream impact of the LH harmonic
response may be of higher magnitude than previously
proposed (Milnor et al. 1966; Fukumitsu et al. 2018).
Interestingly, the study by Dernellis and Panaretou (2005)
also described a sign variation pattern of impedance phase
between the first and fifth harmonics. Although there were
important methodological differences compared to our
study, it is remarkable that their ‘W’ phase pattern is almost
identical to our findings in the same frequency range.

Clinical implications

In the clinical setting, classifying and treating
post-capillary PH relies on considering the LH only as a
pressure load that upstream adds to the pulmonary vessels
to build total pulmonary resistance (Galie et al. 2016).
It could be expected that this additive effect would also
take place on the full frequency spectrum of pulmonary
input impedance. By contrast, in the present study, we
demonstrate that, in the normal pulmonary circulation,
the LH reduces pulmonary artery input impedance moduli
beyond the first harmonic. Our results emphasize that
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PVC should be interpreted to result from the performance
of global pulmonary circulation and not exclusively the
distensibility of proximal conductance arteries (Lammers
et al. 2012).

How the harmonic response matching may change in
chronic PH scenarios deserves further investigation. How
it is modified by structural remodelling in the arterial,
venous, indeterminate or capillary vessels also needs to be
addressed in future clinical and animal studies. Although
a physiological effect of the LH increasing PVC by 15%
may appear to be of limited clinical significance, note
that we compared measured values in animals without
pulmonary artery disease with those that would be
obtained dismissing any LH frequency response. However,
under given circumstances, unmatched responses could
have an adverse effect on RV afterload; if frequency
responses for the LH and the pulmonary vasculature were
to take place in-phase, ZT would have been even much
higher than ZL in the full harmonic range.

We observed that the effect of the LH on PVC was
related to the rate of relaxation of the LV. This confirms
that time-varying properties of the LA and the LV

determine the instantaneous pressure flow relationship
transmitted retrogradely (Wu & Kovacs, 2006), with the
pulmonary veins (Grimes et al. 1995) and the mitral valve
(Flachskampf et al. 1993) behaving as passive inertances.
How acute or chronic changes in LH frequency response
impacts RV afterload should be addressed because this may
be an important contributor to PH-LHD. Heart failure
with preserved ejection fraction, valvular heart disease
and left ventricular assist devices are particularly relevant
clinical scenarios in which the degree of RV involvement
is frequently unexplained by conventional steady-flow
analyses of PH. We consider that the observation of
a relationship between LH harmonic response and LV
chamber properties paves the road for future exploration
on therapeutic modulation.

The results of our sensitivity analyses showed a
favourable effect of LH harmonic response even during
VVI pacing. Thus, atrial synchronicity does not appear
to be a major requirement for this effect, and intrinsic
chamber properties and interventricular synchrony may
be more relevant. The ‘stiff LA syndrome’ was coined
to designate a condition in which the degree of right

Figure 6. Results of frequency domain
analyses using the spectral
decomposition method
Values are shown at baseline (A) (n = 18
animals), as well as during DDD (B) (n = 5)
and VVI pacing (C) (n = 5). The top row
shows results of the coherence analysis for
ZT (grey) and ZL (blue), overlaid. The mid
row shows results for moduli (|Z |), whereas
the bottom row shows the phase (φ)
analysis. Solid lines show the least squares
means and the ribbon shows their SE.
Pulmonary input impedance (ZT) is shown
in black and longitudinal impedance of the
pulmonary vasculature (ZL) is shown in blue,
whereas the harmonic spectra impedance
of the periodical time-varying system of the
LH (Z ∗

LH) is shown in red. [Colour figure can
be viewed at wileyonlinelibrary.com]
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Table 3. Frequency domain analyses of pacing data using the spectral decomposition method

Phase Z0 Z1 Z2 Z3 Z4 Zch

Baseline
ZT 931 ± 100 186 ± 19 120 ± 18 77 ± 15 75 ± 13 151 ± 17
ZL 661 ± 100∗ 161 ± 19 201 ± 18∗ 118 ± 15∗ 87 ± 13 120 ± 17
Z ∗

LH 272 ± 100 46 ± 19 80 ± 18 69 ± 15 65 ± 13 63 ± 17
DDD pacing

ZT 1225 ± 122# 197 ± 25 93 ± 26 75 ± 21 84 ± 20 307 ± 27
ZL 818 ± 122∗ 221 ± 25# 160 ± 26∗ 166 ± 21∗ ,# 190 ± 20∗ ,# 167 ± 27
Z ∗

LH 559 ± 122# 119 ± 25# 98 ± 26 118 ± 21# 115 ± 20# 217 ± 27
VVI pacing

ZT 1375 ± 121# 206 ± 24 87 ± 26 76 ± 21 111 ± 19 266 ± 26
ZL 762 ± 121∗ 108 ± 24#,∗ 179 ± 26∗ 311 ± 21#,∗ 217 ± 19#,∗ 157 ± 26
Z ∗

LH 745 ± 121# 257 ± 24# 163 ± 26# 152 ± 21# 245 ± 19# 212 ± 26

Values show the least squares mean estimate ± SE of spectra moduli. All values expressed in dyn·s cm−5.
∗P < 0.05 (ZT vs. ZL);
#P < 0.05 (phase vs. baseline). Z0, steady-flow component. Z1 . . . 4, values at harmonics 1 to 4. Zch, characteristic impedance.

heart failure is disproportionate to the degree of LH
involvement, principally as a result of reduced LA
reservoir function (Pilote et al. 1988). This entity may
be responsible for persistent PH after successful valve
correction (Bermejo et al. 2018) or atrial radiofrequency
ablation procedures (Gibson et al. 2011). Chronic atrial
fibrillation is also known to be independently associated
with RV dysfunction beyond the degree of PH (Gorter et al.
2018). The role of impaired harmonic response matching
in these syndromes should be investigated.

The findings of the present study may be also important
with respect to understanding types of PH unrelated to LH
diseases. RV systolic function is also a major determinant
of outcome in pulmonary arterial hypertension, PH as a
result of lung diseases and chronic thromboembolic PH
(Galie et al. 2016); under these conditions, RV afterload
mismatch is frequently disproportionate to the elevation
of pulmonary vascular resistance. Note that, even without
any changes in the LH compartment, subtle changes in
the phase of ZL (the ‘precapillary’ compartment) would
also lead to unmatched harmonic responses. The resulting
increase in total RV vascular load would not be detected
by conventional indices of PH. Interestingly, intima
thickening of small pulmonary veins and indeterminant
vessels have been described recently in patients with PH as
a result of LHD (Fayyaz et al. 2018), comprising structural
changes that could eventually modify harmonic matching
also by changing ZL. Thus, we consider that frequency
domain compartmental analyses should be explored in all
types of PH. Future clinical studies should aim to clarify
the role of unmatched harmonic responses in chronic PH.

Limitations

A comprehensive correlation of the LH frequency response
with LV chamber properties was beyond the scope of the

present study. The value and limitations of harmonic
impedance spectra of periodical time-varying systems
such as the LH have been discussed above. The effects
of acute myocardial infarction on LV chamber properties
and atrial pressures were lower than expected. Although
pericardial opening may have reduced the direct trans-
mission of atrial waves to the pulmonary artery, direct
transmission is also present with an open pericardium
(Hollander et al. 2004). To obtain high-fidelity recordings
of pressure and flow, we employed a highly interventional
experimental open-chest protocol using minipigs under
mechanical ventilation (Maggiorini et al. 1998). However,
combined pressure–flow guidewires can be used to reliably
characterize arterial impedance in the clinical setting (Yotti
et al. 2015). Although appropriate experimental validation
studies are warranted, capillary pressure recordings from
balloon-inflation catheters could be a suitable method
for approximating atrial pressure either with (Sharman
et al. 2006) or without (Dernellis & Panaretou, 2005)
appropriate transfer functions.

Conclusions

In the mammal circulation, RV afterload is reduced by
a natural matching between the longitudinal impedance
of the pulmonary vasculature and the harmonic response
of the LH. This is the consequence of relevant upstream
transmission of LH oscillatory behaviour, which has
favourable effects on the pulmonary tree and is particularly
efficient during acute volume overload. Harmonic
response matching is a previously undescribed source
of interaction between the right and left mammal
circulations that protects the RV against excessive after-
load during acute volume changes.
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