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Wave separation analysis to assess
cardiovascular alterations induced by sepsis
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Abstract— Objective: Sepsis induces a severe decompensation
of arterial and cardiac functional properties, leading to
important modifications of arterial blood pressure (ABP)
waveform, not resolved by recommended therapy, as shown by
previous works. The aim of this study is to quantify the changes
in ABP waveform morphology and wave reflections during a
long-term swine experiment of polymicrobial sepsis and
resuscitation, to deepen the understanding of the
cardiovascular response to standard resuscitation therapy.
Methods: We analyzed 14 pigs: polymicrobial sepsis was
induced in 9 pigs followed by standard resuscitation and 5 pigs
were treated as sham controls. Septic animals were studied at
baseline (T1), after sepsis development (T2), and after 24h (T3)
and 48h (T4) of therapy administration, and sham controls at
the same time points. ABP and arterial blood flow were
measured in the left and right carotid artery, respectively. Pulse
wave analysis and wave separation techniques were used to
estimate arterial input impedance, carotid characteristic
impedance, forward and backward waves, indices of wave
reflections such as reflection magnitude and reflection index,
and augmentation index. Results: Sepsis led to an acute
alteration of ABP waveform passing from type A to type B or
C; consistently, the reflection phenomena were significantly
reduced. The resuscitation was successful in reaching targeted
hemodynamic stability, but it failed in restoring a physiological
blood propagation and reflection. Conclusion: Septic pigs
persistently showed altered reflected waves even after 48 hours
of successful therapy according to guidelines, suggesting a
persistent hidden cardiovascular disorder. Significance: The
proposed indices may be useful to unravel the complex
cardiovascular response to therapy administration in septic
patients and could potentially be used for risk stratification of
patient deterioration. Whether alterations of blood propagation
and reflection contribute to persisting organ dysfunction after
hemodynamic stabilization should be further investigated.

Index Terms— arterial impedance; hemodynamic
monitoring; pulse wave analysis; sepsis; wave reflections.

I. INTRODUCTION

EPSIS is a widespread condition associated with
unacceptably high mortality and long-term morbidity for
many of those who survive [1]. Its occurrence ranges from
13.9% to 39.3% of ICU admissions worldwide [2], and it is
one of the major causes of mortality in the ICU, accounting
for almost 20% of all global deaths [3]. Surviving patients
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often have long-term deficits, including cognitive
impairments and cardiovascular diseases [4]. It is estimated
that nearly a quarter of sepsis survivors will be readmitted to
hospital within 30 days of discharge [5], and their mortality
rate within 5 years may be as high as 75% [6].

Septic patients are typically resuscitated based on global
hemodynamic targets, such as mean arterial pressure and
oxygenation [7], that convey system-wide information only,
without any pathophysiological clue about the
biomechanical and functional properties of the
cardiovascular system, such as ventricular afterload, vascular
tone, and wave reflections, which are highly dependent also
on the pulsatile component of blood pressure [8]-[10].

Previous studies of our group on several animal
populations undergoing different resuscitation protocols
highlighted how the arterial blood pressure (ABP) waveform
and the cardiovascular function were profoundly altered by
sepsis progression. In addition, the standard therapy
administration wasn’t able to restore the physiological
condition neither in septic shock pigs on a short time window
of ~5/6 hours nor in septic pigs over a longer observational
time interval of 72 hours, although in both cases the
resuscitation was considered successful on the basis of
standard parameters [11], [12]. In particular, the computed
indices pointed out a stiffening of the large arteries (e.g.,
aorta or carotid artery) and a loss of peripheral resistance
[12]-[15], a condition which led to peripheral vascular
decoupling, i.e. an inversion of the physiological
amplification of pulse pressure (PP) from central to
peripheral sites [11], [16]. All these observations support the
hypothesis of a persistent hidden cardiovascular disorder in
subjects evaluated effectively resuscitated. Moreover, the
ABP waveform was substantially far from a physiological
morphology after resuscitation, hinting that blood flow
transmission and reflection are also impaired [11], [12], [15].

The technological advances in terms of monitoring
systems and data processing could help in defining and
measuring novel hemodynamic therapy targets. In this
context, the pulse wave analysis (PWA) could play an
important role. PWA and wave separation techniques have
been proposed originally to monitor patients with chronic
diseases, such as those affected by hypertension or elderly
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patients. Here, the vascular properties are structurally
altered, and therefore generate important alterations of
reflection phenomena and pulse wave morphology, and,
thereby, modifications of the cardiovascular interactions
[17]-[20]. However, critical illness induces acute functional
alterations of cardiac and arterial properties, at the same time
the rapid therapeutic interventions typically prescribed in the
intensive care unit (ICU), e.g., vasopressor administration,
organ support, fluids infusion, may further stress the
cardiovascular system, as our preliminary results have
shown. For example, large artery stiffness, peripheral
resistance, microvascular properties, cardiac contractility,
and heart rate, which sepsis and resuscitation greatly affect,
all influence the pattern of pressure/flow waves measured in
blood vessels [10]; therefore, PWA and wave separation
techniques may represent a powerful tool to extract
additional information to evaluate the cardiovascular system
status during sepsis and the response to the administered
therapy. However, the use of these techniques in acute
critically ill patients is limited.

The primary objective of this study is to investigate the
changes in ABP waveform morphology and wave reflections
during a long-term swine experiment of polymicrobial sepsis
and resuscitation. Firstly, we were interested in testing the
feasibility of using PWA and wave separation techniques in
a complex and highly nonstationary setting; secondly, we
wanted to verify if these techniques were able to capture the
hemodynamic alterations in septic subjects; finally, we
aimed at deepening the understanding of the cardiovascular
response to standard resuscitation therapy in septic shock.

Hemodynamic signals, such as invasive ABP, are
typically continuously recorded in ICU patients, and this
explorative research may help in identifying some potential
mechanisms at the basis of the well-known cardiovascular
complications affecting surviving septic patients, such as
vascular senescence. In addition, the results could potentially
also be used for risk stratification of patient deterioration
[21], [22].

Il. METHODS

A. Experimental protocol and data acquisition

This study was carried out in collaboration with the
Inselspital University Hospital of Bern, Switzerland. The
animal protocol was performed in accordance with the EU
Directive 2010/63/EU for animal experiments and the
ARRIVE guidelines for animal research, and with the
approval of the Animal Care Committee of the Canton of
Bern (BE103/16). Previous works have been already
published on the same experiment [12], [23], [24].

Twenty domestic pigs (weight: 398 + 2.7 Kkg;
male/female: 1:1) were used for the experiment. Details
about surgical preparation and instrumentation are reported
in previous works [25] and in the supplementary materials.
After instrumentation, one-hour stabilization was allowed,
followed by baseline blood sampling (time point T1). Then,
the pigs were randomized to fecal peritonitis (SS n =
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10)/sham (SH n = 10). Sepsis was induced by peritoneal
instillation of 2 g/kg of autologous feces dissolved in 250 mL
warmed glucose 5% solution. After 8h of observation
without resuscitation, another set of blood samples were
collected (T2), referring to the septic condition. Then,
protocol-based resuscitation was started and continued for
three days (resuscitation period, RP), including fluid infusion
(e.g., ringer lactate), vasopressor support (e.g.,
noradrenaline), electrolyte maintenance, antibiotic therapy,
and reduction of body temperature, if needed. Details about
resuscitation maneuvers can be found in the supplementary
material. Further blood samplings were done at RP + 24 h
(T3), RP + 48 h (T4) and at the end of the experiment,
approximately 72 hours after start of resuscitation (T5). At
the end of the experiment the animals were deeply sedated
and euthanized by bolus infusion of 40 mmol of potassium
chloride.

During animals’ instrumentation, an open surgical
approach with visualization of the carotid arteries was
followed with the pig in supine position. A midline neck
incision was performed to allow placement of an arterial
catheter (5F, Cordis AVANTI, Fremont, CA, USA) in the
left carotid artery toward the heart (against the direction of
cerebral blood flow) for continuous registration of carotid
ABP, and an ultrasound Doppler flow probe (Transonic
Systems Inc., Ithaca, NY, USA) around the right carotid
artery to continuously acquire arterial blood flow signals. A
schematic picture of the carotid sensors’ placement is
provided in the Supplementary material. The signals were
recorded at 100 Hz by a data acquisition system (Soleasy™;
National Instruments Corp., Austin, Tx, USA). The time
points used for blood sample analyses were considered as
reference to identify and select portions of signals (5-10
minutes) for successive analyses.

The sample size in the original study [24] was n=20. Due
to technical reasons the blood flow signal was noisy and of
poor quality in some pigs at certain time points, therefore
such signals were excluded from the analyses. The final
dataset used in this work consists of 14 pigs: 5 for the sham
group and 9 for the septic group.

B. Pulse wave propagation and reflection: theoretical
background

The measured arterial pulse wave is typically composed of a
forward (or incident) and a backward (or reflected) wave,
that is generated whenever the forward travelling wave
encounters impedance changes resulting from geometrical
factors (branching, diameter tapering) and tissue property
variations (stiffness and stiffness gradient) [26]. In
physiological conditions the amplitude of arterial pulse is
increasing from central to peripheral sites, named PP
amplification, due to wave reflections phenomena [10].
Moreover, wave reflections physiologically act as a
protective mechanism to avoid excessive pulsatility into the
microcirculation: indeed, partial wave reflection returns a
portion of the pulsatile energy content of the waveform to the
central aorta where it is dissipated by viscous damping [19].

The magnitude and timing of reflected waves heavily
affect the morphology of the ABP waveform measured
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centrally, and, indirectly, the cardiac workload [10]. In fact,
if the reflected wave arrives earlier during systole (type A
waveform) it contributes to the rise of systolic pressure and
the increase of cardiac afterload; otherwise, if the reflected
wave arrives later after the systolic peak (type C waveform),
it contributes more to the myocardial perfusion gradient in
the coronary arteries (Fig. 1). Type B (not here illustrated)
corresponds instead to the case where inflection point (IP),
i.e. the time of arrival of reflected waves, coincides with the
ABP peak.

Generally, the opposition of the vascular system to the
pulsatile flow ejected by the heart can be described in terms
of input impedance Zi,, which is intrinsically a frequency
domain quantity, and it is defined as the ratio of pressure
harmonics to flow harmonics at the entrance of the system.
It depends on the dimensions and viscoelasticity properties
of the arteries, on the physical properties of blood, and on the
reflected wave [10], [27]. If the arterial tree were a
reflectionless system, the pressure and flow waves would
have similar shape and their relationship would be estimated
by the characteristic impedance Zc of the vessel. Since wave
reflections carry information about the distal vasculature,
their exclusion makes Zc a local vessel parameter,
independent of heart rate as well as properties of the
downstream vascular beds. Zc depends on vessel size, wall
stiffness (compliance) and blood properties, it can be seen as
the result of the accelerating blood mass taking place during
the ejection phase into the compliant artery; therefore, the
stiffer the vessel and the smaller its diameter, the higher the
value of Zc [28].

Type A Type C
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Fig. 1. Example of type A waveform (left panel) and type C waveform (right
panel). AP: augmented pressure [mmHg]; PP: pulse pressure [mmHg]; IP:
inflection point [mmHg], which coincides with the arrival time of reflected
wave.

C. Arterial pulse wave analysis

The ABP and arterial blood flow (ABF) waveforms were
first filtered by a moving average low-pass filter with
different order to remove the noisy high-frequency
oscillations eventually superimposed to the signals. The
order of the filter was ranging from 2 to 5. Hence, ABP and
ABF beats onsets were identified using the algorithm
proposed by Zong and colleagues [29]. Beat-to-beat indices
were then computed from ABP as follows: systolic arterial
pressure (SAP), corresponding to the maximum value within
each beat, diastolic arterial pressure (DAP), corresponding to
the minimum value within the beat, mean arterial pressure
(MAP), obtained by averaging all the values within the beat,
pulse pressure (PP), defined as the difference between SAP
and DAP, heart period (HP), computed as the time difference
between consecutive onsets and representing a surrogate for
RR-intervals. The inflection point (IP) was identified using
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the algorithm described in [30] which is based on signal
derivative of different orders. Augmented pressure (AP) was
computed as the difference between SAP and IP for type A
pulse or as the difference between IP and SAP for type B/C
pulse (Fig. 1). Augmentation index (Alx) was computed as
the percentage ratio between AP and PP:

Alx =2 %100 1)
PP

Heart rate (HR) was computed as HR = 60/HP [bpm].
The beat-to-beat series of mean ABF was computed by
averaging all the values of ABF within each beat.

All the beat-to-beat time series were then averaged to
obtain one value for each pig at each time point. These values
were then used for successive statistical analyses.

D. Wave separation analysis and estimation of the
characteristic impedance Zc

Vascular impedance was estimated on a beat template
obtained by averaging three consecutive beats manually
selected at each time point. The ABF and ABP beat templates
were aligned so that the onset of blood pressure coincides
with the onset of the blood flow. The alignment was carefully
checked by visual inspection, we verified that the
morphological features of blood and flow were consistent,
e.g., if beat of type A, the flow peak should occur in
correspondence of pressure inflection point, whereas if beat
of type B, the flow peak and the pressure peak are typically
simultaneous; in addition, the occurrence of the dicrotic
notch should coincide with the end of flow. Moreover, the
times of all recording devices were synchronized before each
experiment, and the end of the recordings - when death of the
animals occurred — were compared to make sure that no time
shift had evolved during the experiment between devices.

Characteristic impedance (Zc) was determined by means
of both time and frequency domain approaches. Time
domain methods included: i) the up-slope method, i.e. Zc is
estimated from the slope of pressure-flow loop during early
ejection phase (95% of maximum flow) [31], [32]; ii) the
maximum derivative method, i.e. Zc is estimated by the ratio
max(ABP’)/max(ABF’), where ABP’ and ABF’ are the first
order derivatives of ABP and ABF, respectively [31].

Assuming that the cardiovascular system is linear and over
few beats the pulse waves can be considered of the same
duration To, ABP and ABF can be decomposed in their
harmonics by computing the Fourier Series coefficients over
a single or multiple heartbeats [31], Zin can be then
expressed in terms of modulus and phase:

1Ziny = 4o @

S = P — Wi 3)

where |Zin|, and &, are the modulus and phase of Zin
spectrum, respectively, k represents the k™ harmonic multiple
of the fundamental frequency fo=1/To, ABP, and ABF, are
the pressure and flow modulus of the k™ harmonic, and @,
and W, are the pressure and flow phase of the ki harmonic,
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respectively. Zc can be obtained by averaging Zin modulus
in a range of high frequency harmonics from the it" to the jt":

=1 yJ — 4BPk
Z, = P w=il V| whereY, = A5 4)

In this work we adopted i=2 and j=8. However, in septic
shock condition, we observed the typical “bell-shape” type
B waveform, which is a much simpler waveform that can be
described with fewer coefficients, so we used i=2 and j=5 in
this case.

Once Zc have been estimated, the forward P and

backward P, waves, can be computed as follows [28]:

_ ABP+Z*ABF

Py = 5 (5)

Pb — ABP—iC*ABF (6)
The amplitude of P, and P, was estimated as the difference
between the maximum and the minimum value. The wave
reflection transit time (Tr) was computed as the time
difference between the onset of the beat and the time of
arrival of the backward wave.

E. Wave reflection indices

Several indices have been proposed to assess the amount
of wave reflection and how it changes during the experiment
[10]. Reflection magnitude (RM) generally quantifies the
amount of reflection, and it has been computed as the ratio
between the amplitude of the backward to the forward wave:

|Pp|
RM =—= 7
/] (7

Reflection index (RI) indicates the amount of reflection
occurring with respect to the total wave, and it is defined as:

|Ppl (8)

B |Pg|+IPpl

The first harmonic of the Zin normalized by Zc has been
proposed in the past as an index of the global amount of
reflections in the system [33], [34], and also recently it has
been shown to be strictly related to the reflection coefficient
both in type A and type C beats [26]. It is computed as the
ratio between the first harmonic of Zin and Zc:

|Zin|,normalized = % 9)

F. Waveform complexity

We adopted the Harmonic Distortion (HD) index to
investigate the complexity of the arterial pressure waveform.
HD is computed as

_ Thop |4BP?
HD = == 7= (10)

Where ABP; is the fundamental harmonic component. HD
can be seen as the ratio of the energy above the fundamental
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frequency over the energy at the fundamental frequency of
the waveform [35], therefore it may be used to quantify the
“complexity” of the pulse wave, i.e., a ABP waveform
consisting of fewer reflected waves should be a “simpler”
waveform and HD index value should be lower according to
its mathematical meaning. The ideal case for a signal
composed by only a sinusoid, i.e. by only the harmonic k=1,
HD would be equal to 0. Although HD has been recently
proposed as a possible surrogate index of arterial stiffness
[35], [36], in this work we aimed only at testing whether HD
is related to the amount of reflected waves.

G. Laboratory variables

The following laboratory variables were measured at each
time point: band neutrophils percentage (N%, [%]), which is
a measure of infection or inflammation, hemoglobin (Hb,
[g/L]), hematocrit (Htc, [L/L]), lactate [mmol/L], mixed
venous oxygen saturation (SvO2, [%]).

H. Statistical analyses

Wilcoxon rank-sum test was adopted to verify significant
differences in the indices between the two groups at each
time point. Friedman test was adopted to find differences
within each group among time points across multiple tests
attempts. In case of significant Friedman test p-value, the
Wilcoxon signed-rank test was used to assess significant
changes among pairs of time points within each group of
animals. For the post-hoc multiple comparisons we adopted
the Tukey’s honestly significant difference correction for p-
value significance. Significance was considered with a p-
value < 0.05.

The different estimates of Zc have been compared by
means of Bland-Altman plots and correlation analysis.

I1l. RESULTS

Table | shows the number of pigs analyzed at each time
point. Time point T5 was excluded from the analyses
because the quality of ABF signal was very poor for most of
the pigs. An example of a low-quality ABF is illustrated in
the supplementary material.

TABLE |
NUMBER OF PIGS AVAILABLE FOR THE ANALYSES AT EACH TIME POINT
T1 T2 T3 T4 T5
SS 9/9 9/9 9/9 8/9 /
SH 5/5 5/5 4/5 3/5 /

SS: septic pigs (9 in total), SH: sham pigs (5 in total), T1: baseline, T2:
after sepsis development, T3: after 24h of resuscitation, T4: after 48h of
resuscitation, T5: after ~72h of resuscitation.

A. Hemodynamic variables and laboratory parameters

Table 11 reports the values of laboratory and hemodynamic
variables at all time points for SS and SH pigs. The septic
state (T2) of SS pigs is confirmed by a marked increase in
band neutrophil amount (N%) and by the inflammatory
response which resulted in an increased endothelial
permeability and capillary leakage as the significant increase
in Htc and Hb values corroborate; the septic associated
hypotension and hypovolemia were confirmed by the
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significant decrease of blood pressure and blood flow values,
and tissue hypoperfusion was further suggested by the
increase in lactate concentration and the decrease in mixed
venous oxygen saturation. Moreover, the hypotensive state
together with the systemic inflammation triggered
tachycardia in SS pigs, resulting in a significantly higher HR
compared to SH group at T2.

The main target of hemodynamic resuscitation, according
to international guidelines, is to restore a MAP > 65 mmHg
by means of fluids and vasopressors therapy and to maintain
a sufficient organ oxygen supply [7]. In our protocol, the
resuscitation strategy was effective in restoring and keeping
MAP in the target range and to significantly increase SvO;
which was maintained above 60% in almost all animals.
However, the tachycardic response was not resolved at T3
and T4, remaining significantly higher in SS pigs compared
to SH pigs.

B. Pulse wave indices

Sepsis induced a profound change in ABP waveform in all
SS pigs: a typical type A pulse was observed at baseline (T1)
and atype B or C pulse at T2 (Fig. 2). Fig. 3 shows the values

TABLEII

distribution of PP, AP, and Alx at each time point. Septic
pigs were characterized by a significant decrease of all
indices at T2 induced by the septic condition; the values of
Alx became negative in almost all SS pigs, consistently with
the fact that the ABP waveform passes from type A to type
B or C. During resuscitation (T3, T4) the values were
gradually restored to be similar to those at baseline and in SH
pigs, although with a pronounced inter-subject variability.
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Fig. 2. Example of type A waveform (left panel) typically found at baseline,
and type B waveform (right panel), typically observed after sepsis
development.

MEDIAN (25™-75™ PERCENTILES) VALUES OF LABORATORY AND HEMODYNAMIC VARIABLES AT EACH TIME POINT FOR THE TWO GROUPS

T1 T2

T3 T4

LAB VARIABLES

N% SS  55(0.8,14.0) "8
SH  4.0(3.4,11.9)

Hb SS 101 (91,102)

48.0 (38.6,58.6) °
0.0 (0.0,0.5) *°
132 (119,141)

33.5(26.1,48.8) °
0.0 (0.0,0.13) *°
100 (94,106)

14.0 (11.5,20.0) #
0.0 (0.0,1.0) *
83 (76,89) #

SH  98(90,102) 95 (84,96) * 72 (65,80) *° 76 (55,77) *°#
Htc SS  029(0.28031)"8  0.38(0.36041)  0.29(0.29,0.31) 0.25 (0.23,0.26) #
SH  0.29(0.27,0.31) 0.28(0.250.29)* 0.22 (0.20,0.24) **  0.22 (0.17,0.23) *#
Lact SS  0.6(0.50.7) 0.8(0.7,1.2) 0.8 (0.6,1.0) 0.7 (0.5,0.9) #
SH  0.8(050.9) 05(0.4,0.5)* 03(0.2,0.3)* 0.2 (0.2,0.3) *°
Sv02 SS  57.3(53.0,62.8) 46.0 (42.056.3)  63.5(61.4,67.9)##  66.6 (62.6,67.2) ##
SH  57.0(54.9,62.5) 53.0(50.3,55.4)  55.8 (47.5,56.3) 55.1 (51.2,57.3) **
HEMODYNAMIC PARAMETERS
MAP SS  75(67.82) 58 (46,70) °° 68 (64,74) 71 (69,72)
SH  80(73,86) 73 (70,78) 74 (66,82) 73 (68,76)
SAP  SS 103 (93,107) 72 (64,95) °° 100 (90,107) 99 (94,102)
SH 103 (97,110) 100 (96,107) * 104 (97,106) 99 (92,106)
DAP  SS  57(5163) 43 (34,52) °° 45 (41,53) ° 51 (48,53)
SH 58 (56,67) 56 (49,59) 52 (47,59) 54 (49,54)
HR SS 112 (108,117) 177 (171,214)° 170 (150,176) ° 144 (113,150)
SH  97(94,118) 85 (78,96) * 68 (56,74) * 53 (50,66) *°
ABF  SS 188 (148,206) 108 (100,119) 222 (175,237) ## 182 (177,226) ##
SH 180 (170,202) 179 (164,185) ** 206 (159,232) 188 (177,206)

N%: band neutrophils [%], Hb: hemoglobin [g/L], Htc: hematocrit [L/L], Lact: lactate [mmol/L], SvO,: mixed venous oxygen saturation [%], MAP: mean arterial
pressure [mmHg], SAP: systolic arterial pressure [mmHg], DAP: diastolic arterial pressure [mmHg], HR: heart rate [bopm], ABF arterial blood flow [mL/min], SS:
septic pigs, SH: sham pigs, T1: baseline, T2: after sepsis development, T3: after 24h of resuscitation, T4: after 48h of resuscitation. Comparison between Sepsis
and Sham: *p-value < 0.05, **p-value < 0.01 (Wilcoxon rank sum test, between groups). Wilcoxon signed test: °p < 0.05 with respect to T1, #p < 0.05 with respect
to T2, ##p < 0.01 with respect to T2, 8p < 0.05 with respect to T3 (Friedman test p-value < 0.05). The number reported in the apex refers to the number of pigs
with available data, if not all.
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Fig. 3. Boxplots of pulse wave indices for both populations at each time point. Panel A: boxplot of pulse pressure (PP) values; Panel B: boxplot of augmented
pressure (AP) values; Panel C: boxplot of augmentation index (Alx) values. T1: baseline; T2: after sepsis development; T3: after 24h of resuscitation; T4: after 48h
of resuscitation. Wilcoxon signed test: °p<0.05 with respect to T1 #p-value<0.05 with respect to T2 (Friedman test p-value<0.05). Wilcoxon rank sum test: **p<0.01

between the two groups at specific time point.

C. Input and characteristic impedance

The Bland-Altman and the correlation analyses between the
different estimates of Zc are reported in the supplementary
materials. The measures showed a strong agreement (p=0.9
between the two time domain estimates, p-value<103; p=0.8
between the time domain and the frequency domain estimates,
p-value<10®), highlighting the robustness of the methods and
the reliability of the estimates.

Fig. 4 shows the distribution of values of characteristic
impedance Zc computed by applying the Fourier series
decomposition. Sepsis induced an increase in Zc, reaching
values significantly higher than SH pigs. During resuscitation,
Zc values gradually decreased to values similar to baseline and
SH pigs.
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Fig. 4: Boxplot of characteristic impedance (Zc) values derived with Fourier
analysis for both populations at each time point. T1: baseline; T2: after sepsis
development; T3: after 24h of resuscitation; T4: after 48h of resuscitation.
Wilcoxon signed test: ##p-value<0.01 with respect to T2 (Friedman test p-
value<0.05). Wilcoxon rank sum test: **p<0.01 between the two groups at
specific time point.

Fig. 5 and Fig. 6 illustrate the trend of Zin modulus and phase
at each time point, respectively. At baseline (T1) the trend of
Zin was very similar in the two populations, and it showed the
typical characteristics of type A pulse [27], i.e., the modulus
decreases steeply after the component k=0, which represents the
peripheral resistance to average flow, reaching a minimum
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around the 3 or 4" harmonic; after this point the modulus
increases gradually up to a local maximum and then it starts to
oscillate. The phase spectrum shows negative values in the first
harmonics, hinting that flow leads pressure; afterwards, it
typically shows a cross-over from negative to positive values at
the harmonic corresponding to the minimum of Zin modulus,
which is also called critical frequency; after this frequency the
phase is expected to stay close to zero. A near zero phase at
higher frequencies indicates cancellation of in- and out-of-
phase incident and reflected waves, and, therefore, the
associated impedance modulus is expected to oscillate around
the value of characteristic impedance Zc [31]. Fluctuations in
Zin modulus and phase are due to wave reflections [33]. After
sepsis development (T2) significant differences were observed
in the values between the two groups, mostly in the first
harmonics. SS group demonstrated a flatter modulus in the first
six harmonics compared to SH group, who, on the contrary,
showed features similar to baseline. Moreover, the values of Zin
modulus at the first harmonic were lower at T2 compared to T1
in SS pigs (T1: 0.17 (0.11, 0.19) T2: 0.10 (0.07, 0.11), p-value
< 0.002, Wilcoxon signed test).

Moreover, SS pigs showed values of the phase very close to
zero, and the zero-crossing point was between the 1%t and the 2"
harmonic, i.e. some harmonics sooner than at T1. These
patterns are consistent with type B or C waveform, i.e. a simpler
system with reduced reflections which requires fewer
harmonics to be described in the frequency domain. For this
reason, the harmonics higher than 5 were not used for Zc
computation. High values of modulus and phase at these
harmonics may be due to noise and artefacts and not to the
signal’s content.

Interestingly, significant differences in Zin modulus and
phase between SS and SH pigs were observed also at T3 and
T4, mostly in the first harmonics, despite the overall trend of
values was resembling the baseline trend. This suggests that an
impairment of wave reflection phenomena may persist, as
confirmed by the indices reported in the follow.

D. Wave reflection and waveform complexity indices

Fig. 7 shows the values distribution of wave reflection
indices (RM, RI, normalized Zin) computed at each time point.
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The trend of all indices was very similar, i.e., it showed a
significant decrease at T2, in agreement with a condition of less
reflections, as highlighted before; afterwards, the indices
showed gradually increasing values, but without reaching
values similar to sham pigs, although only Zin normalized
values showed statistical significance.

HD showed a consistent trend with the previous indices,
supporting the idea that the complexity of the arterial waveform
is related to wave reflections.

E. Wave separation analysis

Fig. 8 shows examples of the forward and reflected waves in
one septic pig at all time points. Table IV reports the values of
the indices for the same pig. At T1 a highly pronounced
inflection point is clear during the systolic rising (type A
waveform) and corresponds to the onset of the backward wave
and the ABF peak, consistently with the physiology. After
sepsis development at T2, the waveform changed to type B or
C in almost all animals, and the backward pressure wave
appeared much flatter compared to T1, suggesting less
reflection phenomena. As a consequence, the forward wave at
T2 is very similar to the measured ABP waveform, representing
indeed its major contribution. At T2 the amplitude of the
backward wave is significantly decreased in septic pigs
compared to sham pigs (Table Il and Fig. 5S); the wave
reflection transit time (Tr), i.e., the time of arrival of Pb, is
longer, although not statistically significant, in septic pigs with

respect to sham pigs (Table Il and Fig. 6S), confirming the
reduced contribution of total wave reflection on the overall
ABP wave morphology. The amplitude of backward wave
gradually increased again after T3 and Tr gradually decreased,
despite some differences with baseline condition can still be
observed, e.g., the end of ejection occurred later in the beat.

The amplitude values of forward and backward waves and
the wave reflection transit time Tr are reported in Table 111 and
in Fig. 5S and Fig. 6S in the supplementary materials.

TABLE Il
MEDIAN (25™-75™ PERCENTILES) VALUES OF AMPLITUDE OF FORWARD AND
BACKWARD WAVE AND WAVE REFLECTION TRANSIT TIME

T1 T2 T3 T4
Pb SS  14(11,17) 7(7,9)° 11(917) 16 (14,18) ##
SH  15(1417)  17(1523)**  16(1521) 17 (16,23)
Pf SS  32(26,35) 32 (29,37) 43 (37,46) 33 (28,41)
SH  33(2334) 33 (27,35) 31(27,37) 33(30,35)
Tr SS 90(88,123)  130(90,150)  90(90,120) 95 (85,100)

SH 100(88,103) 100 (98,103) 100 (95,115)

Pb: backward pressure wave amplitude [mmHg], Pf: forward pressure wave
amplitude [mmHg], Tr: wave reflection transit time [ms]. SS: septic pigs, SH:
sham pigs, T1: baseline, T2: after sepsis development, T3: after 24h of
resuscitation, T4: after 48h of resuscitation. Wilcoxon signed test: °p<0.05 with
respect to T1, ## p<0.01 with respect to T2 (Friedman test p-value<0.05).
Wilcoxon rank sum test: **p<0.01 between the two groups at specific time
point.
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Fig. 5. Boxplot of input impedance (Zin) modulus values derived with Fourier analysis for both populations at each time point. T1: baseline; T2: after sepsis
development; T3: after 24h of resuscitation; T4: after 48h of resuscitation. Wilcoxon rank sum test: *p<0.05, **p<0.01 between the two groups at specific harmonic.
Fourier harmonic are multiple of the fundamental frequency f;=1/To where T, is the beat duration. Grey boxplots represent harmonics excluded: in septic shock
condition, we observed the typical “bell-shape” type B waveform, which is a much simpler waveform that can be described with fewer coefficients; the high values
of modulus and phase at these harmonics may be due to noise and artefacts and not to the signal’s content.
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Fig.8. Examples of forward (Pf, black line) and backward (Pb, green line) arterial blood pressure (ABP, blue line) waves computed in one septic pig at each time
point of the experiment. All the signals are displayed so to start from 0 to highlight the amplitude ratios. ABF: arterial blood flow (red line); T1: baseline; T2: after

sepsis development; T3: after 24h of resuscitation; T4: after 48h of resuscitation.

TABLE IV
VALUES OF THE INDICES AT EACH TIME POINT FOR THE SEPTIC PIG REPRESENTED IN FIG. 8
SAP DAP MAP PP ABF  Alx Zc Pb Pf Tr RI RM  Zinnorm HD
T1 104 57 77 48 136 188 008 164 33 0.08 0.33 0.5 2 0.4
T2 94 48 67 46 120 25 011 5.3 41 013 012 013 0.8 0.25
T3 92 42 66 50 159 15.2 0.1 9.6 45 009 018 021 1.2 0.29
T4 105 53 75 52 194 32 0.07 17.7 43 0.1 029 041 1.2 0.36

SAP: systolic arterial pressure [mmHg], DAP: diastolic arterial pressure [mmHg], MAP: mean arterial pressure [nmHg], PP: pulse pressure [mmHg], ABF: mean
arterial blood flow [mL/s], Alx: augmentation index [%], Zc: characteristic impedance [mmHg/mL/s], Pb: backward wave amplitude [mmHg], Pf: forward wave
amplitude [mmHg], Tr: backward wave transit time [s], RI: reflection index [a.u.], RM: reflection magnitude [a.u.], Zin norm: normalized input impedance [a.u.],

HD: harmonic distortion [a.u.]

IV. DISCUSSION

The primary objective of this study was to test the feasibility
of applying PWA and wave separation techniques to investigate
the changes induced by polymicrobial sepsis in ABP waveform
morphology and wave reflection in a swine population, and to
explore how standard clinical resuscitation according to
guidelines was effective in restoring a physiological ABP wave
transmission and reflection during a long-term resuscitation
window of 72 hours.

In our protocol ABP and ABF were collected at the carotid
arterial site, since this has been used in the original publication
[25] — aortic signals were therefore not available for this study.
Nevertheless, carotid artery pressure is often used as a surrogate
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for central artery or aortic pressure because of the close
proximity of these arterial sites [37], [38]. In addition, the
carotid artery is the main vessel responsible for oxygen delivery
to the brain tissue, and pathological changes of the carotid
artery and consequent alterations in pulse wave propagation and
reflection can have an impact on the brain microcirculation due
to an altered pulsatility dampening [39], [40]. Carotid pulse
wave analysis has also been shown to be a valuable tool for
hemodynamic and cardiovascular risk assessment [41].
Therefore, carotid artery may convey important information
that can explain septic shock patients’ outcome.

A. Effects of sepsis on wave morphology and reflection

The results demonstrated that sepsis induced a great
alteration in carotid ABP waveform, changing from a type A to
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atype B or C. Type B beats are typical of a system with little or
more diffuse reflections, showing very small secondary rises in
systolic pressure [34]. Accordingly, AP and PP were
significantly reduced at T2 in septic pigs and Alx reached
negative values in almost all pigs (Fig. 3). Moreover, all the
indices computed to quantify wave reflections, i.e., RM, RI, and
normalized Zin, supported the evidence of reduced reflections
following sepsis development, as they were significantly
reduced in septic animals at T2 (Fig. 7); the amplitude of the
backward wave was also significantly decreased at T2 in SS
pigs compared to SH pigs and baseline values (Table III).
However, the tachycardia in septic animals at T2 may have
affected Alx values, as it is known that increased HR leads to a
reduced Alx [42].The values of HD were significantly reduced
at T2, consistently with the hypothesis that an overall decrease
in wave reflections produce a simpler arterial waveform, i.e., a
bell-shaped type B waveform. Although HD is an index
principally used in the context of electrical and
telecommunication engineering, it has recently gained attention
also in the field of hemodynamics [35], [36], [43], where it has
been proposed as a surrogate index of arterial stiffness, despite
further evidence is still necessary to make conclusions. In this
work we hypothesize that HD can be related to the amount of
wave reflection, since a ABP waveform consisting of fewer
reflected waves should be a “simpler” waveform and assume
lower values of HD index according to its mathematical
meaning. Our results show how HD trend is highly comparable
with the trends of RM and RI values, indexes more widely
accepted as markers of wave reflection, thus supporting the use
of HD index in this context. Moreover, in terms of
computational complexity, we can observe that RM and RI
indexes require the estimation of characteristic impedance, the
availability of blood flow measure, the estimation of forward
and backward wave, and, finally, the estimation of forward and
backward wave amplitude. On the contrary HD computation is
based solely on the Fourier series decomposition of the arterial
blood pressure waveform; the ease of HD computation aroused
interest to investigate if it is associated to RM and RI and thus
conveys similar information.

In septic pigs Zin modulus and phase values at T2 are
consistent with type B or C waveforms [18], e.g. the values of
Zin modulus at the first harmonic are lower than baseline, and
the critical frequency occurred early (i.e., the frequency were
the modulus crosses the zero value), as already discussed in
details in the results section.

We can hypothesize that the severe peripheral vasodilation
that is known to occur during sepsis and septic shock [44], is
responsible for the decrease in wave reflections, as also
previously reported by other studies [45], [46]. Indeed, the
incident pulse wave generated by the left ventricle travels away
along the arterial tree and it is partially reflected at vascular
bifurcations or arterial-arteriolar impedance mismatches (e.g.
vascular tapering) [26]. In a previous study on the same animal
population the authors found that the compliance of the carotid
vessel was highly reduced by sepsis development [12];
therefore, we can also hypothesize that the stiffening of large
arteries, such as the aorta or carotid artery, may reduce the
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degree of impedance mismatch between central and distal
vessels, leading to a more well matched arterial system and thus
a system with fewer wave reflections.

In support of this second hypothesis, we can observe that the
value of Zc at T2 was significantly larger in SS pigs compared
to SH pigs. We know that Zc depends on blood density (p),
wave velocity (c) and the vessel’s cross-sectional area (A)
according to the following equation:

Z, = % [dyn * s *x cm™5] (12)
The carotid stiffening can have played a crucial role in Zc
increase following sepsis, since a stiffer vessel typically leads
to an increase in wave velocity c; moreover, the blood density
due to capillary leakage is also increased as the increased
hematocrit values of SS pigs at T2 confirm (Table II). Multiple
mechanisms potentially underlie increased arterial stiffness
during sepsis, encompassing both functional and structural
changes, such as alteration in collagen metabolism [47],
changes in endothelial permeability resulting in tissue edema,
and other changes in the interstitial matrix [48]. Functional
changes include endothelial dysfunction and abnormal
vasoconstrictor responses [49], [50].

B. Effects of resuscitation on wave morphology and
reflection

The administration of therapy was successful in restoring
MAP and SvO; to physiologic values according to the current
guidelines (Table I1). However, the recovering of mean
hemodynamic values may not imply the return to a
physiological condition of the cardiovascular system, as already
highlighted by previous experimental results [11], [12], [51]. In
support of this, wave reflection indices remained lower in SS
pigs compared to SH pigs after 48 h of resuscitation (Fig. 7),
although not significantly except for Zin normalized,
supporting the idea that the alterations in wave reflections were
still present. Moreover, the trends in Zin modulus and phase are
different between the two populations still at T3 and T4 mainly
in the first harmonics (Fig. 5 and Fig. 6).

The non-significant differences in amplitude of forward and
backward waves between the two populations and among the
time points of the experiment may be related to the fact that the
reflected wave is a composite wave consisting of many
individual waves resulting from the many reflection sites in the
arterial system [26].

HD was still significantly reduced in SS pigs compared to SH
pigs at T4, strengthening the evidence of persistent alterations
of wave reflection as emerged from the wave reflection indices
previously described.

Zc of SS pigs returned to values similar to T1 and SH pigs at
the end of resuscitation (T4), although we demonstrated
previously in the same group of animals, that the carotid
compliance was still significantly lower than SH animals both
at T3 and T4 [12].

The values of AP and Alx gradually increased to reach values
very similar to baseline after resuscitation although the high
variability in SS pigs, mainly at T4, highlighted the large inter-



This article has been accepted for publication in IEEE Transactions on Biomedical Engineering. This is the author's version which has not been fully edited and
content may change prior to final publication. Citation information: DOI 10.1109/TBME.2023.3349104

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 11

subject variability in the response to resuscitation, similarly to
the clinical scenario. We must recall however that Alx index is
a composite index affected by many factors other than changes
in wave reflections due to vascular alterations [9], [52]. For
example, a negative relationship between HR and Alx is well
known [42], [52], a positive relationship between left
ventricular contraction velocity and Alx has been described as
well [9]. Finally, the administration of noradrenaline, which is
the first line vasopressor recommended in clinics, has been
shown to strongly influence Alx in patients with septic shock
[53]; in particular, the higher the noradrenaline dosage the
higher the Alx and the higher is the ventricular afterload, thus
impacting the heart functionality. For these reasons, Alx values
and trends have to be carefully interpreted in the context of
critical illness, such as in sepsis, where all these factors may
change at the same time.

The prolonged impairment of blood propagation and
reflection, persisting even after 48 hours of hemodynamic
stabilization in septic pigs, is typically induced by structural and
functional changes of arterial vascular properties, that lead to
non-physiological impedance mismatches and, consequently,
alterations in pressure and flow wave reflections [39]. Indeed,
in a previous work, our group found a persistent stiffness of the
carotid vessel and a peripheral vasodilation despite adequate
resuscitation [12]. Wave reflection at the junction between the
highly compliant aorta and relatively stiffer peripheral arteries
represents a protective mechanism that limits transmission of
excessive pulsatility into the microcirculation [39], e.g., from
the carotid artery into the brain microcirculation. Indeed, the
pulsatile flow transmits through the arterial system until it
reaches the microvascular beds, where it is largely damped,
resulting in relatively continuous venous flow. This process,
known as pulsatility damping, has important physiological
implications for microvascular function [54]. In the arterioles,
cyclic stretch and shear stress induced by pulsatile flow
constitute important regulators of vascular endothelial
functions, such as the release of nitric oxide (NO). The low
pulsatility in capillaries and venules protects organs by ensuring
continuous oxygen supply to the tissue. On the opposite, a
penetration of pulsatility into capillaries and venules may
impair vascular function such as that of the brain microvascular
endothelium [40], [55]. Alterations in the propagation of
arterial wave could help to wunderstand the potential
mechanisms  underlying the  well-known  long-term
cardiovascular complications that affect many of survived
septic patients [21], [22].

C. Limitations of the study

The main limitation of this study is the reduced sample size
of the animal population that, combined to the physiological
heterogeneity in the individual response to sepsis resuscitation,
may have affected the statistical significance of the indices
values and trends. Moreover, the animals were observed for a
limited time window (i.e., 48 hours) and many of these
alterations may vanish later on. However, the short-term
response is known to be particularly crucial for the long-term
outcome of the patient [7], [21], thereby our indices are still
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valid to optimize the acute phase of therapy administration.

Another limitation is the different sites of registration of
pressure and flow waveforms (i.e., left and right carotid artery,
respectively) eventually causing asynchronization of the two
signals that had to be carefully corrected during the
preprocessing stage, as described in the Methods section.

Moreover, the use of carotid pressure and flow signals
instead of the more central aortic registrations prevent to draw
conclusions about the impact of wave reflections at the level of
the heart and to extrapolate information on peripheral vascular
changes other than the brain, that is the main “afterload” of the
carotid artery.

Finally, the measure of blood flow is typically invasive or not
commonly available in patients, e.g. echo doppler examinations
are not routinely performed for this purpose. However, several
approaches have been proposed to model flow from the
measurement of arterial waveform, for example the triangular
approximation or its modifications [56]. In the work of Manoj
et al. wave separation analysis has been obtained by
decomposing the carotid ABP waveform into Gaussians
without the use of flow measures [57]. These methods have
been primarily tested on healthy subjects, simulated data or
chronic patients, they should be adapted and tested to work
properly also in a complex condition as in critically ill patients.

V. CONCLUSION

In conclusion, the presented results highlighted that the
resuscitation protocol was not able to restore a physiological
condition of blood propagation and reflection, despite it can be
considered effective according to standard clinical targets. In
particular, the amount of reflected waves was found to be still
significantly reduced in the septic population even after 48
hours of hemodynamic stabilization. These persistent
alterations could help to understand the potential mechanisms
underlying the well-known long-term  cardiovascular
complications that affect many of survived septic patients [21],
[22]. Whether the proposed indices (RM, RI, HD, normalized
Zin) have a direct relation with long-term outcome in patients
is still to be determined, but their potential use could be
enormous in the clinical practice, for example, in the setting of
therapy response monitoring: if the administered therapy does
result in a continuous worsening of wave reflection phenomena
this could be read as a marker of harm for the patient since this
condition could impair the end-organs microcirculation. This
could trigger alternative, personalized resuscitation strategies.
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