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Impact statement
A pronounced and fast reduction of heart-

rate variability occurred in the setting of a

moderate experimental porcine sepsis

without organ failure. Dominant reduction

of heart-rate variability was found in the

high-frequency band indicating inhibition

of parasympathetic cardiac signaling as

the main mechanism of heart-rate vari-

ability reduction. The sensitivity of heart-

rate variability to systemic inflammation

may contribute to an early detection of

moderate sepsis without organ failure.

Abstract
Depression of heart-rate variability (HRV) in conditions of systemic inflammation has been

shown in both patients and experimental animal models and HRV has been suggested as an

early indicator of sepsis. The sensitivity of HRV-derived parameters to the severity of sepsis,

however, remains unclear. In this study we modified the clinically relevant porcine model of

peritonitis-induced sepsis in order to avoid the development of organ failure and to test the

sensitivity of HRV to such non-severe conditions. In 11 anesthetized, mechanically venti-

lated and instrumented domestic pigs of both sexes, sepsis was induced by fecal peritonitis.

The dose of feces was adjusted and antibiotic therapy was administered to avoid multiorgan

failure. Experimental subjects were screened for 40 h from the induction of sepsis. In all

septic animals, sepsis with hyperdynamic circulation and increased plasma levels of inflammatory mediators developed within

12 h from the induction of peritonitis. The sepsis did not progress to multiorgan failure and there was no spontaneous death during

the experiment despite a modest requirement for vasopressor therapy in most animals (9/11). A pronounced reduction of HRV and

elevation of heart rate developed quickly (within 5 h, time constant of 1.97� 0.80 h for HRV parameter TINN) upon the induction of

sepsis and were maintained throughout the experiment. The frequency domain analysis revealed a decrease in the high-frequency

component. The reduction of HRV parameters and elevation of heart rate preceded sepsis-associated hemodynamic changes by

several hours (time constant of 11.28� 2.07 h for systemic vascular resistance decline). A pronounced and fast reduction of HRV

occurred in the setting of a moderate experimental porcine sepsis without organ failure. Inhibition of parasympathetic cardiac

signaling probably represents the main mechanism of HRV reduction in sepsis. The sensitivity of HRV to systemic inflammation

may allow early detection of a moderate sepsis without organ failure.
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Introduction

Sepsis remains a major health care problem of the new mil-
lennium. Annually, there are up to 20 million diagnosed
cases of sepsis worldwide1 and sepsis continues to show
progressively increasing incidence and high mortality.2–4

Early and sensitive diagnosis of sepsis that would allow
effective early therapeutic interventions is, however, still
not available. The classification of sepsis and its progression
is currently based mainly on scoring systems that include
infection, inflammatory, hemodynamic, and organ failure

symptoms5 and inherently cannot precede the overt clinical
sepsis to provide a significant therapeutic window for early
treatments.

Depression of heart-rate variability (HRV) in condi-
tions of systemic inflammation has been repeatedly
shown in both patients6–10 and experimental animal
models.11–13 In some studies, a predictive power of
HRV was documented, in which depression of HRV-
derived parameters preceded the onset of overt clinical
sepsis by several hours.11,14,15

ISSN: 1535-3702 Experimental Biology and Medicine 2017; 242: 1005–1012

Copyright � 2017 by the Society for Experimental Biology and Medicine

https://doi.org/10.1177/1535370217700521


The sensitivity of HRV-derived parameters to the severity
of sepsis, however, remains unclear. In general, even in
experimental models it is difficult to control progression of
sepsis and to prevent deterioration to septic shock with mul-
tiple organ failure. In our previous study we have shown that
in conditions of such a progressive septic shock an early and
marked reduction of HRV parameters occurs.11 In this study
we extended our observations toward less severe forms of
sepsis and hypothesized that HRV is significantly reduced
even by moderate sepsis without organ failure. The clinically
relevant porcine model of peritonitis-induced septic shock
used in the earlier study11 was modified in order to avoid
development of organ failure and the sensitivity of HRV to
such non-severe conditions was investigated.

Materials and methods

Animal handling was in accordance with the European
Directive for the Protection of Vertebrate Animals Used for
Experimental and Other Scientific Purposes (86/609/EU).
The experiments were approved by the Committee for
Experiments on Animals of the Charles University Faculty
of Medicine in Pilsen (protocol No. MSMT-26770/2012-30).
All experiments were performed in the animal research
laboratory at the Faculty of Medicine in Pilsen. Sixteen domes-
tic pigs (breed Prestice black-pied pig) of both sexes and of
similar weight (41� 5 kg) were used for experiments. Pigs
were purchased from a commercial farm (ZD Mladotice,
Czech Republic) and housed individually in the Central
animal facility of the Charles University Faculty of Medicine
in Pilsen in pens (size 2 m2) with constant temperature (19�C)
and humidity (55%), 12/12 light/dark cycle, unrestrained
access to drinking water and normal diet. Enrichment devices
and materials were provided and the animals were handled
by experienced technicians. Sepsis was induced by fecal peri-
tonitis in 11 pigs (9 boars, 2 sows). Control sham experiments
(following an analogous procedure but without sepsis induc-
tion) were performed in five pigs (3 boars, 2 sows) and no
major nonspecific effects of experimental procedures
(surgery, anesthesia, sampling) were found.

Anesthesia and instrumentation

Anesthesia and ventilation protocols were identical to those
previously described.11 Instrumentation for hemodynamic
monitoring and blood sampling included insertion of
femoral artery catheter, triple lumen central venous cath-
eter, pulmonary artery catheter, and silicone drains into
Morison and Douglas anatomical spaces for fecal
inoculation.

Experimental protocol

Experimental protocols were similar to those previously
described11 except for the use of a lower dose of feces for
peritonitis induction and application of antibiotic therapy
to prevent multiorgan failure. Peritonitis was induced by
inoculating 0.5 g/kg of autologous feces (for each animal
autologous feces were collected 1 h before induction of
anesthesia, suspended in 200 mL isotonic saline solution
and incubated at 37�C until the time of application) into

the abdominal cavity. Antibiotic therapy (piperacillin/taza-
bactam, 2.25 g every 8 h) was started 6 h after induction of
sepsis and maintained throughout the entire experiment. In
total, the experiment lasted 52–56 h (2 h of surgery, 6 h of
recovery and 44–48 h after induction of peritonitis). The ani-
mals were maintained throughout the entire experiment in
surgical anesthesia, mechanically ventilated and continu-
ously monitored by an experienced researcher with an
intensive care medicine background (see above).
Eventually the animals were euthanized by potassium
chloride injection under deep anesthesia, and necropsy
was performed.

Measurements, calculations, and HRV analysis

Hemodynamic parameters (cardiac output (CO, mL/min/
kg), systemic vascular resistance (SVR, dyn�s/cm5) and
arterial pressure (mmHg), plasma levels of tumor necrosis
factor-alpha (TNF-a, ng/L) and interleukin 6 (IL-6, ng/L),
and ECG were measured as described previously.11 HRV
analysis was described in detail in previous report11 and
statistical (SDNN, SDSD, pNN50), geometrical (HRV TI,
TINN), Poincaré plot (SD1, SD2, S), and frequency
domain parameters of HRV (LF, HF) were obtained.16–18

Statistical analysis

Results are presented as means� SD. After testing for nor-
mality of distribution (Shapiro–Wilk test), statistical com-
parisons were made with the two-way mixed-design
ANOVA (one repeated-measures factor for analysis of the
progression of parameter in time and one between-groups
factor for comparison between control and septic groups)
followed by post hoc Dunn-Sidak test or by one-way
ANOVA with repeated measures (analysis of single
group) followed by post hoc Dunnett tests. The analysis
was performed using software Origin 2017 (OriginLab
Corp., Northampton, MA). Values of P< 0.05 were con-
sidered significant.

Results

Functions of organ systems were evaluated according to the
Sequential Organ Failure Assessment (SOFA) score.5,19 With
progression of sepsis, liver (bilirubin plasma levels,
Figure 1(a)) and renal parameters (creatinine plasma
levels, Figure 1(b)) were not affected and remained stable
throughout the experiment. Diuresis was even increased
during the experiment probably reflecting volume resusci-
tation measures (Figure 1(c)). Respiration (PaO2/FiO2,
Figure 1(d)) and coagulation (platelet counts, Figure 1(e))
parameters showed a gradual decline, becoming signifi-
cantly different from baseline 24 h after induction of
sepsis. The central nervous system was not evaluated
with regard to the general anesthesia applied through the
entire experiment. In most septic animals (9 out of 11), nor-
epinephrine had to be administered to maintain MAP
above 70 mmHg, although the doses were very low
(Figure 1(f)) and administration was usually only transient
(in 6 out of 9) indicating a spontaneous recovery. The SOFA
score5,19 gradually increased with a dominant contribution
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(61� 43% at 12 h, 42� 34% at 24 h and 34� 28% at 36 h) of
the cardiovascular system and norepinephrine administra-
tion (Figure 2(a)). The serum lactate levels were not elevated
by the experiment or even decreased (at 36 h from the
induction of sepsis, Figure 2(b)).

In all septic animals, hyperdynamic circulation with an
increased heart rate (Figure 3(a)), increased cardiac output
(Figure 3(b)), and reduced systemic vascular resistance
(Figure 3(c)) developed. MAP was maintained above
70 mmHg throughout the entire experiment (Figure 3(d)),
which required in most septic animals administration of
norepinephrine (Figure 1(f)). In control animals, all hemo-
dynamic parameters remained stable throughout the entire
experiment (Figure 3(a–d)). Plasma levels of inflammatory
mediators (TNF-a, IL-6) increased during the first 12 h of
sepsis and then tended to decline (Figure 3(e)).

Statistical parameters of HRV (SDNN, SDSD, pNN50)
were significantly reduced within several hours from the
induction of sepsis and remained low throughout the
experiment (SDNN shown in Figure 4(a)), although some
tendency to recovery developed at late stages (>40 h) of

sepsis. A similar pattern of fast and subsequently main-
tained reduction was also found for geometrical parameters
of HRV (HRV TI and TINN, TINN shown in Figure 4(b)).
With non-linear Poincare plot parameters, the pattern was
well pronounced for S and SD1 (Figure 4(c)) but not for SD2
(not shown). The frequency domain analysis revealed a
reduction of the HF component, whereas the LF component
was not altered (not shown). When expressed in normal-
ized units, the reduction of the HFnorm component was
accompanied by an increase in LFnorm component
(Figure 4(d, e)). Analysis of the time courses of hemo-
dynamic parameters and of HRV revealed that the kinetics
of the HRV reduction were faster than those of the hemo-
dynamic parameters (time constant of 1.97� 0.80 h for HRV
parameter TINN, time constant of 4.82� 2.10 h for heart rate
increase, time constant of 11.28� 2.07 h for systemic vascu-
lar resistance decline, P< 0.05), however the onset of sig-
nificant HRV reduction and heart rate elevation was similar.

In control experiments (without the induction of sepsis)
the variability parameters (both time and frequency
domains) were not altered (no significant difference

Figure 1 Organ function in the porcine model of sepsis. *Significantly different from baseline (P<0.05), data presented as means�SD. (a) Plasma levels of bilirubin

during progression of sepsis. (b) Plasma levels of creatinine during progression of sepsis. (c) Diuresis (mL/kg/h) during progression of sepsis. (d) Ratio of partial pressure

of oxygen in arterial blood and fraction of inspired oxygen during progression of sepsis. (e) Platelet counts during progression of sepsis. (f) Therapeutic doses of

norepinephrine during progression of sepsis

Figure 2 SOFA score and lactate. *Significantly different from baseline (P<0.05), data presented as means�SD. (a) SOFA score during progression of sepsis with

(empty columns) and without (filled columns) cardiovascular (vasopressor) contribution. (b) Lactate plasma levels during progression of sepsis
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compared to baseline values) and remained similar
throughout the entire 24-h-long experiment (Figure 4(a–e),
open symbols).To address the predictive potential of HRV
in the conditions of porcine sepsis, the sensitivity, specifi-
city, negative and positive predictive values, and Youden’s

index were calculated for several cut-off values of SDNN
(Table 1). For the SDNN cut-off value of 50 ms a good com-
bination of sensitivity, specificity, positive, and negative
predictive value was obtained beginning 5 h after induction
of peritonitis.

Figure 3 Hemodynamic characteristics of porcine sepsis. *Significantly different from baseline (P< 0.05); #significantly different from control, nonseptic group

(P< 0.05); data presented as means�SD. (a) Heart rate (bpm) during progression of sepsis; closed squares, sepsis, open circles, control. (b) Cardiac output

(normalized to the body weight) during progression of sepsis; closed squares, sepsis, open circles, control. (c) Systemic vascular resistance during progression of

sepsis; closed squares, sepsis, open circles, control. (d) Mean arterial pressure during progression of sepsis; closed squares, sepsis, open circles, control. (f) Plasma

levels of IL-6 and TNF-a during progression of sepsis; closed squares, TNF-alpha, open circles, IL-6

Figure 4 HRV parameters. *Significantly different from baseline (P<0.05); #significantly different from control, nonseptic group (P< 0.05); data presented as

means�SD; closed squares, sepsis, open circles, control. (a) SDNN, standard deviation of RR intervals, during progression of sepsis. (b) TINN, baseline width of the

minimum square difference triangular interpolation, during progression of sepsis. (c) SD1, SD of points perpendicular to the identity line, during progression of sepsis.

(d) Normalized low-frequency band component during progression of sepsis. (e) Normalized high-frequency band during progression of sepsis
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Finally, the HRV and hemodynamic parameters were
expressed in relative terms (with the baseline value being
100%) to compare the kinetics of the processes (Figure 5).
The kinetics of all HRV parameters (statistical, geometrical,
Poincare) were similar and preceded hemodynamic
changes by several hours (e.g. reduction of systemic vascu-
lar resistance). Therapeutic application of norepinephrine
to maintain the MAP above 70 mmHg was further delayed
by an additional several hours. There was no premature
death due to refractory septic shock; all animals were eutha-
nized according to the original experimental time sched-
ule> 40 h after induction of sepsis. This was very different
from our traditional experimental scenario with higher
dose of feces, in which refractory septic shock with lethal
consequences usually developed within 24 h.11

Discussion

The principal question of the study was how sensitive the
HRV parameters are to less severe forms of sepsis.
Previously, we have shown that in the porcine model of
peritonitis-induced progressive septic shock, HRV param-
eters are substantially and quickly reduced.11 In this study
the model was modified by decreasing the dose of feces and
by administration of antibiotic therapy to prevent multior-
gan failure. Analysis of organ dysfunction and tissue per-
fusion variables revealed that organ failure probably did
not develop: diuresis increased during the experiment to
values above 2 mL/kg/h; plasma levels of creatinine and
bilirubin did not change throughout the experiment; and
plasma levels of lactate slightly decreased during the
experiment. Platelet counts showed a decreasing trend
during the experiment; however, the values remained
above 100,000/mL. Although the animals were artificially
ventilated, the PaO2/FiO2 ratio gradually decreased
during the experiment. However, it only became lower
than the borderline value of 300 mmHg after 24 h of pro-
gression of sepsis.

Interpretation of the hemodynamic variables, however,
is less straightforward. Hyperdynamic circulation with per-
ipheral vasodilation developed in all animals. To maintain
the MAP above 65 mmHg, norepinephrine had to be
administered in most animals (in 9/11) although usually
(in 6/9) only transiently. The requirement for vasopressor
is rather incompatible with the other organ failure variables
mentioned above, which did not (at least for the first 24 h of
progression of sepsis) show any significant organ

Table 1 Sensitivity, specificity, positive, and negative predictive values for SDNN.a

SDNN (ms) Time (h) Sensitivity Specificity PPV NPV Youden’s

<100 0 0.18 0.40 0.40 0.18

5 1 0.4 0.79 1 0.4

10 1 0.2 0.73 1 0.2

15 1 0 0.69 – 0

20 1 0.2 0.73 1 0.2

<75 0 0.09 0.8 0.5 0.29

5 1 0.4 0.79 1 0.4

10 0.91 0.4 0.77 0.67 0.31

15 0.91 0.6 0.83 0.75 0.51

20 0.91 0.4 0.77 0.67 0.31

<50 0 0 0.8 0 0.27

5 0.82 0.8 0.9 0.67 0.61

10 0.82 1 1 0.71 0.82

15 0.82 1 1 0.71 0.82

20 0.82 1 1 0.71 0.82

<25 0 0 1 – 0.31 0

5 0.09 1 1 0.33 0.09

10 0.27 1 1 0.38 0.27

15 0.55 1 1 0.5 0.55

20 0.55 1 1 0.5 0.55

PPV: positive predictive value; NPV: negative predictive value; Youden’s: Youden’s index.
aSensitivity, specificity, positive and negative predictive values, and Youden’s index were calculated for several cut-off values of SDNN at times of 0, 5, 10, 15, and 20 h

after induction of peritonitis.

Figure 5 Time relationships of HRV and hemodynamics. Expressed in relative

values (100% corresponds to baseline). Depression of HRV parameters (SDNN,

full line, TINN, dashed line, and SD1, dotted line) preceded the hemodynamic

instability (systemic vascular resistance, dash-and-dotted line; reverse norepin-

ephrine dose calculated as a difference of the respective dose and baseline

100%, double-dot-and-dashed line)
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impairment. It is questionable, however, whether the MAP
target of 65 mmHg recommended by clinical guidelines20 is
relevant for this porcine model. In a recent porcine study,21

a lower MAP target (50–60 mmHg) did not affect the inflam-
matory response, mitochondrial respiration, or skeletal
muscle ATP content, although it was associated with
increased incidence of acute kidney injury. It may be specu-
lated that with a lower MAP target the vasopressor therapy
would not be necessary and then, according to the trad-
itional sepsis staging definitions,22 not even severe sepsis
developed in the model. Similarly, without the cardiovas-
cular (vasopressor) contribution the SOFA score was below
2 points for the first 24 h. Such a low SOFA score argues
against organ dysfunction and in a general hospital popu-
lation with suspected infection it would reflect a low risk of
overall mortality.5 According to the Third International
Consensus Definitions for Sepsis and Septic Shock
(Sepsis-35), patients with septic shock can be identified by
the clinical construct of: sepsis with persisting hypotension
requiring vasopressors to maintain MAP 65 mmHg, and a
serum lactate level> 2 mmol/L despite adequate volume
resuscitation. Although in the porcine model the persisting
hypotension requiring vasopressors was often encountered,
hyperlactatemia never developed, indicating an adequate
tissue oxygenation. Perhaps the discrepancy between mild
(if any) organ impairment and requirement of vasopressors
reflects species differences, with a higher susceptibility of
the porcine model to septic hypotension. All in all, the
results indicate that in this porcine model (breed Prestice
black-pied pig) multiorgan failure did not develop for (at
least) 24 h of progression of sepsis despite a modest require-
ment of vasopressor therapy.

The time domain parameters of HRV (statistical, geomet-
rical and non-linear Poincare plot) showed a pronounced
and fast decrease of HRV. The frequency domain analysis
revealed that dominant reduction occurred in the HF band,
whereas the LF band was not influenced. Since the HF band
represents the parasympathetic modulation of the heart,
whereas the LF component represents a mixture of both
sympathetic and parasympathetic cardiac modulations,
clearly the cardiac sympathovagal balance in porcine
sepsis shifts toward sympathetic dominance. A recent
series of studies23 introduced the concept of a cholinergic
anti-inflammatory pathway, through which the nervous
and humoral responses to infection are linked. Vagal stimu-
lation was shown to suppress the production of inflamma-
tory mediators (e.g. TNF-a) as well as systemic
inflammation.24 In this line of thinking, inhibition of the
parasympathetic system would promote systemic inflam-
mation and progression of sepsis. The reduction of the HF
band of HRV, which reflects vagal inhibition, may therefore
point to the inhibition and/or insufficient activation of the
cholinergic anti-inflammatory pathway as an important
pathophysiological mechanism of porcine sepsis.

The HRV reduction and heart rate elevation were very
fast (time constants below 5 hours) and preceded the hemo-
dynamic changes (systemic vascular resistance, cardiac
output) by several hours. This time relationship of HRV
and hemodynamic changes excludes the possibility that
HRV reduction occurs secondarily due to hemodynamic

changes and consequent autonomic dysregulation. On the
other hand, the plasma levels of pro-inflammatory medi-
ators were elevated on a similar time scale as HRV reduc-
tion, suggesting a common pathophysiological mechanism
for both processes. Suppression of the cholinergic anti-
inflammatory pathway would both reduce the HF band of
HRV and promote production of pro-inflammatory medi-
ators and therefore it may represent a reasonable candidate
of such integrative pathophysiological mechanism.
It should be emphasized, however, that this study does
not provide any direct evidence of such an integrative
mechanism and that the nervous and humoral pathways
may be completely separate. In any case, the early response
of HRV to the infectious insult, well before the onset of overt
clinical sepsis, allows early diagnosis of systemic inflamma-
tion and widening the therapeutic windows for early
interventions.

The relationship between heart rate, HRV, and sepsis will
require further investigation. Although the heart rate chan-
ged with slower kinetics (longer time constant) than HRV, it
started to rise early and in the early phase of sepsis it par-
alleled the reduction of HRV. It is possible that, especially in
the early phase, the changes in average heart rate contribute
in this experimental model to the HRV reduction simply on
mathematical basis.25 Nevertheless, although on the one
hand it is difficult to dissect the exact contribution of
heart rate to HRV changes, on the other hand it is possible
by a mathematical modification to strengthen or weaken the
dependence of HRV on heart rate (by either multiplying or
dividing HRV parameters by the corresponding average RR
intervals25) and consequently to optimize the predictive
power of HRV parameters. Further investigations with
interventions into the autonomic nervous system or pace-
making mechanisms (e.g. inhibition of If channels) will be
necessary to clarify these relationships and to define the
best set of diagnostic parameters.

In general, the results of this study are in line with a
number of previous studies6–15 that have documented the
relationship between systemic infection and HRV. Probably
the most advanced clinical applications of HRV can be
found in neonatal intensive care medicine, in which HRV
analysis has already been shown to add independent infor-
mation to clinical signs scores and to allow for earlier diag-
nosis of neonatal sepsis.7,26 Randomized clinical trials have
revealed that heart rate characteristics monitoring can
reduce the mortality rate in very low-birth weight infants27

and is associated with a lower septicemia-associated mor-
tality.28 The main novel finding of this study is that the HRV
is affected by even a moderate porcine sepsis without organ
failure. However, when the HRV responses to a porcine
moderate sepsis without multiorgan failure (this study)
and to a porcine progressive lethal septic shock (earlier
study by this group11) were compared, no major differences
were found. This indicates that the sensitivity of HRV to
systemic inflammation is high but, on the other hand,
HRV will probably not allow scaling and staging of the sys-
temic inflammation, at least in conditions of similar infec-
tious stimulus as in our experimental setting of fecal
peritonitis-induced sepsis. Reliable staging of inflammation
processes will probably require an integrative approach
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with additional parameters like biomarker dynamics29

and/or biochemical variables. In this porcine peritonitis
model, the plasma levels of lactate could represent such a
discriminating factor. Whereas in the group of moderate
sepsis without organ failure (this study) the plasma levels
of lactate did not rise, in the group of progressive septic
shock11 a significant increase was observed. It remains for
future studies to determine whether the pattern of HRV
response is largely constant for a variety of infectious sti-
muli or whether some specific differences can be found.

Study limitations

Only the classical time and frequency domain analyses of
HRV together with non-linear Poincare plot analysis were
employed in this study. Although a number of more
advanced non-linear analyses are now available,30 the
signal (HRV reduction) was sufficiently robust to be
detected by the classical methods selected.

The causal relationship between the pathophysiological
processes of sepsis and the HRV reduction remains unclear.
Although some indirect evidence suggests the cholinergic
anti-inflammatory pathway as a common denominator of
progression of sepsis and HRV, there remain a number of
unresolved issues, which will require further attention.31

The septic experiments were performed in nine boars
and two sows, which hampers proper analysis of sex-spe-
cific differences. Although in none of our previous studies
with the porcine peritonitis-induced sepsis model (e.g.
Jarkovska et al.11) sex-specific differences in the response
to the infection were observed, they cannot be completely
excluded.

Although the frequency domain analysis points to auto-
nomic dysbalance as the dominant mechanism of HRV sup-
pression in sepsis, direct effects of inflammatory mediators
on myocardium with subsequent septic cardiomyopathy
cannot be excluded. Further research will be necessary to
elucidate possible interactions of myocardium and inflam-
matory mediators.
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