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Directed Connectivity Analysis of the
Neuro-Cardio- and Respiratory Systems

Reveals Novel Biomarkers of
Susceptibility to SUDEP
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Abstract—Sudden unexpected death in epilepsy
(SUDEP) is the leading cause of epilepsy-related
mortality and its pathophysiological mechanisms remain
unknown. Goal: We set to record and analyze for the
first time concurrent electroencephalographic (EEG),
electrocardiographic (ECG), and unrestrained whole-body
plethysmographic (Pleth) signals from control (WT - wild
type) and SUDEP-prone mice (KO- knockout Kcna1 animal
model). Methods: Employing multivariate autoregressive
models (MVAR) we measured all tri-organ effective
directional interactions by the generalized partial directed
coherence (GPDC) in the frequency domain over time
(hours). Results: When compared to the control (WT)
animals, the SUDEP-prone (KO) animals exhibited (p <
0.001) reduced afferent and efferent interactions between
the heart and the brain over the full frequency spectrum
(0-200Hz), enhanced efferent interactions from the brain
to the lungs and from the heart to the lungs at high (>90
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Hz) frequencies (especially during periods with seizure
activity), and decreased feedback from the lungs to the
brain at low (<40 Hz) frequencies. Conclusions: These
results show that impairment in the afferent and efferent
pathways in the holistic neuro-cardio-respiratory network
could lead to SUDEP, and effective connectivity measures
and their dynamics could serve as novel biomarkers of
susceptibility to SUDEP and seizures respectively.

Index Terms—Epilepsy, SUDEP, Brain-Heart-Lungs,
Functional Network Connectivity, Dynamics and Biomark-
ers.

Impact Statement—We herein report the discovery of im-
paired neuro-cardio-respiratory functional pathways over
time and frequency in SUDEP-prone animals, and the po-
tential for development of biomarkers for susceptibility to
seizures and SUDEP.

I. INTRODUCTION

SUDDEN unexpected death in epilepsy (SUDEP), the lead-
ing cause of death in epilepsy with an incidence rate of

roughly 0.5% of the epilepsy patient population per year, has
only recently begun to be addressed [1]. Although the underly-
ing pathophysiological mechanisms are still unknown, several
studies suggest that impaired cardiorespiratory function during
seizures (ictal periods) or immediately after seizures (post-ictal
periods) may play a significant role in the occurrence of SUDEP
[2], [3]. In a study of electroencephalography (EEG), oxygen
saturation levels, thoracoabdominal excursions, and electro-
cardiography (ECG) with epilepsy patients, central apneas oc-
curred during generalized convulsive seizures and post-ictal pe-
riods [4]. In a larger cohort of patients with focal epilepsy, central
apneas were reported during and after 37% of seizures [5]. In a
heart-monitoring study of implantable loop recorders in epilepsy
patients over 24 months, peri-ictal cardiac arrhythmias were
observed. Ictal bradycardia was rare, but patients exhibiting this
activity were clinically characterized as having the highest risk
for SUDEP [6]. Taken together, seizure-associated apneas and
arrhythmias in clinical studies indicate that seizures may induce
a lapse in the functional connectivity between the brain and
cardiorespiratory systems leading to impaired neuronal control
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of breathing and cardiac function that could increase risk of
SUDEP.

The cardiorespiratory system consists of strongly coupled
and interdependent organs and tissues that deliver oxygen and
other nutrients to the rest of the body [7], [8]. The tight inner
connectivity of this system is also in part due to its connections
with the central nervous system control centers for cardiac and
respiratory activity. Strong afferent pathways from the cardio-
respiratory system project to vital control centers in the brain
relaying electrochemical and barometric information [9–11]. In
epilepsy, the electrochemical coupling among the brain, heart
and lungs can be altered by inherited abnormalities, as well as de-
veloped ones such as acquired channelopathies in cardiac tissue
[12]. Seizures can impact the electrochemical coupling through
the vagus and glossopharyngeal nerves, as well as metabolic and
hormonal coupling linked by the vasculature [13]. In a study
of cardiac stress biomarkers in epilepsy patients, significant
increases (up to two-fold) in the levels of cardiac stress proteins
(cardiac troponin I [cTNI]; high-sensitive troponin T [hsTNT])
were identified within 30 minutes following seizures [14]. De-
spite advances in identifying potential SUDEP mechanisms,
validated and quantitative risk factors and biomarkers of SUDEP
susceptibility remain undetermined. One reason is the inherent
genotypic and phenotypic complexity of epilepsy and its varying
impact on the cardio-respiratory system [3], [15]. Another factor
is the inadequate (e.g., not concurrent) recording and analysis of
the recorded signals from the neuro-cardio-respiratory systems,
often focusing on one single node (i.e., heart, lungs or brain) or
between two nodes in the network at a time.

Biosignal analysis for measuring both direct and indirect
interactions among brain, heart and lungs has been attempted in
the past. In 2005, a non-linear measure of cardiorespiratory cou-
pling was introduced to capture really low-frequency stochastic
oscillatory behavior between heart and lung activity [16]. In
2007, similar investigations in two groups of rats undergoing two
different methods of anesthesia each revealed frequency depen-
dent coupling of the brain, heart, and lungs, with an underlying
driving relationship from the lungs to the heart which was ampli-
fied by anesthetic agents [17]. In 2016, analysis of anesthetized
human subjects revealed significant changes in low frequency
coupling of the neuro-cardio and cardio-respiratory systems fol-
lowing anesthesia [18]. Interactions between the heart and brain
have also been investigated in epilepsy. Statistically significant
pre-ictal increases and post-ictal drops in brain-heart connec-
tions were detected in children with temporal lobe epilepsy
(TLE) through non-linear information measures from simulta-
neously recorded EEG and ECG. Employing empirical mode
decomposition (EMD) on EEG and ECG in 10- and 20-minute
peri-ictal recordings, significant drops in the brain-heart inter-
actions were noticed immediately prior to and during seizures
[19]–[21]. However, despite significant research in this area,
the neuro-cardio-respiratory system as a unified and directed
network in epilepsy has been largely ignored and unexplored.

Due to lack of reliable biomarkers, and since SUDEP occurs
suddenly and unexpectedly, it is very difficult to reliably and
prospectively identify patients at risk and then monitor them in
the long term. Thus, SUDEP investigations in humans tend to
be hindered by smaller sample sizes that prevent high statistical

power. Preclinical animal models can overcome this limitation
and provide a suitable system to identify novel biomarkers for
future validation in focused patient cohorts. One of the most
prominent mammalian SUDEP models currently in use is the
Kcna1 gene knockout (KO) mouse. The Kcna1 gene encodes
axonal membrane voltage-gated Kv1.1 potassium channel α-
subunits that reduce neuronal excitability by repolarizing mem-
brane potential following an action potential and preventing
repetitive firing [22], [23]. KO mice lacking Kv1.1 channels
due to deletion of the Kcna1 gene (Kcna1–/–) are frequently
utilized to investigate genetic and pathophysiological mecha-
nisms underlying SUDEP since about 75% of animals exhibit
seizure-related sudden death before the age of 2 months [24].
In addition, they exhibit similarities with multiple SUDEP risk
factors and terminal neuro-cardiac patterns observed in humans
including: (i) frequent seizures, (ii) generalized tonic–clonic
seizures, (iii) early onset epilepsy; (iv) long duration of seizures;
(v) seizure-evoked bradycardia and asystole progressing to car-
diac arrest; and (vi) seizure-evoked breathing dysfunction [25]–
[28]. Our group has reported in the past that KO mice also exhibit
abnormal brain-heart dynamics characterized by dissociation of
EEG and ECG biosignals, as measured by a decrease in the
phi coefficient, a measure of binary correlation between brain
(EEG) and heart (ECG) activity [29]. We have also reported that
during interictal periods, KO mice exhibit additional evidence of
brain-mediated cardiorespiratory dysfunction including a 5-fold
increase in vagally-driven atrioventricular cardiac conduction
blocks; increased heart rate variability; a 3-fold increase in
respiratory variability; and a nearly complete absence of post-
sigh-apneas [30]. However, quantitative assessment of the global
relationship between brain, cardiac, and respiratory activities in
KO mice has never been performed. To this goal, in this work, we
performed comparative analysis of concurrent brain-heart-lung
signals from wild type (WT) and KO (SUDEP-prone) mice to
identify novel biomarkers associated with increased SUDEP
risk. In addition to providing advanced warning for susceptibility
to SUDEP and possibly to status epilepticus (SE), these findings
could be found useful in identifying seizure severity, as well as
enabling development of reliable biomarkers for evaluating and
monitoring the efficacy of different epilepsy treatments.

II. MATERIALS AND METHODS

A. SUDEP-Prone Subjects

The Kcna1 knockout (KO) allele (Kcna1–/– ) was generated
by targeted deletion of the entire open reading frame of the
Kcna1 gene on mouse chromosome 6 leading to complete loss
of Kv1.1 function, as previously described [25]. As a result, KO
mice exhibit spontaneous seizures and premature death in up
to about 75% of animals. The wild type (WT) and KO mice
participated in this study were of a mixed genetic background
(50% Black Swiss (Tac:N:NIHS-BC) and 50% C57BL/6J) as
previously described in [29]. Mice were housed at ∼22 °C,
fed ad libitum, and submitted to a 12-h light/dark cycle. All
procedures were performed in accordance with the guidelines
of the National Institutes of Health (NIH), as approved by the
Institutional Animal Care and Use Committee of the Louisiana
State University Health Sciences Center-Shreveport.
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Fig. 1. (a) Schematic diagram of the recording electrodes in a mouse,
including the unrestrained whole-body plethysmography chamber used
to measure pressure changes from breathing that are converted into
respiratory waveforms. (b) Exemplary 1-s concurrent recordings of EEG
(4-channel), ECG and Pleth data from a wild type (WT) mouse. EEG1,
EEG2, EEG3 and EEG4 were recorded from the animal’s left temporal
cortex, right temporal cortex, left parietal cortex and right parietal cortex,
respectively (see text for details).

B. Concurrent EEG-ECG-Pleth Recordings

WT (n=7) and KO mice (n=8) of both sexes (ages 4–6
weeks) were surgically implanted with bilateral silver wire
electrodes (0.005-inch diameter) attached to a microminiature
connector for recording in a tethered configuration, as described
previously in [31], [32]. Avertin (0.02 mL/g, i.p.) was prepared
by mixing 250 mg 2,2,2-tribromoethanol (Sigma-Aldrich) with
155 μL 2-methyl-2-butanol (Sigma-Aldrich) dissolved in 19.75
mL double-distilled water heated to 40 °C, followed by filter-
sterilization prior to use. Four EEG electrodes (four channels)
were inserted into the subdural space through cranial burr holes
overlying left and right temporal and parietal cortices, and two
electrodes were inserted above the left and right frontal cortices
for a reference and ground, respectively. For ECG, two tho-
racic electrodes (one channel) were tunneled subcutaneously
on either side and sutured in place to record cardiac activity.
Mice were allowed to recover for 3 days and then placed in an
unrestrained whole-body plethysmography (Pleth) chamber
(Data Sciences International; St Paul, MN) to record respiratory
waveforms (see Figure 1(a)). The lid of the Pleth chamber was
modified to accommodate wires for recording EEG-ECG in a
tethered configuration [33]. Following a 45-min acclimatization
period in the chamber, video and EEG-ECG-Pleth were simul-
taneously recorded in up to 8-h sessions during the daytime (i.e.,
between 6:00 am and 6:00 pm) using Ponemah data acquisition
and analysis software (Data Sciences International, St. Paul,
MN, USA). The sampling rates were 500 Hz for Pleth and EEG,
and 2 kHz for ECG. A schematic diagram of the experimental
setup for recording concurrent EEG-ECG-Pleth signals, in ad-
dition to exemplary EEG-ECG-Pleth data down-sampled to 500

Hz, are shown in Figure 1(b). Seizures in KO mice were identi-
fied by visual inspection of video and EEG as high-amplitude,
rhythmic electrographic discharges lasting ≥5 s.

C. Connectivity Analysis of EEG-ECG-Pleth Signals

Bivariate analysis is likely to give misleading connectivity
values between two parts of a system in cases of existing global
interactions among more than two different parts of the system.
Therefore, appropriate analytical tools using multivariate analy-
sis should be utilized to correctly measure bivariate interactions
in such systems. Multivariate autoregressive (MVAR) model-
ing over concurrent short-time epochs (windows), each from
multiple time series, is recommended for network connectivity
analysis assuming that these time series (signals) are recorded
from different parts of a multi-dimensional, linear and wide-
sense stationary system. MVAR modelling reduces computa-
tional cost and allows exploratory insight into a system. For each
time window, the estimated array of MVAR model coefficients
can then be further analyzed in the frequency domain and,
depending on different types of normalization utilized, provide
frequency-specific measures of directional functional connec-
tivity (e.g., inflow, outflow, effective inflow, effective outflow
etc.) between the nodes of the assumed network configuration
of the system. One such directed connectivity measure is the
Generalized Partial Directed Coherence (GPDC) that provides
an accurate measure of effective direct inflow from one node to
another at particular frequencies [34]. We have successfully em-
ployed GPDC in network analyses of intracranial EEG (iEEG)
[32–36], and magnetoencephalographic (MEG) recordings [37]
from patients with focal epilepsy for localization of their epilep-
togenic focus, as well as assessment of the dynamics of brain’s
network connections en route to status epilepticus [38]. GPDC
exhibits certain advantages over other linear measures of causal
interactions in heavily interconnected networks. Compared to
more traditional tests of Granger Causality, such as Directed
Coherence (DC) and Directed Transfer Function (DTF) and its
variants [35], [39] GPDC allows for more accurate identification
of direct (not indirect) network activity through employment
of partial coherences [34]. Another key feature of GPDC is
that the employed normalization allows the measure to be scale
independent, thus paving the way to assess the effective connec-
tivity between signals of possibly vastly different magnitudes,
like signals from different organs. The digitized ECG were first
low-pass filtered to 200Hz using a 4th order Butterworth digital
filter and then down-sampled from 2 KHz to 500 Hz to match
the 500 Hz sampling rate of the EEG and Pleth signals. We
then fit the multivariate X(t) data (4 EEG, 1 ECG and 1 Pleth
channels) by MVAR and estimated all statistically significant
(P < 0.05) GPDC connectivities between the available time
series in the frequency domain, from 1 to 200 Hz. In particular,
a D=6 dimensional MVAR model was fitted to consecutive
and non-overlapping running windows of 10 s over 4-hour
EEG-ECG-Pleth recordings from the 6 available channels using
a model order p=7 per WT and KO animal. The model order of 7,
and window length of 10 s, for each data segment follows our line
of research with scalp and intracranial EEG (iEEG) on seizure



304 IEEE OPEN JOURNAL OF ENGINEERING IN MEDICINE AND BIOLOGY, VOL. 1, 2020

Fig. 2. Mean ± SEM of statistically significant directional connectivities between organs (P < 0.05) over the 4-h EEG-ECG-Pleth recordings in
the frequency domain (10 Hz consecutive bands from 1 to 200 Hz; bands with harmonics of 60Hz power noise having been excluded) for the WT
(blue) and SUDEP-prone KO (red) genotypes. (a) Heart ⇒ Brain, (b) Brain ⇒ Heart; (c) Lungs ⇒ Brain, (d) Brain ⇒ Lungs; (e) Lungs ⇒ Heart
and (f) Heart ⇒ Lungs. Interactions for which the differences between their median values across the two genotypes are statistically not equal as
estimated with the non-parametric Mann-Whitney-Wilcoxon rank sum test are indicated by (∗) for P-value <0.05, and by (∗∗) for P-value<0.001.

prediction and control [40], [41], [50]–[59], [42], [60]–[64],
[43]–[49]. An epoch (window length) of 10 s (5000 data points
x 6 channels= 30,000 data points) is enough for a confident
estimation of the 7x6x6= 252 MVAR parameters as we are using
more than 100x as many data points as we have parameters to
fit. A short description of the methodology, including evidence
that convergence of the main results of this study is achieved
with model orders above 5, and the accompanied statistical
significance derivations are provided in the Supplement.

III. RESULTS

A. Neuro-Cardio-Respiratory Connectivity in WT and
KO Animals

We first sought to uncover general trends in neuro-cardio-
respiratory connectivity per interaction between organs within
each genotype and then across the two genotypes (WT and
KO). Towards this goal, we integrated the statistically significant
GPDC (ssGPDC) values between any of the three organs (brain,
heart, lungs) across time (over all 10 s windows) per frequency
band for all animals of each genotype. Thus, the profiles of the
mean and the standard error of the mean (SEM) of the ssG-
PDC values for both genotypes were calculated per frequency
band for each of the six inter-organ interactions. Profiles of
the ssGPDC values for both genotypes and each directional
interaction are shown in the frequency domain in Figure 2 with

a zero value assigned to the mean of interactions in frequency
bands where there were no statistically significant interactions
(p>0.05). P-values used to populate this figure can be found in
the supplementary materials on Table S1.

Several observations from Fig. 2 are noteworthy. We classify
them into the following three categories:

A) Trends in connectivity as function of frequency for
each individual interaction between organs: The
Heart⇒Brain interactions were higher in the high fre-
quency band (above 40 Hz) than in the low frequency
band (below 40 Hz), while the Brain⇒Heart interactions
were relatively constant within the broad frequency band
of 20-180 Hz (Fig. 2(a) and (b)); the Lungs⇒Brain
interactions were highest around 40 Hz, while the
Brain⇒Lungs interactions were highest around 10 Hz
with a tendency towards high values again above 100 Hz
(Fig. 2(c) and (d)); the Lungs⇒Heart interactions were
also highest around 40 Hz, while Heart⇒Lungs interac-
tions had a trend similar to the one for the Brain⇒Lungs
interactions (Fig. 2(e) and (f)). All these trends were
qualitatively similar for both WT and KO mice.

B) Relative strength of each interaction with respect to
the other interactions: The observed relative strengths
of the interactions overall (i.e., across the full spectrum)
were similar in both WT and KO mice, with the ex-
ception of Heart⇔ Brain interactions. The order of
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Fig. 3. Mean ± SEM of the averaged over the full frequency domain (0-200Hz) directional interactions between brain, heart and lungs in WT
(blue) and SUDEP-prone KO (red) mice. (∗) indicates the interactions for which the differences in their median values between the two genotypes
are statistically not equal (P-value <0.001), as estimated with the non-parametric Mann-Whitney-Wilcoxon rank sum test.

Fig. 4. Schematic representation of the statistically significant (a) decreased and (b) increased neuro-cardio-respiratory network interactions of
the KO compared to WT mice averaged over frequencies of 1-200 Hz. The thickness of arrows corresponds to the magnitude, and the (+) or (-)
sign above the arrows to the signs of the difference of the ssGPDC values of KO from the ones of WT animals for each interaction.

interaction pairs with respect to their magnitude was:
[Brain⇒Lungs] > [Heart⇒Lungs] � [Heart⇒Brain]
> rest of interactions. Statistical comparison between all
possible interaction pairs is provided in Table S2.

C) Comparison of each inter-organ interaction between
KO and WT animals: Across genotypes, several impor-
tant differences per interaction between organs emerged.
The most prominent difference was found to be in the
Heart⇔ Brain (bi-directional) interactions where the
KO mice exhibited reduced functional connectivity in
both afferent and efferent directions and almost over the
full frequency band (20-200 Hz) (Fig. 2 (a) and (b))
compared to WT mice. The next prominent differences
in organ interactions across genotypes were exhibited
in narrower frequency bandwidths. For example, the
efferent pathways from the brain and heart to the lungs
(Brain⇒Lungs and Heart⇒Lungs) were found elevated
in KO vs. WT mice at frequencies above 100 Hz (Fig. 2
(d) and (f)). On the contrary, the afferent pathways to

the brain and heart from the lungs (Lungs⇒Brain and
Lungs⇒Heart) were found lower in KO vs. WT mice
within narrow frequency bands below 100 Hz (Fig. 2(c)
and (e)).

The Heart ⇒Brain impairment in KO vs. WT animals ob-
served in Fig. 2(a) is still very prominent if we average the
ssGPDC values over the full spectrum from 0 to 200 Hz. Fig-
ure 3 shows cumulatively (averaged over all frequencies and all
available 10-s windows) the strength of all ssGPDC interactions
per genotype.

Although it is visually less obvious in Fig. 3 than in Fig. 2,
the efferent interaction from Brain ⇒Heart is also significantly
reduced in its median value in KO compared to the one in
WT animals. The inter-organ interactions averaged over all
frequencies that are statistically significant different between
the two genotypes are schematically depicted in Figure 4. The
representation in Fig. 4, derived from Fig. 3 and further validated
through statistical testing (see Table S1 in the supplementary
materials), illustrates the significantly reduced Heart ⇒Brain,
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Fig. 5. Mean ± SEM of ssGPDC values of the statistically significant directional connectivities (P < 0.05) between organs over the 4-h EEG-ECG-
Pleth recordings in the frequency domain (10 Hz consecutive bands from 1 to 200 Hz excluding the bands with harmonics of 60 Hz power noise) for
the WT (blue), SUDEP-prone KO with no seizures (red) and SUDEP-prone KO with seizures (black) mice. (a) Heart ⇒ Brain, (b) Brain ⇒ Heart, (c)
Lungs ⇒ Brain, (d) Brain ⇒ Lungs; (e) Lungs ⇒ Heart and (f) Heart ⇒ Lungs. Interactions for which the differences between their median values
across KO animals with seizures and those without seizures are statistically not equal as estimated with the non-parametric Mann-Whitney-Wilcoxon
rank sum test are indicated by (∗) for P-value <0.05, and by (∗∗) for P-value < 0.001.

Brain ⇒Heart and Lungs ⇒Brain interactions (Fig. 4 (a)) and
elevated interactions from Brain ⇒Lungs and Heart ⇒Lungs
(Fig. 4(b) in KO animals compared to WT animals. The interac-
tion from the Lungs⇒Heart was not found statistically different
between the KO and WT animals due to the small number of
ssGPDC values of this interaction, and is not depicted in Fig. 4.

B. Dynamics of Brain-Heart-Lungs Interactions in
the Presence of Seizures in SUDEP-Prone Mice

Two out of the eight KO mice (Kv1.1 966 and Kv1.1
967) experienced seizures during their respective 5.5-hour and
7.5-hour recordings of concurrent EEG, ECG and Pleth. We
included the first 4-h portion of the recordings from both
Kv1.1 966 and Kv1.1 967 in our 4-h analysis of the previous
Section II-A. Seizures are typically well-identified electrophys-
iological events with or without manifestation of clinical symp-
toms and they can thus constitute referential points to a plurality
of investigations and questions ranging from ictogenesis (how
seizures form) to epileptogenesis (causes of epilepsy). Within
the framework of the present study, we addressed two ques-
tions relevant to ictogenesis and seizure occurrence: (i) how
does seizure occurrence affect the differences in the inter-organ
interactions between WT and SUDEP-prone animals, and (ii)

how do inter-organ interactions in the KO animals change over
time in the presence of seizures.

To address question (i) above, we repeated the analysis de-
scribed in Section III-A for Kv1.1 966 and Kv1.1 967 separately
from the rest of the KO mice as these were the only ones with reg-
istered seizures during the period of the recording. This resulted
in two sets of ssGPDC profiles of the six inter-organ interactions
for the two seizing KO mice that we then compared with the
ones from the six other non-seizing KO mice (Figure 5). From
Fig. 5, and between KO animals with (black lines) or without
(red lines) seizures, the most apparently different inter-organ
interactions are the Brain ⇒ Lungs (EEG ⇒ Pleth) and Heart
⇒ Lungs (ECG ⇒ Pleth) interactions. This implies that the
presence or absence of seizures does not change significantly the
pre-existing differences in those interactions in the KO animals.
In particular, the Heart⇒Lungs interaction (Fig. 5(f)) in seizing
KO animals closely resembles the WT profile across the whole
frequency spectrum, whereas the Brain⇒ Lungs (Fig. 5(d))
interaction appears elevated in seizing KO mice compared to
both non-seizing KO mice and WT controls across the whole
frequency spectrum. We can thus conclude that, in this animal
model of SUDEP, the communication from the Brain to Lungs
becomes abnormally elevated in the presence of seizure activ-
ity. However, there are actually two more interactions that are
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Fig. 6. Directional connectivities (smoothed ssGPDC values– see text
for details) between brain, heart and lungs over time, peri-ictally and
during recovery from seizures, estimated within selected frequency
bands from the Kv1.1 966 KO mouse. The 5.5-hour session of EEG,
ECG and Pleth in this mouse captured a cluster of six seizures with a
subsequent recovery period of 2 hours. (a) Heart ⇒Brain (80-90 Hz), (b)
Brain ⇒ Heart (190-200 Hz), (c) Brain ⇒ Lungs (130-140 Hz), (d) Heart
⇒ Lungs (150-160 Hz). Occurrence of seizures is indicated by vertical
(Magenta) lines; seizures last for 80 seconds on average. Horizontal
bands represent mean ± SEM of ssGPDC values for each interaction
and respective frequency band from the WT animals (Blue zone), and
the KO animals that did not exhibit seizures during their recording (Red
zone).

significantly (p < 0.001) affected by the presence of seizures
across frequencies: the interactions between the Brain and Heart
in both directions (see supplementary Table S3).

To address question (ii) above we analyzed separately the
dynamics of the inter-organ interactions over time (before, dur-
ing and after seizures) and frequency. For this analysis, the
inter-organ interactions that exhibited a) a high percentage of
ssGPDC values (see Supplementary Material Table S4) and b)
statistically significant differences (P < 0.001; Wilcoxon test)
between the WT and KO groups (see Fig. 3) across the full
frequency spectrum were selected. Thus, only the bi-directional
interactions between the brain and heart (Brain ⇔Heart), and
the efferent interactions from the heart and brain to the lungs
(Brain ⇒Lungs and Heart ⇒Lungs) were considered for dy-
namical analysis. To maximize the significance of dynamical
trends we were attempting to capture, we considered the connec-
tivities in the frequency band for which there was the maximum
difference in the respective ssGPDC profiles between the WT
and KO groups, that is, the frequency band with the minimum
P-value for the Wilcoxon rank sum test on equality of medians.

The smoothed ssGPDC values for these interactions over
time for the two KO mice (A966 and A967) in the presence
of seizures are shown in Figure 6 and Figure 7 respectively, at
the frequency band that each selected interaction exhibited the

Fig. 7. Directional connectivity between brain, heart and lungs peri-
ictally within selected frequency bands from A966 KO mouse (smoothed
ssGPDC values– see text for details). The 7.5 hour session of EEG,
ECG and Pleth in this mouse recorded continuous seizure activity with-
out sustainable recovery. Panels and annotations as in Figure 6.

most statistically significant difference between KO mice and
WT mice. Each smoothed ssGPDC value was produced every
10 s by averaging 9 (previous, current, and proceeding) original
ssGPDC values over time. Hence, since each original ssGPDC
value is estimated from a 10 s window, each portrayed smoothed
ssGPDC value in Fig. 5 and Fig. 6 reflects information from a
total of 90 s of raw data.

In both Figures 6 and 7, we include two horizontal bands
per interaction; each horizontal band (HB) is formed from the
mean ± SEM values of the ssGPDC values estimated at the
respective frequency sub-band from all WT animals (HB in
blue color) and all KO animals (HB in red color) that had
no seizures during their 4-h recordings. In Kv1.1 966 (Fig. 6),
six seizures occurred within the first 3.5 hours and no seizures
for 2 hours thereafter till the end of the recording. The Heart
⇒Brain interaction (frequency sub-band: 80-90 Hz) in this KO
mouse was severely impaired during the period with seizures
(ssGPDC values well below the HB of WT animals as expected
from the results illustrated in Fig. 5, and even below the HB
band of the six KO animals that manifested no seizures during
their recordings). Increases in strength of this interaction towards
normalcy in the post-ictal period of each seizure is noted, as
well as a long-term trend (over 2 hours) of gradual increase
(recovery) of this connectivity is observed after the end of all
seizures (Fig. 6(a)). The Brain ⇒Heart interaction (frequency
sub-band: 130-140 Hz) is also impaired in the same way as the
Heart ⇒Brain interaction (decreased; below the blue HB but
well within the red HB). It is noteworthy that Brain ⇒Heart
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recovers much faster than the Heart ⇒Brain interaction after
the end of the seizures, with a trend towards recovery starting
even after the fifth seizure in this cluster of 6 seizures, indicating
an early recovery of central cardiac control (Fig. 6(b)). The
controlling influence of the lungs by the brain (afferent pathways
to the lungs) was higher during pre-ictal periods and was reduced
to more normal levels after the end of the seizures. In particular,
the Brain ⇒Lungs connectivity (frequency sub-band: 130-140
Hz) was abnormally high (even beyond the red HB) during
pre-ictal periods, and decreases to values within the blue HB
for a short time following each seizure’s end and permanently
after the last seizure (Fig. 6(c)), while the Heart ⇒Lungs con-
nectivity (frequency sub-band: 150-160 Hz) is lower peri-ictally
throughout the recording compared to the other KO and WT
animals (Fig. 6(d)).

The ssGPDC values over time per interaction and frequency
for the second KO animal (Kv1.1 967) with seizures during the
recording session are given in Figure 7. The recording in this an-
imal lasted for 7.5 hours and exhibited frequent seizure activity
without a period of long recovery from seizures. Generally, the
results shown in Fig. 7 are in agreement with the results reported
in the first portion of Fig. 6, that is, during the period that Kv1.1
966 was experiencing seizure activity.

IV. DISCUSSION

The present study of the brain, heart and lungs in an animal
model of SUDEP produced several novel results and insights in
the relation of epilepsy and organomics, the emerging science of
interactions between organs, by adopting a holistic systems ana-
lytical approach. Analysis of directional connectivities between
the brain, heart, and lungs revealed significant abnormalities in
Heart ⇒Lungs, Brain ⇒Lungs and Brain⇔ Heart inter-
actions in SUDEP-prone KO mice versus WT mice (Fig. 5).
Specifically, at a highly significant statistical level (p < 0.001),
the Brain ⇒Lungs and Heart ⇒Lungs interactions were
higher and Brain⇔ Heart interactions were lower in KO mice
compared to the corresponding ones from WT mice. The dif-
ference in the Brain ⇒Lungs interaction was more prominent
upon seizure occurrences in KO mice (Fig. 5). Therefore, one
hypothesis to be further pursued is if the observed elevated
flows of information from the brain and heart to the lungs in the
SUDEP-prone KO animals acts as a compensatory mechanism
for the decreased bi-directional flow of information between the
brain and the heart (Fig. 4).

The directional connectivities between the brain, heart and
lungs were found to be frequency-dependent at different de-
grees. The Brain⇔ Heart interactions exhibited a statistically
significant decrease in functional connectivity in the KO animals
across a wide range of frequencies, while the Brain ⇒Lungs
interaction was consistently elevated for frequencies above 100
Hz (Fig. 2). High frequencies in the ECG for detection of
ventricular tachycardia, as well as in respiration signals for
assessment of respiratory abnormalities, have been reported in
the past [65–70]. However, to our knowledge, this is the first time
that we have statistically significant evidence of communication

between the brain, heart and lungs in the high frequency portion
of the spectrum (>80 Hz). Differences in the efferent pathways
from the lungs to heart and brain (Lungs ⇒ Brain and Lungs
⇒ Heart) did not exhibit highly statistically significant differ-
ences between the KO and WT animals except for a very narrow
frequency band around 80 and 40 Hz respectively (Fig. 2).
Respiratory feedback to the brain is regulated by oxygen levels,
mechanoreceptor signal transmission and chemical signaling
through pH and hormonal activation, and provides lower fre-
quency feedback information to the brain and heart than the
fast neurochemical signaling coming from the brain and vagus
nerve [71]. The ECG is capable of capturing more minuscule
and fast changes in the electromagnetic activity of the cardiac
tissue, often under influence by many branches of the vagus
nerve extending into the thoracic cavity, the nature of which
could explain the large frequency distribution of statistically
significant impairments in Brain⇔ Heart connectivity in KO
animals [10], [11], [67], [68], [72]. The impairment (decrease)
in this connectivity in the high frequency spectrum in KO versus
WT animals suggests lapses in functional connection from the
motor command centers of the brain down to the heart in high
frequencies. The activity in high frequencies we measured was
not recorded from the traditional cardiac control centers in the
brain such as the brainstem. However, activity in other parts of
the brain, such as the frontal lobes, as well as the temporal lobes
that we recorded from in this study, can modulate cardiac activity
through neuro-electrical and endocrine influences [15], [73].

From a dynamics perspective, we studied the inter-organ
interactions with respect to the timing of events that were very
well-defined, the epileptic seizures, and compared their pre- and
post-ictal values to referential values of inter-organ interactions
during seizure-free periods from WT and SUDEP-prone KO
animals. The general pre-ictal trend was an elevated input to the
lungs from the brain and a reduced input to the heart from the
brain; post-ictally (after seizure end), the opposite changes (i.e.,
decreases) were observed in those interactions. These changes
were most prominent at high frequencies. Furthermore, the most
distinct dynamics occurred over larger timescales (2 hours), that
is, when comparing the period with intense seizure activity to
the subsequent seizure-free (recovery) period (Fig. 6). These
findings point to at least three complementary directions for
future investigations into: a) resetting of dynamics by seizures
and/or seizure clusters (mostly displayed in this study by the
Brain ⇒Lungs and Brain ⇒Heart interactions), a concept that
we postulated and have shown in the past by spatiotemporal
analysis of scalp and intracranial EEG from patients and epilep-
tic rats [38], [41], [43], [49], [54], [74]–[76], b) the potential
use of the dynamics of specific interactions (e.g., the Brain
⇒Lungs interaction) for prediction of seizures; studies have
shown increased inflammatory processes in the larynx in cases
of the similarly infrequent and sudden condition, the Sudden
Infant Death Syndrome (SIDS), suggesting the involvement of
abnormal hyper-reactivity of the reflexes and apnea [77]. Such
increased reactivity of laryngeal reflexes is hypothesized to be
present in some cases of SUDEP [78], which may be reflected
and potentially quantified by our directed network analysis in
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this study between plethysmography and EEG, c) identifying
periods of seizure susceptibility (e.g., by the Lungs ⇒Brain
and/or Lungs ⇒Heart interaction) [74], [79]–[84].

To our knowledge, this study is the first attempt to assess the
communication between the brain, heart and lungs together in
controlled experiments centered on a neurodegenerative disease.
This study is also a rare comparison of control and diseased
groups in epilepsy, as typical studies investigating mechanisms
of epilepsy and SUDEP lack control subjects due to the nature
of human data collection in clinical epilepsy research. Even
though important and statistically very significant results were
generated through our analysis of the experimental data, we
would like to acknowledge the following experimental and
theoretical limitations of the present study that could guide
future studies. First, the interactions we investigated showed
frequency dependence, especially interactions that included the
respiratory system. Such intricate frequency dependencies may
be better quantified via a cross-frequency analysis [85]–[87]
since cross-frequency interactions are not well captured by
using the linear MVAR modelling and coherence approach,
because this approach theoretically can capture and quantify
activities across organs at the same frequency in the spectrum.
Frequency nesting, where the amplitude at one frequency (often
high frequency) in one signal (organ) depends on the amplitude
at a different frequency (usually low frequency) of another
signal (organ), is an example of cross-frequency interactions.
Cross-frequency phase locking, cross-frequency coherence, and
stochastic measures of cross-frequency dependence also exist
[88]. However, such measures may require large amounts of
data in order to produce statistically significant results, whereas
linear modelling is computationally fast and can work with
short segments in order to deal with non-stationarities. Second,
in theory, linear modelling can accurately model only linear
systems. However, linear models can approximate nonlinear
systems and nonlinear behavior under specific constraints (e.g.,
operating region / spatio-temporal state). In the case of a biolog-
ical signal, where the underlying system is typically nonlinear
and the constraints are relatively unknown, the linear modelling
approach should always constitute a first approximation that
could lead to learning of the constraints for a subsequent better
linear approximation and so on [89]–[91]. Third, despite the
experiments being state-of-the-art with the appropriate controls,
it remains to be seen if our results are general to SUDEP or
specific only to the Kcna1 KO animal model of SUDEP.

V. CONCLUSION

In this study, we employed directed network connectivity
analysis between the brain, heart and lungs on a rare dataset
of concurrently recorded EEG, ECG and Pleth signals in WT
and SUDEP-prone KO animals. The results of this network
analysis suggest important frequency-dependent abnormalities
in the neuro-cardio-respiratory system of KO mice. Connections
between the brain and heart, and the brain and lungs showed the
most statistically significant abnormalities in the SUDEP-prone
KO animals. Further analysis of their dynamics showed that
they may play an important role in the generation of seizures

(ictogenesis). Pre-ictal elevation of Brain ⇒Lungs efferent
connections appears to be a key feature preceding seizure mani-
festation, implying hyper-reactivity in this branch of the system
involving either the respiratory sensory centers in the brain, the
pathway between the lungs and the brain, or the sensory system
in the lungs. In addition, decreased Heart⇔ Brain activity
seems to also play a key role in the manifestation of seizures
and possibly SUDEP. These novel findings, following further
validation in additional datasets from animals and humans, may
be incorporated in seizure detection and prediction algorithms
within intelligent neuromodulation devices for seizure control
and for detection of periods of susceptibility to seizures and risk
of SUDEP.

SUPPLEMENTARY MATERIALS

In the supplementary material, the estimation of directed
connectivities by MVAR and the assessment of their statistical
significance are briefly described. The percentage of GPDC val-
ues rendered not statistically significant (p>0.05) per interaction
and frequency band for each of the two genotypes (KO and
WT) is illustrated in Figure S1. The results from our analysis
of the impact of the order of the MVAR model on the values of
inter-organ connectivities are given in Figure S2. In Tables S1,
S3 and S4, using non-parametric statistical tests, the p-values of
the differences in the medians of connectivity per interaction,
respectively, between: 1) WT (all animals) and KO (all animals)
averaged across all frequencies (as depicted in Fig. 3), 2) KO
(only animals without seizures) and KO (only animals with
seizures) at each individual frequency band for validation of
conclusions from Fig. 5, and 3) WT (all animals) and KO (only
animals with seizures) at each individual frequency band in
order to select the frequency bands for the dynamic analysis
depicted in Fig. 6 and Fig. 7. Table S2 depicts p-values for
each inter-organ interaction with each of the rest of the other
inter-organ interactions per animal genotype (WT and KO).
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[93] M. Kamiński and E. Al, “Evaluating causal relations in neural systems:
Granger causality, directed transfer function and statistical assessment of
significance,” Biol. Cybern., vol. 85, no. 2, pp. 145–157, 2001.

[94] D. Prichard and J. Theiler, “Generating surrogate data for time series with
several simultaneously measured variables,” Phys. Rev. Lett., vol. 73, no. 7,
p. 951, 1994.

[95] L. A. Baccalá and E. Al, “Computer intensive testing for the influence
between time series,” pp. 411–436, 2006.

[96] B. Schelter and E. Al, “Testing for directed influences among neural signals
using partial directed coherence,” J. Neurosci. Methods, vol. 152, no. 1–2,
pp. 210–219, 2006.

[97] J. Toppi and E. Al., “Testing the significance of connectivity networks:
Comparison of different assessing procedures,” IEEE Trans. Biomed. Eng.,
vol. 63, no. 12, pp. 2461–2473, 2016.

[98] L. Baccalá and K. Sameshima, “Partial directed coherence: A new concept
in neural structure determination,” Biol. Cybern., vol. 84, pp. 463–474,
2001.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


