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Diaphragm Neurostimulation Mitigates
Ventilation-Associated Brain Injury in a
Preclinical Acute Respiratory Distress

Syndrome Model

CONTEXT: In a porcine healthy lung model, temporary transvenous diaphragm
neurostimulation (TTDN) for 50 hours mitigated hippocampal apoptosis and in-
flammation associated with mechanical ventilation (MV).

HYPOTHESIS: Explore whether TTDN in combination with MV for 12 hours miti-
gates hippocampal apoptosis and inflammation in an acute respiratory distress
syndrome (ARDS) preclinical model.

METHODS AND MODELS: Compare hippocampal apoptosis, inflammatory
markers, and serum markers of neurologic injury between never ventilated sub-
jects and three groups of mechanically ventilated subjects with injured lungs: MV
only (LI-MV), MV plus TTDN every other breath, and MV plus TTDN every breath.
MV settings in volume control were tidal volume 8 mL/kg and positive end-expira-
tory pressure 5cm H,O. Lung injury, equivalent to moderate ARDS, was achieved
by infusing oleic acid into the pulmonary artery.

RESULTS: Hippocampal apoptosis, microglia, and reactive-astrocyte percent-
ages were similar between the TTDN-every-breath and never ventilated groups.
The LI-MV group had a higher percentage of these measures than all other groups
(p < 0.05). Transpulmonary driving pressure at study end was lower in the TTDN-
every-breath group than in the LI-MV group; systemic inflammation and lung injury
scores were not significantly different. The TTDN-every-breath group had consid-
erably lower serum concentration of homovanillic acid (cerebral dopamine produc-
tion surrogate) at study end than the LI-MV group (p < 0.05). Heart rate variability
declined in the LI-MV group and increased in both TTDN groups (p < 0.05).

INTERPRETATIONS AND CONCLUSIONS: In a moderate-ARDS porcine
model, MV is associated with hippocampal apoptosis and inflammation, and
TTDN mitigates that hippocampal apoptosis and inflammation.

KEY WORDS: acute respiratory distress syndrome; diaphragm neurostimulation;
mechanical ventilators; neuroinflammation; ventilation-induced

ventilated patients admitted to ICUs, with one-third of patients pre-

senting with moderate ARDS (1, 2). Clinically and preclinically, ARDS
has been associated with hippocampal apoptosis and inflammation (3-6). The
association between ARDS and hippocampal inflammation is concerning be-
cause the standard of care for patients with ARDS includes mechanical venti-
lation (MV) (1). MV has recently been implicated in triggering hippocampal
apoptosis and inflammation, also called ventilation-associated brain injury
(VABI) and may therefore potentiate further hippocampal apoptosis and neu-
roinflammation in ARDS patients (7, 8).

ﬁ cute respiratory distress syndrome (ARDS) is common in mechanically

Critical Care Explorations

Thiago G. Bassi, MD, PhD'

Elizabeth C. Rohrs, BSc, RRT,
PhD23

Mr. Karl C. Fernandez, BSc, RRT??
Ms. Marlena Ornowska, BSc?

Ms. Michelle Nicholas, BHSc, RN,
MSc23

Ms. Jessica Wittmann, BSc?
Mr. Matt Gani, BSc, BE'

Mr. Doug Evans, MS, MBA'
Steven C. Reynolds, MD?3

Copyright © 2022 The Authors.
Published by Wolters Kluwer Health,
Inc. on behalf of the Society of
Critical Care Medicine. This is an
open-access article distributed under
the terms of the Creative Commons
Attribution-Non Commercial-No
Derivatives License 4.0 (CCBY-
NC-ND), where it is permissible to
download and share the work pro-
vided it is properly cited. The work
cannot be changed in any way or
used commercially without permis-
sion from the journal.

DOI: 10.1097/CCE.0000000000000820

www.ccejournal.org 1


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/

Bassi et al

r ~
@\ KEY POINTS

Question: What specific question does the article
address?

Does phrenic-nerve stimulation, in combination
with mechanical ventilation (MV) for 12 hours, mit-
igate hippocampal apoptosis and inflammation in
an acute respiratory distress syndrome (ARDS)
preclinical model?

Findings: \What is the key result?

The group receiving MV alone had higher percent-
ages of hippocampal apoptosis and inflammation
than all other groups. Hippocampal apoptosis and
inflammation were similar when comparing the
group receiving phrenic-nerve stimulation on every
breath with the never ventilated control group.

Meaning: \What are the key conclusion and impli-
cations based on the primary finding(s)?

In a moderate-ARDS porcine model, MV is asso-
ciated with hippocampal apoptosis and inflamma-
tion, and phrenic-nerve stimulation in combination
with MV mitigates that hippocampal apoptosis
and inflammation.

. J

It has been proposed that systemic inflammation
might trigger neuroinflammation and apoptosis in
ARDS/MV subjects (9). While some preclinical stud-
ies that induced lung injury via either volutrauma or
barotrauma have shown brain injury associated with
systemic inflammation, other preclinical studies that
used healthy subjects undergoing lung-protective
MYV have also demonstrated that MV itself is associ-
ated with brain injury and that systemic inflammation
played a secondary role (7, 8, 10).

Our group has previously reported that a hybrid
ventilation strategy employing temporary transvenous
diaphragm neurostimulation (TTDN) as an adjunct
to MV resulted in neuroprotection after 50 hours of
MYV (10-12). This novel ventilatory strategy uses a cen-
tral line catheter embedded with electrodes inserted
in the left subclavian vein to stimulate bilaterally the
phrenic nerve in synchrony with MV (10). In a deeply
sedated porcine model with healthy lungs ventilated
for 50 hours, our group reported that the degree of
neuroprotection was higher with greater exposure to
TTDN (10). This was the first preclinical study that
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investigated a hybrid ventilatory intervention to mit-
igate cellular apoptosis and neuroinflammation in an
ICU model during deep sedation with MV (10). In
preclinical studies, greater hippocampal apoptosis and
neuroinflammation have been associated with worse
cognitive scores (3, 4, 13). Clinically, a post-mortem
study also showed that patients who had delirium prior
to death had greater hippocampus inflammation com-
pared with patients who did not have delirium prior
to death (5). Although our group demonstrated that
a therapy could mitigate hippocampal inflammation
and cellular apoptosis associated with MV, the neuro-
protection observed was in a healthy lung preclinical
model, thereby limiting its translational generaliza-
bility. To extend our previous findings of VABI miti-
gation, we hypothesize that TTDN will also result in
neuroprotection in a moderate-ARDS porcine model.

METHODOLOGY

Animals

Female juvenile Yorkshire pigs (4-5 mo old) were
procured, housed, maintained, and studied following
the local Animal Care Committee guidelines, after
University of British Columbia. Ethics Committee and
Animal Care Committee approvals (ethics certificate
number A20-0245 and approval date January 5, 2022).
Yorkshire pigs were chosen based on their anatom-
ical similarities with humans. The choice of only using
females was due to the animal facility used for the
experiments only having female animal providers and
due to easier housing and husbandry (Supplemental
Digital Content, http://links.lww.com/CCX/B103).

Experimental Protocol

Subjects were assigned to four groups: mechanically venti-
lated with injured lungs (LI-MV); mechanically ventilated
with injured lungs plus TTDN every other breath (LI-MV
+ TTDN50%); mechanically ventilated with injured lungs
plus TTDN every breath (LI-MV + TTDN100%); and
never ventilated (NV). All mechanically ventilated sub-
jects were ventilated for 12 hours post-injury. All subjects
from all groups received a central line catheter in the left
subclavian vein. Subjects from the NV group were imme-
diately euthanized to provide histological baseline data.
Temperature, mean arterial pressure, heart rate, glucose
levels, and arterial blood gases were monitored during the
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experiment to ensure values stayed within normal ranges
(Table S1, http://links.lww.com/CCX/B103).

Mechanical Ventilation

Mechanically ventilated subjects were ventilated in
volume control mode (Evita XL, Dréger, Draeger,
Germany) using lung-protective settings (5cm H,O pos-
itive end-expiratory pressure, 8 mL/kg tidal volume, due
to greater dead space in pigs) (14). Respiratory rate and
Fro, were adjusted to achieve normal arterial blood gases.

Esophageal pressure, plateau pressure, driving pres-
sure, and transpulmonary plateau pressure during the
first and the last hour of the experiments were com-
pared (FluxMed GrT, MBMed). Esophageal pressure
was measured throughout the breath. Plateau, driving
pressure, and transpulmonary plateau pressure were
all measured during an end-inspiratory pause.

Transpulmonary driving pressure was calculated
as (end-inspiratory transpulmonary plateau pres-
sure) minus (end-expiratory plateau pressure). Real-
time ventilator pressure-time product was obtained
by respiratory monitoring using a respiratory monitor
(FluxMed GrT, MBMed).

Pa02/ F|o2 Ratio

Arterial blood gas samples were used to calculate Pao,/
F10, ratio. Mechanically ventilated subjects had sam-
ples taken at baseline, every 4 hours, or as appropriate.
NV subjects had one sample taken before euthanasia.

Lung Injury

To induce ARDS in each mechanically ventilated sub-
ject, 0.1-0.4mL of oleic acid (cis-9-octadecenoic acid)
mixed with the animal’s fresh blood was injected into
the pulmonary artery via pulmonary artery flotation
catheter (via distal port) until a Pao,/F10, ratio less than
200 mm Hg was achieved. Our study targeted the induc-
tion of moderate ARDS, which was confirmed by Pao,/
F10, ratio between 100 mm Hg and 200 mm Hg (14).

Diaphragm Contractions and Diaphragm
Contribution With TTDN

In subjects receiving TTDN, a central venous catheter
embedded with electrodes (LIVE Catheter; Lungpacer
Medical, Exton, PA; Fig. S1, http://links.lww.com/
CCX/B103) was used to stimulate the phrenic nerves
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bilaterally for diaphragm contractions in synchrony
with the ventilator’s inspiratory phase. Neurostimulated
breaths targeted a ventilator pressure-time-product re-
duction of 15-20%, as previously described (Figs. S2
and 83, http://links.lww.com/CCX/B103). A respi-
ratory monitor (FluxMed GrT, MBMed) was used to
monitor real-time ventilator pressure-time product to
ensure standardized diaphragm contribution during
the experiments (10, 15). Neurostimulation intensity
was adjusted during the experiment to keep ventilator
pressure-time-product within the targeted range.

Serum Samples

All subjects had blood samples taken to determine the
serum concentration of biomarkers at the end of the ex-
periment (Table S2, http://links.lww.com/CCX/B103).
Brain injury biomarkers were S100p, neuron-specific
enolase (NSE), glial fibrillary acidic protein (GFAP),
and ubiquitin carboxy-terminal hydrolase L1 (UCHLL1).
Systemic inflammatory biomarkers were interferon-
gamma (IFN-y), granulocyte/monocyte colony-stim-
ulating factor (GM-CSF), tumor necrosis factor-alpha
(TNFa), interleukin (IL)-1a, IL-1P, IL-6, IL-8, and
IL-10. Biomarkers for tryptophan metabolism were
tryptophan, kynurenine, and kynurenic acid (KYNA).
The biomarker for cerebral dopamine metabolism was
homovanillic acid (HVA). An independent laboratory
(Eve Technologies Corporation, Calgary, Canada),
blinded to study group allocation, analyzed the samples.

Hippocampal Sampling and Preparation

An independent laboratory (Wax-it Histology Services,
Vancouver, Canada), blinded to sample group, per-
formed immunochemistry preparation and processing
for terminal deoxynucleotidyl transferase-mediated
deoxyuridine triphosphate nick-end labeling, GFAP, and
ionizing calcium-binding adaptor molecule-1 markers
(Figs. S4 and S5, http://links.lww.com/CCX/B103).

Cell Counting

Hippocampal tissue was classified (positive-stained cells,
negative-stained cells, and extracellular matrix) and cells
were counted by machine-learning software (Image], Fiji,
New Zeland). The percentage of positive-stained cells was
calculated by the formula: ([positive-stained cells] divided
by [positive-stained cells plus negative-stained cells]).
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Lung Histology

Post-euthanasia, lungs were harvested, and an independent
laboratory (Wax-it Histology Services), blinded to study
group allocation, stained the lung slides with hematox-
ylin and eosin (Fig. 87, http://links.Iww.com/CCX/B103).
Samples were then scored for lung injury by an examiner
who was blinded to the study groups, following a method
adapted from Matute-Bello, as used in our previous experi-
ments (Table S3, http://links.lww.com/CCX/B103) (16).

Heart Rate Variability Analysis

The root mean square of the sb (RMSSD) of R-R inter-
vals, a surrogate measure of parasympathetic activity,
was calculated for the first 4 hours after experiment in-
itiation, and the last 4 hours before subject euthanasia
(Fig. S6, http://links.lww.com/CCX/B103).

Statistical Analysis

Nonparametric tests were used, and included either
the Kruskal-Wallis test and Dunn multiple comparison
test, or the Wilcoxon signed-rank test or Spearman
correlation test, as appropriate. Data are expressed
as median and interquartile range unless otherwise
stated. p values of less than or equal to 0.05 are con-
sidered statistically significant. Statistical analyses used
Prism 8.4.2 software (GraphPad, San Diego, CA).

A power calculation was performed based on data
from Gonzélez-Lopez et al (17) (ratios of cleaved to
complete poly [adenosine triphosphate-ribose] pol-
ymerase 1, an apoptotic marker, in the control group
[mean 1.0, sp + 0.2] and in the mechanically ventilated
group [mean 6.0, sD + 0.8]) using o = 0.05 and = 0.90.
The calculation indicated that one subject per arm would
be sufficient to achieve statistical power. As this would
pose a risk of bias due to the small sample size required
and one subject per arm would not show any variance in
the data, the number of samples was increased to six per
arm, thereby increasing statistical power.

RESULTS

The study protocol, detailed description of the meth-
ods used, additional information about the power cal-
culation, ventilatory settings, summary of the total
drug used during the experiments, and arterial and
venous blood work results can be found in the Tables
$5-S17 (http://links.lww.com/CCX/B103).
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Twenty-four female subjects were studied, with median
weights of 64kg (62-65kg) in the LI-MV group (n = 6),
67 kg (64-84kg) in the LI-MV + TTDN50% group (n=6),
69kg (67-73kg) in the LI-MV + TTDN100% group
(n = 6), and 54kg (52-56kg) in the NV group (n = 6;
p = 0.0011). Differences in weights were not statistically
significant between the mechanically ventilated groups
(Table S4, http://linksIww.com/CCX/B103). No statis-
tically significant differences were observed in the body
length-to-weight ratio (the equivalent of the body mass
index for animals) between the groups, including the NV
group. Temperature, mean arterial pressure, heart rate,
glucose levels, and Paco, were within normal ranges for
all subjects from all groups. Mean arterial pressures and
central venous pressures are shown in Table 1. Differences
in mean arterial pressures at study end were statistically
significant between LI-MV and LI-MV + TTDN100%
groups (p = 0.0124) (Table 1). All subjects receiving
TTDN had bilateral phrenic-nerve capture. Fluid balance
(input minus output) in each ventilated subject was within
the target range of 0.1-2.0mL/kg/hr with no statistically
significant difference between the mechanically ventilated
groups (Table S7, http://links.lww.com/CCX/B103) (18).

The median number of episodes of spontaneous
breathing activity (defined as subject-triggered
breaths) was 6-10 per total study period and not sig-
nificantly different between groups.

Differences in total administered doses of propofol,
midazolam, fentanyl, ketamine, phenylephrine, norepi-
nephrine bitartrate, and oleic acid were not statistically
significant between the groups, when normalized to
weight (Table S14, http://links.lww.com/CCX/B103).

Hippocampal Apoptosis and
Neuroinflammation

Differences in apoptotic cell percentages were statisti-
cally significant between the groups (p = 0.0002) (Table
$18, http://links.Iww.com/CCX/B103; and Fig. 1A).
Percentages of microglia and reactive astrocytes
were significantly different between the groups (p =
0.0002 and p = 0.0085, respectively) (Table S18, http://
links.lww.com/CCX/B103; and Fig. 1, B and C).

Serum Concentrations of Systemic
Inflammatory Biomarkers

Systemic inflammatory markers IL-1a, IL-1p, IL-6, IL-8,
IL-10, and TNFa levels were not significantly different be-
tween the groups (Table S15, http://links.Iww.com/CCX/
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Figure 1. Dot plot of hippocampal apoptosis, microglia and astrocytes percentages. A, Dot plot of hippocampal apoptotic cell
percentages (%) for all groups (n= 6 per group). Hippocampal apoptotic cell percentages found were 26.5 (18.9-27.9) for

the mechanically ventilated with injured lungs (LI-MV) group, 8.5 (7.4—14.3) for the LI-MV + temporary transvenous diaphragm
neurostimulation (TTDN) 50% group, 6.7 (4.0-9.0) for the LI-MV + TTDN100% group, and 0.9 (0.5-1.6) for the never ventilated (NV)
group. Post hoc analysis using Dunn multiple comparison test showed statistically significant differences between the LI-MV and NV
groups (26.5 vs 0.9; p<0.0001), and between the LI-MV and LI-MV + TTDN100% groups (26.5 vs 6.7; p=0.0341). Also, there was
a tendency to statistical significance in the difference between the LI-MV + TTDN50% and NV groups (8.5 vs 0.9; p= 0.0682). B, Dot
plot of microglia percentages (%) for all groups (n= 6 per group). Microglia percentages found were 18.0 (17.0-23.2) for the LI-MV
group, 12.7 (11.6-13.8) for the LI-MV + TTDN50% group, 8.8 (7.7-10.3) for the LI-MV + TTDN100% group, and 10.1 (8.9-10.6) for
the NV group. Post hoc analysis using Dunn multiple comparison test showed statistically significant differences between the LI-MV
and NV groups (18.0 vs 10.1; p=0.0049), and between the LI-MV and LI-MV + TTDN100% groups (18.0 vs 8.8; p=0.0004). Also,
there was a tendency to statistical significance in the difference between the LI-MV + TTDN50% and the LI-MV + TTDN100% groups
(12.7 vs 8.8; p=0.0858). C, Dot plot of astrocyte percentages (%) for all groups (n= 6 per group). Astrocyte percentages found were
179 (13.9-24.1) for the LI-MV group, 12.5 (9.1-15.7) for the LI-MV + TTDN50% group, 9.4 (8.0-10.5) for the LI-MV + TTDN100%
group, and 10.6 (9.3-12.8) for the NV group. Post hoc analysis using Dunn multiple comparison test showed a statistically significant
difference between the LI-MV and LI-MV + TTDN100% groups (179 vs 9.4; p=0.0049).

B103). However, IFN-y and GM-CSF serum concentra-
tions were significantly different between the groups.
The LI-MV + TTDN50% group showed significantly
lower IFN-y serum concentration at study end compared
with the LI-MV + TTDN100% group (p = 0.0133). The
LI-MV + TTDN100% group showed significantly higher
GM-CSF serum concentration at study end compared
with the LI-MV group (p = 0.0475).

Tryptophan Metabolism and Cerebral
Dopamine Production

Tryptophan, kynurenine, and KYNA serum con-
centrations and kynurenine/tryptophan and KYNA/

6 www.ccejournal.org

kynurenine ratios were not significantly different be-
tween the groups. HVA serum concentrations were
significantly higher in the LI-MV group (8ng/mL)
when compared with the LI-MV + TTDN100% group
(3ng/mL; p = 0.0020) (Fig. S9, http://links.lww.com/
CCX/B103).

Serum Concentrations of Markers for Neuronal
Injury

GFAP, UCHL1, S100B, and NSE serum concentrations
were not significantly different between the mechan-
ically ventilated groups (Table S18, http://links.lww.
com/CCX/B103).
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Figure 2. Hippocampal apoptotic cell percentages plotted
against homovanillic acid serum concentrations (ng/mL).
Spearman test showed a strong, moderate, positive correlation
between hippocampal apoptotic cell percentages and serum
concentrations of homovanillic acid (r= 0.75; 95% CI, 0.43-0.90;
p = 0.0003). LI-MV = mechanically ventilated with injured lungs,
NV = never ventilated, TTDN = temporary transvenous diaphragm
neurostimulation.

Correlation Between Hippocampal Apoptosis
Percentage and Homovanillic Acid Serum
Concentration

A post hoc analysis using the Spearman correlation
test showed strong, linear, and positive correlation be-
tween hippocampal apoptosis percentage and HVA
serum concentration, with » = 0.75 (95% CI, 0.43-0.90;
p =0.0003) (Fig. 2).

Lung Physiology and Lung Injury Score

Esophageal pressures, plateau pressures, driving pres-
sures, and transpulmonary plateau pressures are shown
in Table 1 and Figure S8 (http://links.Iww.com/CCX/
B103) Analysis of lung injury scores showed no statis-
tically significant difference between the mechanically
ventilated groups, but it showed a considerable differ-
ence between the LI-MV and NV groups (p = 0.0132)
and between the LI-MV + TTDN50% and NV groups
(p =0.0003) (Table 2). Pao_/F10, ratios at the study end
showed a significant difference between the LI-MV and
LI-MV + TTDN100% groups (p = 0.0386) (Table 2).

Heart Rate Variability

Analysis of the RMSSD changes from study start to
study end showed that the LI-MV group had a 9% de-
cline in RMSSD, the LI-MV + TTDN50% group had a
10% increase in RMSSD, and the LI-MV + TTDN100%

Critical Care Explorations

group had a 34% increase in RMSSD (Fig. 3). Change
in RMSSD showed a statistically significant difference
between the LI-MV and the LI-MV + TTDN100%
groups (-9% vs +34%; p = 0.0026) (Fig. 3).

DISCUSSION

Our study found that lung-protective MV for 12 hours
in pigs with moderate ARDS is associated with hippo-
campal apoptosis and inflammation. The magnitudes
of these results are similar to our previous findings in
a porcine model with healthy lungs ventilated for 50
hours, in which we showed that lung-protective MV
also resulted in hippocampal apoptosis and neuroin-
flammation (8). When compared with our previous
findings in pigs with healthy lungs, ventilated for 50
hours, moderate ARDS likely accelerated hippocampal
apoptosis and inflammation.

In addition to the brain injury associated with the
combination of moderate ARDS and MV, our study
showed that TTDN on every breath mitigated hip-
pocampal injury associated with the combination of
moderate ARDS and MV. The LI-MV + TTDN100%
group showed lower apoptotic cell, microglia, and
astrocyte percentages than the LI-MV group and
statistically similar percentages compared with the
NV group. Furthermore, the percentage of pro-
inflammatory microglia was considerably lower in
the LI-MV + TTDN100% group than in the LI-MV
group. Although this study has not analyzed clinical
outcomes secondary to hippocampal apoptosis and
neuroinflammation after ARDS/MYV, in preclinical
studies, hippocampal apoptosis and inflammation
have been associated with cognitive dysfunction (3, 4,
13). Previously, our group had also shown mitigation
of apoptotic cell, microglia, and astrocyte percentages
provided by TTDN in a healthy lung porcine model
ventilated for 50 hours (10). Thus, diaphragm neuro-
stimulation on every breath provides neuroprotection
both in pigs with healthy lungs, ventilated for 50 hours,
and those with induced moderate ARDS, ventilated for
12 hours. These are the first steps that will assist in the
design of clinical studies to investigate whether the
neuroprotection observed in this model will be seen in
a human clinical scenario.

Interestingly, although the LI-MV group showed
the highest percentage of hippocampal apoptosis, the
serum concentration of biomarkers for brain injury
(GFAP, UCHLI, S1008, and NSE) were similar between
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Figure 3. Dot plot showing percentage changes in root mean
square of so (RMSSD) of R-R intervals from study start to study
end (n= 6 per group). The mechanically ventilated with injured
lungs (LI-MV) group showed a decline in RMSSD from study
start to study end (=9%). The LI-MV + temporary transvenous
diaphragm neurostimulation (TTDN) 50% group showed an
increase in RMSSD from study start to study end (+10%). The
LI-MV + TTDN100% group showed an increase in RMSSD from
study start to study end (+349%). Kruskal-Wallis test showed

a statistically significant difference between the groups in the
RMSSD changes from study start to study end. Post hoc analysis
using Dunn multiple comparison test indicated a statistically
significant difference between the LI-MV group and the LI-MV

+ TTDN100% group (=9% vs +34%; p = 0.0026). NV = never
ventilated.

all mechanically ventilated groups, indicating that the
hippocampal apoptosis and inflammation observed
did not result in significant changes in serum concen-
tration of biomarkers for brain injury. In our previous
study, we have shown significantly higher GFAP and
UCHLI serum concentrations at study end in the MV
group compared with the MV + TTDN100% group
(10). It is possible that either the relatively short dura-
tion of our experiment (12hr) or the power of our ex-
periment was not sufficient to capture any statistically
significant difference in serum concentrations between
the groups.

Only the serum concentrations of IFN-y and
GM-CSF were significantly different between the
groups. The group receiving TTDN every breath
showed a significantly higher serum concentration of
IFN-y when compared with the LI-MV + TTDN50%
group and also a significantly higher serum concen-
tration of GM-CSF when compared with the LI-MV
group. IFN-y and GM-CSF are proteins that regu-
late the activation and inactivation of immunological

Critical Care Explorations

cells (19, 20). GM-CSF also plays an important role
in surfactant homeostasis, assisting in keeping alveoli
open (20). One of the mechanisms by which IFN-y
controls and limits inflammation is by shifting tryp-
tophan metabolism toward the kynurenine pathway,
reducing the serum concentration of free tryptophan
in the bloodstream. It has been shown that the acti-
vation of the kynurenine pathway is linked to neu-
roinflammation and delirium (19). Our study has
not found any statistically significant differences in
serum concentrations of tryptophan and its metabo-
lites between groups. A recently published preclinical
study showed that stimulation of different branches
of the subdiaphragmatic vagus nerve (the celiac, gas-
tric, and hepatic branches) resulted in considerable
increases in IFN-y and GM-CSF serum concentra-
tions (21). In particular, the stimulation of the celiac
and the hepatic branches of the subdiaphragmatic
vagus nerve induced a greater release of IFN-y com-
pared with the gastric branch, resulting in increased
serum concentrations of IFN-y and GM-CSF after
electrical stimulation, via activation of the neuroim-
munological reflex (21). It has previously been es-
tablished that the subdiaphragmatic phrenic nerve is
also connected directly to the celiac ganglion (22). It
can therefore be hypothesized that the greater serum
concentrations of IFN-y and GM-CSF observed in
the TTDN-every-breath group might have been the
result of direct stimulation of the celiac ganglion via
phrenic-nerve stimulation.

The significantly lower HVA serum concentration
observed at the end of the study in the TTDN-every-
breath group, compared with the LI-MV group, pro-
vides interesting insights into the potential mechanism
for the protective effect of TTDN. HVA is a product of
dopamine metabolism (23). The serum concentration
of HVA is correlated with cerebral dopamine produc-
tion in the CNS (23). Previously, it has been hypoth-
esized that injurious MV leads to the activation of the
pulmonary transient receptor potential cation channel
subfamily V member 4 receptors (mechanoreceptors),
which, in turn, activate the pulmonary afferent puri-
nergic receptors (vagal afferent receptors) increasing
dopamine release in the hippocampus and triggering
the intrinsic apoptotic cascade (17, 24). The LI-MV
group had a considerably higher serum concentra-
tion of HVA at study end, compared with the LI-MV +
TTDN100% group. Further, our data showed a strong,
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linear, and positive correlation between hippocampal
cellular apoptosis and serum concentration of HVA
across all mechanically ventilated groups. Higher
serum concentration of HVA in the LI-MV group at
study end, and the correlation between serum concen-
tration of HVA and hippocampal apoptosis across all
the mechanically ventilated groups, support the hypo-
thesis that a cerebral hyperdopaminergic state triggers
the apoptotic cascade.

In addition to the analysis of HVA serum con-
centration, our study investigated parasympathetic
system activity. The vagus nerve signal is the main
component of the parasympathetic system (25).
Parasympathetic activity was quantified by deter-
mining the RMSSD of R-R intervals (26). Our results
showed different behaviors of RMSSD between the
mechanically ventilated groups. The LI-MV group
had a statistically significant decrease in RMSSD
from the beginning to the end of the experiments;
conversely, both TTDN groups had statistically sig-
nificant increases in RMSSD from the beginning
to the end of the experiments. This means that the
LI-MV group displayed decreased parasympathetic
activity, while the TTDN groups displayed increased
parasympathetic activity between the start and end of
the experiment. Clinically, increased heart rate vari-
ability has been associated with lower morbidity and
mortality (26). The transpulmonary driving pressure
and plateau pressure at study end were considerably
lower in the LI-MV + TTDN100% group, compared
with the LI-MV group. Lower transpulmonary driv-
ing pressure is extremely relevant for pulmonary
stretch-receptor activity, since transpulmonary driv-
ing pressure is the pressure generated by pulmonary
tissue expansion during the respiratory cycle (15).
It can be hypothesized that diaphragm neurostimu-
lation might have affected parasympathetic activity
by restoring a more physiologic pulmonary stretch
during MV, thereby modulating pulmonary afferent
stretch-receptor signaling to the brain via the vagus
nerves in a way that mitigates hippocampal cellular
apoptosis and neuroinflammation.

Our results showed that the LI-MV group had a sig-
nificant decline in the RMSSD and also a greater level
of hippocampal apoptosis, which contradicts previous
results from other groups that used vagal blocking to
prevent hippocampal apoptosis associated with volu-
trauma (17, 24). In preclinical experiments, systemic

10 www.ccejournal.org

inflammation and neuroinflammation were induced
by different methods, vagus stimulation was shown
to result in a reduction of hippocampal apoptosis and
neuroinflammation compared with the control group,
and conversely, vagotomy resulted in increased hippo-
campal apoptosis and inflammation (25, 27-30). Our
results align with the hypothesis that increased para-
sympathetic system activity could provide neuropro-
tection. Although our study has provided interesting
data showing mitigation of hippocampal apoptosis
and neuroinflammation by TTDN, it was not designed
to investigate the mechanism of protection observed
with diaphragm neurostimulation. The contradictory
results found in our study compared with the results
reported by other groups could be due to differences
in many factors including but not limited to, study de-
sign, animal model, animal species used for the stud-
ies, level of sedation, duration of MV, MV settings, and
the short-term anti-inflammatory effects of surgical
vagotomy and vagal blockage.

It could also be argued that the brain injury observed
might have been a consequence of the lung injury in-
duced by oleic acid (ARDS), systemic inflammation,
physical immobility, sedative drugs, and vasoactive
drugs. Our data showed that the lung injury scores,
the duration of physical immobility, the consumption
of sedatives, the total amount of oleic acid used, the
serum concentration of pro-inflammatory proteins,
and vasoactive drug consumption were not statistically
different between the mechanically ventilated groups,
and therefore these factors are unlikely to have resulted
in the differences in neural injury observed.

Additionally, during our studies, mean arterial pres-
sures remained between the minimum (50mm Hg)
and maximum (150mm Hg) thresholds that would
disrupt cerebral vascular autoregulation (31-33).
Therefore, changes in mean arterial pressure during
the experiments cannot account for either brain injury
or neuroprotection.

Our study had limitations. While 12 hours of MV
after achieving moderate ARDS might be considered
long-term for a preclinical study; it is short-term for a
clinical study, limiting the generalizability of our find-
ings. In addition, we did not analyze dopamine gene
expression in the hippocampus, although HVA is an
accepted surrogate for dopamine cerebral production
(23). Most importantly, we have not investigated the
clinical effects of the hippocampal injury associated
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with ARDS with MV. Our experiment might have
been underpowered to detect statistically significant
differences between the groups’ biomarkers for brain
injury and systemic inflammation. Also, we cannot
rule out the possibility that dyssynchrony or reverse
triggering might have affected our results, although
our data showed that the number of episodes of spon-
taneous breathing effort was minimal in all groups
during the experiments. Another limitation is that we
did not strictly follow the low-positive end-expiratory
pressure (PEEP) ARDS ladder. During our experi-
ments, only a few animals qualified for an increase of
PEEP from 5 to 8cm H,O. Based on our previous ex-
perience, pigs are relatively intolerant to increases in
PEEP. Also, due to the potential confounding effects
of increasing PEEP in our experiment, maintaining a
PEEP of 5cm H,O for all ventilated groups allowed
comparison of the results from this study with those
of our previous study. TTDN has significant impacts
on pulmonary parameters that are beyond the specific
scope of this article. A discussion on the pulmonary
impacts of TTDN in this experiment has recently been
published elsewhere (34). Finally, the association be-
tween MV, ARDS and cognitive impairment in criti-
cally ill patients is well documented; however, multiple
factors alongside MV are involved in the development
of cognitive impairment. Although the hybrid ventila-
tory strategy used in this study mitigated hippocam-
pal apoptosis, and astrocyte and microglia percentages
in deeply sedated animals in ICU conditions, clinical
studies are needed to investigate ventilator-associated
brain injury and its clinical outcomes.

CONCLUSIONS

Our study showed that porcine subjects with moderate
ARDS, undergoing lung-protective MV for 12 hours,
exhibited hippocampal apoptosis and inflammation,
independent of systemic inflammation and lung injury.
TTDN during the inspiratory phase of every breath
resulted in neuroprotection, with lower hippocampal
cellular apoptosis, and microglia and astrocyte per-
centages, compared with the other mechanically ven-
tilated groups. Furthermore, the levels of hippocampal
apoptosis and inflammation in the group receiving
TTDN every breath were not different from NV sub-
jects. Further, the group receiving TTDN every breath
also showed considerably lower serum concentrations
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of HVA at study end, compared with the group re-
ceiving MV only. Future studies should investigate the
mechanism of neuroprotective effect resulting from
TTDN every breath. Furthermore, future translational
studies should investigate whether TTDN could also
mitigate neural injury in ARDS patients.
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